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Abstract

Mechanistic investigations into homogeneously catalyzed reactions are essential for the fur-
ther development of synthetic methodologies. Insights in the overall reaction pathway and vital
steps such as the rate-determining and selectivity-determining steps allow for rational design of
improved catalysts. Moreover, mechanistic investigations may reveal the existence of unex-
pected intermediates in the catalytic cycle. The discovery of such intermediates may inspire

new methodologies that would not have been considered if their formation was unknown.

Because of economic advantages over heavier congeners, there has been a recent surge in the
use of nickel -based homogeneous catalysts. Although much progress has been made into meth-
odology development, the mechanistic understanding of the new reactivities is relatively prim-
itive. In-depth mechanistic investigations into nickel catalyzed reactions are therefore of con-

siderable interest.

Chapters 2-4 deal with the mechanism of reductive coupling of nitroarenes and esters to form
amides. In chapter 2, the initial reduction pathway that occurs before the reaction with ester is
investigated, revealing the crucial intermediate to be azobenzene and the source of the proton
in the final amide product. In chapter 3, kinetics, Hammett plots, competition experiments and
stoichiometric reactions with a potential intermediate are described. These studies reveal azo-
benzene is reductively cleaved by low-valent nickel before the ester gets involved in the reac-
tion. Moreover, ZnClz, a byproduct of the reduction of the nickel precursor by zinc, is revealed
to play an important role in several steps of the reaction. In chapter 4, the computational inves-
tigation based on the experimental data is discussed. By combining the computational explora-
tion of the potential energy surface with qualitative kinetic analysis, a catalytic cycle for the

reaction between azobenzene and ester could be proposed.

The finding that the reaction between azobenzene and ester goes through nickel imide inter-
mediates is intriguing as nickel imides are known to react with a variety of substrates and azo-
benzene would be a relatively benign precursor to them. Chapter 5 reports a preliminary explo-
ration of several types of reactivities can be expected to work on the basis that the reactivity
with imides is already known. Several types of these reactivities seem to be inaccessible as they
are incompatible with the highly reductive nature of the nickel catalyst that is required for the

azobenzene activation. However, some other reactivities show promise.

Chapter 6 reports an investigation in the alkene hydrosilylation catalyzed by a nickel pincer

complex developed in our group. Previous investigations had indicated a nickel alkyl complex
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was the resting state. However, a combination of reaction progress analysis, transmission elec-
tron microscopy and competition reactions reveal that this is merely a precatalyst. Under cata-
lytic conditions, it slightly decomposes to form the true catalyst, which is tentatively identified

as nickel nanoparticles.

Key words: mechanistic studies, nitrobenzene, amidation, azobenzene, nickel imide, hydro-

silylation, nickel nanoparticles
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Résumé

Les recherches mécanistes sur les réactions catalysées de maniére homogene sont essentielles
pour le développement ultérieur des méthodologies synthétiques. Les informations concernant
la voie de réaction globale et de ces étapes cruciales telles que les étapes déterminantes de vi-
tesse et de sélectivité permettent une conception rationnelle de catalyseurs améliorés. En outre,
les études mécanistiques peuvent révéler l'existence d'intermédiaires inattendus dans le cycle
catalytique. La découverte de tels intermédiaires peut inspirer de nouvelles méthodologies qui

n'auraient pas été envisagées si leur formation était inconnue.

En raison des avantages économiques par rapport aux congéneres plus lourds, I'utilisation de
catalyseurs homogénes a base de nickel a récemment connu une forte augmentation. Bien que
de nombreux progrés aient été réalisés dans le développement de méthodologies, la compré-
hension mécanistique des nouvelles réactivités est relativement primitive. Des études mécanis-
tiques approfondies sur les réactions catalysées par le nickel présentent donc un intérét consi-

dérable.

Les chapitres 2 a 4 traitent du mécanisme de couplage réducteur des nitroarénes et des esters
pour former des amides. Dans le chapitre 2, la voie de réduction initiale qui se produit avant la
réaction avec l'ester est étudiée, révélant que l'intermédiaire crucial est I'azobenzéne et la source
du proton dans le produit amide final. Au chapitre 3, la cinétique, le diagramme de Hammett,
les expériences de compétition et les réactions stoechiométriques avec un intermédiaire poten-
tiel sont décrits. Ces études révélent que I'azobenzéne est clivé par réduction par le nickel de
faible valence avant que 1'ester ne soit impliqué dans la réaction. De plus, le ZnClz, un sous-
produit de la réduction du précurseur du nickel par le zinc, se réveéle jouer un role important
dans plusieurs étapes de la réaction. Au chapitre 4, 1'étude computationnelle basée sur les don-
nées expérimentales est discutée. En combinant 'exploration computationnelle de la surface
d'énergie potentielle avec une analyse cinétique qualitative, un cycle catalytique pour la réac-

tion entre I'azobenzéne et I'ester a pu étre proposé.

La constatation selon laquelle la réaction entre 1'azobenzéne et 1'ester passe par des intermé-
diaires d’imides de nickel est intrigante car les imides de nickel sont connus pour réagir avec
une variété de substrats et 'azobenzeéne serait un précurseur relativement bénin pour ceux-ci.
Le chapitre 5 rapporte exploration préliminaire de plusieurs types de réactivités qui devraient
fonctionner sur la base du fait que la réactivité avec les imides est déja connue. Plusieurs types

de ces réactivités semblent étre inaccessibles car ils sont incompatibles avec la nature hautement



réductrice du catalyseur au nickel nécessaire a 1'activation de 1'azobenzéne. Cependant, cer-

taines autres réactivités semblent prometteuses.

Le chapitre 6 rapporte une recherche méchanistique sur 'hydrosilylation d'alcéne catalysée
par un complexe en nickel développé dans notre groupe. Les recherches antérieures avaient
indiqué un état de repos de l'alkyle de nickel. Cependant, une combinaison d'analyse de la pro-
gression de la réaction, de microscopie électronique a transmission et de réactions de compéti-
tion révéle qu'il s'agit simplement d'un précatalyseur. Il se décompose ensuite légerement dans
les conditions catalytiques pour former le véritable catalyseur, qui est provisoirement identifié

comme étant des nanoparticules de nickel.

Mots Clés: ¢tudes mécanistiques, nitrobenzéne, amidation, azobenzene, imide de nickel, hy-

drosilylation, nanoparticules de nickel
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List of symbols and abbreviations

°C degrees Celsius

A Angstrom

acac acetylacetonate

ATR-IR  attenuated total reflection infra red
azo azobenzene

azoxy azoxybenzene

BDE bond dissociation energy

bipy 2,2’-bipyridine

BS basis set

cat catalyst

CCSD(T) coupled cluster single double triple
cm’! wavenumber

COD 1,4-biscyclooctadiene

Cp cylcopentadienyl

Cv column volume

DCM dichloromethane

dd doublet of doublet

DFT density functional theory

DHA 9,10-dihydroanthracene

DKH Douglas-Kroll-Hess Hamiltonian

DME dimethoxyethane

DMF dimethylformamide

DMSO dimethylsulfoxide

dtbpe 1,2-bis(ditertbutylphosphino)ethane

EDX energy dispersive x-ray spectroscopy

ee enantiomeric excess

Eelec electronic energy

ene 1-octene

EPFL Ecole Polytechnique Fédérale de Lausanne
EPR electron paramagnetic resonance

equiv. equivalents

FID flame ionization detector

G free energy

GC gas chromatography

GC/MS  gas chromatography/mass spectrometry
Georr free energy corrections based on frequency calculations
h hour

H enthalpy

HRMS high resolution mass spectrometry

K Kelvin

kcal kilocalorie

KIE kinetic isotope effect

Kobs observed rate constant

L ligand
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mg
MHz
mL
NLE
NMP
NMR

<<B K

ON
PES
phen
ppm
PTFE
RZ
RMSE

molar

multiplet

methyl
2,4,6-trimethylphenyl
miligram

megahertz

mililiter

non-linear effect
N-methyl-2-pyrrolidinone
nuclear magnetic resonance
nucleophile

overnight

potential energy surface
1,10-phenanthroline

parts per million
Polytetrafluoroethylene
Coefficient of determination
root mean square error
reaction progress kinetic analysis
entropy

second

spin contamination

monomolecular nucleophilic substitution
time

triplet

temperature

triplet of doublet

Transmission electron microscopy
(2,2,6,6-Tetramethylpiperidin-1-yl)oxyl
tetrahydrofuran

trimethylsilyl

turnover number

reaction rate

% of volume of sphere with radius r around metal center occupied
by ligand

variable time normalization analysis
chemical shift

Cone angle

microliter

Hammett reaction parameter

Hammett substituent constant
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Chapter 1

1.1 Homogeneous Catalysis

Homogeneous catalysis is of vital importance to the synthesis of valuable fine chemicals
such as drugs or agrochemicals. Through careful design of the catalyst, reactions can be made
more efficient, or more selective. The importance of research in homogeneous catalysis is
clearly apparent from the Nobel prizes that have been awarded in recent decades to reactions
enabled by homogeneous catalysis, such as asymmetric hydrogenation and epoxidation,' olefin
metathesis® and palladium-catalyzed cross coupling.® In order to address continuously increas-
ing demands on sustainability and economic efficiency of chemical processes, the field of ho-
mogeneous catalysis constantly strives for improvements to better catalyst design and new re-

action development.

1.1.1 Mechanistic Research in Homogeneous Catalysis

A vital part of the search for improvement of catalytic processes is development of a good
understanding of the reaction mechanism. By knowing which reactivities are part of the cata-
lytic cycle, what factors influence them and which steps are the slowest of the catalytic cycle,
the protocol may be improved in a rational way rather than by broad screening of conditions.

One example of this is the finding that Suzuki-Miyaura reactions of aryl chlorides and aryl
bromides are particularly efficient with tris(tert-butyl)phosphine. Mechanistic studies on the
catalytic system suggested that this is due to formation of monoligated palladium complexes.*
With this in mind, Buchwald developed exceptionally bulky (dialkylphosphanyl)biaryls. Palla-
dium(0) preferentially only binds one of these ligands, whereas most phosphines tend to
L2Pd(0) complexes. As a result the extremely bulky ligands are indeed extraordinarily effective
for Suzuki coupling, allowing catalyst loadings of less than 1 mol% and non-activated aryl
chlorides as substrates.>® The ligands proved to be effective for amination of aryl halides as
well” and is now a staple for screening palladium cross coupling catalysis.

Another example of the utility of mechanistic understanding of reactions for improving them
is the development of better catalysts for olefin metathesis. Mechanistic studies have shown
that both initiation and decomposition of the catalyst depend on the competition between sub-

strate and a phosphine ligand. Tuning of the stability of the ruthenium phosphine bond therefore
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provide the best way to strike the right balance between these two processes.®® Thus, a good

understanding of the mechanism can provide good directions for improving catalysis.

1.2 Selected methods in mechanistic research

In the following subsections, various methods applied for elucidating reaction mechanisms are
discussed. Like any scientific question, the elucidation of a reaction mechanism should be ap-
proached by posing a potential hypothesis and subsequently finding the appropriate method to
attempt to refute this. Therefore, the discussed topics cannot be viewed as a catch-all guideline
to approach reaction mechanisms, nor is it a comprehensive list of possible options. Rather, it
is meant to provide a broad overview of the most generally applicable methods and showing

their strengths and potential weaknesses.

1.2.1 Kinetics

Kinetic studies are instrumental to the understanding of reaction mechanisms. By thorough
kinetic analysis, the reaction order of reactants, catalysts and additives and thus the reaction
rate law can be revealed. The rate law provides insight into which molecules interact with each
other during the rate determining step and the equilibria prior to it.!%!! While this won’t outright
point into the direction of a single reaction mechanism, it can immediately exclude hypotheses
that are incompatible with the found rate law.

Kinetics of reactions involving a single substrate (e.g. solvolysis, or the decay of an isolated
intermediate) have relatively simple rate laws. For example, the rate law of first and second
order decay are given by equations 1.1 and 1.2, respectively, where [A] is the concentration of

the substrate and £ is a rate constant dependent on the reaction conditions.

—dlA] _
—d[A] _
=& = k[A]? (1.2)

Integrating these equations gives the relation between the substrate concentration and time

(equations 1.3 and 1.4 for a first and a second order reaction, respectively).

In ([A]p) = In([A]o) — kt (1.3)
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1 1
T (1.4)

[A]: is the concentration of A at time point t and [A]o is the starting concentration of A. Note
that both equations 1.3 and 1.4 are written in a linear form with respect to time. This allows for
a straightforward method to determine the rate law experimentally. The concentration of A can
be monitored with either in situ spectroscopic techniques, or by analyzing aliquots. A plot can
then be constructed with the left-hand side of the integrated rate law on the y-axis (i.e. In([A])
for a first order reaction and 1/[A]t for a second order reaction) and time on the x-axis. The plot
will be linear if the right order is considered.'? Otherwise, a different integrated rate law may
be considered in a similar manner.

In reactions with multiple substrates, kinetic analysis can become too complicated for this
approach, as there are now multiple variables (equation 1.5).

2 = k(A1 [BP[C)? (1.5)

In this equation, [P] is the product concentration, A, B and C are reaction parameters such as
reactants, reagents and/or catalysts, and x, y and z are the respective reaction orders of these
molecules.

Traditionally, two methods were used to address the multivariability of such rate laws. In one
method, all but one parameter may be kept approximately constant, by studying the reaction
with those molecules in large excess.'"!? This leads to an approximated rate law (equation 1.6)
where the rate constant k£’ now includes the variables that are quasi-invariant (equation 1.7).
Naturally, catalysts that don’t undergo considerable decomposition during the reaction can be

included in &£’ without using a large excess.

S = k' [A] (1.6)
k' = k[B)Y[C)? valid when [B]; = [B]o and [C]; = [C]o (1.7)

As the approximated rate law (equation 1.6) now has a similar form as rate laws for reactions
involving a single substrate (equations 1.1 and 1.2), it can be analyzed in a similar manner (vide
supra). After repeating this methodology for each variable, all unknown reaction orders (X, y
and z in equation 1.5) can be determined. However, a downside of this approach is that the
reaction conditions used for the kinetic study differ strongly from those under which the reac-

tion is normally conducted, which could lead to misleading results.
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In the second traditional method, data may be collected only from the initial state of the reac-
tion. As the conversions of the substrates are still low at this point, they are approximately equal
to their starting concentrations. This leads to an approximately linear plot of product versus
time, of which the slope can be defined as the observed rate constant (kobs, equation 1.8 and

1.9).
[P] =kops - t Only valid in during the initial part of the reaction (1.8)
kobs = k[AIF[B]5[C13 (1.9)

kobs can then be further analyzed by repeating the reaction several times with a slight variation
in the starting concentration of one of the reaction parameters, while keeping all others constant.
In this manner, a relation between koss and the varied parameter can be found (equation 1.10),

which can be transformed into its logarithmic form (equation 1.11).
Kobs = Kobs[Alp where kp,s = [B]%)/[C](Z) (1.10)

log(kops) = log(keps) + log ([Alo) - x (1.11)

Thus, if the logarithm of the initial rate koss is plotted against the logarithm of the parameter
with varied initial concentration (A), a linear graph is obtained, of which the slope is the reaction
order in the varied parameter (x). This procedure can then be repeated for the other parameters
to derive y and z as well.!!

Disadvantages of this approach include the vast amount of experiments that are required to get
the order of even a single variable and the fact that initial rates may not be representative of the
reaction mechanism, for example if an induction period occurs.

Because of the downsides of the traditional approaches, new methods have been developed
that allow analysis of the data over the entire duration of the reaction, while staying close to the
standard reaction conditions. This so-called reaction progress kinetic analysis (RPKA) was in-
itially developed by Blackmond and coworkers. The methodology relies on two basic princi-
ples. Firstly, Blackmond introduced the constant called excess. This constant is based on the
difference in initial concentrations of the substrates. If proper stoichiometry is applied and a
clean reaction occurs, this value does not change during the reaction progress. Thus, the intro-
duction of excess in rate laws allows to reduce the number of variables in the rate law. Secondly,

RPKA relies on the direct plotting of the rate law, i.e. reaction rate versus substrate concentra-



Chapter 1

tion, rather than the traditional substrate (or product) concentration versus time. Order in sub-
strates can then be derived by interrogating the data by plotting different versions of the rate
law (i.e. adjusting the rate on the y-axis by division by concentration of one substrate, with the
other substrate on the x-axis). If the correct rate law is plotted, this should lead to overlapping
graphs even when the conditions are varied.'?

An example of this is shown in Figure 1.1 for the reaction between chalcone and diethylzinc.
Figure 1.1A shows the rate data plotted versus the concentration of chalcone. By dividing the
y-axis by the diethylzinc concentration for each point, Figure 1.1B is obtained. Now all traces
overlap, despite all having a different EtoZn concentration at every point. This indicates the rate
law is first order in diethylzinc. The overlapping graphs are not linear, but flatten to a plateau,

which indicates saturation kinetics for chalcone.
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Figure 1.1: Application of RPKA to a reaction between chalcone and Et,Zn. (A) rate data plotted against chal-
cone concentration for three different reaction conditions. (B) Same data as in (A), but with the y-axis divided by

the Et;Zn concentration for each point. The graphs are reproduced with permission from ref.13.

RPKA has great advantages over traditional approaches, since it requires fewer experiments
to reach the same conclusions and avoids problems like induction periods. However, it still
requires accurate measurements of both the reaction rate and the concentration of different spe-
cies in the reaction mixture. Knowing the reaction rate at different time points is especially
challenging, as it either requires specialized experimental setups such as reaction calorimetry,

or advanced fitting of the measured concentration data.
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To make the principles of RPKA more accessible to less specialized laboratories, Burés de-
veloped a time normalization method. With this technique, the reactivity data are plotted either
with substrate or product on the y-axis and time multiplied by an investigated reaction param-
eter (e.g. catalyst concentration) on the x-axis. Reaction conditions that vary only in the inves-
tigated reaction parameter should then overlap, provided that the power applied to the variable
used to modify the x-axis is equal to the power of that variable that appears in the rate law.'*
Burés further demonstrated that the technique can also work if the investigated reaction param-
eter changes over the course of the reaction conditions, by multiplying the time-axis with a
Riemann integral of the reaction parameter. Once again, the goal is to find the power that makes
reaction traces that vary in initial concentration of the investigated parameter overlap, as this is
the same power that appears in the rate law (Figure 2.2). This technique, named variable time
normalization analysis (VTNA), is applicable to substrates'> as well as to the catalyst, if its

concentration is variable, but known.'¢
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Figure 1.2: General example of the VINA method. The time axis is changed into the Riemann integral of the

concentration of B. This leaves [A] as the only variable in the equation for -dA/df(t). The reaction traces will
overlap if the chosen value of B corresponds to the order in B. Reproduced with permission from ref.15.

VTNA is a powerful method that can reveal the rate law with just a few measured reaction
traces. However, it should be noted that the methodology relies on judging by eye if the traces
overlap and the found orders in substrates, catalysts and additives therefore lack an estimation
of error. Although this doesn’t pose a problem for more traditionally encountered orders like

zero, one, two, or half, more complex reaction mechanisms may give fractional orders for which

7
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no precise number can be given. In such a case VINA will give an order that may for example
be described as “between 1 and 2”. If a more accurate understanding of the order is required to
distinguish between mechanistic hypotheses, traditional kinetic experiments that can provide
estimates of errors may therefore still be necessary. Furthermore, although VTNA is in principle
compatible with any technique to determine the concentration of the reaction parameters, accu-
racy of the Riemann integral improves with shorter time intervals, which means that in situ

monitoring should generally be preferred.

1.2.2 Hammett plots

In the first half of the 20™ century, it was recognized that substituents on aromatic reactants
can have similar effect on the reactivity of these substrates for various reaction types. Hammett

formalized these findings with equation 1.12."7
LogK — LogK® = o-p (1.12)

Here, K and K° represent either equilibrium or rate constants and ¢ and p are constants that
relate specifically to the substituent on the substrate and to the studied reaction, respectively.
The power of this equation lies in the strict separation of factors specific to the substrate and
those specific to the reaction type. Thus, the substrate-specific constants can be derived from a
reference reaction, after which they may be applied to other reactions to gain information on
the nature of those reactions.

Hammett originally chose the acid-base equilibrium for benzoic acids (Scheme 1.1A) as the
main basis for his sigma constants,!” as a wide variety of accurate data was available for this.
However, he soon realized that the sigma constants derived this way were not entirely univer-
sal.'® Since Hammett’s initial seminal papers, several different sigma constants have been de-
veloped to account for the shortcomings of Hammett’s original ones, such as accounting for
electron donating resonance effects (Scheme 1.1B),! electron withdrawing resonance effects
(Scheme 1.1C)?° and radical reactivity (Scheme 1.1D).%! It should be noted that radical Ham-
mett constants are also represented by dibenzylmercury decomposition reactions*? and EPR
hyperfine coupling constants.?® Full consideration of all three of these radical-based radical

Hammett constants can therefore be required.?*



Chapter 1

Scheme 1.1: reactions that form the basis for several Hammett constants.
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Mechanistic information can be gained by performing the reaction under study with various

- . log(k,/ky) = 6°-p

substrates that vary only in their aryl substituent and attempting to correlate measured rate con-
stants with reported sigma-constants.

The first piece of valuable information can be gained by considering which type of constant
creates the best linear correlation. Good correlation with 6° that cannot be obtained with the
non-radical constants can indicate the substrate has some radical character in the rate determin-
ing step.?* Conversely, poor correlation with the radical constants excludes a radical nature of
the rate determining step. If the correlation is especially good with the 6" or o, this provides a
good indication that resonance stabilization by the substituent plays an important role. In addi-
tion it indicates if the benzylic position gains or loses electron density in the rate determining
step, respectively.?>?6 This latter conclusion can also be drawn if Hammett’s original constant
provides the best fit, by considering the slope: a positive slope indicates charge buildup whereas
a negative slope indicates charge depletion. However, if the correlation is not improved by
using 6" or ¢, this charge buildup likely does not occur in a position that allows for resonance
stabilization.

Special cases may also arise in a Hammett substituent study. On the one hand, it may occur,

that a V-shape Hammett plot is obtained, where two parts of the plot have a slope with opposite
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sign. This indicates a shift in the mechanism. For example, with increasingly electron with-
drawing substituents, a nucleophilic substitution may shift from Sx1 to Sx2.2” Another situation
that may arise is lack of variance on the y-axis. This can indicate there is no change in electron
center near the aryl position, or that the substrate only gets involved in the reaction after the
rate determining step.

A final notion on Hammett plots is that they may be set up either with parallel reactions, where
the rate is determined for different substrates, or by a direct competition between the studied
substrates with the reference substrate. The two setups may lead to different results, if the se-
lectivity-determining step is different from the rate-determining step and thus provide addi-

tional mechanistic information.®

1.2.3 Isotope labelling

Labelling substrates with naturally non-abundant isotopes allows to track the movement of
specific atoms from reactant to product. This type of tracking has been used to investigate
whether alkyl insertion reactions into metal-bound carbonyl occur with movement of carbonyl,
or movement of alkyl. It was studied by looking at the deinsertion reaction (which should go
through the same pathway as insertion due to microreversibility) of isotopically labeled
acetylpentacarbonylmanganese(I). The labeled product of the thermal deinsertion reaction is a

).2% If the carbonyl

2:1 cis:trans mixture of pentacarbonylmethylmanganese(I) (Scheme 1.2A
part of the acetyl moiety would move during deinsertion, the trans product could not be made.
Thus, the isotopic labelling proved that the alkyl is the part that moves during the insertion and
deinsertion reactions with metal bound carbonyls.

An additional aspect of reactions that may be gauged with isotope labelling is reversibility of
a certain step. For instance, hydrosilylation with a silane containing Si-D bonds rather than Si-
H bonds, leads to deuteration of multiple positions in the product, rather than just at a single
position (Scheme 1.2B). Therefore, the insertion of hydride into the double bond must be re-

versible, so it can migrate over the carbon chain via repeated -hydride elimination and inser-

tion cycles.*

10
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Scheme 1.2: isotope labelling experiments for (A) proving methyl moves in migratory insertion and for (B)

showing reversibility of hydride insertion in nickel catalyzed hydrosilylation.
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Another benefit of working with isotopically labelled compounds is that they allow to study
kinetic isotope effects (KIE), i.e. the phenomenon that there is a difference in rate between
substrates that contain different isotopes. KIEs arise from a difference in bond strength between
a minimum on the potential energy surface (PES) and a transition state. As such they can pro-
vide valuable information on what happens during a certain transition state. Large KIEs indicate
a bond cleavage, whereas weak KIEs indicate a change in hybridization instead.’' The reaction
setup determines on which transition state the information is gained: if the KIE is determined
by running two reactions with labeled and unlabeled substrate in parallel and measuring the rate
of each reaction, information on the rate determining step is obtained. On the other hand, if the
labeled and unlabeled substrate are present in the same reaction mixture, the KIE can be deter-
mined by the product ratio, or the conversion ratio and it will provide insight into the steps that
are specifically related to the reaction step that irreversibly involves the substrate. For carbon

KIEs, the competition experiment can also be performed at natural abundance of the isotope.*

11
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1.2.4 Non-linear effects
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Figure 1.3: NLE for (A) enantioselectivity with a chiral ligand where only the er of the ligand is varied and (B)
NLE on reaction rate where two similar achiral ligands L and L’ are used. The black dashed line represents how
the graph would look in absence of an NLE. The red line represents a positive NLE. The blue line represents a

negative NLE.

Traditionally, the term non-linear effect (NLE) is a descriptor for phenomena that can occur
in the study of asymmetric catalysis. In principle, when the enantiomeric excess (ee) of the
chirality-inducing entity (e.g. a chiral ligand) is increased, the enantiomeric excess of the prod-
uct should also increase linearly. However, certain phenomena, such as the involvement of
multiple molecules of the chirality-inducing entity in the selectivity-determining step, or aggre-
gation of catalytic species can lead to non-linearity (Figure 1.3A).%73 Since these types of
phenomena can easily go unnoticed by other mechanistic experiments, consideration of NLE
has become a staple in mechanistic research into asymmetric reactions. Some care must be
taken though, since certain types of reactions may inherently lead to an NLE, as has been
demonstrated for dynamic kinetic resolution where the substrate does not isomerize directly.*

In principle non-linear effects may also occur outside of asymmetric catalysis. Indeed, Sigman
and coworkers have shown that the relative amount of Heck coupling side product generated in
their asymmetric diarylation or alkenes increases as the ee of the chiral acid cocatalyst is low-
ered, even though the ee of the target product showed no NLE. The authors postulated that
while only one molecule of chiral phosphoric acid is involved in the enantioselectivity-deter-
mining step, the side reaction does involve an additional phosphoric acid molecule, thus leading

to an NLE outside of product ee.’’

12
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The concept of NLE is taken even further away from its origins by Pollice and Schiirch. They
have demonstrated that an NLE can also occur when no selectivity concerns exist, as the cata-
lytic reaction rate can depend non-linearly on the ratio between two similar, non-chiral ligands
(Figure 1.3B).® If the use of two different ligands would simply lead to the coexistence of two
independent catalytic cycles, a weighted average of the catalytic rates of the pure catalysts and
therefore a linear dependence on the ligand ratio is expected. Non-linearity of the reaction rate
can therefore point to similar phenomena as are already well-known for asymmetric catalysis.
Although the study of NLEs is not yet widely used in non-chiral chemistry, it may be useful if

agglomeration of catalytic species is suspected.

1.2.5 Differential selectivity experiments

In the previous three sections we have already described several examples of how setting up
direct competition in the reaction mixture can provide information on steps that are not rate-
determining. Besides these relatively simple probes, the group of Alexander Schmidt has de-
veloped a general technique for considering selectivities of the studied catalytic system and
deriving a variety of useful mechanistic insights from them. The core principle of the method-
ology is to employ an equimolar mixture of two similar substrates with a combined concentra-
tion equal to what would be the concentration of one of those substrates under standard condi-
tions. The reaction is then followed in time and selectivity between the two substrates is visu-
alized by plotting the concentration of the product from one substrate versus the concentration
of the product of the other substrate (conversions of each substrate may also be used). Such a
plot allows for consideration of the selectivity over the course of the whole reaction, which
makes it less sensitive to changes in selectivity due to changes in relative concentration of the
substrates over the course of the reaction. These types of plots can then be made under different
conditions and compared. If the change in conditions leads to non-overlapping selectivity
graphs, this indicates that the change has an influence on the nature of the catalytic intermediate
that governs the selectivity.*

One application of this methodology is to investigate whether the active catalyst is a molecular
species, or rather a nanoparticle or bulk metal. This question is generally difficult to answer,
since a catalytic mixture may contain a mixture of all three types of species.*’ Differential se-

lectivity graphs generated under varying catalyst precursor concentration can provide insight.

13
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While the nature of a molecular catalyst should remain unchanged at different precursor con-
centrations, shape and morphology of particulate catalysts are dependent on nucleation and
propagation kinetics, which are linked to precursor concentrations. Thus, if a catalytic system
has a molecular active species, the differential selectivity graphs will be invariant to catalyst
concentration, while changes are expected for particulate catalysts.*

Another application of the differential selectivity measurements is to consider if certain steps
in the reaction occur reversibly or irreversibly. If a reaction occurs irreversibly, the subsequent
steps will not have an influence on the selectivity. However, if a non-negligible amount of
equilibration occurs, the relative rate of the second step will depend at least on the identity of
the species that interacts in the second step. Thus changing the nature of the species that inter-
acts during the second step will lead to changes in the selectivity graph only if the first step is

reversible.*!

1.2.6 Computational modelling

The utility of a lot of experimental methods for mechanistic analysis is limited by species that
are relatively long-lived in the catalytic cycle, or isolable. In addition, while some of the meth-
ods described above may get around such limitations, information on reactivity is often limited
to the reaction sequence, along with some general observations, such as increase of electron
density at a certain point, or that a particular bond may be broken in a particular step.

In contrast, computational modelling in principle allows for the calculation of any species that
may be hypothesized to be part of the catalytic cycle, regardless of how short-lived may be. In
this manner, a full PES of the hypothesized reactivity may be constructed, by calculating all
structures and their corresponding electronic and free energies.*? Information on the rate deter-
mining step may then be obtained by applying the activation span model.**

In addition, information may be garnered that is physically impossible to access via experi-
mental methods. For instance, calculations of transition states allow for direct visualization of
the manner in which reactants interact with the catalyst in any given step. Techniques like the
activation strain model,** or natural orbitals for chemical valence® can even deconstruct the
factors that influence binding energies in transition states and PES minima into terms that chem-
ists are used to, such as steric and electronic interactions, or bonding and back bonding to tran-

sition metals.
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Finally, computational modelling allows for insights into ligand effects on catalysis in a con-
siderably more straightforward manner than would be possible experimentally. If two ligand
systems are compared experimentally, a global difference may be observed in reaction effi-
ciency or selectivity, but these observations are the result of a combination of factors in each of
the rection steps. Conversely, calculation of the reaction pathway with two different ligands
shows all the influences that apply to the different reaction steps individually. Computational
studies with varied ligands may therefore provide valuable insight into what ligand design may
be the most valuable to target to improve a certain reaction. For example, a study by Houk and
coworkers on oxidative addition of esters to nickel provides valuable insights into which ligand
characteristics have the greatest influence on selectivity.*¢

Despite all these advantages, computational modelling also has a few weaknesses. Firstly,
while experimental studies gain information from reaction mixtures that closely resemble the
standard conditions and are therefore bound to reveal information about the studied mechanism,
in computational modelling, results can only be obtained on the species that the chemist decides
to model. It is therefore possible that computational modelling leads to a certain model, simply
because an alternative, more favorable pathway was not imagined by the researcher and there-
fore not treated. Another problem with computational modelling comes with the errors that are
necessarily involved in the calculated energies. These errors are generally understood to be
around 3 kcal/mol when methods are used that allow for reasonable computational costs.*’*
Errors of this size can have considerable impact for example on predicted kinetic profiles.*’
Because of these limitations, best results are likely obtained when computational results are
compared to experimental ones, to minimize the chance of missing the inclusion of important
factors in the calculations and to have several different experimental results that the computa-

tional model must be able to explain, before it can be accepted.

1.3 Application of nickel in homogeneous catalysis

Nickel is a considerably more abundant element than the heavier transition metals most often
used in catalysis: while the accessible resources worldwide for nickel are estimated at 130 mil-
lion tons, this is only 100,000 tons for platinum group metals (a general term for Ru, Rh, Pd,
Os, Ir, Pt) and 33,000 tons for gold.® Due to the higher abundance, the cost of nickel com-
pounds is generally lower than that of similar compounds based on heavier congeners.

For the production of pharmaceuticals, the higher abundance of nickel has an additional effect:
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because of the relatively high abundance, nickel is a common contaminant in starting materials.
As aresult, testing for trace nickel is always required, regardless of whether it has been used in
the synthesis. Conversely, testing for the heavier metals is only necessary if they have been
used in the synthetic process.’! Avoiding use of the heavier transition metals in drug products
can therefore be cheaper, as the amount of required quality control that needs to be performed
goes down.

In addition to economic advantages, there are some key reactivity differences between nickel
and its heavier congener palladium. Nickel has relatively low electronegativity, which makes it
highly reactive in oxidative addition reactions.>? This makes nickel especially useful for cross-

coupling reactions with substrates that are generally resistant to oxidative addition, such as phe-

53,54 55-57

nol derivatives like ethers and esters,”>”" nitriles, or aryl fluorides.’® Another way in which
the low electronegativity manifests is the strong capacity to back bond, leading to strong bind-
ing to unsaturated molecules.” Nickel is also less proficient at p-hydride elimination than pal-
ladium.®® This is useful to prevent byproduct formation in cross coupling with aliphatic sub-
strates.5!62

Both the economic advantages and the particular reactivity of nickel complexes have led to
considerable interest in the development of nickel-catalyzed synthetic methodologies. The large
body of work performed for development of nickel catalysis is highlighted in several recent

63-67

reviews on cross coupling,®*~¢7 reductive coupling,’® dehydrogenative coupling,® C-H activa-

70,71

tion,”®"! cycloaddition’® and formation of heterocycles.”?

1.4 Mechanistic aspects of homogeneous nickel catalysis

As mentioned in the previous section, nickel has a couple of properties that make its reac-
tivity distinct from its heavier congeners. This section will highlight some of the mechanistic

implications these differences have on nickel chemistry.

1.4.1 Radical nature of cross coupling

Compared to its heavier congeners, nickel forms particularly weak bonds with carbon, that are
prone to homolytic cleavage.” Because of this, mechanisms of nickel catalyzed reactions often
include free radical reactions (Scheme 1.3A). One indication of such reactivity could be stere-

oconvergent reactivity of a chiral substrates,” or the formation of two diasteroemer products
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from a diastereomerically pure substrate.”®
To probe intermediacy of free radicals, the reaction can be performed in the presence of a
radical trapping reagents such as stable persistent radicals like (2,2,6,6-Tetramethylpiperidin-
1-yDoxyl (TEMPO). The presence of a trapping reagent should suppress the reaction. Moreo-
ver, the trapped radical can be characterized by identifying the TEMPO-adduct.”’
Alternatively, substrates containing a radical clock may be used. Radical clocks contain struc-
tural features that can rapidly undergo reorganization of the carbon framework through (de)cy-
clization if a radical is generated in specific positions.”®”® The use of substrates with such struc-
tural features therefore reveal if free radicals are formed in the catalytic cycle: if radicals are
formed, some amount of the observed products should have a reorganized carbon framework.
Moreover, the ratio of reorganized versus non-reorganized product is dependent on the rate with
which the radical is trapped. By varying the conditions and checking the product ratio, the spe-

cies responsible for trapping the radical in the catalytic cycle can be identified.?

Scheme 1.3: (A) General representation of radical intermediacy in nickel catalysis. (B) Trapping of the radical
by TEMPO, preventing the reaction with the nucleophile Nu. (C) Two examples of radical clocks. After the

activation by nickel, the radical intermediate can (de)cyclize to give an isomeric product.
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1.4.2 Oxidation state

Nickel can reach a wide variety of oxidation state. Aside from the common nickel precursors
that have oxidation state 0 (bis-(1,4-cyclooctadiene)nickel(0), Ni(COD)2) and II (commer-
cially available nickel salts), various complexes have been isolated in oxidation state I,77-81-84
I1*-*7 and even IV 273

For reactions that occur with free radical intermediates, catalytic cycles where nickel exists
in oxidation states I, II and III are generally proposed.”’*® Reactions without radical interme-
diates on the other hand, are generally proposed to occur with catalytic cycles wherein nickel

1,29 or between states

switches in two-electron redox changes between oxidation state 0 and I
Iand II1."%

For the two-electron catalytic cycles, com- or disproportionation reactions present an addi-
tional mechanistic complication. For 0/II cycles, comproportionation reactions are known to
form Ni(I) species that are inactive in the catalytic cycle,’®*? thus limiting the turnover number
(TON). Conversely, I/III cycles require the compropotionation to occur to generate the active
species.®!*? Investigations into this type of behavior is rather recent, which makes it currently
difficult to consider any generalities about which reactions fare better with 0/II cycles and
which one with I/III cycles, nor is it clear what factors may favor comproportionation. Further

mechanistic studies that consider the redox behavior of the nickel catalyst are therefore of

considerable interest.

1.4.3 Speciation

Aside from molecular nickel catalysis, nickel can also be effective as a heterogenous cata-
lyst”>* or as nanoparticle.” 7 The nanoparticles may be formed from both Ni(I)*>**7 or Ni(0)
precursors.”® In addition to nanoparticle formation, nickel may also form small aggregates, as
has been observed with the common catalyst precursor Ni(acac): (acac = acetylacetonate).”” Alt-
hough these processes are now well known a thorough consideration of the nature of the active
catalyst is generally not considered with nickel catalysis. Since interconversion between heter-
ogeneous species, aggregates and molecular species is well-documented for palladium and plat-
inum,* it would be wise to consider potential formation of particulate nickel from molecular

precursors, or leaching of nickel atoms from heterogeneous precursors. Methods that can be
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used to study these phenomena include the differential selectivity experiments (as discussed

above)*® and by studying the reaction of substrates embedded in nanoporous polymer beads.!'®

1.4.4 Ligand design

Only quite recently, attention has been paid to the fact that screening of catalysts is generally
done with ligands that were originally designed with Pd catalysis in mind. This can create in-
herent shortcomings, due to the different nature of the elements (vide supra). Hence, tailored
design of ligands for nickel is now highly required.!°'"1% Parameterization of a set of phosphine
ligands giving varying performance for nickel catalyzed Suzuki coupling of acetals revealed an
increased yield with increased Tolman’s cone angle, but an upper limit on the Vour parameter
that signifies the steric hindering near the metal centre (Figure 1.4). Traditionally, the ligands
with a large cone angle were designed by increasing steric hindrance (Johnphos, PCyp(Mesz)),
which also tend to increase Vour. This explains why the ligands designed for palladium don’t
necessarily work well in nickel reactions: the requirement for nickel is that the ligand has steric
bulk remote from the metal center, rather than close by.!"!

While this conclusion may provide inspiration of new reactivity, it should not be considered a
rule of thumb for nickel catalysis in general. For example, the nickel catalyzed Suzuki coupling
of benzylic ethers could be realized with nickel ligated by sterically relatively unencumbered
cyclohexyl-substituted N-heterocyclic carbenes. Moreover, the reaction outcome was very sen-
sitive to the exact nature of the ligand.'% This example illustrates that considerably more effort
is required in ligand design and mechanistic understanding to improve the efficiency and scope

of nickel catalysis.
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Ni(COD), (15 mol%)
OMe ligand (30 mol%) OMe

+ (p-F-PhBO)3 >
OMe 0.6 equiv.  toluene, 60°C O O
F

o OO A, A"
o7 Y e O
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% Vpur = % volume of sphere of
Cone angle () radius r occupied by ligand; any
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Figure 1.4: (A) Correlation between cone angle 6 and yield for arylation of a dimethylacetal. The correlation
breaks down for ligands with too high Vyuy. (B) Visual representation of the parameters 6 and Vyur. (A) and (B)
are reproduced from ref. 101.

1.5 Aim of the project

Sections 1.4.2-1.4.4 demonstrate that recent mechanistic studies on nickel catalysis have laid
bare several particularities about nickel chemistry that had not fully been considered before.
This highlights our incomplete understanding on the factors that may influence nickel catalysis.
This thesis aims to further develop this understanding by studying nickel catalyzed reactions
106111 ]y

ing several of the techniques discussed in section 1.2. In addition, we will study hydrosilylation

with nitroarenes as nitrogen source for amidation recently developed in our group,

catalyzed by a nickel pincer complex developed in our group.'!?

Chapter 2 deals with the identification of the true reactive intermediate generated from the
nitroarenes.

Chapter 3 and 4 investigate in depth how the intermediate azobenzene reacts with esters under
nickel catalysis. Chapter 3 discusses the applied experimental techniques, while chapter 4 fo-

cuses on the computational study.
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These three chapters reveal a heretofore unknown reactivity of nickel. Moreover, it is revealed
that ZnCl: plays a pivotal role in the reaction. Given the propensity of using Zn as reductant for
nickel catalyzed reductive coupling, the notion that ZnClz is not merely a byproduct of the
reaction could have broad implications.

Chapter 5 explores how the knowledge obtained in chapters 2-4 could be used to further the
utility of nickel catalysis with nitroarenes.

Finally, chapter 6 explores the reactivity of nickel catalyzed hydrosilylation previously dis-
closed by our group.!!? It reveals the reaction is governed by nickel nanoparticles, rather than
by a discrete nickel complex, as previously believed.

Overall, the results presented in this thesis build on the mechanistic understanding of nickel
chemistry and underscore the importance of mechanistic research for the discovery of new re-

activity patterns in homogeneous catalysis.
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Chapter 2  Identification of intermediates in
nickel catalysed amidation of esters with ni-
troarenes
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2.1 Introduction

Nitroarenes are important synthetic intermediates for nitrogen-containing aromatic com-
pounds, due to their ease of preparation and a variety of potential transformationas."? The most
common conversion of nitroarenes is the reduction to anilines.? However, a number of groups
have recently started to develop synthetic methods that lead to N-functionalized compounds
directly from nitroarenes.>"'® Our group has contributed to this field as well, by developing
reactions for amidation of various substrates with nitroarenes as nitrogen source.'!"!> The orig-
inal motivation of this reactivity was to improve step economy of amidations, as these are often
done with anilines that are themselves derived from nitroarenes. However, we found that aniline
was an inferior substrate to nitroarenes in several cases.!"!*!* This phenomenon has been ob-
served by others as well*®’ and indicates that the reaction mechanism does not involve a
straightforward reduction of nitroarene followed by well-established amine chemistry.

Given the recent surge in using nitroarenes directly for formation of C-N coupled products
and the finding that the reaction pathway is not via well-established pathways, a more in-depth
mechanistic understanding of this type of reactivity is of interest. We chose to study the cou-
pling between methyl decanoate (1a) and nitrobenzene (2) catalyzed by nickel as a model re-
action (Scheme 2.1). The yield is quantitative, which minimizes complications due to side re-
actions. The choice of model reaction also meant Zn could be used as reductant instead of Mn,

which avoids the complication of Mn-mediated amidation %41

Scheme 2.1: Model reaction studied in this chapter

(DME)NICI; (7.5 mol%)
0 phen (7.5 Mol%) 0
pn-NO2 + MeoJ\C H - = P Seh
2 1a 919  Zn (4 equiv.), TMSCI (2 equiv.) H 97119
NMP, 90°C, 16h
1.2 equiv. 1 equiv. 100% yield
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2.2 Identification of reactive species

Scheme 2.2: A simplified pathway for nitroarene reduction.

2e, 2H* 2e’, 2H* 2e, 2H*

§ C
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Ph” ) Ph ) Ph” "OH ) Ph
2 H,O 3 H)O 4 H,O 5
| | .
X 4e7, 4H H,0
HO  oe- oyt
_Ns _Ph
Ph/N\\II:],Ph C o Ny
60— Hzo 7

Several species could form upon reduction of nitrobenzene (Scheme 2.2).!® To understand
which of these might be responsible for the amidation of esters, we tested if these compounds
could be used as nitrogen source in lieu of nitrobenzene. Since reduction towards these species
would lead to depletion of the reductants and formation of byproducts, a slight re-optimization
was performed for these substrates (see Section 2.6.3 for details). The conversions of the nitro-
gen source and the yield of amide under optimized conditions for each potential intermediate
are listed in Table 2.1. Aniline (5) gave poor yields regardless of the conditions, excluding it as
a potential intermediate. Phenylhydroxylamine (4) gave reasonable yields, but these deterio-
rated if fewer equivalents of Zn and trimethylsilylchloride (TMSCI) than for the nitrobenzene
reaction were used. Since some amount of Zn and TMSCI should be consumed to generate the
hydroxylamine from nitrobenzene, the required reductant stoichiometry shown in table 2.1 rules
out hydroxylamine as intermediate as well.

Good yields were obtained for nitrosobenzene (3), azoxybenzene (6) and azobenzene (7). Im-
portantly, as these intermediates become more reduced (from nitrosbenzene to azoxybenzene
to azobenzene), fewer equivalents of Zn and TMSCI are required to make the reaction work.
This supports a mechanistic scenario wherein nitrosobenzene is a precursor to azoxybenzene,
which is subsequently reduced to azobenzene, which is in turn the species to react with the

ester.
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Table 2.1: Amidation with various nitrobenzene reduction products under reoptimized conditions.

(DME)NICI; (7.5 mol%)
phen (7.5 mol%)

o y equiv. Zn, z equiv. TMSCI o
intermediate + MeO~ “CoH > Ph\N CeH
, 919 NMP, 90°C, 16h H 99
X equiv.
) GC yield
Intermediate X y z (ester conversion)
PhNO 1.2 3 2 ~100 (100)
H 1.2 4 2 74 (78)
Ph™ "OH - -
PhNH, + 2 equiv. ZnCl, 1.2 2 0 43 (45)
9 -
* 0.5 3 0.5 ~100 (96)
s P
Ph/N N h
ph N PR 0.5 2 0.09 ~100 (97)

To ascertain if such a reduction chain is indeed operative under the catalytic conditions, the
reaction starting from nitrobenzene was followed in time by GC/MS (Figure 2.1A). While ni-
trobenzene is converted rapidly, amide product formation is not observed in the first 50 minutes
of the reaction. Of the potential intermediates on the reduction pathway, only azoxybenzene
and azobenzene are observed. Azoxybenzene increases at the beginning of the reaction to a
steady state concentration, until finally decreasing near the end of the reaction, while azoben-
zene starts to form in minor quantities around the time that product formation occurs.

To determine whether azoxybenzene is converted to azobenzene before reacting with ester, or
could itself be a potent intermediate, the reaction starting from azoxybenzene was followed in
time by GC/MS (Figure 2.1B). Under these conditions, azoxybenzene is rapidly converted,
while the formation of amide product is once again delayed by an induction period. Azobenzene
initially builds up, reaching a maximum concentration as the azoxybenzene is nearly depleted
and the product amide has started to form.

The results in Figure 2.1 suggest that there is indeed a reduction chain via azoxybenzene to

azobenzene and that azobenzene is the intermediate that reacts with ester under our conditions.
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Figure 2.1: Reaction profiles of the amidation. (A) The evolution of the amount of different species present (in
mmol) during the reductive amidation of 1a with nitrobenzene. Conditions according to Scheme 2.1. (B) The
evolution of the amount of different species present (in mmol) during the reductive amidation of 1a with
azoxybenzene. Conditions: 0.5 M 1a, 0.3 M azoxybenzene, 3 eq Zn, 0.5 eq TMSCI, 7.5 mol% Ni(DME)Cl,, 7.5
mol% phenanthroline in 5 ml NMP at 90°C. For both graphs, sampling was performed in triplicate; the error bars

indicate the sample standard error

2.3Proton source

As the reactive intermediate azobenzene contains no N-H bonds, the origin of the amide proton
is not directly clear. It could in principle be derived from the alkoxy leaving group on the ester,
the solvent or from water introduced at the end of the reaction (Scheme 2.3). Given the ease of
proton exchange at the amide position, determining its origin through deuterium labelling is
complicated. We therefore applied different probes to refute pathway A in scheme 2.3 and lend

credence to pathway C.
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Scheme 2.3: Three possible pathways to explain the origin of the proton on the amide nitrogen.

elimination elimination )
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Ester substrates with alkoxy-substituents heavier than methoxy facilitated the observation of
byproducts derived from the leaving group with GC/MS. For substrates containing a secondary
cyclohexoxy (1b) or a primary n-octoxy (1¢) leaving group, the only byproducts derived from
these groups observed by GC/MS are their alcohols and trimethylsilyl ethers (Scheme 2.4A).

Beta-hydride elimination to provide the amide proton (Scheme 2.3A) does not seem to occur.

Scheme 2.4: (A) Lack of ketone or aldehyde formation when esters with bigger leaving groups are employed.
(B) Quenching influences the yield of amide.
OTMS OH O

A o standard (@]
NO, O\ J\ conditions py, _ )J\
U 0~ “CoHg N" “CoHig + +

2 1b not
observed
o standard j)\ (i
conditions pp, OTMS OH
Ph/NOZ + CSH17\O)J\C9H19 —— \N CgH19 + C8H17/ + CSH17/ C8H17
) 1c not

observed

B quenched with

dry Et;O 40% yield
100% conv.
o) standard

conditions
C9H19)J\O/+ PhNO, ———

100% yield
quenched with  100% conv.
AcOH in Et,0
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When aliquots from a reaction between nitrobenzene and methyl decanoate under standard
conditions were diluted with dry diethyl ether in the glove box to prepare a GC/MS sample, a
yield of only 40% was determined, despite 100% conversion of both substrates. From samples
prepared from the same reaction mixture by dilution with 0.5 M acetic acid in diethyl ether
100% yield of amide was determined (Scheme 2.4B). These results suggest the pathway de-
picted in Scheme 2.3C does indeed occur.

The presence of some amount of amide product in the sample prepared with dry diethyl ether
suggests different pathways might be occurring. However, when 3 samples were prepared in
triplicate, an upward trend in the GC yield was observed among samples that should be identical
in all respects, except for the amount of time that had elapsed between preparation and GC
analysis. This indicates that samples may react with atmospheric water as they stand on the
sample tray.

Thus, while we were unable to definitively exclude pathway of Scheme 2.3B, the most im-
portant proton source appears to be the quenching at the end of the reaction. The product ini-
tially formed in the reaction mixture is therefore likely a metal amidate. Since zinc ions should
be stoichiometrically available in the reaction mixture, it is the most likely candidate for the
metal in this amidate. Possibly it is formed after transmetalation from catalytically formed

nickel amidate.

2.4 Insights into reduction pathway

Reduction pathways of nitrobenzene are well documented in the presence of acidic protons

and a reductant.'®

However, the fact that the quenching medium is the proton source for the
amide in this reaction indicates that acidic protons are not present under our conditions. There-
fore, an adjusted reduction pathway should be operative under our catalytic conditions. Given

1720 an investi-

recent efforts to prepare valuable azoarenes through reduction of nitroarenes,
gation into our acid-free reduction may provide valuable insights. We therefore performed
some preliminary mechanistic investigations into the mechanism of azobenzene formation

from nitrobenzene, by omitting the ester from the reaction mixture.
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Figure 2.2: Nitrobenzene conversion followed with GC in the absence and presence of catalytic cnickel

Although nitrobenzene can apparently be converted by Zn alone (Figure 2.2), the rate of
conversion is considerably higher in the presence of nickel catalyst. With nickel catalyst the
nitrobenzene is fully converted within 3.5 hours, whereas conversion is not complete without
nickel even after heating at 90°C overnight. Moreover, azoxybenzene is the only observed prod-
uct when the reduction is performed without nickel, whereas azobenzene can be observed as
well if catalytic nickel is present. Thus, nickel plays an important role in the reduction of nitro-
benzene under our conditions.

One possible role that nickel might fulfil is the activation of intermediate nitrosobenzene. Alt-
hough we never observed nitrosobenzene in the reactions monitored by GC/MS, its intermedi-
acy can be inferred from the failure of our catalytic system to convert nitroalkanes, likely due
to tautomerization of nitrosoalkanes to oximes.?'*?? Indeed, successful conversion of nitroal-
kanes in reductive amination reactions is considered important evidence for lack of nitroso in-
termediates.!%?

Low-valent nickel nitroso-adducts have been reported, although with different ligand sys-
tems.?*?> Metal-nitroso complexes have also been shown to play a role in C-N coupling with
nitroarenes catalyzed by iron.2® Unfortunately, we were unable to isolate a nickel nitroso adduct
with phenanthroline , or the closely related bipyridine as a ligand.

An alternative role for nickel would be the activation of trimethylsilylchloride. When the ami-
dation of 1a with nitrobenzene is performed in the presence of 1.2 equivalents of TEMPO, the
reaction is suppressed and silylated TEMPO can be observed (Scheme 2.5A). This may indicate
intermediacy of the trimethylsilyl radical. Generation of alkyl radicals from alkyl halides by

d,?”?® and radical addition to nitrobenzene is known

low-valent nickel species is well-establishe
to cause deoxygenative reduction.?’ Similar reactivity may therefore be envisioned with silyl

radicals formed from a silyl halide. However, some care must be taken with this conclusion, as
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another radical scavenger, 9,10-dihydroanthracene (DHA), did not suppress the reaction at all,
or lead to formation of anthracene (Scheme 2.5B).The C-H bond dissociation energy (BDE) of
DHA is 79.3 kcal/mol,*® while the of Si-H BDE of trimethylsilane is 94.7+1.7 kcal/mol, so the

thermodynamic driving force should be strong enough.>!

Scheme 2.5: Influence of radical scavengers (A) TEMPO and (B) DHA on the reaction yield.

TMS.
A 0 Standard + o Q
_NO 5.6 equiv. TEMPQO \FN\F
P % Meo)J\CsH*.g F)h\NJ\..gHAIQJ'
2 1a H -
i i o/ vi observed
1.2 equiv. 1 equiv. 12% yield by GC/MS
B 0 Standard + 0
_NO, 1.2 equiv. DHA Ph
Ph ' Meo)J\CgHw \NJJ\C9H19+
2 1a H
1.2 equiv. 1 equiv. 100% yield not observed

2.5 Conclusions

We have demonstrated the nickel-catalyzed amidation of esters with nitroarenes occurs with
intermediacy of azobenzene as key intermediate. In addition, we unveiled that the nitrogen-
bound proton in the product amide isn’t introduced until the reaction mixture is quenched,
which indicates a metal amidate as initial product. Finally, we briefly looked into the reduction
pathway, since the lack of acidic protons means this pathway is different from the well-estab-
lished reduction pathway. We revealed nickel plays an important role already in the reduction
pathway, although the nature of the nickel catalysis for this pathway can only be speculated on
at this point. The findings in this chapter can be summarized in Scheme 2.6: first, nitrobenzene
is converted to azobenzene through Zn/TMSCI reduction and nickel catalysis. Then, azoben-
zene reacts with ester under the influence of nickel to form a metal amidate. Finally, this metal
amidate is converted to the product amide upon quenching the reaction medium. The conver-
sion of azobenzene to amide is intriguing in its own right and the mechanism thereof will be

further explored in chapters 3 and 4.

Scheme 2.6: Reaction pathway for amidation of esters with nitrobenzene.

Zn, TMSCI Zn, TMSCI o aqueous or acidic O
’ Ar ’ Ar worku )k
Y JAr P _Ar
Ar—NOy; —( Ni )™ /N—N —(Ni )™ R r\ll — > R N
Ar M H
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2.6 Experimental

2.6.1 General remarks

All reactions were set up and performed under inert nitrogen atmosphere using standard glove
box and Schlenk techniques. Anhydrous N-methyl-2-pyrrolidinone (NMP) stored over molec-
ular sieves was purchased from Acros and stored in a glove box. Diethyl ether was purified
using a two column solid-state purification system (Innovative Technology, NJ, USA) and
transferred to the glovebox without exposure to air Anhydrous 1,10-phenanthroline,
(DME)NIiCly, zinc, TMSCI, naphthalene, methyl decanoate, nitrobenzene, nitrosobenzene, phe-
nylhydroxylamine, azoxybenzene, azobenzene, TEMPO and 9,10-dihydroanthracene were pur-

chased from commercial sources and used without further purification.

2.6.2 Comments on GC analysis

GC/MS was measured on an Agilent 7890B GC coupled to an Agilent 5977B Mass Spec-
trometer equipped with an Agilent J&W DB-5MS Ultra Inert column with 0.25 mm internal
diameter. GC was measured on a Perkin Elmer Clarus 400 Gas chromatographer equipped with
the same column. The carrier gas for the GC/MS is helium; for the GC it is hydrogen. Quanti-
fication was done by integrating the flame ionization detector (FID) chromatogram. The ratio
between the analyte peak integral and the naphthalene internal standard peak integral was mul-
tiplied by a factor (f) to account for difference in FID response for different compounds: faz:
0.82, fazoxy: 0.92, famide: 0.87, fhitro: 1.67. fnitro Wwas determined by the ratio of the number of carbon
atoms in nitrobenzene divided by the number of carbon atoms in naphthalene, which gave rea-
sonable results for early time points. The other correction factors were determined by measuring

calibration curves over 2 orders of magnitude concentrations of the analyte.

2.6.3 General remarks on re-optimization of reaction condi-

tions nitrobenzene-derived substrates

For all intermediates, the reaction was performed with 7.5 mol% Ni(glyme)CI2 / phen catalyst

loading. 0.5 M ester (= 1 equiv) in 0.5 ml NMP was used. Reactants were introduced to the
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reaction mixtures via freshly prepared stock solutions containing the substrates and the internal
standard. The reactions were performed with naphthalene as internal standard. Amide yields
and ester conversions were analyzed by preparatiosn of GC samples from the crude reaction
mixtures and measuring the ratio of peak area of the ester and amide versus naphthalene. Sam-
ple preparation was done by adding a few drops of the reaction mixture to diethyl ether, shaking
and filtering the resulting suspension with 0.22 pum ptfe syringe filters. The screening results

are summarized in Tables 2.2-2.6.

Table 2.2: Re-optimization for amidation with aniline.
(DME)NICI5 (7.5 mol%)

O hen (7.5 Mol% o

Ph/NHz + MeOJkCQHw Z ( : ! : — Ph\N/U\C H
n (equiv.), TMSCI (equiv.), ZnCl, (equiv.) H 919
NMP, 90°C, 16h
1.2 equiv. 1 equiv.

Zn (equiv.) TMSCI (equiv.) ZnCl, (equiv.) Conversion (%)? Yield (%)°

4 2 0 14 12

2 1 0 27 28

2 0 0 0 0

2 2 0 20 17

1 0 0 0 0

4 2 2 18 3

2 1 2 25 19

2 0 2 45 A

1 1 2 21 20

1 0 2 44 39

0 0 2 0 0

aDetermined with GC by difference in ester/naphthalene ratio between product mixture and stock solution. *De-
termined by GC from amide/napththalene ratio multiplied by 0.87
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Table 2.3: Re-optimization for amidation with nitrosobenzene.
(DME)NICI5 (7.5 mol%)

o phen (7.5 Mol%) o
F,h/NO + > Ph.
MeO™  CoHig zn (equiv.), TMSCI (equiv.) H CoH1g
NMP, 90°C, 16h
1.2 equiv. 1 equiv.
Zn (equiv.) TMSCI (equiv.) Conversion (%)? Yield (%)°
4 2 100 100
2 100 100
3 1 91 87
2 1 22 12

aDetermined with GC by difference in ester/naphthalene ratio between product mixture and stock solution. *De-
termined by GC from amide/napththalene ratio multiplied by 0.87

Table 2.4: Re-optimization for amidation with phenylhydroyamine.

(DME)NICl, (7.5 mol%)
H o phen (7.5 Mol%) o
Noqy + > Ph.
Ph™ OH™ MeO™ “CoHig zn (equiv.), TMSCI (equiv.) N Cotho
NMP, 90°C, 16h
1.2 equiv. 1 equiv.
Zn (equiv.) TMSCI (equiv.) Conversion (%)? Yield (%)°
4 2 78 74
2 60 59
2 2 17 15
2 1 11 4

3Determined with GC by difference in ester/naphthalene ratio between product mixture and stock solution. *De-
termined by GC from amide/napththalene ratio multiplied by 0.87
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Table 2.5: Re-optimization for amidation with azoxybenzene.
(DME)NICI5 (7.5 mol%)

:z; o i phen (7.5 Mol%) - o
Ph™ N MeO™ CoHig zn (equiv.), TMSCI (equiv.) N" Cotho
NMP, 90°C, 16h
0.5 equiv. 1 equiv.
Zn (equiv.) TMSCI (equiv.) Conversion (%)? Yield(%)®
B 1 85 81
- 0.5 95 93
4 0.091 2 6
3 0.5 96 99
2 0.5 91 81
1 0.5 53 45

3Determined with GC by difference in ester/naphthalene ratio between product mixture and stock solution. *De-
termined by GC from amide/napththalene ratio multiplied by 0.87

Table 2.6: Re-optimization for azidation with azobenzene.

(DME)NICl, (7.5 mol%)

phen (7.5 Mol%) o
_Ns _Ph 4+ > Ph.
Ph™ N MeO™  CoH19 zn (equiv.), TMSCI (equiv.) N CoHi
NMP, 90°C, 16h
0.5 equiv. 1 equiv.
Zn (equiv.) TMSCI (equiv.) Conversion (%)? Yield (%)°
4 1 65 48
4 0.09 90 69
3 0.09 97 76
2 0.09 97 ~100
1 0.09 72 60

aDetermined with GC by difference in ester/naphthalene ratio between product mixture and stock solution. *De-

termined by GC from amide/napththalene ratio multiplied by 0.87

2.6.4 Reaction profile of nitrobenzene-ester coupling

655 mg Zn (10 mmol, 4 equiv.), 41.7 mg (DME)NiCl2 (0.1875 mmol, 0.075 equiv.), 34.4 mg
1,10-phenanthroline (0.1875 mmol, 0.075 equiv.), 63.2 mg napththalene (0.5 mmol, 0.2 equiv.),
5 mL NMP, 553 mg TMSCI (5 mmol, 2 equiv.), 465 mg methyl decanoate (2.5 mmol, 1 equiv.)
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and 370 mg nitrobenzene (3 mmol, 1.2 equiv.) were added to an oven-dried Schlenk flask in
the glove box. Closed with a greased stopper. Outside the glove box, the stopper was replaced
with a septum under nitrogen flow and the system was purged for a few minutes. The mixture
was then submerged in a pre-heated 90°C oil bath. This moment is considered t=0. GC samples
were prepared in triplicate at the time points indicated in Figure 2.1A by adding an aliquot to

0°C diethyl ether and filtering the resulting suspension.

2.6.5 Reaction profile of azoxybenzene-ester coupling

250 mg Zn (3.75 mmol, 1.5 equiv.), 40.2 mg (DME)NiCl2 (0.1875 mmol, 0.075 equiv.), 33.5
mg 1,10-phenanthroline (0.1875 mmol, 0.075 equiv.), 64.0 mg napththalene (0.5 mmol, 0.2
equiv.), 248 mg azoxybenzene (1.25 mmol, 0.5 equiv.), 5 mL NMP, 154 mg TMSCI (1.25
mmol, 0.5 equiv.) and 467 mg methyl decanoate (2.5 mmol, 1 equiv.) were added to an oven-
dried Schlenk flask in the glove box. Closed with a greased stopper. Outside the glove box, the
stopper was replaced with a septum under nitrogen flow and the system was purged for a few
minutes. The mixture was then submerged in a pre-heated 90°C oil bath. This moment is con-
sidered t=0. GC samples were prepared in triplicate at the time points indicated in Figure 2.1B

by adding an aliquot to 0°C diethyl ether and filtering the resulting suspension.

2.6.6 Quenching experiment

65.3 mg Zn (1 mmol, 4 equiv.), 4.0 mg (DME)NiCl2 (0.01875 mmol, 0.075 equiv.), 3.3 mg
1,10-phenanthroline (0.01875 mmol, 0.075 equiv.), 10.5 mg napththalene (0.05 mmol, 0.2
equiv.), 0.5 mL NMP, 53.7 mg TMSCI (0.5 mmol, 2 equiv.), 46.4 mg methyl decanoate (0.25
mmol, 1 equiv.) and 37.2 mg nitrobenzene (0.3 mmol, 1.2 equiv.) were added to an oven-dried
scintillation vial in the glove box. Stirred on a pre-heated 90°C heating plate for 16 hours. After
cooling down, 15 pL of the reaction mixture was added to each of six oven dried vials. To three
of them, dry Et20 was added. These mixtures were shaken and filtered into GC-vials through
0.22 um PTFE syringe filters. The three other mixtures were treated with 0.5 M AcOH in Et20.
After shaking, these mixtures were filtered into GC-vials through 0.22 um PTFE syringe filters.
Samples were analyzed by GC.
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2.6.7 Reaction profile of nitrobenzene reduction

Zn (10 mmol, 4 equiv.), (DME)NiCl2 (0 or 0.1875 mmol, 0 or 0.075 equiv.), phenanthroline
(0 or 0.1875 mmol, 0 or 0.075 equiv.), 5 mL NMP and TMSCI (5§ mmol, 2 equiv.) were added

to an oven-dried Schlenk flask in the glove box. After stirring for 2 hours, nitrobenzene (3

mmol, 1.2 equiv.) was added. The schlenk was closed with a greased stopper. Outside the glove

box, the stopper was replaced with a septum under nitrogen flow and the system was purged

for a few minutes. The mixture was then submerged in a pre-heated 90°C oil bath. This moment

is considered t=0. GC samples were prepared in triplicate at the time points indicated in Figure

2.2 by adding an aliquot to 0°C diethyl ether and filtering the resulting suspension. Both the

reaction conditions (with and without catalytic nickel) were repeated twice, giving 9 data points

per time point, which were averaged to give the data presented in Figure 2.2.
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Chapter 3

3.1 Introduction

Azobenzene and its derivatives have been heavily utilized as organic dyes' and recently they
have been of growing interest for various applications in functional materials.>* For this reason,
their synthesis has been an active field of research* and they are now readily available from

¢ or anilines.”® In addition, C-H activation

common functional groups, such as nitroarenes,™
methods may be employed to further functionalize the azoarenes after their synthesis.’

As a result of their ease of synthesis, azoarenes are now also of interest as synthetic interme-
diates. For example, they can be converted into triazoles by reaction with silyl azides,'* to ben-
zimidazoles by reaction with methyl triflate!! and to quinolones with allyl halides.'?

Recently, we reported nickel catalyzed amidation of esters with nitroarenes.'* This type of
chemistry was later successfully expanded to transamidation with nitroarenes.!* In chapter 2,
initial mechanistic studies revealed the following reaction sequence: first, the nitroarene is con-
verted to azoarene under the reductive conditions. The azoarene subsequently reductively cou-
ples with a carbonyl electrophile through nickel catalysis to form a metal amidate, which is
finally converted to the amide upon quenching the reaction.

These findings indicate that the nickel catalysts we used may be effective for further increase
of the synthetic utility of azoarenes. However, the way the azoarenes react with esters under the
influence of nickel catalysis is still poorly understood, hindering reaction design. A more thor-
ough mechanistic model of the Ni-catalyzed reductive amidation of unactivated esters with az-
obenzenes (called azo-ester coupling from now) is therefore of interest. In this chapter, we fur-
ther elucidate the mechanism, through kinetic studies, linear free energy relationships and stoi-
chiometric studies, using para-substituted azoarenes and methyl decanoate as model substrates.
The findings reported in this chapter were instrumental to inform detailed computational stud-

ies, which led to a comprehensive mechanistic model (see chapter 4).

3.2 In Situ ATR-IR monitoring

The reaction of azobenzene (7) and methyl decanoate (1a) under relevant reductive coupling
conditions (Figure 3.1A) was chosen as the model reaction for the detailed mechanistic study,
since it yields the product quantitatively.!> The reaction was monitored by in situ attenuated

total reflection infrared (ATR-IR) (Figure 3.1B). As the reaction proceeded, signals of 1a at
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1145-1209 cm™ and 1738 cm™ decayed (labeled 1a in Figure 3.1B). Meanwhile, two peaks at
1055 cm! and 1537 cm™ grew, which were tentatively attributed to the Zn-amide product (P),
which was previously identified as the end product of amidation before quenching with a proton
source in the workup (see chapter 2). As the reaction gave the amide product quantitatively with
respect to 1a, the conversion of 1a reflected the reaction progress well. The concentrations of

1a was estimated by the intensity of the IR peak at 1735 cm™.

A 7.5 mol% Ni(DME)Cl,
7.5 mol% phen
2eq.2Zn

Ph., -N. +
N2 Ph MeO %o 09H19 0.02 eq, TMSCI
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Figure 3.1: (A) Reaction scheme for Ni-catalyzed reductive coupling of azobenzene with 1a. X = Cl or OMe.
(B)Time-dependent IR spectra of the reaction mixture. The arrows indicate growth and decay of the assigned
peaks. The indicated times are in minutes.

3.3 Kinetic studies

3.3.1 Standard conditions

Under standard conditions (Figure 3.1A), 1a underwent a linear decay (Figure 3.2A).
This result indicated that the reaction was zero order in both 1a and azobenzene under these
conditions. The reactions were conducted under different loadings of catalysts and a log/log
plot of the reaction rate versus catalyst concentration (Figure 3.2B) indicated an order of about
1.5 in Ni catalyst. The rates varied with the stirring rates, which suggested some involvement

of heterogeneous Zn species in the rate determining step (see the methods section for details).
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Figure 3.2: (A) A plot showing the decay of 1a over the reaction time; conditions as in Figure 3.1A; Red dots
indicate the data used for the linear regression to determine the rate of the reaction. (B) log/log plot of reaction
rate versus the concentration of nickel catalyst. Values are averages over two runs. The error bars represent the

standard error.

3.3.2 Influence of ZnCl,
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Figure 3.3: Influence of total ZnCl, concentration on the reaction rate. Conditions according to Figure 3.1A, with
additional ZnCl;, The total Zn(IT) concentration is estimated from the sum of added ZnCl, and Ni(DME)Cl,
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Since ZnCl> was generated in sifu from oxidation of Zn by a Ni species in this reaction, its
influence was then probed by adding external ZnCl2. An increase of the total concentration of
ZnCl2 (from both external and in situ sources) had two significant effects (Figure 3.3): (i) it
accelerated the reaction; (ii) it changed the order of at least one of the substrates to non-zero so
that the decay of 1a was no longer linear when a significant amount of external ZnCl> was

added. A saturation point was reached at a total ZnClz concentration of 0.5M.

3.3.3 Kinetics at high [ZnCl;]
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Figure 3.4: Kinetics at high total ZnCl, concentrations. General conditions: similar to Figure 3.1A, but with addi-
tional ZnCl, to reach saturation with total Zn(II) concentration of 0.5 M. (A) Overlaying VTNA plots at two dif-
ferent concentrations of Ni catalyst. The X axis is f[Ni], where [Ni] is the total concentration of nickel, as deter-
mined by the weight of added Ni(DME)Cl,. Overlap occurs only when the reaction is first order in nickel. (B)
Overlaying VTNA plots at two different concentrations of 7 (azo). The X axis is time. Overlap occurs only if the
reaction is zeroth order in 7. (C) Overlaying reaction rate profiles at two different stirring rates. (D) Overlaying
VTNA plots at different concentrations of 1a (ester). The X axis is time multiplied by the approximate integral
of [1a], where [1a] is the concentration of ester determined by FT-IR. Overlap occurs only if the reaction is first

order in 1a.
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The kinetics of the reaction were then measured at high total ZnCl2 concentrations, and analyzed
by VINA (Figure 3.4).!>1® Two sets of experimental data were sufficient to deduce the reaction
order by VINA. The overlaying graphs indicated that the reaction was first order in Ni catalyst
and zero order in azobenzene (Figure 3.4A-B). The reaction rates were the same under different
stirring rates (Figure 3.4C), suggesting that only homogenous species were involved in the rate
determining step when significant external ZnCl> was added. This result also suggested the stir-
ring-rate dependence of the rates under no external ZnClz addition was due to ZnClz formation
from heterogeneous Zn particles. To determine the order in ester, the initial amount of 1a was
varied. The concentration of azobenzene was estimated by deducing the reacted amount from
the initial concentration assuming a perfect reaction stoichiometry. VINA plot showed that the

reaction was first order in 1a (Figure 3.4D) at high total ZnClz concentrations.

3.3.4 Reason for rate law change

The observed change in rate law with added ZnCl2 could be a result of relative acceleration
of the rate determining step, which changes the resting state, or it could be due to activation of
a different catalytic cycle that is not operative at low concentrations of ZnClz. To distinguish
between the two scenarios, a competition experiment was conducted with and without external
ZnClz addition. An equal amount of 1a and an aryl ester, methyl benzoate (1d), was treated
with 1,2-bis(4-fluorophenyl)diazene (7¥), producing a mixture of alkyl and aryl amides
(Scheme 3.1). Under standard conditions (shown in Figure 1A), the ratio of alkyl to aryl amide
was about 2.1:1. Addition of external ZnCl (to reach saturation with a total concentration of
0.5 M) did not change the outcome of the coupling. This result suggests that addition of ZnCla
did not change the nature of the intermediate that reacts with ester.!” As this species also in-
volves activated azoarene (vide infra), the catalytic cycle should look the same under both con-
ditions. Thus, the conditions can be conveniently manipulated to study different parts of the
catalytic cycle experimentally.

Scheme 3.1: A competition experiment conducted with and without external ZnCl,. Product ratios are averaged
over two runs. Reported error is the standard error.

. L
F N
CeHw)J\O/ ' Ph)l\o/ ' \Q\N’ ©\F RJ\H
7F

1a 1d R? = CgH4g, RP = Ph
0.5M 0.5M 0.3M
Conditions as in figure 2a Product ratio R¥/R" = 2.13(1)
Conditions as in figure 2a + 0.5 M ZnCl, Product ratio R¥/RP = 2.15(3)
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3.4 Hammett plots

The rates of the reactions of 1a with a series of azoarenes bearing different substituents at
para-positions were measured at a high total ZnClz concentration. A Hammett plot based on the
observed rate constant is shown in Figure 3.5A. The reaction rate depends strongly on the nature
of the para-substituent in a Volcano-like correlation. On the left side of the Volcano (NMe,
OMe, and Me), the more electron-donating substituents slow down the reaction, but on the right
side (Me, F, H, and OCF3), the more electron-withdrawing groups also slow down the reaction.
This result suggests that two different rate laws or mechanisms apply: one for azoarenes with a
strongly electron-donating group at the para-position, and the other one for other azoarenes (i.e.
with Me, H, or electron-withdrawing para-substituents such as F and OCF3). The majority of
azoarenes substrates in the Ni-catalyzed reductive amidation belong to the latter category.

The choice of Hammett parameter on the x-axis is based on the quality of correlation of the 4
least electron-rich azoarenes: the coefficient of determination (R?) improved from 0.945 to
0.987 when ¢ was employed as Hammett parameter, rather than 6. The constant ¢* was de-
signed to reflect electron-donating resonance effects that are poorly represented in the Hammett
constant based on benzoic acid derivative pKas. It is derived from the solvolysis of t-chumyl
chloride derivatives.'® Therefore, it is particularly applicable for reactions that build up positive
charge in the benzylic position para to the functional group. The good correlation with Hammett
parameter 6" is therefore indicative of charge depletion from the nitrogen center in the transition
state of the rate determining step.

The hammett plot shows that the azoarene is already activated by the nickel complex before
the rate determining step. The strong influence of the identity of azoarene on the rate — the rate
constant for the fastest measured azoarene is more than 4 times faster than the slowest measured
one — would not be possible if the azobenzene got involved in the reaction after the rate deter-
mining step. As the rate is independent of the concentration of azoarene under these conditions
(vide supra), the azobenzene must be activated by nickel before the rate determining step, either
in an irreversible fashion, or in an equilibrium that is fully pushed towards activation under the
reaction conditions.

The relative reaction rate of azoarenes sitting at the right side of the Volcano plot in Figure
3.5A was then determined in a set of competition experiments. An equal amount of azobenzene
and another azoarene was reacted with 1a to give a mixture of amide products originating from

two different azoarene partners. The ratio of the products correlates to the relative reaction rates.
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A Hammett plot of the relative rate determined in this manner is shown in Figure 3.5B. In this
case, a reverse trend was observed compared to Figure 3.5A, with the more electron-withdraw-
ing substituent leading to a higher relative reaction rate. The selectivity determining step must

therefore be different from the rate determining step.
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Figure 3.5: Hammett plots. (A) A plot using observed reaction rate constants; (B) A plot using relative reaction
rate from competition experiments, determined by the product ratio at the end of the reaction. Conditions are
similar to those in Figure 3.1A with additional ZnCl, to reach a total [Zn(II)] of 0.5 M.

3.5 Search for Nickel-azoarene species

As the Hammett studies revealed that azoarene is activated by nickel before reaction with
ester, we sought to identify this intermediate. A reaction between 7F, phenanthroline,
(DME)NiCl2 and Zn in NMP at 90°C did consume the azoarene if a 2:1 Ni:azoarene ratio was
employed, but in ’F NMR, only a broad hump could be observed, alongside aniline, which
may have formed due to adventitious water. Unfortunately, any attempts to isolate an inter-

mediate from this product mixture through crystallization failed, as did further characterization
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attempts with HRMS. Therefore, we sought to explore the reactivity in a more controlled man-

ner.

3.5.1 Reactivity of a Ni(0)-azoarene adduct

Given that the coupling is conducted under strongly reducing conditions in the presence of an
excess amount of Zn, a Ni(0)-azoarene species is a likely Ni-bound intermediate. Several such

species with varying supporting ligands were reported in the literature, '

including one sup-
ported by a bipyridine ligand.>* We tried to prepare an analogous species supported by phenan-
throline, the preferred ligand for the amidation, but our attempts were unsuccessful. Recogniz-
ing that 2,2’-bipyridine (bipy) was also a viable ligand for the amidation with just a slightly
lower yield than phen for a test reaction (94% versus 100%),"* we decided to employ a
[Ni(0)(azoarene)(bipy)] complex as the model intermediate. To enable product identification
by "’F NMR, we prepared the complex containing a para-F substituted azobenzene (8F). Under
conditions mimicking those of the catalytic reaction (e.g., high [ZnCl:]) but in absence of free
azobenzene and solid zinc, the amidation product was obtained in 49% yield (based on Ni;

Scheme 3.2), in addition to some free azoarene 7% (34 %), indicating 8F does react with ester

and could indeed be an intermediate on the catalytic cycle.

Scheme 3.2: Reaction of 8F with 1a under conditions mimicking the high-[ZnCl,] catalytic reaction.

— — F
\ (0] o}
<) 0.50M z00H O~
N. .N 2 ,
AR S o . N .

«N=N 90°C, NMP 2h
8F 1a then H,O quench 49% 34%
F 0.047 M F 0.50 M

When 8F was heated in the presence of one equivalent of ZnClz, the complex quickly decayed
(Figure 3.6A). The decomposition already starts before the target temperature of 90°C is
reached and is complete in 270 seconds. Heating the NMR sample to 60°C, rather than 90°C
slows down the reaction, so that enough data points can be collected to compare different con-
ditions. Figure 3.6B shows that the reaction is sped up in the presence of a higher concentration
of ZnClz. Under both conditions, the observed reaction products were the same. In '°F NMR,
only 2F could be observed in approximately 50% yield (Figure 3.6C). "H NMR shows peaks in
the paramagnetic range (Figure 3.6D). Any attempt to isolate the paramagnetic product of fur-

ther characterize it with high resolution mass spectrometry (HRMS) failed. However, addition

59



Chapter 3

of water to the product mixture generated aniline, as observed by '°F NMR, indicating a cleav-

age of the azoarene may be part of the reactivity.
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Figure 3.6: (A) in situ monitoring of the concentration of 8 (left axis) while heating to 90°C. The probe temper-
ature was noted at every measuring point (right axis). (B) Decay of 8F at 60°C with different concentrations of
ZnCl,. (C) 'F NMR at the end of a decay reaction. (D) wide range '"H NMR at the end of a decay reaction.

3.6 Discussion of decay pathway for 8

3.6.1 Involvement in catalytic cycle

A clear comparison of the decay data with catalytic data is difficult because (i) the decay rate
is very poorly defined for the reaction at 90°C; (ii) a different azoarene is used in the kinetic
measurements for low-[ZnClz] conditions; and (iii) a different ligand is used for the decay study

than for kinetic measurements for both conditions. Despite these problems, rough estimates of
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relative rates could still be useful, as it may help to determine if the observed reactivity could
feasibly be part of the catalytic pathway, or should be considered deleterious to the catalyst.

Under low-[ZnCl2] conditions with 0.029 M Ni, the TOF is 10°M 1a s'M!catalyst (see figure
3.2B and experimental section). This translates to one turnover occurring every 1000 seconds.
As 3¥is fully decomposed within 270 seconds with a similar starting concentration for nickel,
with part of the reactivity happening at less than 90°C, the decomposition should be faster than
the rate determining step for these conditions. Under high-[ZnCl2] conditions, the TOF is de-
pendent on [1a]. at 0.3 M 1a (40% conversion), the TOF for the reaction with 7F is 5-103 M 1a
s"'"M!catalyst (data from Hammett plot, see experimental section), which translates to one turn-
over occurring every 200 seconds, giving the same order of magnitude for the rate as decay of
8F. Overall, it seems the decay reaction is too fast in relation to catalysis to be a deleterious
pathway, given the high yields obtained. Hence, the decay reactivity is likely a part of the cat-
alytic cycle.

3.6.2 Proposed decay product

Scheme 3.3: (A) Proposed activation pathway for 8. (B) Formation of azoarene from nickel(II) imide as re-

ported by Hillhouse.
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Scheme 3.3A describes a simplified activation pathway of a Ni(0)-azobenzene intermediate,
neglecting the promotion of ZnClz for simplicity. Dimerization of two molecules of Ni(0)-azo-
benzene species (8) followed by dissociation of a diazoarene gives a bridging Ni2(NAr): inter-
mediate (9) which further reacts with ester to give the amide. Note that in the decay reactions

of 8F, as well as in the stoichiometric reaction of 8F with 1a, free azoarene 7F was also obtained
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as a product, consistent with the proposed pathway. A similar dimerization pathway was pro-
posed by Tonks and co-workers for the formation of a Ti2(NAr)2 intermediate in the catalytic
cycle of pyrrole synthesis from alkynes and azobenzene .*?> An analogous reaction was ob-
served between two Ta-azoarene complexes to give two Ta=NAr species.?® In these reactions
the 4-e reductive cleavage of azoarene is balanced by two 2-e oxidations of each metal center.
This type of reactivity is also reported for iron,?’ silicon,?® and aluminium.?

For nickel, the cleavage of azobenzene has not been reported to the best of our knowledge,
although Tonks recently reported the N=N cleavage of benzo[c]cinnoline by a Ni2Ti complex.*
The reverse reaction, i.e. the formation of an azoarene from two Ni=NAr moieties, has been
reported by Hillhouse and co-workers: they showed that a diphosphine-ligated terminal nickel
imide complex (dtbpe)Ni=NMes (10, dtbpe = 1,2-bis-(di-tert-butylphosphino)ethane, Mes =
2,4,6-trimethylphenyl) eliminated an azoarene at 80°C (scheme 3.3B).*! This example suggests
the reverse reaction, the 4-electron reductive cleavage of an azoarene on Ni (as in Scheme 4A),
is possible, given the appropriate ligand environment and reaction conditions (e.g., ZnCI2 pro-
motion). The dimeric form of 9 seems more appropriate for the ligands used in this study as
opposed to the monomeric form of 10, since Uyeda has published a nickel imide dimer sup-

ported by bipy, with a considerable amount of steric bulk around the imide.*?

3.7 Conclusions

From the experiments described in this chapter, several key features of the mechanism for
the azobenzene-ester coupling reaction can be derived. (i) ZnClz plays a key role in the reaction,
accelerating the reaction and changing the rate law. The rate law change is due to a shift of the
rate determining step, rather than a change in mechanism. (ii) Under the extreme conditions of
high- and low-[ZnCl2], the reaction is zero order in both substrates, and first order in ester and
zero order in azoarene, respectively. The order in nickel also changes from about 1.5 to 1 when
excess ZnClz is added to the reaction mixture. (iii) The azoarene must be activated by nickel
before it reacts with ester. A reaction sequence where the ester undergoes oxidative addition to
nickel followed by reaction with azoarene can therefore be excluded. (iv) A nickel(0) azoarene
complex reacts in the presence of ZnClz, likely involving the cleavage of the N=N bond. The
rate with which this transformation occurs relative to the catalytic reaction rate suggests this

reactivity is part of the catalytic cycle.
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While these findings are not enough to postulate a catalytic cycle on their own, they provide

useful input to computational study which is described in chapter 4.

3.8 Experimental

3.8.1 General experimental methods

All reactions were set up and performed under inert nitrogen atmosphere using standard glove
box and Schlenk techniques. Anhydrous NMP stored over molecular sieves was purchased from
Acros and stored in a glove box. The other solvents were purified using a two column solid-
state purification system (Innovative Technology, NJ, USA) and transferred to the glovebox
without exposure to air. Azobenzene, (DME)NiClz, 1,10-phenanthroline, trimethylsilylchloride
and both methyl esters were purchased from commercial suppliers and used without further
purification. Para-substituted azoarenes were prepared by oxidation of para-substituted anilines
with air and copper(]) catalysis (OMe, Me, F, OCF3)® or DBU/NCS (NMez).” ATR-IR meas-
urements for in situ kinetics were performed with an IN350-T probe on a Brucker Vertex 80
spectrometer. NMR spectra were recorded on a Bruker Avance 400 Spectrometer. 'H and
BC{1H} chemical shifts were referenced internally to residual solvent signals. Quantitative
F{H} NMR experiments were performed with a 30 degree pulse. Chemical shift values were
referenced against fluorobenzene as internal standard using the value measured in DMF (-
114.51 ppm).** Elemental analyses were performed on a Carlo Erba EA 1110 CHN instrument
at EPFL.

3.8.2 General remarks of kinetic measurements

Concentration of methyl decanoate was measured with ATR-IR, using an IN350-T probe on
a Brucker Vertex 80 spectrometer. Reactions were set up by mixing zinc (261 mg, 4 mmol), the
appropriate amount of (DME)NiCl2 and phenanthroline, 3.2 mL NMP and TMSCI (4.3 mg,
0.04 mmol) in an oven dried 2-neck Schlenk flask for 10-15 minutes in the glove box. During
this time, the mixture turned from dark blue to black. Then, the appropriate amount of azoarene
and (if required) ZnCl2 were added. The Schlenk flask was taken out of the glove box and con-
nected to a N2 line. Under a nitrogen flow, a septum pierced with the infrared probe was in-

stalled to the main neck and a second septum was installed on the smaller neck (see Figure 3.7
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for setup). The mixture was then submerged in a 90°C oil bath. After stirring for 10-15 minutes
at this temperature, the infrared background was measured, and the periodic infrared monitoring
was started. Within one minute of starting the monitoring, 0.80 mL of a NMP solution of me-
thyldecanoate, which was prepared in the glove box, was added, after which the integral of the
peak at 1742 cm™! (see Figure 3.1B) was measured periodically. The integral was measured
between 1716 and 1759 cm™ with a baseline drawn from the average value between 610 and
628 cm! to the average value between 1777 and 1821 cm™!. From the integral, the concentration
of ester was obtained by multiplying by 0.254. This conversion factor was obtained by a cali-

bration curve ranging from 0.12 to 0.48 M ester in NMP at 90°C.

e

L

Figure 3.7: Picture of the setup used for kinetic measurements by IR. On the left side is the nitrogen line. The

IR-probe connected to the Vortex 80 spectrometer is at the top and the septum through which the ester solution is
added is at the right.
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the whole data set; the red points were used to obtain the slope, which was used as data point for Figure 3.2B.

4 y =-3.89E-05x +0.046
) 2
. R? =0.0975
B e
)
I
_ T,
it 98
"0
- ".~.\
.\v‘
0 5000 10000 15000
Time (s)

(1a] (M)

0.6
0.5
0.4

0.3

| y =-3.97E-05x +0.046
o R?=0.961
] %
. \ "
1 S
- \'\.. .
0 5000 10000 15000
Time (s)

Reaction traces of FTIR-followed azobenzene-ester coupling with 0.035 M Ni-cat. Black points are
data set; the red points were used to obtain the slope, which was used as data point for Figure 3.2B.

y =-2.93E-05x +0.48
R?=0.982

0 5000 10000

Time (s)

[1a] (M)

0.6

0.5

0.4

0.3

0.2

0.1

y =-2.87E-05x+0.44
3 R? =0.985
&,
1 e,
! %,
i

i ¢ %
0 5000 10000 15000

Time (s)
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the whole data set; the red points were used to obtain the slope, which was used as data point for Figure 3.2B.

3.8.3 Stirring rate influence under low-[ZnCl,] conditions
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Figure 3.11: Reaction traces of FTIR-followed azobenzene-ester coupling under standard conditions, but at stir-

ring rate of 350 rpm. For 500 rpm data, the reaction traces of Figure 3.8 were used. Note that the quality of fit-

ting is not high; moreover, data reproducibility at the same stirring rate is not high. The data shown here are for

indication purpose only. The conversion rate of ester at a stirring rate of 500 rpm was 4.41(8) 10-5 M s-1, and it
decreased to 2.98(1) 10-5 M s-1 at a stirring rate of 350 rpm. Nevertheless, all data show the dependence of the
reaction in stirring rate is significant.

3.8.4 Competition between an aromatic ester and an aliphatic

ester

A NMP stock solution was prepared in the glove box in a 1 mL volumetric flask of 1,2-bis(4-

fluorophenyl)diazene (7F 161 mg, 0.74 mmol), methyldecanoate (231 mg, 1.24 mmol) and me-

thyl benzoate (165 mg, 1.21 mmol). Four (4) reaction mixtures were set up by adding Zn (0.5
mmol), Ni(DME)CI2 (0.019 mmol), 1,10-phenanthroline (0.019 mmol),0.10 ml NMP and 2 pL
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trimethylsilylchloride to oven dried scintillation vials. After stirring for a few minutes, the mix-
tures turned black. ZnCl2 (0.23 mmol) was then added to two of the vials. Finally, 0.40 ml of
the stock solution was added to all four mixtures and they were set to stir on a 90°C heating
plate for 15 hours. After cooling down, 3 mL water and 3 ml ethyl acetate were added to each
of the vials. After shaking the mixtures and settling of the resulting emulsion, 0.5 mL of the top
layer was transferred to NMR tubes equipped with DMSO-d6 capillaries, to measure Fluorine
NMR (figure 3.12).
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Figure 3.12: "F NMR spectra of the crude reaction mixtures for competition methyl decanoate and methyl ben-

zoate in reaction with 7F

3.8.5 Reaction rate Hammett study

The general procedure for infrared kinetic measurements was followed with 33.0 mg
(DME)NiCI2 (0.15 mmol), 27.0 mg phenanthroline (0.15 mmol), 1.2 mmol of the appropriate
azoarene, 252 mg ZnCl2 (1.85 mmol). The ester solution was made in a 1 mL volumetric flask
with 466 mg methyl decanoate (2.5 mmol). From the resulting reaction trace based on [ester],
a straight line was generated by multiplying the time values on the x-axis with [Ni] and with a

Riemann sum approximation of the integral of [ester]. The slope of this straight line is taken as
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the rate constant, which was used for generation of the Hammett plot depicted in Figure 3.5A.

The raw and processed reaction traces are depicted in Figures 3.13-3.18.
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Figure 3.13: Raw (A) and processed (B) reaction trace for 1,2-bis(4-(dimethylamino)phenyl)diazene.
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Figure 3.14: Raw (A) and processed (B) reaction trace for 1,2-bis(4-methoxyphenyl)diazene.
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Figure 3.15: Raw (A) and processed (B) reaction trace for 1,2-bis(4-methylphenyl)diazene.
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Figure 3.16 Raw (A) and processed (B) reaction trace for 1,2-bis(4-fluorophenyl)diazene.
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Figure 3.17: Raw (A) and processed (B) reaction trace for azobenzene
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Figure 3.18: Raw (A) and processed (B) reaction trace for 1,2-bis(4-trifluoromethoxy)phenyl)diazene.

3.8.6 Competition Hammett study

A stock solution of azobenzene (150 mg, 0.823 mmol) and methyl decanoate (316 mg, 1.70
mmol) in NMP was prepared in a 2 mL volumetric flask. Zn (1 mmol), Ni(DME)Clz (0.0375
mmol), 1,10-phenanthroline (0.0375 mmol), 0.40 mL NMP and 2 pl trimethylsilylchloride were
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added to 3 oven dried scintillation vials in the glove box. Stirred for a few minutes, which turned
the mixtures from blue to black. Subsequently, ZnClz (0.46 mmol), the appropriate substituted
azoarene (0.25 mmol) and 0.60 mL of the azo/ester stock solution were added. The mixture was
stirred on a 90°C heating plate for 21 hours. After cooling down, 5 mL water and 5 mL ethyl
acetate were added to each vial. The mixtures were shaken and after the emulsion settled down
1 mL of the top layer was added to an NMR tube for each vial. The volatiles were removed in
vacuo and NMR was measured after redissolution in CDCls. The spectra were overlapped with
spectra of the isolated amides to ascertain the correct peak intensities were compared. In cases
where the crude mixture showed insufficient overlap with the spectra of isolated compounds to
ascertain the peak identities, pure amide was added to the crude samples, identifying the grown

peaks as the ones of interest.
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Figure 3.19 (A) Aromatic region from crude NMR of competition experiment between azobenzene and 1,2-
bis(4-methylphenyl)diazene. (B) Overlap of crude NMR from competition (purple) with N-(p-toyl)decanamide
(green) and N-phenyldecanamide (red), showing the integrals measured in A are representative of the two differ-

ent product amides.
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Figure 3.20: (A)Aromatic region from crude NMR of competition experiment between azobenzene and 1,2-
bis(4-fluorophenyl)diazene. (B) Overlap of crude NMR from competition (purple) with N-(4-fluorophenyl)de-
canamide (green) and N-phenyldecanamide (red), showing it is ambiguous which integrals to measure in order to
obtain the product ratio. (C) Crude NMR of competition experiment (A) with additional N-(4-fluorophenyl)de-
canamide, identifying one of the triplets as part of the added amide, since it has grown compared to the others.
(D) Spectrum (C) with additional N-phenyldecanamide, identifying one of the triplets as part of the added amide,
since it has grown compared to the others.
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Figure 3.21: (A)Aromatic region from crude NMR of competition experiment between azobenzene and 1,2-
bis(4-(trifluoromethoxy)phenyl)diazene. (B) Overlap of crude NMR from competition (purple) with N-(4-fluoro-
phenyl)decanamide (green) and N-phenyldecanamide (red), showing the two most downfield doublets should
belong to the two amide products, but leaving ambiguity regarding which peak belongs to which amide. (C)
Crude NMR of competition experiment (A) with additional N-(4-(trifluoromethoxy)phenyl)decanamide, identi-
fying the largest doublet as part of the added amide, since it has grown compared to the other. (D) Spectrum (C)
with additional N-phenyldecanamide, confirming the other doublet as part of the added amide, since the ratio has

now decreased again.
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3.8.7 Synthesis of 8F

105 mg (Bipy)Ni(0)(COD)** (0.325 mmol) was dissolved in 24 mL THF in the glove box.
74.8 mg 1,2-bis(4-fluorophenyl)diazene (7F, 0.343 mmol) was added via a weighing boat and
the purple colour of the solution quickly turned darker. After stirring for 4.5 hours, the mixture
was filtered over Celite. After washing with copious THF, the filtrate was concentrated to about
10 ml. 50 ml Et20 was added and the mixture was stirred for 10 minutes. A dark brown residue
was then filtered off and washed with Et20 before drying under vacuum. 94 mg, 67% yield. '"H
NMR (400 MHz, DMF-d7, ppm) 6 =9.13 — 8.86 (m, 1H), 8.40 — 8.25 (m, 1H), 8.18 (td, /=7.8,
1.5 Hz, 1H), 7.70 (ddd, J=17.5, 5.3, 1.3 Hz, 1H), 7.61 (dd, J=9.0, 5.3 Hz, 2H), 6.89 (t, /= 8.9
Hz, 2H)."*C NMR (101 MHz, DMF-d7, ppm) & = 157.29 (d, Jcr = 235.7 Hz), 156.89 (d, Jcr =
2.2 Hz), 154.69, 151.46, 138.51, 128.54, 123.18, 121.11 (d, Jcr = 7.3 Hz), 116.49 (d, JcF =
21.9 Hz). 'F NMR (376 MHz, NMP with DMSO-d6 capillary for locking purposes, relative to
internal standard fluorobenzene set to -114.51 ppm) 6 = -127.06 ppm. The highly air sensitive
nature of the compound precluded characterization by HRMS. Elemantal analysis: Calculated
for C22H16F2N4Ni: C, 61.01; H, 3.72; N, 12.94. Found: C, 58.22-58.94; H, 3.64-3.65; N. 12.12-
12.36. Note that despite multiple trials we could not obtain perfect elemental analysis. The C
content was about 3% lower than expected. The discrepancy might be due to the decomposition
of samples during handling as the compound is quite sensitive to air. According to NMR, there
are at most trace amounts of unidentified impurities. We think the samples are of sufficient

purity for the stoichiometric model amidation reactions.

3.8.8 Reactivity 8" with ester 1a

10.2 mg 8F (0.0236 mmol), 33.6 mg ZnClz (0.247 mmol) and 53 pL methyl decanoate (1a,
0.25 mmol) and 0.50 mL NMP were added to a scintillation vial in the glove box. The mixture
was stirred for 2 hours on a 90°C heating plate. After cooling down, the mixture was opened to
air and 3.0 pL fluorobenzene (0.032 mmol), 0.5 mL CDCls and 1 mL water were added. After
shaking the mixture, the layers were separated by centrifugation. The bottom layer was then
transferred to an NMR tube to measure '°F NMR. Yields were determined by comparing the
integrals to that of the fluorobenzene internal standard. The experiment was performed twice

with different batches of 3¥, giving the same results.
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Chapter 4
Mechanism of Ni-catalyzed reductive ami-
dation of unactivated esters with azobenzenes:
computational study and overall conclusions

Part of the data were reproduced with permission from Ploeger, M.L.; Daru, A.; Harvey,
J.N.; Hu, X. Reductive Cleavage of Azoarene as a Key step in Nickel-Catalyzed Amidation
of Esters with Nitroarenes ACS Catalysis. 2020, 10, 2845-2854. Copyright 2020 American
Chemical Society.

All calculations presented in this chapter have been performed by Andrea Daru at the KU
Leuven. M.L. Ploeger has contributed through a close collaboration with discussions to re-
late the computational and experimental work. He also made qualitative kinetic analysis

(section 4.5) and formulated the catalytic cycle (4.6) and conclusion (4.7).



Chapter 4

4.1 Introduction

In chapter 3 mechanistic experiments provided some key insights into the mechanism of azo-
benzene-ester coupling: (i) azobenzene reacts with the nickel catalyst before the ester does; (i1)
ZnCl plays a key role in at least one of the catalytic steps and (iii) the rate determining step is
either zero order in the substrates, while roughly 1.5 in nickel, or first order in nickel and ester,
while zero order in azobenzene, depending on the ZnClz concentration. Some interesting reac-
tivity with a Ni(0) azoarene adduct was also observed.

As these findings alone are insufficient to build a comprehensive mechanistic model, we
turned to density functional theory (DFT) calculations to determine to explore pathways that
cannot be discerned experimentally and to verify that some assumptions made in the experi-
mental study are reasonable. Specifically, we sought to answer the following questions: (i) Can
the experimentally tested Ni(0) azoarene adduct be formed under our reaction conditions? (ii)
Is there a pathway available that reductively splits the azoarene from this adduct intermediate
as inferred from experimental results? (iii)) What do the intermediate that reacts with ester and
the transition state of this reaction look like? (iv) How does ZnCl: influence the reaction?

The experimental results served as input for these calculations, saving computational cost (e.g.
a pathway of oxidative addition of ester before involvement of azoarene did not need to be
investigated). In addition, the validity of the pathways that were found via computation was
checked by comparing with the experimental results: the computational model would need to
conform to the two rate laws that were found experimentally and give a reason for the shift

from one rate law to the other upon addition of more ZnClz to be considered reasonable.

4.2 Reduction of Ni(IT) complex by Zn

By using a thermodynamic cycle involving experimental sublimation energy' and calculated
solvation energy of a gaseous zinc atom, the thermodynamics of steps involving reduction of
species by solid zinc could be considered.? Using this approach, the potential energy surface
for reduction of (phen)NiClz (I) to lower valent nickel species could be calculated (Figure 4.1).

A one electron reduction to intermediate II is slightly downhill and is therefore expected to
occur under catalytic conditions. Conversely, the direct reduction to solvent-ligated Ni(0) com-

plex III is more than 34 kcal mol! uphill. Since activation barriers towards and from III would
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lead to an even higher overall activation energy, this step is considered inaccessible at the ap-
plied temperatures. Instead, II can bind azobenzene in a slightly uphill equilibrium with Ni(I)
azobenzene adduct I'V. The binding of azobenzene makes reduction to Ni(0) species V exother-
mic. Thus, the computational results shown in Figure 4.1 validate the assumption made in chap-

ter 3 that a species like 8 can form in the reaction mixture.

N nve M
L ———
(N 31.4
NMP
. (N’zN- cl
, I--_
I L3NICl, (x2) , N/Ph \ /Nph
Il L2NiGl N
N\
17, Zn(0)
1/2ZnC12

Againto V

oy

V: X, Y =none
V_2Zn: X=2ZnCl, Y = none
V_2Zn: X, Y =ZnCl,

/‘ -39.3

2 x ZnCl,

Figure 4.1: Ni(Il) reduction by zinc powder, and possible coordination by ZnCl, as Lewis acid. Gibbs free en-
ergy values at 363 K in kcal mol™'. Numbers in superscript before compound nomenclature and atoms denote

spin pairing at that centre.

The change in redox behavior between Ni(I) species II and IV can be understood by consid-
ering the calculated properties of the reduced species V. Although this is formally a Ni(0) com-
plex, it involves strong back-donation from Ni as can be seen by considering e.g. the N—N
bond length, which is 1.39 A (compared to 1.26 A in free 2 and 1.35 A in IV), suggesting
donation from the high-energy nickel 3d orbitals to the N-N z* orbital. Note that we do not

79



Chapter 4

find that this complex has non-innocent Ni(I) character with transfer of one electron to the azo
moiety; all attempts to calculate an open-shell singlet state with this bonding pattern revert to
the closed-shell singlet described here.

Species V has quite nucleophilic azo nitrogen atoms, hence it can now coordinate to one or
two ZnCl2 metal centres through these nitrogen atoms, thereby generating V_Zn or V_2Zn.
This complexation cannot fully occur in the absence of added ZnCl2, since reduction of the
nickel dichloride generates just one equivalent of ZnCl2 upon forming V. Hence the second
coordination requires additional ZnCl.. This is shown in Figure 4.1 by highlighting the second

coordination step in red.

4.3 Pathway for splitting azobenzene

Next, we attempted to validate the idea inferred from experimental work that reactivity of the
Ni(0) azobenzene adduct could involve splitting of the azoarene. Indeed, we could find a rea-
sonable pathway for cleaving the N=N bond, depicted in Figure 4.2.

The lowest-energy pathway we found starts from V_Zn. Two equivalents of V_Zn can react
through transition state structure TS1, with N—N bond splitting in one of the two azo moieties,
yielding an analogue of VI with a pendant azo moiety, referred to in Figure 4.2 as PreVI. TS1
lies 27.0 kcal mol! higher in free energy than two V_Zn (or a little bit more relative to two
V_2Zn). The overall process is almost thermo-neutral, with PreVI lying just 3.8 kcal mol!
lower (in terms of Gibbs free energy) than two V_Zn complexes.

In order to obtain the nickel imide dimer VI_2Zn the azo-compound coordinated to one of the
Ni centers in PreVI needs to be released. This is achieved by crossing TS2 with a free energy
barrier of 24.1 kcal mol!, with the dimer generated in a very exothermic process from PreVI.
Overall, the formation of VI_2Zn is found to be downhill by 7.2 kcal mol™! from 2 equivalents
of V_Zn, or by 5.6 kcal mol™! from 2 equivalents of V_2Zn. The pathway is reminiscent of the
calculated pathway for Ti(II) by Tonks.?

The energy levels of reactants (V) and products (VI) of the splitting reaction without ZnCl»
coordination are also displayed in Figure 4.2. Clearly, the splitting would be endothermic if
ZnClz is not present to stabilize the nickel imide dimer. Moreover, the ZnCl2 binds more
strongly to the nitrogen centres in VI than in V. Combined, these findings explain why the

splitting is more efficient when a larger excess of ZnClz is added, as reported in chapter 3: the
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reaction requires ZnClz to proceed smoothly, but as the product binds it more strongly than the

starting material, available ZnCl2 will become lower as the reaction proceeds.

t
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Figure 4.2: Pathway for reductive cleavage of azobenzene from Ni(0) azobenzene adduct. Gibbs free energy val-
ues at 363 K in kcal mol™'. Numbers in superscript before compound nomenclature and atoms denote spin pair-

ing at that centre.

4.4 Reactivity with ester

Figure 4.3 shows possible pathways for methyl propanoate (1e) with either VI or VI_2Zn
towards the product zinc amide complex P. The highly stabilized VI_2Zn is calculated to react
only very sluggishly with ester via TS5_Zn with an energy barrier of 36.9 kcal mol™'. A reaction
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pathway with V as starting point via VI and TSS would lead to a somewhat reasonable barrier

of 31.9 kcal mol!. However, this barrier would increase by 20 kcal mol™! if the stabilization of

VI through the binding of ZnCl: is taken into account. A splitting of the imide dimer, as sug-

gested in Tonks” work?® is 31.1 kcal mol™! endothermic from the already disfavored intermediate

VI and we therefore consider it inaccessible.

s
o
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Figure 4.3: Possible pathways for reaction of 1e with V or VI. Gibbs free energy values at 363 K in kcal mol ™.
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Figure 4.4 Pathway via splitting of VI_2Zn. Gibbs free energy values at 363 K in keal mol ',

Because of the difficult reactivity directly from VI_2Zn, we also considered the splitting of
complex VI_2Zn into two complexes of a nickel-zinc imide complex X. The intermediate X
can also be stabilized by binding of an additional molecule of ZnClz to the imide nitrogen,
generating X_Zn. The conversion of VI_2Zn to two molecules of X Zn is only slightly endo-
thermic overall. The barrier towards product P is the lowest one we have found for reaction
with 1c (compare the value of -10.9 kcal mol™! with that of -8.0 kcal mol™! and 0.8 kcal mol™! of
figure 4.3). The overall reaction barrier is now 34 kcal mol™'. The expected free energy barrier
for a process occurring in several hours at 363 K is roughly 28 kcal mol !, which is consistent

with the value of 34 kcal mol™! considering the uncertainties involved in the calculations.*?

4.5 Qualitative Kinetic Analysis

The potential energy surfaces discussed in section 4.4 can only be considered to reasonably
model the catalytic reaction, if they could feasibly predict the two rate laws observed experi-

mentally and provide an explanation for the switch between the rate laws upon addition of
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ZnClz. In this section, the rate laws that are expected based on the computed pathways are

qualitatively analyzed and compared to the experimental findings reported in chapter 3.

4.5.1 Pathway via TS4

ester

VI + azo Zl‘:—ClZ> VIII
-1 2

2xV

This reaction may be analyzed with the steady state approximation

Rate = ko [VI][ester-ZnCl2] (4.1)

d[VI)/dt = ki[V]? — ka[VI][azo] — k2[VI][esterZnCl2] = 0 4.2)
2

[VI]ss= 1Vl (4.3)

k_1lazo] + ky[ester-ZnCl,]
Insert (4.3) into (4.1):

kik,[V]?[ester-ZnCl
Rate — — <2 2[V]“[ 2] (4.4)
k_q[azo] + ky[ester-ZnCl,]

Equation (4.4) may simplify under two limiting conditions.

a. The reverse reaction in the first equilibrium is much faster than the forward reaction with

[V]?[ester-ZnCl,]
[azo]

k
ester. Then, rate = Kl 2 (4.5)

b. The forward reaction rate with ester is much faster than the reverse reaction of the equilib-

rium, rendering the formation of VI irreversible:
Rate = ki[V]* (4.6)

In equations (4.4)-(4.6), the only nickel species that appears is V. Since V is the most stable
nickel species before the rate limiting transition state by a considerable margin, it is reasonable
to consider it as the resting state, i.e., [V] = [Ni]wtal. Hence, the pathway via TS5 would certainly

lead to a second order in nickel, which contradicts our experimental results. Furthermore, while
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equation (4.6) would correctly predict 0™ order in both substrates, it is unclear how ZnCl, would
speed up the reaction, or result in a rate law with 1 order in ester, but 0™ order in azobenzene.

In fact, ZnCl could lead to formation of VI_2Zn, which would be a kinetic trap in this model.

4.5.2 Pathway via TS4 Zn:

ki
2xV_2Zn T VI_Zn + ZnCl,+ azo
B

ester-ZnCl,
VI_Zn » P Zn+X Zn
ko

Steady state approximation would again lead to an equation similar to (4.4), but with [V] sub-
stituted by [V_Zn]. In other words,
k1k,[V_Zn]?[ester-ZnCl,]

Rate = 4.7
ate k_1ilazo] + ky[ester-ZnCl,] (.7)

However, the computations suggest the energies of reactants and products of the first equilib-
rium are close to one another. As a result, the approximation [V_Zn] = [NiJwtal is invalid. Ra-

ther, we consider

[NiJeotal ~ 2[VL Zn] + [V_Zn] (4.8)
_ [VI_Zn][azo][ZnCl,]
K= (4.9)

Rearrangement of (4.8) followed by insertion into (4.9) leads to
2K1[V_Zn]? + [azo][ZnCL]([V_Zn]-[NiJiotal) = 0 (4.10)

Solution of equation (4.10) for [V_Zn] leads to a non-linear dependence of the rate (equations

4.7 and 4.9) on [NiJtwtal, [azo], and [ZnCl2].

IV Zn] ~ —[azo][ZnCl,]+y/([azo] [ZnCAS(])2 +8K1[azo][ZnCl;][Niltotal @10
1
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Note that [ZnClz] depends on [Ni]iwtat when no additional amounts are added. As such, the
square dependence of the rate on [V_Zn] translates into a complicated dependence on nickel
catalyst. The measured order of 1.4 does not contradict this. However, the rate also has a de-

pendence on [azo] (eqauation 4.11), which is not observed experimentally.

4.5.3 Pathway via TS5:

It is possible that the formation of VII_Zn is rate limiting under low-[ZnCl2] conditions, with
the subsequent reaction with ester being faster than the equilibrium. In this case, a feasible
reaction pathway towards the formation of VII_Zn is depicted in Scheme 4.1 (see also Figure

4.4).

Scheme 4.1: Formation pathway of X_Zn

XZZT‘] A
r Ar
P |
LN ML e, NN NP
N . LNi Zn
e - o Yo
Ar =
ZnCl,
VI_2Zn VII
XoZn Ar XoZn Cl,Z
Ar Ar 24N Ar
’\1/ |l| L/ \N/
\NMP NMP
N SN T Dzt e T D+ TN
~ i /T N g
/N.’ Cl N Cl
AT T \
2 Ar

VI_Zn VI Zn

Here a reversible uphill splitting of the dimer VI_2Zn into two monomeric X is followed by

a reaction with VI_2Zn to give VI_Zn and X _Zn.
Applying a steady state approximation:
Rate = ko[ VI_2Zn][VII] (4.12)

d[VII)/dt =ki[VI_2Zn] — k.a[VII]2 — ko[VI_2Zn][VII] =0 (4.13)
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ko [VI_2Zn] — \/ ky2[Ni_2Zn]? + 4k,k_4[VI_2Zn]

[VII]ss = 2k, (4.14)

If VI_2Zn is the resting state, [VI_2Zn] = 0.5[Ni]wtal. Evaluating equation (4.14) shows that
[VII]ss will increase with increasing [NiJtwotal, but not linearly, so [VII]ss & ([Ni]total)*, where O
< a < 1. Inserting this relation into equation (4.12) leads to a relation where rate o ([Ni]wotal)*'',
which is in agreement with experiment. Under this model, the rate is 0™ order in ester and
azobenzene, which agree with experimental results under no additional [ZnClz].

Upon addition of supplementary ZnClz, VII could directly react with ZnClz to give VII_Zn.
At sufficiently high [ZnCl2], the formation of VII_Zn is fast and VII_Zn is the new resting
state, i.e. [VII_Zn] = [Ni]iotal. Thus,

Rate = k[ester][VII_Zn] (4.15)

So the reaction becomes first order in ester and nickel, and 0™ order in azobenzene. This

prediction agrees with the experimental results under high [ZnClz].

4.6 Catalytic cycle

The complexity of the catalytic system hinders a decisive determination of the full catalytic
cycle: compared to the vast amount of potential intermediate species, we have only managed to
consider a limited number with DFT calculations. Nonetheless, the results from chapter 3 and
the calculations on key intermediates presented in this chapter have provided valuable insights.
Based on these, we propose the catalytic cycle depicted in Scheme 4.2. Nickel(II) (I, X = Cl or
X =0OMe) is readily reduced to Ni(I) (II) by Zn. II can bind an azoarene, forming complex IV.
While the adduct formation is uphill, it allows for facile reduction to Ni(0) azo adduct V, which
readily binds a zinc salt to form V_Zn. Subsequently, two molecules of V_Zn combine to form
dinickel bisimide VI_2Zn, releasing one equivalent of azoarene. VI_2Zn is in equilibrium with
other Ni/Zn complexes VI_Zn, VII and VII_Zn, via the breaking up of dimers to monomers
(VI_2Zn to VII) and the exchange of weakly binding zinc salts (VI_2Zn to VI_Zn and VII to
VII_Zn). This equilibrating mixture is pushed forward by reaction of VII_Zn with an ester,

forming a zinc complex of the product amide and regenerating I.
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Scheme 4.2: Proposed catalytic cycle for azobenzene-ester coupling
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4.7 Conclusions

The DFT calculations confirmed the accessibility of the Ni(0) azoarene complex studied in
chapter 3. In addition, they showed that the suspected N=N cleavage is indeed feasible reactiv-
ity for this complex under catalytic conditions. Several roles of ZnCl> were uncovered. By
functioning as a Lewis acid, several of the intermediates and transition states in the catalytic
cycle are stabilized. Because of this, the catalytic mixture likely consists of a complicated equil-
ibrating mixture of nickel-zinc imide complexes. This mixture can be pushed towards the spe-
cies that is best capable of reactivity with esters, which explains the observed shift in rate law
with increasing concentration of ZnClz. The combined results of chapter 3 and 4 allowed us to
propose a catalytic cycle involving the formation of a nickel imide dimer from a strongly re-
ductive nickel complex. Under the influence of ZnCl2, the nickel imide dimer transforms into
a nickel-zinc dimer, which finally reacts with ester to form the product and regenerate Ni(II).
The discovery of nickel complexes that can cleave azobenzene is an inspiration for research

into the application of azoarenes as nitrene-like nitrogen sources.
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4.8Experimental

4.8.1 Computational methods

Computations were performed using density functional theory (DFT) and the Gaussian 09 rev.
E01 and Gaussian 16 rev A03 program packages.® Geometry optimization was performed em-
ploying the hybrid meta-GGA functional TPSSh”® including the D3 empirical dispersion cor-
rection with Becke and Johnson damping D3BJ,’ together with the Def2SVP basis set on all
atoms (BS1).!% In these DFT calculations, the effects of solvent (NMP) have been considered
using the continuum solvent model with the SMD parameterization,!! with the parameters for
the related DMA solvent, which has a similar dielectric constant and shape to NMP (parameters
for NMP are not available in the program package used). Explicit solvation using NMP mole-
cules was also included when needed. Refined electronic energies were calculated by single
point calculations, including scalar relativistic effects using the second-order (DKH)'>!*  to-
gether with the TPSSh-D3BJ functional. For these single-point energy calculations, a larger
basis set was used, based on the aug-cc-pwCVQZ-DK basis for Ni and Zn, the aug-cc-pVTZ-
DK basis for Cl, cc-pVTZ-DK for all other heavy atoms, and cc-pVDZ-DK for H (BS2).!4-1¢
This method has been validated for Ni redox chemistry based on coupled cluster single double
triple CCSD(T)"*!41718 reference calculations carried out using the Molpro program package,”
again using the second-order DKH Hamiltonian to treat scalar relativistic effects, together with
the same large basis set as in the DFT single point calculations. Vibrational frequency calcula-
tions were performed at the same level of theory as used for optimization and used to define the
nature of the stationary points (minima and TSs) involved in the reaction mechanism. Free
energy corrections (using a 1 M standard state reference, except for NMP where we used a
standard state corresponding to the pure liquid, i.e. 10.4 M) were applied to the electronic en-
ergy and calculated based on the calculated rotational constants and vibrational frequencies,
using the quasi-harmonic correction for small vibrational frequencies, with the cut-off set at
100 cm™.'® This correction is referred to in the following tables as Gcorr where zero-point en-
ergy, thermal and entropic correction term are included. Therefore, the final Gibbs free energy
value is obtained by G = Eelec + Georr. In the main paper, this equation is used to obtain the
presented relative free energies, with Eelec obtained with TPSSh-D3BJ as described above. Here,
we also present energies computed with B3LYP-D3BJ and MN15.
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4.8.2 Treatment of solid zinc

In order to calculate the free energy of the solid zinc we made use of the experimental value
of the free energy of sublimation which we subtracted from the computed free energy of the
zinc atom calculated in the gas phase. The calculation of these values was made at the temper-
ature of 363 K in order to be consistent with the experimental conditions. The sublimation free
energy was calculated based on the enthalpy end entropy values provided in NIST WebBook!

with the following equations and values for gas and solid phase (Table 4.1).

Table 4.1: Values used for calculating the sublimation free energy of zinc.

Parameter Gas phase Solid

H°%)0g 15 (kJ mol-1) 130.42 0.00

T (K) 363

t=T/1000(K) 0.363

A 18.20166 25.60123

B 2.313999 —4.405292

C —0.736547 20.42206

D 0.079950 —7.399697

E 1.073557 —0.045801

F 126.9388 —7.755964

G 184.6977 72.91373

H 130.4203 0.00000
Gas phase:

AHP363 = A*t + B*t*/2 + C*t3/3 + D*t*/4 — B/t + F — H + H°208.15= 132.96673 kJ mol™! (4.16)
=31.76983 kcal mol!

§°363 = A*In(t) + B*t + C*t*/2 + D*t*/3 — E/(2*t*) + G = 0.16297 kJ mol ' K"! 4.17)
=0.03894 kcal mol!
K AG°363 = 73.79786 kJ mol™' = 17.63390 kcal mol' = 0.028101 hartree (4.18)
Solid phase:
AH®363 = A*t + B*t?/2 + C*t*/3 + D*t*/4 — B/t + F — H + H°98.15= —2.38246 kJ mol!  (4.19)
=—0.56929 kcal mol!
S°363 = A*In(t) + B*t + C*t%/2 + D*t*/3 — E/(2*t*) + G = 0.046773 kJ mol ' K"! (4.20)

=0.01118 kcal mol' K!
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AG°363 = -19.36101 kJ mol™ = -4.63629 kcal mol! = —0.007372 hartree (4.21)

Once we obtained the experimental free energy values for the formation of zinc solid and gas

the difference between these values provides the AG of sublimation:

AG®363 (s = g) = AG®363 (g) — AG®363 (s) = —0.007372 — 0.028101 = 0.035482 hartree (4.22)
=22.27 kcal mol™!

This value can then be subtracted from the free energy value of a zinc atom in the gas phase

to obtain the free energy for a zinc atom in solid phase.

4.8.3 Coupled Cluster calculations for benchmarking

In order to test the quality of the functional TPSSh-D3BJ used to calculate the energy of the
complex involved in the reaction mechanism, we carried out some coupled cluster calculations
for some steps of the reaction mechanism suggested in the main text. Specifically, we calculated
the following relative electronic energies for a simplified model system with a smaller mimic

L’ of the phenanthroline ligand (see details below):
Step a: the energy difference between singlet and triplet for NiCl2 complex I:
*L’NiCl> — 'L’NiCl
Step b: the reduction steps for the formation of II:
SL°NiClz2 + Zn + DMF — 2L’NiCl + % ZnCl2(DMF)2

Step c: the reduction steps for the formation of a model of III without explicit solvation at

nickel:
3L°NiClz2 + Zn + — 'L°Ni(0) + ZnCl2(DMF)2
Step d: the formation of the Ni-azo complex V starting from III:

'L°Ni(0) + Azo — 'L’Ni(Azo)
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We used the CCSD(T) method!”'® including scalar relativistic effects by using the scalar-

relativistic Douglass-Kroll-Hess (DKH) Hamiltonian for one-electron integrals,'?!3

and the ap-
propriate contracted correlation consistent basis set with correlated core electrons BS2. We
performed single point calculations by taking the optimized structure for the model system ob-
tained at the TPSSh-D3BJ/Def2SVP level of theory in gas phase. The model system is simpli-
fied and we also used the highest symmetry possible in order to reduce the computational costs.
Therefore, the phenanthroline ligand has been substituted with (E)-N,N-(ethene-1,2-diyl)dime-
thanimine (H2CNCH)2 that in this section will be abbreviated with L’; the explicit solvent NMP
has been replaced by DMF; the azobenzene is modelled with 1,2-dimethyldiazene abbreviated
as Azo, and the zinc is calculated as an atom in the gas phase. We then compared CCSD(T)
electronic energy results with single-point calculations obtained for the same model system
with the same structures by using the functionals TPSSh-D3BJ,” B3LYP-D3BJ,'*?° BP86-
D3BJ,!?! MN15,22 PBEPBE-D3BJ,** and M06L?** using the same basis set and relativistic

Hamiltonian as the ab initio calculations. The obtained results are reported in Table 4.2-4.4

Table 4.2: Electronic energies Eciec obtained at the CCSD(T) and DFT level of theory. The empirical correction

D3BJ is applied to all the functionals except for MN15 and MO6L.

Point group CCSD(T) TPSSh B3LYP BP86
IL°NiCl, Cyy —2707.533975  —2709.789465 —2709.823685  —2710.143168
3L°NiCl, Cyy —2707.536065  —2709.792702  —2709.833032  —2710.128207
2L°NiCl Cyy —2246.333352  —2248.086224  —2248.122173  —2248.399725
IL°Ni Cyy —1785.045298  —1786.296179  —1786.322020 n.c.
1°NiAzo (@) —1974.177667  —1975.839288  —1975.852831 —1976.124238
ZnCl,(DMF), Cyy —3214.118204 —3216.821503 —3216.899361 —3217.201395
Zn / —1795.245770  —1795.862525 —1795.94704 —1796.192508
DMF / —248.197918 —248.7363855 —248.7350377  —248.7308431
Azo / —189.002452 —189.435526 —189.431795 —189.430383
Point group CCSD(T) MN15 PBEPBE MOG6L

IL°NiCl, Cyy —2707.533975  —2710.635077  —2708.837184  —2709.566801
3L°NiCl, Cyy —2707.536065  —2710.615927  —2708.822480  —2709.573423
2L°NiCl Cyy —2246.333352  —2248.872372  —2247.330435  —2247.895154
IL°Ni Cyy —1785.045298  —1787.016496 n.c. —1786.137756
IL°NiAzo (&} —1974.177667  —1976.326075 —1975.045326 —1975.621579
ZnCl,(DMF), Cyy —3214.118204  —3217.71202 —3215.56229 —3216.56221
Zn / —1795.245770  —1797.188362 —1795.64528 —1795.81139
DMF / —248.197918 —248.4579837 —248.419764 —248.667612
Azo / —189.002452 —189.206201 —189.185824 —189.378161
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Table 4.3: Relative electronic energy in kcal mol™! for the benchmark steps calculated with the electronic en-
ergy of Table 4.2

AEelec AEelet AEelec AEelet AEelec AEE/L’( AEelec
CCSD(T) TPSSh B3LYP BP86 MN15 PBEPBE MOG6L

Step a 1.31 2.03 5.87 —9.39 —12.02 -9.23 4.16

Stepb  —22.33 —22.98 —18.99 —28.31 —37.83 —29.30 —18.53
Step ¢ 8.89 6.47 18.05 / -5.18 / 12.60
Stepd  —81.52 —67.51 —62.13 / —64.87 / —66.30

Table 4.4: Electronic energy deviation in kcal mol' and RMSE (root mean square error) calculated in respect of
the CCSD(T) level of theory from data of Tab. S2a.
The color code is green < 3 kcal mol™; yellow < 5 kcal mol'; orange < 7 kcal mol™!; red > 7 kcal mol'.

AE e AEec AE e AEec AE e AE e AEec
CCSD(T)  TPSSh B3LYP BP86 MN15 PBEPBE  MOGL
Step a 0.00
Step b 0.00
Step ¢ 0.00 / 3.70
Step d 0.00 / -
RMSE 0.00 7.13 11.09 11.51 14.95 11.63 8.18

From these benchmark results, we see first of all that the TPSSh, and MO6L functionals ac-
count well for the energy differences in the spin-state change Step a and in the redox Steps b
and c. B3LYP also provides reasonably accurate results for steps a and b, while the error for
Step c is somewhat larger. The GGA functionals BP86 and PBE are less accurate, as is the
meta-hybrid MN15. For step a, this is a clear case of the known trend whereby GGA functionals
underestimate the stability of the high-spin state.!* The B3LYP functional appears to slightly
overestimate the stability of the high-spin state. The best results are obtained with TPSSh-D3BJ
and this motivates our use of this functional in the present study.

All the tested functionals yield less accurate energies for Step d, coordination of Azo with the
Ni(0) species to create the V-like complex. This step is highly exothermic, showing the strong
interaction between Ni(0) and Azo, confirming, as discussed in the main text, that this complex
cannot be understood as involving only ligand to metal coordination. In fact, with the model
used in the present benchmarking, this effect is very large, as shown by the change in the Ni-N
distances (for N in the L’ ligand) between the 'L’Ni(0) and 'L’NiAzo species (respectively 1.83
and 1.90 A), or by the change in N-N bond length between the free Azo and the complex 'L’Ni-
Azo (respectively 1.24 and 1.37 A). All of this denotes significant electronic donation from Ni
to the Azo 7* orbitals. Unfortunately, this seems to create significant multi-reference character

in 'L’NiAzo, which shows up in the CCSD(T) calculations by high values of the Ti and Di
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diagnostics, of 0.051 and 0.34 respectively. It is frequently argued that values exceeding 0.02
or perhaps 0.05 in the case of Ti, and 0.15 in the case of D1, correlate with poor performance
of the CCSD(T) method.”® Accordingly, we consider that the Step d CCSD(T) benchmark is
perhaps not completely reliable, and further work would be needed to obtain a reliable refer-
ence. As such extensive benchmarking goes beyond the scope of this work, we have here simply
assumed that the good performance of TPSSh-D3BJ for the other steps can be taken as evidence

to support its accuracy for the whole reactivity study.

4.8.4 Spin state analysis

While CCSD(T) benchmarking of the type reported cannot be carried out for the larger species
studied in the main text, it is nevertheless instructive to compare energies predicted by different
DFT functionals. In this section we are going to analyze the results of spin state multiplicity for
the complexes LNiClz I, Ni-dimer VI, and the Ni,Zn-heterodimer X. The values shown will be
electronic and free energy by using the functionals TPSSh-D3BJ, B3LYP-D3BJ and BP86-
D3BJ with the basis set BS2 and relativistic effect.

4.8.4.1(Phen)NiCl, (T)

We started the analysis by calculating the complex LNiCl2 without any explicit solvation to
know which spin state corresponds to the ground state. Therefore, we calculated the complex
with singlet and triplet multiplicity and the results are reported in Table 4.5. We found that the
triplet spin state is more stable for the hybrid functional TPSSh and B3LYP. The opposite result
has been obtained by using BP86 as expected from the previous benchmark with CCSD(T).

Therefore, the complex LNiCl2 can be associated to a triplet ground state.

Table 4.5A: Absolute and relative electronic energy for the complex I in the singlet and triplet state.

Electronic energy (/ hartree)

TPSSh-D3BJ B3LYP-D3BJ BP86-D3BJ
3 —3016.249737 —-3016.277747 —3016.566464
I —3016.240606 —3016.263346 —3016.575264
A3 —0.009131 —0.014401 0.0088
Ay_; inkcal mol! =5.7 -9.0 5.5
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Table 4.5B: Absolute and relative Gibbs free energy for the complex I in the singlet and triplet state.

Gceorr Gibbs free energy (/ hartree)
(363K) TPSSh-D3BJ B3LYP-D3BJ BP86-D3BJ
3 0.124331 —3016.125406 —3016.153416 —3016.442133
B | 0.128204 —3016.112402 —3016.135142 —3016.447060
Ay -0.013004 -0.018274 0.004927
A;_zinkcal mol! -8.2 -11.5 3.1

4.8.4.2Nickel imide dimer VI

We now move on to the analysis of the Ni-dimer VI. This dimetallic Ni(I) species has 3
accessible multiplicities: singlet, triplet and quintet. The singlet can furthermore either corre-
spond to an open-shell situation with antiparallel spins on the two nickel centres, or a closed-
shell situation. All four options have been considered. In Table 4.6 we report the results for

electronic and free energy.

Table 4.6A: Absolute and relative electronic energy for the Ni-dimer VI in the singlet, triplet, quintet and open-
shell singlet states. [a]: S* = 1.5045

Electronic energy (/ hartree)

TPSSh-D3BJ B3LYP-D3BJ BP86-D3BJ
vl —4758.956120 —4758.949685 —4759.475259
VI —4758.948366 —4758.949167 —4759.455085
lopenyJa —4758.939921 —4758.939743 —4759.447670
I ~4758.936649 4758932078 4750442074
A 0.000000 0.000000 0.000000
Aps 0.007754 0.000519 0.020174
Al-10pen 0.016199 0.009943 0.027589
Aes 0019471 0017608 0033185
Ay inkcal mol! 0.0 0.0 0.0
A;_3 inkcal mol! 4.9 0.3 12.7
Aj-1open in kcal mol! 10.2 6.2 17.3
Ay_sin kcal mol-! 12.2 11.0 20.8
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Table 4.6B Absolute and relative Gibbs free energy for the Ni-dimer VI in the singlet, triplet, quintet and open-

shell singlet states.

Gceorr Gibbs free energy (/ hartree)
(363K) TPSSh-D3BJ B3LYP-D3BJ BP86-D3BJ
VI 0.461872 —4758.494248 —4758.487813 —4759.013387
VI 0.457954 —4758.490412 —4758.491213 —4758.997131
lopeny] 0.457354 —4758.482567 —4758.482389 —4758.990316
VL 0454701 4758481948 —4758477377 _ ~4758.987373 _
A 0.000000 0.000000 0.000000
A 0.003836 —0.003399 0.016256
Aj-10pen 0.011681 0.005425 0.023071
Ais0012300 0010437 0026014
A;_yin keal mol-! 0.0 0.0 0.0
A;_3in keal mol-! 24 -2.1 10.2
Aj_1open in keal mol-! 7.3 34 14.5
A;_sin kcal mol! 7.7 6.5 16.3

The closed shell singlet form turns out to be the most stable state of dimer VI for almost all

functionals. The only exception is for the case of free energy differences calculated using

B3LYP-D3BJ, which yields a difference of 2.1 kcal mol in favor of the triplet. It should how-

ever be noted that even with B3LYP, the singlet is slightly more stable than the triplet in terms

of the electronic energies. Therefore, assuming that TPSSh is the most accurate functional for

the description of the nickel chemistry under study and that B3LYP overstabilizes the higher

spin state, we are tempted to conclude that the singlet state is the ground state of species VI.

4.8.4.3Nickel-zinc imide X

The last structure that will be analyzed in this section is the Ni,Zn-heterodimer X. This com-

plex contains one Ni(II) metal and one Zn(II) center, connected by an amido group and a chlo-

ride group. The ground state can therefore be either a singlet or a triplet with the unpaired

electrons located on the Ni center. The results are reported in Table 4.7
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Table 4.7A: Absolute and relative electronic energy values for the Ni,Zn-heterodimer X in the singlet and tri-

plet state.

Electronic energy (/ hartree)

TPSSh-D3BJ B3LYP-D3BJ BP86-D3BJ
X —5425.081822 —5425.156945 —5425.715974
3X —5425.087202 —5425.169775 —5425.713551
Az —0.005380 —0.012830 0.002423
A;_; inkcal mol! -3.4 —8.1 1.5

Table 4.7B: Absolute and relative Gibbs free energy values for the Ni,Zn-heterodimer X in the singlet and triplet

state.
Gcorr Gibbs free energy (/ hartree)
(363K) TPSSh-D3BJ B3LYP-D3BJ BP86-D3BJ
X 0.339405 —5424.742417 —5424.817540 —5425.376569
3X 0.337065 —5424.750137 —5424.832710 —5425.376486
Az —0.007720 —0.015170 0.000083
Az i keal mol! —4.8 -9.5 0.1

It is clear that a triplet ground state is the preferred one for the dimer X for both TPSSh and
B3LYP. However, once again BP86 appears to underestimate the stability of the high spin state

as for LNiCl2 complex I previously discussed.

4.8.5 Solvation analysis for the complexes I, IT and ITI

In this section we are going to analyze the results of solvation analysis for the complexes
LNiCl2 I, LNiCl II and LNi(0) III. The values shown will be electronic and free energy by
using the functionals TPSSh-D3BJ, B3LYP-D3BJ and BP86-D3BJ with the basis set BS2. We
used NMP as explicit solvent in order to know the more stable geometry of the 3 complexes
under study. For the 3 Ni-complexes we calculated the bis-, mono-, and non- solvated structure
and analyzed the final free energy value (Table 4.7). From these results we can notice the gen-
eral agreement given by the 3 functionals used. The results allow us to conclude that the com-
plexes LNiCl2 I and LNiCl IT most probably exist in solution without any additional solvent
coordination to the nickel center, while the LNi(0) complex III appears to prefer bis-solvation.
It is also reassuring that for such solvent coordination steps, which involve smaller changes in
electronic structure at the metal center than do the redox or spin-state change steps, the different

DFT functionals are in quite good agreement.
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Table 4.8A: Absolute Gibbs free energy values for the complexes LNiCl, I, NiCl I1, and the LNi(0) complex
III coordinated with 0, 1 and 2 explicit NMP solvent(s).

Gibbs free energy (/ hartree)

TPSSh-D3BJ B3LYP-D3BJ BP86-D3BJ

NMP —326.140182 —326.133708 —326.127637
SLNiCI2_ONMP —3016.125406 —3016.153416 —3016.442133
SLNIiCI2_INMP —3342.256971 —3342.278711 —3342.558282
SLNiCI2_2NMP —3668.390131 —3668.405895 —3668.67897
2LNiCl_ONMP —2554.404373 —2554.42773 —2554.698846
2LNiCl_INMP —2880.535251 —2880.550328 —2880.819082
2LNiCl_ 2NMP  —3206.651933 —3206.661496 —3206.914005
ILNi_ ONMP  —2092.598036 —2092.608365 —2092.874358
ILNi_INMP  —2418.764206 —2418.766379 —2419.030131
ILNi 2NMP  —2744.904563 —2744.900806 —2745.152474

Table 4.8B: Gibbs free energy values for the complexes LNiCl, I, NiCl II,
NMP molecules to get to a total of 2 NMP moieties for each entry for facile comparison.

and the LNi(0) complex III, with free

Gibbs free energy (/ hartree)

TPSSh-D3BJ  B3LYP-D3BJ  BP86-D3BJ

SLNiCI2 ONMP —3668.405771 —3668.420832 —3668.697408
SLNIiCI2_INMP —3668.397154 —3668.412419 —3668.685919
SLNiCI2_2NMP —3668.390131 —3668.405895 —3668.678970
ZLNiCl ONMP  —3206.684738 —3206.695145 —3206.954121
ZLNIiCL_INMP  —3206.675433 —3206.684036 —3206.946720
2LNiCl_2NMP  —3206.651933 —3206.661496 —3206.914005
ILNi_ONMP —2744.878401 —2744.875781 —2745.129633
ILNi_INMP —2744.904389 —2744.900086 —2745.157768
ILNi 2NMP  —2744.904563 —2744.900806 —2745.152474

Table 4.8C: Relative Gibbs free energy values for the complexes LNiCl; I, NiCl II, and the LNi(0) complex III.

Showing *LNiCI2_ONMP, 2LNiCl_ONMP, and 'LNi_2NMP as more stable structures.

Gibbs free energy (kcal mol!)

TPSSh-D3BJ  B3LYP-D3BJ  BP86-D3BJ

SLNiCI2_ ONMP 0.0 0.0 0.0
SLNiCI2_1NMP 54 5.3 2
3LNiCI2_2NMP 9.8 9.4 11.6
2LNiCl ONMP 0.0 0.0 0.0
2LNiCl_INMP 5.8 7.0 4.6
2LNiCl_2NMP 20.6 21.1 25.2
ILNi_ONMP 16.4 15.7 14.3
ILNi_INMP 0.1 0.5 =33
ILNi 2NMP 0.0 0.0 0.0
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Chapter 5

5.1 Introduction

Transition metal imides (also referred to as nitrenes) have been extensively studied,' because
of their involvement in a variety of organic reactions, such as C-H amination, formation of
aziridines and various other reactions.>® The interest in transition metal imides also includes
those based on nickel, both in stoichiometric’~'! and catalytic reactions.'>!?

The generation of a metal-imide species typically depends on activation of amines with io-
dinanens or bromamine-T (either in situ or ex situ), or the use of azides. While great progress
in synthetic chemistry and mechanistic understanding has been made using these methods, they
also have some downsides.

The use of amines activated by oxidants leads to a considerable production of waste byprod-
ucts (e.g., reduced forms of oxidants). Moreover, the strategy puts restraints on the type of N-
H functionality that can be used in the reaction, as electron-withdrawing groups like sulfones
or carbonyls are often needed to be connected directly to the activated nitrogen. Only recently
has this strategy for nitrene formation been applied to simple anilines.'*

Using azides allows for a wider substrate scope. The byproduct for imide formation from an
azide, dinitrogen, is traceless, so the reaction itself provides better atom economy. However,
the relatively facile and highly exergonic release of dinitrogen from the azide'’ make them
hazardous compounds to work with in terms of synthesis, storage and application. This means
their application on industrial scale can only be done after considerable safety testing!®!7 and
may require additional safety measures,'® thus increasing the cost. It may also occur that no
conditions can be found that allow the process to be sufficiently safe, forcing the search for an
alternative reaction pathway.'

In chapters 3 and 4 we have provided evidence that azobenzene can serve as a precursor to a
nickel imide. Azobenzene as an imide precursor would provide 100% atom efficiency from the
perspective of the substrates. Moreover, azobenzene and its derivatives are stable solid com-

pounds unassociated with any extraordinary hazards. These compounds are readily available

20,21 22,23

through reduction of nitroarenes~~" or oxidation of anilines”~“” and can be modified after their
preparation.?* Thus, expanding the application of an nickel imide intermediates generated from
azobenzene could be highly impactful. This chapter outlines our attempts at a variety of metal

imide based chemistry using azobenzene as starting material.
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5.2 Ligand considerations

The reaction intermediate generated from 7¥, (DME)NiClz, phenanthroline and Zn, proposed
to be a nickel imide dimer VI_2Zn, reacts very poorly with carbon monoxide and fert-butyl-
isonitrile, and is inert to trimethylphosphine and styrene, even though these reagents are gener-
ally good substrates for nickel imide reactivity.®!!

One possible reason for this poor reactivity is the ligation on the nickel. In chapter 4 we demon-
strated that Zn is unable to reduce (phen)Ni!Cl (II). This indicates that naked (phen)Ni(0) is
highly unstable and should therefore also be difficult to generate from the nickel imide with a
reducing substrate, like the ones described above. We have therefore considered several ligands
besides 1,10-phenanthroline and 4,4’-bipyridine in our reactivity screening (Scheme 5.1).

Since Hillhouse’s diphosphine nickel imide seems to favour elimination of azobenzene to form
Ni(0)!? and 1,10-diphenanthrolene seems to have difficulty facilitating a return to Ni(0) from a
nickel imide, a mixed phosphine-imine ligand like L.1 might be a good mix between the two to
facilitate both halves of the catalytic cycle. L2?° and L32® are known to be capable of redox

non-innocent behaviour. This may attenuate the difficulty of returning to low-valent nickel from

the imide complex by allowing excess electron density to be stored on the ligand.

Scheme 5.1: Ligands used in this chapter to ease formation of Ni(0) from the nickel imide

N N~ | /J\(

Ns A N
7 N |
s N
PPh,

L1 L2 L3

5.3 Reaction with isonitrile

The reaction between imides and isonitriles can lead to carbodiimides (Scheme 5.2). This
compound class is useful because they can function as useful precursors in both small mole-
cule?’ and polymer synthesis.?® The reactivity was screened with phen, L1 and L2 and with
either Ni(COD)2, or (DME)NiCl> combined with reductant Zn or CoCp2, as nickel source.

Under all these conditions, carbodiimide product was observed in trace quantities at best and
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the azobenzene conversion was minimal. Although there are still plenty of options available for
further screening, we consider it likely that the reason for the lack of reactivity is the poisoning
of a low-valent nickel ion by a strongly pi-acidic isonitriles, rendering the nickel incapable of
azobenzene activation. This poisoning is difficult to overcome and since the reaction has al-

ready been realized by titanium catalysis,>” we abandoned the project.

Scheme 5.2: Tested reaction between tert-butylisonitrile and azobenzene

5 mol% Ni

5 mol% L tBu
Bu-N=C + 112 pp N -PP N=C=N

NMP Ph

100°C, ON

5.4 Amidation of aldehydes

Scheme 5.3: (A) Literature basis and (B-D) reaction design of C-H amination for aldehydes with azobenzene

(0]
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Addition of an aldehyde to nickel imide can lead to an aza oxy nickel cyclobutane.!® Such a
species is capable of elimination of amide, or imine, depending on the conditions (Scheme

5.3A).2° Thus, it may be possible to couple azoarenes with aldehydes to form amides. The direct
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synthesis of amides from aldehydes is a widely explored field in organic chemistry. However,
the methods for substituted amides generally require a stoichiometric amount of oxidant for
reaction between an amine and an aldehyde. By employing azoarenes rather than amines, the
oxidation of amine has already been done before the reaction, potentially increasing the sub-
strate scope.

From reactions under the conditions we screened with either Ni(COD)2, or (DME)NiClz with
substoichiometric Zn and phen, or L1-3 as ligands, only trace amounts of the desired amide
were detected. The major product was an imine (Scheme 5.3B). In principle, the selectivity
might be influenced by a base (Scheme 5.3C). However, screening of several bases with 1,10-
phenanthroline as ligand gave no observable change in selectivity for the amide formation. Fi-
nally, it was considered that a ligand design with proton shuttle could facilitate beta-hydride
elimination by relieving the ring strain of the aza oxy nickel cyclobutane (Scheme 5.3D). Un-

fortunately, L5 did not prove to be capable of steering the selectivity towards the desired amide.

5.5 C-H amination at acidic positions

Scheme 5.4: (A) Hypothetical mechanism and (B-D) test reactions for acidic C-H amination
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The proposed nickel imide dimer intermediate proved too difficult to isolate (see Chapter 3).
One of the frequently observed products in our attempts to synthesize this intermediate was
aniline. This may indicate that the intermediate is easily protonated, so it may be considered
rather basic. Possibly, this basicity can be taken advantage of, if the product of the acid base

reaction can effect formation of a new bond through reductive elimination (Scheme 5.4A).

5.5.1 a-Amination of nitroalkane

The a-position of nitroalkanes is among the most acidic carbon groups. Hence, it may be suit-
able for our acidic C-H amination approach, forming underexplored a-nitroamines (Scheme
5.4B).

Unfortunately, the reaction between 1-phenyl-2-nitroethane and azobenzene yields no desired
product and only limited azobenzene conversion. Among the products were 2-phenylacetalde-
hyde and 2-phenylacetaldehyde oxime, which are typical products from aliphatic nitroreduc-
tion.!3 It therefore seems that the highly reductive nickel species used for the activation of
azoarenes preferentially reduces the nitro moiety, making the desired a-amination unachieva-

ble.

5.5.2 Ketone a-amination

a-amino carbonyls are a useful moiety in medicinal chemistry, which has led to considerable
effort in developing a-amination reactions.*® The relatively acidic o-carbonyl protons could be
a good candidate for C-H amination with the basic nickel imide dimer, thus facilitating a new
route for a-amination (Scheme 5.4C).

However, under the studied conditions (either Ni(COD)2 or (DME)NiCI2 with zinc as nickel
source and phen, or L1-3 as ligand), no formation of the target product was observed. Instead,
various products resulting from aldol condensation were observed. This reactivity is consider-
ably hampered when the reaction is performed in absence of azobenzene. It therefore seems
that the nickel imide intermediate might form and even act as a base, but that the resulting

enolate reacts faster with a ketone than with the amide nitrogen on nickel.
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5.5.3 Amination of terminal alkynes

If the nickel diimide is basic enough to deprotonate the terminal hydrogen of alkynes, it may
be possible to generate aminoalkynes, which can tautomerize to ketenimines (Scheme 5.4D).
Ketenimines are versatile reagents that can be trapped in a myriad of ways, but generally require
decomposition of a stable precursor since they are too reactive to isolate.>** In situ formation
of ketenimines by cross-coupling between terminal alkynes and azoarenes would therefore be
a considerable advance in the field. Moreover, hydrolysis of ketenimines formed in the absence
of trapping agents leads to the formation of an amide.*® The azobenzene-acetlyene cross cou-
pling could therefore also be a pathway to amides from unorthodox precursors.

The reaction was attempted with both Ni(COD)2 and (DME)NiClz with Zn as nickel sources
and phenanthroline, L1 and L2 as ligands. In all cases, azobenzene conversion was low, while
phenylacetylene was completely consumed. No product related to aminoalkynes were observed
in GC/MS, but 2 isomers of triphenylbenzene were observed. Apparently, the well-established
cyclotrimerization of alkynes®’ is more facile than the reductive splitting of azoarenes. The
envisioned cross coupling between terminal alkynes and azoarenes therefore seems to be inac-

cessible.

5.6 Benzylic C-H amination

Arguably the most useful application of transition metal imides is their ability to affect C-H
amination at relatively inert positions, which allows to build up molecular complexity from
simple starting materials.* DFT calculations predict that C-H amination with azoarene as nitro-
gen source is exergonic (Scheme 5.5A) and may therefore be attainable.

Since chapter 4 revealed that ZnClz can bind the imide and reorganize to make nickel-zinc
bimetallic imide complex (e.g. X). We reasoned that similar reactivity may occur with different
metal complexes than ZnClz and thereby create complexes capable of C-H amination.

Warren has developed copper(I) diketiminate complexes capable of C-H amination.*® Mech-
anistic studies have shown a dicopper complex bridged by an imide is formed under catalytic
conditions, which is in equilibrium with a copper imide monomer that is responsible for the C-
H activation (Scheme 5.5B).

Such an equilibrium may also be envisioned for nickel-copper bimetallic imide complexes

109



Chapter 5

similar to X to give the aminating copper nitrene complex and either the Ni(0) azobenzene

adduct (Scheme 5.5C) or the Ni(I) chloride complex (Scheme 5.6D), depending on the copper
ketiminate precursor.

Scheme 5.5: (A) Calculated reaction free energy for C-H amination with azobenzene as nitrogen source. (B)
mechanism of copper catalysed C-H amination reported by Warren. (C and D) envisioned mechanistic cycles for

C-H amination with azobenzene as nitrogen source through nickel-copper cocatalysis.
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Fist, the amination of fluorene was attempted, as it has a particularly weak C-H bond strength
(79.5 kcal/mol).*° Both azobenzene and fluorene are converted to a considerable extent (respec-
tively 93% and 87%) and N-phenyl-9H-fluoren-9-imine was observed as a product with
GC/MS at an estimated 28% yield alongside aniline (Scheme 5.6A). Although an overoxidized
imine was observed rather than the target amine, the successful C-H functionalization was en-
couraging.

Next, we considered the C-H amination of ethylbenzene. This substrate has a higher C-H bond
strength (85.4+1.5 kcal/mol),*® which may help prevent the overoxidation observed for fluo-
rene. Moreover, amination of substrates like ethylbenzene is more likely synthetically useful
than the amination of fluorene.

Unfortunately, no conversion of ethylbenzene, or product formation was observed when Cu-
1 or Cu-2 were used as catalysts. The failure with Cu-2 is especially disappointing, since this
is the best catalyst reported by Warren and is capable of amination of toluene with aryl azides.*!
This indicates that no monometallic copper nitrene species can be formed under our conditions.
The oxidation of fluorene may instead have been effected by a dimetallic complex that cannot
react with substrates containing stronger C-H bonds.

Reasoning that the formation of a formally zerovalent nickel complex and a formally trivalent
copper imide complex from the dimetallic complex (Scheme 5.5C) might be particularly diffi-
cult, we turned to Cu-3 as spreading out the reduction of nickel over multiple steps (Scheme
5.6D) might lead to lower energy barriers. Unfortunately, no target product could be obtained
with this precatalyst either. Thus, we were unable to find conditions for C-H amination of
mildly activated positions with azobenzene as nitrogen source, despite the calculated favourable

thermodynamics and the promising reaction with fluorene.

Scheme 5.6: Benzylic C-H amination using nickel-copper cocatalysis.
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5.7 Discussion & Conclusion

In this chapter, we have explored several ways of converting azobenzene with nickel imides
as catalytic intermediates in mind. Although our screening was somewhat superficial, some
lessons may be drawn from our efforts.

On the one hand, it appears that there is a price to be paid for the highly reductive nature of
the nickel catalyst that is required for the azobenzene splitting: several reactants appear to be
incompatible with our system, either because they are prone to poison the electron rich nickel
catalyst (isonitriles), or because they are preferentially reduced over azobenzene (alkynes, ni-
troalkanes), hindering the nickel imide formation.

On the other hand, two of the attempted reactions show some promise, although we failed to
find reasonable conditions with our limited screening efforts. The reaction between benzalde-
hyde and azobenzene does generate some of the desired amide, but the reaction selectivity is
towards imination. As imine formation does not regenerate the catalyst, it should be strongly
suppressed. We suggest a better understanding of the factors influencing the selectivity should
be obtained through studies with model complexes and theoretical calculations before further
screening can be done.

The calculation of thermodynamics suggest that C-H amination could be feasible and our re-
sults with fluorene provide some reassurance that the bimetallic reaction design could be a
fruitful strategy. However, synthetically useful substrates for C-H amination, like ethylbenzene,
proved too inert for our catalytic system. Possibly, moving from copper to cobalt as the cocat-
alyst would be a useful future endeavour, as some Co(IIl) imides are known to be capable of

C-H amination,*>*

and the more reductive nature of cobalt compared to copper might facilitate
splitting the dimetallic complex as proposed in Scheme 5.5C and 5.5D.

Overall, it appears the activation of azobenzene by nickel does indeed have potential for ap-
plication in a wider range of synthetic chemistry, but the realization of this potential will require

a considerable amount of research effort.
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5.8 Experimental

5.8.1 Computational details

Computations were performed using density functional theory (DFT) and the Gaussian 16 rev
A03 program package.** Geometry optimization was performed employing the hybrid func-
tional B3LYP* including the D3 empirical dispersion correction with Becke and Johnson
damping D3BJ,* together with the 6-31g basis set*” on all atoms. Vibrational frequency calcu-
lations were performed at the same level of theory as used for optimization and used to verify
the nature of the stationary points as minima. Free energy corrections were applied to the elec-
tronic energy and calculated based on the calculated rotational constants and vibrational fre-
quencies, using the quasi-harmonic correction for small vibrational frequencies, with the cut-
off set at 100 cm™ (Georr).*® The final Gibbs free energy value is obtained by G = Eelec + Georr,
where Eelec is the energy obtained with B3LYP-D3BJ as described above.

5.8.2 Equipment

GC/MS was measured on an Agilent 7890B GC coupled to an Agilent 5977B Mass Spectrom-
eter equipped with an Agilent J&W DB-5MS Ultra Inert column with 0.25 mm internal diam-
eter. NMR spectra were recorded on a Bruker Avance 400 Spectrometer. 'H and *C{1H}
chemical shifts were referenced internally to residual solvent signals. HRMS measurements were
performed at the EPFL ISIC Mass Spectrometry Service. Liquid chromatography was performed

with a Biotage Isolera One flash purification system.

5.8.3 Materials

Anhydrous NMP stored over molecular sieves was purchased from Acros and stored in a glove
box. Anhydrous 1,10-phenanthroline, (DME)NiClz, zinc, azobenzene, tert-butylisonitrile, ben-
zaldehyde, acetophenone, phenylacetylene, fluorene and cyclohexylamine were purchased
from commercial sources and used without further purification. Ethylbenzene was purchased

from Fluka and degassed by bubbling through N2 before storing it in the glove box. L1,* L.2,%
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L33! 1-phenyl-2-nitroethane,’ (bipy)Ni(COD),** Cu-1,’* Cu-2,°> Cu-3¢ and 1,10-phenan-

throline-carbonyl chloride®” were prepared according to literature procedures.

5.8.4 Synthesis N-cyclohexyl-1,10-phenanthroline-2-carboxa-
mide (L.4)

1,10-phenanthroline-carbonyl chloride (761 mg, 3.14 mmol) was suspended in 21 mL DCM
in the glove box in a heat-gun dried Schlenk flask. Outside of the glove box, cyclohexylamine
(1.0 mL, 8.8 mmol) was added under nitrogen flow, quickly turning the mixture red-brown.
The Schlenk flask was then closed and the mixture was heated to 40°C for 11 hours. A white
solid was filtered off under air and washed with DCM. The filtrate was evaporated and the
residue was purified by liquid chromatography with 4 CV DCM, then a ramp to 20% MeOH in
DCM. The collected material was recrystallized from DCM/hexane to yield a light brown pow-
der. Yield: 135 mg, 14%. "H NMR (400 MHz, Chloroform-d) 6 9.13 (dd, J = 4.5, 1.7 Hz, 1H),
9.08 (d, J = 8.6 Hz, 1H), 8.59 (d, J = 8.2 Hz, 1H), 8.39 (d, J = 8.3 Hz, 1H), 8.30 (dd, J = 8.0,
1.7 Hz, 1H), 7.86 (s, 2H), 7.69 (dd, J = 8.1, 4.4 Hz, 1H), 4.06 (qd, J=11.1, 4.1 Hz, 1H), 2.19 —
2.04 (m, 2H), 1.81 (dd, J = 12.0, 4.5 Hz, 2H), 1.68 (d, J = 12.4 Hz, 1H), 1.61 — 1.33 (m, 4H),
1.31 — 1.16 (m, 1H). 13C NMR (101 MHz, CDCIs) 8 163.78, 150.72, 150.03, 145.91, 144.45,
137.54, 136.78, 130.19, 129.24, 127.84, 126.76, 123.52, 121.81, 49.26, 33.16, 25.80, 25.52.
HRMS (ESI/QTOF) m/z: [M + H]" Calcd for C19H20N30" 306.1601; Found 306.1595.

5.8.5 Screening with Ni(II)

In the glove box, (DME)NiClz (2.7 mg, 5 mol%), ligand (5 mol%), Zn (4.9 mg, 30 mol%), 0.2
mL NMP and TMSCI (1pL, 3.2 mol%) were added to an oven dried vial. After mixing for a
couple of minutes, 0.3 mL of an NMP stock solution containing azobenzene (0.417 M, 0.5 eq.),
the second substrate (0.833 M, 1 eq.) and naphthalene as internal standard (0.167 M, 0.2 eq.)
was added. The vial was then closed with a PTFE-lined cap and set to stir on a pre-heated
heating plate. After stirring overnight, the mixture was allowed to cool down, before taking an

aliquot to analyse the mixture with GC/MS. The stock solution was freshly prepared every time
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a new set of reactions was set up. Substrate conversion was determined by comparing the sub-
strate to internal standard ratio between the reaction mixture sample and a sample made by

diluting the remaining stock solution.

5.8.6 Screening with Ni(0)

In the glove box, Ni(COD)2 (3.4 mg, 5 mol%), ligand (5 mol%) and 0.2 mL NMP were added
to an oven dried vial. After mixing for a couple of minutes, 0.3 mL of an NMP stock solution
containing azobenzene (0.417 M, 0.5 eq.), the second substrate (0.833 M, 1 eq.) and naphtha-
lene as internal standard (0.167 M, 0.2 eq.) was added. The vial was then closed with a PTFE-
lined cap and set to stir on a pre-heated heating plate. After stirring overnight, the mixture was
allowed to cool down, before taking an aliquot to analyse the mixture with GC/MS. The stock
solution was freshly prepared every time a new set of reactions was set up. Substrate conversion
was determined by comparing the substrate to internal standard ratio between the reaction mix-

ture sample and a sample made by diluting the remaining stock solution.

5.8.7 Screening nickel-copper cocatalysis

In the glove box, Ni(COD)2 (3.4 mg, 5 mol%), ligand (5 mol%) and 0.2 mL. NMP were added
to an oven dried vial. After mixing for a couple of minutes, 0.3 mL of an NMP stock solution
containing azobenzene (0.417 M, 0.5 eq.), the second substrate (0.833 M, 1 eq.) and naphtha-
lene as internal standard (0.167 M, 0.2 eq.) was added. The copper precatalyst (5 mol%) was
then added. The vial was then closed with a PTFE-lined cap and set to stir on a pre-heated
heating plate. After stirring overnight, the mixture was allowed to cool down, before taking an
aliquot to analyse the mixture with GC/MS. The stock solution was freshly prepared every time
a new set of reactions was set up. Substrate conversion was determined by comparing the sub-
strate to internal standard ratio between the reaction mixture sample and a sample made by

diluting the remaining stock solution.
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6.1 Introduction

Hydrosilylation of unsaturated carbon-carbon bonds is an important industrial process for the
synthesis of organo silanes, as well as for the production of silicone polymers.! Typically, the
reaction is catalysed by platinum complexes, such as Speier’s catalyst’ or Karstedt’s catalyst.’
However, because of the scarcity of platinum, efforts have been made to develop hydrosilyla-
tion catalysts based on more abundant metals,** including nickel.®

For platinum, the most widely accepted mechanism is the model proposed by Chalk and Har-
rod.”® It consists of oxidative addition of the hydrosilane, followed by hydride insertion into
the alkene and reductive elimination of the product silane to close the catalytic cycle (Scheme
6.1A). For various catalysts, a modified Chalk-Harrod mechanism has been proposed, wherein
silyl insertion occurs rather than hydride insertion,” or a different resting state is observed.!”
Despite these small differences, these models still follow a general scheme of oxidative addition
of the H-Si bond and subsequent addition of the fragments to the alkene through insertion and
reductive elimination.

A fundamentally different mechanism is often observed for early transition metals'!' and rare
earth metals,'? but also proposed for later transition metals.'> It consists of a metal hydride
species that undergoes migratory insertion with the alkene. The resulting metal alkyl species
then undergoes sigma-bond metathesis with the hydrosilane, releasing the product and regen-

erating the metal hydride (Scheme 6.1B).

Scheme 6.1: Common catalytic cylces for hydrosilylation. A: Chalk-Harrod. B: sigma bond metathesis.

R M Si]-H M-H
[Si]” > Y \< 1 s R
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Recently, different mechanisms have been proposed involving silyl radical formation and
radical addition to the alkene.'*!> These findings indicate that the full scope of mechanistic

possibilities for hydrosilylation is yet to be uncovered. Another potential blind spot in the mech-
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anistic landscape could be metal-ligand cooperativity, which has been observed for Si-H acti-
vation'® and in carbonyl hydrosilylation,'”'® but is not yet demonstrated for alkene hydrosilyla-

tion to the best of our knowledge.

Scheme 6.2: Preliminary mechanistic experiments presented in the thesis of Dr. Buslov
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E . .
11-Octyl + 1-decene + Ph,SiH, CBHm/\/SIHth * C8H17/\/SIHPh2
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Recently, our group developed alkene hydrosilylation with high regio- and chemoselectivity
using a nickel pincer complex 11-OMe as catalyst (Scheme 6.2A)." Although the data were
not published in the article, Dr. Ivan Buslov performed preliminary mechanistic studies on this
catalytic system and presented the following key findings in his doctoral thesis.?° (1) As previ-
ously reported,’! 11-OMe is readily converted to 11-H in the presence of diphenylsilane, which
is in turn readily converted to 11-octyl in the presence of 1-octene (Scheme 6.2B). Under cata-
lytic conditions, 11-H is observed in the initial stages, but then decays over time, while 11-
octyl builds up initially and then reaches a plateau. (2) 11-octyl can be used as catalyst in lieu
of 11-OMe, with excellent yields (Scheme 6.2C) and 11-octyl is still observable at the end of
the reaction under these conditions. (3) A reaction between 11-octyl and diphenylsilane yields
only trace amounts of product over a duration twice as long as double the standard time for
catalysis (Scheme 6.2D). (4) A stoichiometric reaction between 11-octyl, diphenylsilane and
I-decene formed diphenyldecylsilane, without only traces of diphenyloctylsilane (Scheme
6.2E).

Combined, these findings point towards 11-octyl as the resting state, but with the octyl group
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as a spectator ligand, rather than a reactive moiety that is converted into the product. This indi-
cates a mechanism different from any Chalk-Harrod variations, or models containing sigma
bond metathesis. In this chapter, a more in-depth analysis of the hydrosilylation mechanism by
11-octyl was performed, in search of a heretofore undiscovered mechanistic pathway for alkene

hydrosilalytion.

6.2 Reaction progress monitoring by in situ '"H NMR

A MeO OMe
2 ¢ 5mM 11-Octyl (D) A -
ZCeHiz + PhySiH, > Ph,SiHOct
THF-d8, RT OMe
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Figure 6.1: (A) Reaction scheme and selected spectra from reaction monitoring with 'H NMR for the reaction
between 1-octene and diphenylsilane. (B) Reaction scheme and selected spectra from reaction monitoring with
"H NMR for the reaction between 1-octene and phenylmethylsilane. The symbols indicate which protons were

used for quantification. Time is indicated in minutes.
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NMR is a useful technique for studying the course of a reaction in situ if both starting material
and products can be quantified independently. Unfortunately, using the standard substrates used
in Buslov’s study led to overlapping peaks of the silane protons of the starting material and
product, complicating their accurate quantification and kinetic analysis (Figure 6.1A).

Therefore, phenylmethylsilane was used for the hydrosilylation instead. While the Si-H signals
of starting material and product still overlap, the Si-Me hydrogen shifts are well-resolved (Fgure
6.1B). The overalkylation byproduct can also be quantified. Moreover, despite the 1 mol%
loading, the catalyst can be readily quantified using the 12-proton signal of the dimethylamino

moiety.
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Figure 6.2: Concentration of starting materials and products over time. Conditions as in figure 6.1B.

Figure 6.2 shows the concentration of different species versus reaction time. Over the course
of the NMR experiment, the yield of desired product phenylmethyloctylsilane is 84% based on
converted 1-octene. By considering the overalkylated byproduct, 92% of the converted 1-octene
can be accounted for. Various other products could be observed in GC-MS, but they could not
be reliably quantified by NMR. Nonetheless, the vast majority of relevant species, including
the catalyst, can be tracked, which allows for kinetic analysis of the reaction.

Interestingly, the reaction has an initial slow period of around 80 minutes, after which both
the consumption of starting materials and the formation of product accelerate (Figure 6.2). An
induction period like this could be an indication of catalyst activation,?? auto-catalysis,”* or a
radical chain reaction with slow initiation.>*

A radical chain reaction could be excluded by the hydrosilylation reaction of trans-(2-vinyl-

cyclopropyl)benzene. The reaction leads to anti-markovnikov hydrosilylation with a 57% yield
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(Scheme 6.3). No ring opening product was observed, despite the high ring opening rate for a

radical alpha to the cyclopropyl ring.?

Scheme 6.3: Hydrosilylation reaction of trans-(2-vinylcylcopropyl)benzene along with the pathway and

product that would be expected if a radical chain reaction was operative.

1 mol% 11-OMe

Ph\v/\ + Ph,SiH, Ph\v/\/SiHth Ph._~_~_ SiHPh,
RT, THF, 14h

1eq. 1.2 eq. 57% yield not observed

* . . rate constant ~ 10" s’

A closer look at the concentration of 11-octyl over time is given in Table 6.1 and Figure 6.3A.

The minimal difference in [11-o0ctyl] at the beginning and end of the reaction explains why the
decay had remained unnoticed in previous mechanistic studies. However, following the reaction
over time reveals a small, but statistically significant downward slope. The decay rate follows
the qualitative trend of conditions with double [phenylmethylsilane] > conditions with double
[11-octyl] > conditions with double [1-octene] > standard conditions (Figure 3A). Interestingly,
this is the inverse of a qualitative trend in the length of induction period for the hydrosilylation
reaction under these conditions (conditions with double [phenylmethylsilane] < conditions with
double [11-octyl] < conditions with double [1-octene] =~ standard conditions, Figure 6.3B).

These data indicate that the decay of 11-octyl is an activation pathway towards the real catalyst.

Table 6.1: Fate of [11-octyl] during catalysis

Deviation from standard ) [1.1._0“‘“] ] Linear regression®
... remaining after 6
conditions? hoursb .
ours Slope (M min!) R2

None 94% -6.8(1)*107 0.955
Double [1-octene] 95% -7.8(2)*107 0.891
Double [PhMeSiH2], 80% -2.78(3)*10°¢ 0912
Double [1-octyl], 93% -2.35(3)*10¢ 0.980

aStandard conditions are as in figure 6.1B. "Percentage relative to first measured concentration. “Decay of [11-

octyl] modelled linearly. Value in parentheses denotes the standard error of the slope
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Figure 6.3: (A) Catalyst concentration versus time under different catalytic conditions. (B) Product formation

versus time under different catalytic conditions. Standard conditions are as in figure 6.1B.

6.3 Determination of true catalyst

Due to the low concentration of the catalyst and the minimal conversion of it during cataly-
sis, the identity of the decay product from the catalyst is difficult to determine. One possibility
would be the formation of nickel particles. This is not unprecedented for compounds this type

of complex, since it is known to occur for 11-H.2%?!
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6.3.1 Ex situ TEM

p——— 50 nm

Figure 6.4: Dark field TEM images of samples prepared form N-allylcarbazole versus 1-octene hydrosilylation
competition experiments (see figure 6.5) with (A) 3.5 mM nickel and (B) 8.75 mM nickel.

Transmission electron microscopy (TEM) samples were prepared from competition reaction
mixtures (vide infra) after 6 hours reaction time. Some particle formation could be observed in
samples with different concentrations of nickel (figure 6.4). Importantly, such particles were
not observed in a sample prepared with pure 11-octyl, indicating the particles are not formed
from the remaining 11-octyl in the reaction mixture under the electron beam or during sample
preparation. Unfortunately, the large amount of organic residues, derived from the hydrosilyla-
tion products and starting materials led to a low quality of the images and precluded energy
dispersive X-ray spectroscopy (EDX) elemental mapping and statistical analysis for determi-
nation of the size distribution of the particles.

While the TEM images indicate that particulate nickel may be formed, the ex situ nature of
the experiment does not allow to make any statements about whether these are catalytically

active, or merely inactive decomposition products.

6.3.2 Mercury test

A hydrosilylation reaction in the presence of 1600 equivalents of mercury with respect to total
nickel concentration gave an NMR yield of only 1.5% over 6 hours. 11-octyl was still present

at a concentration approximately 90% of the starting concentration. Moreover, the colour of the
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THF solution at the end of the reaction was the same dark red colour as 11-octyl, whereas
reaction mixtures in absence of mercury turn brown over time. The observations support the
hypothesis that 11-octyl is partially transformed to nickel particles, which are responsible for
catalysis and the colour change. When the mercury droplets sequester these particles, catalysis
is inhibited and the colour remains red.

The observed inhibition by Hg is contradictory to the findings reported in Buslov’s thesis: he
observed the same yield in absence of Hg and in presence of 100 equivalents of Hg with respect
to total nickel concentration.?’ One explanation for this would be that the mercury test is sensi-
tive to both the Hg to catalyst ratio and the stirring rate.?® 100 Equivalents of Hg could therefore
simply not be enough to observe the sequestration effect, leading to a false negative.

On the other hand, the mercury test can also lead to false positives, as certain metal complexes
are known to react directly with mercury.?®2® Although 11-octyl itself does not react with mer-
cury to a significant extent, as 90% of it is still remaining after 6 hours reaction time with 1600
equivalents of Hg, it is possible that its unidentified decomposition product is a mercury-sensi-
tive nickel complex. In addition, there is the possibility of equilibration between molecular cat-
alytic nickel species and inactive nickel clusters? at a higher rate than catalysis. Under such
circumstances, even if the catalytic metal complex is itself inert to mercury, sequestration of
the clusters by Hg still leads to a decrease of the complex concentration via Le Chatelier’s
principle. Both false positive inhibition pathways (via mercury-sensitivity and via depletion of
species connected to the active catalyst through equilibration) should be sensitive to the amount
of mercury added, which would explain why such a false positive is only observed under the

conditions presented here and not under conditions reported by Buslov.

6.3.3 Competition experiments

To better differentiate between catalysis by nickel particles and catalysis by a heretofore uni-
dentified nickel complex derived from 11-octyl, substrate competition experiments were per-
formed. This tool has already proven useful to differentiate molecular catalysis from cluster
catalysis for reactions catalysed by palladium.*® In principle, when two substrates compete for
reactivity with the same catalytic species, the outcome should be dependent on the respective
rate constants and the concentrations of different substrates, but not on the concentration of the
catalytic species. However, agglomeration rates change non-linearly with the concentration of

available metal atoms.’' 3 Therefore, the shape and size of particulate nickel should change
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with total nickel concentration (or factors influencing reduction of precursors to Ni(0)). Differ-
ent sizes and shapes of particles lead to different reactivity and therefore could lead to a different
selectivity pattern in competition experiments. Thus, the selectivity between two substrates

should be unaffected by concentration for molecular catalysis, but may change for particulate

O /N_N|_N\
CaH17

0.0035 - 0.035 M
O N~ 7 CgHyz + PhMeSiH, -

catalysis.
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Figure 6.5: Competition experiments between N-allylcarbazole and 1-octene at different concentrations of cata-
lyst precursor 11-octyl. Conversions determined by NMR (see methods section for details). Two runs of each

condition are plotted to show the good agreement between them.

Figure 6.5 shows a plot of conversion of 1-octene versus the conversion of N-allylcarbazole
at different concentrations of nickel. A plot like this allows for a direct visual comparison of
catalyst selectivity under different conditions. From the graph it is clear that the selectivity
changes as the nickel concentration is increased from 3.5 mM to 17.5 mM (0.7 — 3.5 mol% with
respect to total alkene concentration). The difference between the conditions is especially no-
ticeable at a high alkene conversion level. The difference between conditions is also larger than

the difference between two runs under the same conditions. At the even higher concentration
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of 35 mM (7 mol%), the error becomes too large to clearly differentiate between this concen-
tration and 17.5 mM. Nonetheless, the difference in selectivity between conditions closest to
those applied in standard catalysis (1 mol% Ni) supports the hypothesis of particulate nickel

being responsible for catalysis.

6.4 Mechanism of decomposition 11-octyl

Scheme 6.4: Potential pathways for decomposition of 11-octyl.
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Two possible pathways for the decomposition of 11-octyl may be considered. On the one
hand, it is possible that beta-hydride elimination occurs, releasing 1-octene and generating a
nickel hydride complex (Scheme 6.4A). Although this is an uphill process, it has been indirectly
demonstrated to occur through isomerization reactions.>* The nickel hydride formed in this
manner is known to decompose to nickel particles either by itself,?! or in presence of a silane.?’
Alternatively, 11-octyl may react with the silane directly in a metal-ligand cooperative pathway
(Scheme 6.4B). Following reductive elimination of the alkylsilane, Ni(0) can release the ligand
and agglomerate. Both pathways can account for the results of hydrosilylation of 1-decene with
stoichiometric 11-octyl reported by dr. Buslov (Scheme 6.2E): there is either just a small
amount of 1-octene generated during catalyst activation to compete with 1-decene (scheme
6.4A), or only a small amount of octylsilane is generated before enough active catalyst is gen-
erated to consume all silanes with 1-decene (Scheme 6.4B).

To probe the mechanism of decomposition of the catalyst precursor, its decomposition was
monitored by NMR. Since the decomposition is too slow under standard conditions (see Figure
6.3A) for extraction of kinetic parameters from the decay trace, these studies were performed

at 40°C.
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Figure 6.6: Decay of [11-octyl] at 40°C in THF-d8 followed by 'H NMR. Si means PhMeSiH,. (A) Concentra-

tion of 11-octyl versus time with various amounts of starting concentration of silane. (B) Same data of A, but
In([11-octyl]) now plotted to demonstrate first order in nickel. (C) Slopes of the traces in B plotted against the

silane concentration to demonstrate first order in silane. The average concentration over time of the silane is

taken, as a slight decrease in concentration is observed during the reaction. (D) Hydrosilylation reaction of 1-
octene with excess PhMeSiH; followed by 'H NMR. [11-octyl] is plotted on the left y-axis, while [1-octene] is

plotted on the right y-axis. The x-axis is equation 6.1

Under these conditions, 11-octyl still decomposes slowly by itself (Figure 6.6A, black trace).

However, in presence of phenylmethylsilane, the decomposition speeds up considerably. Figure

6.6B shows the natural logarithm of [11-octyl] decreases linearly in time with all the tested

concentrations of phenylmethylsilane, indicating a pseudo-first order reaction. The observed

rate constant for this reaction shows a linear relation with the concentration of silane (Figure

6.6C). Finally, when a hydrosilylation reaction of 1-octene was set up at 40°C with excess phe-

nylmethylsilane, there is no difference in decay rate of 11-octyl in presence or absence of 1-

octene (Figure 6.6 D). Moreover, the concentration of 11-octyl shows a linear relation with f{t)

(equation 6.1).
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Ay=ym, ([11—octyl]i+£ll—octyl]i_1)1 ([PhMeSiHZ]i+£PhMeSiH2]i_1)1 (t = tie) 6.1)

This linearity indicates all variables that influence the decay rate of 11-octyl are included in
f(t).3° Thus, with the data from Figure 6.6 a rate law for the decomposition of 11-octyl can be
formulated (equation 6.2). This rate law is incompatible with scheme 6.4A, since that should
lead to equation 6.3, or either of its simplifications, equations 6.4 or 6.5, none of which is
equivalent to equation 6.2.

—d[1-octyl]

2 = k[11 — octyl][PhMeSiH,] (6.2)

—d[1-octyl] _  kik;[11-octyl][PhMeSiH,]

dat k_1[1—octene]+k,[PhMeSiH;] (6‘3)
~d[1-octyl ky[11-octyl|[PhMeSiH )

[ d:c A K, = [olc—())lct[ene]e Ll (k,[PhMeSiH,] < k_4[1 — octene]) (6.4)

W = k,[11 — octyl] (k,[PhMeSiH,] > k_4[1 — octene]) (6.5)

Additional evidence against the pathway of Scheme 6.4A can be obtained from performing
catalytic hydrosilylation of styrene with 11-octyl as precatalyst. The equilibrium depicted in
scheme 6.4A would suggest some conversion from 11-octyl to 11-(2-phenylethyl). A reaction
between 11-OMe, phenylmethylsilane and styrene in THF-d§ leads to a peak at -0.20 ppm with
a coupling pattern reminiscent of 11-octyl, so we assign it to 11-(2-phenylethyl) (Figure 6.7A).
This shift is distinct enough from 11-octyl (-0.48 ppm) for a shift due to equilibration according
to Scheme 6.4A to be observable. However, when hydrosilylation of styrene with 11-octyl as
pre-catalyst was followed by 'H NMR, only 11-octyl could be observed (see Figure 6.7B).

Thus, on the basis of kinetics and the styrene hydrosilylation experiment, the decay mecha-
nism depicted in Scheme 6.4A can be excluded. We therefore consider the mechanism depicted

in Scheme 6.4B the most likely mechanism for the activation of the catalyst.

T T T T * T s T T T L T e T . T T T

-0.10 -0.15 -0.20 -0.25 -0.30 -0.35 -0.40 -0.45 -0.50 -0.55 -0.60 -0

T T T T T T T T T T T
-0.10 -0.15 -0.20 -0.25 -0.30 -0.35 -0.40 -0.45 -0.50 -0.55 -0.60
f1 (ppm)

Figure 6.7: (A) Section of {H NMR of reaction mixture containing 11-OMe, PhMeSiH, and styrene in THF-d8.
(B) Section of '"H NMR measured at the end of a hydrosilylation reaction of styrene with 11-octyl as precatalyst.
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6.5 Discussion on TOF

The turnover frequency was previously determined at 83000 h™!', which made the catalytic
system already among the most active catalysts for alkene hydrosilylation.!® In this perspective,
the finding that only a small amount of the added nickel complex is converted to the true catalyst
would mean that the true TOF is an incredibly high number, particularly compared to that ob-
served for other nickel nanoparticles (1700 h').>® However, a few nuances should be consid-
ered.

Firstly, the TOF was measured in neat conditions. With 1.2 equivalents of diphenylsilane to
1-octene, this would lead to a silane concentration of roughly 3.2 M (ignoring any changes in
volume upon mixing the 1-octene and silane). This is considerably higher than any of the con-
centrations used in this chapter. Therefore, the decay of 11-octyl should be faster than what is
reported herein.

Secondly, the hydrosilylation reaction is exothermic and the reaction mixture is reported to
heat up considerably under the neat reaction conditions. This is another difference with the
conditions used in this chapter that should increase the decay rate of 11-octyl.

Finally, the pre-catalyst used in the TOF experiment was 11-OMe, rather than 11-octyl. Alt-
hough the conversion from one to the other was reported to occur cleanly, this was studied in
THF solution. The higher concentration of silane and the increased temperature may well lead
to the direct formation of nickel nanoparticles from the sensitive 11-H intermediate to some
extent, rather than clean formation of 11-octyl, which then has to decay. Thus, the error in the
reported TOF due to incomplete pre-catalyst activation may be smaller than initially apparent
from Figure 6.3 and 6.6.

Regarding the large difference in TOF with the other reported nickel nanoparticle catalyst, it
should be considered that a different reaction is studied (1-decene rather than 1-octene and
trimethoxysilane rather than diphenylsilane). Not only should this change kinetics to some ex-
tent, but factors such as exothermicity of the reaction and heat capacity of the medium also play
a role because of the neat setup. Finally, it should be noted that the environment of nickel na-

noparticles can have a strong influence on their reactivity,’” so the manner in which they are

generated could be an important factor.
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6.6 Conclusions

Through a detailed mechanistic study, we have revealed that a hydrosilylation reaction previ-
ously believed to occur with a molecular nickel catalyst, is in reality catalysed by nickel nano-
particles. In addition, we propose a mechanism for the conversion of the pre-catalyst to
nickel(0) that is consistent with both our results and previously reported experiments.

The results presented in this study underline the importance of thorough mechanistic research,
since changes in the nature of the catalytic species can be subtle and may be easily missed with

superficial mechanistic probes.

6.7 Experimental

6.7.1 General experimental methods

All reactions were set up and performed under inert nitrogen atmosphere using standard glove
box techniques. Deuterated solvents were subjected to three freeze-pump-thaw cycles before
storage on 4A molecular sieves in the glove box. After 24 hours, the solvent was decanted onto
fresh 4A molecular sieves and stored for at least an additional 24 hours prior to usage. The other
solvents were purified using a two-column solid-state purification system (Innovative Technol-
ogy, NJ, USA) and transferred to the glovebox after three freeze-pump-thaw cycles. 1-octene
(GC standard) was purchased from TCI and stored on 4A molecular sieves at -30°C in the glove
box. Phenylmethylsilane was purchased from Aldrich and distilled and subjected to three
freeze-pump-thaw cycles before storage on 4A molecular sieves at -30°C in the glove box. 11-
C1,°® 11-OMe,** N-allylcarbazole* and trans-(2-vinylcyclopropyl)benzene*! were prepared ac-
cording to literature procedures. NMR spectra were recorded on a Bruker Avance 400 Spec-
trometer. "H and '*C {1H} chemical shifts were referenced internally to residual solvent signals.
Elemental analyses were performed on a Carlo Erba EA 1110 CHN instrument at EPFL. HRMS
measurements were performed at the EPFL ISIC Mass Spectrometry Service. TEM was meas-
ured on a FEI Talos instrument. Liquid chromatography was performed with a Biotage Isolera

One flash purification system.
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6.7.2 Synthesis 11-octyl

11-C1 (376 mg, 1.08 mmol) was dissolved in 5.5 mL THF in the glove box. The solution was
cooled down to -47°C with a toluene cooling bath. 0.68 mL of a solution of n-BuL.i in hexanes
(1.6 M, 1.1 mmol) was added slowly. The conversion of 11-Cl was periodically checked by
taking an aliquot for NMR. If the conversion was not complete after 12 hours, additional n-
BulLi solution was added. After complete conversion, the cooling bath was removed and vola-
tiles were removed in vacuo. The residue was extracted with n-pentane and filtered over celite.
Evaporation of the filtrate yielded a viscous dark red oil. Yield: 409 mg (89%). '"H NMR (400
MHz, Benzene-ds): 6 7.61 (d, J= 8.3 Hz, 2H), 7.06 (t,J= 7.8 Hz, 2H), 6.63 (d, /= 8.0 Hz, 2H),
6.44 (t,J=7.6 Hz, 2H), 2.41 (s, 12H), 1.62-1.30 (m, 12H), 0.94 (t, J = 5.4 Hz, 3H), -0.43 - -
0.53 (m, 2H). *C NMR (101 MHz, CsDs): & 149.24, 147.58, 128.24, 119.43, 114.07, 113.84,
49.60, 35.22,32.54,30.16, 30.15, 29.99, 23.24, 14.44, 10.53. Elemental Analysis: Anal. Calcd
for C24H37N3Ni: C, 67.62; H, 8.75; N, 9.86. Found: C, 67.56; H, 8.72; N, 10.05. The compound

is thermally labile, but is stable for at least three months when stored at -30°C in the glove box.

6.7.3 NMR-followed hydrosilylation of 1-octene

Three stock solutions in THF-d8§ were prepared in oven dried 1 mL volumetric flasks: (1) 11-
octyl (13.3 mg, 0.0312 mmol) with 1,3,5-trimethoxybenzene (21.0 mg, 0.125 mmol); (2)
methylphenylsilane (520 pL, 3.74 mmol) and (3) 1-octene (490 pl, 3.12 mmol). For preparation
of the reaction mixtures, the required amount of the three stock solutions was mixed (for stand-
ard conditions, this is 80 uL of each stock solution) with an amount of THF-d§ to make the
total amount of added liquid 500 uL. The silane stock solution was always the final addition.
The mixture was then immediately transferred to an oven dried J-young’s NMR tube. After
locking and shimming the sample, the NMR machine was programmed to perform a single scan
'H experiment every 2 minutes. The program was generally started 7-9 minutes after the addi-
tion of the silane stock solution to the reaction mixture. Concentrations of the observed species
were determined by normalizing against the aryl-CH peak of 1,3,5-trimethoxybenzene (6.06
ppm). The volume was always presumed to be 0.5 ml, neglecting any changes in volume due

to mixing. Stock solutions were stored at -30°C in the glove box in between measurements.
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6.7.4 Hydrosilylation of trans-(2-vinylcyclopropyl)benzene

Trans-(2-vinylcyclopropyl)benzene (75.1 mg, 0.521 mmol) and 11-OMe (1.9 mg, 0.0055
mmol) were dissolved in 0.5 mL THF. Diphenylsilane (114 mg, 0.619 mmol) was added and
the reaction was stirred for 16 hours. The solution was then loaded onto silica with hexane and
volatiles were evaporated. Liquid Chromatography was done with 100% hexane as eluent. Di-
phenyl(¢rans-2-phenylcyclopropyl)ethyl)silane was obtained as a colourless oil (98 mg, 0.298
mmol, 57% yield). "H NMR (400 MHz, Chloroform-d): & 7.88 —7.56 (m, 4H), 7.53 — 7.40 (m,
6H), 7.34 (t,J=7.6 Hz, 2H), 7.26 — 7.19 (m, 1H), 7.15 - 7.08 (m, 2H), 5.01 (t, /= 3.7 Hz, 1H),
1.79 — 1.60 (m, 3H), 1.48 — 1.41 (m, 2H), 1.28 — 1.18 (m, 1H), 0.97 (dt, J = 8.4, 4.9 Hz, 1H),
0.85 (dt, J=8.6, 5.2 Hz, 1H).3C NMR (101 MHz, CDCls): 6 143.98, 135.25, 134.56, 129.70,
128.35, 128.14, 125.73, 125.31, 29.43, 26.71, 23.55, 16.55, 12.08. HRMS (APPI/QTOF): cal-
culated for ( M™®: C23H24Si") 328.1642, found 328.1638.

6.7.5 Mercury test

To an oven dried scintillation vial was added 800 mg Hg (3.99 mmol). 260 uLL. THF-d§ and
80 puL of each stock solution from section 6.7.3 were added and the mixture was stirred (800
rpm) at RT in the glove box for 6 hours. The mixture was then allowed to settle and the THF-
d& solution was carefully transferred to an NMR tube, making sure no mercury was transferred.
The mixture was analysed with 'H NMR, determining the concentrations by normalization

against 1,3,5-trimethoxybenzene.

6.7.6 Alkene competition

Three stock solutions in THF-d8 were prepared in oven dried 1 mL volumetric flasks: (1) 11-
octyl (37.3 mg, 0.0875 mmol) with 1,3,5-trimethoxybenzene (23.0 mg, 0.137 mmol); (2)
methylphenylsilane (520 uL, 3.74 mmol) and (3) 1-octene (250 pL, 1.59 mmol) and N-al-
lylcarbazole (327 mg, 1.58 mmol). For preparation of the reaction mixtures, the required
amount of the three stock solutions was mixed with an amount of THF-d8 to make the total
amount of added liquid 500 pL. The silane stock solution was always the final addition. The
mixture was then immediately transferred to an oven dried J-young’s NMR tube. After locking

and shimming the sample, the NMR machine was programmed to perform a single scan 'H
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experiment every 2 minutes (every 5 minutes for the 3.5 mM traces). The program was gener-
ally started 7-9 minutes after the addition of the silane stock solution to the reaction mixture.
Concentrations of the observed species were determined by normalizing against the aryl-CH
peak of 1,3,5-trimethoxybenzene (6.06 ppm). The volume was always presumed to be 0.5 mL,
neglecting any changes in volume due to mixing. The concentration at the first measured point
was taken as 0% conversion for both alkene substrates. Stock solutions were stored at -30°C in

the glove box in between measurements.

6.7.7 TEM sample preparation

At the end of the reaction competition NMR experiment, three drops of the reaction mixture
were placed onto a TEM grid. The grid was then allowed to dry in the glove box overnight. For
the sample of pristine 11-octyl, 5 mg was dissolved in 100 pL pentane. From this solution, 3
drops were placed onto a TEM grid. The grid was then allowed to dry in the glove box over-
night.

6.7.8 Study of 11-octyl decompostion

Two stock solutions in THF-d§ were prepared in oven dried 1 mL volumetric flasks: (1) 11-
octyl (11.0 mg, 0.0258 mmol) with 1,3,5-trimethoxybenzene (18.4 mg, 0.109 mmol) and (2)
methylphenylsilane (420 pl, 3.02 mmol). For preparation of the reaction mixtures, the required
amount of the two stock solutions was mixed with an amount of THF-d§ to make the total
amount of added liquid 500 pL. The silane stock solution was always the final addition. The
mixture was then immediately transferred to an oven dried J-young’s NMR tube. After locking
and shimming the sample, the NMR probe temperature was set to 313K and the NMR machine
was programmed to perform a single scan 'H experiment every 2 minutes for the two highest
silane concentrations and every 3 minutes for the two lowest silane concentrations. After the
probe temperature had stabilized, the shimming generally needed to be corrected manually. Any
spectra with mis-shapen peaks due to non-equilibrated temperature or bad shimming were ig-
nored. Concentrations of the observed species were determined by normalizing against the aryl-
CH peak of 1,3,5-trimethoxybenzene (6.06 ppm). The volume was always presumed to be 0.5

mL, neglecting any changes in volume due to mixing. For the 1-octene experiment (Figure
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6.6D), the 1-octene was added neat and its volume was assumed to be 0. Stock solutions were

stored at -30°C in the glove box in between measurements.

6.7.9 Spectroscopic characterisation 1-(2-phenylethyl)

11-OMe (34.7 mg, 0.101 mmol) was dissolved in 500 pL. THF-d§. 58 uL styrene (0.503
mmol) was added. While stirring, 14 pL phenylmethylsilane (0.101 mmol) was then added.
The mixture immediately turned brown-orange. After stirring for 5 minutes, the mixture was

transferred to an NMR tube to record the 'H spectrum.

6.7.10 NMR-followed hydrosilylation of styrene

200 pL of the 11-octyl stock from section 6.7.8. was mixed with 150 pLTHF-d8 and 29 pL
styrene (0.252 mmol). 150 pL silane stock from section 6.7.8. was added and the mixture was
transferred to an oven dried J-Young’ s NMR tube. The NMR probe temperature was set to
313K. The NMR machine was then programmed to measure a single-scan 'H spectrum every
minute. No negative-shift peaks were observed during the reaction other than the one assigned
to 11-octyl. The spectrum displayed in Figure 6.7B is measured at a point where the concentra-

tion of styrene is estimated at less than 1 mM, at the very end of the hydrosilylation reaction.
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