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Abstract

This thesis presents computational studies of some catalytic systems in both organic and
organometallic chemistry using density functional theory (DFT). With these studies, we
show how electronic structure theory such as DFT can complement experimental studies
in elucidating and unravelling complex mechanisms. In Chapter 1, we give an overview
of the theoretical background governing computational quantum chemistry and electronic
structure theories. We then look at how theory is translated to the quantitative study of
chemical reactivity and selectivity through simple transition state theory. Chapters 2 and
3 look at organocatalysis. In Chapter 2, we discuss computational work on the oxidant-
promoted, hole-catalysed cyclobutanation between two unsymmetrical olefins (Scheme
0 (a)). Chemoselectivity (of reacting olefins), regioselectivity and stereoselectivity (of
product formations) were explored. Chapter 3 discusses the mechanistic investigation of
a novel bifunctional hydroxyphosphine catalyst, coupling with terminal phenylsilane
reductant, in catalytic Staudinger reduction of azide to amine (Scheme 0 (b)). Chapters 4
to 7 look at the catalytic C—H bond functionalisations using transition-metal catalysts. In
Chapter 4, we discuss Pd-catalysed 8-selective C(sp®)-H arylation of a-amino acids
(Scheme 0 (¢)). In Chapter 5 and Chapter 6, we look at the mechanisms underlying Pd-
catalysed meta-selective C(sp?)-H allylation using unbiased internal olefin as an allyl
surrogate and alkynylation via inverse Sonogashira coupling using trialkylsilylated
bromoalkyne, respectively (Scheme 0 (d)). In Chapter 7, we look at using different
transition metal catalysts to effect the regiodivergent C(sp?)-H arylation of isoquinolone
(Scheme 0 (e)). Chapter 8 gives some concluding remarks regarding the field of
computational chemistry in organic and organometallic catalyses and some outlook to the

future of chemistry using other computational tools apart from those used in this thesis.
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(a) Oxidant-promoted, hole-catalysed cyclobutanation

Ph Ph ( OAc )
\ / OMe — AcO\|
Me, frans Ar  Me, Ar — Me, frans Ar j—OAc
D’ (2 equiv) (4 equiv) ):l’ DMP = ‘o
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(c) Pd-catalysed 5-selective C(sp®)-H arylation

I :
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(d) Pd-catalysed meta-selective C(sp?)-H allylation and alkynylation

o..,0 :
o, 0 Br—=——SiMe; o, 0 R1\/\/\R1 N s"DG i
DG - DG — = ;’io

X 10 mol% Pd(OAc), 10 mol% Pd(OAc), d :

R 20 mol% Ac-Gly-OH _ i 20 mol% Ac-Nle-OH R __L_ < R, 2

= S 2 equiv AgCO; = 3 equiv Ag,CO; : N _N

sin 2 equiv Cu(OAc), H 1 equiv CuF, = : X

1vie N H
exclusive ? 1At dioxane MeCN, 90 °C, 24 h 1 : DG

80°C, exclusive E-selective :

meta-selective

(e) Catalyst-controlled regiodivergent C(sp?)-H arylation of isoquinolone

Ar O [IrCp*Cly]z, 5 mol% W o ) o
R "AgSbFg, 20 mol% N POP, e R
N - + [Arl]X dimethox ethan: |
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Scheme 0. Overview of the organic and organometallic systems studied in this thesis.

Keywords: Density functional theory (DFT), theoretical investigations, calculations,
catalysis, mechanisms, cyclobutanation, Staudinger reduction, C—H functionalisation.
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Never trust an experimental result until it has been
confirmed by theory.

— Arthur Stanley Eddington

Theoretical Background

1.1 Computational Chemistry

Computational chemistry is a branch of chemistry where theoretical study of physics and
chemistry are implemented in computer programs to simulate and understand chemical
reactions that occur both in laboratory settings and in biological systems, using
techniques ranging from kinetics and thermodynamics calculations, electronic structure
analysis and spectroscopy simulations, amongst many others. Within this field, computer
simulations are routinely used to understand and explain chemical reactivity; in some
cases, these simulations can predict remarkable and hitherto unperceived chemical
phenomena.' Today, computational chemistry has become an indispensable tool in
understanding reaction mechanisms in chemical reactions and catalysis.*> The advent
and continued development of computational chemistry has been fuelled by paralleled
development in theoretical methods and computational architecture. We should note that

computational chemistry is different from theoretical chemistry in that it concerns solving
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chemical problems, not directly developing new theoretical techniques. The development
of theoretical methods allows new chemical problems to be studied, whereas calculations
and insights obtained from computational chemistry can pinpoint the limitations of theory

and suggest new areas for further theoretical development.

One of the practical considerations in computational chemistry is that any method
employed to study a chemical system is constrained by a compromise between accuracy
and cost. In general, the more accurate the methodology, or model chemistry, the more
costly it is computationally, although highly parametrised low-cost methods can
sometimes obtain this accuracy. A variety of computational methods are available for the
study of a range of chemical systems of varying sizes to different degrees of desired
accuracy. These methods can be broadly divided into quantum mechanical methods and
classical mechanical methods. Quantum mechanical methods aim to understand the
electronic structure of a chemical system and include ab initio methods based entirely on
solving the governing equations in quantum mechanics, without any experimental data
input; semi-empirical methods include additional parameters from empirical data for
better speed/accuracy in the study of large systems. For even larger systems and where
dynamical effects are important, classical mechanical methods based on numerically
solving the Newton’s equations of motion are employed. Examples of popular quantum
mechanical methods include density functional theory (DFT) methods and examples of
classical mechanical methods include molecular mechanics (MM) — a form of empirical
potential governing the interactions between the atoms of a molecular system — used in

molecular dynamics (MD) simulations.



1.2 Quantum Mechanics

As all endeavours in science, quantum mechanics (QM) developed when existing theory
could not adequately explain the experimental observations. Classical mechanics provide
the physical laws governing the motion and properties of macroscopic systems. However,
a series of observations made in the 19" and 20" centuries concerning systems of atomic
and subatomic scale could not be reconciled with classical laws. These observations, such
as the discovery of cathode rays (Faraday, 1838), the black-body radiation problem
(Kirchhoff, 1859) and the photoelectric effect (Hertz, 1887), called for new theoretical
framework governing phenomena at the atomic scale. In 1900, in a radical proposal, Max
Planck first suggested that the energies emitted by an atomic system come in discrete
values, i.e., they are quantised. Then in 1905, in an attempt to explain the photoelectric
effect, Einstein proposed, in consistency with Planck, that light is made up of discrete
particles, later on termed photons, with quantised energy. As the development of QM
progressed, it became clear that not only is light quantised, but also are electrons and
atoms. Early contributions from de Broglie, Schrodinger, Heisenberg, Born and others

underlie the foundations of theory for modern computational chemistry.

1.2.1 The Schrodinger equation

A chemical system can be described exactly by the time-dependent Schrodinger equation

(TDSE):

HU(X,t) = ih%\l!(X,t) (1.1)

where H is the Hamiltonian operator, whose measurements yield the total energy of the
system; W(X,¢) is the time-dependent wavefunction of the system, whose squared

modulus, |¥(X,t)|? = U*(X,)¥(X, t), gives the probability density of finding a particle
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at position X (X is a collection of positions of electrons, at r, and nuclei, at R) at time ¢.
For time-independent physical and chemical properties, the solution of the time-

independent Schrodinger equation (TISE)

HU = EU (1.2)

is desired.

This is an eigenvalue problem where the eigenfunction is the wavefunction of the system,
W, and the eigenvalue is the energy of the system, £. The solution of the TISE cannot be
obtained exactly except for the simplest, single-electron systems. For a multi-electronic
system with N electrons, at position vectors r;’s, and M nuclei, at position vectors R4’s,

the Hamiltonian of the system, in atomic units, is given by

Ff:—ilvz—i 1 Vi—iM ZA+iil+i§IZ“‘ZB (13)
=12 ' 4=t 2Ma im1 A1 1A 55 T AZ1Boa Ras .

where 74 = |r; — Ra| is the distance between it

electron and A™ nucleus,
ri; = |r; — rj|is the distance between i electron and j electron, Rap = |Ra — Rp|is
the distance between A™ nucleus and B™ nucleus; M, and Z, are the atomic mass and
charge of nucleus 4, respectively. The five terms in the total Hamiltonian represent,
respectively, the kinetic energy of the electrons, the kinetic energy of the nuclei, the
Coulomb attraction between the electrons and nuclei, the electron-electron repulsion and

the nucleus-nucleus repulsion. Thus, the total Hamiltonian operator can be written as a

sum of the operators for each of these separate contributions, viz.,

A A

H:Te+Tn+Vne+‘7zae+Vnn (14)



1.2.2 The Born-Oppenheimer approximation

The full Hamiltonian for a molecular system given in Equation (1.3) makes the TISE in
Equation (1.2) difficult to be solvable without a number of approximations; the presence
of electron-nuclei interactions, V,,., makes the Hamiltonian inseparable into electronic
and nuclear degrees of freedom. One of the most fundamental approximations employed
is the Born-Oppenheimer (BO) approximation.® The validity of this approximation rests
on the fact that the mass of a nuclei is much larger than the mass of an electron (1 a.m.u.
= 1836 m.), such that their motions can be separately treated. Within the BO
approximation, the nuclei of the system are considered ‘“clamped” in positions; the
electrons move in this “clamped-nuclei” framework. By having the nuclei fixed, the
nuclear kinetic energy (second term of Equation (1.3)) can be neglected (7}, = 0); in
addition, the nucleus-nucleus repulsion can be considered as a constant at fixed nuclear
positions R (Vnn = Vun(R)). With these simplifications, the Hamiltonian in Equation

(1.3) becomes

A N 1 N M ZA N N 1

H=— E §V12 — E E . + g E ?“_ + Van (1.5)
! —1 A—1 1A i—1 i>q Y
1= 1= = 1=1 3>

which is the Hamiltonian describing the motion of N electrons in the field of M fixed
nuclear charges. The constant nucleus-nucleus repulsion, V.., is frequently neglected
since it is just a constant within the BO approximation and that adding a constant to a
quantum operator just shifts the eigenvalues and does not change the eigenfunctions, i.e.,
the representation of the system is unaffected. The electronic Hamiltonian is then given

by



N N Mo, NN
A o 2 A
Ha==2 gVi-2. 2 S 420 o (19
=1 i=1 A=1 =1 5>
such that the electronic Schrodinger equation is now
HaV(r,R) = Eq(R)¥,(r,R) (1.7)

where the electronic wavefunction ¥,;(r, R) depends on the positions of electrons and
the fixed nuclear coordinates. The total energy of the full molecular system, at the fixed

nuclear positions, R, includes the constant nuclear repulsion and is given by

Etot (R) == Eel(R) + Vnn(R) (18)

By varying the nuclear positions and solving the electronic SE, we are able to arrive at
the total energy of the system at different nuclear positions (Equation (1.8)). This total
energy, with parametric dependence on the nuclear positions, provides a potential for the
nuclear motion. This gives rise to the concept of potential energy surface (PES), which
is the electronic energy of the system over the nuclear coordinates, E¢;(R). The nuclear
motion can now be solved, with the nuclear Hamiltonian for the motion of nuclei in the

field of the electrons given by

M

1
nuc:_z 2MA +Eel(R)+Vnn(R>:_Z 2MAVA+EtOt(R> (19)
and with the nuclear SE given by
f{nuc\ynuc - Eq}nuc (110)



The BO approximated total energy is given by £ from Equation (1.10). As a result of this
separation, the total molecular wavefunction of the system, ¥, can be written as a product

of the electronic wavefunction and the nuclear wavefunction, as
U=V ,V,, . (1.11)
We focus on solving the electronic TISE given in Equation (1.7).

1.2.3 Quantum mechanical measurements

For any physical observable Q, there is a corresponding Hermitian quantum operator Q
giving the measurement of the observable. The Hermiticity of the operator ensures that
the measured physical observable of a system, represented by the wavefunction W, is real,
as is necessary for being physically sound. The mean value of the observable Q in a series
of measurements is given by the expectation value of the corresponding operator Q, via

the formula,
. )|
Q= <Q> _ {ZQly) (1.12)

Therefore, if the quantum operator is the total Hamiltonian, then, the total energy of the
system is the expectation value of the Hamiltonian, given by

, (V| H|D)
E=<H>:W (1.13)

1.2.4 The variational principle

The exact solution of the TISE is possible only for a limited number of systems. In cases
where the exact solutions are not available, we can find approximate wavefunctions to

the system. In many cases, we are interested in the ground state of a system, represented



by the wavefunction 1, with ground state energy Ey. The variational principle asserts
that for an arbitrary trial wavefunction 1) satisfying the boundary conditions for a system,
the expectation value of its energy E provides an upper bound to the lowest eigenvalue

of the Hamiltonian, the true ground state energy Ey. That is, we have

@la) - woliiv)

<~’1/~)> O_W (1.14)

In general, the flexibility of the trial wavefunction can be increased by including in it an
adjustable parameter or parameters, so that the energy of the trial wavefunction can be
further refined by minimising the trial energy with respect to those parameters. The
variational principle (Equation (1.14)) implies that any approximate wavefunction to the
true ground state wavefunction will yield an expectation energy that is higher than or
equal to the true ground state energy; equality is satisfied when the trial wavefunction is

exactly the same as the ground state wavefunction.

1.2.5 Linear variation method and the secular equations

Given that we do not have the eigenfunctions of the true Hamiltonian, we can write the
trial wavefunction 1; as a linear combination of N independent functions {¢; } (often the

atomic orbitals),

N

=) cioi (1.15)

=1

so that Equation (1.14) becomes



() SN S e ol Hls) S cieiy
B = -\ N N - S cre;Si; (1.16)
< )?/)> > 2 (@ilog) ij Ci CiRij
which can be rearranged to

To minimise the energy with respect to the coefficients ¢;’s, we take the partial derivative

of Equation (1.17) with respect to the coefficient ¢, and require that

0B

- — 1.1
Der 0 (1.18)

so that we arrive at

)0 X ~ oc}
e DSt B 50

— EZ [cj0ik + € 0jk] Sij = Z [c;j0ir + € 0jk) Hij

i,§ %,

- E [chsquLchSik] = |:chij+26:Hik:| (1-19)
7 % 7 %

— QEZCjSkj = QZCijj

J J

dc; oc* oc;
LS = E S — L\ H,;:
-I-CZ 8%] J ig |:C] 8Ck +CZ 0%] J

— Z(ij — ESkj)Cj =0
J

where we have used S;; = S;; and H;; = Hj; (due to Hermiticity of the Hamiltonian operator).

Equation (1.19) are the secular equations of the system. In matrix form, this is

(H—- ES)c=0 (1.20)



1.2.6 Spin-statistics theorem and Pauli exclusion principle

Due to the indistinguishability of quantum particles, the exchange of labels on any two
identical particles should preserve the probability density of the system. This observation
is encapsulated by spin-statistics theorem, which states that, in exchanging two identical
particles (both space and spin coordinates), the total wavefunction is antisymmetric (sign

change) for fermions and symmetric (no sign change) for bosons.

Since electrons are fermions, the exchange of two identical electrons requires that the

total wavefunction of the system changes sign, viz.,

A

PU(ry,ry) = ¥(ra,ry) = —V(ry,ry) (1.21)

where P is the exchange/permutation operator. The probability density of the system is
preserved since the probability of finding an electron is given by the square modulus of

the total wavefunction and is thus not affected by the sign change, that is
| (rg,11)* = [T (ry,12) [ (1.22)

The Pauli exclusion principle, which states that no two or more identical fermions can
occupy the same quantum state, follows immediately: if we have two fermions in the
same state (same spatial and spin coordinates), then, r>» = ri= r, Equation (1.21) then
becomes ¥(r,r) = —¥(r,r) = 2¥(r,r) =0 = ¥(r,r) = 0, resulting in no such

wavefunction.

1.2.7 Spin orbitals, Hartree product and Slater determinants

A spin orbital x(X) is a wavefunction for an electron containing a spatial orbital 1 (r),
which is a function of the position vector of the electron at r, multiplied by the spin of

the electron o,,,. The coordinate X is a collection of individual space coordinates r and
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the associated spin coordinates. Mathematically, X(X) = ¥ (r)o,,, where the electron
spin takes either spin up (@) or spin down (f). Each spin orbital can accommodate one
electron, since, no two electrons can have the same four quantum numbers, as a

consequence of Pauli exclusion principle.

For a system with N electrons, we can construct a many-electron wavefunction called the
Hartree product ¥H" (X), which is a product of individual particle wavefunctions, i.e., a

product of spin orbitals. Mathematically,
TP (X) = UM (xq, %2, -+, %) = x1(x1)x2(x2) - - X (Xn), (1.23)

The Hartree product is a mean-field wavefunction where the individual electrons are
assumed to be non-interacting; it is an uncorrelated wavefunction. The Hartree product
suffers the deficiency that it does not conform to the antisymmetry of the overall wave-

function under the exchange of electron labels, i.e., it violates the Pauli principle.

We can obtain the correct antisymmetric wavefunction of the N-electron system, called a
Slater determinant, USP, from the Hartree product, ¥HP, by applying an antisymmetriser

operator, A, to it. That is, we have
¥SD — AgHP — 4 [x1(x1)x2(x2) - xv(XN)] s (1.24)

where the antisymmetriser operator is defined as

N!
~ 1 ~
A= — ou P, 1.2
v/ N ; ' (1.25)

A~

P, is a permutation operator that permutes the coordinates in the Hartree product; o, is

the sign of permutation that is even (+1)/odd (-1) if the number of single interchanges is
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even/odd. Applying the antisymmetriser on the Hartree product leads us to the Slater

determinant, viz.,

X1 (x1)  xe(x1) - xw(x1)

sD 1 X1 (Xz) X2 (Xz) XN (XQ)
G : o (1.26)

X1 (Xn) X2 (xn) o0 XN (XN)

The Slater determinant is correctly antisymmetrised and satisfies the antisymmetry and
Pauli exclusion principles since, for example, exchanging the electron labels for any two
rows or columns results in sign change, and that having any two electron labels the same
results in a vanishing determinant. It can be shown that’ for a single Slater determinantal
description of an N-electron system, the motion of electrons of parallel spins is correlated

(electron exchange) but the motion of electrons of opposite spins is uncorrelated.

1.3  Basis sets

A basis set is a collection of known vectors/functions used to span a vector/Hilbert space.
The simplest example of a basis set is the collection of unit vectors, {% , j’, l;’}, which spans
the Euclidean 3D space. In other words, any vector in space can be represented as a linear
combination of the unit vectors. Similarly, in quantum chemistry, a basis set is a
collection of known functions, usually one-particle functions such as the atomic orbitals
(AOs), used to represent the molecular orbitals (MOs) of a system of interest. The MOs
can be written as a linear combination of AOs where their coefficients can be variationally
determined. In almost all quantum chemical calculations, a finite set of basis functions is
used. If the finite basis set is expanded toward completeness of an infinite basis set, then

calculations using such an infinite basis set are said to approach the basis set limit.
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1.3.1 Slater-type orbitals vs Gaussian-type orbitals
There are two types of basis functions in quantum chemistry. The Slater-type orbitals
(STOs; named after John C. Slater) are similar to the eigenfunctions of the hydrogen atom

and have the following functional form,
X<7nal,m(r7 07 90) - N}/l,m(07 ¢)rn_1e_<r (1.27)

where N is a normalisation constant, Y;,, are the spherical harmonics; the radial part is
given by 7/, with { the Slater exponent that controls the width of the orbital. Note the
exponential dependence on 7. Since the STOs have resemblance to the hydrogen atomic
orbitals, they are naturally good for molecular orbitals. In addition, they have the correct
behaviours at short (R — () and long (R — oo) ranges. However, the evaluation of

integrals using these STOs are difficult and computationally resource-consuming.

An alternative and much more popular type of basis set employed in quantum chemistry
is the Gaussian-type orbitals (GTOs; first proposed by Francis Boys). The functional

forms of the GTOs are given below,

2
ar

Xolo by b2 (T Y5 2) = Naleylvzl=e™ (Cartesian)

2 (1.28)
Xaynl,m (1,0, 0) = NYi (6, <Z5>?“n_1€_ar (Spherical)

where o is the Gaussian orbital exponent that controls the width of the GTOs (the larger
the value of @, the more contracted the GTO is) and /,, /, and /. are non-negative integers.
The sum of these numbers, / = I, + [, + L., is analogous to the angular momentum quantum
number and gives an indication of the type of functions as s-type (/ = 0), p-type (/= 1),
d-type (I = 2) etc. The GTOs have the advantage that they are simpler to handle than

STOs computationally since the calculation of multi-centre electron repulsion integrals
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are easier using GTOs due to the Gaussian product theorem (the product of two Gaussians
at different centres is another Gaussian at a new centre). The GTOs, however, have
incorrect behaviours both at short (R — 0; no nuclear cusp) and long (R — oo; too fast
decay) ranges. To overcome these shortcomings, a number of GTOs (primitives) are
commonly taken as a linear combination to create contracted Gaussian functions (CGFs)

to resemble the STOs as much as possible:
CGF _ ,GTO
X = Zazxi (1.29)

The CGFs are variationally optimised with respect to the Hartree-Fock (HF) energy of
free atoms to produce an optimal set of contraction coefficients and Gaussian exponents
of the primitives, which are then fixed. The optimised CGFs are the used to construct

Gaussian-type basis sets.

1.3.2 Single-¢, multiple-¢{ and split-valence basis sets

A minimal basis set, or single-{ basis set, is one where a single basis function is used for
each orbital in a Hartree-Fock (vide infra) calculation on the free atom. The most common
example of minimal basis set is STO-nG, first proposed by John Pople, where n Gaussian
primitives are used to approximate a single STO. For example, an STO-3G basis function
is a linear combination of 3 primitive Gaussian functions with the coefficients determined
via a least square fit to the single STO. Using this basis set, a carbon atom, for example,
will have only one STO-3G orbital for each of 1s, 2s and three 2p orbitals. This minimal
basis set is generally considered to be insufficient for accurate representation of orbitals

in quantum chemistry.
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To increase the accuracy of orbital descriptions by the basis sets, two or more functions
can be used to describe each type of orbital, giving rise to double-¢ (DZ), triple-{ (TZ),
and quadruple-{ (QZ) basis sets. For example, a carbon atom with DZ basis set will
have two functions for each of 1s, 2s and three 2p orbitals (1s, 1s’, 2s, 2s’ and two sets

of p-functions 2p and 2p’).

In chemical bonding, the core orbitals are only weakly affected whereas the valence
orbitals can change substantially. The majority of chemistry is governed by the movement
of valence electrons. It is therefore more computationally efficient to implement basis set
that allows for a greater flexibility in the valence orbitals rather than the core orbitals.
The split-valence (SV) basis set introduced by Pople aims to achieve this balance of
flexibility and cost. In a SV basis set, single-{ basis functions are used for core orbitals
and double- and higher-{ basis functions for valence orbitals. These SV basis sets are
represented as n-ijG or n-ijkG where n is the number of Gaussian primitives used for the
core shells; the numbers i, j, k£ are the numbers of Gaussian primitives used for
contractions in the first, second and third STO of the valence shells, respectively. The ij
notation is used for basis set of valence double-{ (VDZ) quality (two functions for the
valence orbitals) while the ijk notation is used for basis set of valence triple-{ (VTZ)
quality (three functions for the valence orbitals). For example, the split-valence triple-{
basis set 6-311G uses 6 Gaussian functions to describe the core orbital, and respectively

3, 1, 1 Gaussian function(s) for the first, second, third STO of the valence orbital.

1.3.3 Polarisation functions

The GTOs in the previous subsections are optimised by minimising the HF energy of the
atoms. This gives the basis functions that have the same angular momentum / as those in

atoms. However, during bonding in the formation of molecules, these atomic orbitals are
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distorted. Under these situations, the s-orbital acquires p-character while the p-orbital
acquires d-character and so on. These changes are not satisfactorily represented by the
Gaussian AOs. To account for these orbital distortions upon molecular bonding, functions
of higher angular momentum are usually added. These additional functions are called
polarisation functions and when added to the basis set, is denoted by the letter “P”. Thus,
DZP means double-{ basis set with polarisation functions added. In the Pople-type basis
sets, the polarisation functions are denoted by the parenthesis behind the basis set names,
for example, in 6-31G(d,p) basis set, the notation “(d,p)” denotes that a set of d-orbital
functions are added to the heavy atoms and that a set of p-orbital functions are added to

the H atoms.

The addition of polarisation functions removes the spherical symmetry of the AOs so that
the basis set can give a better description of bonding environment. Polarisation functions
introduce an additional node. For example, when polarisation is added to 1s AO of a
hydrogen atom, a p-function is added; similarly, when polarisation is added to valence p-
orbitals, d-type functions are added to the basis set. For heavy atoms, higher angular
momentum polarisation functions (d, f, ...) may be important. In all calculations where

electron correlation is important, it is necessary to include polarisation functions.

1.3.4 Diffuse functions

For anionic systems or systems in excited states, the electrons are usually loosely bound.
This necessitates an accurate description of the wavefunction towards the tail region.
Diffuse functions, having very small exponents and decaying more slowly with distance
from the nucleus, are included to provide improved description of the tail region. These
Gaussian functions are usually of s- and p-type functions and their inclusion allow better

description of anions, weak bonds (e.g. hydrogen bonds) and calculation of properties
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such as dipole moments and polarizabilities etc. The addition of diffuse functions to a
Pople-type basis set is indicated by “+” in n-ij+G or n-ij++G where a single “+” indicates
that one diffuse s-type and p-type Gaussian functions are added on heavy atoms and a
double “++” indicates that on top of the functions added on heavy atoms in “+” basis set,

an additional diffuse s-type Gaussian function is added on hydrogen atoms.

1.3.5 Correlation-consistent (cc) basis sets

Correlation-consistent (cc) basis sets are widely used basis sets developed by Dunning
and co-workers® ¢ for wavefunction-based calculations. They are primarily designed for
correlated calculations and are optimised using correlated (CISD) wavefunctions. They
are designed to converge systematically to the complete basis set (CBS) limit. These basis
sets are denoted cc-pVXZ (X =D, T, Q, 5, 6, 7...) which means correlation-consistent,
polarised valence, X-zeta basis. Additional set of tight functions with large exponents can
be added to recover core-core and core-valence electron correlation, producing the cc-
pCVXZ basis sets (where C stands for core). A prefix “aug” can be added to show that a
set of diffuse functions has been included for every angular momentum present in the
basis set, therefore, aug-cc-pVDZ for C atom for example, has diffuse s, p, d functions

added.

1.3.6 Karlsruhe basis sets

The basis sets discussed previously are rather expensive computationally (non-linear
dependence) and suffer from basis set incompleteness if a finite basis set is used. The
Karlsruhe basis sets provide an attractive alternative as they are property-optimised
balanced basis sets of quality for all elements up to radon (Z = 86). These basis sets show
similar convergence for SV, DZ, TZ and QZ quality and are more computationally

economical.!”
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Def2-basis sets are examples of segmented contracted basis sets.!®!° These are designed
for all the elements H-Rn for varying flexibility and accuracy. The basis sets are named
def2-SV(P) to def2-QZVPP. They were tested for a set of ca. 300 molecules representing
nearly all elements in nearly all common oxidation states and are designed to give similar
errors for all the elements across the periodic table for a given basis set type. It is
recommended that!® for DFT calculations, one uses def2-SV(P) basis sets to obtain
qualitative results and def2-TZVP basis sets to obtain results close to DFT basis set limit.
For similar accuracies in HF and MP2 and other post-HF calculations, larger polarisation
sets are required and that def2-SVP and def2-TZVPP bases are recommended, for the
above purposes respectively. For first-order property calculations, such as bond energies,

using DFT, def2-TZVPP bases are recommended to approach the DFT basis set limit.!'®

1.3.7 Effective core potentials

For systems involving heavier elements such as those from the third period and beyond
of the periodic table, there is a large number of core electrons for these elements. To reach
a proper description of the valence electrons, a large number of basis functions are first
required to describe the core electrons, which are relatively less important in chemical
reactions. The situation is complicated by the increasing importance of relativistic effects
for heavy elements. To overcome these problems, effective core potentials (ECP), also
called pseudopotentials, are introduced to represent the chemically inert core electrons
and capture the dominant effects of relativity. This has the advantage that the size of the
basis set needed for the molecular description can be significantly reduced. The ECPs
from Hay and Wadt, also called Los Alamos National Laboratory (LANL) ECPs?%2!
(non-relativistic for the first-row transition metals), is an example of popular ECPs in

modern use.
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1.3.8 Basis set superposition error

Calculations of a molecular system using a finite (especially small) basis set are prone to
basis set superposition error (BSSE).?>?* The interaction energy between two monomers
A and B is given by the energy difference between the complex AB and the sum of the
individual energy of A and B. As the two monomers A and B approach each other in the
complex formation, the complex AB can be artificially stabilised as monomer A utilises
the basis functions from monomer B and vice versa. Each monomer is able to access the
basis functions on the other monomer at short, but not long, intermolecular distance. This
differential treatment of monomers at varying intermolecular distances is the source of
BSSE. In the event that BSSE can be eliminated by treating the monomers with same
number of basis functions at different intermolecular distances, the system can still be
subject to basis set incompleteness errors (BSIEs) due to the finite size of the basis set

used.

The Boys and Bernardi counterpoise correction (CP) is commonly used to remove
BSSE.?* Briefly, the BSSE is calculated by additional calculations using the dimer basis
for all species and subtracting the energy difference between the monomer in dimer basis

and the monomer in monomer basis.

1.3.9 Basis sets used in this thesis

We used GTOs throughout this thesis. For systems where small organic molecules are
involved (Chapters 2 and 3), we used a small Pople-type basis set for geometry
optimisation. For example, in Chapter 2, we study the radical cationic system involving
small organic molecules, we used a small basis set 6-31G(d) for geometry optimisation.
For Chapter 3, in the study of hydroxyphosphine bifunctional catalyst, where hydrogen

bonding and proton movements are potentially important, we used 6-31+G(d,p) basis set
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for geometry optimisation. Here we added in diffuse functions for a better description of
hydrogen bonding and additional polarisation functions for the hydrogen atom for better

bonding description of the formation and breaking of O—H and N—H bonds.

For the study of transition metal (TM) catalysed reactions (Chapters 4 to 7), the initial
geometry optimisations were all performed with a small basis set of def2-SVP quality.
The Karlsruhe basis set was chosen as it provides a balanced description of all elements,
up to Rn, on the periodic table. The Pople basis sets were not used as these do not provide
descriptions of elements beyond Kr (such as Pd, and Ir that we use in our catalytic
system). For a finer geometry optimisation, we used a mixture of bases for the description
of these organometallic systems. Typically, a larger basis set, such as def2-TZVPPD used
for the TMs in this thesis, is needed to provide a sufficient description of the d-orbitals.'®
The diffused functions (indicated by the letter “D” in the basis name) are also included

to better describe the second (e.g. Pd) and third row (e.g. Ir) TM p- and d-orbitals.!®

For single-point (SP) calculations, we generally use a large basis set from the Karlsruhe
basis set family, such as def2-QZVPP, which provides a good description for all elements

and yields a good accuracy.

1.4 The Hartree-Fock or Self-Consistent Field Method

The Hartree-Fock (HF) method is central to quantum chemistry. HF commonly serves as
a starting point for more sophisticated methods such as those accounting for the effects
of electron correlation. The underlying idea of HF is that a single Slater determinantal
wavefunction can be used to approximate a multi-electronic system where electron-

electron interactions are treated in an average way.
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1.4.1 Hartree-Fock equations

For an N-electron system, we can use a single Slater determinant of the form in Equation
(1.26) to approximate the ground state wavefunction. We aim to minimise the electronic
energy to find the best spin orbitals using the variational method. That is, we want to
minimise

E() = < = <\I/HF|I:I|\I/HF> if \IIHF is normalised (130)

by systematically varying the spin orbitals {X: }, subject to the constraint that these spin
orbitals remain orthonormal, (xi|X;) = Ji;. Doing this formally leads to a set of one-

electron Fock equations
fixi = e (1.31)

where the Fock operator f i gives the effective one-particle Hamiltonian:

M

fi=hi + VEF = —%V? -> TZj +) (fj(l) ~ ffj(l)) (1.32)
A=1 " J .

The Fock operator is a sum of the core Hamiltonian operator h;,

M

- 1 ZA
h; =—=-V?—
QV, AE—l i (1.33)

and the effective one-electron HF potential operator, ViHF,

‘zHF = Z ( Aj(l) - Kj(l)) (1.34)

J

where J; and K; are the Coulomb and exchange operators, respectively, defined as
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J5 (1) (1)) = <><j<2> ‘i

) D)
) ] (1.35)
B30 () = (62 || @) o)
The Coulomb operator J; accounts for the Coulombic repulsion between electrons and is
local in nature in the sense that it gives the averaged potential due to other electrons at a
point in space and does not depend on other points in space. The exchange operator K;
is, on the other hand, non-local since there does not exist a simple potential that uniquely
define the exchange at a local point in space. The exchange energy accounts for the effects
of electron exchange interactions due to the indistinguishability of identical particles and

results from the antisymmetry of the Slater determinantal wavefunction.

The HF equations are a set of non-linear coupled differential equations in that the Fock
operator fz for one electron depends on the spin orbitals of all other electrons and that
each spin orbitals X: is obtained as a solution of the Fock equation. As a result, an iterative
approach is needed to solve the HF equations. This is done by first proposing a set of
guess orbitals, from which the average HF potential operator VZHF is constructed. The
Fock equations (Equation (1.31)) can then be solved to obtain a new set of orbitals. This
procedure is iterated until the difference between the new orbitals and the input orbitals
falls below a predefined threshold value. As a result, this method is known as the self-

consistent field (SCF) method.

1.4.2 Restricted close-shell, restricted open-shell and unrestricted HF

The presence of electron spins gives rise to different energy expressions for the HF
procedures. In a restricted close-shell HF (RHF), the electron spins are all paired up in
orbitals. It can be shown the energy expression for the RHF single Slater determinantal

wavefunction is given by
22



BT =23 “hi 4+ Y [2(06]) — (44]i5)] (1.36)
% i

where the spin of the system has been taken into account and factored out so that only

spatial orbitals {1); } are used. In the expression,

hii = (i |y (1.37)

is the matrix element of the core Hamiltonian, Equation (1.33), representing the electronic
energy of an electron in spatial orbital i in the combined electrostatic potential averaged

over all other electrons;

@mﬂ=<w®%0)

m@%uﬁ (1.38)

1
Tij

is the Coulomb energy between electrons i and j (labels in parenthesis) in orbitals i and j

(labels in subscripts of the wavefunctions); and that

(i) = <wi<z‘>wj<j>

1 . .

L) (139
Tij

is the exchange energy. Note that the direct Coulomb energy results from pairwise

interactions between all electrons whereas the exchange energy results from the pairwise

interactions between electrons of parallel spins only.

For openshell systems, two approaches are generally adopted. Using unrestricted HF

(UHF), the lowest energy for the single Slater determinantal wavefunction is given by

a+pB 1 a+p 1 & 1 A
B =% hit 5 (i) — 5 Y Gdlid) — 5 D (i) (1.40)
5 ij i Y
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where the a and S orbitals have different spatial parts. The Slater determinant is an eigen-
function of S, but not an eigenfunction of 52. Spin contamination, the artificial mixing
of electronic states of different spins, can lead to inaccurate energies. Techniques exist,
however, to eliminate spin contamination.?>~2” UHF is commonly used to study openshell
systems due to its simplicity, computational efficiency and ease for post-Hartree Fock

method implementation.

Another method for dealing with openshell system is restricted open-shell HF (ROHF).
In this method, electrons are first paired up in doubly occupied spatial orbitals, leaving
unpaired electrons in singly occupied orbitals. The energy expression for ROHF is given

by
E = Z 2hi; + Z[?(izw) — (ij]i7)]

+ Z Romm + % Z[(mmmn) — (mn|mn)] (1.41)

+ Z[Q(mmm) — (im|im)]

where i, j... denote doubly occupied orbitals and m, n... denote singly occupied a
orbitals; the last term gives the mixing between doubly and singly occupied orbitals since
they are chemically distinct. The ROHF picture is chemically accurate in that the
wavefunction is an eigenfunction of the total spin operator 2. In other words, the ROHF
wavefunction does not suffer from spin contamination. However, this method is much
less frequently used than the UHF method in modern quantum chemistry due to its higher
difficulty in implementation and higher computational cost. The ROHF method lacks a

unique effective Fock operator,?® such that the resulting orbitals and orbital energies are
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different depending on the choice of Fock operators, making the physical interpretation

somewhat difficult.

1.4.3 Roothaan-Hall equations

The direct solution of the Fock equations (Equation (1.31)) is non-trivial. In 1951-52,
Roothaan?® and Hall*® independently proposed a method of converting the set of integro-
differential equations into a set of algebraic equations by introducing basis functions
(section 1.3). Taking electron spin out of consideration by adopting the appropriate HF
method, we consider only the spatial orbitals. A set of of K known basis functions or AOs
{¢.(r)} is commonly employed, so that each MO ¥i can be expressed as a linear

combination of these AOs, viz.,
K
i =Y cuidu(r) (1.42)
pn=1

Substituting the above expression into the Fock equations fiXi = €iXi, we have

K K
Z Cidu(r) =i Y | cuitu(r) (1.43)
u=1 p=1

which is equivalent to the following matrix equation for the expansion coefficients:

FC = SCe (1.44)

These are the Roothaan-Hall equations. F is the Fock matrix with the matrix element
= (¢u| f |¢); S is the overlap matrix with the S, = (¢u]¢,) giving the overlap
between the basis functions; C is the coefficient matrix containing the expansion

coefficients c,; € is a diagonal matrix of orbital energies. All these matrices are K X K in
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dimension. The integro-differential HF equations, using the Roothaan-Hall formalism, is

thus converted to standard algebraic matrix equations.

If the set of basis functions used is complete, then the expansion Equation (1.42) would
be exact, and we would be able to obtain the lowest possible variational energy, the HF
limit, within the single Slater determinantal approximation. In practice, however, limited
by computational resources, a finite set of K basis functions is used. For a system of N
electrons, using a set of K basis functions gives a total of 2K spin orbitals, consisting of
N occupied spin orbitals and 2K — N unoccupied, or virtual, orbitals. The single Slater
determinantal wavefunction formed from the occupied spin orbitals is then the best

approximation to the ground state of the system.

1.4.4 Electron correlation

Because the HF potential uses central field approximation, electron-electron interactions
are not directly taken into account and are only treated in an averaged manner. As a result,
there is a finite probability that, within the HF approximation, two electrons will occupy
the same space, which is unphysical. The deficiency of HF theory is that the motion of
an electron can be affected by the motion of other electrons and this electron correlation

is not captured by HF theory. The correlation energy Ecor is defined as

Ecorr = Lexact — EHF (145)

This correlation due to electron-electron interactions is sometimes called dynamical
electron correlation as it results from the motion of these electrons. As the HF is single
Slater determinantal, it also fails to account for non-dynamical correlation, arising from
different determinants contributing similar weights to a system due to their near or exact

degeneracy in frontier orbitals.
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Ecorr 1s always negative as the HF limit, Eyr, is an upper bound to the true ground state
energy, as dictated by the variational principle. Although this correlation energy is
normally only 1% of the total energy, its exclusion can lead to major errors in chemistry.
This is particularly true for cases such as transition metal systems, where the neglect of
electron correlation can result in huge errors. Therefore, methods accounting for electron

correlation are required for high accuracy quantum chemistry.

1.5 Post-Hartree-Fock Methods

To account for electron correlation, it is essential to go beyond Hartree-Fock. Broadly
speaking, two classes of methods can be distinguished — the variational and perturbative.
Variational methods, such as configuration interaction (CI), uses a linear combination of
discrete solution sets whereas perturbative methods, such as many-body perturbation
theory (MBPT), separate the problem into an exactly solvable part and a difficult part

with no general analytic solution as a small perturbation to that solvable part.

1.5.1 Configuration interaction

The configuration interaction (CI) wavefunction is constructed from a linear combination
of Slater determinants called the configuration state functions, that is

Ver = Zcz* |W;) = coVnr + ZCS\I’S + ZCD\I}D + ZCT\DT + ZCQ\PQ T (1.46)
; S D T Q

(3

where the Slater determinants are obtained by promoting electrons from the occupied
orbitals to the virtual orbitals in the reference HF Slater determinant. The number of
electrons promoted determines the nature of these configuration state functions:

promotion of one electron generates the singly excited state functions Vg, and two
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electrons, doubly excited state functions ¥p, etc. The CI coefficients are obtained by
variationally minimising the electronic energy for the ground state:

7|y
FEc1r = min <\IJCI|H| CI>

et 1.47
et <\DCI|KIJCI> ( )

For a given basis set, a full CI (FCI) wavefunction can be constructed by considering all
the configurations that can be generated from the reference Slater determinant and
including them in the calculation. A full CI calculation is highly computationally
expensive due to its poor scaling with the number of electrons and basis functions, it is
thus only achievable for very small systems. For most cases, it is necessarily to truncate
the CI expansion, Equation (1.46), so that only a subset of the determinants is included.
In general, since lower-order excitations are more important than higher-order ones,
hierarchical truncation is used. As an illustration, the CI singles-and-doubles (CISD)
wavefunction recovers ~94.5% of the correlation energy while CISDT with triples

recovers ~ 95.9%. This goes up to 99.9% at CISDTQ with quadruple excitations.

The method above of using a single HF Slater determinant as a reference state function
is called single-reference CI. In systems where a single determinant is insufficient to
represent the ground state due to (near-)degeneracy (source of non-dynamical electron
correlation), a multi-reference C1 (MRCI) wavefunction is necessary. A reference space
consisting of more than one dominant determinant is constructed, from which excitation

determinants are generated from each of the reference determinants.

1.5.2 Many-body perturbation theory

Another systematic approach to recover the electron correlation energy is the many-body

perturbation theory (MBPT). This perturbative method treats electron correlation as a
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small perturbation to the ground state wavefunction; this method is not variational but
size-consistent. The simplest example is the Moller-Plesset (MP) theory?! — an example
of Rayleigh Schrodinger perturbation theory — denoted by MPn where 7 is the order at
which the perturbation is truncated. The starting point for the MP theory are the
eigensolutions of the Fock equations, fz Xi = €iXi. Using MBPT, we wish to solve the

eigenvalue problem for electronic state n:
H|W,)=(Hy+V)|¥,) =E, |¥,) (1.48)
Expanding the wavefunction and energy as power series, we have

(FI(O) + AV) <Z A@'\If;i)) - (Z AiEg“) (Z wgp) =
=0 =0 =0

(Ho + AV) )\I/ﬁ{” F AT 4 > = (E© + AED + X2E@ + ) ’\Ifﬁf” AT 4 >

(1.49)
We choose the reference Hamiltonian to be the sum of the Fock operators,
N
Hy=> fi (1.50)
such that the perturbation is defined as
N
V=H-Hy=H-) fi (1.51)

The zeroth order reference determinant is the HF Slater determinant ¥(9) = Uir.

Equating the different power terms in A in the series expansion of Equation (1.49), we

find that the first-order change in the n'" state wavefunction is given by
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xp52>> (1.52)

and has contributions from each of the eigenstates with m # n. The second order (MP2)

perturbation energy is given by

(1.53)

which is proportional to the square of the matrix element of the perturbation that mixes
the eigenstates m and n (the numerator), and inversely proportional to the energy
difference between eigenstates m and n, showing that the contribution to the perturbation

energy is the largest if the other eigenstates are close in energy to the state of interest.

Although higher order energy corrections can be calculated (MP3, MP4...), they are
rarely used since the MP theory is non-variational and frequently the inclusion of higher

orders, at additional computational cost, does not improve the calculated results.

1.5.3 Coupled-cluster theory

The coupled-cluster (CC) theory, originally proposed for problems in physics, is one of
the most accurate methods that treat electron correlation for practical ab initio quantum
chemistry. It has wide-ranging applications in the study of molecular structures and
properties, excited states and spectroscopy. The basic equations for CC theory have a
rather simple appearance. Instead of using a linear expansion of wavefunctions as in CI,

CC uses an exponential ansatz for the wavefunction, viz.,
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7 PO N 1.
|W>:wﬂﬁ¢@::(1+]ﬂ+§T2+f§T3+~~)|®@ (1.54)

where |®o) is the reference wavefunction, which is typically a Hartree-Fock determinant,
but can also be other wavefunction arising from, for example, CIL. The cluster operator 7’
can be written as a sum of operators that, for an N-electron system, generate single (T1),

double (Tz) and triple (7%), ..., up to N-tuple excitations (Tly),

A

T=T+Ty+T5+ -+Ty (1.55)
in the reference wavefunction. The CC energy, which is not variational, is given by
E = (@] e THeT |®g) = (@0 H|Dp) (1.56)

where 7 = e~ THeT is the similarity-transformed (rotated) Hamiltonian of the system.
The CC energy is a function of unknown amplitudes which can be obtained by solving

the amplitude equation
(B¢ |H|Po) =0 (1.57)

The cluster operator is usually truncated to give different models. One of the most popular
ones is the coupled cluster singles-and-doubles (CCSD)*? where the cluster operator is
taken as 7' = T} + Tb. This CCSD method has the same number of parameters as CISD
but has better approximations as it also accounts for higher order terms using the products
of lower order terms — for example, substituting 7" =T} + 75 in the exponential
wavefunction ansatz Equation (1.54) gives T22 and T23 terms (and others), which
approximately accounts for quadruple and sextuple (and other) excitations, respectively.

For coupled cluster singles-doubles-and-triples (CCSDT), we take 7' = T} + T + T5.

31



As CCSDT is rather expensive, a popular method for improving upon CCSD calculations
is the CCSD(T) method,* which consists of full CCSD treatment with an estimate of the
connected triples contribution by a non-iterative calculation of MBPT. This is frequently

considered the “gold standard” in quantum chemistry.

1.6 Density Functional Theory

The ab initio wavefunction-based methods discussed earlier are rather expensive and are
practical only for systems with a small number of atoms. Density functional theory (DFT)
aims to provide an alternative framework within which the electronic structure problem
is tackled. The central idea behind DFT is that it is not necessary to solve the Schrodinger
equation for the wavefunction of the system (a 4N-variable quantity — 3N spatial and N
spin coordinates — for an N-electron system) to compute the ground state energy, but
rather it is sufficient to express the energy (and other properties) as a functional of the

electron density, which is a 3-dimensional quantity.

1.6.1 Hohenberg-Kohn theorems

The foundations of modern DFT are grounded in two theorems developed by Hohenberg
and Kohn (HK) in 1964.3* The first theorem (HK1) states that the ground state electron
density uniquely determines the external potential, thus the total energy, of a system. This
means that the total energy is a unique functional of the ground state electron density. We
know that the Hamiltonian of a system depends on the nuclear positions {R4} and atomic
numbers {Z4} of the atoms and the total number of electrons, N (Equation (1.3)). It is
quite easy to see that knowing the ground state electron density immediately gives us
these three quantities since, 1) the integral of the density over all space gives the number

of electrons N, viz.,
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/p(r)dT = N; (1.58)

2) the electron density maxima give the positions of the nuclei {R4}; and 3) for any

nucleus 4 at density maximum, the atomic number Z, is given by

= —2Z4p(0) (1.59)

where 7 is the radial distance from nucleus 4, p () is the spherically averaged density. In
words, this means that the radial derivative of the spherically averaged electron density,
at the nuclear position, gives twice the density at the nucleus, p (0), multiplied by the
negative of the atomic number. At this stage, we see that given a known electron density,
one can form the Hamiltonian for the system, solve the Schrédinger equation and thus

determine the wavefunctions and energies of the system:
p(r) = {N,Zs,Rs} = H = U, = E, (and all other properties) (1.60)

The second theorem (HK?2) guarantees that the ground state energy can be variationally
found, provided that we can find an exact energy functional of the electron density £/|p];
it states that any trial density satisfying the boundary conditions delivers an energy that
is an upper bound to the true ground state energy and that the energy is exactly the same

as the true ground state energy only if the trial density is exactly the true density, that is,
Eq = Ey[po] < E[p] (1.61)

These theorems prove the existence of the functional for finding the energies but they do

not prescribe how one can find the functional!
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1.6.2 The energy functional

The electronic Hamiltonian Equation (1.6) contains three terms: the kinetic energy of the

electrons, the electron-electron interactions and electron-nucleus interactions and can be

written as

A

H:T+‘766+VN€

and that the energy functional is given by
Elp] = Tlp] + Vaclp) + Vivlpl = Flpl + [ plo)v(r)ds

where

(1.62)

(1.63)

(1.64)

is the external potential that depends on the system. This term can be trivially evaluated

once the system is specified, that is, once the potential v(r) is known;

Flp] = T[p] + Veelp] = Tlp] + (J[p] + Enclp])

(1.65)

is the internal energy functional or the Hohenberg-Kohn functional that is independent of

the external potential v(r) and is thus universal for all systems (depends only on the total

density). The electron-electron interaction energy functional Ve[p] can be further

separated into the functional due to classical Coulomb interaction, J[p], and non-classical

contributions, E,.[p]. If this functional F[p] were known, we would have solved the SE

for all systems. However, the explicit form of this functional is unknown and this is a

major challenge for DFT development.
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1.6.3 The Kohn-Sham approach

The quest for the universal functional F[p] is not directly in sight. The method of Kohn
and Sham? gives us one way to proceed with practical DFT. The essential idea behind
the KS approach is the introduction of a fictitious system of non-interacting particles that
generate the same density as the true system of interacting particles. In doing so, a special
type of one-particle orbitals {¢; } is reintroduced. The internal energy functional F[p] can

then be written as
Flp] = T[pl + J[p] + Enclp] = Ts[p] + J[p] + Exclp] (1.66)
where the exchange-correlation functional E..[p], given by

Eqclp] = (T'[p] = Ts[p) + (Veelp] — J1p]) (1.67)

2

is a collection of all portions of the total energy that are not exactly known.

In this approach, the bulk of the kinetic energy of the true system can be recovered using

the kinetic energy of the fictitious non-interacting systems, 7s[p], given by
|
Tlp) = =5 D (41 |V i) (1.68)
The electron density of the system is also exactly known in term of these orbitals,
N
2
p(r) = filoil (1.69)

where f; is the occupation number of i orbital.
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To find the set of orbitals {¢;} that minimises the energy functional, we apply the
variational principle and take the functional derivative of the energy functional to arrive

at the Kohn-Sham equations:
1
(—§V2 +v(r) + v, (r) + ch@“)) ¢i(r) = £;¢;(r) (1.70)

The external potential due to the electron-nucleus interactions is given by v(r) in

Equation (1.64); the Coulomb potential v;(r) is given by

vJ(r)z/ ACORE (1.71)

v — 1’|

and the exchange-correlation potential v.(r) is given by the functional derivative of the

exchange-correlation functional F,.., viz.,

(1.72)

The KS equations (1.70) is a set of coupled one-particle Schrodinger equations that can
only be solved self-consistently, as the sum of the potential terms depends on the density,

and thus the orbitals, of the system that we are trying to solve for.

1.6.4 Hartree-Fock vs DFT

The HF method is a single Slater-determinantal approximation to the true ground state
wavefunction and that the HF equations are obtained by optimising the MOs of the trial
wavefunction to get the best energy. DFT is formally exact. The KS formalism is one
approach to DFT that tries to optimise the particle density that maps a non-interacting
system to a physical, interacting system to get the best energy. Thus, to get a property

from wavefunction-based methods, one needs to know the correct quantum operator
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corresponding to that property, but to get the property from DFT, one only needs to know

how that property depends on the density of the system.

The KS orbitals are introduced to reproduce the particle density of the true interacting
systems and have no strict physical meanings, except for the HOMO, whose energy gives
the negative of the ionisation energy.’®=° In practice, however, these KS orbitals have

similar shapes to the HF orbitals, allowing for qualitative analysis.

1.6.5 The exchange-correlation energy

The exchange-correlation energy is commonly separated into the exchange energy and
the correlation energy. The exchange energy results from Pauli Exclusion principle and
arises due to the antisymmetry requirement of the total electronic wavefunction of the
system. It describes the non-classical effect (interactions not due to the electronic charges
but electronic spins) that electrons of parallel spins avoid each other in space. This energy

gives the lowering of total energy due to the presence of this “exchange hole”.

The correlation energy is what remains of the true total energy after taking away the
kinetic and exchange energies. Unlike the exchange energy, correlation energy is more
pronounced for electrons with anti-parallel spins, as these have higher likelihood of
occupying the same region in space. This energy lowering can be understood as the effect
arising from quantum fluctuations of electrons of anti-parallel spins as they coordinate
their movements to minimise their Coulomb energy. The energy difference between the
true kinetic energy and the non-interacting kinetic energy is also a major contribution to

the exchange energy in KS-DFT.
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1.6.6 Density functional approximations

The exchange-correlation functional can be approximated to varying degrees of accuracy,
generally at increasing computational cost. These density functional approximations

(DFAs) can be described as rungs of the Jacob’s ladder (Scheme 1.1).

Heaven of Chemical Accuracy

+ virtual orbitals double hybrids: , wB97X-2, B2PLYP

hybrid GGA: B3LYP, wB97X-V, PBEO

+ exact exchange
hybrid meta-GGA: M06, M06-2X, TPSSh

+ Laplacian of density and

L. . meta-GGA: TPSS, M06-L, THCTC
/or kinetic energy density

+ density gradient

GGA: PBE, BLYP, BP86, PW91

density LDA: GVWN, GPW92

Hartree World

Scheme 1.1. Jacob’s ladder of Density Functional Approximations (DFAs).

The crudest form of approximations is the local density approximation (LDA) which
assumes that the electron density is the same at every position in space (the uniform
electron gas (UEG)). The exchange energy (of the UEG) can be obtained exactly and is

given by

E:PAp] =C / p*/3(r)dr (1.73)

The correlation energy from the LDA is generally obtained by fitting to the results of

accurate numerical quantum Monte Carlo simulations of the UEG (e.g. the correlation
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functional Ey VN [p] due to Vosko, Wilk and Nusair*®). LDA functionals are widely used
in the study of solid-state systems but are considered inadequate for the study of

molecular systems.

To account for the rapidly varying electron densities in molecules, generalised gradient
approximation (GGA) functionals are developed. These functionals take into account the

gradients of the density (thus “semi-local”) and have the general form of
EGS ™ p] = / p(r)exe(p(r), [Vp(r)|)dr (1.74)

Most GGA functionals are constructed as correction terms that are added to the LDA
functionals. These GGA functionals reproduce the LDA functionals in the limit of zero
density gradient. GGAs can give better results than LDAs in predicting geometries and
ground state energies of molecules and solids and in the description of covalent bonds
and systems with weak bonding. However, they are not necessarily accurate due to, for

example in B88 exchange functional, incorrect asymptotic behaviour.

In meta-GGA functionals, the Laplacian/second derivative of the density VZp(r) is
included to improve accuracy. Additionally, the kinetic energy density 7 is also included
as it is numerically more stable and helps to reduce self-interaction error (SIE; vide infra)
present in DFAs. Examples of meta-GGAs include TPSS*! functional. These functionals
have been shown in various cases to perform better than LDAs and GGAs in the study of
molecular properties,**~*° although hybrid GGAs (vide infra) can perform better than pure

meta-GGAs for many applications.

Since LDA and GGA functionals overbind, whereas HF underbinds, another strategy is

to mix in a portion of exact HF exchange to form the so-called hybrid GGA functionals.
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When the same amount of HF is added for all molecular ranges, these are called global
hybrid functionals. The most popular one is B3LYP.**4¢48 This functional has 3
parameters (fitted to empirical data) that control the amount of HF exchange added. The

exchange-correlation has the general form

Eye = BEPA 4 ay (BHY — EYPA) 4 0, AESCA 4 a3 AESSA (1.75)

These hybrid functionals have been shown to be further improvements for molecular and

solid-state properties over LDAs and GGAs, 4434951

Range-separated functionals are a subclass of hybrid functionals. In these functionals,
the inter-electron interaction is divided into a short-range (SR) and a long-range (LR)

part:

1 _1-fot B —wrse(v,712)] | @t B(1—wrsr(7,712)) (1.76)
T12 12 =

where the first term is the SR part described by exchange from (semi-)local functionals
such as PBE and the second term is the LR part described by exchange from HF; o and S
are the mixing parameters and w is the range parameter that depend on the functional.

The general form of the exchange-correlation is given by
Exc = aBYYPTT 4 0BT 4 cAERTT (1.77)

Range-separated functionals include CAM-B3LYP and wB97X-D and are popular for

the study of excited states and other time-dependent phenomena.
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In the next rung of the Jacob’s ladder is the double hybrid GGAs which include the
exchange energy from MP2 to improve the dispersion and exact exchange. Virtual

orbitals are used. The exchange-correlation has the form
Exc = aBERFT + (1 —a)EZY + cAERFT + (1 — ¢)AEET (1.78)

This class of functionals include B2PLYP and ®B97X-2. These functionals have much

higher formal computational scaling than HF.

1.6.7 Dispersion

The failure to capture London dispersion interaction is a major inadequacy in accurately
accounting for thermochemistry, kinetics and non-covalent interactions.>>>* Most DFT
functionals cannot reproduce the long-range London dispersion of the form —Cp /R, but

instead fall off exponentially. Empirical dispersion correction of the form

Céij
Edisp = =D _ faamp (Rij) Tg" (1.79)
13

Jj>i

which is in fact Grimme’s D2 dispersion correction® used in functionals such as ®B97X-
D36, has been widely added to DFT functionals to improve calculations, especially in the
study of systems with weak bonding. The interatomic coefficients Cs; are obtained by
fitting to accurate data and the damping function f4amp is required to ensure R~
convergence at small internuclear separation. More recent developments in the dispersion
correction include the so-called Grimme’s D3 dispersion correction,”” where in addition

to the (unscaled) Cs terms, additional Cs terms are included.
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1.6.8 Self-interaction error

The self-interaction is a spurious interaction arising from the approximate nature of
DFAs.%® In HF theory, the exchange energy is computed exactly, the correlation energy
is absent and the self-interaction is exactly cancelled out. The Coulomb interaction results
from the interaction of two different electrons and this is accurately captured by
wavefunction theory. In KS-DFT, the energy is a functional of single-particle electron
density; the two-electron Coulomb interaction cannot be distinguished from the self-
interaction. The Coulomb energy in DFT results from the interactions of each electron
with the entire electron density, including its own density, thus giving rise to SIEs. SIEs
have been shown to cause inaccuracy in the study of numerous phenomena including
orbital localisation,’®®! ionisation,®>% charge transfer®%® and photoemission3®®%-7!
processes. In DFT development, one generally includes the self-interaction and then tries

to remove it from the Coulomb energy in the exchange-correlation functional.>®

1.6.9 Density functionals used in this thesis

M06-2X.”> M06-2X is a global hybrid meta-GGA exchange-correlation functional. It is
a functional parametrised for non-metals only and has twice the amount of nonlocal
exchange (2X) as compared to similar functional M06 (vide infra) which is parametrised
for transition metal and non-metals. The parametrisation of M06-2X uses 314 data points,
out of a total of 496 data points from bond lengths, vibrational frequencies, vibrational
zero-point energies (ZPEs) and so on. This functional is recommended for applications

involving main-group thermochemistry, kinetics and non-covalent interactions (NCIs).

This is the DFT functional we used for the study of radical cationic system in Chapter 2
of this thesis. M06-2X includes 54% of exact Hartree-Fock exchange (HFX), which was

shown to be in the optimal range of 50%-60% HFX in successful spin density localisation
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of a single hole in a cluster of 64 water molecules.” It has been shown to perform very
well for describing neutral and anionic model system having dispersion and hydrogen-

bonding interactions’*7

and for ionisation energies and aqueous redox potentials of
organic molecules.”® (see subsection 2.3.1 for a detailed discussion on the choice of DFT

functional).

wB97X-D.>® wB97X-D is a range-separated hybrid functional where the inter-electronic
interactions are separated to short-range and long-range interactions controlled by a
separation parameter . This functional, with the inclusion of Grimme’s D2 dispersion
correction, captures weak NCls, such as the attractive London dispersion component of
van der Waals interactions, which can influence the structures and energetics.”* We
applied this functional to study the phosphorus-containing system in Chapter 3, as this
functional has been successfully employed in the study of similar phosphorus-containing

catalytic reaction mechanisms.”’

MN15.7” MN 135 is a recently developed global hybrid meta-NGA (non-separable gradient
approximation; so called since the approximations to the exchange and the correlation of
the energy functional are not separated) functional from Truhlar and co-workers.
According to the developers of this functional, it has greater accuracy than any previously
available ones for a broad range of applications. This functional uses a wide range of
physical and chemical properties, including energies, thermochemistry, reaction barrier
heights, NCIs, excited state energies, and molecular structures, for parametrisation. It has
overall the best performance for both single-reference and multi-reference chemical
systems amongst 83 functionals tested. This is the functional we used for the study of TM
catalysis in this thesis. MN15 was used as it performs better than many others in

predicting TM dimer bond lengths and bond energies (TMBE33 dataset’®*%) and barrier
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heights (TMBH21 dataset®*-%) for reactions involving TMs.”®8788 Its accuracy for barrier
heights are comparable to the popular M06 functional’? employed for the study of TM
catalysis.?® MN15 also performs the best for TM coordination database (WCCR10%7).
In a recent study of tri-copper complex catalysed methane-to-methanol conversion,”®
MNI15 came out the best amongst 31 functionals tested, including TPSS, M06, B2PLYP,
®B97X and ©®B97X-D3. It has been employed in a number of theoretical study of TM

8-103 and spectroscopy!™, giving good quantitative experimental agreements.

catalysis’
The combination of MN15 with ECP basis sets has been shown to perform well for bond

lengths and dissociation energies for bimetallic diatomic molecules.!%

1.7  Solvation Models

Two classes of solvation can be distinguished: the explicit solvation model includes the
individual solvent molecules and considers their molecular detail together with the solute
molecules; the implicit solvation model treats the solvent as a continuous medium within
which the solute molecules are dissolved. Due to the large number of solvent molecules
in a chemical reaction, in quantum chemical calculations, implicit solvation is almost

always the choice of solvation model used.

In the implicit model, the free energy of solvation is given by

AC;solv = ACYYcaV + AC;disp + AGelec (+AGhb) (180)

where AG.,y is the free energy required to create the solute cavity; AGisp is the van
der Waals interaction between the solute and solvent; AGe.. 1S the electrostatic
component due to the charge redistribution and reorientation induced by the polarisation

between solute and solvent; AGyy, accounts for hydrogen bonding interactions. The
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implicit solvation models can differ in the descriptions of the cavity and the dielectric

media and the cavity calculation methods.

Two major classes of implicit models can be distinguished: the conductor-like screening
models and the continuum models. In the conductor-like screening models, the solvent is
treated as a conductor of infinite permittivity.'” Examples of this class include
COSMO!'""7 and COSMO-RS!%10 Tn COSMO, the cavity is based on the solvent
accessible surface and the electrostatic interactions are treated approximately. This model
can be a good approximation for very polar solvents. In COSMO-RS, the “conductor-like
screening model for real solvents”, the COSMO results are additionally augmented with
statistical thermodynamic treatment of the screening charge density on the surface of the

solute.

In the continuum models, a parametrised dielectric medium is used to surround the solute
cavity and represent the solvent polarisation caused by the solute.!*® Due to the mutual
polarisation between solute molecules and the solvent medium, the screening of the
solute’s electrostatic field by the continuum is calculated iteratively. Examples of such
models include polarizable continuum models (PCMs) such as IEF-PCM!'!%-112 and C-
PCM!07:113.114 and the SMx!!1511¢ and SMD!'7 models. In PCMs, the cavity is formed from
the overlapping van der Waals spheres and the electrostatic interactions between the

solute and the polarisation of solvent is obtained by solving the Poisson equation.

1.7.1 Solvation model used in this thesis

For this thesis, we have generally used the SMD model, from Truhlar and co-workers, to
account for implicit solvation effect of the reaction solvents. This model is parametrised

using a training set of 2821 solvation data including 2346 solvation free energies for 318
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neutral solutes in 91 solvents and 143 transfer free energies for 93 neutral solutes between
water and 15 organic solvents. The elements present in the solutes are H, C, N, O, F, Si,
P, S, Cl, and Br. The SMD model employs a single set of optimised parameters (intrinsic
atomic Coulomb radii and atomic surface tension coefficients). This model was found to

118 and was thus used in

be the most accurate in computational redox potential studies
Chapter 2. For other systems, this solvation model is favoured, especially when used in
combination with DFT functionals from the Truhlar group (e.g., M06-2X and MNI15),

since the parametrisation of the SMD parameters are optimised using the functionals

(M05-2X) from the same research group.'!’

1.8 Chemical Reactivity and Selectivity

1.8.1 Transition state theory

In chemical systems, the interesting transitions from the reactants to the products occur
in a very small timescale. These transitions through the transition states (TSs), which are
first-order saddle points on the PES, are rare events. We want to study the rates of reaction
using results from, for example, conventional DFT calculations. Transition state theory
(TST), also known as activated complex theory (ACT), is a method for calculating the
thermal rates of change in such chemical reactions.!!®-12! This theory assumes that there
is a quasi-equilibrium between the reactant molecule and the activated complex at the
transition state in that the redistribution of internal vibrational energies of the reacting
solute and solvent species is much faster than the timescale for bond breaking/formation.
As a result, kinetic theory using Maxwell-Boltzmann statistics can be applied at the
activated complex to study the rates of the conversion of the activated complex to the
products, without re-crossing. TST further assumes that the PES is adiabatic, that is Born-

Oppenheimer separation of the electronic and nuclear motions applies. Within this
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framework, the macroscopic rate constant for the formation of the product is given by the
Eyring equation:

k= kBTTe—AG*/RT (1.81)

where AG* is the activation free energy for the formation of the activated complex.

It is helpful to mention Hammond’s postulate which states that the TS of a reaction
resembles either one of the reactants or the products that is closer to it in energy. Thus,
in an exergonic reaction, the TS is closer to the reactants in energy and thus resembles
the reactants in structure, as usually the case in early-TS formation. Conversely, in an
endergonic reaction, the TS is closer to the products in energy, and resembles the

products, as in late-TS formation.

It is necessary to bear in mind that despite the successes of simple TST to account for the
rates and selectivities of many thermal reactions, TST is only valid under the assumptions
outlined before, and recently there have been studies showing examples where TST is
insufficient to describe the chemical reactions due to the breakdown of the underlying

assumptions,'?>123

1.8.2 Kinetic vs thermodynamic control of reactions

In a chemical reaction where two products are possible from the same reactants, different
sets of products can be formed under different reaction conditions, as first observed in
the formation of both endo- and exo-diastereoisomers in the Diels-Alder reaction between
6,6-pentamethylenefulvene and maleic anhydride, first described by Woodward and Baer
in 1944.'2* The exact outcomes for such reactions are determined by a balance between
kinetic and thermodynamic influences.
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A possible simplified PES for such a reaction is shown in Scheme 1.2. Under kinetic
control, typically at low temperature, the reaction proceeds irreversibly such that the ratio
between the two products, A and B, is solely determined by the difference in the
activation barriers, AAG?, for the rate-determining steps and is quantitatively given,

using simple TST, as the ratio of the relative rates of formation, viz.,

N
@ _ k1 _ (kT /h)e=AGa/RT _ o~ (AGL-AGY)/RT _ ~AAGH/RT (1.82)
[B] k2 (kpT/h)e=ACH/RT ’ '

reactant pool

Product A rO oW
Product B

Scheme 1.2. Schematic potential free energy surface.

We here assume that the Curtin-Hammett principle applies: the reaction complexes in
the reactant pool equilibrate amongst themselves very rapidly, at rates that are much faster
than product formation, such that the lowest energy reaction complex (RC) is taken as
the reference energy zero. In this framework, the activation barrier for the formation of
product A is given by AG*,, taken from the lowest energy RC (RCp here) to the activated

complex, in accordance with the energetic span model.!?
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Under thermodynamic control, typically at high reaction temperature and prolonged
reaction time, the reaction becomes reversible and is under thermodynamic control. That
is, both activation barriers for the product formations become thermally accessible, so
that the product ratio is dictated by the difference in their thermodynamic stabilities,
measured by their difference in the Gibbs energies of reaction, AA, G, and is given
quantitatively by

Al _ Ko = —e_irzA/RT
e~ /r B/RT

[B]

— o—(AG4—AGR)/RT _ ,—AA,G/RT

(1.83)
1.8.3 Conformational sampling and Boltzmann weighting

In many cases, different conformations of the TSs exist that lead to the same product at
the given reaction temperature. In those cases, the ratio of product selectivity is dictated
by all the thermally accessible TSs for the competing product formations. All the rate-
limiting TS conformers are then used for Boltzmann weighting to give the selectivity
ratio. Standard procedures for Boltzmann weighting can be found in, for example,

126

Equation (2) of reference'?® and the SI of reference'?’. Specifically, the selectivity

between two products A and B is calculated via

N —AAGE | /RT
[A] Zz eAall confs, A € OZ’A/

) 1.84)
> N ~AAGE. L /RT (
[ ] J gall confs, B € OJ,B/

where AAG%Z-’ x = AGf’ x — AG% is the energy difference between the i conformer of

product X (X = 4, B) and the lowest energy conformer of all products, state 0, having the

lowest activation barrier of AGE.
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Time is all you have and you may find one day that
you have less than you think.

— Randy Pausch, The Last Lecture

2

SET-catalysed Cyclobutanation

2.1 Introduction

The cyclobutyl ring is a ubiquitous structural motif in natural products and bioactive
molecules.'?*130 Cyclobutanes can be considered useful synthons for 3-membered and
5-membered rings via regio- and/or stereoselective transformations by ring-contraction!3!

13LI32 reactions to form otherwise challenging products. The inherent

or ring-expansion
ring strain in cyclobutane makes its selective cleavage to access both acyclic and cyclic
systems highly amenable. Spurred by the broad synthetic applicability of cyclobutanes,
the field of cyclobutane chemistry research has burgeoned over the past decades.
Although the construction of such 4-membered rings via thermal [2+2] cycloaddition is
symmetry-forbidden based on Woodward-Hoffmann rules, research into other methods

to access this highly versatile motif, with precise chemo-, regio- and stereo-control, has

advanced with unabated enthusiasm. Since the first report of photochemical [2+2]
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cycloaddition to access this 4-membered carbocycle by Liebermann in 1877,!3 the
construction of 4-membered cyclobutyl rings from photocycloaddition of alkenes have

become arguably the most employed technique for cyclobutanation, 34137

(a) Photocycloadditions

(0]
ﬁﬁhv
—_— >
o

(0]

(o]
o hv (0 /« . N
§\ /7 + | 0 — <\/\|: o intermolecular heterodimerisation
o)

intermolecular homodimerisation
Liebermann, 1877

Schenck et al., 1962

(o]

(b) Organocatalysis
o/

OH
/@/\/ o) D_R H @
N t \
HO + J|)LH Hocak 0 Iminium-enamine catalysis
o< Ph

> Nielsen et al., 2016

(¢) Transition metal catalysis

=\= Ni(COD), /
+ o Nickel-catalyzed cyclobutanation
_/= P(O-0-biPh); \ Heimbach and Brenner, 1967

Fed* AN Me

N E— Iron/Cerium-catalyzed cyclobutanation
4+ Bell et al., 1969
S Ce Ar,N Me
Me
(d) Electrocatalysis
T™MS
MeO 1. (\TMS .e MeO,"
1M LiCIO,4/CH;NO, Intermolecular cross-coupling
Chiba et al., 2001
R

R
R - 4-methoxyphenyl

Scheme 2.1. Selected examples for [2+2] cyclobutanation.
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Cyclobutanation can now also be readily achieved via organocatalysis, 4142

134143-145 a5 well as electrocatalysis'** 14 (Scheme 2.1). Until

organometallic catalysis
recently when the synthesis of substituted cyclobutanes can be realised via selective C—
H functionalisations of unsubstituted cyclobutanes,'>%!3* formal [2+2] cycloaddition
remains the main strategy for the synthesis of complex, tetra-substituted cyclobutyl
rings.!>* 157 For the latter strategy, the formation of an unsymmetrical, tetra-substituted
cyclobutane can arise from intermolecular heterodimerisation of two substituted alkenes.
This, however, remains a challenge as a varied mixture of products can result from the
reaction of two alkenes due to a lack of control on homo- and hetero-[2+2]-dimerisation
and the possibility of regiochemical (head-to-head vs head-to-tail) and stereochemical
(cis vs trans) variations. Many examples of both head-to-head and head-to-tail coupled

cyclobutanes exist in biologically active natural products (Scheme 2.2), however, to be

synthetically useful, method development with precise selectivity is required.

(a) head-to-head
O 5 o ©
d"?"b
MeO OMe ¢
MeO oM /@H\« N HN),/@\
© B
OMe r ® d Br

e

Piperarborenine D Sceptrin Argenteoside A

(b) head-to-tail Hogé:HK; o] Ocl)-IH

¢ 9 0 T .

° §)L ND CN Jk; © Lok

CN = Q o o Q J NO RO Q
[} 0) (o 0

Dipiperamide A Nigramide P Argenteoside B

Scheme 2.2. Selected examples of cyclobutane-containing biologically active substances arising from

head-to-head and head-to-tail coupling of alkenes.

Radical cations constitute an important class of intermediates for a variety of chemical

syntheses due to its versatility in forging C—C and C-X bonds.!**"1®3 The formation of
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radical cationic starting material is achieved via single-electron transfer (SET) where an
electron is removed from a neutral substrate, creating a “hole” in the system. This process

can be mediated using transition metals, either by itself'**!%+-166 or coupled with

167 168-171

organic'®’ or organometallic photoredox catalysts; it can also be mediated by
oxidants, such as aminium radical cationic salts.!’> In this last approach, powerful
oxidants are typically necessary, but these can easily decompose or induce undesirable
side reactions;'’*~!7° they can also adversely impact the environment and human health.
Due to these limitations, the use of oxidants for SET-initiation and catalysis of
cyclobutanation is very much underexplored compared to photochemical means. To
overcome some of these problems, Donohoe and co-workers reported an elegant study
where a mild hypervalent iodine oxidant was employed to promote radical cationic
cycloaddition of different alkenes to rapidly access unsymmetrical, tetra-substituted
cyclobutyl rings.'*%!76 The regio- and stereochemical outcomes of their reported mild
oxidant-promoted, SET-catalysed heterodimerisation of two unsymmetrical alkenes
present an interesting avenue for detailed mechanistic study (Scheme 2.3 (a)). In
particular, we note that these stereochemical outcomes are rather similar to those obtained
by Bauld and co-workers in their pioneering study of triarylamine radical cation catalysed
cyclobutanation from the homocoupling of internal, unsymmetrical alkenes (Scheme 2.3

(b)). Note that in all these products, only the so-called “head-to-head” cyclobutanes are

observed.

The detailed mechanism of intermolecular radical cation cycloaddition has been probed

177-180 172,181-183

experimentally, where both stepwise and concerted, asynchronous
pathways have been proposed. The prototypical SET-catalysed homodimerisation of

electron-rich 4-methoxystyrene, a terminal alkene, has been computationally studied by
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(a) Donohoe’s hypervalent iodine catalysed heterocyclobutanation
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(c) Wiest’s computational study of electron-transfer catalysed cyclobutanation

OMe
Ar Ar
radical cation mediated D’ + E(
electron-transfer catalysis %
A

Ar Ar
trans cis

trans favoured thermodynamically by AAE = 3.7 kcal mol’
cis favoured kinetically by AAEY = 4.1 kcal mol™

Internal Energy E calculated at CPCM(water; € = 81)-B3LYP/6-31G(d)//B3LYP-6-31G(d)

Scheme 2.3. Stereochemical outcomes from (a) homo- and (b) hetero-coupling of electron-rich alkenes
under single electron transfer (SET) catalysis and (¢) computational studies of prototypical cyclobutanation
from methoxystyrene, a terminal alkene. Note that in all these cases, only the head-to-head regioisomers

are formed.
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Wiest and co-workers where a stepwise mechanism was suggested.!8* Following this
study, Metzger and co-workers in 2008 detected a distonic (where charge and radical sites
are separated) radical cationic intermediate via extractive electrospray ionisation mass
spectrometry, lending direct support to the stepwise mechanism.'®> In Wiest’s
computational study, however, the employment of a terminal alkene as a model system
gives a straightforward stereochemical outcome — using the exchange-correlation B3LYP
functional, they reported that the cis-adduct is favoured kinetically by an activation
barrier AAE? of 4.1 kcal mol™! whereas the trans-adduct is favoured thermodynamically
by a reaction energy AAE of 3.7 kcal mol! (Scheme 2.3 (¢)). Although the comparative
thermodynamic stability agrees with Bauld’s study of homodimerisation of trans-
anethole at different temperature (Scheme 2.3 (b)), it is now well known that B3LYP can
lead to poor results for thermochemistry, kinetics and non-covalent interactions due to its
lack of dispersion description and the inherent presence of self-interaction error
(SIE).>*!186-191 Tn addition, the molecular origins of the intriguing stereochemical
outcomes in the homo- and hetero-[2+2] formation of tetra-substituted cyclobutanes are
not immediately obvious from that study. We herein report a theoretical investigation into
the origins governing the chemical reactivities and selectivities effecting the observed
stereochemical outcomes in the heterodimerisation of two unsymmetrical, electron-rich

alkenes under oxidant-promotion (Scheme 2.3 (a)).

2.2 Computational Methods

DFT calculations were performed with Gaussian 09 rev. D.01.'°> Geometry optimisations
were carried out using the hybrid meta-GGA functional M06-2X7? within the unrestricted
formalism using the Unrestricted Kohn-Sham (UKS) theory, with the Pople-type double-
¢ split-valence basis set 6-31G(d).!*® For the hypervalent iodine oxidant, a mixed basis
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set of LANL2DZ?? for the Iodine atom and the 6-31G(d) basis set for all other atoms was
used. Minima and transition structures on the potential energy surface (PES) were
confirmed as such by harmonic frequency analysis at the same level of theory. Intrinsic
reaction coordinate (IRC)"*!% analyses were carried out to connect the proposed TS
structures to correct minima. The eigenvalues of the spin operator S? after annihilation of
spin contamination were found to range from 0.750 to 0.751 for all radical cationic
structures, in agreement with the expected value of S(S+/) = 0.75 for a doublet
wavefunction, indicating that spin contamination is not a problem for the present
methodology. Single point corrections were carried out with M06-2X functional using
the Karlsruhe-family polarised triple-{ def2-TZVPP basis set.!®196197 The SMD
continuum solvation model'!” was included to account for the effect of implicit solvents
acetonitrile (MeCN) and hexafluoroisopropanol (HFIP) on the computed Gibbs energy
profile. HFIP is a versatile solvent in organic synthesis, especially in its role in stabilising

radical cations!76:198:199

and promoting single electron oxidation when combined with
hypervalent iodine reagents'#®!7®, making its computational parametrisation within the
SMD model important for general use. Since HIFP solvent is not available in the list of
default/pre-defined solvents in Gaussian 09 software, it is herein parametrised using a set
of seven parameters.!!” These include the static dielectric constant of the solvent at 25°C
(Eps = 16.7);19°72%1 dynamic dielectric constant — the square of the refractive index value
of 1.275 at 20°C was used?*? (EpsInf = 1.625625); hydrogen bond acidity (HBondAcidity
= 1.96) and basicity (HBondBasicity = 0.00),"”° which are Abraham’s 4 and B values
respectively; the surface tension of the solvent at interface (SurfaceTensionAtinterface =
23.23);293294 carbon aromaticity — the fraction of aromatic carbons (CarbonAromaticity

= (.00) and electronegative halogenicity — the fraction of halogens (Electronegative

Halogenicity = 0.60). These parameters were specified using the keyword “SCRF =
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(SMD, Solvent= Generic, Read)” in Gaussian 09. All Gibbs energies were evaluated at
313.15K and were corrected for zero-point vibrational energies at the same level of
theory. These values were further corrected by applying the quasi-rigid rotor harmonic

oscillator (quasi-RRHO) for the vibrational entropies, as described by Grimme,?%

using
a free-rotor approximation for anharmonic vibrational modes below 100 cm™' and a rigid
rotor harmonic oscillator approximation above this wavenumber.?® The free energies
were further corrected using a standard concentration of 1 mol L', which was used in
solvation calculations. The solvent-corrected SMD(HFIP)-UMO06-2X/def2-TZVPP//
UMO06-2X/6-31G(d) values are used for discussion. Molecular structures, non-covalent

interaction plots and spin density plots were visualised using PyMol software.?’” Unless

otherwise stated, all energy values are quoted in kcal mol and bond distances in A.

Geometries of all optimised structures (in .xyz format with their associated energy in
Hartrees) and an associated README file have been deposited online and made freely

available (DOI: 10.5281/zenod0.3370470). All Python scripts used for data analysis have

been made available - https://github.com/bobbypaton - under a creative commons CC-

BY license.

2.3 Results and Discussions

2.3.1 Choice of DFT functional and solvation model: initial considerations

The Becke-3-parameter hybrid generalized gradient (GGA) with Lee-Yang-Parr (LYP)

exchange-correlation functional (B3LYP) has been used on several occasions for the

computational study of cycloaddition reactions of radical cationic systems,208209

However, the shortcomings of B3LYP are well documented, and qualitative failures have

186

been reported in the descriptions of organic mechanisms'®® and geometry optimisation

and enthalpies of formation of alkanes.!®”!® The lack of medium- and long-range
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electron correlation in B3LYP and other (semi-)local functionals results in the failure to
capture London dispersion interactions, and this is a major inadequacy in accurately
accounting for thermochemistry, kinetics and non-covalent interactions.’* Perhaps more
critically for the present study, the well-known self-interaction error (SIE) inherent in
B3LYP leads to excessive hole (positive charge) delocalisation, as shown in single-

electron oxidised DNA bases,'®"1%!

rendering the results for SET-catalysed radical
cationic systems obtained using this functional some degree of uncertainty. The aromatic

rings in our system suggest that non-covalent interactions (NCIs) could be important in

understanding the reaction mechanism.

It is therefore important to use a functional that reduces SIE and at the same time
accounting for non-covalent interactions. The M06-2X functional from the Truhlar group
can achieve both outcomes. Its functional form contains many free parameters that are
empirically fit to broad sets of experimental data including non-covalent interactions.
Additionally, the inclusion of 54% of exact Hartree-Fock exchange (HFX) in M06-2X
has been shown to be within the optimal range of 50%-60% HFX in successful spin
density localisation of a single hole in a cluster of 64 water molecules.”® Importantly,
MO06-2X has been shown to perform better than B3LYP functional for describing neutral

74,75 and

and anionic model system having dispersion and hydrogen-bonding interactions
for ionisation energies and aqueous redox potentials of organic molecules.”® More
recently, M06-2X has been successfully applied to study cyclisation and cyclobutane
formations.?!%212 We later on showed that M06-2X gives the best estimation of redox

potentials of our starting materials trans-anethole, 1a, and frans-B-methylstyrene, 1b,

amongst various functionals considered (see subsection 2.3.3).
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The understanding of experimental oxidation potentials of neutral organic compounds is
extremely telling of the feasibility of an oxidation reaction in a single electron transfer
process. Quantum chemical benchmarking of measured redox potentials have been
extensively carried out for neutral and ionic organic compounds using various implicit
solvation models.?’*??2 These studies identify the principal source of error as the
solvation free energy of the oxidised radical cations.?'*??222> A judicious choice of
solvation model not only can accurately estimate the oxidation potentials of our starting
molecules, but also lend confidence to our energy profile for our reaction mechanism in
various solvent systems. Of several popular implicit solvation models (SM8,'' SMD,?!8
C-PCM, 107113114 TEF_PCM, 10112 and COSMO-RS!%:19%) " Guerard and Arey!'® found
that SMD model is the most accurate in comparing against experimental solvation free
energies and oxidation potentials for a group of organic compounds including phenol,
anisole, aniline, indole and their derivatives. As anethole is an anisole derivative, our

usage of SMD model for implicit solvation is appropriate.

2.3.2 Conformational considerations

Two possible conformers were found for the starting material trans-anethole, 1a (Scheme
2.4). Conformer 2 is 0.5 kcal mol'! lower in Gibbs energy than conformer 1 in its neutral
form, whereas conformer 1 is 0.5 kcal mol™! lower in Gibbs energy than conformer 2 in
its radical cationic form. For all subsequent calculations, including the calculation of

redox potentials, the lowest form of each was used.

conformer 1 conformer 2

Scheme 2.4. Conformational considerations for frans-anethole.
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2.3.3 Computational electrochemical potentials: benchmarking

The feasibility of radical cation generation in the initiation step and the reduction of the
radical cation product in the termination step is strongly dependent on the electrochemical
potentials of these reacting species. For a reaction between two different alkenes, their
electrochemical potentials directly determine their role selectivity as caticogen (one that
readily forms radical cation under oxidation/SET conditions) or caticophile (one/neutral
species that attacks the radical cation). The calculation of reduction potentials provides a

direct measure of the thermodynamic feasibility of these steps.

Ab initio computations of reduction potentials of various systems have been widely
explored.??4225234226-233 I general, two methods for such calculations exist. For reaction
potential of radical cationic substrate shown in Scheme 2.5, to calculate the overall Gibbs
energy of reaction in solvent, AG;_,,, one can either a) directly calculate the reaction
energies within continuum solvation models, i.e., direct geometry optimisations of both
neutral and radical cationic species in the solution phase, or b) construct a thermodynamic
cycle by separate gas phase geometry optimisations with single point solvation energy of

each species.

AGT,,

N.+ + 67 —_— N
(aq) (aq) (aq)

_AG(S)OZU(NAJF) _AG(s)olv(e_) AG:Olv(N)
T s e —m —» N
9 () AG° (9

gas
Scheme 2.5. Computation of redox potential for the reduction of a radical cation to its neutral form.

We use a thermodynamic cycle here to express AG,., in terms of the free energy of

reaction in gas phase, AGY,,, and the free energies of solvation, AGY,,;,, of the reacting
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species as shown.??22% Since the differences in the redox potentials obtained from both
direct and thermodynamic cycle methods are very small when solvent-induced geometry

) 222
9

changes are small (for example, no change in protonation state upon solvation we

adopt the thermodynamic cycle approach here.

In our calculations, the gas phase energy change, AGY ., is further refined by calculating

the single point energy in gas-phase at a larger basis set (def2-TZVPP) for improved
accuracy.??? The reduction potentials calculated here are adiabatic reduction potentials

(ARP) since the energy is taken from each optimised species, i.e.,
ARP = E(optimised neutral) — E(optimised radical cation). (2.1)
We then have

AG;

ren _AG(S)OZ’U (N.+) - AC:golv (6_) + AGgas(N.+> + AG?OZU (N) (22)

The reduction potential of the reaction is then given by

AG?
Ece - _ rn. E )
1 F SHE (2.3)

We need not consider the free energy of solvation of the electron as their contribution

cancels out when we consider the full reaction against experimentally measured values.??

To decide on the best functional for the present study, we did a benchmarking study on
the reduction potential of our substrates trans-anethole 1a and trans-p-methylstyrene 1b
in MeCN solvent using a number of functionals. The results are given in Table 2.1, which
shows that M06-2X functional gives the best agreement (smallest mean unsigned error)

with the experimental redox potential values amongst 8 functionals tested. This is in
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agreement with a study of both experimental and computational electrochemical
potentials for over 180 organic substrates where M06-2X functional gives an R? value of
0.97 for the correlation between the experimental and calculated redox potentials.?3® We

used M06-2X for all subsequent DFT calculations.

S =9 ¢ (- e = = Q|
t | X |Se |8 |29 |a&a |9 |k
02 |28 |g |52 |8 |%& |2 |g§
-] 1 - = 2 = %
1a| 1484 | 1.184 1.183 10975 | 1.289 | 1.388 | 1.162 | 1.006 | 1.203
1b | 1.984 | 1.621 1.587 |1.430 | 1.709 | 1.815 | 1.604 | 1.461 1.635

“Values are taken from ref.23® where potentials are reported against standard calomel electrode in MeCN
solvent (1.24V for 1a and 1.74V for 1b). These values are converted to be relative to SHE using conversion
constants (+0.244V) in ref.?3” and then reported herein. For computational studies, a value of Egyp =
4.28V in SMD model is used.??>23>238

Table 2.1 Computed reduction potentials of frans-anethole 1a and trans-p-methylstyrene 1b in MeCN

solvent using a variety of functionals. All values are in V.

2.3.4 Computational electrochemical potentials: role selectivity and solvent
effects

The redox potential of the hypervalent iodine oxidant, Dess-Martin Periodinane (DMP,
chemical structure in Scheme 2.3 (a)), was computed at SMD(solvent)-M06-2X/def2-
TZVPP//M06-2X/GenECP(LanL2DZ for I atom and 6-31G(d) for other atoms) where
each of MeCN and HFIP solvents was separately calculated. The results, together with
the redox potentials for our starting materials, are given in Table 2.2. From the table, we
can see that in both solvents, trans-anethole 1a can be oxidised more easily than trans-f3-
methylstyrene 1b to their respective radical cation. For example, in MeCN, the oxidation
of 1a to [1a]"" by DMP has E.;; of -0.122 — 1.388 = -1.510 V and the oxidation of 1b to
[1b]™ has E_,j; of -0.122 — 1.815 = -1.937 V, the latter being much less favourable

thermodynamically (by about 10 kcal mol™!). Thus, 1a will act as a caticogen where it is
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oxidised to its radical cationic form whereas the neutral 1b will act as a caticophile,

attacking the radical cationic [1a]™" in the subsequent cyclobutanation steps.

la 1b 2a 2b DMP ]})IIIT/IIPP-
Expt” 1.484 1.984 - - — _
MeCN 1.388 1.815 1.506 1.917 -0.122 -0.125
HFIP 1.467 1.879 1.596 1.988 0.083 0.147

“Values in MeCN solvent and are are taken from ref.?*¢ as in Table 2.1.

Table 2.2. Computed reduction potentials of substrates trans-anethole 1a, trans-f-methylstyrene 1b, cis-
anethole 2a, cis-B-methylstyrene 2b and hypervalent iodine oxidant DMP and DMP-HFIP complex in
MeCN and HFIP solvents using M06-2X functional.

The (implicit) effect of solvent seems to have a greater influence on the redox potential
of the iodinated oxidant DMP, whose reduction potential becomes less negative (by 205
mV) in HFIP solvent than in MeCN, indicating its greater oxidising strength in the
fluorinated solvent, in agreement with an electrochemical study on the enhanced
oxidising power of phenyliodine(II) diacetate (PIDA) oxidant in HFIP (by 850 mV) than
in MeCN.!7® The molecular origin of that enhanced reactivity was traced to the formation
of a strong hydrogen-bonded PIDA-HFIP complex, as revealed by NMR and HRMS
studies.!”® By including one molecule of HFIP explicitly in our (re-)calculation of redox
potentials of DMP, we found that the computed redox potential of DMP becomes even
more positive, being now 64 mV more favoured than without an explicit molecule of
HFIP for hydrogen-bonding (272 mV more favoured in HFIP than in MeCN solvent).
The DMP-HFIP complex in MeCN solvent has a quite negative redox potential (much
the same as the redox potential of DMP without HFIP additive in MeCN solvent),
indicating that the DMP-HFIP complex is a poor oxidising reagent in MeCN solvent,

consistent with the experimental finding that using HFIP as an additive to the hypervalent
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iodine oxidant (PIDA) in MeCN solvent does not lead to significant cyclobutanation

product formation (< 5% yield).!"®

We can now see that the formation of radical cationic [1a]"* can be more easily achieved
in HFIP solvent (with an overall E_;; of 0.147—1.467 =-1.320 V) than in MeCN solvent
(overall Eoy of -0.122 — 1.388 = -1.510 V), by ~ 4.4 kcal mol’!, suggesting a potential
influence of the fluorinated solvent on the initiation step (SET) of the cyclobutanation
reaction (for example, HFIP could help in the stabilisation of the resultant radical
cation!7®19819%) ‘This SET step is expected to be endergonic, as reflected by the overall
negative electrochemical cell potential; the weakly oxidising iodinated reagent is
employed to ensure that only a small amount of radical cation is produced in situ to avoid

dimerisation and any further oxidation to dications.!76-23%-240

2.3.5 Reactivity and selectivity between frans-anethole and frans-p-methylstyrene
(P1)

For the reaction between trans-anethole 1a and trans-pf-methylstyrene 1b (reaction P1)
as shown in Scheme 2.3 (a) i), we know that 1a will be preferentially oxidised by DMP
via SET to give radical cation [1a]"* which then adds to the neutral alkene partner 1b.
The concerted mechanism is ruled out as no productive TS was found. For the stepwise
mechanism, both head-to-head and head-to-tail cyclobutanes are possible. In addition,
syn- and anti-adducts could be formed depending on the orientation of the reacting
alkenes when they approach each other. The Gibbs energy profile corrected at the reaction
temperature of 40°C is given in Figure 2.1. All possible conformations of the rate-
determining TSs were considered (Figure 2.3) and the lowest energy conformers were
used. We can see from Figure 2.1 that the head-to-head TSs (ts1 and ts1’) have lower

activation barrier than head-to-tail TSs (ts1-g1 and ts1-g2), by at least 4.7 kcal mol™! (1

65



in 410, using simple TST), although the radical cationic and neutral cyclobutyl rings are
very close in energy. This suggests that the reaction is under kinetic control, where the
head-to-tail addition is hugely disfavoured. In comparing the head-to-head syn- vs anti-
adducts, we note that the anti-adduct int3n is both kinetically and thermodynamically
favoured than the syn-adduct int3’n. For the last step of reduction of radical cationic
cyclobutyl rings to their neutral forms, although the oxidation of the hypervalent iodine
catalyst (DMP™) is much easier than that of the neutral trans-anethole, the alkene is
present in a large excess so that the radical cationic products would be reduced by neutral
alkene rather than the catalyst. With this in mind, we use neutral frans-anethole as our

source of reductant in the catalytic cycle.

Since the radical reactivity is dominated by the bond strength of the reacting/broken
bonds and the stability of the resulting radical intermediate, we plot the spin density of
the TSs (Figure 2.2) to help us understand this regioselectivity. The distonic radical cation
[1a]™* has the unpaired electron localised on the a-carbon next to the methyl group (Figure
2.1 box), as expected by the resonance structure where the lone pair from oxygen atom
of the methoxy-group of anethole delocalises onto the B-carbon. The attack from the
radical site (a-carbon) to the neutral trans-f-methylstyrene in a head-to-head fashion
leaves the radical on the carbon adjacent to the phenyl ring (ts1 and ts1’, Figure 2.2)
whereas that in a head-to-tail fashion leaves the radical on carbon adjacent to the methyl
group (ts1-gl and ts1-g2, Figure 2.2). The phenyl ring in the head-to-head TSs helps to
stabilise the unpaired electron whereas it is destabilised by the electron-releasing methyl
group in the head-to-tail TSs. Thus, the head-to-head TSs have much lower activation
barriers. From the experimental results showing that only the all trans-product is formed,

we believe that the regioselectivity (head-to-head vs head-to-tail) is kinetically controlled
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[1a]™* tsl ts1’

Figure 2.2. Spin density plots (at an isovalue of 0.02) and the Mulliken spin density values of radical

cationic frans-anethole and relevant TSs.

since the head-to-tail products int3n-g1 and int3n-g2 are close in energy to int3n but not
observed. The electron transfer barrier for the reduction of the radical cationic products
to their neutral form can be estimated using Marcus-Hush theory and it was found that
the barriers are much smaller than any bond-forming barriers in the PES (vide infra,

subsection 2.3.8).

To further understand the steric and electronic factors influencing the head-to-head vs

head-to-tail regioselectivity, we applied the activation strain model**!-244

or equivalently,
the distortion-interaction model?**?* to the TSs for the formation of first C—C bond for
the present reaction (Figure 2.4). As we can see, the energetic penalty to distort the
reacting molecules as they come together in the TSs, i.e., the activation strain or the
distortion energy (in blue), for all 4 TSs are similar; the head-to-tail TSs are disfavoured
due to their less favourable interaction energies (in green) than the head-to-head TSs,

although this is less obvious in the non-covalent interaction (NCI) plots in these TSs

(Figure 2.5).
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tsl

ts1-c2

ts1-c3

13.5% (18.2%)

15.7+ (18.4%)

15.7F (21.2%)

7173¥—

r=2.09 A r=215A r=2.04 A
ts1-c4 ts2 ts1’
18.3%(21.4%) 13.0% (16.2%) 14.6% (17.6%)

r=2.01A r=157A r=2.18A
ts1°-c2 ts1°-c3 ts2’
14.6% (18.0%) 17.6% (20.8%) 12.3%(15.7%)

r=2.10A r=212A r=159A
ts2’-c2 ts1-g1 ts1-gl1-c2
12.5% (16.3%) 19.3% (22.8%) 22.1% (24.8%)

r=1.56 A

r=1.96 A

r=1.81A
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ts1-g2 ts1-g2-c2

20.8% (24.4%) 20.9% (25.6%)

r=193 A r=182A

Figure 2.3. Conformations of all TSs for the reaction between trans-anethole and frans-B-methylstyrene.

Distances of the first C—C bond formation (r) is given.

AEnergy [kcal/mol]

—e— ts1-g1 - ¥-- ts1-g2 —-=- ts1 - - ts1’
40

30F
distortion energy X

2

10F

interaction energy\* X

T T T

3.2 3.0 2.8 26 2.4 2.2 2.0
IRC coordinate [A]

Figure 2.4. The activation strain or distortion-interaction analyses applied to transition structures for both

head-to-head (ts1 and ts1°) and head-to-tail (ts1-g1 and ts1-g2) first C—C bond formation TSs. All energies
are calculated at UM062X/def2TZVPP//UM062X/6-31G(d) and used without any further corrections.

It is worth noting that the Gibbs energies for all radical cationic species in the reaction

are much lower in HFIP than in MeCN solvent (by 3.2 to 5.7 kcal mol ™), indicating the

former solvent’s ability in stabilising the radical cationic species, which is well-

known!76:198.199: the energies for the neutral species (int3n, int3’n, int3n-g1 and int3n-
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g2), on the other hand, do not significantly differ in either solvent system (within 0.2 kcal
mol™). In other words, only radical cations, and not the neutral species, are preferentially

stabilised in HFIP solvent than in MeCN solvent.

tsl ts1’

—1.000 1.000

Figure 2.5. NCI plots for head-to-head and head-to-tail first C—C bond formations TSs.

Formal [4+2] side reaction

For the reaction between trans-anethole 1a and trans-B-methylstyrene 1b (P1), after the
formation of the first C—C bond, the intermediate could undergo different cyclisation to
give competing products. Formal [2+2]-addition gives cyclobutanes discussed earlier. In
addition, formal [4+2]-addition is possible, yielding Diels-Alder adducts. The Gibbs
energy profile for this periselectivity is given in Figure 2.6. For the anti-addition (black
pathways), the stepwise Diels-Alder cycloaddition attacking the ortho-carbon on the

anethole ring (ts2-an) is slightly lower (by 0.4 kcal mol™") than that attacking the ortho-
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- radical cationic pathways neutral species

Figure 2.6. Gibbs energy profile for formally [4+2] Diels-Alder reaction between trans-anethole and trans-

B-methylstyrene. The values in HFIP are given together with values in MeCN in square brackets.

carbon on the phenyl ring (ts2-ph). Both these TSs are, however, higher in activation
barrier (by 2.0 and 2.4 kcal mol™! respectively) than the formal [2+2]-cycloaddition (ts2),
which occurs at 13.0 kcal mol! in HFIP solvent. Similarly, for the syn-addition (blue
pathways), the Diels-Alder addition TSs (ts2’-an and ts2’-ph) are (much) higher than the
cyclobutanation TS (ts2), by 6.2 kcal mol!. These results indicate that Diels-Alder
product formations are much less favoured kinetically than the cyclobutyl product
formations, potentially resulting from the breaking of the ring aromaticity in forming
Diels-Alder adducts. In addition, we note that although the radical cationic ring products
(int3x) are rather close for Diels-Alder addition and cyclobutanation, the reduction of
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Diels-Alder radical cations to their neutral forms are endergonic, with respect to the
starting materials, whereas the reduction of cyclobutyl radical cations to their neutral
forms (int3n and int3’n) are exergonic and thus thermodynamically favourable. Note
that once again, the radical cationic species are much favoured in HFIP than in MeCN
solvent, whereas this HFIP stabilisation is not seen for neutral products (as evidenced by

their rather close energies in both solvents).

, -+t Ar 1., +¥ Ar *1
v’ 'I IE OMe ‘@ \\”‘ﬁ “OMe "
- Ph
Ph t
24.7 ts3.ph 267 te3".an [gg-si] s3-ph 26.1i
ts3-an [29.2] [31.2] : [30.6%]
i 18.5 int4- 27.3 int4’-an 18.2 int4’-ph 26.8
int4-an [23.3] int4-ph [31.8] [22.5] [31.5]
H + Ar 1, 1 d a:
| 20D | A8
Ph 237 “H Ph  oqet H
' 27.4 , , 26.9%
- 28.2 4-ph ts4’-an [26.0% ts4’-ph
tsd4-an  [28.2] tsd-ph 515 [26.0%] P 31.4%
-11.7 ) -13.5 int5’-an -14.9 A -13.5
int5-an [-6.9] int5-ph [-8.8] 1 [-10.2] int5’-ph [-8.6]
P Ar Ar
/@\ OMe m “‘v‘@ OMe ‘\‘.‘&)
Ph 58 76 Ph 55 76
int5n-an [-5.9] int5n-ph [-7 g] int5’n-an  [-5.5] int5’n-ph [-7.8]

Figure 2.7. Gibbs energies for the successive 1,2-H shifts to regain aromaticity of the rings in the Diels-

Alder products. The values in HFIP are given together with values in MeCN in square brackets.

The radical cationic Diels-Alder products formed from [4+2]-cycloaddition can further
undergo two successive 1,2-H shifts to regain aromaticity. The Gibbs energies are given
in Figure 2.7 for completeness. The TSs for 1,2-H shifts are all very high, ranging from
21.6 to 27.4 kcal mol™! and are thus kinetically disfavoured. Thermodynamically, the final

products regain ring aromaticity and are exergonic, although the reduction of the radical
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cationic forms to their neutral species are all uphill; these Diels-Alder side products can
be favoured under thermodynamic control at high reaction temperatures and prolonged
reaction time.

2.3.6 Reactivity and selectivity between frans-anethole and cis-p-methylstyrene
(P2)

We herein similarly investigated the SET hole-catalysed reaction between frans-anethole
1a and cis-B-methylstyrene 2b (reaction P2) as shown in Scheme 2.3 (a) ii). From the
calculated redox potentials for these substrates in Table 2.2, we know that trans-anethole
1a will be oxidised preferentially to cis-B-methylstyrene 2b by the hypervalent iodine
reagent in the fluorinated solvent. The Gibbs energy profile for both head-to-head and
head-to-tail cyclobutanation is shown in Figure 2.8 (conformations were considered and
the results shown in Figure 2.9). The syn-addition (blue pathway) has the lowest
activation barrier, at 15.1 kcal mol!, with ts7’> (second C—C bond formation) as the
overall turnover-frequency determining transition state (TDTS)'?°. The anti-addition
(black pathway) has ts6 (first C—C bond formation) as the overall TDTS, at 17.1 kcal
mol!. The head-to-tail additions are again higher in activation barriers than the head-to-
head barriers due to the unfavourable radical stabilisation in the head-to-tail TSs (Figure
2.10). Energy decomposition of the first C—C bond formation TSs shows again that the
interaction energy is more favourable in head-to-head isomers than in head-to-tail
isomers whereas the distortion energies are similar in all cases (Figure 2.11). We note
that only the trans,cis,cis product int8’n (no trans,trans,cis product int8n) is observed
experimentally. Product int8n is Kkinetically favoured by 2.0 kcal mol! and

thermodynamically favoured by 1.2 kcal mol™! than product int8n.
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ts6 ts6-¢c2 ts7
19.3+ (22.7%) 21.2%(24.6%) 17.4% (21.1%)

r=2.09 A r=212A r=158A
ts6’ ts6’-c2 ts7’
16.1% (21.7%) 21.1% (23.6%) 17.4% (20.3%)

r=2.07A r=197A r=158A
ts6-g1 ts6-g1-c2 ts6-g2
21.3%(25.0%) 26.5% (29.9%) 22.6% (27.1%)

r=1.94 A r=1.81A r=182A

ts6-g2-c2
23.61 (26.9%)

r=1.94 A

Figure 2.9. Conformations of all TSs for the reaction between frans-anethole and cis-B-methylstyrene.

Distances of the first C—C bond formation (r) is given.
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ts6 ts6’

0.035

0.363 0.375

ts6-gl ts6-g2

0.035

Figure 2.10. Spin density plots (at an isovalue of 0.02) and the Mulliken spin density values of radical

cationic TSs for the reaction between trans-anethole and cis-B-methylstyrene.

—— ts6-g1 ==X  ts6-g2 —=  ts6 -l - ts6
40 |

20

total energy

AEnergy [kcal/mol]

interaction energy

3.0 2.8 2.6 2.4 2.2 2.0
first C-C bond length [A]

Figure 2.11. The activation strain or distortion-interaction analyses applied to transition structures for both
head-to-head (ts6 and ts6’) and head-to-tail (ts6-g1 and ts6-g2) first C—C bond formation TSs. All energies

are calculated at UM062X/def2TZVPP//UM062X/6-31G(d) and used without any further corrections.
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The Gibbs energy profile in Figure 2.8 explains the selectivity in favour of the formation
of trans,cis,cis cyclobutane int8’n. Experimentally, however, in addition to this product,
the all trans cyclobutane int3n is also formed in the present reaction. The diastereomeric
ratio of int8’n : int3n is 4 : 1 (Scheme 2.3 (a) ii)). The cycloadduct int3n cannot be
formed directly from the starting materials in the present transformation; two possibilities
could occur to yield int3n: either cis-B-methylstyrene undergoes isomerisation to give
trans-B-methylstyrene before formal [2+2] cycloaddition, or the intermediates after first
C—C bond formation undergo a competitive rotation before the second C—C bond
formation/cyclisation to give product int3n. The isomerisation of neutral cis-B-methyl-
styrene to its trans-form cannot be achieved thermally at the reaction temperature as it
involves breaking a m-bond, which requires an average value of ca. 60 kcal mol! 246247
Alternatively, the isomerisation via hole-catalysed rotation can be achieved more readily
than in the neutral counterpart,>*® however, the higher redox potential of cis-B-
methylstyrene than frans-anethole (Table 2.2) implies the latter would form radical cation
first, which subsequently attacks the neutral cis-B-methylstyrene. Thus, the possibility in

the isomerisation of cis-p-methylstyrene is ruled out.

The free rotations along C—C single bonds for radical cationic systems are known to be
facile and play important roles in reactions as demonstrated by previous studies;'+2%8 the
bond rotations can be more easily achieved in radical cationic species than in their neutral
counterparts.”*® Figure 2.12 shows the energy profiles for the reactions between trans-
anethole 1a and either frans-B-methylstyrene 1b (P1) or cis-B-methylstyrene 2b (P2).
These two reactions are interconvertible via a rotation about C1-C2 bond in the
intermediate after the first C—C bond formation. In the reaction between [1a]** and 1b for

example (P1), at the intermediate int2 after the first C—C bond formation, direct second
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C—C bond formation (ts2, 13.0 kcal mol!) has a much lower activation barrier than the
rotational barrier to access pathways P2 (ts-rot-12, 20.4 kcal mol!), such that only int3n
is formed as the sole product. In the reaction between [1a]™" and 2b (P2), after the first
C—C bond formation, the intermediate int7 can undergo either a direct second C—C bond
formation (ts7°, 17.4 kcal mol™") or a competitive rotational barrier (ts-rot-12°, 18.9 kcal
mol™) to give int2’, allowing the reaction to access pathways P1. This intermediate can
cyclorevert to give [1a]"* and 1b, which subsequently forms int3n as the thermodynamic
product. Note that structures int3n and int8’n are almost isoenergetic and are favoured
both kinetically (by 1.6 — 2.0 kcal mol™") and thermodynamically (by 1.2 — 2.1 kcal mol-

" over int3’n and int8n.

The activation barrier difference of AAG* of 1.5 kcal mol! between second C—C bond
formation/cyclisation and rotation gives a selectivity ratio of 6.8 : 1 under kinetic control;
this is close to the experimentally observed ratio of 4:1. The exact ratio is likely
influenced by dynamical effects in such radical cationic intermediates, shown in a meta-

dynamics study of radical cationic Diels-Alder cycloaddition.?*

Formal [4+2] side reaction

For completeness, the periselectivity for this reaction between trans-anethole 1a and cis-
B-methylstyrene 2b was similarly studied. As previously, formal [4+2]-cycloadditions
giving the Diels-Alder adducts are less favourable than formal [2+2]-cycloaddition. The
comparative Gibbs energy profile for this periselectivity is given in Figure 2.13. The
results are the same as for the reaction between trams-anethole la and trans--
methylstyrene 1b (P1) — the [4+2]-cycloadditions (ts7-ph and ts7’-ph) are much less
favourable, by at least 3.4 kcal mol!, than the [2+2]-cycloadditions (ts7 and ts7°). The

TSs for the successive 1,2-H shifts (ts8-x and ts9-x) are all rather high in activation
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barriers (25.3 — 27.9 kcal mol!) and are expected to be less favourable kinetically,
although the final products int10-x can regain aromaticity and be thermodynamically
favoured, as in reaction P1.

2.3.7 Reactivity and selectivity between cis-anethole and #rans-p-methylstyrene
(P3)

The reaction between cis-anethole (2a) and frans-p-methylstyrene (1b) (reaction P3) is
connected to the reaction between trans-anethole (1a) and 1b (reaction P1) via a rotation
in the C3—C4 bond in the intermediates after the first C—C bond formation (Figure 2.14),
much in the same way that reaction P2 is related to P1 (Figure 2.12). The calculated redox
potential of 2a is lower than that of 1b (Table 2.2) such that 2a acts as a caticogen and
1b caticophile. The Gibbs energy profile for reaction P3 is shown in Figure 2.14, together
with the rotational barriers about C3—C4 bond in the intermediates after first C—C bond
formation. Conformations of TSs were studied and the optimised structures are given in
Figure 2.15. The energy pathways are very similar, in terms of energetics, to those
obtained for the reaction between frans-anethole and cis-B-methylstyrene (P2). The anti-
addition has the first C—C bond formation (ts11, 19.4 kcal mol!) as the TDTS, whereas
the syn-addition has the second C—C bond formation (ts12°, 17.7 kcal mol!) as the TDTS
(Figure 2.14). Again, head-to-head formations are kinetically favoured, by more than 4.7
kcal mol! than head-to-tail formations. The formation of syn-cyclobutyl ring int13’n is
both kinetically (by 1.7 kcal mol'! in HFIP) and thermodynamically (by 3.1 kcal mol! in

HFIP) more favoured than the anti-cyclobutyl ring int13n.

The rotational barrier in the syn-addition intermediate after the first C—C bond formation
(ts-rot34°, 18.4 kcal mol™') is comparable (0.7 kcal mol! difference) to direct second C—

C bond formation in the cyclisation step (ts12°, 17.7 kcal mol™!), such that rotation about

81



AG | kcal mol!

4 Ar 27.6 073t t
N [32.3] [31.9%]
OB wo w5
ts8’-ph
it
5.8 :
: 6.7
10.5] g .
[10.9] - int7 . intg-ph~ . [6.5] |
2.3 inte ;o [21.77] 12.9 -...-int8’n-ph " :
[2.6] | — RIS :
o — [18.8] S p— : Ar
o+ 20 4 H
[1a] +NW¢ int6 intBn-ph .. )
5.1 5.6 m,, : ., .
— 03] * [ N [5.3] g = intSn-ph
[a]™* + 1b “Nar :
0.0 H -7.6
[0.0] : int10n-ph [-7.6]
int7 int7’ 135 % o —
[-8.6] int10-ph _-int10°’n-ph Ar
135 © 76 o
-8 .m_ int10-ph [-7.8] int5’n-ph
radical cationic pathways neutral species radical cationic 1,2-H shift

Figure 2.13. Gibbs energy profile for formally [4+2] Diels-Alder reaction between trans-anethole and cis-f-methylstyrene and successive 1,2-H shifts to regain aromaticity

of the rings in the Diels-Alder products. The values in HFIP are given together with values in MeCN in square brackets.
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C3—C4 bond in int12’ to access the reaction P1 becomes possible. For the anti-addition
intermediate int12, rotational barrier ts-rot34 is 1.8 kcal mol™!' higher than the direct
second C—C bond formation in the cyclisation step. In similar reaction conditions, the
reaction between cis-anethole and trans-p-methylstyrene is predicted to yield a mixture
of cyclobutanes, with int13’n being present as the major product and int13n and int3n
as minor products. These product outcomes are probable and are similar to the product
outcomes observed in the homodimerisation of frans-anethole using triaryl amine radical

cation catalyst pioneered by Bauld and co-workers (Scheme 2.3 (b)).

ts11 ts11-c2 ts12
19.4% (22.8%) 21.3%(24.9%) 17.9% (21.6%)

r=212A r=2.10A r=159 A
ts12-c2 ts11’ ts11’-c2
15.4% (19.0%) 16.7+ (21.5%) 20.4% (22.9%)

r=159 A r=2.00A r=2.05A
ts12’
17.75 (21.49)

84



r=1.59A

Figure 2.15. Conformations of all TSs for the reaction between cis-anethole and frans-B-methylstyrene.

Distances of the first C—C bond formation (r) is given.
Formal [4+2] side reaction

The periselecitivity for this reaction between cis-anethole 2a and trans-pf-methylstyrene
1b was similarly studied. As previously, formal [4+2]-cycloadditions giving the Diels-
Alder adducts are less favourable kinetically than formal [2+2]-cycloaddition. The
comparative Gibbs energy profile for this periselectivity is given in Figure 2.16. The TSs
for the successive 1,2-H shifts (ts13x and ts14x) have activation barriers (20.1 — 23.6
kcal mol!) that are lower than those in Figure 2.13 where the [4+2]-cycloaddition forms
C—C bond to the phenyl ring, although they are still much higher than the cyclobutanation
TDTS. The final products int15x can again be thermodynamically favoured upon

regaining ring aromaticity.

2.3.8 Estimation of electron transfer barriers

In the Marcus-Hush?%23% framework, parabolic energy curves are used to represent the
states of reactant and products. Within the diabatic representation (where the coupling
between the two potential energy surfaces is due to electronic terms), the TS for the
electron transfer (ET) occurs at where the two parabolas cross. It is further assumed that
the two parabolas have the same curvature. With these, the activation energy of the ET,

AG*¥, is given by
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radical cationic pathways

neutral species radical cationic 1,2-H shift

T 4 -
£
= 23.6* .
m ; [27.9%] NA.\_H
: 2t M e
o ) ’ . . s14’-an
9 ts11 15.1 [25.8%] ts12’-an . 3 ) .
p— [18.6] P ts13-an 152
e int12 21785 S [198] 7 dsidan
R :/. — - [25.8%] L ) i 20.1
75 " - % y int14-an [24.3%]
[12.2] # 16.7 N— . . W |
4.9 . S [21.4% int12 *int13’n-an “~ ; : .
_“m‘_”_ int11 .... 12.7 N\ﬂ_\e\\\s\l 101 ; i ",
28] + b7 oy [18.5] Leinti3nan oG o : ! :
a]™ + 18 int11 w87 i i : ) OMe
6.7 29 [9.2] \ ! =z Ph
[11.8] [7.2]int13-an o, \— '
. ’ int14-an b -5.5
o IN7"ome 60 : ol
100] i A [10.4] : int15’n-an = int5’n-an
int13n-an H o _
151 ....:Sm. a _colint1Sn-an . = jnt5n-an
[10.5] 5.8 .
5.5 = [-5.9]
[-10.9] int15-an H OMe
- > < > < > < Ph .

neutral species

Figure 2.16. Gibbs energy profile for formally [4+2] Diels-Alder reaction between cis-anethole and frans-p-methylstyrene and successive 1,2-H shifts to regain aromaticity
of the rings in the Diels-Alder products.
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A AG,
AG; :Z(H X ) (24)

where AG,. is the free energy change of the reaction and A is the reorganisation energy.

The reorganisation energy is composed of two parts, the internal reorganisation energy,
A;, and external polarisation, 4,, i.e., A = A; + A4,. The former term A; describes the
energy associated with geometry changes when going from the reactant to the product
state; the latter term A, describes the energy change due to the polarisation in the

surrounding (solvent) molecules due to the ET process.

In our estimation of the ET barriers, we assume that the geometry change upon electron
transfer is small such that we can ignore the internal reorganisation energy (4; = 0).
Thus, A = A,. Using Marcus equation, the solvent polarisation energy is given by

_ 1 1 1 1 1
Ao = (322 kcal mol 1) {27‘1 + E — E:| : |:€_ - E:| (2.5)
op

where a; and a, are the radii of the molecules involved, R = a; + a, is the sum of these
radii, €,, is the optical dielectric constant (€,, = 2.05) and € is the static dielectric

constant of the solvent. Hence, by calculating the molecular radii of the molecules (using
Gaussian “volume” keyword) involved in an electron transfer process, we are able to

estimate the barrier of such a process using the Marcus-Hush theory outlined above.

For our SET-mediated cycloaddition, we focus on the termination steps. Studies of both

254-256 257-259

organic and inorganic systems in the gas phase revealed fast electron transfer

rates close to diffusion limit. The reaction barriers are thus much smaller than that for the
chemical transformations. It was also shown that the rate of electron transfer in gas phase

is more than 10* times faster than in solvents.?>° We found that the ET barriers are very
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small (0.62—1.84 kcal mol! in MeCN and 0.46-1.65 kcal mol-!' in HFIP) for the reduction
of radical cationic products to their neutral forms for the exergonic reactions. These

calculations show that ET processes occur much faster than bond-forming events.

2.4 Conclusions

We herein employed DFT to study the hypervalent iodine oxidant-promoted single
electron transfer catalysed cyclobutanation via radical cationic intermediates. The
product stereochemical outcomes for the reactions between anethole and B-methylstyrene
were studied. The computed redox potentials of these substrates allow us to predict the
chemoselective oxidation by the iodine oxidant DMP in the heterodimerisation reaction.
The formation of head-to-head regioisomers are more favourable than head-to-tail
regioisomers due to more favourable interaction energies and radical stabilisation

whereas distortion are similar in these TSs.

The stereochemical outcomes for the reaction between two unsymmetrical ¢rans-alkenes
are relatively simple, with no competitive diastereomeric product formations, apart from
the major isomer, due to the highly unfavourable rotational barriers in the intermediates
after first C—C bond formation, so that diastereomeric pathways are not accessible. On
the other hand, in the reaction between a trans-alkene and a cis-alkene, the rotational
barriers in the intermediates after first C—C bond formation are comparable in energy to
direct second C—C bond formation in the subsequent cyclisation step, allowing the
formation of products that are normally formed from the reaction of two alkenes of trans-
geometry. In addition, anti-addition (giving trans-geometry across the first C—C bond
formation) is favoured when the reacting alkenes are both of frans-geometry whereas

syn-addition (cis-geometry across the first C—C bond formation) is favoured when one of

88



the reacting alkenes is of cis-geometry due to comparable rotational barriers to second

C—C bond cyclisation. These calculations agree well with experimental observations.

We have herein shown that the radical cation-mediated cycloaddition is predominantly
influenced by electronic factors and is under both kinetic and thermodynamic controls.
The regioselectivity for head-to-head over head-to-tail isomer formations is likely under
kinetic control, as both these neutral 4-membered rings have rather close energies. For
the head-to-head isomers (syn- vs anti-adducts), although the major isomer is favoured
both kinetically and thermodynamically, the product selectivity is likely controlled by
thermodynamics of the neutral products since the experimentally observed product
distribution agrees better with the thermodynamic energetic differences rather than the
kinetic activation barrier differences. The understanding of this mechanism opens up
some possibilities of experimentally controlling the chemoselectivity, periselectivity,
regioselectivity and stereoselectivity in oxidant-promoted SET-catalysed, radical cation-
mediated heterodimerisation of electron-rich alkenes in accessing complex, tetra-
substituted cyclobutyl rings. Using computational calculations of redox potentials of
different alkenes and understanding their inherent steric and electronic properties, we
envisioned that intermolecular heterodimerisation of different alkenes can be efficiently

controlled, with precise chemical selectivity, to efficiently access cyclobutanes.
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Everywhere is walking distance if you have the
time.

— Steven Wright

3

Hydroxyphosphine-catalysed
Staudinger Reduction

3.1 Introduction

“Ohne Phosphor, Kein Gedanke.” Indeed, phosphorus chemistry is of central importance
in a wide range of organic and biochemical processes. Phosphorus-based compounds,
such as phosphine and its derivatives, have played important roles in transformations such
as Appel,’®® Mitsunobu,?®!292  Wittig,26>-264 aza-Wittig?®>2®¢ and Staudinger?6>-26¢
reactions. In particular, the Staudinger reduction is one of the most important and widely

used methods to convert organic azides into primary amines.?¢’

In a classical Staudinger
reduction (Scheme 3.1 (a)), an organic phosphine, typically a triarylphosphine, reacts
with an azide to give an iminophosphorane, or phosphazene, with a concomitant

evolution of dinitrogen gas. The P(V) iminophosphorane intermediate can later be

hydrolysed using water to yield the primary amine and the highly stable phosphine oxide
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with a very strong P=0 bond (the P-O single bond strength is about 142.4 kcal mol™! in
the gas phase?®® and the P=0 double bond is expected to be much higher). This method
has the disadvantage that a stoichiometric amount of phosphine reagent is required for
the amine generation and the highly stable phosphine oxide, whose regeneration is not

always easy, is obtained as a by-product. In addition, the separation of the amine product

from this mixture is not always easy.?¢%-270

(a) The classical Staudinger reduction

-N, + H,0
R-N; + PPh3 ————>» Ph;P=NR ——> R-NH, + Ph;P=0

X stoichiometric PPh; reagent X difficult separation X difficult regeneration of PhsP

(b) Redox-driven catalytic Staudinger reduction

PhSiH;
Ar/ \
X slow reduction of iminophosphorane
+H,0
Ar7 \Ar R-NHSiH,Ph ——— > R-NH,;

(work up)

van Kalkeren et al. (2012): dibenzophosphole (5 mol%), PhSiH3, 101°C
Lenstra et al. (2018): PPh; (3 mol%), poly(methylhydrosiloxane) PMHS, 106°C

(¢) This work: hydroxyphosphine bifunctional catalyst

Ph| PPh;
/ Ph
v fast reduction of aminophosphorane

Ph,P R-NHSiH,Ph

Reaction conditions: hydroxyphosphine cat. (10 mol%),
phenylsilane (1.5 equiv.)
toluene, r.t., 1-8 hr

Scheme 3.1. Various methods for performing Staudinger reductions.

To reduce the amount of stoichiometric phosphine oxide waste and to provide an atom-
and step-economical way to access the primary amines from organic azides, van Kalkeren

and co-workers in 2012 first reported a catalytic Staudinger reduction, where a phenyl-
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silane was used as a reductant to reduce the iminophosphorane intermediate generated in
situ, thereby sustaining the catalytic P(III)/P(V) cycle (Scheme 3.1 (b)).?’! The direct
reduction of iminophosphorane by silane forms Si—N bond, which is highly sensitive to

water272:273

and can thus be reduced easily in subsequent aqueous work-up to yield
primary amines. In this way, there is no need for in situ water, which is incompatible with
most reductants. Without any water present in the reaction, the formation of phosphine
oxide is negated so that facile product separation can be achieved. In addition, this method
was shown to give excellent yields and high functional group tolerance. However, the
silane reduction of the P=N bond in the iminophosphorane was shown to be the rate-

determining step and could be rather slow,?’! as evidenced by the relatively high reaction

temperature (101°C) required.

Following this report, various methods have been developed for the catalytic Staudinger

reduction. These have focused on the in situ reduction of either the phosphine oxide?’*

276 or the iminophosphorane intermediate?’” formed. To overcome the unfavourable
reduction of stable iminophosphorane and/or phosphine oxide, our experimental
collaborators (the Denton Research Group at the University of Nottingham) envisioned a
o>-P(V) intermediate that can be formed from the o3-P(V) iminophosphorane
intermediate by the action of a bifunctional phosphine catalyst having a tertiary hydroxyl
group (Scheme 3.1 (c)). It was reasoned that the reduction of the aminophosphorane P—
N bond by the phenylsilane would be easier than the corresponding reduction of the
iminophosphorane intermediate P=N bond. This would then open up a new ¢*-P/c>-P
catalytic cycle,?’® thereby giving rise to a faster and potentially more efficient catalytic

Staudinger reduction. We herein performed computational investigations to understand

the mechanisms involving this novel bifunctional hydroxyphosphine catalyst.
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All experimental work was performed by our experimental collaborators and all
computational work was performed by the present author under the supervision of Prof.

Robert Paton.

3.2 Computational Methods

3.2.1 Density functional theory (DFT)

DFT calculations were performed with Gaussian 09 rev. D.01.'°> Geometry optimisations
were carried out using the range-separated double-hybrid functional wB97X-D?¢ with the
Pople type split-valence Gaussian AO basis set 6-31+G(d,p).!”> Minima and transition
structures on the potential energy surface (PES) were confirmed as such by harmonic
frequency analysis at the same level of theory. Intrinsic reaction coordinate (IRC)!*419
analyses were performed to connect reacting species at both ends of any transition state.
Single point corrections were performed with a polarized triple-{ def2-TZVPP basis
set!®196.197 yging either wB97X-D or the global hybrid functional M06-2X"2. The SMD
continuum solvation model'!” was used to include the effect of toluene on the computed
Gibbs energy profile. Gibbs energies were evaluated at 298.15 K, using a quasi-RRHO

205.206 and corrected at 1 mol L' as in Chapter 2. The

treatment of vibrational entropies
computed SMD(toluene)-wB97X-D/def2-TZVPP//wB97X-D/6-31+G(d,p) values are
given together with the SMD(toluene)-M06-2X/def2-TZVPP// wB97X-D/6-31+G(d,p)
values in square brackets. These two sets of values agree very well and unless otherwise

stated, the former set of values is used for discussion. Unless otherwise stated, all energy

values are quoted in kcal mol"' and bond distances in A.

Chemical shielding tensor calculations were carried out to confirm the experimental
assignment of reaction intermediates by comparing against experimental '*C, 'H and 3'P
chemical shifts (CSs).?”® These are performed using the Gauge-Including Atomic Orbitals
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(GIAOs)?®® method with the Gaussian keyword “nmr = (GIAO,Mixed)” in either gas or
solvent phase. Linear scaling parameters were applied to relate the computed isotropic

tensor to the experimental CS. See subsection 3.3.11 for a detailed discussion.

Non-covalent interactions (NCIs) were analysed using NCIPLOT?8! calculations. The
win files for NCIPLOT were generated at the same level of theory as geometry
optimisation. NCI indices calculated with NCIPLOT were visualised at gradient
isosurface value of s = (.5 au. These are coloured according to the sign of (A2)p over the
range of —0.1 (blue = attractive) to +0.1 (red = repulsive). All molecular structures and
molecular orbitals (MOs) were visualized using PyMOL software.?’” Unless otherwise

state, all MOs were plot at an isovalue of 0.05.

Geometries of all optimised structures have been deposited online and made freely

available (DOI: 10.5281/zenodo.3560475).

3.2.2 Molecular dynamics (MD)

Conformational sampling of the hydroxyphosphine catalyst (in 1a-eq and 1a-ax forms)
was performed using GROMACS molecular dynamics package (version 5.1.4)282-287
with optimised potential for liquid simulations (OPLS-AA 2005) forcefield?82%,
Forcefield parameters were generated using Schrodinger Maestro software (ffId_server
utility, version 14).2© The atomic charges required for evaluating non-bonded
electrostatic energies were calculated using restrained electrostatic potential (RESP)
scheme.?!?2 RESP charges were fitted to HF/6-31G(d) electrostatic potential using
Ambertools18.2%3 Simulations were performed in explicit toluene solvent whose topology

was obtained from virtualchemistry.org.?*#?*> Protocols used are similar to those in

references®?%. Briefly, the catalyst was first centred in a cubic box having 3D periodic
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boundary conditions (PBC) with a species-boundary distance of 15 A. A 1 nm cut-off
was used for both Van der Waals interactions and the particle mesh Ewald method.?*’
Linear constraint solver algorithm (LINCS)**® was used for simulations. System
temperature was kept constant using the velocity rescaling method,”®® with a time
constant of 100 fs. Pressure was kept constant (NPT ensemble) at a value of 1 bar and
compressibility of 4.5 x 10 bar!, using Parrinello-Rahman barostat,>***°! with time
constant of 2 ps. The system was first minimised by steepest-descents method for 5000
steps. Initial random velocities were drawn from the Maxwell-Boltzmann distribution at
173K. The system was equilibrated at constant volume (NVT), with 1 fs timestep and
heavy atom position restraints for 200 ps. The system temperature was raised gradually
(173K, 223K, 298.15K) to that required for the NPT production run (room temperature).
The system was then equilibrated for a further 400 ps under constant pressure (NPT) with
2 fs timestep. At this stage, the temperature, pressure and volume of the system were
verified to have stabilized. NPT production run was then carried out for 100 ns, with a
time step of 2 fs. Trajectories from the NPT production run were used for analysis by
calculating the RMSD between frames (gmx rms) and clustering (gmx cluster) using a
cutoff of 1.5 A with the GROMOS algorithm?*?> in GROMACS program. The centre

structure of each cluster was taken as possible conformers of the catalyst.

3.3 Results and Discussions

3.3.1 Conformational considerations
Two major conformers for the bifunctional catalyst (1a-eq and 1a-ax) were found using
DFT. These are shown in Figure 3.1 Top, together with their computed phosphorus NMR

shifts (see subsection 2.3.8). The TS for the interconversion between the conformations
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of hydroxyphosphine catalyst 1a-eq and 1a-ax could not be found by DFT, we suspect

these conformers can interconvert but it involves a composite of small rotational barriers.

DFT Structures

la-eq

la-ax

HO
Ph

Ph

op =-15.1 ppm

op =22.9 ppm

AAG = 0.0 [0.0] kcal mol!

AAG = 6.4 [7.1] kcal mol!

Clusters from MD simulation using 1-ax as a starting point
X
R~
o
—
93.4% 5.1% 1.5% <1%
Clusters from MD simulation using 1-eq as a starting point

/.-

%/
Y

v\
/
>

—

~N

l’\

-~

90.7%

9.2%

<1%

<1%

Figure 3.1. Top: Two forms of hydroxyphosphine catalyst, their optimised structure and relative energies.

Bottom: Middle structures from each cluster in MD simulations of hydroxyphosphine catalyst and their

weight percent.
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We thus performed a quick MD simulation, with explicit solvation, at room temperature
to show that this interconversion is possible (Figure 3.1 Bottom). From the MD analysis,
we can imagine successive facile rotations about single bonds that allow interconversion
between la-ax and la-eq. The structures from the MD results were further optimised
using DFT to yield structures for NMR computations, with Boltzmann weighting. The
more thermodynamically stable conformer 1a-eq dominates. The reaction of the lower
energy conformer 1a-eq is discussed. See subsections 3.3.6 — 3.3.7 for a discussion of the

reaction of the higher energy conformer of the catalyst 1a-ax for completeness.

3.3.2 Main reaction energy profile involving equatorial catalyst 1a-eq

The overall Gibbs energy profile is given in Figure 3.2. The lowest conformer of the
bifunctional phosphine catalyst (1a-eq) is used as a reference. The computed reaction
mechanism proceeds via the formation of P-N bond at the azide terminal nitrogen atom
(tsl-eq, Figure 3.3). This addition step is promoted by the presence of a stabilising
hydrogen bond between the catalyst hydroxyl group and the incoming azide. The
formation of a hydrogen bond at the N3-position makes the terminal N-atom more
electrophilic (as electron density is pulled away from this site) and thus more susceptible
to the attack by the nucleophilic P-atom of the catalyst (see later for comparison to the
methoxylated version of the catalyst and the classical triphenylphosphine PPhs catalyst,

which do not have any assistive hydrogen bonding for this step).

The azide approaches the phosphine P-atom in a cis-geometry, consistent with earlier
theoretical studies.>**=% The subsequent loss of N> gas occurs with concerted cleavage
of N-N and N-P bonds (ts3-eq, Figure 3.3) with an activation barrier of 24.8 kcal mol™'.
This is the rate-limiting step for the iminophosphorane formation, broadly consistent with

room temperature reactivity (rapid evolution of N gas in under 1h, ca. 22.0 kcal mol’!

98



66

*K1001]} JO [9A9]

(dP)D+1€-9/A-XL6AY//ddAZL-TJP/[XT-90N]A-X L6 ®-(SUan]o)) IS Je UONOLal [[eIA0 3y} 10J (;7T [OUW [ PUB D,GT 1B PaldaLiod) sajyold AZ1ous sqqi) “7°¢ dn3Lg

uopjew.o} auesoydsoydouiwe

auesoydsoydouiwe jo uononpai auejisjAuayd

uonjew.oy auesoydsoydouiw

uopjewoy puoq N—d

be-.015)
ua PNW
g=N “q
] ...u..:n. d
SINHN?HISUd {IN—
bo-o o __n_o (N—3W
/ﬁ . 1aL Y
627 ™\ be-sui 8.5._ ba- L L3ul ' H
770 \m— 719" e e
e LUl EHISud /~ o loegl [t9g-]
S T 6'SG-
e . be-
..._ow-N Lul HMM _F‘_ ....................... MHE_,
CYES [z'2] ,
{1gs- VLT A
B dy _ ‘ba-gjur €H1 "
; T isud o /be-gyur SHisud
; &7 o-,015} S
; ESnCon eyl E8Y]
; ud ¥ ! 661
; : 88y
[1-6€l O~j i
| L !
N P koo
y BS2El S opee] 125z
ST C AN S R
...... — be-
be-gs) :“mm«
H
ud , .
; | H \_.__w_E \ ,1S%Hud
d-. DA
S T “N—aI
dd N\ o
O--y t “H

(d'p)O+1€-9/a-X 269/ ddAZL-239P/[XZ-90IN]a-X2L6G™-(duan|O}) QNS :19A3] LA

d e Aijowoab [eipayenyay

ba-3ul

ba-zjui ;n_/ \

:u/@ k)

d—N ud g

i N o N
ud | A\ Coe

o N, H X

TRECh puog-H

].
Iba-gyup -, be-zul
" 0] R
o 821
LS
ud
\ o
“N N =
4 ud -_‘ S
o N 3
\ o 9
; " W 5

uoljew.oy puoq N—d pajsisse puog—H



experimental barrier). The formation of iminophosphorane int4-eq is highly exergonic

and therefore irreversible, driven by the entropically favourable loss of dinitrogen gas.

In a classical Staudinger reaction, the presence of water reduces the iminophosphorane

to give an amine and phosphine oxide. To be catalytic, the phosphine species has to be

regenerated from the phosphine oxide, where a strong P=O bond has to be reduced,

usually by an external reductant. Phenylsilane has been employed in such fashions to

reduce phosphine oxide to phosphine, thus sustaining the redox-driven P(III)/P(V)

catalytic manifold.?70-274-276,306-310

la-eq

1a-ax

6-eqH

6-axH

intl1’-ax

Figure 3.3. Selected optimised structures with their key geometry parameters. Bond distances are given in

black in A, angles are given in °. Where appropriate, NBO charges are given in red (first row).
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Our bifunctional catalyst with a hydroxyl group in the close vicinity of the iminium N-
atom presents interesting possibilities. Without phenylsilane, the iminium N-atom can
easily deprotonate the hydroxyl proton (ts10’-eq, with a low activation barrier of 7.1 kcal
mol ™), as the resulting alkoxide attacks into the P=N double bond, giving a c°-P
aminophosphorane (intl1’-eq, Figure 3.3), which is exergonically downhill. Amino-
phosphorane int11°-eq is 1.4 kcal mol™! lower in energy than the corresponding int11°-
ax that has the electronegative amine group axial at the P-centre (Figures 3.3 and 3.13),
despite the apicophilicity of the N-atom, due to favourable hydrogen bonding present in
intl1’-eq (see subsection 3.3.4 for the pseudorotational TS connecting these two

configurational isomers and their respective reduction by phenylsilane reductant).

In the presence of phenylsilane, the P-N bond of this 6°-P aminophosphorane could be
reduced to yield the silylamine product. Different mechanistic possibilities for this step
were considered (Scheme 3.2). The concerted reduction of the P-N bond in the amino-
phosphorane intermediate (Scheme 3.2 (b)), via hydride transfer either to the phosphorus
centre (ts12-eq via a 4-membered TS, or ts12’-eq via a 6-membered TS with the help of
one additional amine molecule) or to the N-atom in an umpolung fashion (ts12u-eq) all
occur with relatively high reaction barriers (Figure 3.4) with ts12-eq, having a barrier of
33.3 kcal mol’!, being the most likely TS by which the reduction of aminophosphorane

P—N bond by the phenylsilane occurs (vide infra).

The stepwise reduction of the P-N bond was also considered (Scheme 3.2 (c)). Although
the TS structure for the stepwise phenylsilane reduction of aminophosphorane could not
be found, the charge-separated phosphonium silanehydride ion-pair is 34.0 kcal mol!
higher than the turnover frequency-determining intermediate (TDI) intl11’-eq so that the

formation of stepwise reduction intermediate would require a barrier at least this high,
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Scheme 3.2. Mechanistic possibilities for the phenylsilane reduction of iminophosphorane (a) and of aminophosphorane (b-f).
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making this stepwise mechanism less competitive as compared to the concerted reduction

of P-N bond in the equatorial aminophosphorane ts12-eq, although the subsequent

hydride transfer to the phosphonium anion was found to be almost barrierless.

ts12-eq

ts12-eq-c2

ts12-eq-c3

AG! = -32.5% [-34.0%]

-30.1% [-31.9%]

230.0% [-31.1%]

ts12i-eq-c1

ts12i-eq-c2

ts12i-eq-c3

21.51[-23.21]

21.31[-22.91]

-19.5% [-21.0%]

ts12n-eq

ts12n-eq-c2

ts12n-eq-c3

21.2¢[-22.94]

1.6 [-12.2]

-16.31 [-18.1%]

ts12’-eq

ts12u-eq

ts12z-eq

21.2¢[-22.94]

11,6 [-12.21]

-16.31 [-18.1%]
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Figure 3.4. TS structures for the reduction of the equatorial aminophosphorane P-N bond. Conformers of
TSs are labelled with a suffix of c1, ¢2, ..., etc in order of increasing Gibbs energy. ts12i are the TSs with

a different configuration at the N-centre. All AG* values are given in kcal mol™!.

The alternative reduction of the P-O bond of the aminophosphorane (Scheme 3.2 (d) and
(e)) was considered to see if this would give any TS with lower activation barrier than
ts12-eq (at -32.5% [-34.0%] kcal mol!). No lower TSs were found after computational
sampling of all possible TSs (Figure 3.5); these TSs are at least 5.4 kcal mol™! higher in
barriers than ts12-eq. In some of these TSs (ts120-eq-c1/¢2/c3), the reduction of the P—
O bond seems to occur in a stepwise fashion by first forming a Si—O bond followed by
hydride delivery to the P-centre (Scheme 3.2 (e)), rather than those TSs in a concerted

manner (ts120-eq-c4/c5) as shown in Scheme3.2 (d).

The possibility of reducing the N-H bond with the evolution of hydrogen gas followed
by the reduction of the P-N bond in the resulting intermediate (Scheme 3.2 (f)) was
considered. The TS for the reduction of N-H bond (ts12z-eq, at -16.3 kcal mol!, Figure
3.4) is 16.2 kcal mol™! higher than ts12-eq. Therefore, this pathway is not kinetically

favourable.
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ts120-eq-c1 ts120-eq-c2 ts120-eq-c3

AG=-27.11 [-28.01] 24,51 [-26.31] 21.51 [-24.01]

ts120-eq-c4 ts120-eq-c5
-19.7% [-22.3%] -19.1% [-21.8%]

Figure 3.5. TS structures for the reduction of the equatorial aminophosphorane P—O bond. Conformers and
geometric isomers (inversion about N-atom) of TSs are labelled with a suffix of cl, ¢2, ..., etc in order of

increasing Gibbs energy. All AG* values are given in kcal mol™!.

The pseudorotation between different configurational isomers of the aminophosphorane
and their respective reduction by phenylsilane were considered but no lower TSs were
found (see subsection 3.3.4). The lowest barrier TS for the reduction of the amino-
phosphorane is ts12-eq with a barrier of 33.3 kcal mol!; the negatively charged N atom
(NBO charge = -1.049, Figure 3.6) attacks the positively charged Si (NBO charge =
+0.931) on phenylsilane as the hydride (NBO charge = -0.165) is transferred to the
positively charged P-centre (NBO charge = +1.971). This is consistent with the
HOMO(aminophosphorane)-LUMO (phenylsilane) gap (0.34692 au) and the HOMO of

the reduction TS showing such electron movements (Figure 3.6).
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Phenylsilane (PS) Iminophosphorane Aminophosphorane

+0.253

NBO
charges

HOMO
with
energy /
au

-0.33380 -0.28363 -0.30891

LUMO
with
energy /
au

HOMO(PS)-LUMO gap/ au 0.36136 0.3696
HOMO-LUMO(PS) gap/ au 0.32164 0.34692

Reduction of iminophosphorane Reduction of aminophosphorane

7

Figure 3.6. Top: Optimised structure, NBO charges and FMOs of phenylsilane, iminophosphorane and
aminophosphorane and relevant HOMO-LUMO gaps. Bottom: HOMO of reductions by phenylsilane.
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The other possibility is the direct reduction of the P=N bond of ¢*-P iminophosphorane
int4’-eq by phenylsilane (Scheme 3.2 (a) and the brown energy pathway, Figure 3.2). As
per reduction of aminophosphorane, the reduction of the iminophosphorane occurs as its
N-atom (NBO charge = -1.167, Figure 3.6) attacks the Si-centre on the reductant while
the hydride is transferred to the P-centre (NBO charge = +1.899). This is again consistent
with the HOMO (iminophosphorane)-LUMO (phenylsilane) gap (0.32164 au) and the
reduction TS HOMO (Figure 3.6). The umpolung reduction by the transfer of hydride
from phenylsilane to the nucleophilic N-atom of iminophosphorane is impossible based
on NBO charges and MO analysis. Indeed, this TS (tsSu-eq) has a much higher barrier

(by 13.4 kcal mol!) than ts5-eq (Figure 3.7).

ts5-eq tsSu-eq ts6-eq
AG = -252%[-26.5%] -11.85[-11.8%] -24.1%[-27.5%]

Figure 3.7. TS structures for the reduction of the equatorial iminophosphorane P=N bond. All AG* values

are given in kcal mol™..

The o3-P iminophosphorane intermediate can either be first reduced by phenylsilane (ts5-
eq) followed by the deprotonation of the intermediate (ts6-eq) or first deprotonate to form
the o°-P aminophosphorane followed by phenylsilane reduction. Although the apparent
activation barrier for the reduction of the iminophosphorane P=N bond (from int4’-eq to

ts6-eq, at 31.8 kcal mol™') is lower than the reduction of aminophosphorane (ts12-eq, at
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33.3 kcal mol!) (within less than 2 kcal mol!), the low barrier of aminophosphorane
formation (ts10-eq, at 7.1 kcal mol') implicates that the formation of the amino-
phosphorane from the iminophosphorane is facile, such that the aminophosphorane
int11’-eq will be the TOF-determining intermediate (TDI). Thus, according to the
energetic span model,'*® the true activation barrier for the reduction of the imino-
phosphorane is the energetic span from int11’-eq to ts6-eq, giving a barrier of 41.7 kcal
mol! (Figure 3.2). This indicates that the reduction of the iminophosphorane P=N bond
is more difficult than the corresponding reduction of the aminophosphorane P-N bond
for the present case. In fact, the reduction of the iminophosphorane P=N bond (ts6-eq, at
-24.1 kcal mol!) is 8.4 kcal mol'! kinetically /ess favourable than the reduction of the

aminophosphorane P-N bond (ts12-eq, at -32.5 kcal mol™!).

PhSiH3 ' PhSiH;
_— H _—
( 5 first reduction { 5 H first reduction
H -0 o
P P : H
~o . PhSiH,(OH) : Phrli"'"!’ + PhSiH,(NHR) Ph./..F',
second reduction : Me/ I!’h second reduction H Fl’h
PhSiH(OH), ' aminophosphorane PhSiH(NHR), hydridophosphorane

phospholane oxide phospholane :

third reduction third reduction

Scheme 3.3. Sequential reduction by phenylsilane and its reduction product.

We wonder if the silylamine product PhSiH>NHR from the reaction can better reduce the
aminophosphorane intermediate than phenylsilane PhSiH3, in a similar fashion where the
silanol by-product from the phenylsilane reduction of phospholane oxide (containing a

P=0 bond) can further reduce phospholane oxide substrate®!!

(Scheme 3.3). The energy
profile for the sequential reduction of the aminophosphorane intermediate is shown in
Figure 3.8. We see that the second reduction of aminophosphorane by silylamine
PhSiH>(NHR) (ts12b-eq) has a barrier of 25.1 kcal mol™! that is quite a lot lower (by 8.2
kcal mol!) than the first reduction of aminophosphorane by phenylsilane PhSiH; (ts12-

eq; 33.3 kcal mol™). This is the same as the reactivity trend observed in reference?!!
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PhT? int11’-eq int11’-eq
N
Me/ Ph + PhSiH; T» PhSiH,(NHR) PhSiH(NHR), PhSi(NHR);
aminophosphorane hydridophosphorane 6-eqH 6-eqH
int11’-eq 6-eqH
I first reduction —|— second reduction —|— third reduction —|
]
£ ¥ :
s | Hew o\ | | Hem lo} ¥
]
x | Ph ts12-eq | \;Ph ......
o Me—Ny % o Me—N; P | 1Ph
N PhSI---H Ph "'[-2421'211"‘- PhH?'i---H' Ph Me—,N----Jl"
*oetzeq |4 RHN PhSi-H Ph
! ! s12b-e
i H _? RHN NHR
H -44 4%} ts12c-eq
; ! /4671 —
-58.1 333 % H | ;| -52.35
[57.8] / [32.6] H '.‘ /|[-56.5%}
int12-eq; | Lo il 284 ! ;
oo '_' 65.9 int11’-eq [23.6] % ;
610 | 1[-65.4 i ; /
HEP 04 [ 605 '-, i 521
T """ phsi. : int13-eq }. L7031/ 3 o P |128.4)
int11’-eq 3 int12b-eq . 834 int11 -eg44 ;
TDI 6-eqH 1[-83.5] [-84:9] !
—— .
int13b-eq int12¢:-eq ".‘ 971
1[-98.2]
6-eqH [
int13c-eq

Figure 3.8. Gibbs energy profile for the reduction of aminophosphorane intermediate sequentially by

phenylsilane and its silylamine and silyldiamine variants.

(Scheme 3.3) where the silanol reduction of P=0 bond (second reduction, with a barrier
of 25.2 kcal mol!) is easier (by 4.3 kcal mol™!) than the phenylsilane reduction of the P=0O

bond (first reduction, with a barrier of 29.5 kcal mol™!).

After considering all these possibilities, we propose that the reaction proceeds via the
reduction of the P-N bond of aminophosphorane with a Gibbs energy barrier of 33.3 kcal
mol! (ts12-eq). The silylamine formed can further be used to reduce the P-N bond of
aminophosphorane with a much lower barrier of 25.1 kcal mol! (ts12b-eq), broadly
consistent with room temperature reactivity. Using simple TST, a reaction that occurs at
room temperature under 1 hour has an activation barrier of about 22.0 kcal mol!. The

deviation of about 3 to 10 kcal mol! in this case potentially result from the inadequacies
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in the computational model in describing such class of reactions. For example, the
prototypical Staudinger reduction of PH3 and N3H studied computationally using the
standard model chemistry B3LYP/6-31G(d) reported an overall activation barrier of ca.
40 kcal mol'3% We know that B3LYP exchange-correlation functional, lacking
dispersion, overpredicts activation barrier due to its lack of ability to describe attractive
van der Waals interactions. Although our use of dispersion-corrected ®B97X-D
functional corrects some of these errors, other sources of error such as inaccurate

312

description of the solvation free energy,”'* could result in this discrepancy between

computation and experiment.

We recomputed the reaction energy profile using the relative enthalpies and energies,
with solvent and zero-point energy (ZPE) correction, at the SMD(toluene)-oB97X-
D/def2-TZVPP//woB97X-D/def2-SVP level (Figure 3.9). We first observe that both the
relative enthalpies and the energies agree very well with each other (within 1 kcal mol™!).
Additionally, the reaction profile is not particularly different from the Gibbs energy
profile in Figure 3.2, except that the reaction barriers are now more compatible with the
reaction temperature. We can see from Figure 3.9 that the activation barrier, measured in
relative enthalpy (energy), for the loss of N> gas in the iminophosphorane formation (ts3-
eq, 21.9 (22.0) kcal mol™) is very close to that for the phenylsilane reduction of the
aminophosphorane (ts12-eq, 21.7 (23.2) kcal mol™!"), which are consistent with room
temperature reactivity. We see that the activation barriers for ts3-eq are similar using
Gibbs energy (24.8 kcal mol™!, Figure 3.2), enthalpies and energy, but quite different for
ts12-eq (33.3 kcal mol!), when the dinitrogen gas was “taken out” of the reaction profile.

It is worth emphasising that when the dinitrogen gas is not involved in the energy profile,
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as in the catalyst regeneration (subsection 3.3.3, Figure 3.11), the relative Gibbs energy,
enthalpy and energy profiles all agree with one another, suggesting that the Gibbs energy
profile might be artificially affected by the dinitrogen gas moving in and out of the energy

profile.

3.3.3 Regeneration of catalyst

Following this pathway, we note that only the equatorial form of the hydridophosphorane
6-eqH is formed. However, this species was not observed experimentally; instead only
the axial form 6-axH was observed via experimental NMR. Computations suggest greater
thermodynamic stability for 6-axH (by AAG = 5.1 kcal mol!), potentially due to its better
sterics (the substituents on P-atom in 6-axH are more spaced out, although it is difficult
to see from the NCI plots, Figure 3.10). If interconversions were relatively fast at room

temperature, then 6-axH would be the sole species observed by experimental NMR.

6-axH

Figure 3.10. Optimised structures of hydridophosphoranes with key bond distances given in black and
NBO charges given in red. NCI plots are also shown.

We investigated all possible pathways leading from 6-eqH (Figure 3.11). First, we note
that the relative Gibbs energy, enthalpy and energy profiles agree with each other very
well; all relevant activation barriers have similar magnitudes. Gibbs energy values are
used for discussion. We found that 6-eqH can undergo a facile pseudorotation to give 6-

axH, with a barrier of 24.6 kcal mol-! which is close to its intramolecular reductive elimi-
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(b) Enthalpy and energy profiles for the regeneration of catalyst

Solvent and ZPE corrected relative enthalpy (energy)
DFT level: SMD(toluene)-wB97X-D/def2-TZVPP//xB97X-D/6-31+G(d,p)

< A
5 47.7%
E (-48.6%) -48.8
8 -51.1% ts15-ax (-49.9) ts19-1
= (-50.9) )~ T
= Y . int16-ax . -47.
@ ts18-2 |- === i 48.2%) -48.5%
= A ts18-1 A% ST t
H sns 0 mo @H __ ::': .. :::' :::l Alh.mo v
S A4 U
e (-51.0%) ;
393 f
“ 24.3" ; s .
..\ AwQNV.. AML.WV _.. -73.2 N |Nw,Num //
2 (-73.6) / (-73.5%). A-Wm.wv
11294 Lo GraxH-2. ... Tl N —
; mw.wv {51873 e tasax
6-axH . : . -86.6 Tt
s TTTTTeT 0 S (-87.7) e
805 - -87.0 ; _ [ " 1a-eq
(80.6) /- 878 | ,_”,[_swwmmx. -81.1
DBU int15-ax mowé . (-81.7)
A .
| int17-eq DBU
J catalyst regeneration

pseudorotation to off-cycle 6-axH

Figure 3.11. (a) Gibbs energy profile (corrected at 25°C and 1 mol L!) at SMD(toluene) -wB97X-D[M06-2X]/def2-TZVPP//0B97X-D/6-31+G(d,p) level of theory, and

(b) enthalpy and energy profiles (solvent and ZPE corrected) for the regeneration of hydroxyphosphine catalyst from the hydridophosphoranes at SMD(toluene)-0wB97X-

D/def2-TZVPP//@B97X-D/6-31+G(d,p) level of theory.
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nation (ts19-2, barrier of 26.2 kcal mol™!) for catalyst regeneration. The closeness of these
barriers implicates that the formation of axial hydridophosphorane 6-axH directly

competes with the regeneration of the catalyst 1a-eq.

The pseudorotational barrier from 6-axH to 6-eqH is about 29.7 kcal mol"' (AH* = 29.4
kcal mol!; AE! = 29.7 kcal mol!), making this thermally less accessible at room
temperature. The intramolecular reductive elimination of the axial hydridophosphorane
6-axH was considered. Although the axial-axial reductive coupling is symmetry-allowed

according to Woodward-Hoffmann rules,*'?

a TS was not found, possibly because the
oxygen atom forms part of the rigid oxyphosphorane ring and could not be brought close
to P-H for conducive orbital overlap since doing so would incur hugely unfavourable

sterics due to geometrical distortion; the reductive elimination of 6-axH would have to

pass through the equatorial form before it could occur.

Driven by the experimental observation that the addition of an exogenous base can
accelerate the reaction, we explored the role of base DBU on the mechanism of catalyst
regeneration from the hydridophosphorane 6-eqH. To our delight, we found that the
barrier for hydroxyphosphine catalyst regeneration, via a base-assisted reductive
elimination (ts15-eq), is lowered to 17.0 kcal mol!, so that the regeneration of the catalyst
outcompetes the formation of 6-axH. The reprotonation of the deprotonated 6-eqH
follows almost immediately (barrierless, IRC analysis) to give intl7-eq, in agreement
with previous observation that intermediate ion-pair is short-lived, especially in non-polar
solvent (toluene here), with a very small barrier (< 4 kcal mol!) for reprotonation.?®
Base-assisted deprotonation of 6-axH, on the other hand, is much more difficult (ts15-
ax, 44.4 kcal mol™"). The differences in the reactivities of the hydridophosphoranes with

DBU can be traced to their different electronic structures (Figure 3.12) and the differences
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HOMO of DBU LUMO of 6-axH LUMO of 6-eqH

HOMO of ts15-ax HOMO of ts15-eq

Figure 3.12. FMO diagrams of the relevant structures in the DBU-assisted regeneration of the hydroxy-
phosphine catalyst from the hydridophosphoranes. Isosurface value of 0.025 is used.

in the acidities of the protons on these hydridophosphoranes (NBO charges, Figure 3.10).
The poor overlap between the LUMO of 6-axH and the HOMO of DBU (shown by the
HOMO of ts15-ax, Figure 3.12) results in the high TS barrier. On the other hand, there
is a maximal overlap between the LUMO of 6-eqH and the HOMO of DBU (shown by
the HOMO of ts15-eq), allowing effective deprotonation to occur. Inspection of the MO
energies indicated that the LUMO of 6-axH is 0.6 kcal mol! higher than that of 6-eqH,
giving a slightly worse, albeit negligible energy mismatch with the HOMO of DBU. The
predominant FMO symmetry mismatch in 6-axH contributes to the increased difficulty

in its deprotonation. In addition, the proton in 6-eqH is more acidic (NBO charge = 0.000)
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than that in 6-axH (NBO charge = -0.165), making the former more susceptible to base

deprotonation.

Thus, we have shown that the pseudorotation from 6-axH to 6-eqH is difficult and that
the reductive elimination of 6-axH to regenerate the hydroxyphosphine is unlikely. In
addition, its deprotonation (6-axH) by an exogenous base involves a high activation
barrier. From these observations, it is likely that 6-axH is formed from the pseudorotation
of 6-eqH after the latter is formed in the phenylsilane reduction of aminophosphorane

and thence becomes off-cycle.

3.3.4 Reduction of configurational isomers of aminophosphoranes

The intermediate formed after the loss of dinitrogen, int4’-eq, is an iminophosphorane.
As discussed, this iminophosphorane can be easily converted to the corresponding
aminophosphorane, which can be further reduced (ts12-eq, AG* = 33.3 kcal mol"! and
ts12b-eq, AG* = 25.1 kcal mol™!, Figure 3.8) to give hydridophosphorane and silylamine
/ silyldiamine. To check if this aminophosphorane, with the amino-group equatorial to
the P(V) centre, undergoes facile pseudorotations to give any configurational isomer that
can be more easily reduced by phenylsilane, we explored all the interconversions between
these possible isomers and their subsequent reduction by phenylsilane (Figure 3.13).
Although apicophilicity at P(V) centre predicts that the more electron-withdrawing
amino-group would occupy the axial position,?!* making the configurational isomer
int11’-ax more thermodynamically stable than intl1’-eq, the latter is actually more
stable, by 1.4 kcal mol!, due to its ability to form productive hydrogen bonding between
the oxyphosphorane-O atom and the amino-H atom (Figure 3.13), which can stabilise the

structure more than apicophilicity or any unfavourable sterics.
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(@)

int11’-eq (1)

int11’-ax (2)

int11’-ax2 (3)

intl1’-eq2 (4)

AAG = 0.0 [0.0]

1.4 [0.2]

ts-rot-13

ts-rot-24

ts-rot-23

ts-rot-14

13.2[12.7]

21.3[20.8]

27.5 [26.5]

ts12-ax

ts12-ax2

ts12-eq2

AG =33.3 [32.6]

40.1 [41.0]

44.9[43.8]

40.7 [39.2]

Figure 3.13. PyMol structures of (a) optimised configurational isomers of aminophosphoranes, (b)
pseudorotational TSs for the interconversions of aminophosphoranes, relative to intl11’-eq and (¢) TSs of

phenylsilane reduction of each configurational isomer. Non-polar protons are ignored for clarity. All values

are given in kcal mol™..
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We can see that the pseudorotations between the configurational isomers can be facile
but have a large range of barriers (13.2 — 27.5 kcal mol™!). The phenylsilane reduction of
any other configurational aminophosphorane (Figure 3.13 (c)) has higher activation
barriers than the reduction of the equatorial form of the aminophosphorane (ts12-eq, 33.3

kcal mol™).

3.3.5 Alternative possible mechanism for 1a-eq

For the pathways discussed in subsection 3.3.2, the overall energetic span for the overall
transformation is AG = 33.3 kcal mol™! (ts12-eq) or AH = 21.9 kcal mol! (ts3-eq) or AE
= 23.2 kcal mol! (ts12-eq). We found an alternative pathway with an overall activation
barrier of AG = 26.2 kcal mol™!, where a stepwise reduction of phosphazide intermediate

was implicated (Figure 3.14).

After the first P-N bond formation, the phosphazide intermediate int2-eq, facilitated by
hydrogen bonding, could easily deprotonate the hydroxyl moiety of the bifunctional
catalyst (ts20-eq at 12.0 kcal mol™!), giving int21-eq stabilised by hydrogen bonding. In
the presence of phenylsilane reductant, stepwise reduction of the phosphazie intermediate
int21-eq gives a phosphonium silanehydride ion-pair int23-eq which further undergoes
facile hydride transfer to give a mixture of axial and equatorial hydridophosphoranes 6-
eqH and 6-axH (LUMO of phosphonium cation has roughly equal coefficients axial and
equatorial to phosphorus atom, Figure 3.15). This step (ts22-eq) is driven by the loss of
N> gas which is highly entropically favoured. The intermediate int23-eq immediately
after stepwise reduction has the silanehydride Si—H in equatorial plane of phosphonium
P-atom, which, given the very low barrier for the subsequent hydride transfer (1.8 kcal

mol™!, ts23-eq), readily forms equatorial hydridophosphorane 6-eqH.
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Figure 3.14. Gibbs energy profile (corrected at 25°C and 1 mol L™!) for the stepwise phenylsilane reduction of phosphazide intermediate formed from 1a-eq, computed at
SMD(toluene)-0wB97X-D[M06-2X]/def2-TZVPP//@B97X-D/6-31+G(d,p) level of theory
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The ion pair could also readily equilibrate due to non-directional interactions in contact
ion-pairs in non-polar solvents such as toluene,?® interconverting between int23-eq and
int23-ax. In int23-ax, silanchydride Si—H is axial to phosphonium P-atom, such that
following a small barrier (1.0 kcal mol'), axial hydridophosphorane 6-axH could be
formed. If this mechanism is true, then, it implicates direct access to both axial and
equatorial forms of hydridophosphoranes 6-eqH and 6-axH. Since the hydride transfer is
highly exergonic and irreversible, the exact ratio of 6-eqH : 6-axH formed would be
dictated by the difference between the activation barrier of ts23-eq and the barrier of the

conversion from int23-eq to int23-ax.

LUMO of phosphonium cation HOMO of silanehydride anion

Figure 3.15. MO diagrams of the phosphonium cation and silanehydride anion. The optimisations of

phosphonium species resulting from axial and equatorial hydridophosphorane give the same structure.

Although the overall barrier here is lower than the overall barrier of the pathways
discussed in subsection 3.3.2, the direct loss of N2 in the iminophosphorane formation
(ts3-eq) is highly exergonic and irreversible and has a lower barrier (24.8 kcal mol™!) than
the stepwise reduction of the phosphazide intermediate (ts22-eq, 26.2 kcal mol!), and is

thus more likely, despite the formal [2+2] cycloreversion being symmetry-disallowed.?!?
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3.3.6 Reaction pathways for axial hydroxyphosphine catalyst 1a-ax

The reaction of conformer 1a-ax (6.4 kcal mol™! higher than 1a-eq, translating to 1 in
~7000) was investigated for completeness. The reaction pathway for 1a-ax is very similar
to that for 1a-eq. The energy profile is shown in Figure 3.16. In this case, the TDTS for
the iminophosphorane formation is the concerted loss of N», ts3-ax, at 33.2 kcal mol™!,
relative to the lowest energy conformer of the hydroxyphosphine catalyst, 1a-eq. The
subsequent phenylsilane reduction of the iminophosphorane intermediate (ts5-ax and
ts6-ax) has higher energetic span than the reduction of aminophosphorane intermediate,
since int11’-ax is taken as the common TDI. This is the same as observed in the reaction

of the equatorial form of the hydroxyphosphine catalyst, 1a-eq (Figure 3.2).

3.3.7 Alternative possible mechanism for 1a-ax

For 1a-ax, the competing pathway of stepwise phenylsilane reduction of phosphazide
intermediate is shown in Figure 3.17. It is interesting to note that, in this case, the stepwise
reduction of phosphazide (ts22-ax, at 27.1 kcal mol™!) has a lower barrier, by 6.1 kcal
mol !, than the concerted loss of N (ts3-ax, at 33.2 kcal mol™!), such that the first step of
P-N bond formation (ts1-ax, 30.4 kcal mol™!') in the reaction is the overall TDTS for this
mechanism. This stepwise reduction of phosphazide intermediate converges to give the
phosphonium silanehydride ion-pair that would be formed in a similar fashion by 1a-eq

(Figure 3.14).

3.3.8 Comparative study using methylated catalyst, methoxyphosphine 1b

Experimentally, to elucidate the role of the hydroxyl group in the hydroxyphosphine
bifunctional catalyst, the methylated phosphine 1b, where a methoxy group replaces the
hydroxyl group, was used in comparative experiments (performed by our experimental

collaborators; Scheme 3.4). It was found that the formation of iminophosphorane with
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converged pathways for hydride transfer
Figure 3.17. Gibbs energy profile (corrected at 25°C and 1 mol L-1) for the stepwise phenylsilane reduction of phosphazide intermediate formed from 1a-ax, computed at
SMD(toluene)-0wB97X-D[M06-2X]/def2-TZVPP//@B97X-D/6-31+G(d,p) level of theory.
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Scheme 3.4. Comparative study for the reduction of azide using hydroxyphosphine catalyst 1a and its

methoxylated analogue 1b. Experimental work is performed by our experimental collaborators.

the loss of N2 took 6 hr at r.t. using 1b, compared to 1h at r.t. when hydroxyphosphine 1a

was used.

The overall energy profile for this reaction is shown in Figure 3.18; selected key
optimised structures are given in Figure 3.19. The formation of P-N bond in the first step
is the overall TDTS, at 27.8 kcal mol”!, which is 3.0 kcal mol! higher than the
corresponding TS in the formation of iminophosphorane using the hydroxyphosphine
catalyst la-eq (ts3-eq, 24.8 kcal mol"!, Figure 3.2). The hydroxyl group present in
catalyst 1a could assist in the formation of P-N bond by productive hydrogen bonding
interactions (tsl-eq, Figure 3.3), thus lowering the activation barrier for P-N bond
formation. The higher activation barrier and thus longer reaction time taken for the
methoxylated catalyst 1b in the iminophosphorane formation step results from this lack

of hydrogen bonding in the TS for P-N bond formation.

Computations suggest that the reduction of the iminophosphorane intermediate by
phenylsilane in the present transformation using catalyst 1b (ts5-MeO and ts7-MeO,
activation barrier of circa. 27.5 kcal mol!) has comparable barriers to the

iminophosphorane formation, although the P=N bond reduction intermediate int6-MeO
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Figure 3.18. Gibbs energy profile (corrected at 25°C and 1 mol L) for the present transformation using methylated phosphine catalyst, 1b, computed at SMD(toluene)-
®B97X-D[M06-2X]/def2-TZVPP//@B97X-D/6-31+G(d,p) level of theory.
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ts1-MeO ts3-MeO

Figure 3.19. Optimised TS structures for the methoxyphosphine 1b catalysed transformation.

is uphill by 17.5 kcal mol™!. Tt is not difficult to see that a pseudorotation is required to
bring int6-MeQO, where the H-atom attached to the P-centre is in axial position, to int7-
MeO, where the H-atom is in equatorial position, in a similar fashion for the
pseudorotation of the hydridophosphoranes discussed in subsection 3.3.3 (Figure 3.11).
Although this pseudorotational barrier could not be found, we suspect that it falls in a
similar activation barrier range as the pseudorotation for the hydridophosphoranes (25 —
30 kcal mol™!). This would make the phenylsilane reduction of the iminophosphorane
difficult as a high pseudorotational barrier needs to be overcome. This could explain the
experimental observation that the phenylsilane reduction of iminophosphorane formed

from the methoxylated catalyst 1b is difficult to achieve in 1 hr at r.t. (Scheme 3.4)
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We can compare this to the classical Staudinger reduction using PPh; catalyst (subsection
3.3.9), which shows that the reduction of the iminophosphorane intermediate formed by
phenylsilane can be difficult, although the hydrolysis of the iminophosphorane can be
quite easily achieved to give phosphine oxide, whose reduction by phenylsilane can be

kinetically difficult (vide infra).

3.3.9 Comparative study using triphenylphosphine, PPh3

We study the classical Staudinger reduction using triphenylphosphine catalyst, PPhs, to
compare the iminophosphorane formation without any hydrogen bonding (Figure 3.20)
and to show the competing pathways for the reduction vs hydrolysis of the

iminophosphorane intermediate (Figure 3.21).

< A 1 Ph ¥
° Me N-_.:
E )
S N. Ph N--N'ph
i~ N\ . \
= N---P Me
o Yon 24.8%
N [26.5%] 20.7*
no H-bond possible ts1-pc = [20.3%]
Bt * :—
 ts3-pc’,
6.4 kY
6.7 .~ N 25 . '
00 intipo B3
[0.0] R )
e © int2-pc
pph; *MeNs Me O
N Z
Ph }
Ny 2@
N—IP y -50.1
Ph \ [-51.6]
int2-pc int4-pc

iminophosphorane formation

Figure 3.20. Gibbs energy profile (corrected at 25°C and 1 mol L) for the formation of iminophosphorane
using triphenylphosphine catalyst, PPhs.

For the iminophosphorane formation, when compared to our hydroxyphosphine

bifunctional catalyst (Figure 3.2), we can see that the P-N bond formation ts1-pc has a
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higher barrier, by 2.6 kcal mol'!, than tsl-eq (22.2 kcal mol!') due to the absence of
assistive H-bonding in the former. On the other hand, for the concerted loss of dinitrogen
gas, the presence of H-bonding, as seen in ts3-eq (24.8 kcal mol!) gives a higher barrier,
by 4.1 kcal mol”!, than ts3-pc. In this case, the formation of H-bonding in ts3-eq is
disfavouring the loss of Ny, as the electron on the N-atom becomes less available to attack

the P-centre after forming H-bonding with the hydroxyl group on the hydroxyphosphine.

Comparing the reduction and hydrolysis of the iminophosphorane intermediate (Figure
3.21), we can see that the reduction of the iminophosphorane by the phenylsilane (ts6-
pe, barrier of 32.5 kcal mol!) is thermally more difficult than the corresponding
hydrolysis of the iminophosphorane (ts5-w, barrier of 25.4 kcal mol!) to give highly
stable phosphine oxide. The subsequent reduction of the phosphine oxide can have a high

barrier of 33.9 kcal mol!, making this rather difficult at room temperature.

The presence of a hydroxyl group in our bifunctional hydroxyphosphine catalyst 1a can
thus negate the formation of this highly stable phosphine oxide (no water is used in the
present transformation) by forming the corresponding aminophosphorane whose
reduction by phenylsilane can be achieved in a milder condition, as demonstrated

experimentally.

Based on these comparative studies, we can identify the roles of the hydroxyl group in
our bifunctional hydroxyphosphine catalyst 1a: 1) it lowers the activation barriers of the
P—N bond formation in the first step as the P-atom of the catalyst attacks the terminal N-
atom of the incoming azide, by providing favourable hydrogen bonding interactions; 2)
it negates the formation of the highly stable phosphine oxide by a facile formation of an

aminophosphorane from the corresponding iminophosphorane intermediate. The
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aminophosphorane intermediate can be further reduced by phenylsilane to give a
silylamine, whose Si—N bond can be easily hydrolysed in subsequent aqueous work-
272273 and a hydridophosphorane, which can be converted back to the

up,

hydroxyphosphine catalyst under base-promotion (subsection 3.3.3).

3.3.10 Proposed catalytic cycle

Based on our calculations, we proposed that the reaction occurs via the mechanism shown
in Scheme 3.5. First, the more stable form of the hydroxyphosphine catalyst 1a-eq attacks
the terminal N-atom of the azide in a cis-geometry, forming the P-N bond. This step is
assisted by productive hydrogen bonding interactions made possible by the hydroxyl

group present in the catalyst, thus lowering the activation barrier. This is followed by the

MeN;
DBU HO
Ph
P
\
N Ph
N o 1a-eq H
Me\e \
Fh N° O
P N Ph
N\
int-17-e Ph N—R
a o\
MeNHSiH,Ph * int2-eq
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Ph,, —~ Pn| H,
A W7 :
Ph Ph Me—N Ph
6-axH 6-eqH Fi

Ph
iminophosphorane
N, HO
. Ph... *l,
PhSiH, N-F
Me Ph

aminophosphorane

Scheme 3.5. Proposed catalytic cycle involving the bifunctional hydroxyphosphine catalyst 1a .
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subsequent highly exergonic loss of N> gas. The resulting iminophosphorane
intermediate, with a tethered hydroxyl group in close proximity, readily forms a o>-P(V)
aminophosphorane, which is energetically downhill. This aminophosphorane can then be
reduced by phenylsilane to give the equatorial form of the hydridophosphorane, from
which the hydroxyphosphine catalyst can be regenerated with the help of an exogenous
base, such as DBU. Base-assistance lowers the barrier of the catalyst regeneration by

acting as an intermolecular proton-shuttle between P and O atoms of the catalyst.

3.3.11 Computational 3'P NMR

3P NMR is an attractive method for probing the structures of phosphorus-containing
compounds due to the 100% natural abundance of 3'P element which is nuclear spin-
active. It is also sensitive as a small change in structure can result in a big change in
chemical shift (CS) due to the strong dependence of the CS on the structure. The
computational prediction of >'P NMR CS, however, is faced with a number of challenges.
For one, the experimental reference for *'P NMR is 85% H3PO4 in H,O, which is difficult
to assign an absolute reference shielding tensor computationally. The other challenge is
that computational 3'P NMR shielding tensors are normally calculated in the gas phase,
it is not entirely clear how this calculated shielding tensor in vacuum state relates to the
shielding tensor in the solution phase. Although we can compute the shielding tensor in
the solution phase, a lot of times, there are not enough accurate *'P NMR CS data for a
set of phosphorus-containing molecules in synthetically relevant solvents for the scaling

factors to be obtained.

Initially, we performed the 3'P NMR calculations at the mPWI1PW91/6-311+G(2d,p)
level of theory,*!¢ including an SMD description of toluene solvation taking the structures

from previous optimisations at wB97X-D/6-31+G(d,p) level of theory. Linear scaling
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parameters are applied to relate the computational isotropic shielding tensor (IST) o to

the experimental CS d via’!”

intercept — o

d= (3.1

—slope

For 3C and 'H NMR calculations, the linear scaling parameters are taken from

reference’!®

(calculated at CPCM(chloroform)-GIAO-mPWI1PW91/6-311G(d,p)//
®B97X-D/6-31G(d) level); these scaling factors are '*C NMR: slope = -1.04194 and
intercept = 187.35633 (R? = 0.999, based on 91 chemical shifts); '"H NMR: slope = -
1.07411 and intercept = 31.99466 (R> = 0.992, based on 77 chemical shifts). These
scaling factors compare better (i.e., give closer agreement with experimental NMR shifts)
than using the scaling factors from Tantillo’s CHESHIRE databases (Table #5 —
Toluene)*!”: "TH NMR (slope = -1.0543, intercept = 31.4262, R>=0.992); '3C NMR (slope
=-1.0411, intercept = 186.1331, R? = 0.999), which used same level of theory for NMR
calculations (mPW1PW91/6-311+G(2d,p)) but a different level of theory for geometry
optimisation (B3LYP/6-31+G(d,p)). For '3C and '"H NMR CS predictions, we use the

calculated IST values from this method (SMD(toluene)-GIAO-mPWIPW91/6-

311G(d,p)//@B97X-D/6-31+G(d,p)).

Since the scaling factors for phosphorus 3'P are not available, we attempt to establish the
linear scaling parameters. In the initial attempt (Method 1), we used a set of eight small
phosphorus-containing molecules (PHz, PMes, PEt:H, OPF3, PF3, PCloMe, PCls, H3POs),
whose 3'P NMR values in the gas phase were experimentally accurately measured,’!” to
compute the scaling factor for *'P at the same level of theory as before for 3C and 'H
NMR CSs. We obtain *'P slope = -1.1275, intercept = 292.74, R? = 0.99449 to relate the

computed IST to the experimental CS values via Equation (3.1). Although the computed
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13C and "TH NMR CSs at this level of theory give good agreement with the experimental

results, the computed *'P CSs (RMSD = 43.6 ppm) do not agree very well.

We adopt the second approach (Method 2)3?° where the a wide range of 32 P-containing
molecules are optimised at the PBE1PBE*?!324/6-31+G(d) DFT level and the NMR ISTs
computed at PBE1PBE/6-311G(2d,2p). In this method, the computed IST values (Gcaic)
are first adjusted relative to the gas phase IST value for the reference molecule H;PO4

(oiso = 298.7776) to get the unscaled chemical shift, dunscaled, Via,

6unscaled = Oiso — Ocalc (32)

This is then further scaled using the scaling factors (slope = 1.073; intercept = -14.4)

obtained from a fit to experimental data to obtain better CS values, Oscaled, Via,

Junscaled — intercept

6sca ed — .
led slope (3.3)
This method has an RMSD value of 10.9 ppm.
Structure Calc. (Method 1) | Calc. (Method 2) Expt values
HO
Ph
;FI;’ op =-23.1 ppm op=-15.1 ppm op =-12.2 ppm
Ph
la-eq

op =4.3 ppm or =22.9 ppm —
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int2-eq

op =-25.1 ppm

op =-7.7 ppm

HO
Ph
Ph\b

_N

®
®

op = 0.6 ppm

op = 5.7 ppm

int3-eq

op = 1.9 ppm

op = 18.3 ppm

N
io
Me—N. Ph
AR
P
1

Ph
int4’-eq

op = 4.4 ppm

op =21.6 ppm

op=-11.3 ppm

op = 3.5 ppm

dp=13.5ppm T

intl11’-eq

op =-61.5 ppm
Jpu=6.7Hz

op =-45.9 ppm
Jou=72Hz

dp=-583 ppm T
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o
Ph, | % dp = -67.0ppm op = -54.7 ppm
~P
Ph () Jpn=5.0 Hz Jpn=4.4 Hz
int11’-ax
(0]
ph, | op =-73.2 ppm op =-55.9 ppm
'.P J—
H7L §:> Jen=667.5 Hz Jpn=646.3 Hz
6-eqH
o op=-61.1 ppm
Ph,, | Sp = -69.9 ppm dp =-51.7 ppm Jpn=262.1 Hz
P
Ph’,[l Je=248.4 Hz Jen=237.3 Hz (assigned based on
6-axH coupling constant)
(0]
| dp = -67.4 ppm dp = 6p = -50.6 ppm
H—P -
o \Ph Jon=549.7 Hz Jon=547.1 Hz
6-axH-2

"The azide used experimentally is naththyl azide instead of methyl azide and this is likely to give different
3P chemical shift values.

Table 3.1. Computational vs experimental 3'P NMR chemical shifts and coupling constants.

The comparison of the computed *'P NMR CS and relevant P-H coupling constants using
both methods 1 and 2 vs experimental values are given in Table 3.1. There seems to be
no one method that is better for all the structures in terms of *'P NMR prediction. For
example, the experimental *'P NMR CS for the hydroxyphosphine catalyst is —12.2 ppm;
the calculated CS using the first method (SMD(toluene)-mPW1PW91/6-311+G(2d,p)//
wB97X-D/6-31+G(d,p)) gives —23.1 ppm (for la-eq) whereas the second method
(PBE1PBE/6-311G(2d,2p)//PBE1PBE/6-31+G(d)) gives —15.1 ppm, with Boltzmann
weighting of relevant conformers. For the assignment of hydridophosphorane, 6-axH, the

experimental value of dp = —61.1 ppm agrees better with the CS value computed using
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Method 1, 6p = —69.9 ppm, with an error of 8.8 ppm. The computed coupling constants
from both methods, on the other hand, agree quite well with the experimental value of
Jpu = 262.1 Hz (Table 3.1). We assigned the structure of the hydridophosphorane
experimentally measured by NMR to structure 6-axH, instead of 6-eqH, based on this
Jpu coupling constant, which seems to be much more reliable than the chemical shifts

computed with either method.

3.4 Conclusions

In this chapter, we have conducted a detailed survey of the mechanisms underlying the
novel bifunctional hydroxyphosphine catalysed Staudinger reduction developed by our
experimental collaborators at the University of Nottingham (the Denton group). The key
intermediate involved is a 6°-P(V) aminophosphorane whose reduction by phenylsilane
is demonstrated for the first time experimentally and has been studied in great
computational detail. We found that the reduction of the P-O bond is uncompetitive
compare to the P-N bond. The stepwise reduction of the P-N bond is also ruled out. The
reduction of the corresponding iminophosphorane P=N bond is shown to be more
difficult than that of the aminophosphorane P-N bond. More importantly, the formation
of a difficult-to-reduce phosphine oxide is circumvented in the present catalytic system
as no water is used and in its place, the hydroxyl group on the same catalyst allows the
formation of a ¢°>-P(V) aminophosphorane, which is reductively labile. Our additional
computational studies of the related methoxylated phosphine and the triphenylphosphine
catalysts allow us to probe the specific roles of the hydroxyl group of the bifunctional
catalyst, establishing its roles in lowering the iminophosphorane formation steps and

assisting in the formation of the aminophosphorane intermediate from
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iminophosphorane. Our computational studies provide an augmented understanding of

the catalytic mechanism of the present transformation.
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Alles Gescheite ist schon gedacht worden, man muf}
nur versuchen, es noch einmal zu denken.

— Johann Wolfgang von Goethe

Pd-catalysed 8-C(sp®)-H arylation™
4.1 Introduction

The direct functionalisation of C—H bonds in molecules presents many opportunities for
organic synthesis.*?® The use of transition metals (TMs) to selectively functionalise C—H
bonds is particularly attractive as it provides atom economical ways to access C—X (where
X =B, C, O, N, S, halogens) functional groups, either converting small alkanes to higher
valued, functionalised molecules or directly manipulating complex molecules with other
functional groups present.’?® Over the past decades, the functionalisation of C(sp?)-H
has been extensively studied and achieved with impressive applications.3?-33¢ The
activation of C(sp*)-H bond of alkyl groups is, however, more challenging, potentially
due to the lack of m-system that assists in productive interactions with transition metal

centre for further activation and the greater flexibility in the alkyl backbone. A common

" This work has been published in Angew. Chem. Int. Ed. 2019, 58, 5633.
DOI:10.1002/anie.201900479. Permission has been granted by the publisher to re-use part of the material
for this thesis.

139



strategy for site-selective C—H activation is employing removable directing groups (DGs)
that favourably bind metal catalyst and strategically position the target site in close
proximity to the metal centre for activation.*3’-3* DGs are frequently used for directed

C-H activations in both C(sp?)-H and C(sp?)-H activations.

Aliphatic amines and o-amino acids (aAAs) are ubiquitous structural motifs in

biologically active molecules and pharmaceuticals.340-342

Due to their widespread
popularity and importance, method developments for efficient and straightforward
synthesis and derivatisation of these compounds have been an area of active research.

343,344,353,345-352

Transition metal catalysis has emerged as a complementary approach for

aliphatic amines and aAA functionalisation in addition to nature’s enzymatic®>*
approach. While several methods exist for the direct C(sp*)-H functionalisation of
secondary and tertiary aliphatic amines at a-,>3°730 B- 36! and y-position,*¢!-362 examples
of site-selective functionalisation of primary amines are less common and usually up to
v-C(sp®)—H position (Scheme 4.1 (a)).’¢*"! The functionalisation of aAAs and their
derivatives can be similarly achieved at these positions: a-functionalisation occurs mostly
via single electron transfer (SET)/visible light mediation®”? or a-oxidation3”337* (Scheme
4.1 (b)), whereas the functionalisation at the primary or secondary B- and y-C(sp*)—H
positions usually capitalises on the formation of a cyclometallated intermediate between
a transient DG and the transition metal catalyst (Scheme 4.1 (b)).331,374,383-392,375,393,376-382
The functionalisation at 8-C(sp*)—H positions of aAAs and its primary aliphatic amine
counterparts are rare’**>% due to the required formation of a six-membered metallacycle
intermediate which is kinetically less favoured than a five-membered metallacycle

(which would lead to y-activation). Here, our experimental collaborators (the Maiti

Research Group at the Indian Institute of Technology, Bombay) reported a directed o-
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C(sp®)—H of aAAs and their amine analogues using a transient DG based on picolinic

acid (Scheme 4.1 (¢)).

(a) Readily available natural amino acids amenable for functionalisation

C(sp®)-H functionalizations of readily available a-amino acids Target 5-C-H position
H Ph
4 X J{ f ﬁ? Jl
H,N“@"COOH H,N~ “COOH H2N COOH COOH COOH COOH
glycine alanine phenylalanine valine isoleucine leucine

(b) Previous works:

CuBr (10 mol%)

Ru(blpy)3CI2 (10 mol%) H tBuOOH (1 eq.) Ar
o2 (1 atm) ar AL R Ar-B(OH), Ar\NJ\n/R
_— =
H H
DCM 40°C o DCM, 100°C o
blue LED
. R , “_.R
R.H L (¢ R.P_FG F&7Y5
H or S H or ,
A'\N N’PG HN™ "COOR’  TM-catalyzed directed A"\N Nopg HN™ "COOR
H C-H functionalisations at H ,g
o PG "0 B and y positions o PG™ "0
(¢) This work:
! OBn
Me NHCOPy ! Pd(OPiv), (10 mol%)
) )\/k + BN L14 (20 mol%), Ag,CO; (3 equlv) HCOPy Ligand L14
Me CO,Et | R
CF3COONa (2 equiv), TBME CO,Et | : OH
(1a, 1 equiv) (3 equiv) 36 h, 130 °C .
\
'COPy = O, | Z
Pd(TFA), (10 mol%) N

| :
(i) MGMCOPY N L1 (20 mol%), Ag,COs (3 equiv) rZ I Me NHCOPy :
| R > X '

i Me A
CF3COONa (2 equiv), TBME < Me Me .

; 24 h, 90 °C 5 | | Ligand L1
(2a, 1 equiv) (3 equiv) + N

(d) Tri-arylation of substrate 2a

Me M
Me Me
ﬁNHCOPy—.—» \/fl\NHCOPy —.-» NHCOPy —.-» NHCOPy

cond“ 1 cond" 1 Ary Me cond" 2
Ar,—I Ar;y Arz—I Ary” Arg

Scheme 4.1. Functionalisation of a-amino acids and amine derivatives at various positions.

Experimentally, it was found that two different substrates (ethyl ester of leucine, 1a and
2,4, 4-trimethylpentan-2-amine 2a) required different ligands (L.14 and L1 respectively)
for optimal yield and reactivity. In addition, substrate 2a can undergo iterative arylation,

giving tri-arylated product (Scheme 4.1 (d)) in the absence of ligands; the addition of
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pyridine ligand favours mono-arylation. Computational studies were performed to
understand the energetics and mechanisms of these reactions. All experimental work was

performed by our collaborators and all calculations were performed by the present author.

4.2 Computational Methods

Density functional theory (DFT) calculations were performed with Gaussian 16 rev. A.03
software.*®® Geometry optimisations were carried out using global hybrid meta-NGA
MNI15 functional’® initially with the Karlsruhe-family basis set def2-SVP!®! for all
atoms. The resulting optimised geometries were further refined at a large basis set using
a mix of triple-C valence def2-TZVPPD (where ‘D’ indicates diffuse basis functions) for
Pd,'7401 Ag!7401 and 1492 atoms and def2-SVP for all other atoms, denoted GenECP in
Gaussian 16 (BS1). This functional was chosen as it performs much better than many
other functionals in predicting transition metal reaction barrier heights.”® Previously,
Pd(IT)-catalysed C—C bond formations have been studied using other functionals
including meta-GGA TPSS and range-separated wB97X-D functionals.*%4%4 MN15 has
been shown to give better agreement in geometry predictions of both transition metal
complex and organic molecules’® and in reproducing the energetic profile of trinuclear
Cu-catalysed methane-to-methanol catalytic conversion®® than many other functionals
including wB97X-D and TPSS. Minima and transition structures on the PES were
confirmed as such by harmonic frequency analyses, showing respectively zero and one

imaginary frequency, at the same level of theory.

Single point (SP) corrections were performed with MN15 functional and the same basis
set as before except where def2-SVP was replaced by def2-TZVPP basis set (BS2). The
SMD continuum solvation model'!” was included to account for the implicit solvation
effect of tert-butyl methyl ether (TBME) solvent on the computed Gibbs energy profile.
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TBME is not found in the list of pre-defined solvents and thus needs to be parametrized.
This SMD parametrisation was done using a set of seven solvent parameters.'!” These
include 1) static dielectric constant (&) of the solvent at 25°C (Eps=2.6);**° 2) dynamic
dielectric constant (1) — the square of the refractive index value of 1.3664 at 20°C was
used*®® (EpsInf=1.867); 3) hydrogen bond acidity (@) (HBondAcidity=0.00) and 4)
basicity (8) (HBondBasicity=0.54),%7 which are Abraham’s A and B values respectively;
5) surface tension at interface (y) (SurfaceTensionAtInterface=15.717);*® 6) carbon
aromaticity (¢) — fraction of aromatic carbons (CarbonAromaticity=0.00) and 7)
electronegative halogenicity () — fraction of halogens in the molecule
(ElectronegativeHalogenicity=0.00). The first two parameters (1-2) are used for
manually defining a PCM solvent while the last five parameters (3-7) are SMD-specific
keywords. These parameters are specified using the keyword “SCRF=(SMD,
Solvent=Generic, Read)” in Gaussian 16. Gibbs energies were evaluated at 363.15 K,
using a quasi-RRHO treatment of vibrational entropies.??>?% Vibrational entropies of
frequencies below 100 cm™! were obtained according to a free rotor description, using a
smooth damping function to interpolate between the two limiting descriptions.?’> The
free energies were further corrected using a standard concentration of 1 mol L', which
was used in solvation calculations. Unless otherwise stated, all Gibbs energy values in
the text and figures are quoted in kcal mol”' and all bond distances are given in A

throughout.

Stereoelectronic properties, including donor-acceptor interactions and steric effects, were
analysed using NBO3*® and NCIPLOT?®! calculations, respectively. The .wfn files for
NCIPLOT were generated at MN15/DGDZVP#%411 Jevel of theory. NCI indices

calculated with NCIPLOT were visualised at a gradient isosurface value of s = 0.5 au.
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These are coloured according to the sign of (A2) over the range of -0.1 (blue = attractive)
to +0.1 (red = repulsive). All molecular structures and molecular orbitals were visualized
using PyMOL software.2?” Unless otherwise stated, isosurface value of 0.05 is used

throughout for the visualisation of molecular orbitals.

Geometries of all structures (in .xyz format with their associated energy in Hartrees) have

been deposited online and made freely available (DOI: 10.5281/zenodo.2611814).

4.3 Results and Discussions

4.3.1 Nature of the Pd(II)-catalyst

Palladium(IT) acetate and its variants are known to exist in polynuclear forms in both the
solid state as well as in solution.*!>~#14 Palladium(II) trifluoroacetate has been shown to
exist in trimeric form [Pd(TFA),]s in solid phase. Factors such as solvent identity and
ligand effects influencing the trimeric/monomeric equilibrium have been extensively
explored.*'>#18 Our calculations showed that the formation of the dimeric complex is
exergonic by -26.4 kcal mol! and that of the trimeric complex is exergonic by -56.7 kcal
mol! in TBME solvent relative to the monomeric complex. These values are in good
agreement with both experimental and theoretical values for the palladium acetate system
(-34.9 kcal mol'! for dimer and -59.3 kcal mol"! for trimer).#!3#!8 We found that each
Pd(II) atom is in a square planar environment and altogether the trimer exists in a cyclic
form (Figure 2.1 (c)), with interactions between its paddlewheel ligands and between Pd—
Pd metal centres. The most stable starting complex of palladium trifluoroacetate catalyst
used in this reaction thus exists in trinuclear form. The use of mononuclear species in the
Gibbs energy calculations artificially lowers the activation barriers of such catalytic
systems since the mononuclear species is higher in energy than the most stable trinuclear

species. For energy calculations, 1/3 of Pd3(TFA)e trimer is used.
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(@) (b) (©)

o

Figure 4.1. Optimised structures of (a) monomeric, (b) dimeric and (c) trimeric palladium trifluoroacetate.
4.3.2 Substrate 2a: mononuclear pathway for Pd(II) catalysis

We first consider the reaction pathway involving the mononuclear Pd(II)-catalyst for
substrate 2a. For modelling purposes, 4-iodoanisol (81% yield) was used as the aryliodide
coupling partner. The solvent-corrected free energy profile for the mononuclear pathways
is shown in Figure 4.2. The palladacycle formation occurs with two successive concerted
metalation-deprotonation (CMD) steps. The initial coordination of the picolinamide
molecule to monomeric Pd(TFA), is assisted by the formation of hydrogen bonding
between amide-H atom and oxygen atom on one of the trifluoroacetate (TFA) ligands.
The amide N-H proton is easily deprotonated by the coordinating TFA ligand while Pd
interacts with the breaking N-H nitrogen (ts-1). This CMD step, albeit facile, is
reversible. The immediate loss of a trifluoroacetic acid (HTFA) molecule makes this step
exergonic, giving int-3 at 1.1 kcal mol!. In the absence of pyridine ligand, one of the
coordination sites on Pd gets displaced by C—H bond, which coordinates to the Pd metal
by agostic interaction. The non-coordinating O-atom of the TFA ligand then carries out
a second CMD (ts-4), forming Pd—C bond in intermediate int-5. This CMD step is
reversible with the subsequent steps having higher activation barriers. The TSs for
oxidative addition (OA) (ts-6) of aryliodide and reductive elimination (RE) (ts-7) of C—

C bond formation have comparable Gibbs energies of activation. Conformational effects
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Figure 4.2. Gibbs free energy profile for first arylation in the absence (black) and presence (blue) of pyridine ligand L1 with mononuclear palladium catalyst as a starting

material for substrate 2a.
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Figure 4.3. Top: Free energies for C-H activation, oxidative addition and reductive elimination TSs with

different conformations of the 6-membered palladacycle. Bottom: Selected TS structures for the energy

profile in Figure 4.2.
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of each TS were considered; in particular, we found that the 6-membered palladacycle
adopts two conformations (Figure 4.3), with the ring puckered in opposite orientations.
The lowest energy conformations were taken for discussion, assuming that these
conformers can interconvert easily and rapidly. The first arylation product, int-8, at -8.1
kcal mol!, is thermodynamically stable with respect to the starting material or any prior

intermediates, making the reaction favourable under thermodynamic control.

In the presence of pyridine, we found no TSs that are lowered in activation barrier by
direct pyridine participation (Figure 4.4). In particular, pyridine molecule could not
coordinate to Pd metal during the OA of aryliodide. The displacement of pyridyl group
on the picolinamide by pyridine is also unfavourable. For RE, although pyridine could
coordinate to Pd, this TS (ts-7°, 40.0 kcal mol!, Figure 4.3) however, has a much higher
activation barrier (by 12.1 kcal mol™!) than that without pyridine ligand (ts-7, 27.9 kcal
mol!). A RE step with non-coordinating pyridine, ts-7’-c1, at 34.8 kcal mol! (Figure
4.4), however, is found to be lower in activation barrier than ts-7°, but still higher than
without any pyridine ligand ts-7. This is due to the unfavourable loss of entropy as one
additional molecule of pyridine is brought close to the TS. Considering all possible
geometric isomers by swapping the positions of the coordinating I-/Ar—/pyridine groups
on Pd metal, we did not find any TS with lower activation barrier than that without
pyridine ligand (Figure 4.4). This is consistent with the observation that complexes with
even number of coordination undergo RE less readily than those with odd number of
coordination.*!*#?! Ligand exchange of I by CF3COO- for reductive elimination (ts-7’-
c11 and ts-7°-¢12) also has higher activation barriers than ts-7. Our thorough TS searches
conclude that pyridine ligand does not participate directly in the reaction TDTS for our

present system.
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Figure 4.4. TSs considered for reductive elimination step in the presence of pyridine ligand. Gibbs free

energies of activation relative to the lowest TS ts-7 (AAG?) are given in kcal mol™.
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4.3.3 Substrate 2a: trinuclear pathway for Pd(II) catalysis — first arylation

Mononuclear Pd-catalyst gives an overall activation barrier of 28.2 kcal mol™! in the
absence of pyridine ligand, with the oxidative addition being overall rate-determining;
this barrier increases to 32.5 kcal mol-! with pyridine coordination (Figure 4.2). This is
inconsistent with the experimental observation that the reaction proceeds faster with a
higher yield in pyridine ligand. The consideration of a potentially polynuclear Pd-catalyst
is therefore necessary; the trinuclear catalyst is thermodynamically the most stable
(section 4.3.1). More directly, the synthesis of a C—H activated trinuclear complex,
coupled with computational studies, by Yu and Houk et. al provides unequivocal
evidence for the involvement of a trinuclear catalytic species in such reactions.*> We
began our computational exploration of such a possibility by considering a similar
trinuclear Pd(IT)-complex as an active catalyst. The overall Gibbs free energy profile for
the reaction starting from trimeric Pd-catalyst is shown in Figure 4.5. With pyridine, the
dissociation of the trimeric complex is favourable. The interactions between Pd-centre
and nitrogen atoms of pyridine ligand .1 molecules compensate for the enthalpic loss of
paddlewheel interactions between ligands and the Pd—Pd interactions when the trinuclear
complex A dissociates to its mononuclear form; this dissociation is driven by the
exergonic formation of Pd(TFA),(L1), complex.*?* The OA/RE steps are both catalysed
by the monomeric form of palladium catalyst, since Pd(IT) metal is tetra-coordinating and
there needs to be a vacant coordination site on the metal for the incoming aryl iodide to
be added. As we can see from the energy profile, the activation barrier in the absence of
pyridine ligand is 41.4 kcal mol™! whereas this decreases to 30.5 kcal mol! in the presence
of pyridine ligand L1. This corroborates well with the experimental observation that the
reaction yield improves in the presence of pyridine ligand, albeit the reaction can also

occur in its absence.
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The C—H activation step is reversible both in the presence and absence of pyridine ligand,
as the subsequent OA of aryl iodide (ts-6) has a higher activation barrier than the reverse
step of C—H activation. This is in excellent agreement with experimental evidence using
kinetic isotope effect (KIE) and H/D exchange studies. Our calculations support the lack
of primary KIE and the ease of deuterium incorporation (40% at reaction condition with
D4-AcOH solvent and up to 85% at 130°C) observed experimentally, showing that C—H
activation step is unlikely rate-determining. Much like the mononuclear pathway, the
subsequent OA and RE occur in the absence of pyridine ligand: the aryl iodide inserts
oxidatively to form a pentavalent Pd(IV) intermediate int-7 that is highly endergonic
which further undergoes RE, reverting the metal from Pd(IV) to Pd(Il) in the arylated
product. It is worth noting that the OA and RE steps have comparable activation barriers
(within 0.5 kcal mol™"), making it difficult to pinpoint exactly which of these steps is rate-
determining; RE step, in fact, becomes rate-determining for second and third arylation

(section 4.3.4).

The overall first arylation is reversible without pyridine ligand but irreversible with
pyridine ligand, since structure int-8 can be further stabilised by pyridine coordinating to
the Pd(I) metal to give int-8’, thereby stabilising the end product. With pyridine
coordination to the end product, the first arylation is thus thermodynamically favoured.

4.3.4 Substrate 2a: trinuclear pathway for Pd(II) catalysis — second and third
arylation

The steps for second arylation are similar to those of first arylation except now that two
diastereomers are possible; these conformations were thoroughly explored (Figure 4.7).
The overall Gibbs free energy profile for diastereomer 1 is shown in Figure 4.6 (the

energy profile for diastereomer 2 is similar). In contrast to first arylation, the RE step has
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(a) Second C—H activation TSs
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Figure 4.7. Relative activation energies and optimised structures for TS conformers of (a) C—H activation,

(b) oxidative addition and (c) reductive elimination for second arylation.

slightly higher activation barrier than OA (by 1.1 kcal mol™! here for second arylation),
suggesting that these two steps are indeed very close in activation barriers. Without
pyridine, the energy span for second arylation is 41.3 kcal mol! (between structures A
and ts-12), which is within 0.5 kcal mol™! of the energy span for first arylation (at 41.4

kcal mol™!). This closeness in the activation barrier spans, coupled with the fact that both
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first and second arylation in the absence of pyridine ligand are reversible, resulted in the
experimentally observed small mono- vs di-arylation selectivity. With pyridine, the end
product of first arylation gets coordinated by pyridine ligand to give much more stabilised
int-8 with much lowered energy. This stabilisation of the first arylated product by
pyridine coordination increases the energy barrier span for second arylation to 50.1 kcal
mol !, making it thermally unfeasible. This explains the experimental observation that the

use of pyridine ligand favours mono-arylation over di-arylation product.

The steps for third arylation, where possible TSs with palladacycle in different puckered
conformations, was similarly analysed (Figure 4.9); the Gibbs free energy profile for the
lowest-energy pathway is shown in Figure 4.8. Here the RE step is 3.1 kcal mol! higher
than the OA step (c.f. first arylation: OA 0.3 kcal mol! higher than RE; second arylation:
RE 1.1 kcal mol! higher than OA). Additional TS conformer searches (ts-17-¢3/c4/c5)
did not yield any lower RE TS, indicating that the RE step here is most likely the rate-

determining TS.

The energy span for third arylation without pyridine ligand is 43.9 kcal mol™! (between
structures A and ts-17), whereas this increases to 47.8 kcal mol! in the presence of
pyridine, due to its stabilising coordination to the second arylation product (int-13”).
Without pyridine ligand L1, the energy spans for all three arylations are really close (41.3,
41.4 and 43.9 kcal mol™! respectively) and all the arylation products are endergonic with
respect to the starting complex, suggesting possible tri-arylation (Figure 4.1(d)). The
slightly higher activation barrier for third arylation (by ~2.5 kcal mol™! than first and
second arylation), suggests that third arylation would be more difficult to occur. This is
indeed what was observed: the reaction temperature had to be increased from 90°C to

130°C for tri-arylated product to be formed.
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Figure 4.9. Relative activation energies and optimised structures for TS conformers of (a) C—H activation,

(b) oxidative addition and (c) reductive elimination for third arylation.
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Our calculations suggest that tri-arylations can be achieved more easily in the absence,
rather than the presence, of the pyridine ligand. This is indeed what was observed

experimentally.

4.3.5 Effects of directing groups

The initial experimental screening for the best directing group (DG) for the arylation
reaction showed that the picolinic acid-based DG (DG1, Table 4.1) worked the best for
this reaction. The list of DGs includes adding substituents ortho (DG2, DG3, DG8) and
meta (DG4, DGS) to the pyridyl ring of DG1, where DG2 and DG3 have different
electronic demands (in DG2, the inductive electron-withdrawing effect slightly dominate
over resonance electron-donating effect while in DG3, the electron-donation dominates
over electron withdrawal). DG5S and DG6 are respectively the pyrimidine and pyrazine
analogues of picolinamide DG1. All of these DGs form [5,6]-fused carbopalladated
intermediate upon C—H activation except DG7, which forms a [6,6]-carbopalladated

intermediate.

Computational studies were performed to understand how the different steric and
electronic effects of these DGs impact on the yield of the reaction outcome. The reaction
barriers for C—H activation, OA and RE steps were explored and the results are given in
Table 4.1. The overall rate-determining transition state (RDTS) for each DG is
highlighted in bold. We note that either the OA or RE step can be rate-determining
depending on the substrate structure. This is in agreement with our observation that in
first arylation, OA and RE have rather close activation barriers. From Table 4.1, the order
of increasing energy span is DG1 (30.5) ~ DG5S (30.9) < DG6 (32.0) ~ DG4 (32.3) <
DG2 (36.1) ~ DG3 = DGS8 (36.4) << DG7 (46.1) where the overall energy span for

activation given in the parentheses are quoted in kcal mol™!. Structures DG1 and DG5

159



have the lowest activation barriers and are thus predicted to be the best directing groups
for arylation. Experimentally, DG5/DG6 give much lower yield than DG1 and DG4.
This could be because the extra N atom in the heteroaromatic rings in DG5/DG6 interact
with other molecules (such as solvent) to impede the OA and RE steps. The strong
coordinating ability of the extra N-atom could also outcompete substrate binding sites
and deactivate catalytic activity. Structures DG2/DG3/DGS8, with substituents at the
ortho-position relative to the N-atom in the pyridine ring, all have higher activation

barriers (~ 6 kcal mol!) than DG1, indeed, these give very poor yields.

proximal N
— A
g directing group
= (0] MeM
e O Me_ Me /\HL e
o) Xy N Me RT e Me
R / SeN'~pPd- e
\9”\7(1\0 f {12
py )\ CF, @ ts-6/7
o distal N
int-4’ (e)
(c) r— —
[r— ) ts-6 ‘ ts-7
(a) ! ts-4’ N ! " \— ’
[PA(TFA);]; | e K \ .
—_— A int-7
0.0 ' ;
~ —
4xpy ;
L) —
swa int-8
2 x int-4’
h coordination S C-H activation T oxidative addition' D reductive eIimination'
Expt Overall
DGs ) (a) (b) (c) (d (e) .
Yield barrier
AN
| o
N" Y 77% | 27 | 234 | 44 7.1 6.8 30.5
1
DG1
N
| o
F” N % 0% 115 | -143 | 143 | 17.7 | 218 36.1
1
DG2
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MeO™ 'N° ¢ 0% 29 | 202 | 95 13.5 | 16.2 36.4
DG3

F \

| L o
N™ ¢ 75% 1.1 | 209 | 7.1 112 | 11.4 323
DG4

SN

N" Y 7% 21 | 207 | 77 10.2 9.9 30.9
DG5

N

N

(o

N F 25% | 4.0 | -196 | 85 120 | 12.4 32.0
DG6

z

N Y
. 0% 35 | -17.8 | 215 | 159 | 283 46.1
No

DG7
A

| L o
N" 7 10% 13 | -21.0 | 114 | 129 | 154 36.4
DGS8

Table 4.1. The reaction barriers for different directing groups used in the arylation reaction. The rate-

determining TS step for each is given in bold.

With these comparative energy profiles, detailed stereoelectronic influences of these DGs
on the activation barriers (and thus yield) were analysed. Analysis of the HOMO of the
TSs for both OA and RE steps for all DGs indicates that the electron distributions are
rather similar (Figures 4.10). The key geometrical parameters in these TSs show that the

RE TSs have very similar geometries (Table 4.2); the OA TSs have varying Pd-N¢ bond

161




distances, implicating a different degree of electron donation from the lone pair on the

directing groups to the electrophilic Pd metal centre.

(2)

(b

DGS DG6 DG7 DG8

Figure 4.10. HOMO of TSs for (a) oxidative addition and (b) reductive elimination at a surface isovalue

of 0.05.
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Oxidative addition TSs

Bond distances / A Bond angles / °©
DGs | Pd-N? | Pd-N¢ | Pd-1 lédl' Iédz' NP-Pd-I Cz;:‘l' I-Pd-C1
DG1 | 2.03 | 220 | 259 | 218 | 2.02 163.2 168.2 60.4
DG2 | 2.04 | 226 | 259 | 214 | 2.02 161.1 165.3 63.1
DG3 | 2.04 | 225 | 2,60 | 2.14 | 2.03 162.4 164.9 62.3
DG4 | 2.03 | 2.21 259 | 218 | 2.02 162.8 168.2 60.7
DG5S | 2.02 | 220 | 2.60 | 2.18 | 2.02 162.4 168.0 60.6
DG6 | 2.03 | 2.21 259 | 217 | 2.02 162.6 168.1 61.2
DG7 | 2.03 | 222 | 259 | 215 | 2.03 173.2 171.0 62.8
DG8 | 2.03 | 228 | 2,60 | 2.15 | 2.03 166.6 163.8 61.6
Reductive elimination TSs
Bond distances / A Bond angles / °©
DGs | Pd-N° | Pd-N? | Pd-I 1;(11- 1;(12- NP-Pd-I cz;:d- Czc'll)d'
DG1| 208 | 2.10 | 2.62 | 2,06 | 2.12 166.7 157.2 61.5
DG2| 208 | 2.11 262 | 206 | 2.12 160.5 162.7 60.8
DG3 | 2.08 | 2.10 | 2.63 205 | 2.12 159.0 162.4 60.9
DG4 | 208 | 2.10 | 2.62 | 2.06 | 2.12 167.1 156.8 61.5
DG5S | 207 | 2.10 | 2.62 | 2.06 | 2.12 167.0 158.1 61.6
DG6 | 2.08 | 2.10 | 2.62 | 2.06 | 2.12 167.2 156.6 61.8
DG7 | 2.06 | 2.09 | 2.63 207 | 2.12 158.6 175.1 60.1
DG8 | 2.07 | 2.10 | 2.63 205 | 2.12 157.7 164.1 60.9

Table 4.2. Key geometrical parameters for the TSs in the oxidative addition and reductive elimination

steps.

163




Oxidative addition TSs

NBO charge g/e Ll?:agle:;(f_zl/
DGs Pd NP Nd I C1 C2 NP Nd

DG1 0.208 | -0.586 | -0.417 | 0.187 | -0.044 | -0.433 | -38.50 | -38.02

DG2 0.201 | -0.595 | -0.446 | 0.173 | -0.030 | -0.406 | -4.56 | -37.10

DG3 0.216 | -0.595 | -0.442 | 0.167 | -0.031 | -0.417 | -4.39 | -37.11

DG4 0.204 | -0.588 | -0.397 | 0.189 | -0.045 | -0.427 | -38.41 | -37.95

DG5S 0.201 | -0.589 | -0.443 | 0.186 | -0.049 | -0.433 | -4.65 | -40.64

DG6 0.202 | -0.588 | -0.385 | 0.184 | -0.041 | -0.423 | -38.14 | -38.18

DG7 0.213 | -0.598 | -0.428 | 0.141 | 0.001 | -0.424 | -5.57 | -35.91

DGS8 0.215 | -0.591 | -0.407 | 0.160 | -0.030 | -0.413 | -4.53 | -33.03

Reductive elimination TSs

NBO charge g/e Ll?:agle:;(f_zl/
DGs Pd NP Nd I C1 C2 NP Nd

DG1 0.227 | -0.567 | -0.395 | -0.202 | 0.034 | -0.322 | -5.74 | -47.13

DG2 0.213 | -0.567 | -0.432 | -0.169 | 0.043 | -0.345 | -7.67 | -44.48

DG3 0.236 | -0.566 | -0.426 | -0.205 | 0.045 | -0.352 | -6.46 | -46.96

DG4 0.222 | -0.568 | -0.378 | -0.194 | 0.033 | -0.319 | -5.53 | -45.07

DG5S 0.221 | -0.569 | -0.425 | -0.209 | 0.034 | -0.322 | -83.25 | -47.63

DG6 0.217 | -0.568 | -0.367 | -0.191 | 0.033 | -0.316 | -80.40 | -45.23

DG7 0.245 | -0.572 | -0.398 | -0.171 | 0.062 | -0.398 | -77.96 | -43.75

DGS8 0.228 | -0.562 | -0.381 | -0.189 | 0.046 | -0.357 | -70.58 | -45.11

Table 4.3. NBO charges and the largest perturbative stabilisation energy (£:) due to the lone pair (LP)
donation from N to Pd LP* orbital.
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DG8

Figure 4.11. NCI plots of TSs for (a) oxidative addition and (b) reductive elimination at an isosurface value

of 0.05.
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Figure 4.12. van der Waals surfaces visualisation of oxidative addition TSs. Steric clashes between the

substituents ortho- to pyridyl ring and the incoming aryliodide (DG2/3/8) can clearly be seen.

DG2, DG3 and DGS8 (overall barrier 36.1 to 36.4 kcal mol!) all have longer Pd-N¢ bond
distances (2.25-2.28 A) than that in DG1 (2.20A), suggesting smaller degrees of electron
donation. Quantitative NBO analysis using second-order perturbative stabilisation energy
(E>) is consistent with this observation and indicates that these TSs are stabilised to a
lesser extent than DG1 (Table 4.3). Steric factors play an important role in the OA step.
The incoming Ar—I groups increase steric crowding, therefore, any steric bulk hindering
the incoming aryl iodide will disfavour this step. The substituents at the ortho-position
relative to N-atom of the pyridyl ring in these DGs give rise to unfavourable steric
hinderance to the 4-iodoanisol that is being oxidatively added. These steric clashes
between the ortho-substituents and the incoming coupling partner is evident in the NCI
plots as well as van der Waals surface plots in the OA transition structures (Figures 4.11

and 4.12); these unfavourable repulsions heighten the barrier heights. Therefore, both
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steric and electronic factors dictate that these DGs (DG2/DG3/DG8) would perform less

well than DG1, in agreement with experimental observations.

For DG4, DG5 and DG6 (overall barrier 30.9 to 32.3 kcal mol!), both NBO analyses
and NCI plots indicate similar electronic and steric interactions to those in DGI,
implicating similar yields possible. DG5 and DG#6 are analogous to DG1 and have similar
sterics as DG1; they differ in the position of the extra N-atom in the six-membered ring.
The lone pair on the heterocyclic N-atom in DG5S had unfavourable repulsive interaction
with the amide oxygen atom (NCI plot, Figures 4.11, region 1), therefore destabilising
the TS more than in DG6, giving lower experimental yield. DG5S and DG®6, although
satisfying the stereoelectronic constraints on the rate-determining OA step, performed
badly experimentally, possibly due to the above-mentioned coordinating ability of the
heterocycles to outcompete substrate binding and deactivate catalytic activity or to bind
to extra molecules (other ligand/solvent molecules) that impede OA/RE steps in ways
that are not captured in the present considerations. DG4 has F atom meta to the directing
N-atom, thereby, out of steric clashes with the incoming iodoanisol that is being
oxidatively added. In addition, the perturbative stabilisation energy (E>) from pyridyl N-
atom donation to Pd is similar to that in DG1 (within 1 kcal mol'!, Table 4.3). This
electronic stabilisation greatly favoured oxidative addition as the Pd-metal cycled from
Pd(IT) to Pd(IV) in the OA TS. This similarity in the steric and electronic factors for DG1
and DG4 explained their similar yield obtained experimentally (77% and 75%

respectively, Table 4.1).

For DG7, the OA TS forms a [6,6]-palladacycle, which, although has similar electron
distributions and bond distances in the TS as that for DG1 (Figure 4.10 and Table 4.2),

introduces very unfavourable ring twisting, thus giving augmented repulsive interactions
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(Figures 4.11 and 4.12). The [6,6]-palladacycle is hugely disfavoured due to the steric
constraints and this observation is consistent with various studies of similar catalytic

systems.3667368’377’379738 1,396,424,425

To sum up, for DGs that chelate to Pd metal forming a [5,6]-fused carbopalladated
intermediate, the presence of a substituent at the ortho-position relative to the ring N-
atom, regardless of its electronics (electron-withdrawing —F group in DG2 and electron-
donating —OMe group in DG3, and benzene ring as part of quinoline in DG8Y), renders
the DG ineffective. For DGs that chelate to Pd metal forming a [6,6]-fused intermediate,
hugely disfavoured geometrical distortion occurs and introduces massive ring strain that

renders the transition structure rather high in energy, giving low product yield.

4.3.6 Substrate 3a: mononuclear pathway for Pd(II) catalysis

Experimentally, when substrate 1a was used for 3-C(sp®)-H arylation, it was found that
the reaction required harsher conditions (higher temperature and longer time) than for
substrate 2a; pyridine ligand .1 was found to be incompetent in effecting arylation while
a different ligand, pyridone ligand L.14 (Scheme 4.1(c)), was required. In addition, kinetic
isotope effect studies and order determinations suggest an irreversible C—H activation

step as overall rate-determining for substrate 1a, in contrast to substrate 2a.

For computational modelling, substrate 3a, where the ethoxycarbonyl group (—COOE?)
on the a-Carbon of substrate 1a is replaced by a methyl group (—-Me), was employed. This
substrate (3a) worked well for d-arylation and it only differs from substrate 2a in the two
extra methyl groups on a- and y-positions (useful for comparisons later). An additional
simplification in modelling was replacing the benzyl protecting group (—Bn) on the

pyridone ligand L.14 by a methyl group (—Me). The mononuclear pathways (Figure 4.13)
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are similar to those for substrate 2a in Figure 4.2: the overall barrier in the absence of
ligand is 33.1 kcal mol'! whereas this is 43.2 kcal mol! with ligand. This is inconsistent
with experimental observations that this reaction required the presence of ligand to occur;
the absence of ligand or the use of pyridine ligand (L1) did not work. As for substrate 2a,
the ligand was not found to participate in either OA or RE step as the inclusion of the
ligand in the TSs (ts-6b’ and ts-7b’, Figure 4.14) increases the barrier for these steps (in
ts-7b’, the ligand could not coordinate to the Pd-centre as RE took place). We proceed

to look at the trinuclear pathway as previously (vide infra).

ts-4b ts-4b’ ts-6

Figure 4.14. Selected TS structures for the energy profile in Figure 4.13.

170




4.3.7 Substrate 3a: trinuclear pathway for Pd(II) catalysis

The trinuclear pathways for substrate 3a in Figure 4.15 present a similar picture to that
for substrate 2a (Figure 4.5). In the absence of any ligand (the black pathways on top),
the dissociation of trimeric Pd3(TFA)s catalyst complex to its monomeric form that
further undergoes OA/RE is thermally rather inaccessible, requiring energy to overcome
a very high reaction barrier of 50.9 kcal mol'. The direct C-H activation via CMD of the
trimeric complex Ab is more favourable than its dissociation, giving an overall activation
barrier of 42.5 kcal mol!. With pyridone ligand L.14, the trimeric complex Ab favourably
dissociates into its monomeric forms sm-1b’ and int-3b’. This is followed by a ligand-
assisted C—H activation ts-4b’. The subsequent OA and RE steps are higher than the C—
H activation step and very close in activation barriers (within 1 kcal mol™), giving an
overall barrier of 43.2 kcal mol™!, which is slightly higher than that without pyridone
ligand via C—H activation of the trinuclear complex Ab. The pyridone ligand L.14 was
not found to directly participate in either OA/RE steps as these (ts-6b’ and ts-7b”) have
higher activation barriers than the steps without pyridone ligand (ts-6b and ts-7b). These
pathways both point to the OA step as the overall rate-determining, as in substrate 2a. It
conflicts the experimental finding that the C—H activation step is the rate-limiting step

for this pyridone-assisted arylation of substrate 3a.

4.3.8 Role of silver carbonate as a co-ligand

We wonder if the silver additive or the cationic sodium counterion, in concert with the
pyridone ligand L14, plays any role in lowering the OA step in substrate 3a, such that the
overall rate-determining TS becomes the C—H activation step. We then considered the
possible pathways involving cationic intermediates in the OA step to see if this provides

an alternative pathway.*%#426 The introduction of either Ag* or Na* cation in the presence
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Figure 4.15. Gibbs free energy profile for first arylation in the absence (black) and presence (blue) of pyridone ligand L14 with trinuclear palladium catalyst as a starting

material for substrate 3a.
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of ligand L.14 was separately explored. We found that the activation barrier for OA is
30.3 kcal mol! with Na* cation and 20.1 kcal mol! with Ag® cation, relative to the
cationic intermediates, implicating possible Ag" cation participation (Figure 4.16). Since
it is difficult to compare species with different overall charges due to huge differences in
the solvation energies involved,**’*?® we considered a heterodimeric catalytic species
involving silver cation for the OA/RE steps in neutral pathways, in a fashion similar to
the heterodimeric Pd—Ag catalytic species considered for C—H activation step by Houk
and Schaefer.#?*# A similar Pd-Ag heterobimetallic TS structure was also implicated
in the B-bromide elimination step in the Pd-catalysed C(sp?)-H alkynylation via inverse

Sonogashira coupling using bromoethynytrimethylsilane (see subsection 6.3.4).

&0 oI
\\ [ ,57‘15?97 %64
A - A 212 ,2-?1/ °
\ ) 2.36
g v
/
/ 30.3
2
W 20.1
L]
\,’\_, 228 Y= ~N7
D AT ¢
7~ 218
76?704; ’ — N AN 701\

Figure 4.16. Optimised structures involving cationic species. Left: with silver cation; right: with sodium

cation.

The overall Gibbs energy profile with silver carbonate participation is shown in Figure
4.17. The addition of Ag>COs to intermediate int-5b’ yields structure int-9b that is highly
stabilised. The carbonate anion first deprotonates the hydroxyl proton on pyridone ligand

L14, without any barrier — although the pKa of bicarbonate, at ~10.3, is much lower

173



(carbonate a weaker conjugate base) than that of pyridone (~11.7 for 2-pyridone), the O—
H bond on the pyridone ligand is likely to be weakened significantly as the pyridyl-N
donates electron to the electrophilic Pd-centre. The N-atom on the pyridyl group of the
DG gets displaced as it coordinates to a silver ion; this silver ion is also held in place by
the deprotonated hydroxyl-O on pyridone L.14 (int9b, Figure 4.17). A second silver ion
coordinates to the O atoms of the picolinamide DG and the TFA ligand and is held in
close proximity to iodine, facilitating the subsequent highly exergonic formation of

insoluble Agl as the reaction proceeds.

The overall stabilising non-covalent interactions (NCIs) in the highly organised transition
structure ts-9b (Figure 4.18), together with the enthalpically favourable electrostatic
interactions between Ag" and I" ions, greatly lower the activation barrier of the OA step
to 28.3 kcal mol!. With this cooperative pyridone/silver carbonate binding, the C-H

activation step, with a barrier of 31.0 kcal mol™!, becomes overall rate-determining.

We note that the pyridone ligand L.14 is necessary as the deprotonated hydroxyl-oxygen
played a crucial role in giving a highly ordered transition structure; replacing it with
pyridine ligand L1 resulted in the loss of this organisation, indicating that this could be a
plausible reason why pyridine ligand did not work very well experimentally (vide infra).
The final product, int-11b, is highly exergonic, assisted by the favourable formation of

insoluble Agl salt and thus thermodynamically favoured.

For the second C—H activation, the TS ts-9b’ occurs at a very high energy barrier relative
to the first arylation product int-11b, which is highly stabilised. The activation barrier of
60.6 kcal mol™! for second arylation was insurmountable so that the second arylation for

substrate 3a was not observed experimentally.
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Figure 4.18. NCI plots of heterodimeric Pd—Ag catalytic structures at an isosurface value of 0.05 for

substrate 3a in the presence of pyridone ligand L14.

To see if silver carbonate has any similar effect on substrate 2a in the presence of pyridine
ligand L1, we performed a similar TS search on the parent system in the presence of
silver carbonate. Most TS searches failed to yield the expected structure due to the
increased degree of freedom in the silver carbonate positions as pyridine could not hold
silver ion in position after its N-atom coordinates to the Pd metal. The TS we found for
this OA step, ts-9c¢ (at 11.0 kcal mol™'), is higher in activation barrier than ts-6 without
the involvement of either pyridine or silver carbonate (at 7.1 kcal mol™!); the overall
barrier for arylation increases from 30.5 kcal mol™! without Ag>CO;3 to 38.8 kcal mol!
with Ag>COs participation (Figure 4.19). In ts-9¢, the pyridine ligand could not hold
silver ion in a highly organised fashion as compared to ts-9b (Figure 4.17), resulting in

poorer interactions and higher activation barriers.

4.3.9 Substrate 3a: C—H activation step and diastereoselectivity

A high degree of diastereoselectivity in the products was observed experimentally when
the L-isomer of leucine and its derivatives were subjected to the present transformation
(Scheme 4.2). Experimental characterisation using NMR could only establish the ratio of
relative stereochemistry of the diastereomeric mixture of products. We thus recourse to
computational investigations to assign the absolute stereochemistry and predict the

diastereoselectivity ratio (d.r.) of the mixture of diastereomeric products. Indeed, our
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computational assignments agreed very well with previously reported experimental

results.3%
Pd(OPiv), (10 mol%) COOMe 5
I L14 (20 mol%) j/\r .
MeY\rCOOMe N Ag,CO; (3 equiv) NHCOPy 5 N
Me NHcopy * IR | copy=0 P
CF3COONa (2 equiv), TBME COOMe ! N
36 h, 130 °C '
NHCOPy
Me COOMe Me., COOMe Me COOMe Me., COOMe
/©J/\r54copy NHCOPy NHCOPy NHCOPy
O,N O,N MeOC MeOC

%(—/ %r—/
13, 68% :
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Scheme 4.2. Diastereoselective 3-mono-arylation of L-leucine.

The C—H activation step was found, both experimentally and computationally, to be
overall rate-determining for substrate 3a (subsections 4.3.7 and 4.3.8), an L-leucine
derivative. A detailed investigation of this step would warrant a good understanding of
the origin of the diastereoselectivity and was thus carefully performed. The different
possibilities for the C—H activation step were considered with their relative activation
barriers given (Figure 4.20). The lowest-barrier TS from each scenario is used for

discussion.

Without any ligand participation (Figure 4.20 (b)), the C—H activation step (ts-4b) is 3.4
kcal mol! higher in barrier than the lowest TS (ts-4b’ via pyridone L14). Using pyridine
in place of pyridone ligand L14, the C—H activation step is 3.1-5.1 kcal mol™! higher
depending on whether pyridine acts as a ligand (ts-4b’-py) or as a base (ts-4b’’-py). In
all cases, these are not as efficient as using pyridone ligand L.14. The absence of Thorpe-
Ingold effect in substrate 3a (subsection 4.3.10) renders the rate-determining C—H
activation step via CMD more difficult. Using pyridine in addition to a separate TFA ion

as a base is not as good in bringing the C—H bond into position for activation as using
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pyridone ligand L14 which can bring the C—H bond close to Pd(II) metal by N-
coordination to the metal while carrying out the CMD step in a well-coordinated

transition structure (ts-4b”).
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Figure 4.20. Different conformations considered for C—H activation step using (a) pyridone L14 (b) TFA
ion (c) TFA ion with pyridine L1 as ligand (d) pyridine L1. All AAG* values are taken relative to the lowest

activation barrier ts-4b’ and are quoted in kcal mol™'.

More importantly, our calculations give the differences in the C—H activation barriers

(AAG?) between the two diastereomers (ts-4b’ and ts-4b’-c3, Figure 4.20) as 2.2 kcal
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mol™!. This corresponds to a diastereoselectivity of 21:1, in good agreement with
experimentally observed ratio of 28:1. While the absolute configurations for the observed
d.r. could not be determined by experimental means, computations allow us to establish

the absolute stereochemistry of the arylated products with confidence.

4.3.10 Comparing substrates 2a and 3a: Thorpe-Ingold effect

The differences in the C—H activation barriers for substrates 2a and 3a can be
demonstrated by comparing the relative heats of enthalpies for the formations of their
respective C—H activated complexes (Scheme 4.3). We considered the case where each
activated intermediate has pyridine ligand coordinated to it. Conformations of the
activated complexes where the 6-membered palladacycle puckered in different
orientations were considered. For the second reaction (Scheme 4.3 (ii)), these include the
activated complexes formed in Figure 4.20 (c) after losing an HTFA molecule. The
lowest energy conformer for each reaction is used for comparison. The differences in the
enthalpies, AAH = AH; — AH,, gives the relative ease of formation of each activated
complex. Computations show that the enthalpic formation of the C—H-activated complex
for 3a is 1.2 kcal mol'! higher than for 2a, in agreement with our prediction that the lack
of Thorpe-Ingold effect in the C—H activation TS for 3a makes it more difficult than C—

H activation for 2a.

U} O Me
o MeMemeMe Me Me x N
X NMMe N 4H, | Nt
o N~ — e
N

\ N/

Scheme 4.3 Relative heats of enthalpies for the formation of C—H activated complexes for substrates 2a

and 3a
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4.3.11 Regioselectivity studies for a variety of substrates

Experimentally, good regioselectivity for different aliphatic amine derivatives were
obtained in the final product despite the presence of multiple inequivalent C—H sites for
activation (Scheme 4.4). For substrate 4a, it was found that arylation occurred selectively
at the primary methyl C—H over the secondary methylene C—H. For substrates 5a, 6a and
7a, highly 5-selective mono-arylated products were obtained, keeping other accessible o-
and y-sites intact. Computational studies were performed to elucidate the origins of such

regioselectivity.

NHCOPy Pd(OPiv), (10 mol%) NHCOPy
J/\( L14 (20 mol%) J/\(
C Ag,COs (3 equiv) SN
>R : COPy = O, I P
H, / CF4COONa (2 equiv), TBME : YZOSON
NHCOPy 36 h, 130 °C ] NHCOPy '

4, 68% ME 562% 6, 54% Me 7,83%
H H_, H 4H H 5HY
Me)j/\(NHCOPy o, L NHCOPy %NHCOPy .\ )z NHCOPy
5 7 1
H Me 6 /7 "9 5 8 7 69 1o
H 8
[Il 4a Il 5a Il 6a

o Me (o] H (o] H
Me ) i 2
N N N A N 3
H ! H S I H 7 |
75C 6 ~2N 47
8

Scheme 4.4. Regioselectivity study for different aliphatic amines.

Substrate 4a presents two inequivalent §-C(sp?)-H positions for arylation. To rationalise
the observed regioselectivity, we calculated the relative energy differences (44GY)
between the TSs for C—H activation step which was shown to be the rate-limiting step for
this reaction. The primary methyl C-H bond (4a-1) is selectively activated over

secondary methylene C—H bond (two conformations 4a-2-c1 and 4a-2-¢2); this is
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favoured by 2.3 kcal mol™, corresponding to a 24:1 selectivity for the primary C-H
activation using simple transition state theory. NCI plots and van der Waals surfaces
suggest that the unfavourable steric clashes between the e-methyl group and the
heterocyclic ring of L.14 and adjacent methyl groups account for the relative activation
barriers observed experimentally (Figure 4.21). In TS 4a-2-c2, there is only steric clashes
between e-methyl group and the heterocyclic ring of L.14, whereas in TS 4a-2-c1, in
addition to the steric clashes between e-methyl group and the heterocyclic ring of L.14,
there is additional steric clashes between e-methyl group and the methyl group on a-

carbon, such that TS 4a-2-c1 has higher activation barrier than TS 4a-2-c2.

4a-1 4a-2-c1 4a-2-c2
AAGHF=10.0 3.7 2.3
O N O N O NMe
\ \ /
/ N.Pd/.- | / N-pd"lmwle 4 \N.PJ_XJIUMe
=/’ M Me — |_'XM Me =/ Me

|
A ) =
b I - ) g [
/qu\ ¥ 2 ~ ~
% } /7— f:\ — 0 ¥ %

\

Figure 4.21. Optimised structures, NCI plots and van der Waals surfaces for C—H activation TSs of
substrate 4a by pyridone ligand L.14.
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Substrate 5a presents multiple inequivalent 3-C(sp*)-H and y-C(sp?)-H positions for
arylation. Four TSs were found for the C—H activation step (Figure 4.22). TS structure
5a-2 has a high activation barrier due to the distortion of the y-H-atom while C—H
activation occurred, giving rise to unfavourable interactions as shown in the NCI plots in
Figure 4.22. Similarly, TS structures 5a-3 and 5a-4 distort unfavourably, giving rise to
elevated activation barriers. These are not competitive to TS 5a-1 that gives observed
product. TS structures 5a-5 and 5a-6 were not computationally found (Scheme 4.5); the
activation of these C—H bonds would require placing a Me—/H—group inside the
palladacycle ring, giving rise to immensely repulsive interactions and were thus not

experimentally observed.

5a-1
AAGE=0.0
B (o] H ks
N~ph 4
/ 5
=N H
\ 7/ °
_Me-O ]

\

Figure 4.22. Optimised structures, NCI plots and van der Waals surfaces for C—H activation TSs of
substrate 5a by pyridone ligand L.14.
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Scheme 4.5 Highly geometrically strained TSs for substrate Sa that were not found.

Figure 4.23. Optimised structures, NCI plots and van der Waals surfaces for C—H activation TSs of
substrate 6a by pyridone ligand L.14.
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Substrate 6a is structurally similar to substrate Sa (Scheme 4.4). The activation at y-
C(sp*)-H position (5a-4) would give less steric crowding than before, due to fewer
methyl groups present. Therefore, we recalculated this possibility. The relative energy
difference (AAG*) between the TSs for C-H activation step at 5-C(sp>)-H (6a-1) and y-
C(sp*)-H position (6a-2) is 4.2 kcal mol™!, corresponding to a 337:1 selectivity for the 3-
C(sp*)-H position. The selectivity is again traced to non-covalent interactions present in

these TSs (NCI plots, Figure 4.23).

For substrate 7a, we considered the regioselectivity between the secondary 8-C(sp*)-H
and the primary y-C(sp*)-H. Calculation predict that the primary y-C(sp*)-H would be
favoured by a factor of 56:1 over secondary y-C(sp®)-H provided that the C—H activation
is the TDTS for this reaction (44G*= 2.9 kcal mol!). We note that C-H activation step
is unlikely to be rate-determining if there is steric crowding in the substrate, as in the case
of substrate 2a. Thus, we calculated the oxidative addition step for each activated
complex and found that OA is the TDTS for this reaction, with methylene 5-C(sp®)-H
functionalisation being 7.0 kcal mol™!' lower than for y-C(sp*)-H activation, thus only

methylene 5-C(sp?)-H functionalisation was observed, in agreement with the experiment.
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Figure 4.24. Optimised structures, NCI plots and van der Waals surfaces for C—H activation TSs of
substrate 7a by pyridone ligand L.14.

4.3.12 Proposed catalytic cycles

Based on our calculations, together with experimental evidence from reversibility study,
kinetic measurements and order determination, we observe that substrates having a
quaternary y-centre undergo a reversible C—H activation with OA/RE as the TDTS
whereas substrates without a quaternary y-centre undergo an irreversible rate-determining
C—H activation. We propose that the reaction for substrate 2a (with a quaternary y-centre)
proceeds via first coordination to the catalytic Pd(I)-trimer, followed by pyridine ligand-

assisted dissociation (pathway II, Scheme 4.6) and subsequent reversible C—H activation
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to give the catalytically active palladacycle, int-5’. Subsequent oxidative addition and
reductive elimination through the Pd(II)/Pd(IV) manifold give the final arylated product.
The reaction mechanism is slightly different in substrate 3a (without a quaternary v-
centre): cooperative silver carbonate/pyridone ligand binding gives highly organised TSs
that lower the OA and subsequent RE steps so that C—H activation becomes overall rate-
determining (Figure 4.17). Stabilisation of the first arylated product in a Pd-Ag

heterometallic complex makes subsequent second arylation thermally inaccessible.
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Scheme 4.6. Proposed mechanistic cycle for substrate 2a.
4.4 Conclusions
Our computational investigations on the reaction mechanisms of structurally varying

substrates for d-arylation shed light on the origins of differences in the observed reactivity
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(the relative ease of C—H activation and the differing rate-determining steps). A trinuclear
coordination complex was implicated in both reactions. For substrates with a quaternary
y-centre, C—H activation can be more easily achieved due to Thorpe-Ingold effect,
making it non-rate determining. For substrates without a quaternary y-centre, C—H
activation is more difficult and requires a pyridone ligand which helps in a tighter TS for
C—H activation. In addition, the pyridone ligand can bind to silver additive cooperatively,
giving a heterobimetallic Pd—Ag transition structure that lowers steps subsequent to C—H
activation. Detailed steric and electronic factors influencing the performance of different
directing groups were analysed, lending justifications to the experimentally observed
yields for different directing groups. Experimentally observed regioselectivity for a
variety of substrates were carefully studied computationally, allowing us to probe the
stereoelectronic origins of such regioselectivity and offering an augmented understanding

of the molecular picture of the experimentally observed selectivity outcomes.
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"I could have done it in a much more complicated
way," said the Red Queen, immensely proud.

— Lewis Carroll, Alice in Wonderland

*

Pd-catalysed C(sp?)-H allylation™

5.1 Introduction

Transition metal (TM) catalysed, directing group-assisted selective functionalisation of
C—H bonds in molecules has revolutionised the fields of organic and natural products
syntheses as well as material science.’?>%143 One of the earliest examples of TM-
catalysed C—H activation involves the functionalisation of C(sp?)-H of an arene.*** Since
then, the field of C(sp?)-H functionalisation has burgeoned, finding diverse applications
ranging from pharmaceutical and agrochemical industry to organic electronics and
materials design,?3>%32433 helped by the ubiquity of the aromatic rings in those molecules.
To be useful, the inherent inertness of the C—H bonds and the site selectivity for activation

have to be addressed. Transient directing groups (DGs) are frequently employed to

*** This work has been published in Angew. Chem. Int. Ed. 2019, 58, 10353. DOI:
10.1002/anie.201904608. Permission has been granted by the publisher to re-use part of the material for
this thesis.
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435438 whereas distal meta- and para-C-H

achieve proximal ortho-C(sp?)-H activation,
bond activations are relatively underexplored.**#** The meta-position is arguably the

most challenging site for activation due to the fine balance between the mesomeric and

inductive effects of the substituents on arenes.

(a) Conventional allylation with aryl metals

stoichiometric LG
S metalation N A X
R > Ry >  Ra-
/ H / M cat. [M] “ \
M = Mg, Zn, Al, B etc.
LG = OH, OAc, OAr
® harsh reaction conditions OCO,R, OPO(OR),,
® limited to electron rich systems halogens, amines
(b) DG-assisted ortho-C(sp?)-H allylation
X DG cat. [M] N DG allyl sources X D6
R > R » R+
ZSH M=Pd,Ruy, Fe etc 2 m = X
(c) This work: DG-assisted meta-C(sp?)-H allylation
o :
o, .0 Rice g Oosz, Lo
s 1 DG, : o
DG, 2 :
N 10 mol% Pd(OAc), R = ; “
RT _ 20 mol% Ac-Nle-OH N~ x_Ri N N
H 3 equiv Ag,CO;
] 1 equiv CuF, 3 g, ; DG,
MeCN, 90 °C, 24 h _ Lo
exclusive E-selective |
¢ aliphatic internal olefins as allyl precursors e exclusive allylic selectivity
e exclusive E-selectivity o excellent meta-selectivity e atom economical

Scheme 5.1. Methods for C(sp?)-H allylation reactions.

The allylarene functional group is of central importance in many natural products and
bioactive molecules; compounds containing the allyl moiety are also amenable to
downstream modifications, providing a versatile building block for constructing complex
molecules.*43446 Direct C-H allylation is an important method in view of atom and/or
step economy and synthetic utility. Aryl metal compounds (such as magnesium,
aluminium, zinc) and boron reagents have conventionally been utilized for transition
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metal catalysed allylation with allylic electrophiles (Scheme 5.1(a)).*’-45 Despite their
excellent site-selectivity, these protocols suffer from requisite preactivation of the arenes
or halogenated arenes, thus requiring a stoichiometric amount of metals for metalation
and resulting in substantial salts waste. With progressive research and development in the
field of C—H functionalisation methods, direct C—H allylation via TM catalysis has sought
to overcome such problems. Various metals (such as Cu,*¢47 Nj,#8 P(,439:460 Ry, 46!
Re,*? Ir*%3 and Rh*64-46%) have successfully been employed in catalytic amounts for such

transformations. The versatility of direct allylation is greatly expanded by using a number

470-472 473-476

of possible allylic surrogates including allylic halides, allylic alcohols, allylic

461,483,484

amines,*’7#82  their  derivatives (such as allylic acetates and

carbonates464’483’485=486), allenes463,468,469,4874189 and dienes489.

Very few reports on utilizing unactivated allylic coupling partners have been reported in
the literature.*%#? Compared to the extensive studies on C-H alkenylation reactions
with activated olefins, unactivated olefins have not been extensively employed,

437493 Recently, our

presumably due to their inertness to undergo migratory insertion.
experimental collaborators, the Maiti Research Group at the Indian Institute of
Technology, Bombay (IITB), demonstrated the utilisation of unactivated olefins for
dehydrogenative heck reactions at the ortho-position with Pd and high-valent Co-
catalyst. 37499491 To reach out to the distal meta-C—H bond, the Maiti Group adopted a
Pd-catalysed meta-C—H allylation of arenes utilising readily available unactivated
internal olefins as allyl surrogates. Instead of using the nitrile DG** for meta-C-H
allylation, whose weak coordination and side-on binding restrict the transformations to

the introduction of less reactive coupling partners, a stronger coordinating pyrimidine-

based DG*>*7 was employed (Scheme 5.1 (¢)). It was found that this method proceeds
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with broad substrate scope, wide functional group tolerance and good to excellent yields;
late-stage functionalisations of complex pharmaceuticals can also be achieved. In
particular, the reaction proceeds with exclusive meta-selective E-allyl over Z-allyl or
styrenyl product formations in the presence of a catalytic amount of Pd(OAc), and mono-

protected amino acid (MPAA), N-acetyl nor-leucine ligand.

We carried out computational studies to understand the reaction mechanism and elucidate
the molecular origins of these observed selectivities. For computational modelling of the
reaction shown in Scheme 5.1(c), arene 1a (structure 1 with R = m-Me) and trans-hex-3-
ene (structure 2 with R; = Me) were used for calculations. All experimental work was
performed by our experimental collaborators (Tapas Achar, Rahul Mondal, et. a/, [ITB)

and all computational work was performed by the present author.

5.2 Computational Methods

Computational methods employed for the present study is similar to that employed for
the study on Pd-catalysed 3-C(sp®)-H arylation carried out in Chapter 4 using DFT as
implemented in Gaussian 16 rev. A.03 software.**° Following the success of the previous
studies, MN15 functional’® is employed here as well — MN15/def2-SVP!'®! initially
optimised geometries were further refined using GenECP (def2-TZVPPD for Pd!'74°! and
def2-SVP for all other atoms) basis set. This larger basis set is denoted BS1. Minima and
transition structures on the PES were verified as previously. Here, single point (SP)
corrections were performed separately with either MN15 or wB97X-D> functional and
def2-QZVPP* basis set for all atoms. This modification from the methods in Chapter 4 is
so that no separate specifications of basis sets for different atom types are required for SP
calculations. Herein, two functionals are included for SP calculations to verify that they
agree well with each other. The SMD continuum solvation model'!” was used to include
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the implicit solvation effect of acetonitrile (MeCN) solvent on the computed Gibbs
energy profile. Gibbs energies were evaluated at 363.15 K, using a quasi-RRHO
treatment of vibrational entropies.?’>?% As before, vibrational entropies of frequencies
below 100 cm™' were obtained according to a free rotor description, using a smooth
damping function to interpolate between the two limiting descriptions. The free energies
were further corrected using standard concentration of 1 mol L. SMD(MeCN)-wB97X-
D/def2-QZVPP//MN15/BS1 Gibbs energies are given with SMD(MeCN)-MN15/def2-
QZVPP//MN15/BS1 Gibbs energies in parenthesis throughout. Unless otherwise stated,
all Gibbs energy values in the text and figures are quoted in kcal mol! and all bond

distances are given in A throughout.

The .wfn files for NCIPLOT were generated at MN15/DGDZVP#%4!! Jevel of theory.
Noncovalent interactions (NCIs) were computed and visualised using NCIPLOT?8! and
PyMOL?7 software respectively, with same settings as in Chapter 4. Dihedral angle scans
were performed in gas phase using MN15/def2-SVP and the energies were taken without
further corrections. Geometries of all optimised structures (in .xyz format with their
associated energy in Hartrees) and an associated README file have been deposited

online and made freely available (DOI: 10.5281/zenodo.2775841).

5.3 Results and Discussions

5.3.1 Conformational considerations for starting materials

The starting materials for computational modelling, sulfonyl arene, 1a, and trans-hex-3-
ene, were first conformationally sampled. The possible rotamers for arene la were
generated by systematically varying a combination of key dihedral angles shown in red
(Scheme 5.2) and optimising the resulting structures. The crystal structure of trans-hex-

3-ene was obtained as a starting point for structure optimisation; additional rotamers were
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generated by varying the given dihedral angle in red (Scheme 5.2) and doing structural
optimisations. The lowest energy conformer for each starting material was used for

subsequent calculations.

\\Slp
/\/\/
T hex-3-ene
N ~ N
1a

Scheme 5.2. Generation of rotamers by varying the dihedral angles in red for conformational sampling.
5.3.2 Overall reaction energy profile for trans-hex-3-ene

The overall Gibbs energy profile for the C(sp?)-H allylation reaction between arene 1a
and frans-hex-3-ene is shown in Figure 5.1. The reaction proceeds with MPAA ligand-
promoted C—H activation, followed by 1,2-migratory insertion of alkene and the

subsequent selective B-hydride elimination to yield the final product.

In the absence of ligand, the C—H activation step (ts-1, 26.7* kcal mol’!, Figure 5.2) is the
overall turnover frequency-determining transition state (TDTS)!?> and unfavourable. The
coordination of amino acid ligand, N-acetyl norleucine (Ac-Nle-OH), with displacement
of two acetic acid molecules, is entropically favoured. Transition structure ts-1° (at 20.0*
kcal mol!') has the characteristic [5,6]-palladacycle conducive for C-H activation
(Figure 5.2).4%5001 The formation of a 5-membered palladacycle by the
ligand strategically positions the amide oxygen atom for facile C-H activation via
concerted metalation deprotonation (CMD). Other possible arrangements/coordination
modes of the MPAA Ac-Nle-OH ligand were considered (Scheme 5.3), but they all have

higher barriers than ts-1°, where a [5,6]-palladacyclic ring is involved.

Although the overall TDTS of the reaction is 1,2-migratory insertion in the presence of
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ts-1 ts-1° ts-3
26.7+ (28.2%) 20.0% (20.8%) 23.2%(23.8%)

ts-5 ts-7 ts-7’
15.6% (15.3%) 9.2% (10.7%) 27.4% (27.1%)

Figure 5.2. Selected optimised structures for C(sp2)-H meta-allylation using trans-hex-3-ene.

— —_ t [
0 O 1 \\l/ 0\\/9 1:
N S
S\o \o
12 N 120X
! N N

M e e ,-_,‘Pd’N\’N
KA o'e’OAc e dL
o’ N4,0 Oﬁ,o
lo} n-BuMe HN n-Bu Me
- - J\ 25.9%
ts-1'a 40.6% — 07 "Me - ts-1’c1  (27.2%)
(41.2%) 31.3%
ts-1’b  (33.0%) lowest of 5 conformers

Scheme 5.3. Other possible ligand coordination modes for the C—H activation step.

the MPAA ligand, the regio-(allyl/styrenyl) and stereo-(E/Z) selectivities are determined
by the subsequent B-hydride elimination step. Direct B-hydride elimination requires
positioning the ligand in close proximity to the palladacycle ring, giving unfavourable
sterics in int-5, which subsequently proceeds via ts-5 (15.6 kcal mol!, Figures 5.1 and
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—1.000 1.000

Figure 5.3. Relative stabilities of int-5 and int-7 and their NCI plots.

5.2) to give the desired product (verified via IRC analyses). This leaves palladium in a
formal +2 oxidation state forming a metal-bonded Pd(II) hydride, int-6, that can further
undergo reductive elimination between the acetate ligand and H to generate Pd(0)
catalyst. More favourably, a facile rotation in the C—C bond (ts-6) strategically
positions the free O-atom of the acetate ligand for ligand-assisted B-hydride

elimination (ts-7, 9.2 kcal mol!, Figures 5.1 and 5.2), giving final product int-8 directly
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and regenerating Pd(0). This product int-8 is exergonic (-0.4 kcal mol™') and irreversible,

such that ts-7 is overall regio- and stereo-determining.

Note that for ligand-assisted B-hydride elimination, the TS via 3-membered ring formed
by the acetate ligand coordinating O-atom carrying out the CMD (ts-7°, 27.4 kcal mol!,
Figure 5.2) is much less favoured than ts-7, where the non-coordinating O-atom of acetate

carries out the CMD step via a 5S-membered ring TS.

We further note that although int-7 and int-5 have similar structures (they differ in the
positions of the acetate ligand), int-7 (at 3.8 kcal mol!) is much more stable than int-5
(at 12.4 kcal mol') since in the latter, the acetate group is near the 14-membered
palladacycle ring, giving rise to unfavourable steric interactions with the arene, as shown
in the NCI plot (circled in green) in Figure 5.3; this unfavourable sterics is not present in

int-7.

5.3.3 Exact identity of the ligand in 1,2-migratory insertion TDTS

The intermediate after MPAA ligand-assisted C—H activation (int-2”) has the resulting
ligand in imidic acid form. The subsequent 1,2-migratory insertion TS leading from here
(ts-3’a, 41.7 kcal mol™!, Scheme 5.4) has a much higher barrier than its tautomeric amide
form (ts-3°b, 27.1 kcal mol!). The coordination by acetate (ts-3, 23.2 kcal mol!), on the

other hand, has the lowest barrier amongst these three possibilities.

We anticipate that ts-3 and ts-3’b would be rather close in energy, since they both
coordinate to Pd-centre in a monodentate fashion (Scheme 5.4), where the Pd—N
interactions would dominate over other possible non-covalent interactions (NCIs) in the
side chains. Although the amino acid side chain could provide better NCIs than the

methyl group in acetate, it could also give rise to potentially more steric hinderance.
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Scheme 5.4. 1,2-migratory insertion rate-determining step with either acetate (a) or MPAA in tautomeric
forms (b and c¢) as monodentate ligand. These can be thought of having the general structure in (d) where

the R—group varies.

In the computational studies of similar systems where amino acid ligands were used for
the C—H activation step, the amino acid (a.a.) was retained as a monodentate ligand for
all subsequent steps.’?2°9 We envisioned that the acetate ligand and the a.a. ligand would
have similar effects in 1,2-migratory insertion step and replacing the a.a. ligand with
acetate would not affect the energy profile too much (Note that the main role of the a.a.

ligand is in the C—H activation step).

Conformational searches were thus performed for the 1,2-migratory insertion step with
either acetate or MPAA as the monodentate coordinating ligand. Altogether, 6 TSs for
the acetate ligand and 12 TSs for the a.a. ligand were found (Figure 5.4). All these TSs
have higher Gibbs energy barriers than the C—H activation step, as expected, since the
1,2-migratory insertion step is overall turnover frequency-determining and C-H

activation is reversible as measured by kinetic isotopic effect experimentally.

As expected, the MPAA ligand binds in a monodentate fashion via one of the carboxylate
O-atom and that the side chains do not directly participate in the TS organisation around
the Pd-centre (Figure 5.4). Although the lowest barrier TSs are those with the MPAA
ligand, these are within ~1.5 kcal mol™!' of the lowest TS with the acetate ligand. For

modelling purposes, it is thus sufficient to use acetate instead of the full MPAA ligand.
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1,2-migratory insertion TSs with acetate ligand

ts-3-Ac-cl (ts-3)

ts-3-Ac-c2

ts-3-Ac-c3

23.21(23.8%)

23.4%(23.9%)

24.0t (24.7%)

ts-3-Ac-c4

ts-3-Ac-c5

ts-3-Ac-c6

24.3(24.5%)

25.2(26.1%)

27.65(27.9%)

1,2-migratory insertion TSs with MPAA ligand
ts3’b-aa-cl ts3’b-aa-c2 ts3’b-aa-c3
21.81(21.9%) 22.31(22.6%) 22.0%(23.2%)

ts3’b-aa-c4 ts3’b-aa-c5 ts3’b-aa-c6
22.1%(23.2%) 22.8%(23.6%) 23.8% (24.21)
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ts3’b-aa-c7 ts3’b-aa-c8 ts3’b-aa-c9
23.51(24.91) 25.1%(24.9%) 25.9%(26.5%)

705. M
0 202
'jlu

ts3’b-aa-c10 ts3’b-aa-c11 ts3’b-aa-c12

25.9¢ (27.0i) 27.8%(27.4%) 27.15(27.9%)
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Figure 5.4. 1,2-migratory insertion TSs with either acetate or MPAA ligand.

5.3.4 Arene site-selectivity studies

Experimentally, it was found that the reaction is exclusively meta-selective. The site
selectivity of C—H activation on the arene (ortho- vs meta- vs para-position) was studied
computationally. We studied both C—H activation and 1,2-migratory insertion steps. The
comparative Gibbs energies for these steps are given in Table 5.1. In all cases, without
the MPAA ligand, the C—H activation has a higher barrier than 1,2-migratory insertion;
the presence of the MPAA ligand lowers the barrier of the C—H activation step so that the
turnover frequency determining step becomes the 1,2-migratory insertion step. As
expected, meta-insertion (ts-3, 23.2 kcal mol™!) has the lowest activation barrier whereas
para-insertion (ts-3p, 28.2 kcal mol™) is 3.9 kcal mol™!' higher, translating to 1 in 222
selectivity using simple transition state theory (TST); ortho-insertion (ts-30, 37.0 kcal

mol™) is 12.7 kcal mol™!' higher than ts-3, making ortho-insertion uncompetitive (1 in 40
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million). These agree very well with the experimentally observed selectivities (ortho- and

para-products have too low experimental yields for quantitative comparison with meta-

product).
p— — — = t p— —
Q.9 i 0 Q.0 '
S\O SNO S\O
13 (S 12 7 " X
/@ N _N Me - ,NI\7N Me\d\ N _N
Me e ,d/ N~ A'.\ Pd{ ' \P' N
Ev Sy ToAc EeSY TOAc Ee Sy oA
Et Et Et
- ts-3p - - ts3 - — .ts-3¢.) - —
unfavourable sterics massive ring strain
ts-30
T
o
£
'_8 ts-10’ ts-3p
= —
6 7 ts3 ™
= ts-1p’
s T
. int-4o0
0.0 : MPAA ligand participation\\ . . int-4p
00) —_— —
A RRER int-4
SM
C-H activation 1,2-migratory insertion
SMD(MeCN)-wB97XD(MN15)/def2QZVPP
/IMN15/GENECP (def2TZVPPD on Pd + def2SVP on others)

Allylation site ts-1x ts-1x’ ts-3x int-4x
meta- 26.7% 20.0% 23.2¢ 1.4
(x = nil) (28.2%) (20.8%) (23.8%) (1.9)
ortho- 35.8% 28.7% 37.0% 19.2
(x=0) (34.9%) (29.2%) (35.5%) (18.2)
para- 28.6% 20.5% 28.2¢ 8.4
(x=p) (28.6%) (20.0%) (26.7%) (8.2)

Table 5.1. Arene site-selectivity studies for allylation. MPAA ligand lowers C—H activation in all cases

such that 1,2- migratory insertion (ts-3x) becomes the TDTS. The overall barrier for each case is given in

bold.
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ts-3p (para-) ts-3 (meta-) ts-3o (ortho-)

Figure 5.5. 1,2-migratory insertion TSs from para-, meta- and ortho-activated complexes. Top: HOMOs

at an isosurface value of 0.04. Bottom: NCI plots.

The HOMOs for the rate-determining 1,2-migratory insertion TSs for meta-/ortho-/para-
activation are plotted in Figure 5.5 Top. These show similar electron distributions,
suggesting that electronic factors are less important in the site-selectivity of arene C—H
activation. NCI plots (Figure 5.5 Bottom) show that for para-activation, ts-3p is sterically
disfavoured as the methyl-group on the ring comes close to the alkene being added
whereas for ortho-activation in ts-30, the excessive ring strain makes this TS highly
strained (the directing group got twisted out of shape), giving rise to unfavourably high
activation barrier. The possibility of addition to the other ortho-site would bring the
methyl-group into close proximity of the alkene being added, further increasing the

activation strain and was thus not considered.

In addition to the stereoelectronic effects associated with arene site selectivity, the ring
strain energies in these TSs were calculated from the reaction enthalpy of the isodesmic

reaction’*3% (Scheme 5.5). Specifically, a hypothetical pyridine ligand was used for TS
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Scheme 5.5. Computed ring strain energies by study of isodesmic reaction where a hypothetical pyridine

ligand is involved. Enthalpies quoted are corrected with solvent effect and in kcal mol™!.
searches to release the ring strain where the directing group (DG) got uncoordinated. Note

that in an isodesmic reaction, the total number and type of all bonds in the reactants and

the products are preserved.

The starting conformation for the DG (in green, Scheme 5.5) in all 3 cases was made the
same in a linear form for subsequent TS searches. The enthalpies of the reactions were

further corrected with SMD solvation model:
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AAH! | = AAHE, — AAEL + AAEY (5.1)

gas

where AHg*aS is the enthalpy change of the reaction in the gas phase at low level of theory
for computation, AE;aS is the energy change of the reaction in the gas phase at low level

of theory for computation and AE;FO[ is the energy change of the reaction in the solvent

phase at high level of theory for computation.

The calculations showed that the meta-insertion TDTS, a 12-membered palladacyclic
ring, has the lowest ring strain at 0.3 kcal mol !, followed by para-insertion TDTS (13-
membered), with 4.7 kcal mol™'; ortho-insertion TDTS (11-membered) has the largest
ring strain at 12.1 kcal mol! (Scheme 5.5). These values are in excellent quantitative
agreement with the selectivity studies in Table 5.1, where the para-TDTS is about 4 kcal

mol™! and the ortho-TDTS is about 12 kcal mol! higher than the meta-TDTS.

5.3.5 Product selectivity studies for zrans-hex-3-ene substrate

To study the product regio-selectivity (allyl vs styrenyl) and stereo-selectivity (E-allyl vs
Z-allyl) for the present system, both direct and ligand-assisted B-hydride elimination steps
were considered (Table 5.2). The formations of both E- and Z-allylated products proceed
via ligand-assisted B-hydride elimination (ts-7x); styrenylation proceeds via direct -
hydride elimination (ts-5x) due to its unfavourable arrangement of the acetate ligand for
ligand-assisted B-hydride elimination. Styrenylation involves unfavourable palladacycle
ring strain such that its direct B-hydride elimination proceeds via the displacement of the
directing group pyrimidinyl-N atom by the acetate ligand that subsequently binds in
bidentate mode (ts-5b, 19.2 kcal mol™!) rather than via the intact palladacycle with the

directing group bound in a monodentate fashion (ts-5b-c2, 21.1 kcal mol'!); ts-5b is
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more favourable than ts-Sb-c2 due to the release of the palladacyclic ring strain as

styrenylation occurs (Figure 5.6).

E-allylation - Z-allylation styrenylation
- A ts-4b
3 . ts-5b int-6b
£ o Ttee.nt5b .-t
© ts-7a
3] J L —
& 4 . - - S — .
-~ / int-7ra _.-~ . O
) K ts-6a e — JSONN -1V AR NER
< I' e T o" AN “\
14 ,' ’—" '," ~s\“
1.9) Lotloemm" e 7T —— vs, int-8a
09 e ts-6 int-7 S —_—
. \—
int-4 int-8
- S =

rotational barrier p-hydride elimination

ligand-promoted B-H

direct p-H elimination elimination E
Final =
2
prd —
e E & E & E & E 2
- - - - o
15.0% 12.4 15.6% 8.5 4.3% 3.8 9.2% -0.4 7.8
E-allyl

(14.9%) | (12.7) | (153%) | (8.4) | (4.7%) | (6.0) | (10.7%) | (-0.3) | (8.8)

i i i I
Z-allyl 16.8 14.7 17.6 9.6 59 70 11.3 0.7 9.9

1655 | (15.1) | 17.69 | 10.0) | 645 | B2 [ a2.79| 06 | 10.8)

Styren | 21.05% | 17.9 | 19.2%¢| 204 |21.0%%| 39 | 485 | 10.5 | 19.6

x=b | QL8 | (18.7) | (19.2) | (18.3) | (21.8%) | (4.7) | (48.3%) | (8.3) | (19.9)

“ We take the lowest value of the two. Both E- and Z-allylation prefer acetate-promoted B-hydride
elimination, whereas styrenylation prefers direct f-hydride elimination via Pd(II) hydride complex.

b Rotational TS for styrenylation are the same regardless of whether B-hydride elimination occurs directly
or via ligand involvement. The prerequisite is to bring the Hy atom to interact agostically with Pd(II)-centre.

¢ The TS where the directing group got displaced (ts-5b) has a lower activation barrier than the one where
it remains coordinated (ts-5b-c2) since the former released the unfavourable strain in the palladacycle.

Table 5.2. Gibbs energies for product selectivity studies for frans-hex-3-ene substrate. TDTS values are

given in bold.
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ts-7 ts-7a ts-5b ts-Sb-c2
9.2% (10.7%) 11.3%(12.7%) 19.2%(19.2%) 21.1% (20.4%)

Figure 5.6. Product selectivity studies for trans-hex-3-ene substrate. The B-hydride elimination TSs for

each product formation is given, with their HOMOs and NCI plots.

Due to the massively unfavourable ring strain as styrenylation occurs, the rotational
barrier to bring the requisite Hs-atom to interact with Pd-centre agostically becomes the
overall rate-determining step for styrenylation; this requires a very high barrier as the

palladacycle experiences huge strain when H, is brought to interact agostically with Pd(IT)
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Figure 5.7. Dihedral angle scans (about C—C bonds in red) for rotational barrier for the formation of (i) £-/Z-allylated products and (ii) styrenyl product for trans-hex-3-

ene substrate. Note the different energy scales used. In (ii), note the position of styrenyl proton (Hs, labelled S in green), which is restrained in a position away from Pd(II)-

centre by the conformationally rigid ring (outlined in purple).
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centre. In order to see the ring strain incurred for styrenylation and ligand-assisted [3-
hydride elimination, we performed a dihedral angle scan about the C—C bonds in red
shown in Figure 5.7. The dihedral angle scans allow us to compare the rotational barriers
required to form allyl- vs styrenyl-product since the rotational barrier for the latter is
regio-determining. We can see that styrenylation has a hugely disfavoured ring strain
when the requisite H atom (Hy in Figure 5.7(ii)) is brought to interact agostically with
Pd(IT) centre — a prerequisite for the subsequent B-hydride elimination. On the other hand,
both E- and Z-allylation involve steps that do not impose any strain on the 14-membered
palladacycle since both rotation and B-hydride elimination occur outside the ring (Figure
5.7(1)) whereas styrenylation severely distorts the palladacycle, giving rise to hugely

unfavourable ring strains.

5.3.6 Reactivity and selectivity for cis-hex-3-ene substrate

Experimentally, cis-olefin was found to be slightly less reactive than trans-olefin (Figure
5.8), we modelled the TDTS (1,2-migratory insertion) of cis-olefin and compared this
to trans-olefin. Since there are expected to be numerous conformers close in energy
(within 5 kcal mol!), conformational samplings of the TDTSs for both cis- and trans-
olefins were performed and the resulting TSs Boltzmann weighted for comparison (see

subsection 5.3.8 for the TS conformers).

We can do this comparison since the reaction mechanism is the same for both olefin
substrates and the lowest resting states are the separated reactants. A ratio
of 1.2 : 1 (trans-hex-3-ene vs cis-hex-3-ene) for the relative ratesis obtained
using wB97X-D functional for SP correction whereas this ratio reverses and becomes 1 :
1.3 using MN15 functional. This suggests that the reactivity for either olefin would be

rather comparable, mirroring the similar experimental rates observation in Figure
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5.8. The similar rates obtained for both trans- and cis-hex-3-ene are perhaps unsurprising:

both electronic and steric factors seem to be similar in both TSs (Figure 5.9), implicating

similar chemical reactivity.

- frans-4-octene
- Cf5-4-0cCtene
— cis-cyclooctene

40 -

Yield (%)

204

0 90 100 150: 200. 250 300 350
Time (min)

Figure 5.8. Kinetic comparison of different aliphatic internal olefins. This result is from the experimental

work carried out by our experimental collaborators. Figure is used here without further modifications.

Figure 5.9. HOMO (isosurface value of 0.04) and NCI plots for the 1,2-migratory insertion TDTS using

the lowest barrier conformer for (i) trans-hexene and (ii) cis-hexene.
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E-allylation - Z-allylation

styrenylation

‘7_0 A cis-ts-4b~ cists-5b f:is-int-6b
;8 /" \\\cis-int-Sb, ,:',: ol ’c'_~i:s-ts-7é~|\\
= / cists-6a —c" .77 cists T
9 cis-int-73.-"" RN
2.6 'l' '¢"' cis-ts-6 __—‘——“cis-int'7 ‘~s‘ c_'s-lnt-sa
2.8) . .- —_— .
cis-int-4 cis-int-8
- > >
rotational barrier p-hydride elimination
direct p-H elimination llgand-.pr.o m().ted p-H ‘;_
elimination b5
Final E
pd | = 1 2 | & g |8 |2 |& =
2 % 2 % 2 % 2 % Z
Q S Q S Q S Q 3 o
E-allyl - - - - 4.9t 10.8 13.8¢ 35 11.2
x = nil (5.1%) | (10.5) | (14.99 | (3.0) | (12.1)
Z-allyl - - - - 10.7% 11.7 17.4* 7.1 14.8
X=a (11.4%) | (13.3) | (18.6%) | (6.4) | (15.8)
Styqen 20.8¢ | 11.7 | 16.1F | 17.1 18.2
y . - - - -
x=b (22.2%) | (12.3) | (15.3%) | (14.8) (19.4)

Table 5.3 Gibbs energies for product selectivity studies for cis-hex-3-ene substrate. TDTS values are given

in bold.

The product selectivity for cis-hex-3-ene was similarly studied. The lowest pathways

(ligand-assisted vs direct B-hydride elimination) for cis-hex-3-ene product formations

were studied (Table 5.3): for E-/Z-allylation, the ligand-assisted B-hydride elimination is

the lowest barrier pathway whereas for styrenylation, direct B-hydride elimination is the

lowest pathway. The key optimised TS structures are shown in Figure 5.10.
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cis-ts-5b cis-int-6b

Figure 5.10. Optimised TS structures for selectivity studies using cis-hex-3-ene substrate.

As before, E-allylation (cis-ts-7) has the lowest barrier, at 13.8 kcal mol!. The barrier for
Z-allylation (cis-ts-7a) is 3.6 kcal mol™! higher (1 in 147) and can be traced to the steric
clashes (less favourable 1,3-diaxial interactions in Z-allylation) as evidenced by the NCI
plots (Figure 5.11) where the Z-allylation TS has slightly less favourable NCIs. The
HOMGOs for ligand-assisted B-H elimination for both allylation using cis-hex-3-ene
substrate (Figure 5.11) are similar to each other and similar to those for trans-hex-3-ene
(Figure 5.6), where a 0*cybond is broken and a cc bond is formed as the deprotonation
occurs. Styrenylation is once again uncompetitive, as for trans-hex-3-ene, due to the
unfavourable ring strains experienced by the palladacycle when the styrenyl proton Hy is

brought to interact agostically with the Pd(I)-centre (Figure 5.12(ii)).

cis-ts-7 (E-allylation) cis-ts-7a (Z-allylation)
N ord A
—_ = \ —
,‘;r:':i\"\ _\/ % L
NG N
M et

Figure 5.11. HOMOs and NCI plots for E- vs Z-allylated product selectivity for cis-hex-3-ene substrate.
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Here again, for styrenylation, the TS where the DG got displaced (cis-ts-5b at 16.1* kcal
mol ') has a lower activation barrier than the one where it remained coordinated (cis-ts-
5b-c2 at 23.1% kcal mol™!) since the former released the unfavourable ring strain in the
palladacycle as the styrenyl H atom is brought into agostic interaction with the Pd(II)-

centre.

It is important to realise that allylation has B-H elimination occurring outside the rigid
palladacyle ring in the insertion intermediate whereas styrenylation has B-H elimination
incurring unfavourable distortions of the palladacyle; this is once again evident from the

dihedral angle scans about key C—C bonds (Figure 5.12).

5.3.7 Reactivity and selectivity for cyclohexene substrate

Experimentally, cyclic olefin was found to be much less reactive than trans-olefin, with
significantly poorer yield (Figure 5.8). The rate-determining 1,2-migratory insertion step
of cyclohexene substrate was compared to that of trans-olefin. Boltzmann weighting of
the TS conformers (subsection 5.3.8) gives a ratio of 1 : 44-56 (cyclohexene vs trans-

hexene) for their relative rates.

The product selectivity for cyclohexene substrate was also studied. Initial dihedral angle
scans were performed about the key C—C bonds to locate rotational barriers bringing the
H atom (for subsequent B-H elimination) to interact agostically with Pd(IT)-centre (Figure
5.13). Only rotational barriers for Z-allylation could be located with a barrier of 13.1 kcal
mol! (cy-ts-7a); both E-allylation and styrenylation had rotational barriers that are about
30 kcal mol!' higher than for Z-allylation. The cyclohexene ring fused to the rigid
palladacycle in the bicyclic insertion intermediate severely restricts the degree of

rotational freedom: both the Hr and Hs atoms could not be brought to interact agostically
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Figure 5.13. Dihedral angle scan (about C—C bond in red) for rotational barrier for the formation of (i) £-/Z-allylated products and (ii) styrenyl product for cyclohexene
substrate.

216



with the Pd(II) centre without incurring unduly strains due to geometric constraints and

unfavourable ring distortions (Figure 5.13).

The overall Gibbs energy profile for cyclohexene substrate is shown in Figure 5.14.
Given that the subsequent ligand-assisted S-H elimination for Z-allylation (cy-ts-7a) is
6.3 kcal mol™! higher than the rotational barrier (cy-ts-6a), we estimate that the barriers
for both E-allylation and styrenylation are at least ~20 kcal mol™! higher than Z-allylation
(cy-ts-7a), thus being disfavoured by 1 in a trillion. Thus, if at all, the allylation product
would adopt Z-geometry that formed part of the cyclohexene ring. The formation of Z-
allylated product cy-int-8a is endergonic with respect to the insertion intermediate cy-
int-4, making this product formation thermodynamically reversible, thus explaining its

poor yield obtained experimentally.

~40.0%
A
estimated barriers for
E-allylation and styrenylation
based on rotational scans
— 25.7%
g (26.0%)
- cy-ts-3
S cy-ts-o
R~ N A,
-
o Z-allylation
N 11.0t
(11.6%) 10.2
—— (11.0) , 7.9
cy-ts-6a . .
TDTS 4.2 cy-int-7a .80
%, (5.5) cy-int-8a
0.0 Mt e e s mememese-osssssssssssmmssoemmssomoodemmssses
0.0y cy-int-4
— e
SM
1,2-migratory insertion rotational barrier p-hydride elimination

SMD-MeCN-wB97XD(MN15)/def2QZVPP
/IMN15/GENECP (def2TZVPPD on Pd + def2SVP on others)

Figure 5.14. Gibbs free energy profile for Z-allylation using cyclohexene substrate.
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5.3.8 General conformational sampling

Once a TS was found, the structure was used as starting guesses for searching other TS
conformers. The palladacycle ring was frozen and the rotamers via rotations along C—-C
bonds in red (Scheme 5.6) were generated for subsequent TS conformational searches.
For cyclohexene substrate, the buckling of the half-chair in different orientations were
considered. Altogether, 9 TSs were found for each orientation of alkene (18 TSs for each
of trans-hex-3-ene and cis-hex-3-ene) and 4 TSs were found for each orientation of
cyclohexene (8 TSs altogether). The optimised TS structures and their relative energy
barriers with respect to the lowest barrier TS for trans-hex-3-ene substrate (A4G?) are

shown in Figure 5.15.

hexene substrate

cyclohexene substrate

%P 0,0
\o S‘o
12 A
Me Tpg Me L. NN
Me e N R F{d\
H OAc 5" “OAc
H H \"Me
— H - L -

Scheme 5.6. Generation of rotamers in the conformational sampling of the 1,2-migratory insertion TDTSs

for trans- and cis-hex-3-ene substrates and cyclohexene.

Boltzmann weighting of the conformers were performed using Equation (1.84) as

described in Chapter 1 subsection 1.8.3.
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trans-d1-c1

trans-d1-c2

trans-d1-c3

AAGE=12(1.3)

AAGH =13 (1.1)

AAGH=2.4(1.7)

trans-d1-c4

trans-d1-c5

trans-d1-c6

AAGE=2.6 (2.6)

AAGE=2.9 (2.5)

A4AGE=2.9 (3.5)

trans-d1-c7

trans-d1-c8

trans-d1-c9

AAGi =33 (2.4)

AAGE=3.7 (3.0)

AAGE=52 (4.6)

(a) Conformers for 1,2-migratory insertion TDTS for diastereomer 1 (d1) formation

from trans-hex-3-ene.
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trans-d2-cl

trans-d2-c2

trans-d2-c3

AAGE= 0.0 (0.0)

AAGE= 0.6 (0.4)

AAGE=12(0.9)

trans-d2-c4

trans-d2-c5

trans-d2-c6

AAGE=2.0 (1.3)

AAGY=22(2.4)

AAGE =24 (2.1)

trans-d2-c7

trans-d2-c8

trans-d2-c9

AAGH =26 (2.1)

AAGE =26 (1.9)

AAGE=45 (4.0)

(b) Conformers for 1,2-migratory insertion TDTS for diastereomer 2 (d2) formation

from trans-hex-3-ene.

220




cis-d1-cl

cis-d1-c2

cis-d1-c3

AAGY =03 (-0.2)

AAGE= 1.0 (0.6)

AAGE=12(1.0)

cis-d1-c4

cis-d1-c5

cis-d1-c6

AAGH=1.2(1.2)

AAGE = 1.7 (0.8)

AAGE=25(2.1)

cis-d1-c7

cis-d1-c8

cis-d1-c9

AAGE=5.8 (4.5)

AAGE =58 (4.8)

AAGE=10.9 (9.7)

(¢) Conformers for 1,2-migratory insertion TDTS for diastereomer 1 (d1) formation

from cis-hex-3-ene.
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cis-d2-cl

cis-d2-c2

cis-d2-c3

AAGE = 1.6 (1.0)

AAGE=1.7 (1.4)

AAGH = 1.8 (1.1)

cis-d2-c4

cis-d2-c5

cis-d2-c6

AAGE =22 (0.9)

AAGE=25(1.5)

AAGE=2.6 (2.3)

cis-d2-c7

cis-d2-c8

cis-d2-c9

AAGH=42(4.1)

AAG = 6.4 (6.8)

AAGE =7.4(7.1)

(d) Conformers for 1,2-migratory insertion TDTS for diastereomer 2 (d2) formation

from cis-hex-3-ene.
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cy-d1-cl

cy-d1-c2

cy-d1-c3

AAGE=2.7 (2.8)

AAGE =133 (3.6)

AAGH =45 (3.7)

N —
|
av

cy-d1-c4

AAGE =52 (5.0)

(e) Conformers for 1,2-migratory insertion TDTS for diastereomer 1 (d1) formation

from cyclohex-3-ene (cy).

cy-d2-cl

cy-d2-c2

cy-d2-c3

AAGE=3.7 (4.0)

AAGE =43 (3.3)

AAGE = 4.4 (4.6)
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cy-d2-c4

AAGE = 4.4 (4.8)

(f) Conformers for 1,2-migratory insertion TDTS for diastereomer 2 (d2) formation

from cyclohex-3-ene (cy).

Figure 5.15. Optimised TS geometries for 1,2-migratory insertion TDTS step for trans-hexne (a and b),
cis-hex-3-ene (¢ and d) and cyclohex-3-ene (e and f). All TSs were taken relative to the same minima

(trans-d2-c1). Relative AAG* values are in kcal mol™!. Bond lengths are given in Angstroms.

5.3.9 Proposed catalytic cycle

Based on our computational mechanistic studies, together with experimental evidence
from H/D exchange, order determination and kinetic studies, we propose a catalytic cycle
for the meta-selective C(sp?)-H allylation reaction using internal olefin as an allyl
surrogate (Scheme 5.7). We believe that arene 1a coordinates to the palladium catalyst
via the heteroaromatic ring on the directing group. Subsequent MPAA-assisted meta-
hydrogen abstraction from the arene via concerted metalation deprotonation leads to C—
H activated intermediate int-2’. Coordination of electronically unbiased internal olefins
and the subsequent rate-determining migratory insertion afford a cyclophane-like 14-
membered metallacycle int-4 which further undergoes selective B-H elimination to
deliver the allylated product. Stability and conformational restraints of intermediate int-
4 play a crucial role for both regio- and stereo-selective outcomes of this reaction: the
rotational TSs for allylation and the subsequent ligand-assisted B-H elimination occur

outside the conformationally rigid metallacycle whereas the rotational TS for
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styrenylation incurs huge ring strains in the metallacycle which has to be twisted in order
to bring the requisite H atom to interact with Pd(IT)-centre agostically before subsequent

B-H elimination could occur.

°\\s/9 o N oH
(o) + Y \:/&0
Ag(0) N Me 5.Bu
Ag(l)
Me

1/3 Pd3(OAc)g y N ligand

1 substrate 1
L a
coordination
Pd(o)
product 00
dissociation 2 AcOH ‘g
~
(0]
I S
Me AN d/N\7N
0 / o
3 Pd(OAc), OYN\/&
. s : [e]
int-1 Me A-Bu

Ki/kp=1.18

Q.0
p-hydride 3\0
elimination oo AN
S |

C-H activation
by MPAA ligand

Me d/ ~>
N
~
olefin \NE; : 0
1,2-migratory Q\S,P coordination n-Bu
insertion o) int-2’
I N n-hexene
. + AcOH
Me ,N\éN ligand
Pd
Et“'\\l OAc
Et

Scheme 5.7. Proposed catalytic cycle.

5.4 Conclusions

Our computational investigations on the reaction mechanisms of using aliphatic internal
olefins as allyl surrogates give us great mechanistic insights into the meta-selective
C(sp?)-H allylation of directing group linked arenes. We found 1,2-migratory insertion

of the incoming olefin to be the overall turnover frequency determining step while the
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subsequent B-hydride elimination is the regio- and stereo-selective step in determining
the product selectivity. Steric factors play an essential role in such these transformations.
Primarily, the meta-selectivity of arene C—H activation is dictated by the ring strain in the
formation of the cyclophane-like intermediate. The product selectivities are dictated by
the steric influences of the alkyl groups in the close vicinity of the C=C bond and
the conformational rigidity afforded by the palladacycle intermediate in B-H elimination
step. Allylation is more favoured over styrenylation since for the former, both bond
rotation to bring the requisite H atom for agostic interaction with Pd-centre and its
subsequent elimination do not distorted the palladacycle, whereas for the latter, bond
rotation to bring the requisite H atom for agostic interaction with Pd-centre greatly
distorts the palladacycle, giving rise to unduly high ring strains such that its rotational TS
becomes thermally much less accessible. For allylation, E-allylated product is favoured
over Z-allylated product due to more favourable sterics of the alkyl groups in the close

vicinity of the C=C bond in the former case.

(U ar
0.0 0.0
g S
Ne)
/é S — Me "
Me - Pd

1 A
N __N
NN Hs : e
Bt~y “oAc Et OAc
Et Me ﬁZHE

trans-Icis-hexene TDTS insertion intermediate

(1,2-migratory insertion) free rotation — allylation via f-H elimination
about C-C bond in red e outside ring and unrestrained

(i) ~ -

cyclohexene TDTS insertion intermediate

(1,2-migratory insertion) restricted rotation
about C-C bond in red

Scheme 5.8. Steric influences of the olefin substrates on chemical reactivity.

226



In terms of the influence of substrate structure on the reactivity, we note that acyclic
aliphatic internal olefins (trans- and cis-hex-3-ene) react more favourably than alicyclic
olefins (cyclohexene). The molecular origins for these differences in the reactivity can be
traced to the key product determining step: after 1,2-migratory insertion step forming the
14-membered palladacyclic intermediate, rotations in the monocyclic insertion
intermediate from acyclic olefin are unrestricted and do not impose unfavourable ring
strains on the palladacycle (Scheme 5.8 (1)) whereas the rotations in the bicyclic insertion
intermediate from alicyclic olefin introduces massive ring strain (Scheme 5.8 (ii)). Our
computations provide us an augmented understanding of the mechanism and selectivity

of the present transformation.
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One cannot stumble on an idea unless one is
running.

— Vladimir K. Zworykin

Pd-catalysed C(sp?)-H alkynylation™

6.1 Introduction

In Chapter 5, we looked at Pd(IT)-catalysed C(sp?)-H allylation using pyrimidine-based
directing group (DG).!” The pyrimidine-based DG is a popular DG frequently employed
for its efficacy in binding to TMs due to its strong binding affinity and thus effecting
directed C—H functionalisations. Herein we report the computational study of using this

highly versatile DG for Pd(I)-catalysed C(sp?)-H alkynylation of a variety of arenes.

Aromatic rings are a common structural motif in many natural products, bioactive
molecules and polymer chemistry.33>432433 The introduction of acetylenic functional

group to arenes greatly expands the synthetic utility of such molecules due to the

*** This work has been deposited as a preprint on ChemRxiv with DOI: 10.26434/chemrxiv.9846083.v1.
This work has also been submitted to a journal and is currently under review.
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versatility of acetylene for further modifications.’°>%7 Amongst the existing methods,
Sonogashira coupling between aryl halides and terminal alkynes is perhaps the most
popular to access the arylalkynes via C(sp?)-C(sp) coupling (Scheme 6.1 (a)). This
method, however, requires the pre-functionalisation of the aryl coupling partner. To
overcome this problem, the alternative direct C(sp?)-H activation of arenes utilising an

351508 of unreactive C—H bonds with readily available

“inverse Sonogashira coupling
alkynyl halides is often employed (Scheme 6.1 (b)). Such transformations, frequently
catalysed by transition metals (such as Ni,’? Cu>!0!! P4 312515 Ay316517 and Ir°'®),
prove to be particularly attractive as they circumvent the need for the pre-
functionalisation of the aromatic coupling partner. To be widely applicable, the
regioselectivity of such activation has to be precisely controllable. To this end, transient
directing groups are commonly employed for site-selective C(sp?)-H activation.
Alkynylation at ortho-position has been well studied and achieved with an impressive
range of catalytic systems.’’7>13318-522 Examples of para-alkynylations can also be
found.’'7523 The meta-position can be challenging for C-H activation due to the fine

balance between the mesomeric and inductive effects of the substituents on arenes. As a

result, meta-alkynylation is relatively underexplored.>?*

Our experimental collaborators (the Maiti Research Group at the Indian Institute of
Technology, Bombay) have recently developed an experimental procedure for chelation-
assisted meta-selective C(sp?)-H alkynylation, which was shown to be efficacious with
broad substrate scope, wide functional group tolerance and good to excellent yields
(Scheme 6.1 (c¢)). Experimentally it was found that when the substrate bromoethynyl-
trimethylsilane 1b (hereafter bromoalkyne) was used, the reaction proceeded with high

efficiency with good conversion and yield of the products. However, when the substrate
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(a) Alkynylation of arenes via Sonogashira coupling

1,4-dioxane, 80°C, 24h

R@\ + H—=——R! cat. [Pd(0)] R =
a > % \\
R! = aryl, heteroaryl,  c°-cat. [Cu(l)] R
X=1, Br, Cl, OTf alkyl, SiR3
(b) Direct alkynylation of heteroarenes via “inverse Sonogashira coupling”
7\ cat. [Pd(Il)] I\
7N H + Br—=—R > N TSp
= =
(c) This work: DG-assisted meta-C(sp?)-H allylation
o, ,0 Br—==—SiMe; O : P
\SI 1 \0
DG 1b :
= ' z
rI ~ 10 mol% Pd(OAc), : 4 'N
ANy 20 mol% N-Ac-Gly-OH 5 X
2 equiv AgOAc SiMe- DG
1 2 equiv Cu(OAc), exclusive 3

meta-selective

Scheme 6.1. Methods to access arylalkynes.

ethynyltrimethylsilane 1c¢ (hereafter TMS-alkyne) was used, the reaction did not work
well at all. Similarly, when the substrate bromoethynylbenzene 1d was used, the reaction
did not work well too — the majority of the substrate was recovered. Our computational
studies shed light on the reaction mechanism, implicating a 1,2-migratory insertion rate-
determining step and a Pd—Ag heterobimetallic TS in effecting the transformation. In
addition, we found that substrate TMS-alkyne 1¢ was incompetent due to unfavourable
B-H elimination in the migratory insertion product and that substrate bromoethynyl-
benzene 1d is incompetent possibly due to its enhanced coordination to the catalytic
metals, thus inactivating the TM for catalysis. For our computational modelling of the
reaction shown in Scheme 6.1 (c), arene 1a (structure 1 with R = m-Me) was used. All
experimental work was performed by our experimental collaborators (Sandip Porey et.

al) at IITB and all computational work was performed by the present author.
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6.2 Computational Methods

Computational methods employed for the present transformation are the same as those
employed in the study of Pd(I)-catalysed C(sp?)-H allylation in Chapter 5. Geometry
optimisations were performed with MN15/GenECP (def2-TZVPPD for Br'7, Pd!74°! and
Ag!741 atoms and def2-SVP'®!° for all other atoms, collectively denoted BS1). Gibbs
energy corrections were performed at the experimental temperature of 80°C. SMD(1,4-
dioxane)-wB97X-D/def2-QZVPP//MN15/BS1 Gibbs energies are given with SMD(1,4-
dioxane)-MN15/def2-QZVPP//MN15/BS1 Gibbs energies given in brackets throughout.
Unless otherwise stated, the former set of Gibbs energy values are used for discussion.

All Gibbs energy values in the text and figures are quoted in kcal mol”' throughout.

Geometries of all optimised and an associated README file have been deposited online

and made freely available (DOI:10.5281/zenodo.3376707).

6.3 Results and Discussions

6.3.1 Conformational considerations for starting materials

Conformational samplings of the starting material sulfonyl arene, 1a, was performed as
in subsection 5.3.1. The lowest energy conformer for the starting material was used for

subsequent calculations.

6.3.2 Frontier molecular orbitals (FMOs) of starting materials

Figure 6.1 shows the FMOs for the starting materials bromoalkyne 1b and TMS-alkyne
lc. In 1b, the HOMO arises predominantly from the n-electrons from the alkyne triple
bond. This electron-rich n-bond can be donated to a vacant d-orbital on the electrophilic
Pd(II) centre, giving rise to m-complexes with the transition metal before further

transformations. Interestingly, the LUMO of 1b is op, instead of mgc. These have
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implications on the reactivity of bromoalkyne 1b, suggesting that oxidative insertion of
1b breaking the C—Br bond could be possible. FMOs for TMS-alkyne 1¢ are also shown
in Figure 6.1. The HOMO is m¢. and the LUMO is m¢c. These are rather different from
the FMOs in 1b, implicating different reactivity (see subsection 6.3.8 for a discussion of

the reactivity with 1¢ as a substrate).

HOMO of 1b LUMO of 1b

HOMO of 1¢ LUMO of 1¢

Figure 6.1. FMOs for bromoethynyltrimethylsilane 1b and ethynyltrimethylsilane 1¢ at an isosurface value
of 0.05.

6.3.3 Overall reaction energy profile for substrate bromoethynyltrimethylsilane
1b

The overall Gibbs energy profile for the C(sp?)-H alkynylation reaction between arene
1a and bromoethynyltrimethylsilane 1b is shown in Figure 6.2. As previously in C(sp?)—
H allylation in Chapter 5, the formation of C—H activated complex is assisted by an
MPAA ligand, herein N-acetylglycine, which lowers the C—H activation from a barrier
of 28.0 kcal mol™! in its absence (ts-1) to 19.7 kcal mol™! in its presence (ts-1°). The

displacement of two acetate ligands by the MPAA ligand is entropically favoured.
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ts-1 ts-1° ts-3
28.0% (29.5%) 19.7% (20.9%) 22.0% (22.9%)

ts-3-c2 ts-4 ts-4-c2
22.1%(23.1%) 13.4% (14.2%) -0.8% (-2.4%)

ts-4°
-0.8% (-2.4%)

Figure 6.3. Selected optimised structures for C(sp?)-H meta-alkynylation using bromoalkyne 1b.

Transition structure ts-1” has the characteristic [5,6]-palladacycle which strategically
positions the amide oxygen atom for facile C—H activation via concerted metalation
deprotonation (CMD) (Figure 6.3).4%%3%1 As in Chapter 5, other possible coordination
modes of the MPAA ligand were considered (Scheme 6.2), but they all have higher

barriers than ts-1°, where a [5,6]-palladacyclic ring is involved.
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Scheme 6.2. Possible ligand coordination modes for the C—H activation step.

After the formation of the C—H activated complex, the bromoalkyne 1b undergoes 1,2-
migratory insertion, rather than oxidative addition (vide infra, Figure 6.4). This is
followed by subsequent -bromide elimination to yield the final product. Conformers for
these steps were considered and the TSs are given in Figure 6.3. The conformers for these
TSs were found to be very close in energy, indicating that the conformational flexibility
in the ligand does not affect the TS energies very much. As previously in Chapter 5, the
MPAA ligand in these steps was replaced by the acetate ligand to simplify the
calculations in the modelling; this simplification is acceptable due to their close

energetics (Scheme 6.3).

¥
%P
e
S
NN
. 2
pg”
r

SiMe; Me

N

~ 0o
SlMe:( %Me

20.8¢
(22.2%)

o0 ) Q.0 !
s o S
[ N /é 7
N
M NN
Pd ;. ), © P’ ~
3 Br

SiMe; R

O oH

O Me
/)‘Me
N

S|M93 N)‘\‘O
\
H

SlMe;,

22.0%

21.3¢
(22.9%)

(23.2%)

37.6¢
(36.7%)

ts-3 ts-3'a ts-3'b ts-3'c generic form

Scheme 6.3. 1,2-migratory insertion rate-determining step with either acetate (a) or MPAA in tautomeric
forms (b, ¢ and d) as monodentate ligand. These can be thought of having the general structure in (e) where

the R—group varies.

In the presence of the MPAA ligand N-acetylglycine, the C—H activation step becomes
reversible; the subsequent 1,2-migratory insertion of 1b is the overall turnover frequency-
determining transition state (TDTS)!?* with a higher barrier of 22.0 kcal mol!. The

alternative mechanism of oxidative addition of 1b breaking the C(sp?)-Br o-bond (Figure
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6.4) was uncompetitive at > 40 kcal mol! (breaking a c-bond is presumably less easy
than breaking a mcc bond via migratory insertion). The formation of the migratory
insertion product was highly exergonic, giving highly stabilised int-4 at -16.0 kcal mol!
(a occ bond is formed while a mcc bond is broken). The subsequent B-bromide
elimination, in the absence of silver acetate additive, had a rather high activation barrier
of 29.4 kcal mol!; this was lowered to 15.2 kcal mol! in its presence, via a Pd-Ag
heterometallic TS,!90429430 agsisted by the enthalpically favourable formation of

insoluble AgBr salt (see subsection 6.3.4 for a detailed discussion of the role of the silver

ts-3-0a-cl ts-3-0a-c2

42,55 (41.8%) 45.5% (44.9%)

ts-3-0a-c3 ts-3-0a-c4

46.6% (45.5%) 48.1%(47.5%)

Figure 6.4. Oxidative addition of bromoethynyltrimethylsilane 1b.
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acetate additive). The final product was exergonic, at -28.3 kcal mol™! with respect to the
starting materials, thus favouring the product formation. Product dissociation then
followed, regenerating Pd(II) catalyst for the next catalytic cycle. It is noteworthy that
the palladium species remained in formal +2 oxidation state throughout the catalytic

cycle, as opposed to the more common cycling through the Pd(II)/Pd(IV) manifold.

6.3.4 Role of silver acetate additive

Silver carboxylate salts are commonly employed as additives in Pd-catalysed C—H
activation,3#3330-525-527 Tn many systems, silver salt plays an essential role in enhancing
the reaction rate and/or yields. Various roles of silver carboxylate AgCOOR salts in such
reactions have been proposed: (1) they serve as a source of carboxylate for the Pd(II)
metal-centre, participating in carboxylate-assisted concerted metalation deprotonation
(CMD) in the C-H activation step;*¢728-330 (2) they act as a terminal oxidant to
regenerate PA(IT) catalyst;*32331:332 (3) they form heterometallic Pd—Ag complexes that
facilitate C—H activation;*%331533 (4) they directly activate C—H bond forming Ag-C
intermediate;>**3> (5) they act as halide scavengers in PdX (X = halide) complex after
the reductive elimination step.>*® The experimental work to establish the exact role of
these silver additives are rare and an understanding of their exact roles in the mechanistic

picture is rather incomplete.

Silver carboxylates are known to exist in dimeric form.>*”->3* We computed the energy
differences in the thermodynamic stabilities of both the monomeric and dimeric form of
silver acetate and found that the dimeric form [AgOAc] is more stable; the formation of
[AgOAc]> from AgOAc monomers is -16.7 (-19.9) kcal mol! downhill. This enhanced
stability in the dimer has been attributed to Ag—Ag interactions.?”->3® The more stable

dimer (or in fact, 2 [AgOAc]>) is used in the Gibbs energy calculations of silver additive
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ts-4 ts-4° ts-4’z ts-3’z

AGE=13.4F (14.2%) -0.8% (-2.4%) 40.7% (41.7%) 40.0% (41.9%)

Figure 6.5. Optimised structures, NCI plots and HOMOs for B-bromide elimination without (ts-4) and with
(ts-4’ and ts-4’z) silver acetate co-ligand and for 1,2-migratory insertion with silver acetate co-ligand (ts-

3’z).
participation throughout (the use of AgOAc monomer would artificially lower the

activation barrier of ts-4’ since AgOAc monomer is already high in energy).

In the present transformation, silver cation plays a role in assisting 3-bromide elimination
step by forming silver bromide salt as a by-product. An initial TS search placing the silver
cation adjacent to the leaving bromide as the former pulls off the latter yielded a TS that
is higher in activation barrier acetate (ts-4’z, at 40.7 kcal mol!, Figure 6.5) than one

without silver; only in ts-4’ (at -0.8 kcal mol’!, Figure 6.5) where not only Ag” interacts
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with the leaving Br but also the acetate coordinates to Pd(I) is the transition state lower
in activation barrier. In the presence of silver acetate, the HOMO of the Pd-Ag
heterobimetallic TS ts-4’ shows that there is predominant electron donation from
bromoalkyne m-electrons to the vacant d-orbital on Pd(II) centre, this enhanced
interaction is favourable for product formation as the bromide ion leaves (Figure 6.5).
Although there seems to be more steric strain due to non-covalent interactions (NCIs) in
ts-4’, the formation of Ag—Br bond is enthalpically favoured and likely more dominant

over NClIs, thus lowering the activation barrier of this transition state.

For completeness, we went further to ascertain the role, if any, of silver acetate in
affecting the 1,2-migratory insertion step. We found that, introducing AgOAc (ts-3’z)
increased the activation barrier to 40.0 kcal mol!, which is much higher than ts-3 without
any AgOAc participation, at 22.0 kcal mol-!. The acetate ligand from silver could not
coordinate to Pd-centre (despite the initial geometry guess) in the optimised structure as

Pd(II) is tetra-coordinating and all coordination sites have been occupied (Figure 6.5).

6.3.5 Arene site selectivity studies

The site-selectivity of arene activation was investigated, following a similar approach in
Chapter 5 subsection 5.3.4. The rate-limiting 1,2-migratory insertion step was studied.
The ortho-/para-positions on the arene for potential activation were compared to meta-
activation (Table 6.1). The C—H activation and the 1,2-migratory insertion steps were
studied. 1,2-migratory insertion was the TDTS for meta- and para-activation, whereas
C—H activation was the TDTS for ortho-activation. Application of simple transition state
theory (TST) suggests that the para-alkynylated product would be disfavoured by 1 in

41, and that the ortho-alkynylated product 1 in ~8000.
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ts-1p’
o ts-1

" MPAA ligand participation .,

ts-3o0

ts-3p
;’1‘ts-3 .

TDTS

int-4o0
int-4p

— int-4

C-H activation

|
A

1,2-migratory insertion

activation site ts-1x ts-1x’ ts-3x int-4x
meta- 28.0¢ 19.7¢ 22.0¢ -16.0

(x =nil) (29.5%) (20.9%) (22.9%) (-15.0)
para- 29.4% 22.2% 24.6* -9.9

x=p) (29.4%) (21.6%) (23.3%9 (-10.1)
ortho- 36.2¢ 28.3% 26.8* -4.5
(x=0) (35.2%) (28.8%) (26.1%) (-4.4)

Table 6.1. Arene site-selectivity studies for alkynylation. MPAA ligand lowers C—H activation in both

meta- and ortho-activation such that 1,2- migratory insertion (ts-3x) becomes the TDTS; for para-

activation, C—H activation step is the TDTS. The overall barrier for each case is given in bold.

The optimised structures, HOMOs and NCI plots for 1,2-migratory insertion are given in

Figure 6.6. We observe that the NCIs are rather similar in all 3 TSs. In an earlier studies

of a similar system (Chapter 5),'% the ring strain in ortho-selective TS is much higher

than either meta- or para-activation. Herein, the ortho-selective TS ts-30 seemed to

undergo a relatively early TS forming C—C bond and thereby relieving the ring strain, as

the C—C bond distance is much shorter, at 1.99A, than either meta- or para-selective TS,

at 2.13A and 2.15A, respectively. This results in the C—H activation step as rate-limiting

in ortho-activation.
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ts-3 (meta-) ts-3p (para-) ts-30 (ortho-)

—1.800 1.000

Figure 6.6. Optimised structures, HOMOs and NCI plots for 1,2-migratory insertion step in arene site-

selectivity studies.

The differences in the ring strains in these 3 TSs were further verified using isodesmic

studies,>04303

as those discussed in Chapter 5 subsection 5.3.4, to compare the ring strains
by computing the relative enthalpic changes of each reaction, where the number and type
of bonds in the reactants and the products are preserved (see also references!'***! for
examples). The ring strain is measured by the relative change in the enthalpy as defined
by Equation (5.1). These computations supported this conclusion (Scheme 6.4). From the

enthalpic changes, we can see that there is 4.2 kcal mol™! ring strain in ts-3 as compared

to 7.5 kcal mol™! in ts-3p and 9.9 kcal mol! in ts-30. Their ring strain energy differences
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are similar to the differences in their activation barriers for this step, as shown in Table
6.1. As in Chapter 5, the 12-membered meta-selective TOF-determining palladacycle (ts-
3) has the least strain, followed by 13-membered para-selective palladacycle (ts-3p) and

then by 11-membered ortho-selective palladacycle (ts-30).

_ - = t
. t J
CN
(0] , o
12 | X X AAH P = -4.2 (-4.4) O:SI
Me - /N\7N * I P/ -

‘e N N
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AAH  F=-9.9 (-9.3) o/t
+ | > (0)

N
s
A N~
L Pd
Br~ X~ OAc

— SiMe3

ts-3o-iso

Scheme 6.4. Computed ring strain energies by study of isodesmic reaction where a hypothetical pyridine

ligand is involved in the 1,2-migratory insertion TDTS.
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6.3.6 Regioselectivity in 1,2-migratory insertion of bromoethynyltrimethylsilane
1b

The regioselectivity of the 1,2-migratory insertion step of the substrate bromoethynyl-
trimethylsilane 1b was investigated to check the efficiency of the present transformation.
The full Gibbs energy profile is shown in Figure 6.7; key TSs with HOMOs are given in
Figure 6.8. It was found that the regioisomeric 1,2-migratory insertions of 1b (ts-3 and
ts-3r, Figure 6.7) have almost identical barrier, at 22.0 kcal mol!, suggesting unselective

1,2-migatory insertion.

Both insertion products are highly exergonic and irreversible. In the latter case, the
regioisomeric insertion of 1b affords a highly stabilized intermediate int-4r (at -14.1 kcal
mol™") that further undergoes stepwise loss of bromide (ts-4r’) and 1,2-silyl shift (ts-5r”)
to give regiospecifically the observed alkynylated product. 1,2-silyl shift occurs as the
bromide leaves, gaining negative charge (NBO charge (Figure 6.7, numbers in red) from
+0.106 in int-4r and +0.045 in int-4r’ to -0.312 in ts-4r’ and -0.501 in int-5r’ and -0.601
in ts-5r”), while the carbon atom that it is attached gains carbocationic character (NBO
charge at this site that is -0.157 in int-4r and -0.151 in int-4r’ that goes to +0.025 in ts-
4r’ and +0.097 in int-5r’. Similar cationic 1,2-trialkylsilyl migrations have been
observed in Ti,>* Rh,>*! and Au®*?°* catalysis. Analogous anionic 1,n-silyl migration

has also been reported in some organocopper-catalysed chemical systems.344-346

The rate-limiting step after the insertion product is 1,2-silyl migration ts-5r” at 19.7 kcal
mol !, which, although is higher than the barrier of ts-4° at 15.2 kcal mol™!, can still occur
thermodynamically at the reaction temperature of 80°C, especially given that the overall
TDTS of this regioisomeric pathway is the 1,2-migratory insertion step ts-3r at 22.0 kcal

mol.

244



5144

"paI ur udAIg are sodreyd OGN ‘uosueduwios 10y papnour a1e g'9 231, WOy SaIrnonns A9y oy} J0J sa1310ud sqqro) “jonpoid paje[Aukfe

9} U0 FIOAUOI0IZAI 0) UOTRISIW [A[IS-Z°] PUR UONRUIWI[D Ig-¢ juonbasqns Sit pue [ SUAN[BOWOIQ JO UOILIISUI OLIOWOSIOIZAI 9y 10J d[1joxd A310ud sqqIo) *£*9 N3

uonesBiw 1AlIs-Z‘} uoneujwi|s SpIwoig-g uopasu; AiojesBiw-z‘| uoneAndE H-9
SN H
29 :
Apul oV\\o/?. :
A 901 . :
T Ag-jul _ ag Sv0 Aput H
£6¢° :
NXN-Pd 15tam :
I | 0LLL :
= 0oV :
O/ aN :
) :
o” o :
as_ [ovobvl z/L ssidal
| I L R LR LR ERN e Z,,Am.m wv I %(2v0)°Pd £/1
Al Ch- h V0 . +
A X N (GX4Y) _Pd_istew el
—  |zsL NN N
) 0 < u
(15°0) 1807 vy \ <l .
L) — o pueby| ee (68)
~—— s} 58! 66 .
Ap-S} O:o . .
6.5 ' .
o \ g L 2 .  —
— ov\\ /m< Pl ql + 9VOH (:6°02)
Adzieo- e (1'51) qy *eukyjeowoq-sNL -, $L6L .- &
esp L ugsy ok faNIs ——.9 s @
’ ) - - — x
(16'22)  (36°12) o e wl.
1022 1022
K/zL#o w
1¢-S}) O/ \ 9. 2
— - o opd H =
g N= _z : oI
- X 4} y
L . Vo . 1%l o
pd_ N
NN ol S
| t oo
NS — -
sAkemyjed oLawolBal Oum,
" o'o




ts-3r ts-4r’ ts-5r’

22.05(21.9) 1.75(0.5%) 5.6 (5.6
215 % /),/
? ;é;
‘\

-
Jjﬁ%&f -
9.

6.3.7 Possible role of copper according to computational studies

Figure 6.8. Selected optimised structures and HOMOs for TSs in Figure 6.7.

Experimentally, it was shown that the yield of the reaction is augmented by the addition
of copper(Il) acetate salt. The role of this copper additive was explored computationally.
The most stable form of Cu(OAc): is in triplet spin state (Figure 6.9 (a)), thus, we take %2
of triplet copper(Il) acetate dimer as the reference species. Normally, any copper additive
is assumed to play a role as a co-oxidant to regenerate the main catalyst or as a source of
acetate ions; computational studies of these reactions do not normally consider its explicit
role in the catalytic cycle and its exact roles in the catalytic cycle are poorly
understood.’*’3% The explicit role of Cu(OAc), salt was demonstrated in one study by
Funes-Ardoiz and Maseras, who show that copper additive can act as a cooperative
catalyst in the reductive coupling of a C—O bond in isocoumarin formation through a Rh—

Cu heterobimetallic TS.>° We wonder if Cu(OAc): plays a similar role as AgOAc in the
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present reaction in forming a heterometallic complex in the f-bromide elimination step,

potentially forming CuBr; as a side product.

(a) lowest states of copper(ll) acetate i (b) copper itive in B i iminati (c) copper additive in B-bromide elimination regiomeric TSs
: 13.4% '
' 27.8*
(14.2%) : ts-5r-Cu o5 gt
ts-4
: e +
1/2 "[Cu(OAC] : Y 8 7.3
2Cu(OAc),(dioxane), [Cu(OAcl; - | ts4Cu gy ) 8.t
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Figure 6.9. (a) Stability of mononuclear and dinuclear (singlet vs triplet) copper(Il) acetate species. (b)
TSs with copper additive in B-bromide elimination step, and (¢) TSs with copper additive in B-bromide

elimination step for the regioisomeric reaction.

We found that the Pd—Cu(II) heterobimetallic TS (ts-4’-Cu, 7.3 kcal mol™!, Figure 6.10)
gives an overall barrier of 23.3 kcal mol’!; this is 8.1 kcal mol™! higher than the Pd-Ag
heterobimetallic TS (ts-4°, -0.8 kcal mol"), although it is 6.1 kcal mol' lower in
activation barrier than the B-bromide elimination TS without any metal additive (ts-4,
13.4 kcal mol!) (Figure 6.9 (b)). The Pd—Cu(II) heterobimetallic TS for the regioisomeric
rate-determining 1,2-silyl group migration (ts-5r’-Cu, 27.9 kcal mol’!, Figure 6.10) also
has a higher barrier than the Pd—Ag heterobimetallic TSs (ts-5r’, 5.6 kcal mol™") (Figure

6.9 (c)).

As the Cu(Il) additive also acts as an oxidant, we considered if the reduced form Cu(I)
had any effect on the activation barriers for the f-bromide elimination step. We found
that the use of CuOAc gives a Pd—Cu(I) heterobimetallic TS for the B-bromide
elimination step (ts-4’-Cu-I, -2.7 kcal mol!, Figure 6.10) with a lower activation barrier
than the use of AgOAc (ts-4°, -0.8 kcal mol™!). For the regioisomeric pathway, the use of

AgOACc has lower activation barrier (ts-5r’, 5.6 kcal mol™!, Figure 6.10) than CuOAc (ts-
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Pd—Cu(II) heterobimetallic TSs
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Figure 6.10. Optimised structures for Pd—Cu(Il) and Pd—Cu(I) heterobimetallic TSs using Cu(OAc). and
CuOAc additive respectively.

5r’-Cu-1, 8.9 kcal mol™"). Cu(I) additive give lower barriers than Cu(II) additive for both
heterobimetallic TSs. We wondered if Cu(OAc): helps to regenerate the silver salt. This
is unlikely as 2 equivalents each of Cu(OAc); and AgOAc were used in the reaction. We

calculated the thermodynamics of the following reaction:

1[AgBr]2 + 1/2 3[Cu(OAc)2]2 > 1[AgOAc]z + 1/2 }[CuBr;]2
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and found that this reaction has an uphill Gibbs energy of reaction of 16.4 (17.1) kcal

mol!, thus ruling out this possibility.

Next, we checked if the copper salt helps in the release of palladium catalyst from its
coordination to the alkynylated product, so that it can undergo the next catalytic cycle.
Coordination of 2 [Cu(OAc):]2 to the product releases the palladium catalyst for the next
cycle. This transmetallation is more thermodynamically favourable than the direct release
of product from int-5’ (Figure 6.11), suggesting that it could possibly increase the yield

by making palladium catalyst more available after each catalytic cycle.
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Figure 6.11. Transmetallation in the product release to free up palladium catalyst.

6.3.8 Reactivity for substrate ethynyltrimethylsilane 1¢

Experimentally, when the reaction was carried out using ethynyltrimethylsilane 1¢
instead of 1b, the reaction did not occur; the substrate was recovered. Detailed TS
searches showed that silver could not participate in the beta-H elimination step, perhaps
unsurprising since silver cation cannot interact with a leaving hydride. The full Gibbs
energy profile in Figure 6.12 suggests that, as a result, beta-H elimination giving a Pd—H

(ts-4H, Figure 6.13) and the subsequent reductive elimination of acetic acid to generate
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Figure 6.12. Gibbs energy profile for the reaction involving ethynyltrimethylsilane 1c.
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Pd(0) (ts-5H, Figure 6.13, overall barrier of 30.5 kcal mol™") are high in energy barrier,
thus being kinetically unfavourable. In addition, the overall reaction gives endergonic
intermediates relative to the 1,2-migratory insertion intermediate int-4H, making this
reaction thermodynamically unfavourable. The potentially poor orbital overlap between
the ocn of the beta-hydride and the d-orbital of Pd in ts-4H and that between lone pair
orbital of acetate and o*pq-n of the metal-hydride in ts-SH could be the reason for this
unfavourability; the ring strains in the palladacycle (distorted geometries) potentially
contribute to the high activation barriers too (Figure 6.13). In addition, the release of
product prd-TMS from the end Pd(0) species is highly unfavourable thermodynamically.
Therefore, both steric and electronic factors disfavour the reaction of substrate 1¢ in this
alkynylation reaction. In fact, the TDI for the reaction is int-4H, making the overall
barrier for subsequent catalytic cycles to be > 50.0 kcal mol’!, thus not thermally

accessible at the reaction temperature.

ts-3H ts-4H ts-5SH
20.1%(21.6%) 18.9%(21.4%) 21.1%(23.6%)

Figure 6.13. Optimised structures and HOMOs for TSs in Figure 6.12.
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Experimentally, it is also possible that homocoupling of terminal alkynes occurs due to

the presence of copper additives,>>!~33¢ rendering this substrate incompetent.

6.3.9 Reactivity for substrate bromoethynylbenzene 1d

When bromoethynylbenzene 1d was used experimentally, the reaction has a poor yield;
the majority of the substrate was recovered unreacted. The full Gibbs energy profiles for
the reaction using substrate bromoethynylbenzene 1d are shown in Figure 6.14. These
energy profiles indicate that the irreversible 1,2-migratory insertion steps occurred
indiscriminately (ts-3P and ts-3rP have the same activation barrier, at 24.5 kcal mol™!),
where either carbon of the acetylene functional group of the substrate can form C—C bond
with the activated arene. This is similar to the reaction using silylated alkynylbromide 1b
(ts-3 and ts-3r, Figure 6.7). However, for the regioisomeric insertion, the subsequent 1,2-
phenyl shift (ts-5r’P, at 28.3 kcal mol!) for regioconvergent product formation had a
much higher barrier than 1,2-silyl shift (ts-5r°, Figures 6.7 and 6.8) using substrate 1b. It
can be rationalised that the 1,2-silyl migration on carbon atoms can occur much more
readily than 1,2-aryl migration on carbon atoms. Similar 1,2-silyl migration reactions

have been previously reported.>7->8

Nevertheless, computations seem to suggest that the reaction is at least kinetically and
thermodynamically feasible as that using substrate 1b, though the selectivity/
regioconvergency of the product formation might not be as good (barrier of 28.3 kcal
mol !, Figure 6.14) as using substrate 1b (barrier of 19.7 kcal mol!, Figure 6.7), perhaps
unsurprising as the phenyl group has a higher difficulty than the trialkylsilyl group in

carrying out 1,2-migration.
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Figure 6.14. Gibbs energy profile for the reaction involving bromoethynylbenzene 1d




We hypothesised that the reactivity could potentially be hindered due to the propensity
of bromoethynyl-benzene 1d to form favourable n-n stacking®°-¢! within themselves
and with arene starting material; it can also form cation-m interactions>®!36 with Pd(IT),
making them less available for reaction. This is possible as the relative comparison of
[Pd(substrate):]>* complexes showed that Pd(II) coordination with two
bromoethynylbenzene 1d molecules [Pd(1d)2]*" is 11.9 (15.3) kcal mol™! more stabilised
than with two bromoethynyl-trimethylsilane 1b molecules [Pd(1b)2]*" (Figure 6.15).

AG,
Pd2* + 2 x > [Pd(x)]** ; x =1b, 1d

Pd-1d2-c1 Pd-1d2-c2 Pd-1b2-c1 Pd-1b2-c2
-188.7(-203.8) -179.0(-198.6) -176.8 (-186.8) -171.1(-184.9)

I
| )

5

Figure 6.15. Gibbs energy of reaction (4G, in kcal mol™) for the coordination complexes of substrates 1b

and 1d with Pd(II) cation.

This could perhaps be one of the possibilities, although other side reactions (such as
dehalogentative homocoupling of terminal alkynyl bromide) that were not considered in

the present computational studies could also be possible.

6.3.10 Proposed catalytic cycle

Based on our computational mechanistic studies, together with experimental evidence,

we propose that the reaction proceeds via an MPAA-ligand directed, reversible C—H

255



/ 1/3 Pd3(OAc)g
4 substrate

1a
Pd(OAc), coordination
product o
dissociation ), S
2 AcOH -
(o)
q X
~. NN
Me Pd/ N
/ ~N

Q.0
S~0 oo N o
3 Pd(OAc), o A
S int-1 o)
Me Aco I Me
\ NN
regiospecific —‘Pd\
product \\ OAc reversible

formation SiMe3 C-H activation kpl/kp = 1.04

by MPAA ligand

Ag-assisted
AgBr B-bromide
elimination
(+1,2-silyl q\s'lo
112 [AgOAC], migration) 0,0 /2 %
S, l
(0] : N
= N.__N
Q\I,O Me | Me Pd/\ ~~
S L oo
~
Me;Si N \OAc Y \/&0
Me | N s bromoalkyne Me
0.0 coordination
pa” N B “s'io int.2 ESMMS
8r” Y “oAc int-4 +int-4r \
AN 1b
SiMe; indiscriminate, | . + AcOH
irreversible  Me NN ligand
1,2-migratory Br Pd
insertion / OAc
(TDTS) If
SiMe;,

Scheme 6.5. Proposed catalytic cycle.

activation, followed by a rate-determining 1,2-migratory insertion of substrate to give a

highly exergonic palladacyclic intermediate. Subsequent silver cation-assisted -bromide

elimination gives the final product (Scheme 6.5). Despite the indiscriminate 1,2-

migratory insertion step, the reaction is found to regioconverge on the same alkynylated

final product. This explains the high efficiency of the reaction observed experimentally.

The bromine atom of the substrate was found to be essential for the formation of product

via B-elimnation. The substrate ethynyltrimethylsilane 1¢, lacking bromine, did not work

well, since B-hydride elimination cannot occur as easily. By comparing to substrate
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bromoethynylbenzene 1d, we hypothesized that the trialkylsilyl group is essential in the

regioconvergency of the product formation.

6.4 Conclusions

Our detailed computational mechanistic investigations suggest that the present Pd-
catalysed meta-selective C(sp?)-H alkynylation proceeds via 1,2-migratory insertion,
followed by [B-elimination (where Pd-catalyst remains in formal +2 oxidation state
throughout the catalytic cycle), rather than the commonly observed oxidative addition
followed by reductive elimination (Pd(IT)/Pd(IV) cycle). The 1,2-migratory insertion step
is the overall rate-determining step. We found that despite 1,2-migratory insertion being
irreversible and unselective towards the two possible regioisomers, convergence to the
final, experimentally observed alkynylation product occurs via trialkylsilyl 1,2-migration
following -bromide elimination in one of the regioisomers. The role of silver additive is
explicitly implicated in a heterobimetallic Pd—-Ag TS that assists in [-bromide
elimination, making it non-turnover frequency determining. The role of copper(Il) acetate
was similarly explored: Cu(Il) could assist in product release, making Pd(II)-catalyst
more available for the next cycle; its reduced form Cu(I) can potentially reduce the
activation barrier for the B-bromide elimination step. Our computations provide us an

augmented understanding of the mechanism and selectivity of the present transformation.

This mechanism opens up possible avenues for future exploration. The formation of aryl-
alkynes herein via inverse Sonogashira coupling depends on the ability of the alkynyl
bromide to undergo Ag-salt assisted p-elimination after 1,2-migratory insertion. The
trialkylsilyl group, known to undergo 1,2-shift, is essential for the regiospecificity of the
final product, despite unselective 1,2-migratory insertion of the acetylenic functional
group.
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For future explorations, we could potentially look at other halides (such as iodinated
reagents %) attached to acetylenic coupling partners. By comparing the reactivities of
bromo- vs iodo-alkynes, we might be able to perform sequential C—H functionalisations
using 1-bromo-2-iodoethyne as a coupling partner. The unselective, TOF-determining
1,2-migratory insertion of the alkyne coupling partner calls for functional groups
equivalent to trialkysily groups that are good at 1,2-shifts such as trialkyltin to be used to
ensure the regioconvergency of the reaction pathways. Another possibility for future
exploration is the employment of transition metal catalysts to effect difficult 1,2-migatory

insertions in substrates that are able to form carbometallated intermediates.
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When life itself seems lunatic, who knows where
madness lies? Perhaps to be too practical is madness.
To surrender dreams — this may be madness. Too
much sanity may be madness — and maddest of all:
to see life as it is, and not as it should be!

— Miguel de Cervantes Saavedra,
Don Quixote

7

Catalyst-controlled Regiodivergent
Arylation of Isoquinolones

7.1 Introduction

The 2-pyridone and isoquinolone scaffolds are privileged structural motifs that occur in
many natural products, bioactive molecules and functional materials.’*>=7! Due to their
ubiquity in a variety of molecules, the derivatisations and modifications of 2-pyridone-
and isoquinolone-containing building blocks are an area of active research,3!,%65.572,573
Owing to the highly similar steric and electronic properties of multiple C—H bonds
present in these molecules, multiple outcomes are possible under similar reaction

conditions. The selective functionalisation at desired positions is instrumental in yielding
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target structures exclusively. This precise site selectivity, via chemo-, regio- and/or

stereo-control, forms the cornerstone of modern chemical syntheses,323-326,347.432,574

Transition metals are frequently employed for the direct selective functionalisation of C—

566,572,582,583,573,575-581 573,575,581,584-586

H bonds present in 2-pyridone and isoquinolone
molecule. A common strategy for site-selective C—H functionalisation is using suitable
directing groups (DGs) as seen in Chapters 4—6. Indeed, DG-assisted catalytic C—H
activation at C3 position of isoquinolones, or equivalently, C6 positions of 2-pyridone
has been achieved.’”>376°81.387 To overcome the installation and removal of DGs, thus
simplifying such functionalisation by two steps, DG-free reaction conditions using
catalyst and/or ligand control are highly desirable. Palladium-catalysed site-selective C—
H functional-isation of heterocycles via substrate control, without any DG, has been
previously reported.’®® DG-free reaction conditions usually take advantage of the
electronic biases inherent in the substrate molecules. For 2-pyridone, C5 and C3 positions
are relatively more electron-rich and react toward electrophiles more readily than other
positions; similarly, C4, C7 and CS5 positions of isoquinolones are the electron-rich sites
that can undergo electrophilic attack on TM catalysts (Scheme 7.1 (a)). On the other hand,
C4 and C6 positions of 2-pyridone as well as C3, C6 and C8 positions can be considered
nucleophilic sites as incoming nucleophiles can add in a conjugate addition fashion. C4-
selective arylation of isoquinolones via catalyst control, where electrophilic metalation
was implicated mechanistically, was first pioneered by Hong and co-workers.’%> A
similar reactivity is seen in 2-pyridone, where C5-selective arylation can be achieved via
electrophilic palladation (Scheme 7.1 (b)).3¥>3% Guided by these reasonings on the
electronics of the substrate, in another study on catalyst controlled regiodivergent

functionalisation of isoquinolones, Patil and co-workers reported gold-catalysed alkynyl-
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Scheme 7.1. Examples of C(sp?)-H functionalisation of 2-pyridone and isoquinolones.
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ation at C4-position, taking advantage of the electrophilicity of the TM catalyst (Scheme
7.1 (¢)).%% In both studies, C8-selective functionalisations can be achieved using different
TM catalysts (Ir for arylation in Hong’s work and Rh for alkynylation in Patil’s work,
Scheme 7.1 (c)) that presumably favour directed functionalisation by an energetically
favourable coordination of the metal to the carbonyl group of the isoquinolone, thus
functionalising the C(sp?)-H bond in its proximity. This similar reactivity is seen in C3-
selective arylation of 2-pyridone, where Mn(I1I),>® Ir(1II),>*° Fe(III)*°! and Pd(I1)>*? have
all been successfully employed. Due to this very general reactivity pattern in 2-pyridone
and isoquinolone functionalisations, a detailed understanding of the catalytic mechanism

and the factors influencing site selectivity is of broad interest and applicability.

The mechanism was first studied experimentally using H/D scrambling and kinetic
isotopic effects (KIEs) experiments, providing evidence for the C—H activation step (vide
infra). All experimental work described in this project was performed by our
experimental collaborators (the Hong group, Korea Advanced Institute of Science and
Technology (KAIST)). The complete picture of the energy landscape, in particular the
overall turnover-frequency (TOF)-determining steps (TDTS) for each catalyst controlled
C-H functionalisation, remains to be elucidated; in addition, the molecular origins
influencing the site-selectivity are not well understood.’® Due to the transient nature of
the transition states, experimental tools for their direct observations are limited.
Experimental techniques such as linear free energy relationships (LFERs), KIEs and
spectroscopic characterisation of reactive intermediates provide indirect evidence for the
reaction mechanism. To complement the understanding of the reaction mechanisms, in

addition to the aforementioned experimental techniques employed, we embarked on a
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theoretical study of the mechanisms by directly accessing the putative transition

structures involved in these reactions.

Herein we performed detailed computational studies of the mechanisms involved in the
regioselective C4- vs C8-functionalisation of isoquinolone pioneered by Hong and co-
workers (Scheme 7.1 (c)) as a case study of the general reactivity pattern observed for
both 2-pyridone and isoquinolone functionalisations. We consider only the C3-, C4- and
C8-positions of isoquinolone for C(sp?)-H functionalisation as these are the only
positions observed experimentally. Our combined experimental and computational
explorations reveal different mechanisms, with differing TDTSs!?® for each catalytic

system.

(a) Plausible C—H activation mechanisms

(o)
©)
1a 1a Me—N\
~—— Pd(OPiv), E—— H o
Se3 SeAr H  pg” S—tBu
7N / Yo
H Pd] D—tBu U
(o) 1a CMD
O _o
t-Bu
(b) Heck-type mechanisms _ _
Ph,l* 1a
[Pdl — » [PdjPh —————> |O _— > pd
oxidative addition Heck-type N— deprotonation
me [Pd]

Scheme 7.2. Plausible mechanisms for Pd-catalysis.
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A series of plausible mechanisms for the Pd-catalysis can be envisioned (Scheme 7.2).
The first type of mechanism involves site-selective C—H activation of the isoquinolone
by the palladium catalyst. This C—H activation step can be achieved in several ways
(Scheme 7.2 (a)), either via concerted metalation-deprotonation (CMD), !00:103,404,429,593,594
electrophilic aromatic substitution (SgAr),>*>7 or termolecular electrophilic substitution
(Sk3),>® where an outer coordination sphere base/ligand carries out the C—H activation
step. The C—H activated carbopalladated complex could then undergo oxidative addition
(OA) of diaryliodonium salt followed by C—C reductive elimination (RE) to give the final
product. The reaction can also proceed via a Heck-type mechanism*3%>° (Scheme 7.2
(b)), where the OA of the diaryliodonium salt gives a carbopalladated intermediate that
subsequently forms C—C reductive coupling with the isoquinolone before a B-hydride

elimination yields the final product (vide infra).

For this project, some initial TSs of the C—H activation step (the neutral pathway for Pd-
catalysis in subsection 7.3.3.1 and the cationic pathway for Ir-catalysis in subsection
7.3.7.1) were obtained by Dr. Peng Qian using ®B97X-D>¢/def2-TZVP'® optimisation
level, which was found to be very computationally expensive. These TSs were re-
optimised using MN157® functional with smaller basis sets (section 7.2); all other
computational work (some additional C—H activation TSs, OA and RE steps and Heck-
type mechanistic investigations for both catalytic systems) and all results analysis and
discussion were performed by the present author under the supervision of Prof. Robert

Paton.

7.2 Computational Methods

Computational methods employed for the present transformation are the same as those

employed in the study of Pd-catalysed C(sp?)-H allylation/alkynylation in Chapter 5/6.

264



Gibbs energies were computed at SMD!!"(solvent)-MN15(wB97X)/def2-QZVPP!8//
MN15/GenECP (def2-TZVPPD for Pd,'7#0! Ir'740! and 140 atoms and def2-SVP'%!° for
all other atoms (BS1)) level of theory. The solvents used are 1,2-dimethoxyethane (DME)
for Pd-catalysis and acetic acid (AcOH) solvent for Ir-catalysis. Solvent DME was
parametrised with the following parameters: the static dielectric constant of the solvent
(Eps=1.3);* dynamic dielectric constant — the square of the refractive index value of
1.377 was used*® (EpsInf=1.896); hydrogen bond acidity (HBondAcidity=0.00) and
basicity (HBondBasicity=0.68);*7 SurfaceTensionAtInterface=15.2%" (at 100°C instead
of reaction temperature of 120°C as it is not available at higher temperatures);
CarbonAromaticity=0.00 and ElectronegativeHalogenicity=0.00. Gibbs energies were
evaluated at their respective reaction temperatures (393.15K for Pd-catalysis and
373.15K for Ir-catalysis). SMD(solvent)-MNI15(wB97X)/def2-QZVPP//MN15/BS1
Gibbs energies are given. Unless otherwise stated, the first set of Gibbs energy values are
used for discussion. All Gibbs energy values in the text and figures are quoted in kcal

mol! throughout.

Geometries of all optimised structures (in .xyz format with their associated energy in
Hartrees) and an associated README file have been deposited online and made freely

available (DOI:10.5281/zen0d0.3386599).

7.3 Results and Discussions

7.3.1 Bond dissociation enthalpies and frontier molecular orbitals of isoquinolone
The bond dissociation enthalpies (BDEs) of the substrate, isoquinolone, was computed
in the gas phase at MN15/def2-SVP level of theory. The corresponding radicals where a
hydrogen atom is removed were optimised, using unrestricted KS-DFT formalism, in

addition to a hydrogen atom. The BDE is calculated as
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BDE(R-H) = Hg. + Hu. — Hr (7.1)

The BDE values at different C—H sites, superimposed on an electrostatic potential (ESP)
surface, with the NBO charges of the carbon atoms are shown in Figure 7.1 Top. We can
see that the C4—H bond is the strongest while C6—H bond is the weakest; the C—H bond
strengths are very close in BDEs and that the largest difference is 3.8 kcal mol'!, making

selective functionalisation based solely on C—H bond strength challenging.

BDEcg = 110.2 /\

BDEc7_y = 108.3

BDEce 4 =107.6 BDEc3_y = 108.0

BDEcs y = 108.6 BDEcy y=111.4
[ ———
HOMO of isoquinolone LUMO of isoquinolone

Figure 7.1. Top: Bond dissociation enthalpies (BDE) of various C—H bonds in kcal mol!, superimposed
on an electrostatic potential (ESP) surface at an isovalue of 0.02. Bottom: HOMO and LUMO of

isoquinolone.
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Based on the ESP and NBO charges, we note that C4-position has the largest negative
charge (-0.291) amongst carbon atoms. This implies that C4 is electron-rich which can
participate in electrophilic attack on TM metal catalyst, as shown later. C3 is the only
positively charged carbon (+0.057) other than the carbonyl carbon (+0.714). In addition,
the frontier molecular orbitals (FMOs) of the isoquinolone are shown (Figure 7.1
Bottom). We can see that the dominant orbital coefficient of the HOMO is on the C4-

and C3-position and that the LUMO has some orbital coefficient at the C3 position.

7.3.2 Isotopic labelling experiments

All work discussed in this subsection was performed by our experimental collaborators
as stated previously. Deuterium labelling experiments were performed to understand the
reversibility of the C—H activation step. The results are shown in Scheme 7.3. For the
palladium catalysis (Scheme 7.3 (a)), it was found that H/D exchange can occur at C4-
position, with 32% deuterium exchange in the presence of Pd-catalyst and 20 equivalents
of D>0. In addition, there was no primary kinetic isotope effect (KIE) when the C4-
deuterated isoquinolone reacted under the reaction condition and compared to the
unlabelled isoquinolone (intermolecular competition studies); the measured ku/kp = 1.01
indicates that the C—H activation step is not turnover-frequency (TOF)-determining.
Taken together, we expect a facile, reversible C—H activation for the Pd-catalysed

reaction.

For the iridium catalysis, four separate experiments were carried out (Scheme 7.3 (b)).
Under the standard arylation conditions with deuterated acetic acid as solvent, we
observed high levels of deuterium incorporation after 24h at both C4 (89% D) and C8
(94% D) positions; with hexane as solvent and 10 eq. of AcOD, noticeably higher level

of deuteration occurs at C8 (67% D) than C4 (6% D) position after 3h. This suggests that
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deuteration at C8 is reversible. Subsequently, we established that deuteration at C4 occurs
in AcOD in the absence of catalyst (9% D after 32h) or with a silver salt (51% after 16h);
no deuteration of C8 occurs without the Ir-catalyst. Thus, while the CMD mechanism is
operative at C8, it is also likely that electrophilic pathway can occur at C4, with reversible

deprotonation/protonation, allowing for reversible H/D exchange at this position.

(a) H/D-scrambling and 2H KIE experiments for Pd-catalysis

H H o
H o H O : Me  Pd(OPiv),, 0.1 equiv.
Me Pd(OPiv), 10 mol% Ve | Nt (OPW)z, 01 eq
. g H Ph,IBF,, 1.2 equiv.
N D,0, 20 equiv. N : > >
—_— H H
: 0.1M DME, 120°C, 1h
ZH  DME, 120°C, 24h I WD
: Ku/kp = 1.01
HD (32% D)}  1aortaD e
' 2a, 29% and
(1a, 53% or 1a-D, 47%)
(b) H/D-scrambling experiment for Ir-catalysis
(0%D)H O (94% D) HID O
Me Me
N~ wio Ag AcOD (0.1M) N
B ————— —
¥z
H 32h P
HID (9% D) HID (899
’ wio Ir H o [IrCp*Cl,], 5mol% (89% D)
AcOD (0.1M) N/Me AgSbFg 20 mol%
100°C 2y 100°C, 3h
0
(0% D)H o] " H (67%D) HID O
e
e Me
N N
N4 AgSbFg 20 mol% AcOD (10.0 equiv.) —
16h Hexane (0.1M) H
HID (51% D)

HID (6% D)

Scheme 7.3. Experimental deuterium labelling experiments. All results are from our experimental

collaborators.

Palladium Catalysis

7.3.3 PdII)/Pd(IV) cycle: C—H activation, oxidative addition followed by
reductive elimination

412-414 we consider the mononuclear

Although Pd(OPiv); can exist as a trinuclear species,
form to be the active catalyst in the present transformation. We considered the first

possibility here: the reaction could proceed via a neutral pathway (a cationic pathway was

also considered, vide infra), firstly a C—H activation, followed by oxidative addition (OA)
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and reductive elimination (RE) as the palladium catalyst cycled through the Pd(IT)/Pd(IV)
manifold.'%4?* According to this energy profile (Figure 7.2), the isoquinolone molecule
first undergoes a ligand-assisted C—H activation via concerted metalation deprotonation
(CMD) (C4-ts1, at 26.1 kcal mol™"), forming a carbopalladated complex, C4-int2, which
is endergonic at 15.7 kcal mol™!. The displacement of a neutral acid molecule by the
diaryliodonium and pivalate ions is highly exergonic, giving C4-int3 at -5.0 kcal mol™'.
This is followed by OA of diaryliodonium (C4-ts3, with a barrier of 17.9 kcal mol!),
giving a Pd(IV) intermediate which further undergoes RE (C4-ts4, with a barrier of 12.8

kcal mol™') to give the final arylated product.

The SeAr mechanism (electrophilic palladation) for the C—H activation step (Scheme 7.2
(a)) is ruled out as no stable structures corresponding to the formal Wheland intermediate
could be located, in agreement with previous computational studies.***-*%8 In addition, any

attempts to find the TS for the Sg3 mechanism eventually yielded the CMD TSs.

For the OA of the diaryliodonium salt, we considered the effect of using different counter
anions (PivO™ vs BFy4) on the activation barrier of the TSs; in addition, we also consider
the geometric isomers of the TSs arising from the different arrangements of the groups
being added (subsection 7.3.3.2). We found that in general, the use of the more strongly
coordinating pivalate ion in the inner coordination shell of the OA TS is more favoured
than tetrafluoroborate ion, which is weakly coordinating. The formation of Pd—F bond is
rather weak and does not give favourable stabilising interactions to the TS to lower its

activation barrier.

This energy profile predicts that the C—H activation is not only turnover frequency-

determining (TDTS), but also regio-determining. Although the site-selectivity predicted
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Figure 7.2. Gibbs energy profile for Pd(II)-catalysis via CMD followed by OA and RE.
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by this mechanism agrees well with the observed experimental results (subsection
7.3.3.1): the TDTS is the C4-selective C—H activation (C4-ts1, 26.1 kcal mol!), due to
the most productive orbital interactions and the least steric hindrance in this TS (Figure
7.4) than C3-ts1 (29.7 kcal mol!; 1 in 100) and C8-ts1 (31.5 kcal mol™!; 1 in 1000), the
experimental H/D scrambling and the lack of ?H primary KIE suggest that, despite rightly
predicting site-selectivity, this mechanistic picture is inconsistent with the experimental

kinetic studies and thus unlikely to be correct.

- A 57.4% — @t
5 (54.9%) Q
£ C4-ts1-cat Me—p
T _— ~/ 7\
g :' \\\ H N S ,'o
~ ',’ \‘ 'H Bd\\
Q 456 | 466 o0y 0 9
(45.0) . (44.5) g
— — t-Bu
/C4-int1-cat 57.4 C4-int2-cat L
/ (54.9) \
1a+DME -/ _/ CA-tsi-cat
XX into-cat \(’\\
) 35.8 by y
(36.0) [‘3 /7 \/\ 7~
OPiv TN S
® \ >\ C"‘l 36 1196 /
""""""""""" O\ ’,0 - \ \ o g
Pd(OPiv), tBu% pd! j
o ©
|
int0-cat

A

cationic C-H activation

Figure 7.3. Gibbs energy profile for Pd(I)-catalysis via cationic CMD. Optimised TS structure is shown;

key bond distances are given in A.

For the corresponding cationic mechanism (Figure 7.3), we found that this is less
favourable than the neutral pathway discussed above. We can see that the displacement
of a pivalate anion from the inner coordination sphere of the catalyst by a solvent
molecule, and thus creating an overall charged species, is very endergonic (by 35.8 kcal

mol!, int0-cat), consistent with the fact that non-polar solvent used in this transformation
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(dimethoxyethane) disfavours ionic mechanism as the cationic CMD TS (C4-ts1-cat)

cannot be stabilised well by the solvent system.

7.3.3.1 PA(IT)/Pd(IV) cycle: site selectivity of C—H activation

In this subsection, we discuss how the C(sp?)-H activation step for the Pd(Il)-catalysed
arylation of isoquinolone as described above was studied in some detail. For this first
mechanistic possibility, the C—H activation was the overall TDTS and gives the correct
regioselective outcomes. Although we know, from the experimental KIE and H/D
scrambling experiments, that the C—H functionalisation lacks primary *H KIE so that the

C-H activation step is not the TDTS, we include this discussion for completeness.!

As we can see in Figure 7.1 (BDEs), despite the fact that C4—H bond is the strongest, C4—
H activation (C4-ts1) has the lowest activation barrier at 26.1 kcal mol!. We can see that
the C—Pd bond distance is the shortest (2.06A) in C4-tsl1 (Figure 7.4), indicating
significant electron donation from the C=C bond into Pd(II)-centre, which is
electrophilic. This productive orbital interaction facilitates the proton abstraction by the
pivalate ligand (HOMO plot, Figure 7.4). In addition, the NCI plots indicate that there

are the least steric crashes in C4-ts1 amongst all three C—H activation sites (Figure 7.4).

When calculating C8—H activation barriers, we tried out all possible arrangements of the
isoquinolone substrate and the ligands (Figure 7.4). C8-ts1 was found to be lowest in
activation barrier due to favourable coordination of O-atom of isoquinolone to Pd-centre,
forming a [5,6]-palladacycle conducive for CMD. The alternative ligand arrangement in

C8-ts1-c4 where one pivalate coordinates in a bidentate fashion while another outer

' We initially thought this was the correct mechanism without the experimental evidence to the contrary
and included this discussion here to see the steric and electronic factors that could potentially contribute to
the site-selectivity. This CMD step was found to be operative in a later mechanistic possibility and the
factors influencing the selectivity are similar; see subsection 7.3.5 for a discussion.
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sphere non-coordinating pivalate ion carries out CMD is highly unfavourable. The tetra-
coordinating nature of Pd(Il) mandates that the latter pivalate ligand cannot coordinate to
the Pd-centre, giving a rather loose [5,6]-member ring in the TS (long C—Pd bond distance
of 2.42A, Figure 7.4). In addition, this far arrangement of ligand gives rise to a lack of
overlap between the HOMO of this pivalate ligand (the in-plane oxygen lone pair that is
predominantly localized on O-atom) and the d-orbital of Pd-centre (Figure 7.4), thus C8-
ts1-c4 is 5.1 kcal mol™! higher than C8-ts1 (although their NCIs seem to be similar). C8-
ts1-¢2 is 1.3 kcal mol! higher than C8-ts1. Although we expect the loss of coordination
interaction between isoquinolone O-atom and Pd-centre in C8-ts1-c2 to be compensated
by a similar interaction between pivalate O-atom and Pd-centre, the NCI interactions are
less sterically favourable in C8-ts1-c2 due to the repulsion between the isoquinolone O-
atom and the coordinating pivalate O-atom (Figure 7.4, NCI plot of C8-ts1-c2, circled in
green). C8-ts1-¢3 is 1.4 kcal mol! higher than and differs from C8-ts1 in the non-
participating pivalate ligand which points in the opposite direction of the tetra-
coordination plane, potential due to the unfavourable through-space interactions of the

orbitals (Figure 7.4).

Note that in comparing C4 vs C8 activation, the isoquinolone carbonyl group directed
C8(sp?)-H activation (C8-ts1) is less favoured (by 5.4 kcal mol™!) than the non-directed
C4(sp?)-H activation (C4-ts1). We have seen similar directing group-assisted C(sp?)-H
activation in Chapters 5 and 6, where the directing group coordinates to the Pd(I)-centre
as the CMD step is carried out. We note that the difference here is that for those TSs (ts-
1’, Figure 5.2 and Figure 6.3), the C(sp?)-H bond to be activated and the base/ligand O-
atom carrying out the CMD all lie on the same plane as the Pd-catalyst with its tetra-

coordination and more importantly, the aryl ring for activation is perpendicular to this
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Figure 7.4. Optimised structures, NCI plots and HOMOs of TSs of C—H activation via CMD at different

sites by neutral palladium catalysis.

plane whereas in C8-ts1 the ligand O-atom carrying out the CMD is distorted out of the
plane at an angle, due to the geometric constraint imposed by the coordinating carbonyl
group and that the aryl ring for activation is on the same plane as the Pd-catalyst and its
four coordinating groups (C8-ts1, Figure 7.4), making the TS sterically disfavoured. In
fact, TS structure C4-ts1 has closer resemblance to the TS structures for the CMD steps
in Figures 5.2 and 6.3, in that the aryl ring for activation is perpendicular to the Pd in its

coordination plane.

Thus, for this particular C—H activation of isoquinolone substrate via CMD involving a
Pd-catalyst, C4-position is favoured over other positions due to favourable orbital
interactions and least steric hindrance, despite the C4—H bond being the strongest

amongst all.
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7.3.3.2 PA(II)/Pd(IV) cycle: OA and RE steps

For the OA of diaryliodonium salt, we considered the effect of different counter anions
(PivO" vs BFy) on the activation barrier of the TSs.? In addition, we also considered the
geometric isomers of the TSs arising from the different arrangements of the groups being
added (Figure 7.5). We found that in general, using pivalate ion (strong n-donor ligand)
in the inner coordination shell of the OA TS is more favoured than tetrafluoroborate ion
(BFs"), which is weakly or non-coordinating. This is in agreement with the fact that OA
is favoured by strong donor ligands which enhance electron density on the metal and thus
stabilise the higher oxidation state of the metal. In contrast, the formation of the Pd-F
bond is rather weak and does not give favourable stabilising interactions to the TS to
lower its activation barrier. Thus, for all subsequent mechanistic investigations involving
the OA and RE steps where the diaryliodonium salt is involved, we used the appropriate

ligands instead of the non-coordinating ions (BF4 and PFs") in the TS searches.

For TSs with PivO™ counteranion, the TS having [-atom coordinated axial to the activated
C4-Pd bond of the isoquinolone (C4-ts3) gives the lowest activation barrier, at 12.9 kcal
mol!. Although the coordination mode in C4-ts3d is similar, there seems to be more
favourable non-covalent interactions (NCIs) in C4-ts3 between the I-atom of diaryl-
iodonium and the O-atom of pivalate, as evidenced by the its shorter I-O bond (2.54A)
than in C4-ts3d (3.28A). This O-1 NCIs occur prevalently, also in the Ir-catalysed system
(vide infra). The TSs having I-atom adjacent to the activated C4—Pd bond of the
isoquinolone (C4-ts3b and C4-ts3c) both have higher barriers than C4-ts3 and are thus
less favourable. Note that in the OA step, the octahedral coordination geometry is

disfavoured as the TS search with the pivalate coordination via bidentate mode returned

2 This consideration of different counterions in the OA and RE steps is essential as it applies to other
mechanisms involving OA and/or RE steps such as the Heck-type mechanism discussed below.
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C4-ts3 instead, which is penta-coordinate. This is the same as the observation made in

Chapter 4, where the OA and RE steps occur more readily with odd, rather than even,

number of coordination.*!%-42!1

OA with pivalate counteranion

C4-ts3 C4-ts3b C4-ts3c

12.9% (16.7%) 18.2F (21.9%) 13.8% (23.4%)
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RE with pivalate or tetrafluoroborate counteranion

C4-tsd C4-tsdb Cd-ts4’
-0.6% (1.2%) 1.4% (3.8%) 43 8% (46.8%)

Figure 7.5. Optimised geometries for oxidative addition step using diaryliodonium salt with either pivalate

anion or tetrafluoroborate anion (top) and reductive elimination step (bottom).

The RE TS for C—C bond formation, C4-ts4, has the lowest activation barrier; the other
conformation of the TS (C4-ts4b) where the orientation of the isoquinolone moiety is

rotated, is higher in barrier by 2.0 kcal mol! and thus disfavoured (Figure 7.5).

7.3.4 PdII)/Pd(IV) cycle: Heck-type mechanism

In this subsection, we consider the Heck-type mechanism shown in Scheme 7.2 (b). We
first consider the Pd(I1)/Pd(IV) cycle in a neutral pathway,%°'-%% although the classical
Heck reaction mechanism proceeds via a Pd(0)/Pd(I) cycle®®’ (which we consider later
on). The Gibbs energy profile is given in Figure 7.6; TS structures, with conformational
sampling, by varying the conformations of the coordinating ligands, are given in Figure
7.7. This reaction mechanism proceeds with the OA of diaryliodonium (H-ts1, barrier of
21.3 keal mol!) forming a Pd(IV)-aryl complex, H-int2, which is slightly uphill, by 3.0
kcal mol'!. This OA step is reversible as the subsequent carbopalladation step has a higher
activation barrier. For the OA step, the more strongly coordinating pivalate counterion is
used in the inner coordination sphere, rather than the non-coordinating BF4 ion as

discussed in subsection 7.3.3.2.
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Figure 7.7. TS structures and two key intermediates for the carbopalladation/electrophilic palladation step.

The C—C bond formation step, for this mechanistic possibility, is both TOF-determining
and regio-determining. The C—C coupling at C4, H-C4-ts3, has a lowest activation
barrier, at 23.9 kcal mol!, whereas the C3 counterpart, H-C3-ts3, is 0.8 kcal mol ! higher.
This small difference in the energy barriers makes it difficult to distinguish the chemical
selectivity between these two sites. This translates to roughly 3:1 regioselectivity using
simple TST, although, the experimentally observed C4:C3 arylated product is 78:1. We
can see from Figure 7.7 that the Pd—C bond in C4-selective TSs all have longer bond
length (ranging from 2.11A to 2.27A) than the Pd—C bond in C3-selective TSs (from
2.04A to 2.08A). This is because in C3 TSs, there is electron donation from the N-atom
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of the isoquinolone to the electrophilic Pd-centre, giving rise to a significant Pd—C4 bond
formation as the C3-carbon undergoes C—C bond formation. This is a typical electrophilic
palladation step as electron density flows from the N atom of the substrate to form the
C4-Pd bond. For C4-selective TSs, less electron density is donated from C3-position of
isoquinolone to Pd-centre, as an electrophilic C—C bond formatoin occurs at the C4-
position due to the high electron density at this position. The resulting positive charge in
the substrate is stabilised on the N-atom of the isoquinolone heterocycle. This has
implications for the subsequent step for product formation. The C4-selective intermediate
after the C—C bond formation, H-C4-int4, which has non-covalent Pd—C bond (2.56A),
can undergo a facile outer-sphere deprotonation by a ligand molecule (H-C4-ts4, Figures
7.6 and 7.7) to give the final arylated isoquinolone product. This low-barrier
deprotonation step (1.5 kcal mol™") occurs after the TDTS and is thus consistent with the

absence of 2H primary KIE at C4-proton experimentally (Scheme 7.3 (a)).

On the other hand, the C3-selective intermediate, H-C3-int4, formed after carbo-
palladation, has a formed Pd—C bond (2.16A) which needs to undergo B-hydride
elimination to form the arylated product (TS searches for deprotonation step failed to
yield any result). As seen in Chapter 5, in such systems, the requisite C—H bond has to be
brought to interact agostically with the Pd-centre before B-hydride elimination can occur.
In this case, the C3-product is disfavoured, as the requisite H-atom cannot be brought to

interact with the Pd-centre agostically without unduly strain and is very unfavourable.

The TSs for carbopalladation at C8-position, H-C8-ts3 and H-C8-ts3’ are at least 12.0
kcal mol! higher, making these much less favourable. For C8-functionalisation, the TS
for the carbopalladation step with the carbonyl group coordinating to the Pd-centre could

not be found.
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The overall energetic span of 23.9 kcal mol™! for the present mechanistic possibility is
lower than the CMD-OA-RE mechanism (Figure 7.2) with a span of 26.1 kcal mol! and

is kinetically more feasible.

We further checked that the Pd(IT)/Pd(IV) cationic pathway (Figures 7.8 and 7.9), with
an energetic span of 38.7 kcal mol!, is not competitive, again as the overall cationic
character of the intermediates/TSs is destabilised in the present non-polar solvent system
and is thus kinetically disfavoured. The C—C bond formation step is the same as those for
the neutral pathway: H-C4-ts3-cat proceeds via electrophilic C—C bond formation, with
a Pd—C3 bond length of 2.28 A whereas H-C3-ts3-cat proceeds via electrophilic

palladation at C4 and C3—Cpn bond formation, with a Pd-C4 bond length of 2.12 A.

H-ts1-cat H-C4-ts3-cat H-C3-ts3-cat
35.81(37.9%) 38.7% (38.4%) 39.7% (36.8%)
’ 717‘2021;%4\ X <
H-C8-ts3-cat H-C8-ts3’-cat H-CS8-ts3°’-cat
45.0% (45.0%) 54.9% (55.9%) 52.8%(56.8%)
~— X {
> U
Ao 7
I _I 21017 2.02 '[\ /2'15‘ 2.035.
=T ,\'/‘, ~ Z% 209\" )
’)\I.“‘ 27120 '.\129‘;;\’\% ﬁ_lg 1199 ‘\\\%
—,\ N\ ) N

Figure 7.9. Optimised geometries for key TSs in via cationic Heck-type mechanism.
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7.3.5 PdII)/Pd(IV) cycle: Oxidative addition, C—H activation followed by
reductive elimination

Here we consider the Pd(IT)/Pd(IV) mechanistic cycle in which the reaction proceeds with
firstly OA, followed by ligand-assisted C—H activation via CMD and finally RE. The OA
step is the same as those discussed in subsection 7.3.4. The neutral pathway is considered,
as the cationic OA step is much less favoured, as shown previously (Figure 7.8). The
Gibbs energy profile for this mechanistic possibility is given in Figure 7.10 with the key
TS structures given in Figure 7.11. For this mechanism, the OA step is the overall TDTS,
giving an energetic span of 21.3 kcal mol!; this is lower than the other two possibilities
discussed above (subsection 7.3.3, CMD-OA-RE at 26.1 kcal mol™!' and subsection 7.3.4,
OA-—electrophilic palladation/carbopalladation—deprotonation/B-H elimination at 23.9
kcal mol™!). The regio-determining step, however, is the subsequent C—H activation step
via CMD. As the C—H activation step is not the TDTS (and occurs after it), there is an
absence of primary ?H KIE, in agreement with experimental measurements (Scheme 7.3
(a)). The low percentage of H/D exchange/scrambling (32%, Scheme 7.3 (b)) in the
absence of diaryliodonium salt observed experimentally can arise from C4-selective C—

H activation via electrophilic palladation followed by deprotonation as discussed earlier.

The C-H activation at C4-position has the lowest barrier (16.3 kcal mol™!, from H-int2
to HC-C4-ts3, since the reverse from H-int2 to H-intl has a higher barrier of 18.3 kcal
mol™!), whereas the C3—H activation TS (HC-C4-ts3), has a barrier that is 7.1 kcal mol!
higher. In TS HC-C4-ts3, the C—H activation proceeds via electrophilic CMD®08.609
where some electron flows from the electron rich N-atom of the isoquinolone to the
electrophilic Pd-centre, as evident from the shorter Pd-C4 bond in HC-C4-ts3 (2.12 A)

than in HC-C3-ts3 (2.20 A) (Figure 7.11).
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Figure 7.10. Gibbs energy profile for Pd(II)-catalysis via OA, followed by CMD and RE in a neutral pathway.
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Figure 7.11. Optimised geometries for key TSs in via neutral OA— CMD-RE mechanism.

The C8-H activation is again unfavourable; both the TSs via CMD carried out by a
coordinating (HC-C8-ts3-c2) and non-coordinating (HC-C8-ts3) pivalate ligand and the
TS via a cationic pathway (HC-C8-ts3-cat) have higher activation barriers (Figure 7.11).
The steric and electronic factors influencing these regioselectivies are likely the same as
those discussed in subsection 7.3.3.1. That is, C4-position is favoured due to better orbital

interaction and least steric hindrance, despite C4—H bond being the strongest amongst all.

7.3.6 Pd(0)/Pd(II) cycle: Heck-type mechanism

In the light of potential Pd(0) involvement in similar Heck-type mechanism using Pd(II)
precatalyst,**® we performed DFT calculations to investigate these pathways, both neutral

and cationic, although we note that the reaction conditions here are not reducing as in
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(a) Gibbs energy profile for Heck-type coupling via neutral pathway
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Figure 7.12. Gibbs energy profiles for the Heck-type C—C coupling using Pd(0) as active catalyst. (a)
Neutral pathway (b) Cationic pathway. A common energy zero H0-int2 is used for both pathways.

those needed to typically generate the active Pd(0) species from the in situ reduction of
Pd(Il) salts by, for example, the action of phosphines,®%¢'?2 amines,®"® hydride
sources,®!*615 or other additives.’!¢62° We found that a Heck-type mechanism involving

an active Pd(0) catalyst gives rise to C3-selective (over C4) arylated isoquinolone for
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both neutral and cationic pathways (Figure 7.12).> Both TSs have similar Pd—C bond
lengths (2.01 to 2.02 A), indicating that both occur via carbopalladation, i.e., not
electrophilic palladation followed by C—C bond coupling. This is perhaps due to the fact
that Pd(0) is already electron-rich such that electrophilic attack on the metal from the N-
atom of the substrate is much less likely. The cationic pathway, when compared to the
neutral pathway, is much less thermodynamically favourable, as the formation of cationic

TSs and intermediates are not stabilised by the non-polar dimethoxyethane solvent.

Iridium Catalysis

7.3.7 Ir(IID/Ir(V): C—H activation, oxidative addition followed by reductive
elimination

The mechanism for C8-selective arylation of isoquinolone using Ir was investigated. We
consider herein the Ir(III)/Ir(V) catalytic cycle, which has been shown,%8:621-625 poth
experimentally and computationally, to be operative in Ir-catalysed reactions. The neutral
mechanistic pathway was first considered; the reaction profile is given in Figure 7.13.
This neutral pathway involving a charge-balanced inner coordination sphere of Ir(III)
complex was found to be C4-selective, with a C—H activation barrier of 27.0 kcal mol!
(C4-ts20). This TS has one of the coordinating acetate ligands carrying out the CMD step
via a 6-membered ring transition structure (Figure 7.14). The alternative TS where the
acetate anion having O-atom both coordinating to Ir and carrying out CMD at the same
time, via a 4-membered ring, is much less favoured (C4-ts20b, 38.9 kcal mol!), as seen
608

previously in the Pd-catalysed system. This is commonly the case in many systems

(also in those observed in chapter 4).

3 The TS for the OA step was not found — an optimisation of diaryliodonium in the presence of Pd(0)—
OPiv gives the insertion product H0-int2 directly. The OA step is facile likely because OA into electron-
rich Pd(0) is easy.
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Figure 7.13. Gibbs energy profile for Ir-catalysed C—H activation via neutral pathway.
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Figure 7.14. Optimised geometries for key TSs in via neutral OA— CMD-RE mechanism.
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For C8—H activation, the TS with the same ligand coordination mode as C4-ts20 has the
lowest barrier, (C8-ts20, 32.7 kcal mol™); in this TS, the isoquinolone carbonyl-O atom
does not coordinate to the Ir-centre. In cases where the carbonyl-O is coordinated to the
Ir-centre (C8-ts20b and C8-ts20c), the activation barriers are much higher and less
favoured (Figure 7.14). C8-ts20c is disfavoured likely because one of the acetate anions
does not participate in the inner coordination sphere of the catalytic complex, so that there
is no enthalpic gain for its inclusion, which occurs at an unfavourable entropic cost. This
neutral pathway is less likely as the regioselectivity does not agree with the

experimentally observed product.

Mounting evidence for Ir(IIl)-catalysed systems suggests the involvement of a cationic
Ir-species in such transformations.%%3:626-632 Indeed, we found the cationic pathway to be
in agreement with the experimentally observed regioselectivity (Figure 7.15). In this
mechanism, the reaction proceeds via ligand-assisted C—H activation, followed by OA
and subsequent RE. We consider the catalyst Ir-cat* as the active form (one of the
coordinating ligands is likely acetic acid, as this is the solvent used for the present
transformation). The C—H activation is not the TDTS as the reaction barrier for OA
following the CH activated complex (C8-ts12-g1, 32.2 kcal mol!) is much higher than
the reverse barrier going back to unactivated complex C8-int10 (24.7 kcal mol™); it is
however, regio-determining (see subsection 7.3.7.1 for a detailed discussion). This,
coupled with the relatively low barrier for C-H activation (C8-ts10, 22.6 kcal mol!),
implicates that the C—H activation step is reversible with relative ease, consistent with
experimentally observed reversible and fast C—H cleavage (> 98% H/D exchange in 10

mins at 100°C).
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The OA step (C8-ts12-g1) is the overall TDTS of this reaction, with a barrier of 32.2 kcal
mol™!' (see subsection 7.3.7.2 for the consideration of all geometric and conformational
isomers of this TS). The loss of Phl from the OA product is entropically favoured. Two
possible geometric isomers arising from ligands occupying different coordination sites of
the Ir-centre can be distinguished: one has the phenyl group and the C8 of isoquinolone
not on adjacent coordination sites (denoted gl) and the other has these two on adjacent
coordination sites (denoted g2) (Figures 7.15 and 7.17). Despite the oxidative addition
products C8-int14-gl and C8-intl14-g2 differing in the coordination modes of the
ligands, they both yield RE TSs (C8-ts14-gl and C8-ts14-g2) having the phenyl group
and C8-atom of isoquinolone occupying adjacent coordination sites* (see Figure 7.18 for
the optimised structures). The RE step forming the C—C bond is both kinetically and
thermodynamically favourable: the activation barrier for this step is 9.0-11.3 kcal mol"!
and that the formation of the C8-arylated product is highly exergonic (C8-int15-g1, at -

61.5 kcal mol! and C8-int15-g2, at -58.1 kcal mol™!) (Figure 7.15).

Thus, for the present transformation by Ir-catalysis, our computational studies implicate
a cationic pathway where the oxidative addition step is the TDTS, with a relatively facile
reductive elimination step; the regio-determining C—H activation step is reversible and

gives rise to the absence of H primary KIE consistent with experimental findings.

* The TS structure C8-ts14-g1 is correctly connected to C8-int14-g1 and C8-int15-gl via IRC analyses.
The initial TS search at MN15/def2-SVP level of theory for C8-ts14-g1 shows how the phenyl group
displaces the acetate ligand as the latter moves away from its original coordination site so that the phenyl
group can occupy the adjacent coordination site to the C8-atom of isoquinolone, for subsequent reductive
coupling (see Gaussian 16 output file C8-inti4-ts-def2svp.log). 1t is therefore reasonable to assume that
the two geometric isomers arising from different coordination modes (C8-int14-g1 and C8-int14-g2) can
easily interconvert, as the acetate ligand displaces the phenyl group and moves it to the adjacent
coordination site.

292



j-lowt [edY | OV

€6¢
Kemyyed oruoned oy eIA SIsATeIeo-(T[)I] 10§ 9[i3o1d A319U0 sqqID) *ST°L N3
uoljeulwi|d aAI}dNpPal uonippe aAlepiIxo uoneAoe H—9
(6'59-) _En_ 80
‘00- 2 . B-yL3ul- “
¥'99 VOH (19  1P-PHUIED SN Z6-1u-gD | Aemyjed ouswosi
Je0-11 N Glo- o<o,_A \0/ \z / oW
pad-go * ) / @ —._n_::A / = — \
6-gLul-go ) Al Je0-J|
Zb-GLul-8d '\, @ AO Fva \ @ *
(625 ™, 69z ﬁ Lhu-go ms_ oLIuIgD o
L85 7 . 16-pLIuI-gD OH o o ws_ ~o HO
(A V2 1) i s AN—( N O, Z~en
: . 2b-p13uI-8d 0, Q=N ; —0 AI—0
/ ) L, S _ B \ \ ®
v (8'v2) \.h_ @v
P
\ (8'sS) @ ®
‘ Y L'SS
AN, I [ 1B-¥1LS¥-8D Vs
X v
@v\ ® (sz11)  lud AoF. g | F .mew ..................... onurgy g OVOH
; £2G1- ot fZz) e el W
- \ siaL! ee¢- LLIUFED ( ' (LT N
_ ; Ndda 822/ gy (00
(zee)y OVOH ) (722) 9zz, 00
zee! ) N Lve ; el
;0D e N !
L
\6-zLsy-go  SLAL : w Y (x 02)
- ¥ 1 . et - - e - m - -
_ Zb-zIsred _ ¢ GoLe) 01S¥89 4802
. ; €82
Y ' ¥
ud_ 0dv d
_..o o ud . o_ N Y 1B-z1s1-80
7 0= N oy i/ )
:,/.. VA . R\ VO | = ND-Nquuwo
Vi = {® (48°G¢)
@ ® @ L0'LE
L - L .

<
-



7.3.7.1 Ir(I1D/Ir(V): Cationic pathway C—H activation

Different coordination modes for the C—H activation step were considered. The results
are given in Figure 7.16. For C—H activation at all sites, the presence of an extra molecule
of acetic acid in the coordination sphere of these TSs (Cx-ts10b, x=3,4,8) increases the
activation barrier as compared to the ones without (Cx-ts10, x=3,4,8), potentially due to
entropic penalty associated with the introduction of an extra ligand. C8-ts10 has the
lowest activation barrier while C4-ts10 and C3-ts10 are, respectively, 10.0 and 11.5 kcal
mol™!' higher and disfavoured; the coordination of isoquinolone carbonyl-O atom to Ir-
centre in C8-ts10 helps in lowering its activation barrier without the need of an extra
acetic acid ligand to complete the coordination sphere of the metal (Figure 7.16).
Additionally, the C—H activated intermediates for C3- (C3-int11,27.2 kcal mol™') and C4-
selective (C4-int11, 23.0 kcal mol™!) activation are thermodynamically unfavourable than

for C8-selective activation (C8-int11, 3.2 kcal mol!, Figure 7.15).

The C8-selective activation is “directed” in this case where the isoquinolone carbonyl-O
atom coordinates to the Ir-centre, as the CMD TS has the correct geometry for C—H
activation: the acetate ligand carrying out the CMD step is perpendicular to the
isoquinolone ring plane (C8-ts10, Figure 7.16), making it conducive for CMD to be
carried out without unduly ring strain. This resembles C4-ts1 in the Pd-catalysed C—H
activation (Figure 7.4) and the TS structures for ligand-assisted CMD in Chapters 5 and
6 (ts-1’, Figures 5.2 and 6.3). This is in contrast to the unfavourable “directed” path in
Pd-catalysis observed earlier (C8-ts1, Figure 7.4), where the tetra-coordinating Pd(II)
requires that the inner sphere Pd-coordinating ligand carrying out the CMD and the

isoquinolone ring lie on the same plane, making it geometrically unfavourable for C—H
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activation. Thus, one of the reasons for the different regioselectivies observed using these

two different catalysts arises from the different coordination modes of these metals.

C8-ts10

C8-ts10b

C4-ts10

20.8% (20.1%)

37.3% (36.3%)

30.8% (25.7%)

|
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347 (31.5%) 32,3 (27.6%) 37.6% (33.5%)
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}?_{‘ ) 2.44
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A

Figure 7.16. Optimised structures of TSs of C—H activation at different sites by cationic iridium catalysis.

Comparing the C—H activation TS at C4-position (C4-ts10) with those at C3- (C3-ts10)

and C8-position (C8-ts10), we once again see that the Pd—C,,s bond in C4-ts10 is the

shortest (2.09 A) when compared to C3-ts10 (2.15 A) and C8-ts10 (2.26 A) due to some

electrophilic C—H activation as the electron density flows from the electron-rich N-atom

of isoquinolone to the electrophilic Ir-centre. This is the same as the electrophilic

CMD%08:69 with electron-rich substrate observed earlier for the Pd-catalyst (subsection

7.3.3).
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7.3.7.2 Ir(I1D)/Ir(V): Cationic pathway OA and RE steps

Different coordination geometries for the OA step were carefully considered (Figure
7.17). The ligand used for computations was the strong-coordinating acetate anion since
acetic acid is the solvent used experimentally; chloride or the weakly coordinating BF4
anion as ligand for Ir-metal are not considered. Two geometric isomers arising from
ligands occupying different coordination sites are possible, as discussed previously. For
geometric isomer g1, C8-ts12-g1 and C8-ts12-gl-c2 are really similar in structure; they
differ in the orientation of the Cp* ligand and a minor difference in the acetate ligand
coordination. The non-covalent interaction between the O-atom of the acetate ligand and
the H-atom of the hydrocarbon backbone, as seen by the shorter bond length (2.17A), in
C8-ts12-g1 favours this TS slightly. Geometric isomers g2 are slightly less favoured; the
lowest such structure (C8-ts12-g2; 30.8 kcal mol™') is 2.5 kcal mol ™! higher than C8-ts12-

g1 at 28.3 kcal mol™!.

The activation barriers for all these TSs are rather high, and we tried to investigate if any
haptotropic shift from 1’ to 1 to n' coordination mode of the Cp* ligand allowing
octahedral geometry of Ir(III) complex (d° electronic configuration) would lower the
activation barriers; such ring slippage reactions have been observed in various Ir-based
systems.%33-63 In our investigations, however, all these ring-slipped n'-coordinated
Cp*Ir(IIT) complexes (C8-ts12a to C8-ts12e) all have higher activation barriers (Figure
7.17), perhaps unsurprising as these haptotropic shifts causes the Cp* ligand to lose ring
aromaticity. The n*-coordinated Cp*Ir(III) complexes were not found, in accordance with

the observation that for d® complexes, 1’ to n° haptotropic shift is mostly disfavoured.5*¢

For both geometric isomers arising from different coordination modes, a facile RE TS

that is both kinetically and thermodynamically favourable can be found (Figure 7.15).
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Figure 7.17. Optimised structures of geometric and conformational isomers of TSs of OA step by cationic

iridium catalysis.
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Figure 7.18. Optimised structures of geometric isomers from the OA and RE by cationic iridium catalysis.
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These RE TSs (C8-ts14-g1 and C8-ts14-g2) have a low barrier of 9.0 — 11.3 kcal mol ™.
The optimised structures are given in Figure 7.18. The RE products are highly
thermodynamically stable and its release from the Ir-centre is exergonically downhill and

thermodynamically favourable (Figure 7.15).

7.3.8 Ir(II1)/Ir(V): oxidative addition before C—H activation

To see if a similar reaction mechanism of OA followed by C—H activation and then RE
or followed by Heck-type carbometallation is operative for the present transformation,
we explored the cationic OA step as the first step of reaction. We found that these give
an activation barrier that is at least 37.0 kcal mol™! (Figure 7.19), which is much higher
than the energetic span as seen in Figure 7.15 (32.2 kcal mol™"). Thus, this mechanism is

less feasible than the one discussed previously.
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Figure 7.19. Oxidative addition as the first step of cationic iridium catalysis.
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7.3.9 Proposed catalytic cycles

Based on our combined experimental and computational investigations, we propose the
following mechanistic cycles for catalyst-controlled C4/C8-arylation of isoquinolone
(Scheme 7.4). The Pd-catalysis occurs via a neutral pathway where first a TOF-
determining oxidative addition of diaryliodonium salt occurs. This is followed by
regioselective C4—H activation via a CMD mechanism, forming Pd—C bond. Reductive
elimination then follows, giving the C4-arylated isoquinolone. As the C—H activation step
occurs after the TDTS, there is no primary *H KIE observed in the experimental
intermolecular competition studies using separated deuterated and non-deuterated
isoquinolones (ku/kp = 1.01, Scheme 7.3 (a)). The low percentage of H/D exchange/
scrambling (32%, Scheme 7.3 (b)) in the absence of diaryliodonium salt possibly result
from C4-selective C—H activation via electrophilic palladation followed by deprotonation
as discussed in subsection 7.3.3. The end product is thermodynamically stabilised as a
strong C—C o-bond is formed. This neutral pathway is favoured in non-polar solvents

such as 1,2-dimethoxyethane used in the reaction.
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C4-prd Pd(OAC), Y

H 0]
* PivOH TOF-determining : Cd-prd oH \{Me
- : + PivOH +
' Ir-cat
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e o i
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Scheme 7.4. Proposed mechanistic cycles for regioselective arylation of isoquinolone using Left: Pd-
catalysis, and Right: Ir-catalysis.
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For Ir-catalysis, the cationic pathway was found to be operative; this reaction is more
favoured in polar solvent (acetic acid) where the cationic TSs and intermediates can be
stabilised. C—H activation is fast and reversible whereas the OA step is the overall TDTS.
A facile reductive elimination follows to give thermodynamically stabilised C8-arylated

product due to the formation of a strong C—C o-bond.

7.4 Conclusions

We herein employed DFT calculations to study the catalyst-controlled regiodivergent
arylation of isoquinolone at C4- vs C8-position. Two different mechanisms are proposed.
C4-selective arylation is promoted by Pd(I)-catalyst following a sequence of oxidative
addition of diaryliodonium and then C—H activation and finally reductive elimination.
C8-selective arylation is promoted by Ir(Il)-catalyst undergoing a cationic pathway
where the oxidative addition is the overall rate-determining step; the cationic C(sp?)-H
activation is the regio-determining step although it is fast and reversible. The mechanistic
insights gained from the present studies shed light on the factors controlling regio-
selectivity in different TM catalytic systems. The tetra-coordinating nature of Pd(II)
dictates that the C8—H activation via CMD and simultaneous carbonyl oxygen atom
coordination to Pd-centre is unfavourable, due to unfavourable geometric constraints; the
“directed” pathway in the present C8-arylation is thus unfavourable. For Ir-catalysis, the
carbonyl oxygen atom directed C8—H activation is favourable, since this has the right
geometry as the coordinating ligand can carry out CMD at right angle to the plane of
isoquinolone ring, as a result of the tetrahedral coordination mode of Ir-centre. The
present findings are likely translatable to similar systems such as those work by Patil and
co-workers on Au vs Rh regiodivergent alkynylation of isoquinolone (Scheme 7.1 (¢)).
Similar mechanisms are expected to be operative in 2-pyridone functionalisations due to
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similar steric and electronic influences as in isoquinolone. This broadly applicable
understanding of catalyst-controlled regiodivergent functionalisation of a class of similar
substrates will spur further development and applications of these transformations in

chemical syntheses and materials design.

7.5 Future Work

7.5.1 Future experimental work

Further experimental work can be performed to validate the mechanistic picture presented
in Figure 7.10 and Scheme 7.4 using '*C KIE experiments. Specifically, the '3C primary
KIE using the '*C/'2C natural abundance method by quantitative '*C NMR developed by
Singleton and co-workers®7-%38 can be employed. This method relies on the fact that the
starting material will become more enriched in '*C at the positions with positive *C
primary KIE during the course of reaction, such that an increase in the ratio of *C/!2C
between the recovered material and the original starting material will result. The KIE can
then be worked out from this ratio (R/Ry) and the fractional conversion of reagents (F)

via
R/Ry = (1 — F)(/KIE)—1 (7.1)

log(l1 — F)

M = 10 [ - F)R/Rd)

(7.2)

This method has been successfully employed in a variety of catalytic mechanistic
investigations.**%3°-647 For our proposed mechanism, we expect to see the presence of
primary *C KIE at the ipso-Carbon of the phenyl group of the diphenyliodonium cation

undergoing oxidative addition.
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7.5.2 Future computational work

Although experimentally only C3-, C4- and C8-functionalisation of isoquinolone have
been achieved, for completeness and to gain further insights into the factors determining
regioselectivity, it will be useful, for our future work, to study the regioselectivity-
determining step for each catalytic system at all carbon sites (additionally C5-, C6- and
C7-site). Additionally, we expect the C3- vs C6- vs C5-functionalisation of 2-pyridone,
as introduced in Scheme 7.1 (b) to undergo similar reaction mechanisms, it will therefore

be interesting to verify this computationally using both Pd and Ir catalysts.
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“FEither this is madness or it is Hell.” “It is neither,”

calmly replied the voice of the Sphere, “it is
Knowledge; it is Three Dimensions: open your eye
once again and try to look steadily.”

— Edwin A. Abbott, Flatland:
A Romance of Many Dimensions

Concluding Remarks

Computational chemistry has far-ranging applications, such as in enzyme catalysis,?!*-648-

652 protein structure predictions and designs,®76% and materials science.*>%¢ It has
evolved over the years to become a mature branch of chemistry and an indispensable tool
in rationalising experimental observations and elucidating reaction mechanisms. In this
thesis, we have presented a number of case studies on how one particular tool in
computational chemistry, the application of density functional theory (DFT), can be
applied to study both organic and organometallic catalysis. In Chapters 2, we presented
the DFT study of a small molecular system involving oxidant-promoted, SET-catalysed
cyclobutanation. In Chapter 3, we looked at the application of DFT to the study of the

catalytic mechanism of a novel hydroxyphosphine catalyst, designed by our experimental
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collaborators, which has higher molecular complexity than the organic system present in
Chapter 2. We then progress in molecular complexity to show how modern DFT
functionals can be used to study sophisticated transition-metal catalysed systems in
Chapters 4 to 7, focusing on the area of C—H functionalisations. In all these systems,
chemical selectivities are explored and molecular origins contributing to the selective

experimental outcomes are rationalised, with tools such as NBO, NCI and FMO analyses.

One of the challenges for the study of catalytic systems, especially for complex
organometallic ones, as demonstrated in this thesis, is the complete/thorough
conformational sampling of the TSs. The difficulty arises due to the difficult
parametrisation of metals to give accurate force fields for dynamical conformational
sampling. We have largely done this “by hand” and some chemical intuition, however,
recent development in computational methodology, such as Stefan Grimme’s xtb binding
code, %7658 which is a semi-empirical tight-binding method for efficient sampling of
molecular geometries containing all spd-block elements (Z = 1-86), can be applied to
molecular systems with more than 1000 atoms, a feat unachievable with DFT at current

technological level.

Another challenge in computational modelling of homogeneous catalysis is the accurate
translation of computed thermodynamics (Gibbs free energies) to predictive kinetic
model for reaction selectivity. At present, we have considered how simple transition state
theory (TST) can be used to estimate the relative rates and selectivity. However, as
mentioned in Chapter 1, TST is an approximate theory that is only valid under certain
assumptions. The predictions from simple TST can differ from experimental results due
to a variety of non-classical influences such as quantum mechanical tunnelling and re-

crossing, wavepacket “diffraction” and nonthermal energy distributions for reactive
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intermediates. In many chemical systems, dynamic effects are implicated to play an

important role in affecting product distribution.%>-666

The present thesis only surveys predominantly DFT as an electronic structure method for
exploring chemical reactivity and selectivity. There exist many computational methods,
such as the empirical valence bond,%7-%%% the hybrid quantum mechanics/classical
mechanics  (QM/MM),%°673  and  the wavefunction-in-DFT  (WT-in-DFT)
embedding,%’*675 for the study of complex systems. In this thesis, we have presented a
few examples of how density functional theory (DFT), a popular technique, can be
applied to study both organic and organometallic catalysis. The use of DFT in catalysis
is, however, not without problems, as a plethora of functionals employing a variety of
approximations exists; this thus requires practitioners of DFT calculations to make
judicious choice of functional for their systems of interest. With continued DFT
developments, deficiencies of earlier functionals, such as self-interaction error>*!186-191
and the lack of dispersion, have been partially fixed by, for example self-interaction
correction®®7¢ and addition of empirical dispersion.33:20%677678 On the theoretical and
methodology development side, despite the fact that DFT cannot be systematically
improved, modern DFT functional development continues to progress at an exciting pace.
On the application side, the majority of computational studies has an explanatory
character rather than predictive power. The elimination of expert influence in mechanistic
elucidation and the need for predictive models in chemistry call for the development of
automated reaction network discovery. To these purposes, machine learning (ML) has
become increasingly popular as a tool for rapid exploration of chemical space.®”%3 The

high quality experimental and ab initio data provide a shoulder upon which modern
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development of data-driven techniques rest. The application of ML in chemistry is

expected to accelerate reaction discovery and better catalyst design.
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Appendix 1 Full Gaussian software citations

Full reference for Gaussian 09 software used in this thesis

Gaussian 09, Revision D.01, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson,
H. Nakatsuji, M. Caricato, X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng,
J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T.
Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, J. A. Montgomery, Jr., J. E. Peralta,
F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, R.
Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar, J.
Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene, J. E. Knox, J. B. Cross, V. Bakken,
C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R.
Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin, K. Morokuma, V. G. Zakrzewski, G.
A. Voth, P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels, O. Farkas, J. B.
Foresman, J. V. Ortiz, J. Cioslowski, and D. J. Fox, Gaussian, Inc., Wallingford CT,
2009.

Full reference for Gaussian 16 software used in this thesis

Gaussian 16, Revision A.01, Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G.
E.; Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson,
G. A.; Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.;
Zheng, G.; Sonnenberg, J. L.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa,
J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Montgomery
Jr., J. A.; Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, E.; Kudin, K.
N.; Staroverov, V. N.; Kobayashi, R.; Normand, J.; Raghavachari, K.; Rendell, A.;
Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, J. M.; Klene, M.;
Knox, J. E.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.;
Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.;
Martin, R. L.; Morokuma, K.; Zakrzewski, V. G.; Voth, G. A.; Salvador, P.;
Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.; Farkas, O.; Foresman, J. B.; Ortiz, J. V;
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Appendix 2 Absolute values (in hartrees) for optimised structures for cyclobutanation

(Chapter 2)
Structure E/au ZPE/au H/au gh-G/au (Sl\}/};?jl;l; S(II—)H?II;F)F
Starting materials:
la_n -463.275335 0.196779 -463.06578 -463.113618 -463.47216 -463.45545
la_rc -463.009101 0.196496 -462.79962 -462.848486 -463.26901 -463.24939
1b_n -348.797531 0.163449 -348.624 -348.665962 -348.94416 -348.93471
1b_rc -348.508642 0.162615 -348.33574 -348.378687 -348.72508 -348.71327
2a_n -463.272892 0.197361 -463.06308 -463.110068 -463.46919 -463.45309
2a_rc -463.002658 0.197471 -462.79254 -462.840538 -463.26241 -463.24302
Pathways for reaction P1:

intl -811.830601 0.361677 -811.4454 -811.51614 -812.22251 -812.2014
ts1 -811.8204 0.362952 -811.43567 -811.502488 -812.20993 -812.18829
ts1-c2 -811.819673 0.362972 -811.43472 -811.502623 -812.2087 -812.184
ts1-c3 -811.817037 0.363451 -811.43215 -811.498282 -812.20593 -812.18563
tsl-c4 -811.8155 0.36279 -811.43086 -811.4983 -812.2041 -812.1799
int2 -811.827989 0.364325 -811.44197 -811.50846 -812.21797 -812.19793
int2-c2 -811.820702 0.364306 -811.43435 -811.502244 -812.2152 -812.1903
ts2 -811.820847 0.363704 -811.43568 -811.502244 -812.21374 -812.18974
int3 -811.840226 0.365772 -811.45287 -811.519828 -812.22781 -812.2043
int3n -812.112396 0.366062 -811.72494 -811.791592 -812.44141 -812.42075
ts2-an -811.822963 0.364993 -811.4373 -811.501552 -812.2104 -812.1894
int3-an -811.838653 0.3668 -811.4511 -811.515667 -812.2283 -812.2067
in3n-an -812.084514 0.367041 -811.69673 -811.760614 -812.4152 -812.3964
ts3-an -811.798775 0.362127 -811.41604 -811.480285 -812.1929 -812.1711
int4-an -811.811886 0.364159 -811.42632 -811.492361 -812.2034 -812.1819
ts4-an -811.801389 0.362955 -811.41779 -811.482102 -812.1954 -812.1735
int5-an -811.867253 0.368185 -811.47845 -811.542769 -812.2565 -812.2351
int5n-an -812.143694 0.36903 -811.75446 -811.817207 -812.4699 -812.4513
ts2-ph -811.8229 0.364675 -811.4376 -811.501996 -812.2095 -812.1883
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int3-ph -811.83286 0.366611 -811.44559 -811.50995 -812.225 -812.2036
int3n-ph -812.088345 0.366914 -811.70083 -811.764681 -812.4187 -812.3996
ts3-ph -811.792234 0.361377 -811.40992 -811.475295 -812.1882 -812.1663
int4-ph -811.795318 0.363464 -811.41061 -811.476306 -812.1893 -812.1674
ts4-ph -811.791341 0.36199 -811.40858 -811.473359 -812.1883 -812.1662
int5-ph -811.871577 0.367855 -811.48307 -811.547607 -812.259 -812.2374
intSn-ph -812.148353 0.368384 -811.75961 -811.822937 -812.4746 -812.4559
intl’ -811.830818 0.361768 -811.44565 -811.516213 -812.2224 -812.2011
ts1' -811.819644 0.362084 -811.4353 -811.503838
-812.2087 -812.1845
int2' -811.828386 0.364445 -811.44207 -811.509328 -812.2171 -812.1934
ts2' -811.820275 0.36361 -811.43523 -811.501806 -812.2145 -812.1908
int3' -811.835024 0.365927 -811.44761 -811.514395 -812.2244 -812.2019
int3'n -812.107687 0.367099 -811.71966 -811.784291 -812.4374 -812.4175
tsl'-c2 -811.819856 0.362392 -811.43541 -811.503368 -812.2088 -812.1851
int2'-c2 -811.826467 0.364267 -811.44032 -811.507619 -812.2142 -812.1906
ts1'-c3 -811.817539 0.363326 -811.43235 -811.499952 -812.2055 -812.1814
ts2'-c2 -811.823048 0.364276 -811.4376 -811.503233 -812.2148 -812.1918
ts2'-an -811.819897 0.365019 -811.43414 -811.498971 -812.2058 -812.1834
int3'-an -811.838475 0.367012 -811.45073 -811.51559 -812.2269 -812.2049
int3'n-an -812.085137 0.366609 -811.69761 -811.762438 -812.415 -812.3962
ts3'-an -811.80014 0.362153 -811.41738 -811.481938 -812.1934 -812.1709
int4'-an -811.815056 0.365581 -811.42841 -811.493876 -812.2063 -812.1841
ts4'-an -811.806516 0.362912 -811.42304 -811.487296 -812.1988 -812.1767
int5'-an -811.870975 0.367156 -811.48281 -811.548353 -812.2599 -812.2382
int5'n-an -812.146929 0.368206 -811.75824 -811.821732 -812.4733 -812.4546
ts2'-ph -811.820292 0.364774 -811.43475 -811.499776 -812.2053 -812.183
int3'ph -811.833694 0.366617 -811.44634 -811.511192 -812.224 -812.2023
int3'n-ph -812.089823 0.367497 -811.70176 -811.765762 -812.4189 -812.3997
ts3'-ph -811.794127 0.361621 -811.41172 -811.476599 -812.1897 -812.1678
int4'-ph -811.795384 0.363123 -811.41112 -811.47655 -812.1897 -812.168
ts4'-ph -811.792199 0.361989 -811.40945 -811.474224 -812.1889 -812.167
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int5'-ph -811.871393 0.367838 -811.48279 -811.547621 -812.2585 -812.2372
intS'n-ph -812.147918 0.367895 -811.75948 -811.823266 -812.4739 -812.4552
tsl-gl -811.809343 0.36205 -811.42516 -811.493286 -812.20077 -812.17717
ts1-gl-c2 -811.806243 0.361937 -811.42217 -811.490302 -812.19741 -812.17262
int3-g1 -811.831003 0.365911 -811.44365 -811.510568 -812.22339 -812.2003
int3n-g1 -812.10813 0.366794 -811.7204 -811.785243 -812.43726 -812.41714
ts1-g2 -811.807979 0.362206 -811.4238 -811.491482 -812.19861 -812.17524
ts1-g2-c2 -811.807962 0.362225 -811.42389 -811.490853 -812.19733 -812.17567
int3-g2 -811.836531 0.365899 -811.44902 -811.516229 -812.22909 -812.20503
int3n-g2 -812.112681 0.365856 -811.72627 -811.79125 -812.44314 -812.42185
Pathways for reaction P2:
int6 -811.827255 0.362165 -811.44194 -811.511825 -812.2197 -812.1982
ts6 -811.8138 0.36304 -811.42878
-811.496384 -812.2023 -812.1785
int7 -811.821458 0.364966 -811.43464
-811.501867 -812.2103 -812.1865
ts6-c2 -811.811556 0.363612 -811.42618 -811.493393
-812.2 -812.1763
ts7 -811.81425 0.364527 -811.42861 -811.494203
-812.2074 -812.1843
int8 -811.829942 0.366245 -811.44256 -811.508156
-812.2191 -812.1968
int8n -812.103398 0.367212 -811.71538 -811.779767
-812.4319 -812.4125
ts7-ph -811.816532 0.364755 -811.4309 -811.496003 -812.2017 -812.1793
int8-ph -811.838238 0.366265 -811.45098 -811.51638 -812.2284 -812.2067
int8n-ph -812.094068 0.366732 -811.70647 -811.770992 -812.4232 -812.404
ts8-ph -811.794574 0.361227 -811.41239 -811.477772 -812.1903 -812.1685
int9-ph -811.795895 0.36251 -811.41197 -811.478259 -812.1903 -812.1686
ts9-ph -811.792815 0.361418 -811.41043 -811.475878 -812.1895 -812.1677
int10-ph -811.871577 0.367855 -811.48307 -811.547607 -812.259 -812.2374
int10n-ph -812.148353 0.368384 -811.75961 -811.822937 -812.4746 -812.4559
int6' -811.827223 0.362287 -811.44177 -811.51156 -812.2202 -812.1994
ts6' -811.816034 0.363552 -811.43102 -811.496903 -812.2056 -812.1854
int7' -811.82257 0.364928 -811.43621 -811.501884 -812.2118 -812.192
ts6'-c2 -811.8122 0.363485 -811.42696 -811.49451 -812.201 -812.176
ts7' -811.813519 0.364032 -811.42817 -811.494741 -812.2074 -812.183
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int8' -811.834061 0.366916 -811.44593 -811.512015 -812.226 -812.203
int8'n -812.110728 0.367118 -811.7227 -811.787491 -812.4403 -812.4199
ts7'-ph -811.815113 0.365315 -811.42896 -811.493835 -812.201 -812.1797

int8'-ph -811.831737 0.366662 -811.44426 -811.509192 -812.2221 -812.201
int8'n-ph -812.086862 0.367373 -811.69885 -811.762683 -812.4154 -812.3969
ts8'-ph -811.792113 0.362172 -811.40931 -811.473728 -812.1877 -812.1659
int9'-ph -811.795116 0.363718 -811.41023 -811.475813 -812.1888 -812.1673
ts9'-ph -811.791704 0.362283 -811.40872 -811.473405 -812.1884 -812.1667
int10'-ph -811.871393 0.367834 -811.48279 -811.547629 -812.2585 -812.2372
int10'n-ph -812.147918 0.367895 -811.75948 -811.823266 -812.4739 -812.4552
ts6-gl -811.806884 0.362328 -811.42258 -811.490317 -812.19768 -812.17447
ts6-g1-c2 -811.801209 0.362155 -811.41696 -812.1657
-811.485182 -812.18942
int8-gl -811.830732 0.366015 -811.44326 -811.510872 -812.22269 -812.19944
int8n-gl1 -812.106868 0.366968 -811.7188 -812.4161
-811.784102 -812.43678
ts6-g2 -811.806139 0.363078 -811.42138 -811.488039 -812.1959 -812.17399
ts6-g2-c2 -811.8041 0.362342 -811.41965 -812.1705
-811.487872 -812.1943
int8-g2 -811.833643 0.365939 -811.44623 -811.512945 -812.22535 -812.20233
int8n-g2 -812.109777 0.366958 -811.72185 -812.41901
-811.786849 -812.43932
Pathways for reaction P3:

intl1 -811.826625 0.362542 -811.44104 -811.51056 -812.2177 -812.1961

ts11 -811.813906 0.363039 -811.42897 -811.496421 -812.2021 -812.1785

int12 -811.822145 0.364843 -811.43545 -812.1872

-811.50276 -812.2107

ts12 -811.814186 0.364325 -811.42866 -811.494366 -812.2064 -812.1832

intl3 -811.830444 0.366665 -811.44273 -811.508102 -812.2179 -812.1958
int13n -812.103733 0.367597 -811.7154 -811.779608 -812.4324 -812.413
ts11-c2 -811.8116 0.364027 -811.426 -811.492857 -812.2001 -812.1767
ts12-c2 -811.816141 0.363941 -811.43092 -811.497115 -812.2097 -812.1864
ts12-an -811.815664 0.364822 -811.42982 -811.495274 -812.2022 -812.1796

intl13-an -811.844073 0.366597 -811.45654 -811.521647 -812.232 -812.2097
intl13n-an -812.090659 0.366581 -811.70308 -811.76784 -812.4198 -812.4012
ts13-an -811.80345 0.36165 -811.42101 -811.485906 -812.1974 -812.1749
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int14-an -811.836459 0.366346 -811.44921 -811.514872 -812.226 -812.2039

ts14-an -811.80629 0.362115 -811.42332 -811.488445 -812.2001 -812.1777
int15-an -811.874038 0.367405 -811.48576 -811.550796 -812.2616 -812.2399
int15n-an -812.147838 0.368062 -811.75919 -811.822966 -812.4744 -812.4555
ts14-an -811.80629 0.362115 -811.42332 -811.488445 -812.2001 -812.1777
int11' -811.827 0.36215 -811.44165 -811.511745 -812.2174 -812.1965
ts11' -811.816072 0.363509 -811.43093 -811.497568 -812.2053 -812.1838
int12' -811.823157 0.365312 -811.43643 -811.502025 -812.2127 -812.1929
ts12' -811.815734 0.364673 -811.43002 -811.495472 -812.2072 -812.184
int13' -811.833573 0.36636 -811.446 -811.512116 -812.2207 -812.1975
int13'n -812.110248 0.366754 -811.72253 -811.787411 -812.4397 -812.4194
ts11'-c2 -811.812995 0.363386 -811.42782 -811.495166 -812.2023 -812.1773
ts12'-an -811.814609 0.365472 -811.42843 -811.493023 -812.2014 -812.1802
intl13'-an -811.837248 0.366587 -811.44968 -811.514986 -812.2252 -812.2038
int13'n-an -812.084122 0.366956 -811.69634 -811.760505 -812.4117 -812.394
ts13'-an -811.800655 0.362275 -811.41767 -811.482339 -812.1948 -812.1726
intl4'-an -811.820047 0.365398 -811.43347 -811.499182 -812.2102 -812.1885
ts14'-an -811.805417 0.362692 -811.42211 -811.486585 -812.1992 -812.1771
intl5'-an -811.8732 0.367256 -811.48503 -811.550182 -812.2607 -812.2391
int15'n-an -812.1474 0.368324 -811.7586 -811.82221 -812.4737 -812.4549
ts11-gl -811.80343 0.362753 -811.41872 -811.486308 -812.19289 -812.17057
ts11-gl-c2 -811.801585 0.36267 -811.41697 -811.48476 -812.19246 -812.16909
ts11-g2 -811.801221 0.362968 -811.41625 -811.484079 -812.19278 -812.16871
ts11-g2-c2 -811.800383 0.362453 -811.41585 -811.484087 -812.1904 -812.16621

Rotational barriers:

ts-rotl12 -811.812362 0.364997 -811.42647 -811.491979 -812.2048 -812.1799
ts-rot12' -811.8152 0.364531 -811.4296 -811.495939 -812.2058 -812.181
ts-rot34 -811.812541 0.364335 -811.42716 -811.493012 -812.205 -812.18

ts-rot34' -811.815556 0.364463 -811.42984 -811.496607 -812.2065 -812.1816

Table A2.1. Absolute values (in Hartrees) for SCF energy, zero-point vibrational energy (ZPE), enthalpy
and quasi-harmonic Gibbs free energy (at 363K) for the SET-catalysed cyclobutanation.
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Appendix 3 Absolute values (in hartrees) and imaginary frequencies (in cm™') for
optimised structures for hydroxyphosphine-catalysed Staudinger reduction (Chapter 3)

E/au ZPE/au H/au gh-G/au I;lcir? S (al\j[]i(g:%-D S(i/{ll/[é\g;
0. Starting materials:

DBU -461.992389  0.248855 -461.733 -461.774738 + -462.1409628  -462.0706955
N; -109.48937  0.005705  -109.48036  -109.499089 + -109.526411  -109.5295888
azide 204.026862  0.050853  -203.970628  -203.999451 + 204.0985572  -204.0836602
met?}ilami 95837706 0.064795  -95.768553 -95.792803 + 95.87156402  -95.84779059
phe'l‘li“““ 522.854847  0.116256  -522.730679  -522.766792 + -522.9553098  -522.9102855
silylamine  -617.524537  0.163528  -617.350007  -617.393131 + -617.6598139  -617.6046089
l‘:ﬂl"_scp;:’:l: -1228.424385 0357095  -1228.046528  -1228.109859 + -1228.783488  -1228.689573
sr‘l'gl’i';f:l‘gl‘li 618.112321  0.16974  -617.931784  -617.974283 + -618.2898356  -618.2290914

1_equatorial_catalyst:
la-eq -1229.205456  0.366703  -1228.816985  -1228.885164 + -1229.517081  -1229.425974
1a-eq-c2 -12292082 0366999  -1228.8198  -1228.884403 + -1229.520089  -1229.427865
1a-eq-c3 -12292067 0366732  -1228.8183  -1228.883549 + -1229.518698  -1229.426756
intl-eq -14332465 0419781  -1432.7991  -1432.876692 + -1433.627403  -1433.519782
tsl-eq -1433226 0419102 -1432.7805  -1432.855178  -220.7185  -1433.603415  -1433.493535
int2-eq -14332477 0420907  -1432.8009  -1432.874126 + -1433.632447  -1433.52312
int3-eq 14332533 042123 -1432.8061  -1432.879544 + -1433.638177  -1433.529262
ts3-eq -14332173 0419278  -1432.7724  -1432.844593  -443.5614  -1433.60104  -1433.494639
int4-eq -14333282 0417686 -1432.8823  -1432.960911 + -1433717815  -1433.612812
int4'-eq -1323.8339 0411688  -1323.3981  -1323.467919 + -1324.186834  -1324.078552
int5-eq -1846.7063  0.529602  -1846.1441  -1846.230614 + -1847.154235  -1846.997491
ts5-eq -1846.6672  0.53132 -1846.105  -1846.187695  -131.2725  -1847.118665  -1846.96656
tsSu-eq -1846.6515 0533082 -1846.0871  -1846.170287  -126.8519  -1847.098992  -1846.944815
int6-eq -1846.6823 0533774  -1846.1173  -1846.201456 + -1847.132987  -1846.981657
ts6-eq -1846.6685 0529687  -1846.108  -1846.190882  -406.613  -1847.115079  -1846.966173
int7-eq -1846.7357 0531576 -1846.172  -1846.257627 + -1847.185224  -1847.030559
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ts8-eq

int9-eq

ts6z-eq

int6'-eq

ts6'-eq

int7'-eq

ts7'-eq

int8'-eq

ts10-eq

intll-eq

int12-eq

ts10'-eq

ts10'-eq

intl1'-eq

ts12-eq

ts12-eq-c2

ts12-eq-c3

intl13-eq

ts12n-eq

ts12n-eq-
c2

ts12n-eq-
c3

ts12n-eq-
c4

ts12i-eq-cl

ts12i-eq-c2

ts12i-eq-c3

ts120-eq-c1

ts120-eq-c2

ts120-eq-c3

ts120-eq-c4

ts120-eq-c5

-1846.7009

-1846.7298

-1846.6628

-2308.7126

-2308.7072

-2308.7098

-2308.7072

-2308.7488

-1433.3143

-1433.346

-1846.7174

-1323.8207

-1323.8207

-1323.8525

-1846.683

-1846.6778

-1846.6773

-1846.7292

-1846.679

-1846.6709

-1846.6675

-1846.6661

-1846.6622

-1846.6637

-1846.6604

-1846.6681

-1846.6583

-1846.6639

-1846.6604

-1846.6619

0.526695

0.531904

0.529476

0.783994

0.781736

0.786603

0.781009

0.781417

0.412829

0.419552

0.530796

0.407157

0.407157

0.412774

0.533516

0.5331

0.533008

0.530386

0.533049

0.532121

0.53232

0.532476

0.532188

0.532456

0.532198

0.531273

0.528838

0.531433

0.530784

0.531663

-1846.142

-1846.1656

-1846.1017

-2307.8875

-2307.8845

-2307.8822

-2307.8852

-2307.9237

-1432.8735

-1432.8986

-1846.1542

-1323.3899

-1323.3899

-1323.4161

-1846.1195

-1846.1147

-1846.1143

-1846.1661

-1846.1161

-1846.1086

-1846.105

-1846.1034

-1846.0997

-1846.1011

-1846.0979

-1846.1065

-1846.0984

-1846.1024

-1846.0992

-1846.1001

-1846.228702
-1846.252205
-1846.186033
-2307.989453
-2307.985805
-2307.983551
-2307.98672
-2308.032114
-1432.952879
-1432.97649
-1846.241108
-1323.458624
-1323.458624
-1323.484564
-1846.200286
-1846.195387
-1846.195598
-1846.253732

-1846.196458

-1846.189954

-1846.186357

-1846.18447
-1846.181665
-1846.182258
-1846.179449
-1846.187781
-1846.181746
-1846.183333
-1846.180754

-1846.181044
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-1135.4895

+

-183.948

+

-849.8232

+

-958.3155

+

-985.1693

+

+

-988.9147

-988.9147

+

-119.3873

-234.5104

-239.6948

+

+

+

-126.4394

-230.6961

-231.8471

-90.8591

-88.1088

-278.6876

-255.6696

-389.7343

-1847.143919

-1847.181186

-1847.112192

-2309.301511

-2309.297214

-2309.304223

-2309.296392

-2309.340348

-1433.70187

-1433.734685

-1847.167942

-1324.171562

-1324.171562

-1324.20469

-1847.133635

-1847.129355

-1847.128615

-1847.179514

-1847.130298

-1847.122052

-1847.119605

-1847.1164

-1847.113786

-1847.114469

-1847.111188

-1847.122589

-1847.11463

-1847.113863

-1847.110186

-1847.110355

-1846.988894

-1847.026786

-1846.96056

-2309.075343

-2309.072355

-2309.077845

-2309.071111

-2309.107829

-1433.596713

-1433.629397

-1847.013257

-1324.063067

-1324.063067

-1324.096763

-1846.981786

-1846.978055

-1846.976188

-1847.024627

-1846.979437

-1846.970778

-1846.969317

-1846.965468

-1846.962263

-1846.962796

-1846.959253

-1846.969852

-1846.963338

-1846.963604

-1846.959996

-1846.960499



ts12z-eq -1846.6449 0.526192 -1846.088 -1846.170309  -1222.3823  -1847.099617  -1846.948307
int12b-eq -1941.3905 0.578932 -1940.7764 -1940.868483 F -1941.875233  -1941.710007
ts12b-eq -1941.355 0.580641 -1940.7412 -1940.828275 -114.9844 -1941.839931  -1941.677144
int13b-eq -1941.4119 0.577846 -1940.7984 -1940.891258 + -1941.896034  -1941.729633
intl2c-eq -2036.0699 0.627339 -2035.4047 -2035.50215 + -2036.588001  -2036.410091
ts12c-eq -2036.0239 0.628098 -2035.3598 -2035.451861 -125.0845 -2036.54113 -2036.369137
intl3c-eq -2036.0876 0.62499 -2035.4238 -2035.522791 + -2036.60533 -2036.428398
int12'-eq -1942.5702 0.597933 -1941.9354 -1942.030982 + -1943.050536  -1942.870035
ts12'-eq -1942.5244 0.599634 -1941.8911 -1941.979091 -324.094 -1943.004824  -1942.829556
int13'-eq -1942.5893 0.598648 -1941.9538 -1942.048878 + -1943.067678  -1942.884488
ts12u-eq -1846.6487 0.533343 -1846.0842 -1846.167427 -129.7003 -1847.098796  -1846.945634
2_catalyst_regeneration:
6-axH -1229.1985 0.366657 -1228.8112 -1228.874274 F -1229.51800 -1229.422099
6-axH-2 -1229.184 0.365568 -1228.7974 -1228.861403 + -1229.5 -1229.409483
6-eqH -1229.1882 0.36539 -1228.8019 -1228.865347 F -1229.508576  -1229.412354
intl15-eq -1691.1972 0.614532 -1690.5498 -1690.637669 + -1691.6601 -1691.48974
ts15-eq -1691.1804 0.61138 -1690.5367 -1690.622936  -1036.0354  -1691.639501 -1691.46899
int17-eq -1691.2258 0.617356 -1690.5756 -1690.66295 + -1691.681187 -1691.51581
intl15-ax -1691.2092 0.616082 -1690.5609 -1690.647149 + -1691.670935  -1691.500537
ts15-ax -1691.1426 0.61114 -1690.499 -1690.585404 -658.5336 -1691.603621 -1691.4313
int16-ax -1691.1458 0.61561 -1690.4973 -1690.584569 F -1691.610166  -1691.439174
int17-ax -1691.2194 0.617878 -1690.5688 -1690.655669 + -1691.672675  -1691.504942
ts18-1 -1229.1438 0.36429 -1228.7593 -1228.821475 -71.1993 -1229.468318  -1229.372577
ts18-2 -1229.143 0.362865 -1228.7595 -1228.822479 -326.8518 -1229.466958  -1229.371341
ts18-3 -1229.184 0.36527 -1228.7986 -1228.860529 -27.0013 -1229.505329  -1229.409152
ts19-1 -1229.1462 0.361888 -1228.7633 -1228.827263  -1040.5248  -1229.461553  -1229.364919
ts19-2 -1229.1458 0.361431 -1228.7632 -1228.82731 -1225.5176  -1229.462413  -1229.364395
3_axial_catalyst:
la-ax -1229.1988 0.366664 -1228.8106 -1228.875139 + -1229.510173  -1229.418026
intl-ax -1433.235 0.418753 -1432.7884 -1432.866391 F -1433.615977  -1433.508097
tsl-ax -1433.2108 0.418373 -1432.7657 -1432.840918 -250.6332 -1433.589373  -1433.480092
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int2-ax -1433.2435 0.420782 -1432.7965 -1432.870378 + -1433.629567  -1433.522206
ts3-ax -1433.2013 0.418959 -1432.7564 -1432.829237  -492.9689  -1433.587133  -1433.482379
int4-ax -1433.317 0.417299 -1432.8711 -1432.950772 + -1433.706866  -1433.603033
int4'-ax -1323.8208 0.410633 -1323.3856 -1323.456345 + -1324.174273  -1324.066759
int5-ax -1846.6923 0.528852 -1846.1303 -1846.218317 + -1847.140959  -1846.986089
ts5-ax -1846.6573 0.530151 -1846.0959 -1846.179596  -196.7318 -1847.11014  -1846.959851
int6-ax -1846.6812 0.533373 -1846.1164 -1846.200897 + -1847.13245 -1846.98254
ts6-ax -1846.6617 0.529244 -1846.1009 -1846.185027  -172.3124  -1847.110202  -1846.959141
int7-ax -1846.7463 0.532785 -1846.1807 -1846.267509 + -1847.185914  -1847.034404
intl1-ax -1433.3445 0.419041 -1432.898 -1432.974709 + -1433.733167  -1433.630325
intl12-ax -1846.7184 0.52964 -1846.1563 -1846.242733 A -1847.167494  -1847.013059
ts12-ax -1846.6644 0.531792 -1846.1023 -1846.183555 -188.1784 -1847.11757  -1846.966445
intl13-ax -1846.7401 0.531005 -1846.1765 -1846.264633 + -1847.191754  -1847.035971
intl12'-ax -1942.5669 0.597921 -1941.9322 -1942.027223 + -1943.047345  -1942.867435
ts12'-ax -1942.5029 0.598358 -1941.8705 -1941.959293 -256.8747  -1942.985447  -1942.809865
intl13'-ax -1942.5901 0.598923 -1941.9543 -1942.049756 + -1943.069934  -1942.888068
ts12'-ax -1846.6715 0.531101 -1846.11 -1846.191286  -177.1101 -1847.122002  -1846.970903
4_reduction_of_aminophosphoranes:
intl1’-eq -1323.8525 0.412774 -1323.4161 -1323.484564 + -1324.20469  -1324.096763
intl1’-ax -1323.8501 0.412165 -1323.4144 -1323.482607 + -1324.202004  -1324.096043
intl11’-ax2 -1323.8427 0.412544 -1323.4065 -1323.475154 + -1324.195876  -1324.088277
int11’-eq2 -1323.8443 0.412196 -1323.4082 -1323.477218 + -1324.200399  -1324.091999
ts-rot-23 -1323.8158 0.412334 -1323.3808 -1323.447198 -36.8574 -1324.172233  -1324.064049
ts-rot-14 -1323.8047 0.410914 -1323.3707 -1323.437807 -50.5266 -1324.16061 -1324.053174
ts-rot-13 -1323.8382 0.412456 -1323.4029 -1323.469618 -49.8874 -1324.190661  -1324.083547
ts-rot-24 -1323.8311 0.412322 -1323.3958 -1323.462627 -70.6256 -1324.184961  -1324.076745
ts12-eq -1846.683 0.533516 -1846.1195 -1846.200286  -119.3873 -1847.133635  -1846.981786
ts12-ax -1846.6644 0.531792 -1846.1023 -1846.183555 -188.1784 -1847.11757  -1846.966445
ts12-eq2 -1846.6672 0.532019 -1846.1048 -1846.186834  -116.9966  -1847.119454  -1846.968849
ts12-ax2 -1846.6611 0.532764 -1846.0983 -1846.179101 -209.7562 -1847.114403  -1846.963107

5_alternative_mechanism:
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ts20-eq -1433.2362 0.416918 -1432.7941 -1432.865983 -751.3021 -1433.619152  -1433.509316
int21-eq -1433.2511 0.421282 -1432.8039 -1432.877324 F -1433.637626  -1433.527655
int22-eq -1956.1204 0.539007 -1955.5467 -1955.637959 + -1956.603273  -1956.443539
ts22-eq -1956.0884 0.538258 -1955.5166 -1955.60471 -321.5157 -1956.577073  -1956.426438
int23-eq -1956.1458 0.535613 -1955.5741 -1955.668411 + -1956.650167  -1956.496962
ts23-eq -1956.1464 0.534098 -1955.5766 -1955.670358 -112.9206 -1956.645899 -1956.49369
int24-eq -1956.2253 0.536633 -1955.6519 -1955.748056 + -1956.712638  -1956.559898
int21-ax -1433.2511 0.421444 -1432.8039 -1432.876745 F -1433.639793  -1433.532787
int22-ax -1956.1223 0.539671 -1955.5483 -1955.638355 + -1956.605592  -1956.450519
ts22-ax -1956.0912 0.539093 -1955.5188 -1955.606094 -273.7801 -1956.577043 -1956.42734
int23-ax -1956.1484 0.535032 -1955.5771 -1955.672053 + -1956.650608  -1956.496223
ts23-ax -1956.1471 0.534358 -1955.577 -1955.671149 -70.0813 -1956.648611  -1956.495581
int24-ax -1956.2346 0.538616 -1955.6599 -1955.754706 + -1956.722 -1956.570709
6_MeOQO_catalyst_1b:
1b -1268.4962 0.394891 -1268.0783 -1268.14587 + -1268.817377  -1268.718918
intl-MeO -1472.5324 0.447731 -1472.0558 -1472.135616 + -1472.921877  -1472.807591
ts1-MeO -1472.5052 0.447897 -1472.0298 -1472.10626 -254.4626 -1472.892756  -1472.777756
int2-MeO -1472.5288 0.450586 -1472.0512 -1472.126347 + -1472.923261  -1472.808553
ts3-MeO -1472.5018 0.447535 -1472.0269 -1472.102562 -463.0892 -1472.896881  -1472.782831
int4-MeO -1472.6075 0.446494 -1472.1316 -1472.212006 F -1473.006717  -1472.895468
int4'-MeO -1363.113 0.439535 -1362.6478 -1362.720237 + -1363.47528 -1363.360936
int5-MeO -1885.9855 0.557417 -1885.3939 -1885.48385 + -1886.44296 -1886.280124
ts5-MeO -1885.95 0.559018 -1885.3584 -1885.444373 -192.1519 -1886.411429  -1886.252671
int6-MeO -1885.9693 0.562193 -1885.3745 -1885.461347 F -1886.429936  -1886.272208
int7-MeO -1885.9723 0.560652 -1885.3788 -1885.465488 + -1886.431809  -1886.275151
ts7-MeO -1885.951 0.558495 -1885.3598 -1885.446489 -155.1455 -1886.41041 -1886.251388
int8-MeO -1886.0417 0.561409 -1885.4462 -1885.535914 + -1886.492604  -1886.334079
7_PPh3_catalyst:
PPh3 -1036.0877 0.277271 -1035.7937 -1035.849812 + -1036.335487  -1036.270703
H20 -76.409532 0.021744 -76.384008 -76.402402 + -76.44543719  -76.43320822
intl-pc -1240.1266 0.329497 -1239.7745 -1239.842602 + -1240.442641  -1240.362516
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ts1-pc

int2-pc

ts3-pc

int4-pc

int4'-pc

int5-pc

ts5-pc

int6-pc

ts6-pc

int7-pc

ts6-pc-w

int7-pc-w

int5-w

ts5-w

int6-w

int7-w

ts7-w

int8-w

int8'-w

ts7'-w

int9-w

ts9-w

int10-w

ts10-w

intl1-w

-1240.0978

-1240.1298

-1240.097

-1240.2023

-1130.7081

-1653.5736

-1653.5584

-1653.5735

-1653.5361

-1653.6286

-1729.9756

-1730.0511

-1207.1375

-1207.1018

-1207.1282

-1207.1127

-1207.1065

-1207.1753

-1111.3229

-1729.9454

-1634.1942

-1634.1483

-1634.1669

-1634.1587

-1634.2154

0.328379

0.331268

0.328709

0.327896

0.321387

0.438574

0.44173

0.442975

0.437693

0.443435

0.461708

0.468414

0.346489

0.34538

0.349844

0.349395

0.345814

0.348687

0.282066

0.469153

0.399624

0.400479

0.4024

0.39913

0.402178

-1239.7476

-1239.7774

-1239.747

-1239.8509

-1130.3672

-1653.1067

-1653.0906

-1653.104

-1653.071

-1653.1573

-1729.4847

-1729.5519

-1206.7684

-1206.7354

-1206.7574

-1206.7425

-1206.7402

-1206.8044

-1111.0234

-1729.4487

-1633.7685

-1633.7235

-1633.7396

-1633.7345

-1633.7872

-1239.814091

-1239.841883

-1239.811651

-1239.921128

-1130.428386

-1653.186945

-1653.164898

-1653.179021

-1653.148164

-1653.236031

-1729.565175

-1729.635831

-1206.835965

-1206.799123

-1206.820772

-1206.805923

-1206.802783

-1206.871545

-1111.080773

-1729.525278

-1633.843037

-1633.794771

-1633.81161

-1633.806978

-1633.862033

-262.0236

+

-432.8572

+

+

+

-31.0218

+

-583.2097

+

-675.8505

+

+

-224.9537

+

+

-912.956

+

+

-249.8947

+

-201.918

+

-156.9835

+

-1240.412977

-1240.45282

-1240.421141

-1240.529809

-1130.99879

-1653.961948

-1653.949748

-1653.961146

-1653.92249

-1654.007125

-1730.389105

-1730.461933

-1207.459679

-1207.420379

-1207.449504

-1207.43406

-1207.426669

-1207.499185

-1111.617657

-1730.36501

-1634.583614

-1634.542266

-1634.55685

-1634.547617

-1634.59692

-1240.330688

-1240.371813

-1240.342028

-1240.452538

-1130.918202

-1653.836572

-1653.825297

-1653.836111

-1653.797699

-1653.883504

-1730.254033

-1730.326303

-1207.366602

-1207.327858

-1207.360585

-1207.344786

-1207.337617

-1207.403407

-1111.547158

-1730.233481

-1634.466662

-1634.429968

-1634.446588

-1634.433647

-1634.485863
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Appendix 4 Absolute values (in hartrees) and imaginary frequencies (in cm™) for
optimised structures for d-arylation (Chapter 4)

Structure E/au ZPE/au H/au gh-G/au (S]FB?/}:];F) h/ré};:ﬁq
Starting materials:
1 -729.968887 0.341853 -729.60021 -729.679275 -730.885265 +F
sm-1 - Pd(TFA), -1178.318515 0.060493 -1178.2376 -1178.309077 -1179.642042 +
HTFA -525.90441 0.04037 -525.85446 -525.89887 -526.575334 +F
pyridine -247.762761 0.089473 -247.66597 -247.704111 -248.071198 +
HI -297.58318 0.005335 -297.57382 -297.599247 -297.586955 +F
sm-1” - -1673.95914 0.244081 -1673.6783 -1673.782306 -1675.888255 -
PA(TFA)(py):
[PA(TFA):]2 -2356.735982 0.123336 -2356.5716 -2356.686917 -2359.356276 +
[PA(TFA):]3 -3535.147025 0.186174 -3534.8983 -3535.058438 -3539.076728 +
Arl -642.452756 0.123519 -642.31622 -642.369876 -642.880275 +F
Ag:COs -556.727692 0.017256 -556.70052 -556.749839 -557.07963923 +
Pathway without pyridine ligand:

A -3943.294504 0.788308 -3942.4092 -3942.627445 -3947.711240 +

ts-A -3943.241774 0.782901 -3942.3629 -3942.57849 -3947.652234 -1348.6927
B -3943.251025 0.788085 -3942.3666 -3942.582852 -3947.664103 +
C -3086.748426 0.466009 -3086.2138 -3086.379948 -3090.272882 +
int-1 -1908.345034 0.404572 -1907.8929 -1908.016055 -1910.578635 +

ts-1 -1908.32979 0.400691 -1907.8823 -1908.003846 -1910.556586 -197.3102
int-2 -1908.331012 0.403774 -1907.8796 -1908.002902 -1910.557829 +
int-3 -1382.415123 0.362564 -1382.0151 -1382.117512 -1383.984503 +
int-4 -1382.409747 0.361709 -1382.0106 -1382.112612 -1383.980311 +

ts-4 -1382.382482 0.357226 -1381.9887 -1382.088919 -1383.947170 -1413.066
int-5 -1382.397683 0.361725 -1381.9986 -1382.100732 -1383.964361 +
int-6 -1498.939203 0.444233 -1498.4533 -1498.564582 -1500.273756 +

ts-6 -1498.915736 0.444176 -1498.4309 -1498.539267 -1500.247698 -153.4792
int-7 -1498.929192 0.445017 -1498.4427 -1498.552903 -1500.260756 +

ts-7 -1498.917829 0.445413 -1498.4323 -1498.539302 -1500.250248 -264.4439
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int-8 -1498.975689 0.446821 -1498.4881 -1498.597238 -1500.307462 +
int-9 -1727.288159 0.476923 -1726.7638 -1726.886036 -1729.280556 +
ts-9 -1727.260447 0.472307 -1726.7415 -1726.862309 -1729.246795 -1412.8
int-10 -1727.275647 0.476817 -1726.7514 -1726.874095 -1729.263882 +
int-11 -1843.817831 0.55929 -1843.2068 -1843.33841 -1845.574204 +
ts-11 -1843.794025 0.559109 -1843.1841 -1843.312942 -1845.547865 -154.7984
int-12 -1843.807344 0.56014 -1843.1957 -1843.326021 -1845.560782 +
ts-12 -1843.794662 0.560368 -1843.184 -1843.31127 -1845.548422 -264.5246
int-13 -1843.849056 0.561609 -1843.2366 -1843.36587 -1845.602114 +
int-14 -2072.15873 0.591842 -2071.5093 -2071.651746 -2074.571627 +
ts-14 -2072.133056 0.587093 -2071.4891 -2071.630185 -2074.539613 -1418.695
int-15 -2072.151155 0.591787 -2071.5017 -2071.644308 -2074.560538 +
int-16 -2188.698251 0.674641 -2187.9621 -2188.111875 -2190.872584 +
ts-16 -2188.671772 0.67382 -2187.9369 -2188.085877 -2190.846720 -161.358
int-17 -2188.691245 0.674902 -2187.9548 -2188.104679 -2190.865021 +
ts-17 -2188.670628 0.675537 -2187.9347 -2188.081475 -2190.844301 -269.7691
int-18 -2188.724769 0.676432 -2187.9873 -2188.136149 -2190.898783 +
Other TS conformers:
ts-4-c2 -1382.378401 0.357169 -1381.9847 -1382.084971 -1383.942824 -1463.7223
ts-6-c2 -1498.914551 0.444174 -1498.4298 -1498.537958 -1500.246335
ts-7-c2 -1498.906846 0.445104 -1498.4213 -1498.529071 -1500.240529 -149.0566
ts-9-c2 -1727.252822 0.47248 -1726.7338 -1726.85426 -1729.238585
ts-9-c3 -1727.238281 0.470924 -1726.7202 -1726.842025 -1729.225716 -275.7268
ts-9a -1727.256169 0.472419 -1726.7372 -1726.857388 -1729.241314 -1468.4218
ts-9a-c2 -1727.256943 0.472254 -1726.738 -1726.858914 -1729.243140 -1337.0955
ts-9a-c3 -1727.236504 0.470877 -1726.7185 -1726.840138 -1729.223271 -1419.4
ts-11-c2 -1843.793136 0.559211 -1843.1833 -1843.311596 -1845.546678 -1466.6123
ts-11a -1843.794362 0.559058 -1843.1846 -1843.31306 -1845.547631 -1335.1556
ts-11a-c2 -1843.792825 0.55918 -1843.183 -1843.311622 -1845.546357 -148.5601
ts-12-¢c2 -1843.784298 0.559999 -1843.1737 -1843.3 -1845.539637 -158.6799
ts-12a -1843.79577 0.561431 -1843.1846 -1843.31018 -1845.546309 -148.9423
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ts-12a-c2 -1843.786595 0.560107 -1843.176 -1843.3 -1845.541285 -266.8948

ts-14-c2 -2072.130558 0.587322 -2071.4865 -2071.627241 -2074.537572 -296.9839
ts-16-c2 -2188.668142 0.674459 -2187.933 -2188.080302 -2190.840673 -266.7996
ts-17-c2 -2188.66291 0.675125 -2187.9271 -2188.075084 -2190.838728 -1471.6767
ts-17-¢3 -2188.667674 0.675351 -2187.9319 -2188.078887 -2190.841007 -151.15600
ts-17-c4 -2188.667511 0.676001 -2187.9314 -2188.077331 -2190.838337

ts-17-¢5 -2188.654308 0.674779 -2187.9189 -2188.066452 -2190.827057 -249.9004

Pathway with pyridine ligand:

int-4’ -1630.213178 0.453666 -1629.7138 -1629.832339 -1632.088801 -267.5227
ts-4° -1630.16591 0.44849 -1629.6728 -1629.78823 -1632.041331 -270.3462
int-5’ -1104.271549 0.411573 -1103.8248 -1103.921267  -1105.4847000 +
ts-7° -1746.69394 0.535902 -1746.1093 -1746.233232 -1748.325651 +
int-8’ -1746.788786 0.539053 -1746.2008 -1746.326492 -1748.425989 -1356.9381
int-9’ -1746.769913 0.538018 -1746.183 -1746.308063 -1748.403670 +
ts-9’ -1746.735932 0.533093 -1746.1545 -1746.278767 -1748.370295 -310.4541
int-10’ -1746.760532 0.538491 -1746.1733 -1746.298603 -1748.401135 +
int-13’ -2091.665624 0.655007 -2090.9523 -2091.094846 -2093.720383 +
int-14° -2091.65048 0.652851 -2090.9385 -2091.083642 -2093.704809 -1403.9536
ts-14° -2091.613357 0.647966 -2090.9069 -2091.051203 -2093.669270 +
int-15° -2091.63819 0.653381 -2090.9259 -2091.071625 -2093.700360 +
int-19° -2436.546862 0.76966 -2435.7084 -2435.872275 -2439.023104 +

Pathway with silver carbonate:
int-9¢ -2303.536004 0.554597 -2302.9208 -2303.070999 -2305.506123 L

ts-9¢ 2303479916 0554941  -2302.8658  -2303.011907  _2305.447408 +

Table A4.1. Absolute values (in Hartrees) for SCF energy, zero-point vibrational energy (ZPE), enthalpy
and quasi-harmonic Gibbs free energy (at 363K) for the substrate 2a. For harmonic frequency analysis, a

plus (+) sign indicates that the lowest frequency of the optimised structures is positive.

SP DFT Im Freq
Structure E/au ZPE/au H/au oG (TBME) fem’!
Starting materials:
-652.33686421 I

1b -651.521636 0.286607 -651.21192 -651.284798
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L2 -437.183553 0.127404 -437.044 -437.093431 -437.73370834 -
sm-1" - Pd(TFA)x(L2), -2052.81663 0.318364 -2052.452 -2052.57549 -2035.22010719 *
Pathway without pyridone ligand:
Ab -3786.403409 0.678759 -3785.6354 -3785.841145 -3790.61949042 *
ts-Ab -3786.350209 0.672608 -3785.5894 -3785.791664  -3790.56295244  -1373.5267
Bb -3786.362329 0.677682 -3785.5961 -3785.79873  -3790.57732455 +
Cb -3008.304508 0.410499 -3007.8291 -3007.988716  -3011.72978045 +
int-4b -1305.44221842 +*
-1303.971637 0.30689 -1303.6308 -1303.727538
ts-4b -1303.928713 0.302166 -1303.594 -1303.687328  -1305.39328200  -1459.3829
int-5b -1303.950556 0.306923 -1303.6105 -1303.704919  -1305.41703403 +
int-6b -1420.491634 0.389299 -1420.0648 -1420.169024  -1421.72632082 +
ts-6b -1420.466462 0.389483 -1420.0405 -1420.141597  -1421.69778098  -150.8472
int-7b -1420.485571 0.390235 -1420.0581 -1420.160541  -1421.71744848 +
ts-7b -1420.466776 0.390487 -1420.0401 -1420.140476  -1421.70021210  -295.8827
int-8b -1420.525028 0.391015 -1420.097 -1420.199983  -1421.75848694 +
Pathway with pyridone ligand:
int-3b’ -1741.211636 0.436383 -1740.7289 -1740.849534  -1743.21981744 +
int-4b’ -1215.219402 0.393066 -1214.7901 -1214.889912  -1216.57283801 +
ts-4b’ -1215.206067 0.388551 -1214.7821 -1214.879772  -1216.55605398  -1204.9058
int-5b’ -1215.249222 0.393651 -1214.8194 -1214.919205  -1216.60046818 +
int-6b’ -1857.723834 0.518585 -1857.155 -1857.283552  -1859.49536392 +
ts-6b’ -1857.673982 0.517182 -1857.107 -1857.234398  -1859.44115352  -220.1806
int-7b’ -1857.709236 0.520382 -1857.1393 -1857.265658  -1859.47519397 +
ts-7b’ -1857.678623 0.518787 -1857.1103 -1857.237165  -1859.45089825 -274.963
int-8b’ -1857.738157 0.520384 -1857.168 -1857.295489  -1859.50887950 +
ts-9b’ -1560.084214 0.503317 -1559.5353 -1559.654055  -1561.85663961  -1194.2607
Pathway with silver carbonate:
int-9b -2414.55588 0.535778 -2413.9578 -2414.111833  -2416.64889907 +
ts-9b -2414.512268 0.535216 -2413.9155 -2414.067976  -2416.60392944  -220.8506
int-10b -2414.554457 0.538329 -2413.9547 -2414.106738  -2416.64786796 +
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ts-10b -2414.517406 0.537287 -2413.919 -2414.070585  -2416.61455369  -327.8454

int-11b -2414.581944 0.539712 -2413.9809 -2414.133427  -2416.67648220 +

Cationic pathways with silver carbonate and ligand:

Na“ ret -2019.759079 0.519972 -2019.1863 -2019.320319  -2021.62996259 +
Na*ts -2019.692981 0.518841 -2019.1219 -2019.254262  -2021.56731297  -224.7822
Ag'ret -2004.240092 0.517671 -2003.6685 -2003.806151  -2006.01162872 +
Ag'ts -2004.211399 0.517934 -2003.641 -2003.77383  -2005.98320200  -147.7256

C-H activation TSs

ts-4b’ -1215.216342 0.389049 -1214.7921 -1214.889196  -1216.56560028  -1274.8426
ts-4b’-c2 -1215.209311 0.389145 -1214.785 -1214.881908  -1216.55767352  -1202.7765
ts-4b’-c3 -1215.213267 0.389383 -1214.7887 -1214.885752  -1216.56260083  -1159.6763
ts-4b’-c4 -1215.206067 0.388551 -1214.7821 -1214.879772  -1216.55605398  -1204.9058
ts-4b -1303.935607 0.302195 -1303.6008 -1303.694079  -1305.40090816  -1403.0514
ts-4b-c2 -1303.928713 0.302166 -1303.594 -1303.687328  -1305.39328200  -1459.3829
ts-4b-c3 -1303.932987 0.302483 -1303.598 -1303.691129  -1305.39819713  -1391.205
ts-4b-c4 -1303.925561 0.301735 -1303.5911 -1303.684798  -1305.39148299  -1454.0579
ts-4b’-py -1551.721357 0.393329 -1551.2873 -1551.395944  -1553.49772055  -1074.4733
ts-4b’-py-c2 -1551.714436 0.393545 -1551.2804 -1551.388666  -1553.49059485  -907.8496
ts-4b’-py-¢3 -1551.718593 0.39359 -1551.2843 -1551.392981  -1553.49565720  -928.9741
ts-4b’-py-c4 -1551.712733 0.393009 -1551.2788 -1551.388023  -1553.49122815  -729.0941
ts-4b’’-py -1551.720548 0.392608 -1551.287 -1551.396477  -1553.49321197  -1358.2501
ts-4b>’-py-c2 -1551.716725 0.392967 -1551.2831 -1551.391793  -1553.48772247  -1371.6569
ts-4b’’-py-c3 -1551.71868 0.392871 -1551.2849 -1551.394333  -1553.49132619  -1317.4028
ts-4b’-‘py-c4 -1551.715779 0.392011 -1551.2826 -1551.392864  -1553.48773445  -1307.7334

Table A4.2. Absolute values (in Hartrees) for SCF energy, zero-point vibrational energy (ZPE), enthalpy
and quasi-harmonic Gibbs free energy (at 363K) for the substrate 3a. For harmonic frequency analysis, a

plus (+) sign indicates that the lowest frequency of the optimised structures is positive.

SP DFT Im Freq

Structure E/au ZPE/au H/au oG (TBME) fem’!

Regioselectivity study of substrate 4a
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4a-1 -1254.435262 0.417625 -1253.9806 -1254.081325  -1255.83322982  -1211.2001

4a-2-cl -1254.429616 0.417526 -1253.9749 -1254.075648  -1255.82736203  -1207.274

4a-2-c2 -1254.432952 0.417831 -1253.9781 -1254.078471  -1255.83003608  -1402.362

Regioselectivity study of substrate 5a

5a-1 -1331.711312 0.45341 -1331.2193 -1331.322343  -1333.20195926  -1242.3319
S5a-2 -1331.655993 0.45387 -1331.1635 -1331.266705  -1333.14909231  -1435.667
S5a-3 -1331.693185 0.453096 -1331.201 -1331.30516  -1333.18496260 -1164.3307
Sa-4 -1331.693357 0.452364 -1331.2019 -1331.305871  -1333.18486761  -1413.2075

Regioselectivity study of substrate 6a
6a-1 -1253.255431 0.398722 -1252.8225 -1252.917322  -1254.64525533  -1252.1656
6a-2 -1253.245734 0.397452 -1252.8133 -1252.909895  -1254.63635977  -1141.9363

Regioselectivity study of substrate 7a

7a-1 (C-H) -1369.701419 0459961  -1369.2022  -1369.306684 -1371.23536456  -704.7933

7a-1 (OA)

7a-2 (C—H) -1369.706545 0459753  -1369.2078  -1369.311749 -1371.24003927 -1144.4993
7a-2 -1369.706545 0459753 -1369.2078  -1369.311749  -1371.24003927  -1144.4993

Table A4.3. Absolute values (in Hartrees) for SCF energy, zero-point vibrational energy (ZPE), enthalpy
and quasi-harmonic Gibbs free energy (at 363K) for the regioselective TSs for C—H activation and oxidative

addition of substrates 4a, 5a, 6a and 7a.
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Appendix 5 Absolute values (in hartrees) and imaginary frequencies (in cm™) for
optimised structures for allylation (Chapter 5)

E/au ZPE/au H/au gh-G/au Im.F{;cq/cm S (&E?}%-D S(;IIZ[CNI\%)S
0. Starting materials:
arene 1a -1426.5229 0311509  -1426.1807  -1426.269 + -1429.06227216  -1428.6919715
}fg’(z;e 23531399  0.16511  -235.13645  -235.18577 + 235.88622142  -235.7628220
cis-hexene  -23531226  0.165429  -235.13446  -235.18352 + 235.88455969  -235.7610397
}fg;;‘r’le 23412832 0.146325 -233.97273  -234.01466 + 234.68105898  -234.5687484
HOAc 228.64453  0.062197 -228.57502  -228.61242 + 229.13726389  -229.0706003
rf\; ral‘:zg}le 593.15819 0231435  -592.90548  -592.97546 + 59447065223 -594.2582931
Pd(OAc):  -583.80993  0.104326 -583.69012  -583.74848 + -585.03620367  -584.6482919
Pdi(OAc)s  -1751.5873 0317868  -1751.2218  -17513472 + -1755.21537801  -1754.0473816
1. meta-allylation:
int-1 22010361 0417336  -2009.8966  -2010.0187 + 22014.12074330  -2013.3624531
ts-1 22010.3361 0411975 -2009.8774  -2009.9989  -1136.100  -2014.09487408  -2013.3327515
int-2 22010.3515  0.417256  -2009.8868  -2010.0103 + 22014.11044997  -2013.3506657
int-1' 21462068 0522938  -2145.6315  -2145.763 + 2150.30584854  -2149.465115
ts-1' 2146.1909  0.517866  -2145.6212  -2145.7518  -1275.1147  -2150.28508610  -2149.445114
int-2' 21462152 0523642  -2145.6392  -2145.771 + 2150.30936515  -2149.472983
int-3 2017.0314 0521084  -2016.458  -2016.5904 + -2020.87263588  -2020.0563355
ts-3 2017.0153 052024  -2016.4439 20165742  -281.0309  -2020.85715946 -2020.04
int-4 2017.0546 0522503  -2016.481  -2016.6102 + -2020.89515397  -2020.078034
ts-4 2017.0395 052057  -2016.4685  -2016.5959  -95.8045  -2020.87256581  -2020.056365
int-5 2017.0424 0520722 -2016.4705  -2016.5995 + 2020.87613345  -2020.059231
ts-5 2017.0376 0518443  -2016.4684 20165963  -534.1546  -2020.86947612  -2020.053557
int-6 2017.0487 051989  -2016.4775  -2016.6068 + 2020.88145514  -2020.065211
int-7 2017.0479 0520931 -2016.4759  -2016.6053 + 2020.88962226  -2020.069785
ts-7 22017.043 0516919  -2016.4754  -2016.6038  -960.7952  -2020.87758394  -2020.058839
int-8 2017.0651 0521465  -2016.492  -2016.6228 + 2020.89597912  -2020.079392
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ts-7’ -2017.0165 0.516398  -2016.4485 -2016.579 -975.0604 -2020.84680381 -2020.030891
2. Regioselectivity (Z-allylation vs styrenylation):
ts-4a -2017.0372 0.521116  -2016.4659  -2016.5927 -77.2317 -2020.87072244 -2020.05477
int-5a
-2017.0391 0.521107  -2016.4669  -2016.5956 + -2020.87307361 -2020.056043
ts-5a -2017.0339 0.518458  -2016.4648  -2016.5926 -516.2140 -2020.86630718 -2020.049971
int-6a -2017.0456 0.519994  -2016.4743  -2016.6036 + -2020.87970642 -2020.062662
ts-7a -2017.0403 0.517241  -2016.4725  -2016.6006 -912.4642 -2020.87472779 -2020.056175
ts-4b -2017.0195 0.520651  -2016.4483  -2016.5763 -49.4039 -2020.86277303 -2020.045129
+ -2020.86634486 -2020.04869
int-5b -2017.023 0.52038 -2016.4513  -2016.5812
ts-5b -2017.0233 0.517549  -2016.4542  -2016.5852 -244.3729 -2020.86046599 -2020.044136
int-6b -2017.0272 0.518973  -2016.4564  -2016.5874 + -2020.86030520 -2020.047355
ts-7b
-2016.9853 0.513883  -2016.4199  -2016.5499  -1493.0469  -2020.81104238 -2019.995037
3. Ligand identity in TDTS:
ts-3-Ac-cl -2017.01535 0.52024 2016.44389  2016.57418 -281.03090 -2020.85716 -2020.03997
ts-3-Ac-c2 -2017.01291 0.52006 2016.44155 2016.57193 -286.48340 -2020.85668 -2020.03961
ts-3-Ac-c3 -2017.01098 0.52017 2016.43944  2016.57063 -284.03240 -2020.85518 -2020.03759
ts-3-Ac-c4 -2017.01257 0.52013 2016.44108  2016.57153 -305.70220 -2020.85540 -2020.03868
ts-3-Ac-c5 -2017.00208 0.52015 2016.43087  2016.56047 -296.08770 -2020.85431 -2020.03664
ts-3-Ac-c6 -2017.00234 0.52011 2016.43116  2016.56056 -295.28320 -2020.85081 -2020.03394
ts3’;ll)-aa- -2381.5373 0.689422  -2380.7825  -2380.9421 -284.2484 -2386.19788852 -2385.2342
ts3 ;lz)-aa- -2381.5378 0.689507  -2380.7832  -2380.9407 -283.7738 -2386.19729742 -2385.2348
ts3’_b-aa-
3 -2381.5322 0.689198  -2380.7775 -2380.9 -283.7067 -2386.19552260 -2385.2316
ts3’_b-aa-
o4 -2381.5355 0.689509  -2380.7807 -2380.94 -281.9868 -2386.19596982 -2385.2323
ts3’_b-aa-
e -2381.5321 0.689292  -2380.7774  -2380.9369 -304.8330 -2386.19465426 -2385.2314
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ts3’_b-aa-

6 -2381.5357 0.689362  -2380.7812 -2380.9 -269.5971 -2386.19504216 -2385.2323
ts3’_b-aa-

e -2381.5313 0.689485  -2380.7765 -2380.9 -281.9394  -2386.19432240 -2385.23
ts3’;l§-aa- -2381.5352 0.689671  -2380.7803  -2380.9386 -303.3393 -2386.19238004 -2385.2307
ts3’zl;-aa- -2381.5315 0.689867  -2380.7766  -2380.9346 -298.0564  -2386.19151425 -2385.2285
ts3’c_1b0-aa- -2381.5398 0.689694  -2380.7852  -2380.9421 -273.9343 -2386.19221804 -2385.2285
ts3’c_1b1-aa- -2381.538 0.68989 -2380.7833  -2380.9395 -301.0522  -2386.18994428 -2385.2285
ts3’c_1b2-aa- -2381.5373 0.689751  -2380.7825  -2380.9397 -281.9361 -2386.19017998 -2385.2268
3. Ligand non-participation in C—H activation and insertion:

ts-1’a -2146.1506 0.518113  -2145.5805  -2145.7119 -436.6324  -2150.25179663 -2149.412069
ts-1’b -2374.8534 0.581988 -2374.211 -2374.3604  -1144.3739  -2379.42607373  -2378.5180592
ts-1’cl -2374.8591 0.581302  -2374.2173  -2374.3664  -1121.5174  -2379.43433079  -2378.5270179
ts-1°c2 -2374.8622 0.581618  -2374.2202  -2374.3688  -1158.8650  -2379.43221037  -2378.5248558
ts-1°c3 -2374.8644 0.581842  -2374.2223  -23743706  -1167.8899  -2379.43111328  -2378.5238736
ts-1’c4 -2374.857 0.58183 -2374.2151  -2374.3631  -1158.6979  -2379.42807536  -2378.5198365
ts-1°c5 -2374.8399 0.581715  -2374.1982  -2374.3455  -1119.7362  -2379.41173753  -2378.5042266
4. Arene site selectivity (ortho- vs para-):
ts-1o -2010.3272 0.412335  -2009.8684  -2009.9894  -1136.4038 -2014.08095512  -2013.3227848
ts-10-c2 -2010.3264 0.412728  -2009.8675  -2009.9873 -974.1986  -2014.07549514  -2013.3178916
ts-10’ -2146.1916 0.518162  -2145.6217  -2145.7531  -1079.0146  -2150.28367525 -2149.445889
ts-30 -2017.0025 0.520445  -2016.4309  -2016.5609 -330.9693 -2020.83578022 -2020.021731
int-40 -2017.0373 0.523008  -2016.4633  -2016.5919 + -2020.86780395 -2020.052957
ts-1p -2010.3359 0412169  -2009.8772  -2009.9984  -1147.9966 -2014.09219259  -2013.3325186
ts-1p-c2 -2010.3373 0.412306  -2009.8787  -2009.9992  -1129.4675 -2014.09091014  -2013.3321418
ts-1p’ -2146.1814 0.51829 -2145.6112  -2145.7425 -744.9454  -2150.27102572 -2149.431512
ts-3p -2017.0115 0.520713  -2016.4399  -2016.5688 -293.7 -2020.85068341 -2020.036795
int-4p -2017.0464 0.522973  -2016.4725  -2016.6014 + -2020.88460750 -2020.068617
5. Boltzmann sampling for 1,2-migratory insertion:
trans-d1-cl -2017.0126 0.520125  -2016.4411  -2016.5715 -305.7022  -2020.85540249 -2020.038678
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trans-d1-c2 -2017.0142 0.520158  -2016.4428  -2016.5728 -293.1491 -2020.85566193 -2020.039368
trans-d1-c3 -2017.0123 0.519817  -2016.4412  -2016.5716 -277.2951 -2020.85328579  -2020.0377419
trans-d1-c4 -2017.0126 0.52001 -2016.4412  -2016.5718 -316.8 -2020.85300091 -2020.036383
trans-d1-c5 -2017.0149 0.520454  -2016.4434  -2016.5728 -316.9 -2020.85392791 -2020.037906
trans-d1-c6 -2017.0085 0.519782  -2016.4373 -2016.568 -317.3912 -2020.85229877 -2020.034701
trans-d1-c7 -2017.0144 0.520509  -2016.4428  -2016.5725 -315.0322  -2020.85308536 -2020.037854
trans-d1-c8 -2017.0168 0.520816  -2016.4453  -2016.5736 -311.5392  -2020.85368267 -2020.038209
trans-d1-c9 -2017.0095 0.519896  -2016.4383  -2016.5685 -337.4155 -2020.84905704 -2020.033366
trans-d2-cl -2017.0141 0.519663  -2016.4431  -2016.5733 -282.5387 -2020.85718 -2020.040593
trans-d2-c2 -2017.0149 0.519612 -2016.444 -2016.5737 -308.8734 -2020.856582 -2020.040347
trans-d2-c3 -2017.0173 0.520244 -2016.446 -2016.575 -288.8986  -2020.85666626 -2020.040614
trans-d2-c4 -2017.0178 0.520381  -2016.4465 -2016.575 -304.4657 -2020.855951 -2020.040502
trans-d2-c5 -2017.0128 0.519858  -2016.4416  -2016.5714 -282.6224 -2020.8542 -2020.037271
trans-d2-c6 -2017.0146 0.519844  -2016.4436  -2016.5729 -284.4537 -2020.854195 -2020.038113
trans-d2-c7 -2017.0111 0.51986 -2016.44 -2016.5701 -262.2307  -2020.85319709 -2020.037409
trans-d2-c8 -2017.0147 0.519773  -2016.4438 -2016.573 -303.2176 -2020.853935 -2020.038479
trans-d2-c9 -2017.0105 0.520114  -2016.4393  -2016.5688 -258.7607  -2020.85091759 -2020.035064
cis-d1-c1 -2017.0114 0.51977 -2016.4403  -2016.5706 -293.1446  -2020.85454809 -2020.038653
cis-d1-c2 -2017.0143 0.520243 -2016.443 -2016.5723 -289.5588  -2020.85460815 -2020.038579
cis-d1-c3 -2017.0094 0.51988 -2016.4381  -2016.5686 -305.4801 -2020.85298719 -2020.036652
cis-d1-c4 -2017.0128 0.520244  -2016.4414 -2016.571 -296.5738  -2020.85400716 -2020.037311
cis-d1-c5 -2017.0132 0.520084  -2016.4421  -2016.5713 -287.1232  -2020.85342783 -2020.038021
cis-d1-c6 -2017.012 0.520164  -2016.4418  -2016.5688 -295.7306  -2020.85327945 -2020.037221
cis-d1-c7 -2017.012 0.520787  -2016.4405  -2016.5689 -300.2449  -2020.84805177 -2020.033502
cis-d1-c8 -2017.0103 0.520806  -2016.4386  -2016.5674 -308.1908  -2020.84782328 -2020.03263
cis-d1-c9 -2017.0051 0.52114 -2016.4333  -2016.5618 -314.0032  -2020.84019556 -2020.025393
cis-d2-c1 -2017.0103 0.520114  -2016.4389  -2016.5691 -298.4609  -2020.85288539 -2020.037075
cis-d2-c2 -2017.0109 0.520454  -2016.4393  -2016.5691 -300.5416  -2020.85324996 -2020.03695
cis-d2-c3 -2017.0124 0.520431  -2016.4411  -2016.5702 -287.7811 -2020.85360314 -2020.038019
cis-d2-c4 -2017.0117 0.520184  -2016.4404  -2016.5702 -300.4347  -2020.85217076 -2020.037598
cis-d2-cS -2017.0101 0.520328  -2016.4386  -2016.5687 -309.4578  -2020.85155613 -2020.036441
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cis-d2-c6 -2017.0079 0.520258  -2016.4364  -2016.5667 -313.6194  -2020.85126903 -2020.034999
cis-d2-c7 -2017.0082 0.520327  -2016.4368  -2016.5657 -296.732 -2020.84989422 -2020.033341
cis-d2-c8 -2017.0036 0.520716  -2016.4319  -2016.5615 -311.8461 -2020.84614435 -2020.028735
cis-d2-c9 -2017.0028 0.520698  -2016.4311  -2016.5606 -316.5124  -2020.84448830 -2020.028321
cy-dl-cl -2015.8245 0.500939  -2015.2752  -2015.3997 -309.5106  -2019.64627570 -2018.840491
cy-d1-c2 -2015.8233 0.501342  -2015.2737 -2015.398 -314.2776  -2019.64579942 -2018.839852
cy-d1-c3 -2015.8266 0.501253  -2015.2771  -2015.4006 -301.2641 -2019.64457672 -2018.840282
cy-d1-c4 -2015.821 0.501307  -2015.2712  -2015.3956 -292.1391 -2019.64289929 -2018.83771
cy-d2-cl -2015.8236 0.500956  -2015.2744  -2015.3978 -304.458 -2019.64570310 -2018.839656
cy-d2-c2 -2015.8252 0.50095 -2015.276 -2015.3993 -291.53 -2019.64481242 -2018.840874
cy-d2-c3 -2015.8193 0.500887  -2015.2698  -2015.3941 -276.5101 -2019.64393051 -2018.838106
cy-d2-c4 -2015.8225 0.501028  -2015.2733  -2015.3965 -303.1028 -2019.644799 -2018.83868655
6. Isodesmic studies:
pyridine -247.76276 0.089473  -247.66596  -247.70411 + -248.30904588 -248.2228936
ts-3-iso -2264.7885 0.610871  -2264.1175  -2264.2672 -325.2881 -2269.16771081 -2268.26553
ts-30-iso -2264.8036 0.611869  -2264.1327  -2264.2776 -285.3699  -2269.16665412 -2268.26716
ts-3p-iso -2264.7942 0.611633 -2264.123 -2264.2708 -310.8723  -2269.17001876 -2268.27014
7. cis-hexene product selectivity:
cis-int-4 -2017.0491 0.522286  -2016.4755  -2016.6050 + -2020.89081831 -2020.074007
cis-ts-6 -2017.0477 0.522116  -2016.4753  -2016.6026 -56.3933 -2020.88819118 -2020.071351
cis-int-7 -2017.0458 0.521879  -2016.4733  -2016.6009 + -2020.878591 -2020.062478
cis-ts-7 -2017.04 0.517615  -2016.4721  -2016.5989 -894.6881 -2020.86995866 -2020.051674
cis-int-8 -2017.0652 0.522118  -2016.4918  -2016.6211 + -2020.88938870  -2020.07369804
cis-ts-6a -2017.0385 0.522431  -2016.4659  -2016.5931 -99.8893 -2020.87920898 -2020.061699
cis-int-7a -2017.0394 0.521802 -2016.467 -2016.5945 + -2020.87708368 -2020.058029
cis-ts-7a -2017.0346 0.518017  -2016.4665  -2016.5928 -978.8647  -2020.86492859 -2020.046586
cis-int-8a -2017.0604 0.52288 -2016.4866  -2016.6149 + -2020.88515958 -2020.069733
cis-ts-4b -2017.0163 0.520514 -2016.445 -2016.5739 -82.2613 -2020.86024466 -2020.041432
cis-int-5b -2017.0342 0.520372  -2016.4622  -2016.5930 + -2020.87347141 -2020.056019
cis-ts-5b -2017.029 0.517817  -2016.4599  -2016.5898 -366.9912  -2020.86435208 -2020.049118
cis-int-6b -2017.0318 0.518939  -2016.4611  -2016.5918 + -2020.86354955 -2020.05077
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cis-ts-5b-c2 -2017.0158 0.51803 -2016.4468  -2016.5756 -480.8873  -2020.85423166 -2020.038656
8. cyclohexene product selectivity:
cy-int-4 -2015.8639 0.50327 -2015.3123  -2015.4358 + -2019.68376601 -2018.876402
cy-ts-6a -2015.8591 0.503392  -2015.3084  -2015.4297 -88.5455 -2019.67417990 -2018.868046
cy-int-7a -2015.8591 0.502539  -2015.3084  -2015.4311 A -2019.67414755 -2018.867609
cy-ts-7a -2015.8477 0.498527  -2015.3017  -2015.4227  -1032.9256  -2019.65978358 -2018.851573
cy-int-8a -2015.8717 0.503244  -2015.3201  -2015.4435 + -2019.67805522 -2018.872553
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Appendix 6 Absolute values (in hartrees) for optimised structures for alkynylation

(Chapter 6)
SP wB97X-D SP MN15

Structure E/au ZPE/au H/au G/au qh-G/au (MeCN) (MeCN)
0_sm:

1a -1426.5229 0311509  -1426.1822  -1426.271357  -1426.2667 -1429.04845440  -1428.6786329
1b -3059.2496 0.12121 -3059.1129  -3059.171373  -3059.1703  -3059.73136747  -3059.9403307
1c -485.35706 0.130012  -485.21303 -485.265131 -485.26489 -486.0681293 -485.9084379
1d -2881.6333 0.101851  -2881.5201  -2881.570127  -2881.5693  -2882.07267838  -2882.3366382
HOAc -228.64453 0.062197  -228.57532 -228.611767 -228.61143  -229.13351888 -229.0668662
N;fg:ilg -436.25343 0.118206  -436.12243 -436.175678 -436.17305  -437.18030569 -437.0523413
HBr -2575.0853 0.006123  -2575.0752  -2575.098797  -2575.0988  -2574.87712744  -2575.2352612
CuOAc2

_monom -2096.9448 0.103478  -2096.8259  -2096.887377 -2096.884 -2097.7220570 -2097.862484
er

CuOAc2

_dimer_s -4193.9145 0.2089 -4193.6748  -4193.770684  -4193.7642  -4195.41435355  -4195.7209312
inglet

CuOAc2

_dimer_t -4193.9647 0210384  -4193.7241  -4193.819467  -4193.8132 -4195.48133 -4195.770429
riplet

CuOAc_

dimer_si -3737.8511 0.105272  -3737.7284 -3737.7944 -3737.7912  -3738.42516828 -3738.851
nglet

CuOAc_

dimer_tr -3737.7103 0.104279  -3737.5884 -3737.6552 -3737.6524  -3738.29887073 -3738.7162
iplet

CuBr2_

monome -6789.8301 0.001703  -6789.8214  -6789.860471  -6789.8594  -6789.22792048 -6790.217605
r

CuBr2_d

imer_sin -13579.701 0.004317  -13579.682  -13579.74594  -13579.743 -13578.47209 -13580.47502
glet

CuBr2_d

imer_tri -13579.72 0.003987  -13579.702  -13579.76965  -13579.764 -13578.50789 -13580.49347
plet

AgBr_m

onomer -2721.2253 0.000564  -2721.2202  -2721.251781  -2721.2518  -2721.36119518  -2721.3856319
Agn]?:;di -5442.5245 0.001782  -5442.5131  -5442.563924  -5442.5627 -5442.77059613  -5442.8311465
AgOAc_

monome -374.7487 0.050645  -374.68909 -374.734768 -374.73318  -375.57469470 -375.1751886

r
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AgOAc_

dimer -749.614 0.104042  -749.49181 -749.561524  -749.55757  -751.22801036 -750.4392581
I:?gﬁ:f -1751.5873 0317868  -1751.2239  -1751.355928  -1751.3441  -1755.20433723  -1754.0362117
1_alkynylation_of _1b:

int-1 -2010.361021  0.417336  -2009.8989  -2010.025439  -2010.0157  -2014.09960593  -2013.3417185
ts-1 -2010.33609  0.411975  -2009.8797  -2010.005994  -2009.9958  -2014.07504621  -2013.3134469
int-2 -2010.35148  0.417256  -2009.8891 -2010.01868 -2010.0072  -2014.0909700 -2013.3314472
int-1' -1989.299016  0.40982 -1988.8469  -1988.96541 -1988.9582  -1992.99638924 -1992.242002
ts-1' -1989.285298  0.404477  -1988.8388  -1988.957426  -1988.9496  -1992.98274427 -1992.226918
int-2' -1989.308364  0.410403  -1988.8556  -1988.975621  -1988.9672  -1993.00391157 -1992.251518
int-3 -4840.971216  0.475881  -4840.4416  -4840.587747  -4840.5761  -4844.70115850 -4844.219901
ts-3 -4840.954399  0.475297  -4840.4262  -4840.571417  -4840.5599  -4844.69041408 -4844.205339
int-4 -4841.020565  0.477956 -4840.49 -4840.632214  -4840.6224  -4844.75555636 -4844.269364
ts-4 -4840.959972  0.476549  -4840.4307  -4840.573444  -4840.5632  -4844.70633991 -4844.221584
int-5 -4841.03872  0.477823  -4840.5075  -4840.652789  -4840.6415  -4844.77052705 -4844.288776

ts-3-c2 -4840.953808  0.475018  -4840.4258  -4840.570625  -4840.5593  -4844.69020998 -4844.205156

ts-4-c2 -4840.959568  0.476335  -4840.4304  -4840.57422  -4840.5633  -4844.70609086 -4844.222823

int-4' -5215.84045  0.530066  -5215.2484  -5215.412349 -5215.4 -5220.36794079 -5219.492117

ts-4' -5215.832056  0.529735  -5215.2409  -5215.402897  -5215.3907  -5220.35928688 -5219.483928

int-5' -5215.865795  0.530375  -5215.2726  -5215.440323  -5215.4261 -5220.4013 -5219.519246

ts-3’z -5215.75066  0.527466  -5215.1604  -5215.327817  -5215.3139  -5220.28972195 -5219.408864

ts-4'z -5215.740197  0.526905  -5215.1501  -5215.322905  -5215.3057  -5220.28632879 -5219.406788

int-3r -4840.966352  0.475466  -4840.4367  -4840.586257  -4840.5731  -4844.70196831 -4844.216596

ts-3r -4840.95523 0.47543 -4840.4271  -4840.570658  -4840.5596  -4844.69151480 -4844.208097

int-4r -4841.015859  0.477568  -4840.4854  -4840.629472  -4840.6187  -4844.75055601 -4844.265451

%l;:lié -1910.712531  0.422586  -1910.2474  -1910.369467 -1910.36 -1913.930509 -1913.409386
1_alkynylation_of_1b (regioconvergence):

int-4r' -5215.832104  0.530422  -5215.2395  -5215.405033  -5215.3917  -5220.36410756 -5219.485658

ts-4r' -5215.821896  0.529437  -5215.2308  -5215.394645  -5215.3817  -5220.35427898 -5219.47812

int-5r' -5215.829729  0.529865  -5215.2374  -5215.403028  -5215.3898  -5220.36688210 -5219.489466

ts-5r' -5215.800846  0.528577  -5215.2093 -5215.37938 -5215.3637  -5220.34501888 -5219.467047
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int-6r' -5215.871336  0.530833  -5215.2777  -5215.445362  -5215.4312  -5220.40546946 -5219.525982
2_alkynylation_of_1b_aa_ligand:
ts-1'a -1989.241518  0.404846  -1988.7947  -1988.914288  -1988.9057  -1992.93996133 -1992.185971
ts-1'b -2217.946095  0.468797  -2217.4274  -2217.567499  -2217.5552  -2222.12071512 -2221.297634
ts-1'c -2217.950755  0.467665  -2217.4326  -2217.575045  -2217.5616  -2222.1295546 -2221.3056348
ts3'a -5048.547111  0.531403  -5047.9573  -5048.114495  -5048.1014  -5052.71629339 -5052.172854
ts3'b -5048.564282  0.531205  -5047.9743  -5048.134568  -5048.1203  -5052.74047130 -5052.192636
ts3'c -5048.571284  0.532029  -5047.9809 -5048.13779 -5048.1249  -5052.74364579 -5052.196485
3_alkynylation_of 1b_copper:
Tl\l/)[rs(f_Cu -4007.706141  0.528899  -4007.1194 -4007.27282 -4007.2619  -4011.68135651 -4011.302816
int-5'-Cu  -6728.989054  0.529306  -6728.3963  -6728.565912  -6728.5517 -6733.07561264 -6732.724159
ts-4'-Cu  -6937.993403  0.582236  -6937.3431  -6937.519912  -6937.5065  -6942.47112391 -6942.135956
ts-5r'-Cu  -6937.944999  0.581394  -6937.2949  -6937.474663  -6937.4599  -6942.43658511 -6942.099334
ts-4'I-Cu- -6709.9488 0.529478  -6709.3577 -6709.5201 -6709.508  -6713.95378711 -6713.688
t::-ls:l'- -6709.9194 0.530303  -6709.3274 -6709.4906 -6709.4778  -6713.94078388 -6713.6704
4_arene_site_selectivity_ortho_para:
ts-1o -2010.327235  0.412335  -2009.8706  -2009.996525  -2009.9864  -2014.06251681  -2013.3048429
ts-1'o -1989.275333 0.40504 -1988.8284  -1988.945718  -1988.9386  -1992.97006819 -1992.21543
ts-30 -4840.950848  0.475039  -4840.4227  -4840.567922  -4840.5564  -4844.68267726  -4844.2002067
int-40 -4841.005502  0.478328  -4840.4746  -4840.615898  -4840.6066  -4844.73707307 -4844.253322
ts-1p -2010.335874  0.412169  -2009.8794  -2010.004978  -2009.9953  -2014.07305762  -2013.3139172
ts-1'p -1989.285331  0.405046  -1988.8386  -1988.955232  -1988.9485  -1992.97998020  -1992.2270019
ts-3p -4840.95513 0.47566 -4840.4269  -4840.568977  -4840.5592  -4844.68772197  -4844.2061858
int-4p -4841.014183  0.478097  -4840.4835  -4840.625278  -4840.6157  -4844.74520831  -4844.2619844
pyridine -247.762761 0.089473  -247.66632 -247.703094 -247.7031 -248.30299639 -248.2171106
ts-3-iso -5088.733157  0.565521  -5088.1063  -5088.273417  -5088.2574  -5093.00230034 -5092.431749
ts-3o-iso  -5088.739269  0.566537  -5088.1119  -5088.273959  -5088.2602  -5093.00429760 -5092.43484
ts-3p-iso  -5088.737798  0.566374  -5088.1105 -5088.27522 -5088.2607  -5093.00522025 -5092.437843
5_alternative_oxidative_addition_TSs:
ts-3c-10a- -4840.926859  0.475106  -4840.3986  -4840.542395  -4840.5316  -4844.65853300 -4844.176038
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ts-3-o0a-

2 -4840.916281  0.474524  -4840.3882  -4840.535615  -4840.5231  -4844.65155100 -4844.168891
ts-3c;oa- -4840.920333  0.475375  -4840.3919  -4840.536547  -4840.5252  -4844.65176600 -4844.169894
ts-?z;oa- -4840.913291  0.475415  -4840.3848  -4840.530401  -4840.5186  -4844.64899900 -4844.166361

6_ethynyltrimethylsilane_1c:
ts-3H -2267.064352  0.484575  -2266.5286  -2266.667859  -2266.6578  -2271.02940120 -2270.174764
int-4H -2267.117887  0.487514  -2266.5796  -2266.716169  -2266.7075  -2271.08034834 -2270.225851
ts-4H -2267.065965  0.485481  -2266.5297  -2266.667975  -2266.6581  -2271.03263981 -2270.176345
int-5H -2267.080525  0.486262  -2266.5432  -2266.682216  -2266.6722  -2271.04173857 -2270.19011
ts-5H -2267.058347  0.482448  -2266.5243  -2266.666613 -2266.655 -2271.02464274 -2270.168419
int-6H -2267.112587  0.487541  -2266.5733  -2266.716186  -2266.7043  -2271.07262933 -2270.218973
ts-3rH -2267.059619  0.484192  -2266.5242  -2266.663393 -2266.653 -2271.02667613 -2270.173159
int-4rH -2267.110337  0.487008  -2266.5722 -2266.71284 -2266.7017  -2271.07618079 -2270.220442
7_bromoethynylbenzene_1d:
int-3P -4663.348539  0.45632 -4662.8422  -4662.982617 -4662.97 -4667.04108395 -4666.611194
ts-3P -4663.334882  0.455895  -4662.8302  -4662.966822  -4662.9556  -4667.02770871 -4666.598967
int-4P -4663.410381  0.458554  -4662.9032  -4663.037486  -4663.0277  -4667.10511821 -4666.673142
int-4'P -5038.220005  0.511025  -5037.6508  -5037.806846  -5037.7944  -5042.70847151 -5041.885059
ts-4'P -5038.213948  0.50998 -5037.6461  -5037.802513  -5037.7894  -5042.70363654 -5041.881219
int-5'P -5038.246678  0.510894 -5037.677 -5037.836798  -5037.8225  -5042.73960204 -5041.913369
int-3rP -4663.348567  0.456396  -4662.8424  -4662.981827  -4662.9697  -4667.03983832 -4666.610208
ts-3rP -4663.334352  0.45606 -4662.8295  -4662.965766  -4662.9546  -4667.02827091 -4666.599432
int-4rP -4663.408013  0.458631  -4662.9007  -4663.035552  -4663.0254  -4667.10120678 -4666.670752
int-4r'P  -5038.221148  0.51122 -5037.6518  -5037.809372 -5037.796  -5042.71271368 -5041.888975
ts-4r'P -5038.203812  0.510319  -5037.6359  -5037.791775  -5037.7788  -5042.69533863 -5041.873737
int-5r'P  -5038.208472  0.51074 -5037.6393  -5037.798524  -5037.7844  -5042.70482600 -5041.88134
ts-5r'P -5038.179023  0.508913  -5037.6113  -5037.773914  -5037.7576  -5042.68075194 -5041.853769
int-6r'P  -5038.253672  0.510711  -5037.6836  -5037.846764  -5037.8306  -5042.74558486 -5041.921402
Pd_clldz_ -5890.364189  0.205082  -5890.1328  -5890.219516  -5890.2141  -5891.64277896 -5891.906803
Pd_clzdz_ -5890.359886  0.205108  -5890.1286  -5890.218338  -5890.2113  -5891.62582953 -5891.89701
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Pd-1b2-

cl -6245.565123  0.242534  -6245.2867 -6245.39694 -6245.3888  -6246.93689409 -6247.085401

Pd-1b2-

2 -6245.56809 0.242148 -6245.292 -6245.39765 -6245.3897  -6246.92986787 -6247.081794
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Appendix 7 Absolute values (in hartrees) for optimised structures for regiodivergent
arylation of isoquinolone (Chapter 7). Solvents used for Pd-catalysis is dimethoxy-

ethane and for Ir-catalysis is acetic acide.

Structure E/au ZPE/au H/au G/au qh-G/au SP( g:) ]133;3()-]) ?gol;i[}:nlti
Palladium catalysis
0_sm_prd:
1a -515.43269 0.169991  -515.24562 -515.30815 -515.30763 -516.543564 -516.376049
BF4_ani
on -423.84049 0.014997  -423.81763 -423.85646 -423.85647 -424.7138954 -424.6685274
DME -308.22683 0.141881  -308.07125 -308.12691 -308.12584 -308.912310 -308.802582
OPiv_an
ion -345.7516 0.132714  -345.60462 -345.66029 -345.6594 -346.5989466 -346.4773461
HOPiv -346.32547 0.146776  -346.16392 -346.22051 -346.21961 -347.0978885 -346.9711913
Ph2I_cat
ion -759.00954 0.181669  -758.80748 -758.88461 -758.87981 -760.894952 -759.934091
Phl -528.14518 0.090724  -528.04359 -528.09468 -528.09464 -529.4533294 -528.5756867
PdOPiv2 -819.17098 0.273203  -818.86673 -818.96485 -818.95907 -820.9610434 -820.4506286
C3-prd -746.00583 0.25142 -745.72932 -745.81072 -745.80807 -747.613098 -747.366593
C4-prd -746.00701 0.251463  -745.73038 -745.8119 -745.80937 -747.615289 -747.368413
1_CMD_OA_RE_Pd2_neutral:
C4-intl -1334.6285 0.443908  -1334.1351 -1334.2752 -1334.2646 -1337.518468 -1336.838841
C4-tsl -1334.5963 0.438682  -1334.1085 -1334.2479 -1334.2375 -1337.487361 -1336.806945
C4-int2 -1334.6151 0.444151  -1334.1212 -1334.2623 -1334.2516 -1337.504779 -1336.828225
C4-int3 -2093.2805 0.614849  -2092.5952 -2092.7814 -2092.7658 -2097.965086 -2096.336641
C4-ts3 -2093.25 0.613415  -2092.5667 -2092.752 -2092.7367 -2097.934345 -2096.306681
C4-int4 -2093.3031 0.61541 -2092.6176 -2092.8014 -2092.7868 -2097.981016 -2096.351175
C4-ts4 -2093.2838 0.614799  -2092.5996 -2092.7818 -2092.7674 -2097.961996 -2096.331192
C4-int5 -2093.3761 0.617472  -2092.6893 -2092.87 -2092.8568 -2098.052764 -2096.420462
C4-ts4b -2093.2792 0.614623 -2092.595 -2092.7777 -2092.7631 -2097.957676 -2096.327766
C4-ts3b -2093.2393 0.613592  -2092.5558 -2092.7411 -2092.7255 -2097.926489 -2096.298728
C4-ts3c -2093.2322 0.61273 -2092.5491 -2092.7368 -2092.7199 -2097.922065 -2096.296123
C4-ts3d -2093.2338 0.612529  -2092.5508 -2092.7393 -2092.7222 -2097.919613 -2096.292141
C4-ts3'a -2171.2821 0.493961  -2170.7242 -2170.8965 -2170.8827 -2175.987067 -2174.437317
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C4-ts3'b -2171.2812 0.493557  -2170.7235 -2170.8969 -2170.8828 -2175.985693 -2174.43331
C4-ts3'c -2171.2715 0.493656  -2170.7136 -2170.8893 -2170.8732 -2175.981357 -2174.431727
C4-ts4' -2171.2906 0.493918  -2170.7326 -2170.908 -2170.892 -2175.994728 -2174.442124
C3-intl -1334.6285 0.443907  -1334.1351 -1334.2752 -1334.2646 -1337.51847 -1336.838841
C3-tsl -1334.5906 0.438395  -1334.1031 -1334.2432 -1334.2324 -1337.480157 -1336.800587
C3-int2 -1334.6184 0.44373 -1334.125 -1334.2672 -1334.2557 -1337.5081 -1336.827681
C8-intl -1334.611 0.443472  -1334.1178 -1334.2584 -1334.2475 -1337.50445 -1336.826066
C8-ts1 -1334.5889 0.439437  -1334.1012 -1334.2346 -1334.2268 -1337.475863 -1336.801692
C8-tsl1-
c2 -1334.5874 0.438318 -1334.1 -1334.2381 -1334.2283 -1337.475366 -1336.796625
C8-tsl1-
c3 -1334.5867 0.439291  -1334.0989 -1334.2356 -1334.2259 -1337.473152 -1336.798081
C8-tsl1-
c4 -1334.5592 0.440891  -1334.0696 -1334.206 -1334.1967 -1337.453971 -1336.777948
C8-int2 -1334.6387 0.444668  -1334.1447 -1334.2819 -1334.2726 -1337.523534 -1336.847289
2_CMD_OA_RE_Pd2_cationic:
int0-cat -781.45376 0.282323  -781.14136 -781.23699 -781.23217 -783.217851 -782.7197608
C4-intl-
cat -1296.9154 0.453028  -1296.4138 -1296.5508 -1296.5412 -1299.77471 -1299.107805
C4-tsl-
cat -1296.8964 0.448337  -1296.4004 -1296.5342 -1296.5258 -1299.75528 -1299.085307
C4-int2-
cat -1296.9148 0.452972  -1296.4129 -1296.5531 -1296.5422 -1299.77392 -1299.10454
3_Heck_type_Pd2_neutral:
H-int1 -1924.1818 0.592187  -1923.5224 -1923.7001 -1923.6862 -1928.52283 -1926.935917
H-ts1 -1924.1413 0.59001 -1923.4843 -1923.6618 -1923.648 -1928.48536 -1926.899821
H-ts1-c2 -1924.139 0.590411  -1923.4818 -1923.659 -1923.6452 -1928.48401 -1926.898252
H-int2 -1924.1793 0.591439  -1923.5204 -1923.7001 -1923.6851 -1928.51834 -1926.92977
H-C4-
int3 -1911.4783 0.67212 -1910.7335 -1910.9185 -1910.9054 -1915.60928 -1914.728314
H-C4-ts3 -1911.4488 0.671071  -1910.7058 -1910.8885 -1910.8762 -1915.58145 -1914.7005
H-C4-
int4 -1911.504 0.672333 -1910.759 -1910.9454 -1910.9317 -1915.64194 -1914.759282
H-C4-ts4 -2257.3374 0.80506 -2256.4453 -2256.6623 -2256.6453 -2262.26484 -2261.261883
H-C4-
ts3-c2 -1911.4436 0.670942  -1910.7007 -1910.8852 -1910.8717 -1915.57814 -1914.700004
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H-C4-

ts3-c3 -1911.4507 0.671654  -1910.7075 -1910.8882 -1910.8765 -1915.57846 -1914.701504
H-C4-
ts3-c4 -1911.4472 0.671044  -1910.7042 -1910.8864 -1910.8744 -1915.58222 -1914.699582
H-C4-
ts3-cS -1911.4418 0.67066 -1910.6992 -1910.8822 -1910.8696 -1915.57523 -1914.696049
H-C4-
ts3-c6 -1911.4403 0.670951  -1910.6974 -1910.8813 -1910.8679 -1915.5759 -1914.695683
H-C3-ts3 -1911.4431 0.671286 -1910.7 -1910.8827 -1910.87 -1915.58087 -1914.699886
H-C3-
int4 -1911.4842 0.672863  -1910.7391 -1910.922 -1910.91 -1915.61765 -1914.736923
H-C3-
ts3-c2 -1911.4473 0.671511  -1910.7042 -1910.8848 -1910.8734 -1915.58241 -1914.700558
H-C3-
ts3-c3 -1911.4461 0.671281  -1910.7031 -1910.8867 -1910.8737 -1915.58118 -1914.698474
H-C3-
ts3-c4 -1911.4356 0.671161  -1910.6925 -1910.8749 -1910.8627 -1915.57954 -1914.69714
H-C3-
ts3-cS -1911.44 0.671097  -1910.6971 -1910.8798 -1910.8673 -1915.57807 -1914.696554
H-C3-
ts3-c6 -1911.4368 0.671067  -1910.6939 -1910.8766 -1910.8641 -1915.57472 -1914.689568
H-C8-ts3 -1911.42 0.670124  -1910.6776 -1910.8632 -1910.8493 -1915.56062 -1914.67943
H-C8-
ts3' -1911.4078 0.669712 -1910.666 -1910.8469 -1910.8358 -1915.53167 -1914.655516
4_Heck_type Pd2_cationic:
H-int1-
cat -1578.2026 0.455921  -1577.6954 -1577.8394 -1577.8286 -1581.8458 -1580.37926
H-ts1-cat -1578.1828 0.454661  -1577.6762 -1577.823 -1577.8114 -1581.82531 -1580.357399
H-int2-
cat -1578.1964 0.455151  -1577.6885 -1577.8372 -1577.825 -1581.84224 -1580.372463
H-C4-
int3-cat -1565.4901 0.535511  -1564.8963 -1565.051 -1565.041 -1568.9287 -1568.166792
H-C4-
ts3-cat -1565.4823 0.535103  -1564.8899 -1565.042 -1565.0326 -1568.91858 -1568.156859
H-C4-
int4-cat -1565.5499 0.537906  -1564.9545 -1565.1073 -1565.0974 -1568.99105 -1568.224922
H-C3-
int3-cat -1565.4865 0.535099  -1564.8928 -1565.0503 -1565.0389 -1568.93097 -1568.165769
H-C3-
ts3-cat -1565.4767 0.534479  -1564.8846 -1565.0394 -1565.0287 -1568.91941 -1568.153649
H-C3-
int4-cat -1565.5122 0.535932  -1564.9179 -1565.0744 -1565.0631 -1568.95945 -1568.194033
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H-C8-

ts3-cat -1565.4705 0.534667  -1564.8786 -1565.0311 -1565.0211 -1568.90768 -1568.146535
H-C8-
ts3'-cat -1565.4605 0.534406  -1564.8689 -1565.019 -1565.0107 -1568.89084 -1568.131223
H-C8-
ts3'-c2-
cat -1565.4305 0.532177  -1564.8403 -1564.9937 -1564.9843 -1568.8659 -1568.104519
H-C8-
ts3''-cat -1565.4605 0.533897  -1564.8691 -1565.0218 -1565.0122 -1568.88785 -1568.133048
5_OA_CMD_RE_Pd2_neutral:
HC-C4-
int3 -1911.4735 0.671983  -1910.7289 -1910.9126 -1910.9002 -1915.61141 -1914.730429
HC-C4-
ts3 -1911.4508 0.667169  -1910.7114 -1910.8958 -1910.8824 -1915.58537 -1914.703819
HC-C4-
int4 -1911.4708 0.672075  -1910.7256 -1910.9141 -1910.8991 -1915.60316 -1914.724282
HC-C4-
ts4 -1911.4638 0.67168 -1910.7202 -1910.9037 -1910.8908 -1915.59343 -1914.714977
HC-C4-
int5 -1911.5603 0.6739 -1910.8142 -1910.9989 -1910.9853 -1915.68677 -1914.808328
HC-C3-
int3 -1911.4735 0.671984  -1910.7289 -1910.9126 -1910.9002 -1915.61142 -1914.730429
HC-C3-
ts3 -1911.4382 0.666877  -1910.6992 -1910.8834 -1910.87 -1915.57288 -1914.692184
HC-C3-
int4 -1911.4741 0.672445 -1910.729 -1910.9151 -1910.9011 -1915.60434 -1914.726622
HC-C8-
ts3 -1911.4099 0.667569  -1910.6702 -1910.8552 -1910.8413 -1915.54976 -1914.668779
HC-C8-
ts3-c2 -1911.4131 0.667113  -1910.6741 -1910.8568 -1910.844 -1915.54634 -1914.667363
HC-C8-
ts3-cat -1565.4782 0.531741  -1564.8893 -1565.0415 -1565.0315 -1568.91223 -1568.15225
6_Heck_type Pd0_neutral:
Pd(DME
)2 -744.14592 0.286179  -743.82869 -743.9314 -743.92346 -745.776243 -745.2927561
HO0-int2 -1232.7406 0.318248  -1232.3842 -1232.5024 -1232.4931 -1235.58876 -1234.240207
HO0-C4-
int3 -1220.0354 0.397793  -1219.5935 -1219.7212 -1219.7118 -1222.6787 -1222.037763
HO0-C4-
ts3 -1220.0078 0.397245  -1219.5675 -1219.6918 -1219.6835 -1222.65264 -1222.010461
HO0-C4-
int4 -1220.0454 0.39946 -1219.6029 -1219.7274 -1219.7191 -1222.68596 -1222.04532

435



HO0-C3-

int3 -1220.0371 0.398232  -1219.5951 -1219.7211 -1219.7126 -1222.6819 -1222.040583
HO0-C3-
ts3 -1220.013 0.397204  -1219.5729 -1219.6971 -1219.6889 -1222.6575 -1222.016228
HO0-C3-
int4 -1220.0472 0.399491  -1219.6046 -1219.729 -1219.7208 -1222.68679 -1222.046177
7_Heck_type_Pd0_cationic:
HO-int2-
cat -1195.0468 0.327278  -1194.6822 -1194.797 -1194.789 -1197.86194 -1196.524069
HO0-C3-
int3-cat -1182.3422 0.406943  -1181.8923 -1182.0147 -1182.0077 -1184.95739 -1184.326385
HO0-C3-
ts3-cat -1182.3194 0.40664 -1181.871 -1181.9908 -1181.9846 -1184.93123 -1184.299904
HO0-C3-
int4-cat -1182.3475 0.407482  -1181.8976 -1182.0193 -1182.0123 -1184.95242 -1184.32428
HO0-C4-
int3-cat -1182.3422 0.406943  -1181.8923 -1182.0147 -1182.0077 -1184.95739 -1184.326386
HO0-C4-
ts3-cat -1182.3148 0.406354  -1181.8666 -1181.9866 -1181.9803 -1184.92782 -1184.296558
HO0-C4-
int4-cat -1182.3441 0.408226  -1181.8935 -1182.0161 -1182.0086 -1184.95506 -1184.323504
Iridium catalysis
0_sm_prd:
1a -515.43269 0.169991 -515.2472 -515.30507 -515.30461 -516.5349727 -516.3674211
BF4_ani
on -423.84049 0.014997  -423.81821 -423.85457 -423.85457 -424.7103018 -424.6649355
OAc_ani
on -228.05929 0.048235  -228.00369 -228.04311 -228.0421 -228.6456961 -228.5822406
HOAc -228.64453 0.062196  -228.57472 -228.6138 -228.61341 -229.1315628 -229.0647707
Ph2I_cat
ion -759.00954 0.181669 -758.8093 -758.88079 -758.87634 -760.8848747 -759.9240493
Phl -528.14518 0.090724  -528.04452 -528.09217 -528.09214 -529.4486981 -528.5710762
C8-prd -745.99909 0.25095 -745.72527 -745.8007 -745.79811 -747.5969839 -747.3503962
1_CMD_OA_RE_Ir_neutral:
Ir-catl -1178.3658 0.390123 -1177.932 -1178.0555 -1178.0486 -1180.85984 -1180.317478
Ir-cat2 -949.69129 0.32639 -949.32884 -949.43583 -949.43036 -951.7115397 -951.2376535
C4-int20 -1465.1418 0.499208  -1464.5911 -1464.7287 -1464.7213 -1468.256118 -1467.609338
C4-ts20b -1465.0992 0.493167  -1464.5546 -1464.6919 -1464.6851 -1468.213429 -1467.568178
C4-ts20 -1465.1257 0.493431  -1464.5808 -1464.7188 -1464.7112 -1468.234006 -1467.587541
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C4-int21 -1465.1488 0.498463  -1464.5984 -1464.7381 -1464.7304 -1468.255995 -1467.609718
€3-ts20 -1465.1199 0.493743 -1464.575 -1464.712 -1464.7047 -1468.22867 -1467.584426
C8-ts20 -1465.1133 0.493352  -1464.5688 -1464.7058 -1464.6987 -1468.221357 -1467.578611
C8-ts20b -1465.0816 0.494096  -1464.5363 -1464.6736 -1464.6664 -1468.205677 -1467.561064
C8-ts20c -1465.0758 0.49307 -1464.5317 -1464.6672 -1464.661 -1468.204818 -1467.559602
2_CMD_OA_RE_Ir_cationic:
Ir-cat+ -950.09595 0339112 -949.72025 -949.83031 -949.82308 -952.1717434 -951.6887173
C3-int10 -1236.8792 0.447335  -1236.3877 -1236.5094 -1236.5035 -1239.572325 -1238.985581
C3-ts10 -1236.8293 0.440593  -1236.3443 -1236.4681 -1236.461 -1239.529694 -1238.938348
C3-int11 -1236.8435 0.445491  -1236.3529 -1236.4791 -1236.4714 -1239.536119 -1238.950257
C3-ts10b -1465.5079 0.505285  -1464.9505 -1465.0918 -1465.0827 -1468.67438 -1468.020532
C4-int10 -1236.8788 0.447346  -1236.3871 -1236.5098 -1236.5031 -1239.571778 -1238.984872
C4-ts10 -1236.8293 0.440962  -1236.3438 -1236.4688 -1236.4611 -1239.53252 -1238.940589
C4-intl1 -1236.8414 0.446039  -1236.3499 -1236.4788 -1236.4699 -1239.543732 -1238.95638
C4-ts10b -1465.5149 0.505362  -1464.9573 -1465.0988 -1465.0899 -1468.680663 -1468.024874
C8-int10 -1236.8956 0.447678  -1236.4037 -1236.5271 -1236.52 -1239.585235 -1239.000129
C8-ts10 -1236.8588 0.442318  -1236.3726 -1236.4943 -1236.4881 -1239.543976 -1238.959
C8-int11 -1236.8955 0.447481  -1236.4035 -1236.5269 -1236.5204 -1239.573874 -1238.991593
C8-ts10b -1465.5203 0.505644 -1464.963 -1465.1013 -1465.0938 -1468.674381 -1468.022267
C8-
int12-g1 -1995.5365 0.618525  -1994.8549 -1995.018 -1995.0075 -2000.017506 -1998.478903
C8-ts12-
gl -1995.4866 0.618051  -1994.8065 -1994.9651 -1994.9566 -1999.965646 -1998.428717
C8-
int13-g1 -1995.5316 0.619746  -1994.8497 -1995.0085 -1994.9996 -2000.013719 -1998.477308
C8-ts12-
gl-c2 -1995.4852 0.617678  -1994.8054 -1994.9647 -1994.9559 -1999.962919 -1998.426473
C8-ts12-
gl-c3 -1995.4808 0.617192  -1994.8011 -1994.9626 -1994.9526 -1999.961179 -1998.424956
C8-ts12-
gl-c4 -1995.4883 0.616517  -1994.8095 -1994.9702 -1994.9605 -1999.95093 -1998.420039
C8-
intl4-g1 -1467.4025 0.527293  -1466.8237 -1466.9592 -1466.9527 -1470.574129 -1469.917784
C8-ts14-
gl -1467.3874 0.526803 -1466.81 -1466.9426 -1466.937 -1470.557736 -1469.900428
C8-ts14-
gl-c2 -1467.3513 0.524863  -1466.7754 -1466.9106 -1466.9037 -1470.521324 -1469.864668
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C8-

int15-g1 -1467.4552 0.528634  -1466.8751 -1467.0111 -1467.0047 -1470.63227 -1469.96893
C8-ts12-
g2 -1995.4921 0.616456 -1994.813 -1994.9765 -1994.9653 -1999.952919 -1998.421624
C8-ts12-
g2-c2 -1995.4817 0.617968  -1994.8019 -1994.96 -1994.9517 -1999.958102 -1998.424468
C8-ts12-
g2-c3 -1995.487 0.617793  -1994.8072 -1994.9658 -1994.9573 -1999.954871 -1998.42402
C8-ts12-
g2-c4 -1995.4464 0.616318  -1994.7676 -1994.9301 -1994.9194 -1999.940933 -1998.401548
C8-
int14-g2 -1467.4001 0.527474  -1466.8212 -1466.9566 -1466.9501 -1470.578931 -1469.917299
C8-ts14-
g2 -1467.3858 0.526307  -1466.8086 -1466.9432 -1466.9365 -1470.563295 -1469.90224
C8-
int15-g2 -1467.4544 0.528714  -1466.8744 -1467.0096 -1467.0032 -1470.638538 -1469.974981
C8-ts12a -1995.436 0.614744  -1994.7591 -1994.9221 -1994.9106 -1999.896018 -1998.36425
C8-ts12b -1995.4333 0.61487 -1994.7562 -1994.9178 -1994.907 -1999.893802 -1998.361617
C8-ts12c -1995.4218 0.616345  -1994.7439 -1994.9028 -1994.8929 -1999.893699 -1998.362093
C8-ts12d -1995.4177 0.616073  -1994.7399 -1994.8989 -1994.8893 -1999.894269 -1998.360784
C8-ts12e -1995.3776 0.614904  -1994.7006 -1994.8613 -1994.8509 -1999.865177 -1998.332744
2_CMD_OA_RE_Ir_cationic:
H-int12 -1708.7607 0.51055 -1708.195 -1708.344 -1708.3339 -1712.625468 -1711.190338
H-ts12 -1708.7024 0.509749  -1708.1386 -1708.2835 -1708.2748 -1712.56349 -1711.132243
H-int13 -1708.7457 0.511711 -1708.18 -1708.3246 -1708.3157 -1712.606369 -1711.176461
H-ts12-
c2 -1708.6954 0.509111  -1708.1318 -1708.279 -1708.2692 -1712.555851 -1711.126587
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