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Advanced computational modelling of structural and
dynamic properties of complex systems.
by

Lorenzo Briccolani Bandini

Abstract

This doctoral dissertation focuses on the theoretical and computational modeling
of the electronic structure of complex systems. The study of chemical systems
with several degrees of freedom requires the proper selection of the contributions
to simplify the system and develop a physical-chemical model. In this context,
the characterization of the electronic structure is fundamental. Depending on the
experimental framework, two approaches were applied: ab wnitio calculations and
simulations of ab initio Molecular Dynamics (AIMD). On the basis of these premises,
a variety of experimental systems have been investigated.

The Brandi-Guarna reaction has been investigated to interpret the lack of re-
gioselectivity in the cycloaddition reaction which takes to the formation of the 5-
isoxazolidine compound and the syntesis of the piridone and enaminone side product
by the thermal rearrangement of the isoxazolidine.

The theoretical investigation of the tautomerization of [2,2’-bipyridyl]-3,3’-diol
allowed us to evaluate the accuracy of the exchange-correlation functional at a cho-
sen level of theory. The tautomerization involves a double proton transfer and is
substantially correlated with both the energy of the first transition state and the
delocalization error of the adopted functional. The computational results show that
the step-by-step mechanism of tautomerism can only be found in xc-functionals with
high levels of either terms.

The computational study on Posner-like clusters has been carried out in collab-
oration with an experimental research group, allowing to obtain a useful method for
the interpretation of the experimental results. The ab initio optimization of Posner-
like clusters show that the addition of Mg?t to Amorphous Calcium Phosphate
(ACP) samples stabilizes the amorphous phase against heating. This simplified
computational model contributed to define a strategy to synthetize ACP nanopar-
ticles with a customized elemental composition.

The ab initio modeling of the adenine adsorption on the (111) gold surface shows
that the two selected tautomeric forms (N9 and N7) have substantially distinct be-
haviors. The steric hindrance given by the different protonated nitrogens is a decisive
factor in the adsorption process. The presence of a tautomerization process between
the two tautomeric forms of adenine would explain the sometimes contradicting con-
clusions found in the scientific literature. These results suggest further investigations
into the mechanism of water-mediated tautomerization of adenine when adsorbed
on the metal surface.
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Chapter 1

Introduction

The purpose of this thesis is to investigate complex systems of chemical interest
through the use of computational methodologies, to clarify the accuracy of the
adopted level of theory and to provide a useful computational protocol for the in-
terpretation of the experimental data.

The main aim of computational chemistry is to understand properties of matter,
to rationalise experimental data and to predict real materials properties and experi-
mental observable and to relate them to a microscopic description. According to the
theory adopted to describe the interaction of particles, the numerical methodologies
can be classified as ab initio and semi-empirical methods. The resulting ab initio
or semi-empirical models can be adopted to characterize a complex system at the
atomic level.

Based on quantum chemistry, the ab initio methods are either wave function or
density based. The semiempirical methods, which are significantly faster than ab
initio, are based on parametrizations derived from ab initio results or experimental
data. Generally, these are less accurate than ab initio methods but they can be ap-
plied to relatively large systems. The choice between these approaches is determined
by the number of degrees of freedom of the system and by the requested accuracy.

In this thesis the electronic structure has been investigated using a combination
of computational methods and theoretical approaches to characterize their accuracy
and to evaluate the most appropriate one to support the experimental research.

Electronic structure and its effects on determining the interactions of matter are a
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Chapter 1. Introduction

huge topics of study. Moreover, all the results here reported refer to the properties

that arise from the electronic ground state.

Most of the calculations were carried out within the Kohn-Sham Density Func-
tional Theory, which is one of the most used tools in theoretical and computational
chemistry and physics. Indeed, DFT is the best method for performing quantum
mechanical calculations on the electronic structure of many electrons and many
atoms systems, as well as performing ab initio molecular dynamics. This is due
to the fact that density functional theory is the most cost-effective way to obtain
reasonably reliable and useful results on such problems. The application of post-
Hartree-Fock methods such as Mgller-Plesset and Coupled Cluster, here, was limited

to a comparison with DFT results.

The characterization of the properties deriving from the electronic ground state
was also carried out by the ab initio Molecular Dynamics (AIMD) method. The
forces are described at the level of the many-body problem of interacting electrons
and nuclei that form atoms and molecules using the framework of quantum mechan-
ics, whereas nuclear dynamics follow classical mechanics. Due to its inherent virtues,
ab initio molecular dynamics is a popular and overly expanding computational tool
employed to study physical, chemical, and biological phenomena in a very broad
sense. In particular, it is the basis of what could be called a "virtual laboratory

approach" used to study complex processes at the atomic level.

The investigation of reaction mechanisms in organic synthesis through the de-
termination of electron structure has been the major topic of this thesis. In the
framework of DFT calculations, we explored processes for which atomistic level char-
acterisation of the reaction mechanism could not be elucidated via organic synthesis.
The computational investigation has been conducted through the characterization
of the geometry of the stationary points, vibrational frequency calculation, the dis-
tribution of electron density, and estimation of the energy differences within the
limits of the experimental accuracy. From the calculation of the electron density
distribution, it was possible to estimate the dipole moment, charge distribution,

bond orders, and various molecular orbital shapes.

The study of electronic structure in the field of solid state physics has led to the



Chapter 1. Introduction

resolution of different challenges; in particular, the study of crystalline and amor-
phous systems has significantly contributed to an experimental research in the fields
of nanoparticle characterization and synthesis. The purpose of this study was to
determine the influence of varying ion ratios relative to total cation concentration
on the characteristics of precipitated amorphous phases. The structure of the amor-
phous was obtained by substitution of the atomic species in the crystal lattice. The
computational and experimental results have provided a simple but effective strat-
egy to tune the composition and thermal stability of nanoparticles for researchers

working on inorganic colloids and in particular on amorphous phosphates.

During my time in Paris, the collaboration with a theoretical research group
made possible to study how the exchange and correlation functionals affect the
characterization of the electronic structure. The KS-DFT implies that the density
of the original interacting system’s ground state is equivalent to that of a set of
non-interacting systems. All of the troublesome many-body variables are incorpo-
rated into an exchange-correlation functional of the density, resulting in independent
particle equations for non-interacting systems that are regarded as exactly solvable.
However, the exchange correlation in terms of density is unknown, so approxima-
tions, such as the use of semi-empirical parameters, are required. The purpose of
this study was to investigate the effect of the parameterization of the exchange and
correlation functional on the determination of the mechanism of a model tautomer-
ization reaction. This reaction has been investigated in the ground state using both
static and dynamic approaches, detailing the reaction process and estimating the
free energy surface to highlight any potential differences between functionals that,
according to the methodology, ought to be equivalent. The computational results
show that the characterization of the reaction mechanism is dependent on the delo-

calization error of the xc-functional adopted.

Analysis of the potential energy surface in the tautomerization reaction has in-
spired a more ambitious research: characterization of the interaction between a
biomolecule and a metal substrate through ab initio molecular dynamic simula-
tions. Our primary focus has been the identification of stationary points, whose

determination necessitates a computationally intensive investigation of the phase
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Chapter 1. Introduction

space. Utilizing accelerated phase space sampling techniques, such as metadynam-
ics, has proven to be advantageous because it has enabled the identification of local
minima given by the various possible orientations and distances of the biomolecules

with respect to the metal surface within reasonable simulation times.

Thesis outline

In this Ph.D. dissertation, the electron structure of complex systems has been ex-
plored using a combination of computational and theoretical methods in order to
characterize the capabilities of the adopted methods and to provide explanations to

challenges in experimental research. The structure of this thesis is as follows:

1. In Chapter 2 definitions and discussions of theoretical methodologies employed

are given;

2. In Chapter 3 a computational investigation of the Brandi-Guarna reaction
and the "cyclopropilidene effect" was carried out in order to gain important
information and provide an accurate interpretation of the apparent remote

influence of the stereochemical environment on favoring the distinct pathways;

3. In Chapter 4 the effect of the parameterization of the exchange and correlation
functional on the determination of the mechanism of tautomerization of [2,2-

bipyridyl]-3,3’-diol have been investigated;

4. In Chapter 5 computational methods were utilized to provide atomic-level in-
sight into the effect of Mg?t concentration on the structure and stability of
Amorphous Calcium Phosphate clusters, revealing new knowledge regarding
the function of Mg?™ substitution in ACP. A comprehensive analysis was un-
dertaken by optimizing a series of model clusters with varying Mg?™/Ca?" ra-
tios, beginning with Posner’s cluster and ending with the fully Mg-substituted

cluster;

5. In Chapter 6 The adsorption of tutomeric forms of adenine molecule on (111)

gold surfaces is investigated by means of DF'T approach. The complexity of

x1i



Chapter 1. Introduction

the potential energy surface, given by the several possible orientations and
distances of the adenine with respect to the surface, has required accelerated
sampling techniques to recognize the different relative minima with affordable

computational cost.

6. In Chapter 7 a brief conclusion regarding these three years of Ph.D. research

is provided.

All the explicit calculations have been done by the present author.

xiil



Chapter 2

Theoretical background

This chapter presents the theoretical foundations of electronic structure theory and
an overview of solving the equations of motion for classical and ab-initio for molec-
ular dynamic simulations. While many of the methodologies discussed may well be
found in traditional quantum chemistry'® and MD simulation!®® textbooks, this
is an occasion to provide a concise and cohesive framework that contextualizes the
computational approaches employed in this dissertation.

The next sections describe the fundamentals of wavefunction theory and density
functional theory. After introducing the potential energy surface, certain funda-
mental concepts regarding the resolution of the equations of motion and accelerated

sampling techniques, such as metadynamics and umbrella sampling, are presented.

The molecular Hamiltonian To understand the fundamental notions of chem-
ical bond theory, it is required to examine the motion and energy of the molecule’s
constituent particles. If the total energy of the nuclei and electrons in the molecule
is less than the sum of the energies of the individual atoms, then the molecule is
stable. The spatial arrangement (bond lengths and bond angles) with the lowest
energy will determine the molecule’s structure. Quantum mechanics is the funda-
mental theory of physics that can explain the system’s energy, and thus the motion
of nuclei and electrons The starting point is the Schrodinger equation in the position

rapprentation is

H|W(r,t)) = m% 1 (r, 1)), (2.1)

1



Chapter 2. Theoretical background

where i = 3=, with h Planck’s constant, H the Hamiltonian operator and |¥) the
wavefunction which fully describes a state of the system. This linear partial differ-
ential equation describes the time evolution of a N particle system, with coordinates
r={r;},i=1,...,N.

The wavefunction itself has no physical meaning, but |¥(r,¢)|? is the probability
density of finding each particle at a given point and at a given time. Other physical
properties can also be obtained from the wavefunction by applying operators, since
|W) contains all the information of the system. In the framework of quantum me-
chanics, any measurable property has an associated linear operator Aie At = A.

For example, in the case of N charged particles, H becomes

) N g2 N-1
__22_77%

i=1 =1

N
= 7r€0]r2 —rj|’

where the first term is the kinetic energy T, with m; being the mass of the i-th
particle and V? being the Laplacian operator acting on the coordinates of the i-
th particle, and the second one is the potential energy v, including the sum of
two-particle Coulomb’s interactions.

Since Eq.2.2 has no explicit dependence on time, the wavefunction can be fac-

torized as a product of spatial and temporal terms

W (i, 1)) = [V (@) [P ({x:})) (2.3)

where |U,(t)) = Aexp(—iEt), i.e. it is a phase and therefore it carries no information
on the physics of the system. Therefore, one can keep only the space-dependent part,

reaching the time-independent (non-relativistic) Schrodinger equation:

HIU({x})) = E[¥({x:})) (2.4)

from which, being the Hamiltonian operator hermitian, the energy can be calcu-
lated as E = (¥|H|¥). Electrons and nuclei are the two types of particles found in
chemical systems. The kinetic energy contributions of a system containing n elec-

~ ~

trons and N nuclei can be split into the electronic and nuclear parts, T, and T,,.
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There are three terms in the potential energy: electron-electron, nucleus-nucleus,
and electron-nucleus (Vee, Vnn, Ven, respectively). The last term couples electrons
and nuclei, making it impossible to separate the system into wavefunctions that
depend on electrons and nuclear coordinates. Therefore, the molecular Hamiltonian

(in atomic units) is as follows

. ", Y 4z
%__;Evi_zwk sz Ry Z|r—rj| Z|Rk—Rl|
(2.5)
where Z; are the atomic numbers and r and R are the electronic and nuclear coordi-
nates, respectively. The non-separability of the wavefunction into an electronic and
a nuclear part limits the analythycal solution of Eq. 2.5, to only biatomic molecules
with only one electron assuming nuclear position fixed. However, molecules are

multielectronic systems and some additional approximations have to be introduced.

The Born-Oppenheimer approximation The Born-Oppenheimer approxima-
tion, also known as the adiabatic approximation, consists of treating the motion of
electrons to be independent from that of nuclei due to the mass difference between
the particles (about 1800 times more). The Schrodinger equation for a molecule

made by N atoms and n electrons is:
Hu(r;R)) = E[Y(r;R)). (2.6)

with the form of the Hamiltonian operation described in Eq. 2.5. The wavefunction

is therefore rewritten as:

U(r;R) = ¢e(r; R)Yn(R) (2.7)

where R is a fixed nuclei configuration.

The kinetic energy of the nuclei can be neglected, and the nuclei-nuclei repulsion
term is considered to be a constant. The remaining terms form the so-called elec-

tronic Hamiltonian, which describes the motion of n electron for a fixed configuration
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of N nuclei

He [e(r; R)) = Ee [e(r;R)) (2.8)

n

Zy

Z ey Z DI (2:9)
=1 k=1 Tk 1<j v

where 7, = |r; — Ry| and r;; = |r; — r;|. Within this approximation, the electronic

dynamics can be considered separated from the nuclear one. The [¢(r;R)) are

eigenfunctions of #, and therefore they form an orthonormal basis set in the Hilbert

space

<wQ(r; R)‘ws(r; R)> = 6qs-

Assuming to be able to solve Eq. 2.8 for each nuclear configuration {R}, the

total molecular wavefunction |¥(r; R)) can be expanded on the basis of |1),(r; R))

ZX(] ) [Yq(r; R)) . (2.10)

Inserting Eq. 2.10 into Eq. 2.8 and projecting onto the 1), basis set (integrating
only on electronic coordinates), we can evaluate how the different terms of # act on
Xq(R) and ¢, (r; R). In particular the kinetic energy operator of nuclei — ", 2;; %
is not diagonal on the |¢,(r; R)) basis. The Born-Oppenheimer approximation de-
couples the electronic dynamics from the nuclear dynamics by neglecting the off-
diagonal components of this operator. This presumption is extremely mild and

totally justifiable in the great majority of situations.

Pauli exclusion principle In Newtonian physics, two particles can be identified
based on their trajectories, but this is not possible in quantum mechanics due to
the Uncertainty Principle. Electrons are non-distinguishable particles. That is, any
observable derived from the wavefunction, like their probability density, must be

invariant given any permutation of the electronic coordinates

(W(ry, ..., 1) = |U(ry, .. Ty, Ty, 1) P
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Introducing the permutation operator P of parity p, which permutes two electrons
in the wavefunction, we can formalize the following: P |¥) = (—1)? |¥). This is the
Pauli exclusion principle, which states that the wavefunction of n electrons must be
antisymmetric relative to the exchange of any two electrons. Consequently, if two

electrons had identical spatial and spin coordinates, we would obtain

P|U(ry,...,r;,r5,...,1,)) = (=1) |¥(ry,... 151, ...,T))

2U(r) =0— ¥Y(r)=0

Therefore, two electrons cannot be found with the same spatial and spin coor-
dinates. This concept must be observed for every electronic (and, more generally,

fermionic) wavefunction.

Approximate methods There are few quantum mechanical systems with the ex-
act resolution characterized to be single particle systems or that can be transformed
in single particle problems between these systems are not, therefore, included sys-
tems of chemical interest like multi electron molecules. The reason for this is the
electron-electron interaction term. If electrons did not interact, a polyelectron sys-
tem’s Hamiltonian could be expressed as a sum of monoelecttronic Hamiltonians,
each of which could be solved independently. Due to the electrostatic interaction
between electrons, the Hamiltonians cannot be separated, and the Scroedinger equa-
tion cannot be resolved exactly. Consequently, for a polyelectronic system, approx-

imation methods are required.

Variational theorem and Hartree-Fock method

Theorem. given a generic test function ® and the ground state energy Ey of a
Hamiltonian system H, the hypothesis that the test function is normalized yields the
following

(D|H|®) > Ey (2.11)

In quantum chemistry, the variational principle (Eq. 2.11) is a fundamental

theorem on which many computational approaches are based. Given a normalized
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trial wavefunction |®) that satisfies the proper boundary conditions (often that the
wavefunction goes to zero at infinity), the expectation value of the Hamiltonian is

an upper bound on the exact ground state energy.

The polyelectronic wave function must satisfy two conditions: the electrons’
indistinguishability and the Pauli exclusion principle. Consequently, it is insufficient
to construct the wavefunction as product of non-interacting single electron spin-
orbitals |x(x)) = |¥(r))|w(c)) (where the spin function |w(c)) can assume two
values, |a) or |3)). A better choice is provided by the so-called Slater determinant,

which for a system of N electrons results

xi(x1)  xa(x1) -0 xw(x1)
Wop(xX1, %0, . Xy) = \/% X1(:X2) X?(:XQ) e XNSXQ) — Xl
xi(xn) xe(xn) -0 xv(xn)

(2.12)
This is the starting point of the Hartree-Fock method (HF). Therefore if we consider
the one-electron term (h;) referred to the electron 1, the two-electrons terms (K,
and J;;) referred to electrons 1 and 2 and the index ¢ and j to the spin-orbits, the
energy results E = (Ugp|H|Wgp), that is for a constant nuclear potential Vi y:
N
E=> hi+> Y (J;— Kj), (2.13)

=1 =1 ]:1

These terms are the one-electron energy, the Coulomb and the Exchange integral

respectively and they are defined as

hi = (Xl T + Venlxa) (2.14)
62

Jij = <Xin|_|Xin>a (2-15)
12
02

K = <Xin\r—|Xin>- (2.16)
12

The Hartree-Fock theory is a mean-field theory, i.e. each electron feels the averaged

effect of the rest by means of Fock operators. The two latter terms come from



Chapter 2. Theoretical background

~

Vee acting on the wavefunction, where r;; is the distance between the i-th and j-
th electrons. The Coulomb integral (J;;) represents the electrostatic interaction
between two charge densities |y;|* and |x;|* while the exchange integral (K;;) arises
from the antisymmetric nature of the Slater determinant. Both J;; and K;; are
positive, and therefore, if i = j they vanish, preventing any self-interaction spurious
effect which would come from J;;. The core of the Hartree-Fock theory is to apply
the variational method to this independent particle model. By proceeding this way,
Jij and Kj;; integrals can be expressed as single-electron operators, defined by the

spin-orbitals themselves

Jixi(x) = xi(x) %dxﬁ (2.17)
Kol = () [ e (2.18)

Collecting these two terms plus h;, one obtains the Fock operator, which may be

defined for a given spin direction o, either up or down (a, ), as:

Fox7) =

h+ ) (7 —600-/K;7)] X7) =<7 IX7) (2.19)
Jso’

where €7 are the energies associated with the i-th spin-orbtial with spin . These
are the unrestricted HF (UHF) equations, in which each electron is allowed to occupy
a distinct spatial orbital due to the spin’s separation. Despite this, the two sets of
orbitals continue to be connected by Coulomb’s term. For a molecule with a closed

shell, the previous equation becomes

F’@) -

bt (25— fe)] i) = €3 i) (2.20)

in which each spin-orbital is filled by two electrons («, ). This gives rise to the
restricted HF (RHF) theory. One could also take a midway by forcing orbitals
to behave as RHF as far as possible and the remaining ones as UHF, which is

the restricted open-shell HF (ROHF) method. The total RHF and ROFH wave

7



Chapter 2. Theoretical background

functions are also eigen functions of the total squared spin operator 5’2, while the

UHF ones are not.

Electron correlation In the Hartree-Fock method, each electron feels the
averaged effect of the n — 1 electrons. This implies that it is far from giving the
exact values of energy because the electronic correlation energy is completely missed.

The electronic correlation energy is the energy required to reach the exact value

Ecorr = Eemact - EHF- (221>

Electron correlation can be categorized as either Coulomb’s and Fermi’s correla-
tion or static and dynamic correlation. The first classification describes the interac-
tion between electrons with parallel (Fermi correlation) and anti-parallel (Coulomb
correlation) spins. Due to the Pauli principle, a given spin-orbital in RHF theory
can only contain two electrons with anti-parallel spins. Therefore, Coulomb corre-
lation can occur between electrons in both the same and different spatial orbitals.
Fermi correlation, on the other hand, may only occur between electrons in distinct
orbitals; consequently, it is weaker. The second classification (into dynamic and
static correlation) is similar to the first but conceptually distinct. Static corre-
lation is connected with near-degenerate states, whereas dynamic correlation takes
instantaneous electron correlation into account (spin-orbitals of similar energy). The
dynamic correlation between electrons in the same orbital is more significant than
the static correlation between electrons in different orbitals. UHF can extract more

static correlation than RHF in this regard.

Post Hartree-Fock methods Post-Hartree-Fock methods are a collection of
methodologies designed to enhance the Hartree-Fock (HF) or self-consistent field
(SCF) method. These methods have been developed to evaluate the electronic
correlation, giving a more accurate evaluation of the electron repulsions than in

the Hartree-Fock method, where electron repulsions are just averaged.
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Mgller-Plesset perturbation theory The Mgller-Plesset theory describes a
ground state consisting of doubly occupied spin-orbitals (RHF') through orthonormal

spin-orbitals u;. The Fock operator results for the electron n

fn) = —%vi > i—z 2 [ Ji(n) — &-(n)] (2.22)
Ji(n) = / dXQ\If;(Q)%\Ifj(Q) (2.23)

Ri(n)us(n) = [ / dXQ\IJ;(2)Lui(2)\D;(2)] . (n) (2.24)

rnj

The spin-orbits u; are eigen functions of the Fock operator

f(n)u;(n) = e;(n)u;(n) (2.25)

The unperturbed Hamiltonian in the MP method is defined as the sum of the Fock

operators
N
H =" filn) (2.26)

and the wave function of the ground state W, is the Slater determinant of the spin-

orbitals

HOW, = (ZN: en> U (2.27)

n=1
The Hamiltonian H describes the perturbed system, the difference between the two

Hamiltonians is the perturbation H
H =H —H° (2.28)

For a poly electronic system HO = > fz and the perturbed Schrédinger equation to

solve is then

(H° +H') | W) = E |y . (2.29)

The energy at zero order Eéo) and first order E(()l) of perturbation are respectively
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UIH [Ty)

E
E§Y = (W H W)

EY + B

| H + H W)

= (U] H +H — HO| W)

=
{

= (W[ H o) + (V[ H' Vo)
{

= {

= {

U|H Vo) = Egp

and their sum gives the variational Hartree-Fock integral. The energy in the second

order is . .
BP =% (Wo| H |<I(>)2> (P2 H W)
EY + EY

(2.36)
s#0

where ®? represents each possible Slater determinant generated by N distinct spin
orbitals. To calculate the second order correction, integrals of type (Uo| H’ @) must
be calculated, in which the function ®° must diverge from the Slater determinant
of the ground state W, for one or more spin orbitals. The indices i,j,k,k describe
the occupied orbitals of the eigenfunction ¥, and a,b,c,d denote the unoccupied

spin-obritals. The possible combination is

o P differs from ¥, by only one orbital spin ®¢

(o H'|F) = (0| H — H° |&f) (2.37)
= (Wo| H|®) — (Wo| H[@f) =0 (2.38)

the first integral is zero for the Brullion theorem, the second integral is zero

because the unperturbed Hamiltonian is H = don f

e ®Y is distinct from W, by at least three spin orbitals. Since the perturbation
term is bi-electronic, the integrals of type (o H' |¢0c) are zero according to

the Slater-Condon criteria.

e the only admissible determinants are those of double excitation@%’, which

10
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results in a second-order correction

| (Do 7' |22) |2

Z;@)::
0 (Gi + Gj — €q — Eb)

1<j,a<b

(2.39)

The first corrective term in MP perturbation theory is the second order, which only

comprises double excitation determinants.
Eups = Eyp + E\2, (2.40)

In order to compute the successive corrections one may use the knowledge of the
previous ones by using the energy of the unperturbed (zeroth order) equation. In the
MP formalism, it is just the sum of the energies of the occupied spin-orbitals (which
counts the electron-electron twice). It can be shown that the n-th correction to the
energy is E™ = (Wo|#'|W~1). The first-order correction removes the electron-
electron interaction once, and therefore the sum of zeroth and first order is just the
HF energy. Hence, MP does not recover any electron correlation until second-order.
Mgller-Plesset methods are labeled as MPn where n is the order of the correction
where the expansion is truncated. The usual ones are MP2, MP3, and MP4. Since
this family of methods is not variational, energy is not an upper bound to the real

one, and therefore, it may actually be lower than the true one.

Coupled cluster theory Coupled cluster (CC) theory was initially developed
for the quantum-chemical study of nuclear matter. After its inclusion into electronic
structure theory, it became one of the most efficient schemes in quantum chemistry

for high-precision calculations of electron correlations.

The fundamental equation in CC theory is
) = exp(T) |®rr) (2.41)

where Voo is the exact non-relativistic ground-state molecular wavefunction, ® g p

~

the normalized ground-state Hartree-Fock function and exp(7’) is defined by Taylor-
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series expansion

X LT T3 =T
exp(l)=1+T+ —+ 5+ = — (2.42)
2! 3! k!
k=0
and the cluster operator T is

the one-particle (T}) and two-particles (T3) operators are defined

T\ O = i ant:@g (2.44)

a=n+1 i=1
oo oo n n
1Pur = Z Z Z Zt%bq)%b (2.45)
b=a-+1 a=n+1j=i+1 i=1

(2.46)

where @ is a singly excited Slater determinant with the occupied spin-orbital u; re-
placed by the virtual spin-orbit u, and ¢, called amplitude, is a numerical coefficient

whose value is determined by requiring that Eq. 2.41 be satisfied.

The operator Tl converts the Slater determinant ® g into a linear combination
of all possible singly excited Slater determinants. Similarly <I>§’;’ is the Slater deter-
minant with the occupied spin-orbitals u;, u; replaced with the virtual spin-orbitals
Uq, Up. No operators of a higher order than T, are examined, as only n electrons
may be excited by the n-electron wavefunction ® . By definition, when T operates
on a determinant containing both occupied and virtual spin-orbitals, the resulting
excitation contains only determinants from the occupied orbitals (72 = T1(T1 Py r),
whereas T} returns zero when operating on a determinant containing only virtual
spin orbitals. The mixing into the wavefunctions of Slater determinants with elec-

trons excited from occupied to virtual spin-orbitals allows electrons to keep away

from one another and thereby provides for electron correlation.

~

The effect of the exp(7') operator is to express ¥ as a linear combination of

Slater determinants that include ® 5 and all possible excitations of electrons from

12
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occupied to virtual spin-orbitals. This functional form (Eq. 2.41) ensures size-
consistency and size-extensivity of the electron-correlation treatment even within
a truncated scheme that omits a full CI calculation and expresses ¥ as a linear
combination including all possible excitations. Coupled Cluster theory, therefore,

is, by construction, a size-extensive approach.

Definition. The size consistency of a method indicates that the energy of two
molecules separated by an infinite distance is equal to the sum of the energies calcu-
lated separately for each molecule, in formula Exap = Eo + Ep for r — co. Size
extensivity means that correlation energy scales correctly (linearly) with the size of

the system.

The CC wave function is often not determined by the variational principle due to
the exponential ansatz. The CC wave function is instead placed into the Schrodinger
equation, which is then multiplied from the left with exp(—T), and a formula for

the energy is derived by projecting onto the reference determinant
E = (Ugp|exp(—T)H exp(T)| ¥ g r) (2.47)

and nonlinear equations for the amplitudes are obtained by projection onto the

excited determinants |Ug)
0= (| exp(=T)H exp(T)| ¥y p) (2.48)

which has to be solved for every possible [Uq). CC theory shows its advantages only
when used with a truncated cluster operator. The usual choices are T = Tl + TQ
(CC singles and doubles (CCSD)), T = Ty + Ty + T3 (CC singles, doubles, triples
(CCSDT)), and T =T +Ty+ 15+ Ty (CC singles, doubles, triples, quadruples
(CCSDTQ)), etc.

However, third-order excitations is usually implemented perturbationally, re-
sulting in the CCSD(T) approach, commonly referred to as the "gold standard" in
quantum chemistry. In fact, the triple contribution is computed separately using

perturbation theory of the fourth order and added to the CCSD results. In addition,
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a term originating from a perturbation of the fifth order that describes the coupling

between singles and triples is also provided.

Explicitly correlated methods In general, electron correlation methods suf-
fer from the issue of slow convergence of the basis set, and very large basis sets are
frequently required to produce converged results. The basis set problem results from
the fact that the expansion in products of limited 1-electron functions (orbitals) does
not adequately describe the shape of the wave function at small to intermediate val-
ues of electron distance 715, which must satisfy the electronic wave function cusp

condition

o %\1/(7»12 ~0). (2.49)

07"12 r19=0

This problem can be avoided by incorporating terms into the wave function that
depend directly on 715 and so accurately characterize the cusp. Early implemen-
tations employed a linear Ri5 correlation factor, and several so-called Ri>-methods
were created. Later, it was observed that a Slater-type function Fip ~ exp(—yris)
produces significantly superior convergence of the basis set and numerical stabil-
ity. This group of procedures is referred to as the F12 methods. The v exponent
is often specified in the input files as a parameter. Numerous investigations have
demonstrated that the best value for ~ is highly dependent on the size of the basis
set and typically ranges from 0.80 to 1.40. In the majority of instances, the value 1
has been proven to be an appropriate choice. In general, larger v values are more
advantageous for larger basis sets.!”) The general expression of the wavefunctions,

that holds both for standard CCSD, is
Voosp(-rF12) = TPy (2.50)

For explicitly correlated methods the double excitation operator Ty is extended by an
additional term with the explicitly correlated amplitudes ’7;% The single excitations,

only present in Eq. 2.50, are not expanded because the explicit correlation acts on
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electron pairs:

TI = Z tZEZa
e (Smee S

ijab ijas
where the explicitly correlated amplitudes are build by the projector ng and the

correlation factor Fis as
7:% = ZTTZr{n <m”‘F12Q12\045> .
mn

The indexes i, j, k, [, . .. identify occupied orbitals, a and b the virtual orbitals, while
« and [ the complete virtual orbital basis. The ng operator ensures orthogonality
between the explicitly correlated part and the reference one. In order not to over-
burden the mathematical notation, we refer readers to an elegant and clear review
by Liguo and coworkers for the derivation of the F12 equations. **!

To calculate some blocks of the Fock matrix and exchange operators it is usual
practice to rely on density fitting (DF'), which reduces the associated computing cost.
The DF method requires the use of a complementary auxiliary basis set (CABS),
which is designed to span the orthogonal complement of the space occupied by
the orbital basis. As a result, the CABS is created by combining the orbital and
auxiliary bases. Auxiliary basis sets for DF and RI have the same functional form
as orbital basis sets, but different exponents, and are often uncontracted. Similarly
to the orbital basis sets, they are derived from basis set libraries.

The CCSD(T)-F12 methods contain many ansatz and approximations. The error
generated by these approximations is dependent on the system and the estimated
property but is typically quite minor. There are two primary estimates for CCSD-
F12, namely F12a and F12b. Practically speaking, CCSD-F12a tends to overstate
the correlation energy, but CCSD-F12b always falls within the base set limit.

Density functional theory All the previous methods are wave function-based
methods, which rely on a very complex entity (V) that depends (N electron system)
on 4N variables (3N coordinates and N spins). Density functional theory (DFT), on
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the other hand, relies on a much simpler quantity: the electron density, which just

depends on three spatial variables and it can be obtained from the wave function:

:N/.../dxz...xN\I/*(xl,...,XN)\IJ(xl,...,xN). (2.51)

The electron density p(r) contains the same information as the N-electron wave
function W, but it is independent of the phase. DF'T formalizes the electronic energy

of a molecular system as a functional of the density

Elp] = Vun + Ee[p] = Vv + Venlp] + Jelp] + Tlp] + Eaclp], (2.52)

Z Zk/ ~ldr, (2.53)

// r1)p(re)r, dridr,. (2.54)

where V,y[p] is the functional that describes the electron-nucleus interaction
and J.[p] the functional related to the Coulomb’s terms. It may seem somewhat
unnatural that the molecular Hamiltonian can be fully specified from a quantity
that does not describe two-particle distributions but only one-particle ones. How-
ever, it can be intuitively shown that the system can be completely defined by the
electron density in its ground state. The Hamiltonian is completely determined
by the number of electrons and the potential Vy., usually called “external” poten-
tial. Both quantities can be derived from the electron density: its integral over the
whole volume is the number of electrons, the cusps of the density are the positions
of nuclei, and their heights define the nuclear charges, these two, in turn, define
Vne. Finally, the Hamiltonian determines the energy, the wave function, and the
associated properties. Therefore, there must be a one-to-one correspondence be-
tween the electron density and the energy of the system. This was mathematically
proved by the first Hohenberg and Kohn theorem, which ensures the existence of a
universal energy functional of the electronic density. Additionally, they showed in
their second theorem that the ground state energy can be obtained by means of the

variational principle, starting with a trial density, p, so that E[p] > FElp|, where p
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is the exact dendity.['" Furthermore, the unrestricted scheme can be introduced in
DFT by simply splitting the total electron density into the electron density for o
and [ electrons (p = po + ps). The only problem is that, although E[p] is proved to
exist and to be universal, it is unknown. The reason lies in the T'[p] and J.[p] func-
tionals that cannot be directly written in terms of p(r). If they were known, DFT
would return the exact ground-state energy. To overcome this, Kohn and Sham in-
geniously considered a fictitious system, of non-interacting electrons moving within
an “external” potential (V.y). (12 Such a system can be exactly described by a Slater
determinant made up by auxiliary Kohn-Sham (KS) spin-orbitals. As a constraint,
it is then required that the electron density derived from these auxiliary functions is
the same as the one of DFT i.e., prs(r) =Y., [ |xi(x)|*do = p(r). The (small) dif-
ference in kinetic energy between the real and the fictitious (7s[p]) system is added
to the exchange-correlation term, which becomes E,.[p] = E._.[p]+T[p] —Ts[p]. This
E..[p] is now the only unknown term. However, it is possible to deduce some exact

xc-functional’s properties:
e absence of self-interaction;

e linear scale property , given py[Az, Ay, Az] and p[z,y, 2] the the exchange term
results:

while for the correlation term the scale property has been demonstrated only

for low densities (A > 1)

—Ec[pA] = AEc[p]

for A — oo the correlation energy for a finite system is constant and has a

negative value;

e the Lieb-Oxford condition that sets a maximum on the exchange and correla-

tion energies

e the exchange potential should have an asymptotic trend (—r~!) for r — oo

instead it is exponential; while the correlation potential should have an asymp-
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totic trend (—3ar~*) where « is the polarizability of the system with minus

an electron;

e the xc-potential as a function of the number of electrons is discontinuous, the
value of the discontinuity should be the difference between the electron affinity

and the ionization energy.

The formulation of different E,.[p| functionals has resulted in the emergence
of several hundreds of approximated xc-functionals that make DFT realizable; and
this is the reason why DFT frequently contains semi-empirical parameters. Simple
approximations work exceptionally well for a wide variety of chemistry and physics
problems, especially when predicting the structure and thermodynamic properties
of molecules and solids. This is the secret to density functional theory’s success.

According to the fundamental ingredients in each method, Perdew and Schmidt
proposed a classification into five families. '3l The resulting Jacob’s ladder of DFT is
a classification that connects the “hell” of non-interacting electrons to the “heaven”
of chemical accuracy. The farther up the ladder one goes, the more accurate the
results are, but at the cost of additional computational effort. The ladder’s steps are
as follows, in order of increasing difficulty: (i) the local spin density approximation
(LSDA) assumes that the electronic density is a slowly changing function of r, so that
the uniform electron gas model is able to describe the non-uniform density system
locally, (ii) the generalized gradient approximation (GGA), in which corrections
accounting for the non uniformity of p through the gradient of the electron density
are introduced, (iii) the meta-GGA family, which adds higher order corrections based
on higher order derivatives of the electronic density (and in some cases the kinetic
energy from the auxiliary orbitals), (iv) the hybrid DFT methods, which improve the
highly local nature of the previous families (they care about the electronic density
at specific points and their close vicinity) by mixing some “exact” exchange energy
(computed following the HF method with the KS auxiliary spin-orbitals), which is
non local, to the GGA and meta-GGA rungs, and finally (v) one can also include
some (dynamical) correlation estimated by perturbative methods like MP2, with

this leading to double-hybrid methods, at the expenses of a higher computational
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cost.

A final remark is deserved regarding dispersion corrections. It is well known that
LDA and GGA approximations predict exponential falloffs of the interatomic inter-
actions instead of the expected asymptotic 7% behavior. Hybrids do not improve
this picture, as the inclusion of HF-like exact exchange may end up in repulsive
forces. Double-hybrids instead do improve the picture by the addition of correlation
from the perturbative correction. However, usually, DF'T functionals are corrected
in order to properly describe London dispersion forces. The most popular strategy is
due to Grimme, and relies on its simplicity and negligible additional computational
cost. Indeed, the so-called D311 and D3(BJ)!% corrections, improve the descrip-
tions of medium-range interactions with respect to previous generation corrections,
are less empirical and incorporate dependence on the chemical environment of each
atom by accounting for the number of directly bonded atoms. The D3(BJ) version
includes the Becke-Johnson damping function, which controls the overlap between
short and long-range interactions, as the former is described by DFT. The equation

for D3 correction is given by

by _ 1 cP
AEﬂdisp = _5 Z Z SnRdeamp(RAB)y

n=6,8 A£B AB

where s, is a scaling factor which depends on the chosen functional, C/'Z are the nth
order dispersion parameters for each AB atom pair, Rap are the AB inter-nuclear

distances and
1

1+ exp (—( 48w — 1))

sr,nRé“B

fdamp (RAB) =

are damping functions where R4p are cut-off radii, s, are DFT functional depen-
dent scaling factors, s, g is set to 1 for all functionals and +,, are constants, set to 14

for n = 6 and 16 for n = 8. Regarding D3(BJ) correction, the equation becomes

AEDP3(BY) 1 Z Z CAB
i =75 Sn .
e 2 n=6,8 A#%B RZB + f:ilamp(R%B)

Here, f(RY%g) = a1RY%y + as where q; are fit parameters (the BJ parameters)
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and RY 5 = gz% For either D3 and D3(BJ), the fit parameters (s, ¢ and sg for

the former, a; , sg and ay for the latter) are determined by a least-squares fit on a

set of 130 dispersion interaction energies.

Delocalization Error Despite the general adoption and performance of DF'T,
its application can still be afflicted by widespread inaccuracies that lead to quali-
tative failures in the characterization of physical properties.['”l These failures are
not attributable to weaknesses in the theory itself, but rather to deficiencies in the
approximate adopeted exchange-correlation functionals. A systematic method for
developing universally applicable functionals is a problem that has remained un-
solved till now. The principal defects in DFT calculations are the underestimating
of the barriers of chemical reactions, the band gaps of materials, the energy of dis-
sociating molecular ions, and the excitation energies in charge transfer. In addition,
they overestimate the binding energies of charge transfer complexes and the response
of molecules and materials to an electric field. Surprisingly, all of these distinct issues
are related to the same source: the delocalization error of approximate functionals,
which is generated by the dominant Coulomb factor that pushes electrons away.
This inaccuracy is explicable from the perspective of fractional charges.['” These
violations appear in incredibly simple model molecules, such as Hj. Functionals
accurately describe the chemical bond but fail significantly when the molecule is
stretched. At the dissociation limit, two H atoms with half an electron each are pro-
duced, and the energy is underestimated. Due to the discrete nature of electrons,
the energy of an atom as a function of its charge is a straight-line of interpolation
between the integers. However, approximate functionals are erroneously convex be-
tween integers and predict energy that is too low for fractional charges. The energy
is too low for the stretched Hj if the electron is delocalized over the two centers.
This is a result of the delocalization error, which relates to the propensity of approx-
imated functionals to artificially spread the electron density. This phenomenon is
related to the self-interaction error!'®19 well defined only for one electron systems,
with analogy made for many electron systems[?*2!l. However, the erroneous convex

behavior of the energy as a function of the fractional charge is better described as
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the delocalization error, as it encapsulates the physical basis of the issue!??.

Transition state theory For a single-step reaction A + B —— P, the rate of
change of the abundances of either reactants and products is called the reaction rate

law, and it’s given by

d|P
rate = dlP] = k[A][B], (2.55)
dt
where [. . .] are the abundances of species involved in the reaction and k is the reaction

rate constant. The experimental relation for k is given by the Arrhenius equation:

k= Aexp (— Ee ) (2.56)

kT

where FE, is the activation energy and A is the pre-exponential or frequency com-
ponent (which may have a small temperature dependence). If a reaction obeys the

Arrhenius equation, then the Arrhenius plot (Ink vs %) should be a straight line

with —% and In A as the slope and intercept, respectively. The activation energy
is the least energy that reactants must possess in order to produce products, while
the pre-exponential factor is a measure of the collision rate. Tolman 2324 offered a
more accurate interpretation of E, proving that the Arrhenius energy of activation
is the average total energy (relative translation + internal) of all reacting pairs of
reactants minus the average total energy of all reacting pairs, including non-reactive
pairs.

TST provides an expression of k in terms of statistical mechanics quantities

that can be calculated for every molecular species. The main result of TST is the

following expression for the thermal rate coefficient:

kpT 7 E,
M= eXp( kBT) (257)

where Z* and Zp are the partition functions of the transition state and reactants,

respectively. TST is based on some key assumptions:

1. there is chemical equilibrium between reactants and the “activated complex”

(the high energy species formed corresponding to the saddle point, the TS)
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2. once a molecule has reached the TS it may either come back to reactants or

evolve into products
3. if it crosses the TS, the system can only evolve into products.

The canonical transition state theory can be applied also to reactions that present
a loose transition state. In this case, as the molecular configuration of the transi-
tion state cannot be univocally identified, it is necessary to apply the variational
principle to the computation of the rate coefficient. Indeed, the transition state
corresponds in terms of reactive flux to the minimum flux of reactive molecules that
pass from reactants to products per unit of time. This principle allows us to locate
the transition state, choosing the position along the reaction coordinate that mini-
mizes the canonical rate coefficient. This procedure requires only a little more effort
than the standard TST, as one repeats the calculation of k for a number of different

transition states until the position giving the minimum value for k is determined.

Molecular Dynamics In the classical limit, molecular dynamics is a substantially
an exact technique. The correctness of the interaction model used to represent the
system has a big impact on how well its conclusions match the results of experiments:
the more realistic is the model, the more accurate are the results. The most common

simulated statistical sets in MD consist of:

e NVE, a statistical ensemble in which the total energy (E) of the system , the
volume (V) and the number of particles (N) in the system are fixed. In order
for the system to maintain statistical equilibrium, the microcanonical ensemble
must be completely isolated (unable to exchange energy or particles with its

surroundings);

e NVT, is a statistical ensemble in which the energy is not conserved, but the
number of particles (N), the volume (V) and the temperature (T) are constant.
The canonical ensemble can be used to describe a closed system that was in
weak thermal contact with a heat bath. To be in statistical equilibrium, a
system must be completely closed and may come into weak thermal contact

with other systems characterized by ensembles at the same temperature;
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e NPT is a statistical ensemble in which the energy is not conserved, but the
number of particles (N), the pressure (P) and the temperature (T) are con-
stant. This ensemble is utilized extensively in chemistry, as chemical reactions
are often done at constant pressure settings. The NPT ensemble is also useful
for calculating the equation of state for model systems whose virial expansion

for pressure cannot be approximated. [®!

Equation of motion for atomic systems The classical equation of motion
for a system of N molecules interacting via a potential V' is defined by the Lagrangian

equation of motion as a function of the generalized coordinates ¢, and velocities ¢y:

<§C§c> - (%) =0 (2.58a)

L=K-V (2.58b)
Zmzq, (2.58¢)
Vig) = Zvl ai) +ZZU2 (g, ;) +ZZZU3 QG Q5 Q) + - - (2.58d)

i J>0 i >0 k>j

where K represents the kinetic term (2.58¢) and V' potential (2.58d), divided into

terms depending on the coordinates of individual atoms, pairs, triplets, and so on.

The equation of motion for a system of atoms of mass m; with Cartesian coor-

dinates r; becomes:

fi=VyL=-V,V (2.60)

where f; is the force applied on the ith atom, or in the case of the center of mass, rep-
resents the total force on molecule i. This system of differential equations (Eq.2.60)
can be numerically solved at time intervals At small enough to conserve the thermo-
dynamic quantity in the selected simulation ensemble when the interaction potentials

are continuous with a continuous first derivative. The value of the integration in-
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terval depends on the interaction potential employed and the mass of the particles.
When the resultant of the forces acting on the particles is greater, it is obvious that
the integration interval At must be smaller, as particles with a smaller mass will

move faster. The generalized momentum p; conjugate with g, is defined as

oL

_ 9= 2.61
i, (2.61)

Pk

The momenta feature in the Hamiltonian form of the equations of motion

oH

k= 73— 2.62
A o (2.62)
OH
k= =5~ 2.63
Pk o0 (2.63)
The Hamiltonian is strictly defined by the equation:
H(p.a) = dpr — L(q.4) (2.64)
k

where the velocities ¢, are written as a function of the momenta p. Being the
potential V' independent from the velocities, H is equal to the energy, for Cartesian

coordinates, the Hamilton’s equations become:

. Pi
r,=—
mg

pi=—-V, V=1 (2.66)

(2.65)

For any set of particles, it is possible to choose six generalized coordinates, changes
that correspond to translation and rotation of the center of mass, and, for the system
as a whole, changes in the remaining 3N — 6 coordinates involving the motion of the
particles relative to one another. If the potential V' depends only on the magnitude
of particle separations and there aren’t applied external fields, then V| £, and H
are manifestly independent of these six generalized coordinates. The corresponding

conjugate momenta, in Cartesian coordinates, are the total linear P and angular L
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momentum:

P=> p (2.67)
L= Zri X p; = Zmiri X I.'l (268)

where the origin of the Cartesian axes corresponds with the center of mass of the
systems. For completely isolated molecules, these quantities are conserved, but this
situation is difficult to find in a real simulation. A more general criterion for the
conservation of these laws is provided by symmetry considerations: if the system
is invariant for translation, the corresponding momentum component is conserved,
if the system is invariant for rotation about an axis, the corresponding angular
momentum is conserved. The translation invariance is preserved in the case of
periodic boundary conditions (PBC), and thus the total linear momentum P is
conserved. Assuming that the Hamiltonian is stationary the total derivative H

results:

d OH OH

—H = —qk + =—J 2.69

i ; (aqk qk 8pkpk) ( )
Hence the Hamiltonian constitutes a constant of the motion. This energy conserva-
tion law applies whether or not an external potential exists; the essential condition is
that no explicit time-dependent or velocity-dependent forces act on the system. The

second point concerning the equation of motion is that time-reversible; changing the

signs of all momenta makes it possible to retrace the molecular trajectory.

The system of differential equations(2.60) can be numerically solved at time
intervals At if the interaction potentials are of class C1. The value of At, as mention
before, is determined by the interaction potential and the mass of the particles. For
the numerical resolution of equations of motion, there are two major categories
of algorithms: predictor-corrector and Verlet-type methods. Predictor-corrector
algorithms are expensive because they need to calculate up to the fourth derivative
with respect to time. However, they integrate the equations of motion with great
precision but some times they show instability. Algorithms of the Verlet type utilize

only the second derivative, resulting in less precision but greater stability. To be
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clear, accuracy refers to the conservation of energy between two successive steps
of integration, whereas stability refers to the capacity of an algorithm to integrate
without drifts in the propagation of motion invariants. Verlet algorithms, except for
the velocity Verlet formulation, are not self-starting hence it is necessary to initialize
the velocities using a Taylor series expansion. According to the ergodic theorem,
for sufficiently long intervals of time, the averages calculated on time sequences and
those calculated in phase space coincide.

I
<z >yvp=< 1z >= lim —/ dtxz(t) (2.70)
0

t—oo 14

where T is the time of simulation. For the ergodic hypothesis to be satisfied, the
system must explore the whole phase space; hence, it is desirable to employ the

largest time step compatible with the forces acting on the particles.

The Born-Oppenheimer Molecular Dynamics In order to introduce the
electronic structure into simulations of classical molecular dynamics, the electronic
Hamiltonian must be solved for each nuclear configuration whose temporal evolution
is defined by the equations of motion. This method, known as Born-Oppenheimer
molecular dynamics, is only one of several ways to incorporate electronic structure
into MD simulations.

The trajectory is obtained by solving the electronic problem for a given nuclear
configuration, the forces acting on the nuclei are determined, and the nuclei move
according to the equation F = MR, resulting in a new nuclear configuration for
which the electronic problem must be solved in a self-consistent way. This implies
that the time dependency is a consequence of the nuclear motion and not an intrinsic
property.

The Born-Oppenheimer MD is fully described by the following system of equa-

tions

MR, (t) ==V, min (Wo| He [Wo) (2.71)

E(]\Ijo - He\po (272)
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minimum (H), must be achieved in each step of a Born-Oppenheimer molecular

dynamics propagation, resulting in an increase in computational cost.

Car-Parinello molecular dynamics The "Best of all Worlds Methods" [*!
should: (i)integrate the equation of motion on the long time scale set by nuclear
motion, (ii) intrinsically take advantage of the smooth time evolution of the dynam-
ically evolving electronic subsystem as much as possible. The second point permits
avoiding explicit diagonalization or minimization in order to tackle the electronic

structure problem iteratively before the next stage in molecular dynamics.

Car-Parinello molecular dynamics is an effective solution that automatically sat-
isfies condition (ii) and provides an acceptable time step length compromise (i). The
Car-Parinello approach takes direct advantage of the quantum-mechanical adiabatic
time scale separation between fast electronic (quantum) and slow nuclear (classical)
motion. In order to transfer the two-component quantum/classical problem onto a
two-component classical problem with two distinct energy scales, the physical time
information of the quantum subsystem dynamics must be sacrificed. The energy
of the electronic system (Wo| H, Vo) is clearly a function of the nuclear position
R, but it "may" also be considered a function of the wave function ¥, and, by
extension, of the orbitals u; employed to construct this wave function (i.e. a Slater
determinant). In classical mechanics, the force on the nuclei is derived from the
Lagrangian derivative relative to the nuclear locations. This suggests that, given
an appropriately determined Lagrangian, a functional derivative with respect to the
orbitals, which are regarded as classical fields, might deliver the correct force on the
orbitals. Under these fundamental observations Car and Parrinello introduce the

following class of extended Lagrangians

1 .
Lor = Z _MIR§ + Z H <u2]uz> - (‘I’0| He |‘I’o> + constraints (2.73)
2 constraints
d : v potential energy orthonormality

Kinetic energy
The corresponding Newtonian equations of motion are obtained from the associated
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FEuler-Lagrange equations

d oL oL
@ o _ 9% 2.74
doL oL

similar to classical mechanics, but applied to nuclear position and orbitals. The

general Car-Parinello equations of motion have been discovered to be

MR (t) = _0iRI (Wo| He | Vo) + aiRI constraints (u;, Ry) (2.76)
)
wiig(t) = 5 (Wo| He |Wo) + S constraints (u;, Ry) (2.77)

where p represents the fictitious mass. In general, these constraints are a function
of the set of orbitals u; and of the nuclear positions R;.Both of these dependencies
must be correctly considered while obtaining the Car-Parinello equations in order
to produce an energy-conserving dynamical evolution. For the specific case of one-
particle Hamiltonians, such as those coming from Kohn-Sham theory in conjunction
with position-independent constraints, the Lagrangian Lcop is simplified, and the

corresponding equations of motion result

MR (t) = =V (Uo| HES [Wo) (2.78)

uuz(t) —Hfsui + Z Aijuj (279)

J

where the proper orbital orthonormality (6;; = (¢:|¢;)) must be imposed by La-
grange multipliers A;; All constraints inherent in a generic Lagrangian (Eq.2.73)
lead to associated constraint forces in the equation of motion due to their deriva-
tives, such as the term >, Ajju;.

The CP method is essentially an extended Lagrangian MD scheme in which the
electronic degrees of freedom are treated as fictitious dynamical variables and prop-
agated along the nuclear degrees of freedom; CP calculations are often performed

in a plane wave basis set. The ADMP method!?>?" is an alternative to the original
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Car-Parinello method in which atom-center Gaussian orbitals are propagated along
nuclear degrees of freedom. Compared to the plane wave basis, fewer Gaussians are
required to achieve the desired precision since they are localized in regions of higher
electron density and move with the nuclei. On an orthonormal basis, the extended

Lagrangian for the system is

L= %Tr (VIMV) + %TT(WW) — E(R,P) — Tr[A(PP — P)] (2.80)

where M, R and V are the nuclear masses, positions and velocities respectively.

The density matrix and density matrix of velocities are P and W respectively.
Constraints on the total number of electrons (N.) and on the idempotent of the
density matrix are imposed using the Lagrangian multiplier matrix A. The ADMP
method is implemented in the Gaussian suite of programs[?®,
Metadynamics The findings of an MD simulation are only useful if the simulation
run is long enough for the system to visit all energetically relevant configurations,
or if the system is ergodic in the simulation period. This is not always the case in
practical circumstances. High free-energy barriers may separate relevant configura-
tions, which is a common source of difficulty. In such a circumstance, the transition
from one metastable state to another is only possible if triggered by those infrequent
fluctuations that take the system beyond its free energy barriers. Another possi-
bility is that the system diffuses in configuration space incredibly slowly. Under
these circumstances, obtaining appropriate statistics demands an excessive amount
of computer time. Metadynamics!?! refers to a set of techniques in which sampling
is facilitated by the introduction of an additional bias potential (or force) that acts
on a chosen number of degrees of freedom, sometimes known as collective variables
(CVs).

In metadynamics, an external, CV-dependent, history-dependent bias potential
is added to the Hamiltonian of the system. This potential can be expressed as
the sum of Gaussians deposited along the route of the system in the CVs space
to dissuade the system from returning previously sampled configurations. During

an MD simulation, the bias was continually applied using an extended Lagrangian
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formalism or by operating directly on the microscopic coordinates of the system.

Let S be a collection of d functions of the system’s microscopic coordinates R:
S(R) = S1(R)...S4(R) (2.81)

At time t, the metadynamics bias potential can be written as:

VoS, 8) = /dt’w o (_ >4 (Si(R) — &-(R(t')))?) (28

2
20;

where w is an energy rate and o; is the width of the Gaussian for the i-th CV. The
W

energy rate w = = is constant and usually expressed in terms of a Gaussian height
W and a deposition stride 74. Frequently, interesting free-energy landscapes have
multiple local minima. If the free-energy differences between these minima are of
the order of a few kgT, they may all be relevant. However, if they are separated
by a high saddle point in the free-energy landscape (i.e. a low probability region),
then the transition between them will take a long period, and these minima will
correspond to metastable states. In simulations at finite temperature, it is typically
of interest to analyze both the absolute minimum and the local minima that are
separated by barriers of varying amplitudes. Instead, as time passes, Gaussians
are deposited in the metadynamics simulation, forcing the underlying bias potential
to develop until the system is driven out of the initial basin and into a new local
minimum. Passing the lowest barrier and falling into the left basin is the simplest
and most natural escape path. Here, the Gaussian accumulation begins once more.
The system diffuses in the region between the first two minima at this time. When
all of the basins are compensated by the bias potential, the system evolves according

to a random walk on the flattened FES. The bias potential V¢ offers an unbiased

estimate of the underlying free energy

Va(S,tw) = —F(S)+ C (2.83)

F(S) = —% In ( / dRS(S — S(R)) eXp(—BU(R))) (2.84)
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where C is an additive constant and F(S) is the free energy. In contrast to umbrella

sampling, metadynamics naturally investigates low free-energy regions first.

Ubrella Sampling The umbrella sampling is another approach for transitioning
from one minimum to another that may require an unrealistic timescale for MD. If
the shape of the potential energy surface P(s) is a function of one or more collective
variables (CV) that were known beforehand, it would be possible to explore all
possible metastable states using MD simulation by simply applying an external
potential. The biased surface will be flat and barrier-free, this potential functions
act as an "umbrella" that allows overcoming the barriers.

However, it is almost impossible to predict the potential energy surface before-
hand. Due to this, umbrella sampling is frequently employed in a slightly different
manner. Considering a generic reaction as an example, it is impossible to know the
position of the barriers in advance. However, through chemical intuition, one can
estimate the reaction coordinate and the energy involved (in terms of kgT). To
promote the sampling of the surface nearby to the transition state, it would suffice

to add a harmonic constraint to the CV of the type
1 2
V(s) = 5/6(8 — Sp) (2.85)

where s is the reference value of the collective variable and the value of the constant

is generally set as k ~ 2L  The sampled distribution will be
cv
k(s — s9)?
Pl x P@exp (-5 (2.6

For large values of k, only sites near sg will be investigated. Adding such a restriction
makes it obvious how one might limit the system to explore only a predefined region
of space. By combining simulations performed with different values of sg, one could
generate a continuous series of simulations covering the transition state from one

minimum to the next.
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Chapter 3

The Brandi Guarna reaction

The Brandi-Guarna rearrangement*3! of 5-spirocyclopropane isoxazolidines (A)
has been widely applied in the synthesis of polycyclic heterocycles and natural prod-
ucts (Scheme 3.20).53273% Tt consists of a thermal induced ring opening of isoxazo-
lidines (A) leading to the formation of tetrahydropyridones (B) (Scheme 3.1). This
type of skeleton, i.e. a piperidine ring-containing framework, is widely diffuse in al-
kaloids and bioactive molecules, *54! for recent applications of the Brandi-Guarna

142747 Despite the Brandi-Guarna rearrangement is quite se-

rearrangement see ref.
lective, in a few cases the main product (B) is accompanied by a side product, i.e.
an open chain isomer (C) featuring an enaminone moiety. The process is believed
to occur through a homolytic cleavage of the N-O bond of isoxazolidines (A) fol-
lowed by the cleavage of one of the cyclopropane vicinal bonds and intramolecular
coupling of diradical intermediate. Furthermore, the formation of the side product
(C) is generally explained by a [1,5]-H shift, from the CHR' carbon leading to imine
that in turn tautomerizes to enamine (C). 48!

Recent experimental results showed that the thermal rearrangement of two epimeric
5-spirocyclopropane isoxazolidine derivatives affords the piperidinone and enam-
inone products in different ratio.*”l How the diastereomeric environment influences
the competitive formation of the cyclic and the open chain product is not easy to
be rationalized. A computational investigation of both competitive avenues of the

rearrangement process has been conducted in order to gain important information

and provide a correct interpretation of the apparent remote influence of the stereo-
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Scheme 3.1: Thermal rearrangement of 5-spirocyclopropane isoxazolidines (a) lead-
ing to tetrahydropyridones (B) and enaminones (C)

chemical environment on favoring the distinct pathways.

The second aspect that must be examined is the reaction that leads to the for-
mation of of the isoxazolidines (A). Indeed, the BG rearrangement is made possible
by the presence in the isoxazolidines (A) of a strained oxyspirocyclopropane moiety
where the oxygen is linked to a nitrogen with a bond that is easily cleaved under
thermal activation ">, Isoxazolidines (A) find their origin in a 1,3-dipolar cycload-
dition (1,3-DC) of nitrones with methylenecyclopropane (MCP, Scheme 3.2).[553]

MCP is a rather volatile alkene, commercially available, that, despite its strained

\> N

R /£:5\
> toluene O O
+ N-O" . wm 2 /  +
/ / 60°C, days N
‘ R
R

MCP Nitrone A A

\
R

Scheme 3.2: 1,3 DC between MethilenCycloPropane and nitrone, leading to the
formation of 5-spirocyclopropane isoxazolidines (a) and 4-pirocyclopropane isoxazo-

lidines(A”)

nature, results rather sluggish in its reactivity with nitrones. The cycloaddition
process requires heating above 60 °C, the length of the reaction takes several days
according to the substituent groups of the nitrone, . The same occurs in the cy-
cloaddition of nitrones with 1-alkyl- or 1,1-dialkyl substituted alkenes that results
even more slow.® This fact should not surprise knowing the nature of nitrones as
electron neutral dipoles (Sustmann’s classification)®® and of dipolarophiles missing

any activating electron-withdrawing group. However, the similarities of MCP with
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these alkenes ends at this point, because as regards as regioselectivity the behavior
of MCP is rather different from a normal 1-alkyl- or 1,1-dialkyl substituted alkene.
Indeed, whereas a dipolarophile like isobutene (Scheme 3.3), which is the alkene with
the highest similarity to MCP, reacts with nitrone to give exclusively one adduct,
i.e. the 5,5-disubstituted isoxazolidine (F)[°l MCP generally affords a mixture of
regioisomers where the 5-spirocyclopropane isoxazolidine (A) is the major (the ratio
is approximately 2:1), but not the exclusive cycloadduct, as shown in the examples

of Scheme 3.2.1578]

R /[ \
toluene O
+ N+ - O_ o /

/ / 60°C, days N

isobutene Nitrone F

Scheme 3.3: 1,3 DC between isobutene and nitrone, leading to the formation of
5,5-dimethylisoxazolidine(F)

It is rather evident the awkwardness of this result as regard to the application
of this process in function of the successive thermal rearrangement or S-lactam syn-
thesis. In fact, regioisomeric 4-spirocyclopropane isoxazolidines(A’, Scheme 3.2),
lacking the oxyspirocyclopropane moiety, are not able to undergo any useful rear-
rangement. However, the unexpected lack of regioselectivity in 1,3-DC of MCP rises
several questions about the nature of its double bond and its resemblance with a
simple alkene. More concerns are added if we consider the cycloaddition to another
similar alkene, methylenecyclobutane (MCB, Scheme 3.4), where a cyclobutane re-
places the cyclopropane ring®!. If we assume that the strain energy of the ring
has a role in the regioselectivity of the cycloaddition a similar result for MCP and
MCB should be expected. Indeed, the cycloaddition with MCB affords exclusively
regioisomer substitued with the cyclobutane on 5 (G), analogously to the regios-
electivity obtained with isobutene . This data makes clear that there must be a
“cyclopropylidene effect” in the 1,3-DC with nitrones to justify the observed lack

of high regioselectivity. The 1,3-DC reaction mechanism has been computationally
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Scheme 3.4: 1,3 DC between MethilenCycloButane and nitrone, leading to the for-
mation of 5-spirocyclobutane isoxazolidines (G)

\
R

investigated with DFT and post-HF methods; it consists of a concerted, frequently

asynchronous, pericyclic cycloaddition mechanism. 6%l

The Brandi-Gaurna reaction is therefore investigated computationally on two
levels. The first purpose is to explore the lack of regioselectivity in the synthesis of
5-spirocyclopropane isoxazolidines (Scheme 3.2) and the possibility of a cyclopropy-
lidene effect. The second objective is to characterize the reaction mechanism of the
thermally induced ring opening of isoxazolidines (A, Scheme 3.1) and to explain the

differing yields in the synthesis of piridone and enamminone.

The results that led to the full characterization of the molecular mechanisms
underlying the Brandi-Guarna reaction are discussed in great detail in the following
paragraphs. In anticipation of the conclusions, this study has shown, with regard
to the first point, that the "cyclopropylidene effect" is produced by the electronic
influence of the alkene substituents, which determines a polarization of the alkene
double bond that favors the relative orientation of the reactants, thereby producing

the observed regioselectivity of the cycloadditions.

The main result of the computational investigation of the Brandi-Guarna reac-
tion is that two distinct routes involving the homolitic cleavage of each of the two
CC bonds of the spiroclycopropyl moiety branch off from the first intermediate.
These two CC bonds are not equivalent: one path involves the cleavage of the «a
cyclopropane bond and leads to the synthesis of enaminone (B), while the other
involves the cleavage of the § bond and results in the formation of indolizidinone
(A).This study indicates that the outcome of the rearrangement does not depend

on a late step, such as the propensity to close the six-membered ring, but rather on
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the second step, i.e. the competitive cleavage of the diastereotopic o and 3 bonds

of the cyclopropane ring.

3.1 Computational Details

The reaction mechanisms of the 1,3DC have been characterized by performing DFT
calculations at PBE0/6-311++G(d,p)!%-64 level of theory including the Grimme’s
empirical dispersionl (GD3) with the Gaussian suite of programs.l%-% Due to the
di-radical nature of the Brandi Guarna reaction, all the calculations have been per-
formed using the unrestricted B3LYP exchange-correlation functionall67%%! along
with the 6-31G(d,p) or the 6-311++G(d,p) basis sets. The choice of this level of
theory is justified by the fact that we started with Ochoa’s work, which utilized the
functional UB3LYP in conjunction with a 6-31G* basis set.!%! In addition, the corre-
spondence between stationary points obtained at the UPBEO and UB3LYP levels of
theory was verified. In both reactions, Transition States (TS), pre-reactive minima,
and products have been located through geometry optimization calculations with
very tight convergence criteria. The QST2[™ or QST3[™ algorithms have been
adopted to determine the transition states. All the Hessian eigenvalues are positive
for the pre-reactive minima and products, while only one negative eigenvalue has
been obtained for the TS. The eigenvector, corresponding to the negative eigenvalue,
describes the displacements along the formed C-C and C-O bonds, providing insights
on the concerted reaction mechanism. The transition states have been adopted as
starting points for a series of IRC (intrinsic reaction coordinates) calculations 72 ys-
ing either the Hessian based predictor-corrector integrator (HPC)!™™l or the local
quadratic approximation (LQA).[™7 Different analyses have been carried out to
describe the behavior of alkenes with nitrone and to understand the “cyclopropyli-
dene effect”. The characterization of the stationary points allows determining the
energy gaps between the TS and reagents or products, to assess any possible kinetic
control of the reaction and the balance between the products. The electronic effects
of the alkyl substituent on the alkenes have been investigated by the value and the

orientation of the dipole moment on the reagents and through the determination of
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the ESP atomic charges.!”™ To further support the electronic structure analysis, a
comparison between the ESP atomic charges and those obtained through the CM5!™!
and NPA ™81 methods has been reported in the Appendix A (Table A.1-Table A.7).
The kinetic constants of the reactions have been calculated using the Eyring transi-
tion state theory.[®1"83 The results allowed a comparison of the kinetic parameters
for the two different orientations of the alkenes and to explain the different experi-
mental yields. In the characterization of the BG reaction the solvent effect has been
taken into account computing its contribution to the energy of the stationary points
by Polarizable Continuum Model calculations!®* adopting as solvent toluene. To
characterize the electronic structure rearrangement during the reaction mechanism,
the electronic localization has been computed using the electron localization scheme

proposed by Boys[®l at the B3LYP /sdall level of theory.

For the studied systems, the expression of the kinetic constant k(7") in the Eyring
approximation is simplified, treating the reagents in the pre-reactive minimum as
single molecular complex, and the results

 kgT Qg BE

O (3.1)

where kg is the Boltzmann constant, T the temperature, h the Planck constant
and AE is the energy gap (zero-point energy included). The two functions are the
product of vibrational and rotational partition functions for the transition state
Q}és and ground state (Qgs. The kinetic constants have been calculated for the
experimental reaction temperature range between 300 K and 400 K. All calculations

were performed using the Gaussian suite of programs (G16, G09). 6086

3.2 The cyclopropylidene effect

The 1,3-DC between nitrones and alkenes is a well-known transformation leading to
isoxazolidines (Scheme 3.5). The reaction mechanism is affected by the electrostatic
interaction between the nitrone and the alkenes. Alkyl substituents are electron-

donating groups (EDG) and increase the electron density of the double bond trough
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Scheme 3.5: 1,3-DC of nitrones 6 and 11 with MCP (2)

an inductive donating effect. To gain a further insight, we have also considered an
electron-attractor group (EWG) as a substituent: an ester group. His effect is to
increase the negative charge on carbon C, depleting the electron density over the
double bond. Another possible effect is the polarization of the alkene double bond
given by the high dipole moment on the nitrone. The regioselectivity of the 1,3-DCs,

t R
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CV{ : —> 5

a N. U N\o

16 N H Y

_______ . R

1 , _» 5
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Scheme 3.6: Transition states originated from different paths a and b leading to
regioisomeric cycloadducts.

i.e. the relative orientation of the substituted alkene to the nitrone in the TS, is
influenced by the effect of the substituents on the dipolarophile. For this reason,
we have considered two alkene orientations to explain the different selectivities for
the studied reactions: the orientation labelled a leads to the product with the cy-
clopropane (or the cycloalkane) in position 5; label b refers to the orientation of the
alkenes leading to the regioisomer spirofused in 4 (Scheme 3.6).

The choice of a five-membered cyclic nitrone (16) for the study is justified by the
copious literature available for the cycloadditions of cyclopropylidene dipolarophiles

with this class of nitrones.®®®" In addition, nitrone featuring a defined configuration

39



3.2. The cyclopropylidene effect

Chapter 3. The Brandi Guarna reaction

te, - L — wcﬁ?

16

16

16

16

16

- A

Q:<:D=<:Q:N

18

=

19

HCD& CX

—»m

HC& C&
28 29
30 31

Scheme 3.7: Reactions studied trought DFT calculations of PBE0/6-311G(d,p)-GD3

level of theory.

eliminates the E,Z-configuration variable that should be considered in the case of

acyclic nitrones. Seven substituted dipolarophiles have been analysed to investigate

the electronic effect of the substituents (Scheme 3.7): isobutene (7), methylenecyclo-

propane (MCP, 2), methylenecyclobutane (MCB, 14), isopropylidenecyclopropane

(ICP, 17), isopropylidenecyclobutane (ICB, 18), ciclobutylideneciclopropane (CPCB,

19).

3.2.1 Isobutene

Et0,C

"W\o

6

Ph
(
N
®

©

EtO,C

neat W
—_—
80°C,3d Ph\/N‘O
7 8

Scheme 3.8: 1,3-DC of nitrone 6 with isobutene (7)

The 1,3-DC of a nitrone with isobutene (7) experimentally gives one single

regioisomer, 9 i.e. the 5 5-dimethyl substituted isoxazolidine (see, structure 8 in
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Scheme 3.9: 1,3-DC between isobutene 7 and nitrone 16, the orientation a
leads to the 5,5-dimethylisoxazolidine 20, and orientation b leads to the 4,4-
dimethylisoxazolidine 21. The dipole moment on 7 is oriented toward the dimethyl

group.

The reaction paths obtained by the computational analysis on regioisomers 20
and 21 (Scheme 3.9) suggest an explanation for such regioselectivity. The path
a of the 1,3-DC with the isobutene 7 leads to the formation of isoxazolidine 20
substituted with two methyl groups on position 5. This arrangement of the reagents
has a lower activation energy (AErg(a —b) = —18.0kJ/mol) and the product 20
results more stable than isoxazolidine 21 (path b) (Table A.8).

The analysis of the ESP charges has evidenced that the two methyl groups
determine a positive charge on the Ca carbon (0.469) and a charge transfer toward
the Cp (-0.737) of the isobutene (Scheme 3.9, Table A.9). This charge distribution
on the isobutene corresponds to the dipole moment of 0.59 D, which lies on the C4 —
—Cp bond and is oriented toward the EDG groups. In the pre-reactive minimum,
the nitrone dipole further increases the polarization of isobutene, as evidenced by the
charges of the carbons C4 and Cpg reported in Table A.16. The reaction mechanism is
favoured by the a-arrangement of the reactants because the carbon C4 involved into
the attack of the nitrone oxygen is positive (0.506). The polarization effect given by
the nitrone in the b-orientation determines instead a negative charge on Cp (-0.748)
that makes the attack of nitrone oxygen less favoured (Scheme 3.9). Therefore, the
charge distribution and orientation of the alkene’s dipole moment justify the kinetic
ratio calculated at the experimental temperature with the Eyring’s equation (ka/p =

114.4 at 350 K) and indicate the 5,5-disubstituted isoxazolidine 20 as the favourite
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product of the 1,3-DC.

3.2.2 Methylenecyclopropane and Methylenecyclobutane
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Scheme 3.10: 1,3-DC of nitrone 11 with MCB (14)

The comparison of cycloaddition of nitrone 11 with methylenecyclopropane (2,
MCP) and methylenecyclobutane (14, MCB) is rather interesting as the first leads
experimentally to the formation of a mixture of regioisomers roughly 65:35, where
the major is the 5-spiro fused isoxazolidine 12, whereas MCB affords exclusively the
5-spiro fused isoxazolidine 15 ( Scheme 3.5 and Scheme 3.10).

At a first glance, this difference is surprising since it contrasts with the apparent
similarity of the two dipolarophiles. The computational analysis, indeed, infers an

explanation for this different reactivity.
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Scheme 3.11: 1,3 DC between MCP (2) and nitrone 16. Orientation a leads to
isoxazolidine 22, and orientation b leads to isoxazolidine 23. The dipole moment on
2 is oriented toward the cyclopropane.

The difference in activation energy between the TS of the two chosen orienta-
tions (a, b) of the MCP is moderate (AEpg(a —b) = —7.7 kJ/mol, Table A.10).
The orientation a (Scheme 3.11) is favoured and leads to 5-spirocyclopropane isox-

azolidine 22, which is also more stable than the isomeric 4-spirocyclopropane 23

obtained with the b-oriented MCP (AFE(a — b) = —10.4kJ/mol).
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Scheme 3.12: 1,3-DC between MCB 14 and nitrone 16. Orientation a leads to
isoxazolidine 24, and orientation b leads to isoxazolidine 25. The dipole moment on
the alkene is oriented toward the cyclobutane.

The difference in activation energy for the two chosen orientations of MCB is
higher than in the previous case (AErg(a —b) = —15.7 kJ/mol, Table A.10). In-
deed, the orientation a results favoured, and leads to the more stable product with
the spirocyclobutane in position 5 (24) (AE(a — b) = —23.6kJ/mol) (Scheme 3.12).
The inductive effect on the cyclopropane determines a carbon with a positive charge
(Ca) and one with a negative charge (Cg, Table A.11). As a proof of this charge dis-
tribution on the double bond, the dipole moment on the MCP (0.455 D) is oriented
toward the cyclopropane.

In the pre-reactive minima, the polarization of the MCP is increased by the
nitrone dipole according to the orientation (Table A.11). The two sp2 carbons (C4,
Cp), as acceptors of electron density, are involved in the bonding at the Transition
State (Scheme 3.11). Therefore, the positive charge on C4 (0.147) and the less
negative charge on Cg (-0.101) in the a-arrangement favour the reaction outcome
(Table A.11).

The inductive effect of the cyclobutane on the double bond of the MCB is
greater if compared to the cyclopropane one. Indeed, the dipole moment of the
double bond in MCB (0.612 D) lies on the double bond axis and is oriented to-
ward the cyclobutane substituent. The dipole moment of the nitrone increases the
polarization of the dipolarophile. The arrangement of the reagents in orientation
a determines a positive charge on alkene carbon C, (0.237) and a less negative
charge on the nitrone carbon Cg (-0.143), favouring the cycloaddition mechanism

(Table A.11, see also Scheme 3.12). Therefore, the computational results for the
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1,3-DC of MCP explain the experimental regioselectivity i.e. the obtainment of two
regioisomers with a prevalence of the product deriving from orientation a. Indeed,
the two orientations do not differ greatly in term of activation energy, neither on
product stability. The ratio between rate constants obtained for the two orienta-
tions (ka/pb = 5) (Table A.12) suggests a reduction of the kinetic control of the
regioselectivity in this cycloaddition. However, the orientation a provides a rela-
tively minor activation energy (AErg(a —b) = —7.7 kJ/mol) and the most stable
isoxazolidine (AE(a —b) = —10.4 kJ/mol). Also, the charge distribution on the
alkene 2 in the a-arrangement suggests that the isoxazolidine 22 with the spirocy-
clopropane substituent in 5 is the favoured product (Table A.11). In the reaction
with MCB instead the ratio between rate constants obtained for the two orientations
(ka/pb = 117) and the different stability of the two isoxazolidines indicate a kinetic
control of the reaction. The analysis of the charge distribution on the double bond
of the MCB confirms that the 5-spirocyclobutane isoxazolidine 24, obtained with
the a-arrangement, is the highly favoured product (Table A.12). The different reac-
tivity of MCP and MCB can be therefore explained by the kinetic and electrostatic
behaviours in the two reactions. In the 1,3-DC with MCP the lack of regioselectiv-
ity is due to a lower EDG effect of the substituent, that leads to the formation of
both 22 and 23 products according to the experimental ratio (a > b).[>% Instead,
the electronic effect of the cyclobutane determinates a charge distribution over the
alkene that is conducive to the formation of the isoxazolidine 24 substituted with

the spirocyclobutane on position 5.

3.2.3 Isopropylidenecyclopropane and Isopropylidenecyclobu-

tane

The 1,3-DC between ICP and nitrones experimentally gives one single regioisomer
featuring the methyl groups on C-5 of the isoxazolidine ring (Scheme 3.13). This
complete regioselectivity can be explained by the different reactivity of the ICP (17)
in the two studied orientations. Indeed, the computed cycloaddition between the

ICP and nitrone 16 shows two reaction paths rather different, according to the ori-
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Scheme 3.13: 1,3-DC between ICP and nitrone 16. Orientation a leads to isomer 26,
and orientation b leads to isomer 27. The dipole moment on the alkene is oriented
toward the dimethyl group.

entation chosen: the proposed orientation a (Scheme 3.13) leads to the isoxazolidine
26 spirofused at C-5 and orientation b leads to the isomer 27.

The arrangement of ICP proposed in orientation a has the highest activation en-
ergy of the studied reactions (99 kJ/mol v.s. 40-50 kJ/mol). The arrangement of the
b-oriented ICP determines a sensibly lower activation energy (AErg(a—b) = 61.5
kJ/mol) and leads to the more stable isoxazolidine 27, 12.540 kJ /mol) (Table A.13).
This difference in activation energy and the kinetic ratio (kap = 4.6107'") indicates
a kinetic control of the reaction leading to the formation of one product i.e isomer
27 (Table A.15). All substituents of ICP are EDG groups, the dipole moment of
the molecule is quite small (0.167 D) compared to the values of the other alkenes.
The dipole lies on the double bond axis and is oriented toward the dimethyl group,
which means that the dimethyl provides the bigger EDG contribution to the alkene
favouring the formation of 27. Indeed, in orientation b the ICP carbon involved in
the intermolecular O-C bond formation, has a small positive charge (0.009) whereas,
in the other orientation a, the carbon belonging to the cyclopropane ring (Cy) ex-
periences a negative charge (-0.020) (Table A.14).

From these data, it can be concluded that the cycloaddition between nitrone 16
and ICP 17 proceeds through the b-oriented TS, which is favoured from a kinetic
point of view, and leads to the formation of the more stable product 27. The ratio
of kinetic constants between the orientation a and b (ka, = 1071%) (Table A.15) is
much lower than 1, confirming that orientation b is kinetically much more favoured.

These results therefore explain the formation of isoxazolidine 27 as the exclusive
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product. Experimental data for the reaction of nitrones with the ICB (18) are not
available, but this dipolarophile has been studied to evaluate the electronic effect of
the two different cycloalkanes in the presence of the dimethyl group.
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Scheme 3.14: 1,3-DC between ICB and nitrone 16. Orientation a leads to isoxazo-
lidine 28, and orientation b leads to isomer 29. The dipole moment of 18 is close to
Zero.

The reaction shows lower differences according to the chosen orientation of the
alkene. The difference in activation energy for the two orientations of ICB with ni-
trone 16 is much lower (AErg(a — b) = 3.8 kJ/mol) than the previous case: the ori-
entation a (Scheme 3.14) leads to the 5-spirocyclobutane-4,4-dimethyl isoxazolidine
28, while the orientation b leads to the more stable 5,5-dimethyl-4-spirocyclobutane
isoxazolidine 29 (AE(a — b) = 15.8 kJ/mol) (Table A.13). As seen in the previous
case all substituents of the alkene are EDG groups: the value of the dipole moment
(0.011 D) is near to the accuracy of the method, so no consideration can be made
about the dipole orientation. However, the polarization induced by nitrone dipole
and the EDG effect of the substituents promotes a positive charge on carbon Cg
promoting the formation of isomer 29 (Table A.14). Indeed, the kinetic ratio of the
reaction (ka/, = 61072) suggests that the path b is slightly kinetically favoured due
to a better charge distribution over the reagents. All together these data indicate
that isoxazolidine 29 is only slightly favoured (Table A.15). The compared assess-
ment of reactions of ICP and ICB with nitrone 16 and their full computational
analysis has brought about a sharp difference of behaviour of a cyclopropylidene
compared to a cyclobutylidene group. Indeed, for the ICB the electronic effect of
the dimethyl and cyclobutane are similar, as shown by the dipole moment value.

Instead, the charges on the sp2 carbons (Ca, Cg) on the alkene 17 are de-

46



Chapter 3. The Brandi Guarna reaction 3.2. The cyclopropylidene effect

H

toluene,
7@ . [ :4 110 °C,13h Ph
®C'T‘)@ 90% N-o" ™

33
1

Scheme 3.15: 1,3-DC of nitrone 11 with 32.

termined by the stronger EDG effect of the two methyl groups compared to the
cyclopropane, therefore the path b results in a more favourable charge distribution
leading to isoxazolidine 27 (kap = 61071°). Indeed, cycloaddition of nitrone 11
with 32, a dipolarophile analogous to ICB, experimentally gives only regioisomer

33, originating from the b-orientation like 27, in excellent yield (Scheme 3.15).[58!

3.2.4 Cyclobutylidenecyclopropane

The computational study of the reaction of nitrone 16 with CBCP gives a fur-

ther confirmation of the existence of this “cyclopropylidene effect” experimentally

observed.
toluene,
0. 100°C,6d 6d
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Scheme 3.16: 1,3-DC of nitrone 34 with CBCP (19).

Experimentally, 1,3-DC of nitrone 34 with CBCP gave exclusively isoxazoli-
dine 35 featuring the cyclopropane ring on position 4 of the isoxazolidine ring
(Scheme 3.16). 5!

The difference in activation energy (AErs(a—b) = —6.9 kJ/mol) is in favour
of the b-oriented alkene, which leads to the isoxazolidine substituted with the cy-
clobutane on position 5 (isomer 31) that is also thermodynamically more stable
(-9.0 kJ /mol) than the other possible product (isomer 30) deriving from orientation
a (Table A.16).

The alkene dipole moment is quite small (0.168 D), since all substituents are EDG
groups, and is oriented toward the cyclobutane, due to its greater inductive effect

on the molecule. In the a-arrangement the carbon Cj, is involved into the formation

47



3.2. The cyclopropylidene effect Chapter 3. The Brandi Guarna reaction

it
H
BI _______ 1B . 5
a N g A N-o
Cie | T
® +
N
\@ b _ _
0 t
16 N H
o3 |-
N\O"‘,.'B N-g
I ] 31

Scheme 3.17: 1,3-DC of 19 with nitrone 16. Orientation a leads to isoxazolidine 30,
and orientation b leads to isomer 31. The dipole moment on the alkene is oriented
toward the cyclobutane.

of C-O bond, while in the orientation b the carbon involved is Cg. As the previous
cases, the nitrone dipole polarizes the alkene double bond, increasing the partial
charges on the sp2 carbon atoms. The reaction mechanism is therefore favoured in
orientation b by the positive charge on carbon Cg (0.125, Table A.17). These results
and the kinetic ratio of the reaction (ka/, = 0.1) indicate that isoxazolidine 31 is the

favoured product in complete agreement with the experimental data (Scheme 3.16).

3.2.5 Cyclopropylideneacetate

We have also investigated the effect of an electron attractor group (EWG), i.e. an

ester group, combined with the cyclopropane.

o Ceat cO,Me
2Me  50°c 40h
7@ + Dz/ — 7 .
of 63% N-o
00 36
37

11

Scheme 3.18: 1,3-DC of cyclopropylideneacetate 36 with nitrone 11.

1,3-DC of nitrones with 36 gives experimentally only isoxazolidines substituted
with the spirocyclopropane on position 5, as shown in the example of Scheme 3.18.
The outcome of the cycloaddition is therefore inverted respect to the results shown
previously. This depends on the electron withdrawing character of the CO;Me

substituent.
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Scheme 3.19: 1,3-DC between cyclopropylideneacetate 36 and nitrone 16. Orienta-
tion a leads to isoxazolidine 38, and orientation b leads to isoxazolidine 39. The
dipole moment on the alkene is oriented toward the cyclopropane.

The alkene is substituted on C, with the cyclopropane, and on Cp with the
carboxymethyl group, therefore the carbon C, is the § carbon compared to the car-
bonyl acetate (Scheme 3.19). Both the ester and alkyl group contribute to polarize
the double bond increasing the negative charge on Cg (-0.807) and consequently
the positive charge on Cp (0.447, Table A.19). Indeed, the resulting dipole mo-
ment (3.064 D) is oriented toward the cyclopropane group and his value is higher
compared to the previous cases due to the methyl carboxylate effect. In orientation
a, the positive charge on carbon C, enhances the attack on the nitrone oxygen
(Scheme 3.19). Indeed, this arrangement of the reagents determines the lowest acti-
vation energy (AF(a —b) = —14.1 kJ/mol, Table A.18) and leads to the formation
of 5-spirocyclopropane isoxazolidine 38. The polarization of the double bond and
the resultant negative charge on carbon CB make the b orientation less favourited.
Also, the nitrone dipole moment increases the polarization of the alkene double
bond, favouring the charge distribution adopted in orientation a. Indeed, the ki-
netic constant rates (ko = 123) obtained with the Eyring equation shows that
the isoxazolidine 38 is the kinetic product of the 1,3-DC, in agreement with the

experimental data.

3.3 The Brandi-Guarna reaction

The Brandi-Guarna rearrangement (Scheme 3.20) involves the thermally induced

ring opening of isoxazolidines, which leads to the synthesis of tetrahydropyridones.
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Even though the reaction is quite selective, in a few instances the main product (2)
is accompanied by a side product, a chain-opening isomer (3) containing an enam-
inone moiety. As mentioned before, it is hypothesized that the process involves the
homolytic cleavage of the N-O bond of isoxazolidines (1), followed by the cleavage
of one of the cyclopropane vicinal bonds and intramolecular coupling of the dirad-
ical intermediate (5). Moreover, the synthesis of the enaminone (3) is commonly
explained by a [1,5]-H shift from the CHR’ carbon to the terminal C radical in in-
termediate (5), resulting in imine (6), which then tautomerizes to enamine(3).*!

In the previous section , the cyclopropilidene effect that leads to the synthesis of

R! o R R
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0N o N 0 HN.
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W TY e OKY w

Scheme 3.20: Thermal rearrangement of spirocyclopropane isoxazolidines 1 leading
to tetrahydropyridones 2 and enaminones 3.

4- and 5-spirocyclopropane isoxazolidine was examined in detail. However, it is es-
sential to recall that only the 5-substituted isoxazolidine (1) is responsible for the
BG reaction. Recent research discovered that thermal activation of the two 5-spi-
ro-cyclo-pro-pane isoxazolidine derivatives results in different yields of piperidinone
and enaminone. *7 It is difficult to quantify how the diastereomeric environment in-
fluences the competitive growth of cyclic and open-chain products. In fact, the open
chain diradical intermediate 5 has lost the majority of its stereochemical constraint;
hence, the stereochemical memory at this level is predicted to be lowered. A compu-
tational study of both competitive pathways of the rearrangement mechanism was
carried out to collect significant information and to provide an accurate evaluation
of the apparent remote influence of the stereochemical environment in favoring the
distinct pathways.

The rate determining step of the Brandi-Guarna reaction was thorougly an-

alyzed, a few years ago by Ochoa et al.[), using Unrestricted Density Functional
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Theory (UDFT) on a series of model spiro-fused isoxazolidines. They analyzed three
alternative reaction paths for the cleavage of the N-O e C-C bonds, one concerted
and two step-wise. The most energetically favourable was the step-wise mechanism
consisting in the homolitic cleavage of two bonds: first the isoxazolidine N-O followed
by the cyclopropane C-CH,. Both intermediates and transition states are radicals,
therefore the computational approach which has to be applied in studying these
systems is a critical aspect. %! Performing a comparison with correlated wavefunc-
tions based methods such as QCISD and CCSD(T) on the stationary points, Ochoa
et al.l%! showed that UDFT is an adequate computational method to analyze the
Brandi-Guarna rearrangment. This computational method has been applied with
success in computational studies of organic systems containing radicals and in par-
ticular of ring opening reactions. 92l Several authors!®*®l have shown that UDFT
allows to qualitatively describe chemical reaction mechanisms involving intermedi-
ate radical systems, in agreement with both experimental data and calculations at
higher level of theory. This allows us to confidently use the same approach of Ochoa
et al.lI% in the present study, aimed to the identification of the different reaction

paths leading to tetrahydropyridone and enaminone.

3.3.1 Results and Discussion

In the course of studies on the synthesis of bioactive 1,2-dihydroxiindolizidines, the
thermal rearrangement of diastereomeric 5-spirocyclopropane isoxazolidines 7a and
7b was carried out as an entry to the corresponding indolizidinones 8a and 8b
(Scheme 3.21). 17 The thermal rearrangement of the two optically pure epimeric isox-
azolidines 7a and 7b was carried out under the same reaction conditions (toluene,
170° C, sealed vial, in a microwave apparatus, therefore the reaction occurs at con-
stant volume) and led to the expected indolizidinones 8a and 8b, in 71% and 25%
yields, respectively, along with minor amounts of enaminone 9 in 4% and 18% yields,
respectively. [l A similar trend is observed for analogous isoxazolidines featuring a
3’-ethoxycarbonyl- in place of the 3’-hydroxymethyl group. However in these cases
the thermal isomerization of several stereocentres does not allow a clear-cut analy-

sis. 1% Tt is worth noting that enaminones are compounds much more fragile than the
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Scheme 3.21: Rearrangement of isoxazolidines 7a and 7b to indolizidinones 8a and
8b and enaminone 9.

corresponding indolizidinones, and hence their yields could be affected by major loss
either during the thermal process or during the chromatographic purification. The
results show that the substituent at C-3” on the concave face in 7b hampers the for-
mation of indolizidinone 8b compared with 7a, which features the 3’-hydroxymethyl
group on the convex face of the molecule and is converted into indolizidinone 8a
in better yield (71% vs 25%). The other way around happens for the formation
of enaminone 9. In fact the enaminone is more abundant when formation of the
indolizidinone is disadvantaged. Interestingly, when a substituent is lacking on the
isoxazolidine C-3’ carbon as in 10, the formation of an almost 1:1 mixture of the two

isomeric rearrangement products, indolizidinone 11 and enaminone 12 is observed

(Scheme 3.22). 101

H OR xylenes H OR OR
o-N 1h 40 min mOR O HN

10 1 45% 12 49%
R = TBDPS

Scheme 3.22: Thermal rearrangement of isoxazolidine 10 to indolizidinone 11 and
enaminone 12.

On the other hand, when C-3’ is a quaternary carbon, like in 13 (Scheme 3.23),
the exclusive formation of indolizidinone 16 is observed.!['9? It cannot be excluded,
however, that this result is due to the buttressing effect of the two C-3’ substituents
that coerces the intramolecular radical coupling in intermediate 15 (Scheme 3.23).

The different behavior of the two diastereomers 7a and 7b suggests to perform

a computational study to verify the origin of this different reactivity, to answer

52



Chapter 3. The Brandi Guarna reaction 3.3. The Brandi-Guarna reaction

H OtBU xylenes H Ot-Bu
120 °C

16 80%

Ot-Bu Ot-Bu
H H
0
o N
14 15

Scheme 3.23: Thermal rearrangement of isoxazolidine 13 to indolizidinone 16.

the question: is the stereochemical arrangement of the substituent on the isoxazo-
lidine ring of 7a and 7b able to drive the rearrangement outcome? The thermal
rearrangement of 5-spirocyclopropane isoxazolidines has been then computationally
investigated through the study of model compounds, to elucidate the different paths
leading to cycled products and enaminones. Starting from the results of Ref. 69, it
was chosen to extend the calculations to other model molecules, trying to charac-
terize the reaction path from the reactant to the first transition state and, in many
cases, till the final products that can be formed. A series of model compounds that
differ for the substituent on the isoxazolidine ring have been analyzed in the previous

paragraph (Par.3.2).

Me
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Scheme 3.24: Molecular structures of the studied models.

Our results, reported in the Appendix A confirmed those obtained by Ochoa
et al..1 Indeed, the Brandi-Guarna reaction is thermally activated and proceeds,
in the first step, via a homolytic cleavage of the N-O bond that is followed by the
homolytic cleavage of a C-CH,; bond of the spiro-fused cyclopropane ring. These

two C-CH,y bonds seem to be equivalent because, on one side, their cleavage ener-
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[103] "and on the other side they have a

gies result of the same order of magnitude
similar spatial environment. However, their cleavage can give rise, at least, to two
different minimum energy reaction paths. That is, by labeling as « and 8 the two
cyclopropane C-CH, bonds oriented, respectively, below and above the plane of the
molecule as shown in Scheme 3.24,1'%4 the cleavage of the o and 8 bonds triggers
two different reaction paths. It is interesting to note that the cleavage of the 5 bond
triggers more easily to the formation of a cyclic compound independently from the
kind of substituents on the adjacent C atom (C-4 in monocyclic derivatives 17-21,
C-3’ in bicyclic isoxazolidines 22-25, see Scheme 3.24, R= H, Me, CO,H, COE{,

COyMe) and this made us confident on the choice of the model systems reported in

Scheme 3.25.
2
R! BzH RLRY Me
2' — +
5 o-N-& N O HN
24 26 27

a: R'=Me, R2=H; b: R' =H, RZ = Me)

Scheme 3.25: Rearrangement products of model isoxazolidines 24a and 24b.

In more details, diastereomers 24a and 24b were used as model systems of
compounds 7a and 7b and the two minimum energy reaction paths arising from the
cleavage of the two diastereotopic cyclopropane bonds « and 3, were examined. The
stationary points have been initially determined at the UB3LYP/6-31G(d,p) level
of theory and their energies are reported Appendix A (Table A.20) of the SI. These
stationary points have been re-optimized also with the basis set 6-311++G(d,p) as
reported in Table A.21). As observed by Ochoa et al.[%] all the intermediates and
transition states are characterized by a spin contamination and the eigenvalues of
(S?) are as large as 1 (see Table A.24 ) suggesting a strong mixture with the triplet
state, after the purification the value is reduced by an order of magnitude. The
calculations here reported are therefore of a broken symmetry type'®>197l and this
allows to take partially into account static correlation other than the dynamical one.
Moreover, the adeguacy of this approach for a qualitative, if not semiquantitave,
description has been shown for this kind of reaction by Ochoa et al.l%! that have

compared the DFT results with post HF methods.
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The energy of the optimized structures of both 24a and 24b at the UB3LYP/6-
311++G(d,p) level of theory are reported in Apeendix A (Table A.20, Table A.21).
The difference in energy between the two diastereomers is only 7.3 kJ/mol with 24a
being slightly more stable than 24b. The results of an electronic structure analysis
have been collected in Figure 3-1, where HOMO, LUMO and centroids of the Boys
orbitals are reported. While the HOMO is essentially localized on the nitrogen atom,
the LUMO is characterized by a high density on the oxygen and nitrogen atoms and
practically no probability at the center of the N-O bond is observed suggesting a
dissociative state. This information, along with the Boys centroids, provides a first

insight into the chemical reactivity of the two molecules.

HOMO 24a 24b

LUMO

Centroids

e ‘ f
Figure 3-1: a and b display the HOMO, and ¢ and d the LUMO of 24a and 24b
respectively; e and f show, with small spheres, the centroids of the Boys orbitals.

Reaction mechanism: formation of indolizidinones 26

The reaction mechanism of the rearrangement is characterized by a first step, com-
mon to all reagents, which involves the homolytic cleavage of the N-O bond and the
formation of TS; and TS,. The electronic structure of TS; is characterized by the

non-coincidence of the centroids related to « e 3 electrons along the N-O bond and
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on the cyclopropane moiety, as shown in Figure 3-2. This result is consistent with
an initial homolytic cleavage of the N-O bond.!%! This is particularly evident in
Figure 3-2, where the electronic rearrangement for the intermediate Int; is depicted.
Moreover, while the other electrons on the molecule form pairs on the # bond of
the cyclopropane, the two centroids are separated by ~0.4 A along the bond, one
inside the cycle and the other outside. A strong separation is also observed on the
« bond, where only one electron lies on the line connecting the two carbon atoms
and the other is moved very close to C-2’. The electronic structure characterization
of Int; is important, because the reaction path can now proceed along two different
paths with the opening of the cyclopropane ring. Two different minimum reaction
paths can be obtained, depending on the cleavage of the S or @ bond for both 24a
and 24b. The mechanism of formation of the tetrahydropyridones 2 is the same for
both spirofused bicyclic isoxazolidines 24. This result is confirmed by the electronic
structure and vibrational properties of the equilibrium geometries and transition
states obtained from the calculations and summarized in Figure 3-3. Starting from
the molecular structure of the transition state, it has been verified that the nearest
minima on the reaction path are reached by an IRC calculation. Although both
the energy and the imaginary frequencies of the first transition state are slightly
different in the reactions involving compounds 24a and 24b, as shown in Table 3.1,
the electronic distribution is almost the same as confirmed by the Boys-centroids

analysis.

The stationary point TS, is reached from Int;. It can be noted from Figure 3-2
that the CO bond is oriented on the opposite side respect to the nitrogen, while the
three centroids on nitrogen are very similar to those of Int;. More interesting is the
electronic rearrangement occurring in the cyclopropane and CO moieties. Only one
centroid, closer to C-2 (~ 0.7 A), is present along the 5 bond. The other centroid
is moved on the CO bond that now has 3 centroids, a pair and an isolated one that
is slightly closer to C-2’. A pair and three centroids on the opposite side equispaced
are located on the oxygen. The system evolves along the minimum reaction path
towards the final product, which is characterized by all paired electrons, as shown

in Figure 3-2. The reaction of 24b follows the same mechanism as confirmed by
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Figure 3-2: Minima and transition states of the 24a and 24b reactions leading to
the formation of indolizidinones 26a and 26b. Green and orange centroids refer to
B and « spins.
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Table 3.1: Difference in Energy in kJ mol™! with and without the solvent effect

(AEpcy) of the statiorary points along the reaction path from 24 to 26. The

imaginary frequencies of the transition states are reported in cm™1.

Stationary points AFEpcy AE  AEgs, Freq

24a 0.0 0.0 0.0
TS5, 117.4 119.5 117.1 | -209.2

24a Inty 102.8 105.2 100.0
TS, 104.2 106.7  101.3 | -338.2

26a -236.0 -224.1 -239.4

24b 0.0 0.0 0.0
TS5, 113.2 1154 113.5 | -266.4

24b Int, 85.7 88.4 85.4
TS, 87.6 90.4 87.2 | -343.0

26b -247.0 -244.3 -250.1

the electronic structure rearrangement in Figure 3-2. As reported in Table 3.1
the effect of the solvent, computed by PCM,[1%! on the stationary points is less
than 3 kJ mol~! except for the final product 26a that show a difference of 12
kJ mol~!, therefore the qualitative description of the formation mechanism of the
indolizidones is not affected by the presence of toluene as solvent. A few calculations
have been performed to evaluate the contribution of the dispersion interactions and
are reported in the Appendix A (Table A.25) and their effect is similar, as order of
magnitude, to the solvent contribution computed with the PCM method.

Reaction mechanism: formation of enaminone 27

The reaction path involving the o bond cleavage in Int; and leading to the formation
of the enaminone requires a different description for the 24a and 24b reactants as
reported in Figure 3-4 and Table 3.2.

In fact, while the first two steps of the reactions are similar, the TSz energy is
different due to a different reaction path. The shift of a proton occurs in the third
step (TS3) of the rearrangement of isomer 24a and in the fourth step (T'S;) in the
case of 24b as shown in Figure 3-5 and Figure 3-6.

Regarding the reaction of 24a leading to the enaminone 27, the second step is

characterized by the homolytic cleavage of the a bond in the cyclopropane moiety.
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Figure 3-3: Reaction energy profiles related to the indolizidinone formation, from:
a) 24a and b) 24b.
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Table 3.2: Difference in Energy in kJ mol™! with and without the solvent effect

(AEpcyr) of the statiorary points along the reaction path from 24 to 27. The

imaginary frequencies of the transition states are reported in cm™1.

Stationary points AFEpcy AE  AEgs, Freq
24a 0.0 0.0 0.0

TS5, 1174 1195  117.1 | -209.2
Int, 102.8 105.2 100.0

TS, 103.6 106.8 101.8 | -344.1
Int, 48.9 51.1 46.5

24a TS 59.1 62.7 61.4 -54.0
Ints 48 .4 53.2 48.0

TS, 51.1 54.9 54.5 | -167.7
Int, -241.7 -238.9 -240.2

TS5 -22.2 -13.3 -10.4 | -1781.5
27 -265.7 -259.7 -256.3
24b 0.0 0.0 0.0

TS5 113.2 1154 113.5 | -266.4
Inty 85.7 88.4 85.4

TS5 86.0 89.3 86.4 | -316.7
Int, 35.6 37.7 35.6

24b TS 118.7 121.0 121.0 | -1739.8
Ints 242  -19.1 -19.1

TS, 38.4 44.8 47.7 | -1642.0
27 -266.3 -259.3 -257.0
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Figure 3-4: Reaction energy profiles related to the enaminone formation, from
a)24a and b)24b, respectively.

The reaction evolves toward Inty through a structural rearrangement with the ni-
trogen and oxygen atoms at longer distance and subsequently through a rotation
in TS3, as shown in Figure 3-5. The terminal CH, group obtained by the cleavage
of a bond interacts with the hydrogen atom initially bonded to C-3a’ to obtain a
terminal methyl group. Finally, the enaminone is obtained through isomerization of
the imine to enamine. As in the case of the 24a, the epimeric 24b is converted into
enamine 27 through the homolysis of cyclopropane a bond. However, the reaction
occurs through a different sequence with respect to those discussed in the previous
section as shown in Figure 5. As observed in the case of the reaction of 24a, the
second transition state and third stationary point (TS and Inty) are, in sequence,
the @ bond breaking and a structural rearrangement of the CHy-CH$ moiety, as
shown in Figure 3-5. The main difference with the rearrangement of 24a stems in
the transition state TSz, which is characterized by a hydrogen atom shift, leading to
the formation of the CHy-CHjs group. The nitrogen atom interacts with the hydro-

gen atom of C-3a’ giving rise to the formation of an imine intermediate (Ints) that
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isomerizes to enaminone 27. It is to be noted that for 24a TS; is not the highest
barrier along the reaction path. At this level of theory the highest barrier is T'S3
as reported in Table 3.2. Considering toluene as implicit solvent, also in the case
of enaminone formation, the overall energy profile is not modified appreciably, as
shown in Table 3.2. However, the role of the solvent can be relevant on the dynamics
of the reaction in the experimental conditions. In fact, the trasformation is char-
acterized by many statiorary points and involves a much more complex structural

rearrangent to reach the elongated enaminone structure than to obtain the pyridone.

3.4 Conclusion

Extensive analysis of the Brandi-Guarna reaction has helped us to understand the
critical points that the experiments brought up: the lack of regioselectivity in the
cycloaddition reaction that makes the 5-soxazolidine compound and the fact that
enaminone is made when isoxazolidine rearranges itself when heated. The conclu-

sions that follow examine the 1,3-DC reaction and heat rearrangement in depth.

3.4.1 The Cyclopropilidene Effect

The lack of regioselectivity in 1,3-DC of methylenecyclopropane (MCP, 2), com-
pared to the high regioselectivity of other 1,1-disubstituted alkenes, has been com-
putationally investigated through DFT calculations, to rationalize the experimental
finding. The computational analysis has been extended to tetrasubstituted alkenes
and to cyclopropylideneacetate to substantiate the results. It has been observed
that the electrostatic interactions play a fundamental role into the regioselectiv-
ity of these 1,3-DC reactions. In fact, the electronic structure of the substituents
(EDG and EWG) causes a polarization of the alkene double bond, which in turn
favours a proper structural arrangement between the reactants and consequently
controls the regioselectivity. The comparison of the reactions between nitrone 16
and 1,1-disubstituted alkenes isobutene (7) and MCB (14) shows that for similar
substituents (dimethyl, cyclobutyl) the reaction outcome is essentially due to the

electrostatic interaction (atomic charges and dipole moment), with a preferential
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formation of the 5,5-disubstituted isoxazolidine. In the case of MCP, where the
electrostatic interaction is less marked, the differences in 5- and 4-spirofused isoxa-
zolidine formation is lower and consequently the kinetic constants of the two paths
are similar (the kinetic constant ratio is only ks, = 5). The electronic structure
analysis of 1,3-DC with the tetrasubstituted alkenes ICP (17), ICB (18), and CPCB
(19) reveals a smaller value of the dipole moment, because all the substituents are
alkyl groups, and the partial charges on the double bond are given by the subtrac-
tion of the substituent EDG effects. The alkenes ICP and CPCB feature both a
cyclopropyl group on one end of the double bond, and on the other end: a geminal
dimethyl group and a cyclobutyl ring, respectively. The comparison of these two
dipolarophiles allow to understand how the cycloaddition reaction is influenced by
the alkene substituents with the largest EDG effect. In ICP the EDG effect of the
geminal dimethyl is stronger than the one of cyclopropyl: the k,, ratio shows that
the reaction is completely shifted toward the formation of isomer 27 with methyl
groups on C-5 (ka/p = 610719). A similar behaviour, although with a lower weight,
occurs in CPCB. In the case of 1,3-DC with ICB, the electrostatic contributes of
the substituents are similar, thus the polarization of the double bond is small but
still enough to favour the formation of the isoxazolidine with methyl groups on C-5
(ka/b = 61072). The cyclopropylideneacetate 36 is the only example studied featur-
ing a cyclopropyl ring and an EWG. In this case the two electronic effects sum, as
shown by the value and orientation of the alkene dipole moment. The contribute
given by the EWG is dominant and leads exclusively to the formation of product 39
(ka/b = 123). Summing up, the electronic effect of the alkene substituents measured
in this study determines a polarization of the alkene double bond favouring the
relative orientation between the reactants leading to the observed regioselectivity
of the cycloadditions. The study has allowed to explain the role of a cyclopropyli-
dene group (the “cyclopropylidene effect”) in inducing the regioselectivity in nitrone

1,3-dipolar cycloadditions.
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3.4.2 The Brandi-Guarna reaction

The stationary points for the Brandi-Guarna rearrangement of the spiro-fused bi-
cyclic isoxazolidines 24 into indolizidinones 26 and enaminone 27 have been charac-
terized at the UB3LYP/6-311++G(d,p) level of theory. The rearrangement occurs
throught an initial homolysis of the isoxazolidine N-O bond followed by the cleav-
age of a cyclopropane C-CH,; bond. The main result of the present study is that
two different pathways branch off from the first intermediate Int; in both 24a and
24b. One path involves the cleavage of the o cyclopropane bond and leads to enam-
inone 27, while the other, which features the cleavage of the 5 bond, ends up with
indolizidinone 26 formation. This finding proves that the outcome of the rearrange-
ment does not depend on a late step, such as a higher or lower propensity to close
the six membered ring, but on the second step, i.e. on the competitive cleavage
of the diastereotopic @ and [ bonds of the cyclopropane ring. It is interesting to
note that the pathways leading to enaminones requires a larger number of steps
with an increase of the spanned space. This can be important in condensed phase
under the experimental conditions. We can therefore hypothesize that, at constant
volume conditions and in the presence of the solvent, the yield of enaminones is
lower than that of indolizidinones, due to more complex reaction paths involving
large rearrangements that can be made less probable by the presence of the solvent
molecules. It is to be noted that the calculations predict a strong decrease in energy
from the last transition state to the product for all the reaction paths reported. This
energy can be dissipated by interaction with the solvent but it can be also accumu-
lated initially in vibrational degree of freedom and this can reduce the percentage of
enaminone that can be obtained experimentally since it is a more fragile compound.
We can also notice that the curvature of the energy profile at the transition state
involving the H-shift is very high and nuclear quantum effects can be important
in this reaction step.!'® Despite the differences among the energy barriers of the
four calculated pathways are negligible, the study gives a clear description of the
reaction mechanism. The sterical effect exerted by the substituent is involved in the
selective cleavage of one of the two cyclopropane bonds with the cleavage of the

bond leading to the formation of the pyridone product.
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24a
)

TS: Inty TS;
) ,&j s : E S

Int, TSs Ints

TSa Int4

o
o

Figure 3-5: Minima and transition states of the reaction of 24a leading to the
formation of the enaminone.
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24b : TS Inty

TS2 Int;

Ints TS, 27

Figure 3-6: Minima and transition states of the reaction of 24b leading to the
formation of enaminone 27.
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Chapter 4

Analysis of a tautomerization
reaction path: why does it depend
on the adopted exchange correlation

functional?

In theoretical and computational chemistry, Koh-Sham density functional theory
has become one of the most extensively utilized tools for describing the electronic
structure. KS-DFT assumes that the ground state density of the original interacting
system is equal to that of a set of non-interacting systems. This leads to indepen-
dent particle equations for non-interacting systems that are considered as exactly
soluble with all of the problematic many-body terms included into an exchange-
correlation functional of the density. Exchange arises from anti-symmetry due to
the Pauli exclusion principle and correlation accounts for the remaining many-body
effects, however the exchange correlation in terms of density is unknown and it is
necessary to use approximations, such as the use of semi-empirical parameters. The
purpose of this study is to contribute to the topic of the arbitrariness of xc-functional
choice within a given theoretical framework. To highlight any potential differences
between the adopted xc-functionals, a model reaction involving proton transfer be-
tween highly conjugated systems in which electron density plays a substantial role

was required. All these requirement are satisfied by the tautomerization of [2,2’-
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bipyridyl|-3,3’-diol which involves a double proton transfer between a nitrogen and
carbonyl moiety on conjugated bipyridyl rings. The determination of the detailed
reaction mechanism is currently a subject of discussion,''%? and the tautomer-
ization has been investigated both in terms of excited state intramolecular proton
transfer (ESIPT) 311 and ground state analyses.["'>11% The reaction has been in-
vestigated in the ground state using both static and dynamic approaches, detailing
the reaction process and estimating the free energy surface to highlight any poten-
tial differences between functionals that, according to the methodology, ought to
be equivalent. Contrary to expectations, both static and dynamic simulations show
that the characterization of the reaction mechanism is dependent on the delocal-
ization error of the xc-functional adopted: functionals with a high delocalization
error define a step-wise reaction mechanism, whereas xc-functionals with a lower
delocalization error define a concerted reaction mechanism with different degrees of

synchronicity.

4.1 Computational details

Geometry optimization methods with very tight convergence criteria have been used
to locate transition states (TS), pre-reactive minima, and products for each of the
functionals reported in Table 4.1. The Hessian matrix for the TS is characterized
by only one negative eigenvalue, and the associated eigenvector reflects the displace-
ments along the two newly created O—H bonds, providing insight into the concerted
or step wise reaction process.

The 6-311+G(d,p) basis set was utilized for all geometry optimizations. The ref-
erence structures were computed at the B2PLYP//M06/6-311-+G(d,p) 3413 level
of theory, single point energy calculations at the CCSD(T)-F12/ cc-pVTZ-F12-
CABS136:137 Jevel of theory have been performed for a more accurate energy ref-
erence. This method requires a near-complete auxiliary basis (CABS) in addition
to the orbital basis set. The F12 correction strongly improves the basis set conver-
gence of correlation and reaction energies. Errors of the Hartree-Fock contributions

are effectively removed by including MP2 single excitations into the auxiliary basis
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Table 4.1: List of exchange-correlation functionals and methods considered in this
work, ordered by the proportion of HF-exact exchange EXX (min/max for range
separated hybrids).

Type Functional Ref Exc %EXX
HF HF 117 EAT 100
Xa 118
p SVWN5 118,119 p 0
BLYP 120,121
GGA PBE 122 p,Vp 0
MO6L 123
B3LYP 124,125 20
PBEO 61 25
2
Global Hybrids BH%QYP ES P VE”)I;(,Y P g(;
M062X 123 54
MOGHF 128 100
Cam-B3LYP 129 0.V, V2p, 19/65
Range Separated Hybrids ~ wB97XD 62 B W 22/100
M11 130 42.8/100
. B2-PLYP 131 p,Vp,V?p, 53
Double Hybrids DSDPBEPS6 132 BHF | M P2 69
PT MP2 133 EMP?

set. Using aug-cc-pVTZ basis sets the CCSD(T)-F12 calculations are more accurate
and two orders of magnitude faster than standard CCSD(T)/aug-cc-pV5Z calcula-
tions!'3¥. Through the determination of the electrostatic potential (ESP), the elec-
tronic effects have been investigated. 39149 In Appendix B comparisons between the
ESP atomic charges and those derived by the CM5 method [ are provided to further
enhance the electronic structure analysis. To characterize the electronic structure
rearrangement during the reaction mechanism, the electron localization has been
computed for specific stationary points using the electron localization scheme pro-

posed by Boys!™! with the sddall basis set.

Due to the fact that both tautomers belong to the Cy, point group symmetry, we
have also investigated the entirely synchronous double proton transfer, which implies
symmetry conservation along the reaction path. In this specific instance, the saddle
point along the transformation path is characterized by two imaginary frequencies

corresponding to the symmetric and anti-symmetric stretching of the double proton
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transfer. In this case the number of functionals examined has been reduced to the
B2PLYP, wB97XD, B3LYP, and BLYP all adopting the 6-31+G(d,p)*3*14?l basis

set.

Biased dynamics were performed using the ADMP method, which is an ex-
tended Lagrangian method where the density matrix is propagated rather than the
wavefunction. 271 All static and dynamic calculations were performed using the
Gaussian suite of programs (G16).1 The only exception are the coupled cluster

calculations and MP2 that were performed with the ORCA program. 143!

The characterization of the reaction mechanism at the MP2/6-311+G(d, p) level
has once again showed the limitations of this approach for characterizing aromatic
systems. 1471461 Although the structures of the tautomer forms adhered to thigh
convergence criteria and characterized by the absence of imaginary frequencies, Cop,
symmetry and planarity were lost. Performing optimizations with the same level of
theory and criteria using the ORCA software does not resolve the issue. The MP2

analysis was therefore omitted; the results are presented in the Appendix B.

The umbrella sampling along the potential energy surface of the tautomerization
was carried out using the PLUMED library 17 (version 1.3.11%8]) interfaced with a

locally customized version of the Gaussian suite of programs (G16).

The exploration of the potential energy surface is the outcome of a harmonic
potential acting as a bias (4.1a) expressed as a function of the collective variables
(CV), where k (4.1b) is the harmonic force constant and sq is the reference value.
Since intramolecular proton transfer could be synchronous or step wise, the tau-
tomerization must be modeled using two collective variables, one for each proton

(4.1c),(4.1d). (refer to Figure Figure 4-1 for atom labeling)

V(CV) = g(cv — 50)° (4.1a)

ko~ ’jjT (4.1b)

CVi = |R(N3) — R(Hy)| — |R(Os) — R(H,)| (4.1c)
CVa = |R(Ny) — R(H2)| — |R(Os) — R(H>)| (4.1d)
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Figure 4-1: C'V; refers to the collective variable ¢; R(X) indicate the position of the
X atom, reported in the figure;

Ten IRC (Intrinsic Reaction Coordinate) configurations were collected along the
proton transfer pathway with a collective variable step value of 0.5 Bhor, based on
the stationary points and intermediate geometries for each proton transfer. Each
of these structures provides the input for the biased NVE dynamics conducted at
room temperature with an integration time step of 0.2 fs for 3 ps. This simulations
are preceded by an equilibration run of 1.5 ps utilizing a nuclear kinetic energy
thermostat 2%l implemented in Gaussian with a temperature check every 500 fs for
the first picosecond. Except for the double hybrids functionals, the MP2, for which
the ADPM algorithm is not implemented, and the M11 the dynamics were performed
for each of the functionals listed in Table Table 4.1.

Due to the computational cost, it was not practical to use the same basis set
adopted for static calculations in the ADMP simulations. The modified 6-31+G(d,p)
basis set with the diffuse function on nitrogen and oxygen was found to represent the
optimal balance between accuracy and computational cost savings, as determined
by an estimation of the barriers with alternative basis sets .To verify that the explo-
ration of phase space was compatible with the sampling of the IRC, special care was
taken to confirm that the reaction pathways given with the 6-31+G(d,p) modified
basis produced the same results as those predicted using the 6-311+G(d,p) basis
set.

The sampling of the phase space is determined by the value of the force constant
(k): for large values of k only points near to sq are investigated (4.1a). Therefore a
small £ (4.1b)value would be ideal for investigating as much surface area as possible,
but since the dynamic is NVE, energy conservation must be guaranteed. In addition,

the two collective variables must be separated during the analysis of the potential
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surface close to the transition states in order to evaluate the reaction mechanism
(4.1c)(4.1d). For these reasons we chose different values of &k (4.1b) along the reaction
path: 0.005 for minimum configurations, 0.10 for intermediate structures and 0.20
for TS geometries.

The weighted histogram analysis method (WHAM)!! is applied to each ac-
quired trajectory to reconstruct the potential energy surface at room temperature
with a convergence criteria of 1-107° (a.u.).

The minimum energy path (mep) was computed by considering the minimum
energy value relative to a linear combination of the two collective variables (CVy,
CVs). The resulting two-dimensional energy profile was calculated using a fifth-

order polynomial (the values and the polynomial expression are reported in the B).

4.2 Results and discussion

Chemical intuition and previous works!™*116 suggests that the tautomerism can
proceed in two different ways (Figure 4-2): through a concerted mechanism with
variable synchronicity involving a double proton transfer, or by a step-wise approach
that involves the formation of the keto-eno intermediate (2).

The diketo (1, Figure 4-2) tautomer is characterized by a loss of aromaticity along
the two cycles, a negative partial charge on the oxygen atoms and a positive one on
the nitrogen atoms, and partial conjugation between the two beta carbons and the
two carbonyl moieties. The dienol form (3) is expected to reconstruct the aromaticity
on the cycles, resulting in a more stable structure. As a result, we selected the diketo

(1) as the starting form and the dieno tautomer (3) as the product.

4.2.1 Static Calculations

The diketo (1) and dieno (3) tautomers are characterized by the Cs;, symmetry.
Under the assumption that Cy;, symmetry is conserved throughout the reaction, the
synchronous double proton transfer mechanism has been investigated.

The saddle point geometry of the double proton transfer (Figure 4-3) is char-

acterized by two negative eigenvalues with eigenvectors corresponding to antisym-
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2H
1 diketo tsy 3 diolo
H H
2 int tS2

Figure 4-2: The two proposed reaction mechanism for the tautomerization of [2,2’-
bipyridyl]-3,3’-diol.

metric (Fig.4-3a) and symmetric (Fig.4-3b) stretching. The symmetric describe the
syncronous formation of the dieno while the second brakes the symmetry.

The stationary points have been optimized using very tight convergence criteria
with the 6-311+G(d,p) basis set. Due o the computational cost less functionals
have been used. The estimated activation energies are approximately 35 kcal/mol
for the DSDPBEP86, wB97XD, and B3LYP and significantly lower at 21 kcal/mol
for the BLYP (exact values reported in Appendix B). The magnitude of the activa-
tion energies for the tautomerism and the occurrence of two negative eigenvalues in
the stationary point suggest that a distinct reaction path, which describes an asyn-
cronous or stepwise reaction mechanism, involving a reduction of the Cy, symmetry
is more plausible.

The reference energies for the two proposed mechanisms involving a loss of sym-
metry, concerted and stepwise, were calculated at the CCSD(T)-F12/cc-pVTZ-F12-
CABS level of theory using the geometries obtained at the B2PLYP /6-311G(d,p)
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(a) -1611.3 cm ™1 (b) -1532.9 cm ™!

Figure 4-3: Imaginary frequencies at B2PLYP /6-311+G(d,p) level of theory

and M06/6-311+G(d,p) levels, respectively.

The B2PLYP functional describes a tautomerization characterized by a concerted
asyncronous reaction mechanism ! in which the first proton transfer is the rate-
determining step (1.6 kcal/mol) and the system evolves into the dieno tautomer with
Cap, symmetry (3, -16.6 kcal /mol) without encountering any other energy barriers (
Table 4.2). The CCSD(T)-F12/cc-pVTZ-F12-CABS single point calculations on the
optimized structures decrease the activation energy for the initial proton transfer

(0.6 kcal/mol) and increase the dieno tautomer energy (3, -14.6 kcal/mol).

The MO6 identifies a step wise mechanism; the activation energy is comparable
to the AE obtained with the B2PLYP functional (1.6 kcal/mol). The chemical
process is characterized by a keto-eno intermediate (2, -3.5 kcal/mol) connected to
the dieno tautomer (3, -12.0 kcal/mol) by a second proton transfer (0.3 kcal/mol).
Single point coupled cluster calculations on the optimized M06 geometries reveal
that the barrier for the first T'S and the stabilization of the dienol form are identical
to B2PLYP (0.6 and -12.0 kcal/mol, respectively), while the TS2 (-5.4 kcal/mol)

energy is lower than the keto-eno intermediate (-4.3 kcal/mol).

At this level of theory, the reaction process is asynchronous, with the dienol form

(3) being more stable than the diketonic form (1), with tautomerization proceeding
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Table 4.2: Functional/6-311+G(d.p), A E (kcal/mol), v (cm™).

LoT tsy intg tso di-eno | vi(ts1)  wva(tse)
B2PLYP//
CCSD(T)-F12/ 0.597 -14.622
cc-pVTZ-F12-CABS
M06//
CCSD(T)-F12/ 0.568 -4.536  -5.347 -14.622
cc-pVTZ-F12-CABS
B2-PLYP 1.649 -16.610 | -1021.3
DSDPBEPS86 1.467 -19.683 | -968.6
wB97XD 0.970 -12.740 | -995.4
Cam-B3LYP 0.587 -13.072 | -905.3
M11 0.341 -12.541 | -753.8
B3LYP 1.264 -9.690 | -1037.8
PBEO 0.396 -10.50 | -787.5
BHandHLYP 1.322 -15.917 | -1139.4
MO6 1.654 -3.519 -3.244 -11.992 | -1495.6 -1017.9
M062X 0.039 -16.388 | -389.1
PBE 0.455 -5.616 -744.1
BLYP 1.438 -0.943 -0.927 -5.648 -978.0 -330.2
MO6L 2.626 -1.465 -0.631 -7.778 | -1400.8 -1407.9
HF 2.230 -11.051 -10.253 -26.535 | -1355.7 -1013.72

by a single TS corresponding to the first proton transfer and resulting in a loss of
symmetry in the Cy, molecule. The second proton transfer is barrierless. According
to the energy profile along the IRC reaction coordinate, the surface of energy between
the first and second proton transfers is flat. This work shows that a local minimum
relating to the keto-eno intermediate (2) and a second maximum (ts2) corresponding
to the second proton transfer are detectable in this region of phase space, depending
on the chosen xc-functional.

Proceeding from the lowest to the highest level of theory employed. The HF
analysis of the reaction processes establishes a step wise mechanism that involves
the formation of the keto-eno intermediate. The barrier for the first transition
state at HF is 2.2 kcal/mol. The intermediate (2) is 10 kcal/mol more stable than
the ground state (1, Cgp), whereas the activation energy required for the second
proton transfer is 1 kcal/mol. This behavior suggests that the characterization of
the response mechanism may be reliant on the xc-functional. Following the Jacob’s
ladder, the investigation is expanded to two completely local functionals (Xa and

SVWNS5). In this case, neither functional recognizes the diketo form (1, Cy) as a
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local minimum: starting with an optimized HF geometry of the diketo (1, Cyp), the

geometry optimization directly leads to the dieno product (3, Cyp).

As we move to the GGA functionals, the situation becomes more complicated.
The reaction mechanism is step wise for MO6L and BLYP while concerted for PBE.
The investigation of the structures, the charge distribution (ESP) and the dipole’s
value are useful tools for explaining such behavior. In particular the analysis of
the partial charges on the atoms in the diketo tautomer (1), which describe the
conjugation of the two cycles, and the initial transition state which represents the
dividing point between two reaction mechanisms. The comparison of the evolution
of partial charge (Table B.22) on the atoms between the transition state and the
diketo form (1) reveals that the functionals MO6L and BLYP are subject to a smaller
variation of the charge distribution between the transition state and the pre-reactive
minimum (1) compared to PBE, which defines a concerted process and has a lower
activation energy (activation energies for MO6L, BLYP and PBE are 2.6, 1.4 and 0.4
kcal /mol respectively Table 4.2). The low magnitude of the dipole moment for the
PBE transition state (0.7 Debye, Table B.17) offers a measure of the mechanism’s

synchronization.

The analysis of the keto-eno intermediate (2) obtainated with the MO6L and
BLYP indicates a balanced distribution of charges (Table B.20), which explains the
stability of the keto form. There are no significant differences in the description of
the charge distribution, and the energy gain is comparable (1.4 kcal/mol for M06
and 0.9 kcal /mol for BLYP). However, the keto-eno intermediate (2) is characterized
by a loss of symmetry, and the activation energy for the second proton transfer is
low for both functionals ( 0.8 kcal/mol for MO6L and 0.4 kcal/mol for BLYP). The
system evolves to dieno tautomers (3) with Cy;, symmetry, with the BLYP and PBE
providing the same stabilization (-5.6 kcal/mol), while the MO6L provides a more
stable form for the dieno (-7.8 kcal/mol).

In the case of global hybrid functionals, the characterization of the reaction
mechanism is also dependent on the xc-functional. Both tauotomers (1, 3) show Cyy,

symmetry for the functionals under examination. A concerted reaction mechanism

is found by the BH&HLYP, B3LYP, and PBEO. The activation energy for the first
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two functionals is the same (1.3 kcal/mol, Table 4.2), and the immaginary mode
frequency of the two TS is similar (-1139 and -1038 cm ™!, respectively). The PBEO
is characterized by a lower activation energy (0.4 kcal/mol). The evolution of the
ESP charge from the diketo tautomer to the first transition state is comparable to
that of the other two functional groups, whereas the dipole momentum in the TS is
smaller (0.8 Debye for PBE and 1.1 Debye for B3LYP and BH&HLYP Table B.17),

showing a greater degree of synchronicity in the double proton transfer.

The analysed Minnesota functionals (M06, M062X and MO6HF) display a dif-
ferent behavior. The MO06 detects a step-wise mechanism and, as mention before,
the activation energy is the highest for this family of functionals (1.6 kcal /mol).The
investigation of the charge distribution and, more specifically, the evolution of the
charges between the first transition state and the diketo form (1, Table B.19) re-
veals a charge distribution closer to the diketo minimum configuration distribution,
consistent with the trend observed in the GGA functionals. Due to the step wise na-
ture of the reaction mechanism, symmetry considerations cannot be made through
the analysis of the dipole momentum (0.9 Debye Table B.17) in this instance. In
order to exclude any potential basis set effects on the characterisation of the reac-
tion mechanism, the keto-eno intermediate (2) has once again been optimized at the

MO06,/pvqz!*®!! level, providing the same structure.

The M062X, that involves a double HF exchange contribution (54%), defines a
syncronus reaction mechanism with a low activation barrier (0.04 kcal/mol). In the
functionals examined so far, despite being concerted, the mechanism appears to be
highly asynchronous, as evidenced by the imaginary frequencies in the first transition
state that describe the transfer of a single proton (the value varies between -900 and
-1000 cm™! depending on the functional, Table 4.2). For the M062x, however, the
TS has an imaginary frequency of 300 cm~!, which is the lowest observed value. This
behavior is due to the fact that the normal mode partially involves the transfer of
the second hydrogen. The resulting reaction mechanism is more synchronized than
in previous examples. The TS structure analysis reveals that the NH distance for
both hydrogens is comparable (1.13 and 1.09 A ) and that the value of the dipole is

low (0.3 Debye, compared to the average value of 1 Debye for the other functionals
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Table B.17), indicating that the geometry of the transition state is close to the Cyy,

symmetry of the two minima (1, 3).

The MO6HF, which has the 100% of HF exchange, does not optimize the diketo
tautomer (1). Examining the acquired data, it appears that for Minnesota func-
tionals, the increase in the non-local exchange contribution of HF results in the
identification of a step wise (MO6L 0% HF, M06 27% HF), to concerted (M062X
54% HF), to absent reaction mechanism (MO6HF % 100HF).

The range separated functionals (Cam-B3LYP, wB97XD, M11) identify a con-
certed reaction mechanism with the diketo(3) and dieno(2) tautomers characterized
by a Cy;, symmetry. The M11 functional stabilizes the initial T'S more than Cam-
B3LYP and wB97XD, resulting in a slightly lower activation energy for the first pro-
ton transfer (0.4, 0.6 and 1 kcal/mol, respectively Table 4.2); this trend is reflected
by the value of the dipole moment (0.8, 0.9 and 1.1 Debye). The relative energy val-
ues obtained with the Cam-B3LYP are the closest to the B2PLYP//CCSD(T)-F12

reference values.

The reaction mechanism for the investigated double hybrid functionals (DSDP-
BEP86 and B2PLYP) is concerted, both the diketo (3) and dieno (3) form have
Cap, symmetry and they are connected by a single TS (the activation energy is 1.5
and 1.6 kcal/mol respectively). Double hybrids provide the best stabilization for the
dienol form (3, -16.6 and -19.7 kcal /mol respectively) among the functionals tested.
The reference energies at CCSD(T)/cc-pVTZ-F12-CABS level of theory were de-
termined using the B2PLYP stationary point structures as input (see Appendix B
Table B.2).

It is not possible to differentiate the two reaction mechanisms according only
to the optimized structures with the studied functionals . Indeed, regardless of the
reaction mechanism the stationary points are characterized by a zero average value of
the dihedral angle (NCCO) computed along the IRC path (Fig Figure 4-2, §— —1.83-
1073 £ 1.39-107°) and by the absence of a z component in the TS dipole (Table B.18).
The symmetry of the diketo and dieno tautomers is Cy; while the simmetry of the
transition states and keto-eno intermediate is Cg ( Table B.4). These results confirm

that the two cycles maintain their planarity along the reaction pathway. Hydrogen
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is coordinated by both nitrogen and oxygen during the proton transfer, resulting in
two six-point cycles intermediate that locks pinolo to be planar. The diketo form
(1) imposes the loss of aromaticity in the two cycles, the average value of the C-
C bond between them during the mechanism is 1.39A(i 0.09). Suggesting that
the steric hindrance created by the interaction between the nitrogen and oxygen
moieties is sufficiently strong that an alpha-beta delocalization along the CC moiety
is partially inhibited. In the diketo form (1), the oxygen-carbon interatomic distance
specifies a carbonilic moiety with a full double bond (1.2 A). Whereas in the product
(3), the interatomic distance is shorter (1.3 A) than it would be for a single carbon-
oxygen bond (1.4 A), suggesting a partially conjugated double bond. All information
regarding dihedral angles and bond distances is provided in appendix B . These

observations apply to each of the investigated functionals.

(a) Keto-eno intermediate (2) Cs (b) Ts2, Cs

Figure 4-4: Boys localized molecular orbitals at M06/sdall level of theory

The peculiar behavior of certain functionals (BLYP, MO6L, M06) in the charac-
terization of the reaction mechanism is to be searched in their long-term exchange
and correlation balance. The characterization of the Boys type centroids in the
keto-eno intermediate (2) allows to graphically describe the position of the localized
molecular orbitals (LMO, Figure 4-4). The three functionals under examination
(M06, BLYP and MO6L) define C,; symmetry for the keto-eno intermediate (2) and
for the second TS.

The aromaticity of the two rings is reconstructed during the tautomerization of
keto-enol to dienol. This process is observable via the characterization of Localized

Molecule Orbitals in the TS and, in the case of a step wise mechanism, in the keto-
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enol intermediate. The LMOs for M06 functional are reported in Figure 4-4. In the
ket-enol intermediate (Fig. 4-4a) the ring with the protonated oxygen is aromatic
while the ketone substituted ring has two double bonds and two doublets (green)
localized one on the beta carbon (0.23 A) and the other one on the inter-nuclear
axes (0.76 A). Going from the minimum to the second ts (AE=0.28 kcal /mol), the
aromaticity is rebuilded: the position of the two centroids changes, both placing
themselves at the same distance to the beta carbon (0.56 A, Fig. 4-4b) but outside

the inter-nuclear axis, just above and below of the molecular plane.

The functionals M06, BLYP and MO6L describe a saddle point for structures
that the other functionals recognise as decreasing in energy. Indeed, the single point
energies calculated for all the other studied functionals shows how the energy of the

structure relative to the ts2 is lower than the energy of the keto-eno intermediate

(2, Table B.3).

Delocalization Error

3.5 . . .
3| |
MOBL
25 | Y 1
£ 2] ]
E B2PLYP MO6
E 15 | DSDPBEP86 ¢ ™ BLYP |
- ’ B3LYP v
1l WB97XD |
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Figure 4-5: Activation energy (kcal/mol) as a function of the delocalization error
(eV.) for the investigated functionals: concerted reaction mechanism (-); step wise
reaction mechanism (V)
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The evolution of energy and the determination of the reaction mechanism cannot
be directly attributed only to the percentage of exact HF exchange in the functional.
Therefore, it was chosen to characterize the activation energies of each functional
(expressed in kcal/mol) as a function of their own delocalization error (eV) (Fig.
Figure 4-5). The delocalization energy is determined by comparing the ionization
energies of a cluster of non-interacting He atoms to those of a single He atom. This
difference is related to a delocalization error[1%152:153]

The comparison between the activation energy relative to the initial transition
state and the delocalization error ( Figure 4-5) reveals that functionals that identify a
stepwise reaction mechanism have a high activation energy (above 1.3 kecal /mol) and
a large delocalization error (around 6 eV). Significant delocalization error in func-
tionals results in an erroneous description of the electronic density, leading to the
definition of a minimum (2, 4-4a). The keto-eno intermediate has an asymmetrical
electronic structure between an aromatic ring and a cycle with an electron doublet
located on the beta carbon of the ketone. This behavior can also be observed in the
variation of partial charges between the diketo tautomer (1) and the first transition
state, as mentioned previously. Compared to their corresponding functionals that
describe a concerted reaction mechanism, the ESP charges of functionals that de-
scribe a step-by-step process exhibit a small degree of variation. This tendency not
to delocalize the charges on the entire ring, as with the keto-enol intermediate (2),

results in the stabilization of localized electronic densities on the atoms.

4.2.2 ADMP

Static calculations prove how the xc-functional’s long-term balance of exchange and
correlation determines the reaction mechanism. The free energy surface (FES) in-
vestigation aims to confirm that these variations in determining the reaction mech-
anism persist even in simulations at finite temperature. Particularly since the tau-
tomerization reaction has low activation energies that are easily overcome at room
temperature, especially the second TS. Admp simulations!?! are performed with xc-
functionals of type GGA (BLYP, MO6L), Global Hybrids (M06, BH&HLYP, PBEO,
B3LYP, M062X), and Range Separted Hybrids (Cam-B3LYP, wB97XD) using a 6-
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314+G(d,p) basis with the diffused component only on oxygen and nitrogen. The
reaction mechanisms for the xc-functionals under investigation were validated using
the 6-31+G(d,p) basis set, with the exception of the functional BLYP, which pro-
duced results that were inconsistent with those obtained using the 6-311+G(d,p)
basis set. As a result, the characterization of the FES with this xc-functional has
not been computed.

The surface generated with the xc-functional MO6L (Fig.Figure 4-6) is charac-
terised by the presence of three minima, one for the diketonic form, one for the
keto-enol intermediate, and one for the dienol tautomer. The minima are connected
by two transition states representing the transfer of the two protons associated with
each of the two collective variables. The energy color gradient shows that the ki-
netic determining step is the first, as predicted by the static calculations (TS;=2.6
kcal /mol; TS5=0.8 kcal/mol Table 4.2).

The static calculations done with the PBE functional identify a concerted reac-
tion mechanism. The free energy surface (Fig.Figure 4-7) is defined by the presence
of only one TS. The comparison of the surfaces shows how, due to the step wise
character of the process, the collective coordinates that describe the two proton
transfers are completely decoupled for the M0G.

The study of the free energy surfaces computed for the Global Hybrid functionals
reveals that the minimum associated with the keto-enol intermediate can be iden-
tified exclusively for the M06 functional (Figure 4-8), consistent with the results of

the static calculations. The remaining functionals describe a synchronized reaction
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mechanism with different degrees of coordination. The M062X reaction mechanism
is characterized by a low activation energy and small T'S dipole value (0.04 kcal /mol
and 0.35 Debye respectively). Involving a coupling between the two proton transfers,
the computed FES (Figure 4-9) reveals a wider surface for the values between the
zeros of the two collective variables. The two proton transfers appear graphically
uncoupled for the BSLYP and BH&HLYP functionals (Figure 4-10, Figure 4-11).
Consistent with the results of the static calculations, the comparison of the two free
energy surfaces reveals that BH&HLYP is characterized by a minimum of the dienol
form that is more stable than B3LYP (-15.9 and -9.7 kcal/mol respectively). The
PBEO (Figure 4-12) describes a concerted reaction mechanism with a lower activa-
tion energy and partial coupling between the two proton transfers, as described by

the shape of the surface shared by the two collective variables.

Analyzed range-separated functionals (Cam-B3LYP and wB97XD) show com-
parable behavior. Both the free energy surfaces (Figure 4-14 and Figure 4-13) are
characterized by the presence of two minima connected by a single transition state;
the coupling between the two proton transfers is comparable such as the dieno tau-

tomer’s stability.
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The computed free energy surfaces show a correspondence in the determination
of the reaction mechanism between the static calculations and the finite tempera-
ture simulations. The minimum energy paths (mep) of the computed Free Energy
Surfaces provide a more accurate comparison of the various trends (Figure 4-15).
The Global Hybrid and Range Separated functionals, with the exception of the M06,
depict a concerted reaction mechanism with varying degrees of synchrony. The slope
of the surface in the region between the first TS and the second barrier-free proton
transfer is what distinguishes the various functionals. The M062X and BH&HLYP
functionals provided less stability of the diketo tautomers, resulting in a greater en-
ergy difference between their two tautomeric forms, which defines a steeper surface
slope between the two proton transfers. Functionals that stabilize the diketonic form
and lower the energy difference between the two tautomeric forms define a gradually
sloping line with a minimum slope of M06, which describes a step wise mechanism
(Fig. 4-15a). Both analyzed GGA functionals stabilize the diketonic form in the
same manner. This provides a better understanding of the contribution made by
the delocalization error, which, in the case of MO6L, stabilizes the intermediate keto

enol and results in the identification of two TS, one for each proton (Fig. 4-15b).
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Figure 4-15: The minimum energy path was established by fitting the computed fes
with a fifth order polynomial. (E = Z?:o Ip(x;) — y;]?) and r is defined as a linear
combination of the two collective variables;

4.3 Conclusions

This study shows that the choice of exchange-correlation functional at a given level
of theory can provides ambiguous results when the nature of the chemical reaction
is able to reveal the deficiencies of the adopted xc-functionals. It is essential to
distinguish between theoretical model defects and a discrepancy in the obtained
results related to approximations. In the first instance, as illustrated by the MP2

y 1447146 (gee also the results re-

method for aromatic systems that lose planarit
ported in Appedix B), a molecule that is incompatible with the chemical nature
of the process is obtained and this contradicts the experimental evidence. In the
second instance (see, for instance, the results with BLYP, M0O6L, and M06), the
xc-functional describes structures that are compatible with the chemical nature of
the process but incompatible with the results reached at a higher level of theory.
The obvious solution is to use more theoretically accurate xc-functionals where the
adoption of functionals extending from range-separated to double hybrids uniquely
establishes a concerted mechanism for the reaction. However, the computational
cost and the lack of availability might hinder the use of this strategy.

The results obtained in the characterization of the reaction mechanism and the

free energy surface with the xc-functionals BLYP, M06L, and M06 are attributable

to an imprecise description of the electron density, quantified by the delocalization
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error, in correspondence with some reactive centers of the reaction (Cg). The com-
puted reaction mechanism is substantially correlated with both the first transition
state energy and the delocalization error of the chosen functional. The mechanism
of the stepwise reaction is predicted by xc-functionals with high levels of both at-
tributes.

Another potential source of error is the use of a too-small basis set, which can
be easily verified by increasing the size of the basis set at the expense of increased
computing costs. In the reaction under investigation, we have shown that the func-
tional MO06 optimizes the keto-enol intermediate (suggesting a stepwise mechanism)
despite the presence of a pvqz basis set!"!l and very tight convergence criteria as
with the smaller basis set.

This issue cannot be handled with a single solution. Once the framework of the
theory has been established, it is advisable to compare more functionals; discordant
results imply that the system requires a higher level of theory to achieve the required

consistency in the results.
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Chapter 5

The effect of Mg?T substitution on

Posner’s clusters.

This chapter summarizes the computational study of an extensive research covering
the synthesis and experimental characterization of Mg-substituted Amorphous Cal-
cium Phosphate nanoparticles (ACP). The ACP is particularly important among
the numerous forms of calcium phosphate (CaP) found in nature and in living or-
ganisms. " Given its chemical and structural diversity, ACP plays an important
biological role as a transient intermediate in the formation of the apatitic inor-
ganic matrix of bones and teeth, as well as in the formation of functional struc-
tures such as casein micelles, calciprotein particles, and amorphous nanoparticles
in the small intestine.['>® ACP has a short-range order that corresponds to the so-
called "Posner’s Cluster" Cag(POy)s!**%, which is thermodynamically unstable and
spontaneously evolves into crystalline forms of CaP, such as hydroxyapatite (HA,
Cay9(PO4)s(OH),) and brushite (CaHPO4-2H,0). The ion Mg?™ can be integrated
into the amorphous cluster to generate Amorphous Magnesium Calcium Phosphate
(AMCP) particles, which is significant not only for the crystallization pathway of
ACP but also for the structural properties of the amorphous phase itself. It has
been shown that a variation in the Mg/Ca ratio from 0 to 0.04 increases the life-
time of the amorphous phase during the conversion kinetic of ACP to HA by a
factor of 4 to 9 depending on the temperature.['®”l Other works indicate that the

creation of Mg-phosphate complexes is responsible for the improvement of the amor-
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phous’ lifespan. '8l Different interpretations of this behaviour have been proposed
in numerous published works throughout the years, some of which are reported in
the following. Abbona and Baronnet theorized that the first Mg?* substitution for
Ca?" in Posner’s clusters generates mechanical stresses and inhibits HA nucleation,
in addition to the effect of Mg?* adsorption onto the surfaces of ACP and apatite
crystallites. ' Yang et al. hypothesized that the formation of Mg-phosphate ion
pairs decreases the thermodynamic driving force for ACP nucleation and subsequent
crystallization to HA,['! while other hypothesized that Mg?* may also have an in-
fluence on improving HA’s solubility.['%! Ding et al. investigated the effect of Mg?*
ions on the various stages of HA precipitation from ACP precursor particles, which

can be either adsorbed or absorbed. 162l

The regulation of AMCP particles with a fitted Ca/Mg ratio and the knowl-
edge of their structural characteristics are crucial to the manufacture of particles
with a predefined stability. The purpose of this study is to investigate how the
Ca/Mg ratio and total cation concentration influence the characteristics of precipi-

tated amorphous phases.

The experimental study consisted of a systematic analysis of 15 different synthe-
ses in which the reagent solution concentrations were adjusted to test five different
Ca/Mg ratios (0.4, 0.7, 1, 2, and 3) at three different Mg?" concentrations for
each ratio (10, 50 and 100 mM). The resulting particles were investigated for crys-
tallinity, shape, elemental content, and thermal stability in order to produce AMCP
nanoparticles with a customized elemental composition. The Appendix C contains
all information regarding the preparation of samples and the list of measurements
performed. Regarding the discussion of the experimental results, reference is made

to the published article.'6?l

Computational methods were utilized to provide atomic-level insight into the ef-
fect of Mg?* concentration on the structure and stability of ACP clusters, revealing
new knowledge regarding the function of Mg?* substitution in ACP. A comprehen-
sive analysis was undertaken by optimizing a series of model clusters with varying
Mg?* /Ca®" ratios, beginning with Posner’s cluster and ending with the fully Mg-

substituted cluster.
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The results prove that AMCP particles with configurable crystallinity and com-
position can be produced. The computational analysis and the investigation of the
heat-induced crystallization of AMCP reveal that the stability of the particles de-
pends on the degree of Mg?" substitution in the cluster. The reported results shed
light on the effect of Mg*" on ACP characteristics at various structural levels and
may provide useful suggestions for the creation and design of AMCP particles with

a particular Ca/Mg ratio.

5.1 Computational Details

The cluster structures have been obtained starting from the experimental struc-
ture of the Brushite crystal (box 5.8x15.1x6.9 A, a = 4=90°, 8 =116.4°, Ia)!164,
The atomic positions have been optimized with the Quick Step module of CP2K
employing the LDA exchange and correlation functional within the Padé approxima-
tion. [165166] The wave functions for each atomic species have been described through
a DZVP-MOLOPT basis set!'97 whereas the electron density has been represented
with a plane wave expansion with a 340 Ry cutoff. The super-cell is made up by
3x1x3 unit cells. The calculations show a complete agreement between the computed
and experimental structure. 164

The optimized brushite crystal formed the basis for sampling a Posner cluster
with nine metal-occupied sites and six phosphate groups, two of which have been hy-
drogenated according to the experimental results. 1% This Posner-like cluster consti-
tutes the starting structure for the optimization of structures with different Ca/Mg
ratios, whose values are reported in the Table 5.1 . For each ratio, 4 structures
were generated and optimized which differ only in the position of the Mg atoms. In
the Table 5.1 the simulated clusters are identified as An’, where the presence of the
apex indicates a chemical composition of the cluster close to that obtained in the
synthesized samples An (Table C.1 in the Appendix C). The “N¢,” or “Ny,” label
indicates the number of Ca or Mg ions present in the simulated cluster, respectively.

To investigate the structural properties of selected magnesium and calcium phos-

phate clusters, DFT calculations at the B3LYP/6-31G(d) level of theory with tight

89



5.2. Results and discussion Chapter 5. The effect of Mg?* substitution on Posner’s clusters.

Table 5.1: are reported the different ratio Ca/Mg, Ca/P and Mg/P for the analysed
Posner’s clusters. Four different arrangement have been chosen for each sample.

Ca/Mg Ca/P Mg/P n¢, nuy
Aj 0.12 0.16 1.33 1 8
Al 05 05 1 3
Aj 0.8 0.66 .83 4
6
7

Al 2 1 0.5
ALl 35 116 0.33

N W Ot O

convergence criteria were performed using the Gaussian suite of programs (G16,12%).
The distances between oxygen atoms and metal ions were later determined by ana-
lyzing the optimized structures. The interaction energy between a particular Mg?*
ion and the remaining cluster has been estimated using the counterpoise correction

method. [168,169]

5.2 Results and discussion

This study shows that the different crystallization temperatures observed in AMCP
samples do not correspond to a phase transition. The plot of the crystallization
temperature (maximum of the first peak) versus the Ca/Mg ratio of the particles
shown in Figure 5-1 (left y axis) indicates that the crystallization temperature in-
creases as the Ca/Mg ratio of the particles decreases. This assumption is valid until
a Ca/Mg ratio of about 2. Incorporating Mg2+ into the lattice of the particles
stabilizes the amorphous phase against heating, in addition to its known stabilizing
effect in the conversion of amorphous to crystalline calcium/magnesium phosphates
in solution. 170!

The computational analyses further support these results. The computed inter-
action energies between the inner site of the Mg?* ion and the remaining Posner’s
cluster for various Ca/Mg ratios are shown in Fig.Figure 5-1 (right y axis). For the
homogeneous system Cag (consisting of exclusively magnesium cations), the inner
site’s interaction energy with the cluster is roughly -357 kcal/mol. In contrast, the
counterpoise correction energy for the cluster with two Mg?* and seven Ca®™ (A7,

Table 5.1) is -552 kcal/mol. The observed trend validates the stabilizing effect of
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Figure 5-1: Plot of the crystallization T (1st peak maximum) vs the Ca/Mg ratio
(left y axis). The blue diamond markers represent the average values + standard
deviations (see the materials and methods section). The plot also shows the coun-
terpoise correction energy (red dots) as a function of Ca/Mg ratio. The error bars
in calculations progressively enlarge due to the limit in configuration sampling.

the Mg?™ cation as calcium concentration increases. In fact, the binding energy of
Posner’s cluster increases (absolute value) with increasing calcium content. This
trend can be explained qualitatively by the larger coordination effect due to the in-
creased hardness of magnesium compared to calcium. This determines a decrease in
intermolecular distances, including those involving Mg?* ions. In this sense, clusters
with a higher magnesium concentration have a greater electrostatic repulsion, and
hence, lower binding energy.

The analysis of the Mg-O distances of the clusters in which Ca?"* ions are re-
placed by Mg?" ions supports these findings (Table 5.1). As shown in Figure 5-2a,
an increase in the magnesium concentration of the cluster causes a progressive stabi-
lization of the contacts at Mg-O distances higher than 4.0 AA. In contrast, starting
with a completely magnesium-substituted Posner cluster and increasing the quantity
of Ca2t leads to the loss of structure for Ca-O distances higher than 4.0 A. (Figure
5-2b). As expected, this behavior can be explained by the increased hardness of

Mg?* ion compared to Ca?* ion.
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Figure 5-2: Distribution of the M**-O interactions

Keeping the cell parameters constant, the comparison of atomic locations in the
two optimized crystals validates these results, as shown in Table 5.2 and Figure 5-
3. All inter-molecular lengths between the Mg?*t ion and its initial neighbors are
less than their counterparts in the calcium crystal. The reduction in distances is

consistent with the optimization calculations performed on Posner’s clusters.

The structural properties of the precipitated AMCP nanoparticles were also in-
vestigated using a multi-technique approach. To prevent the formation of crystalline
brushite, the synthetic conditions necessary to produce totally amorphous particles
were identified. Despite the fact that XRD, FT-IR, and SEM analyses did not
disclose any significant differences between the prepared particles, the elemental
composition research indicated a variable Ca/Mg ratio in the particles, which was
associated with the synthesis conditions. The presence of Mg?" in the particles re-
tards the crystallization heat of AMCP, demonstrating that this ion has a stabilizing
function when incorporated into the ACP structure. These findings are supported
by simulations of Posner-like clusters with increasing quantities of magnesium. Sim-
ulations of the Mg-O and Ca-O distances in the clusters, as well as the interaction
energies, reveal that the addition of Mg atoms stabilizes the cluster. The submitted
results contribute to the clarification of the effect of Mg?™ substitution in ACP-
based systems and the establishment of guidelines for easy synthetic techniques to

manufacture AMCP nanoparticles with a tailored elemental composition.
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5.2. Results and discussion

Mg?**  Brushite-Mg Brushite
0.(0) 2.03 2.37
0,(OH) 2.08 2.38
05(0) 2.04 2.51
0,(OH) 2.14 2.51
0'(0) 2.36 2.45
O"(OH) 2.57 2.67
Mg+ 3.91 4.04

Table 5.2: Distances (A) between
metal cation and first neighbors
in optimized Brushite-Mg and
Brushite crystal structures.
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Chapter 6

What is the structure of adenine
adsorbed on a gold (111) surface? A

computational investigation

The adsorption of biological molecules on the nanostructured surfaces of noble met-
als is crucial for diagnostic applications in the medical, biological, and technological
areas.'™172 A proper knowledge of the interactions between adsorbate and metal
surfaces is required for the correct development of systems based on molecular in-
teractions with surfaces. Adenine, a crucial component of nucleic acids, is one of
the most extensively studied biomolecules, and it can be utilized to validate a com-
putational methodology.['"177 The orientation of adenine on the metal surface is a
controversial topic, as the interaction can take place with multiple nitrogen atoms.
Indeed, contradictory articles continue to be produced on this apparently simple
subject, 1173:178-180]

The adsorption of adenine on gold surfaces has been investigated by means of the
density functional theory (DFT). Absorption of adenine can occur via physisorption
and chemisorption. Through the characterization of the electronic structure, it is
possible to characterize the two processes and then calculate observables for com-
parison with the experimental data, such as the vibrational spectrum.'®!! In the
present work, to characterize the adsorption mechanism, we consider the explicit

surface, and this represents a significant improvement compared to the previous
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works reported in the literature, which consider the metal surface made of a single

atom or small clusters, [182:183]

6.1 Computational Details

The gold surface was modelled starting from the fcc crystal’s coordinates reported
in the American Mineralogist Crystal Structure Database"®(Fm3m, 4.078 A). The
primitive cut (111) of the cell was therefore obtained and converted into orthorhom-
bic to reduce the computational cost of the simulation. On the resulting Au(111)
surface (108 atoms for 17.35x15.03x7.02 A, 3 layers), an adenine molecule was po-
sitioned at 4 A with its center of mass aligned with the geometric center of the
surface.

The potential energy surface is characterized by several minima characterized by
different orientations and distances of the adenine with respect to the gold surface, to
explore this complex phase space it is necessary an accelerated simulation technique,
in this work, we opted for the metadynamics method.[?>'®° To characterize the
various local minima, two collective variables (CV) have been defined.

The first CV describes the interaction between the nitrogen atoms, that may
interact with the gold surface when adsorption might occur, and the atoms of the
gold surface. The CV; is chosen to be approximately zero when the molecules are
far from the layer and to become larger than zero, but always smaller than one,
when one or more nitrogen atoms get closer to the layer. With the given parameter

the coordination number of the CV; start being larger than zero for distances below

4 A

C%:LZZﬁ (6.1)

The parameters of CV; are: nn =8, nd =14 , and 1.6 A for the interaction radius
(Ro) (the index iN runs on the nitrogen atoms and the index jAu on the gold
atoms). The second collective variable (CVy) is defined as the distance between the
adenine center of mass and the geometric center of the plane defined by the external

gold layer.
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The metadynamics simulation was carried out at the BLYP/DZVP-MOLOPT
level of theory, including the D3 dispersion contribution proposed by Grimmel'3!
with a cutoff of 350 Ry for the plane wave expansion!'®®l. The simulation is per-
formed at constant temperature (300 K, AT = £20K), during the simulation a
Nosé-Hoover chain thermostat implemented in CP2K (version 8.2) was adopted.
The Nosé-Hoover chain thermostat parameters are: chain lenght (3), number of
multiple timesteps to be used for the Nosé-Hoover chain (2), the Yoshida parameter
(3) and the time constant (1 ps). The initial configuration for each dynamic was
generated by optimizing, at the same level of theory, a configuration extracted from
an NVE dynamics performed to verify the integration time step. The dynamics
of the biased NVT have been performed using an integration time step of 1 fs for
10 ps. These simulations are preceded by an equilibration run of 5 ps. The cell
size is 17.34x15.03x25 A in which, the atoms of three layers of gold are fixed and
Periodic Boundary Conditions have been adopted. The long range electrostatic in-
teraction has been computed with the smooth particle mesh Ewald using beta-Euler
splines. "7 The convergence criteria for the SCF is tight (10~7) and the value for

the grid is set to 5.

6.2 Results and discussion

Surface adsorption of adenine is regulated by the interaction of nitrogen functional
groups with gold atoms. In addition to physisorption, we wanted to test if adenine
could bound to the surface of metal (111). For this purpose, two tautomeric forms of
adenine (Figure 6-2) have been chosen: the protonated N9 form (Fig. 6-1a), which
is the most common and of most biological relevance, and, the protonated N7 form
(Fig. 6-1a), which eliminates the hydrogen steric hindrance in order to invstigate
a possible chemisorption. The sum of the covalent and vdW radii of nitrogen (0.75
A, 1.55 A) and gold (1.44 A, 1.66 A) is respectively 2.19 A and 3.21 A. This results
suggest that for a N-Au distance less than their van der Waals radius we can consider
the absorption with a covalent contribution that increase decreasing the distance and

therefore refer to the adsorption as chemical.
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Figure 6-1: Tautomerism in adenine

The two tautomeric forms of adenine show different behaviors. The adenine
protonated in N9 (Fig. 6-1a) is the stable form ( the difference in energy between
the two isolated molecule is AE =~ 8 kcal/mol). This result is in agreement with
the experimental evidence which indicates the protonated adenine in N9 as the most
widespread tautomeric form. In the scientific literature, the tautomerization N9-N7
has been investigated in the context of DFT 8] showing that the tautomerization

process is mediated by three water molecules, and the barrier is approximately 20

kcal /mol.

The optimized structure of the protonated adenine in N9 (Fig.6-2a) displays
the out-of-plane interaction between the molecule and the surface. This structure
constitutes the input of the thermalization run. The coordination of nitrogen in
the NH, group is interesting to examine. The distance between the nitrogen atom
and the nearest gold atom on the surface is ~ 2.7 A, meanwhile the Z HNH angle
measures 112°degrees and the £ AuNH angle is 104.5°. This geometry suggests that

nitrogen is coordinated tetrahedrally.

The optimization of the protonated adenine in N7 (Fig.6-2b) clearly shows how
the molecule is arranged perpendicular to the surface (the distance is ~ 2.5 A).
The adenine substrate system in this case is overall more stable than the analogous
system with the adenine protonated in N9 (the energy difference between two opti-
mized structures is about ~ 12 kcal/mol). The outcomes of the ab initio molecular
dynamic simulations, for both tautomeric forms of adenine, are consistent with the
geometry optimizations. The interaction between N9 adenine and the gold surface
happens largely through the out-of-plane electron density of the adenine molecule.

The minima identified during the exploration of the phase space (Fig. Figure 6-3)
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Figure 6-2: Potential Energy Path

differ in the type of out-of-plane contact that occurs between the molecule and the

metal surface.

Three main minima have been identified (A, B, and C, Figure 6-3) on the poten-
tial energy surface, each of which corresponds to different out-of-plane interactions
between adenine and the metal surface. The characterization of the structures as-
sociated with these three minima is done by comparing the graph of the potential

energy with the values of the two collective variables (Figure 6-4).

Each of the main minima (A, B, C, Figure 6-3) corresponds to a maximum for

the variable CV; (Fig. 6-4a) and a minimum for the variable CVy (Fig. 6-4b).

In the first minimum, marked by the letter A (around 2 ps, Figure 6-3), the
adenine N9 is arranged parallel to the surface. At this minimum corresponds a
local maximum for the CV; (~ 0.7, Fig. 6-4a) and a deep minimum for the CV,
(~ 3A, Fig. 6-4b). Following the trajectory of the dynamics, the adenine goes away
from the surface, rotates on its N3-N10 axis (Figure 6-2), and then returns to it, as
indicated by the minimum point B on the graph (Figure 6-3). The orientation of
the molecule is always parallel to the surface. The interaction between the nitrogen
atoms and the surface is not uniform, resulting in a distribution of peaks around

the maximum value (at ~ 4 ps) of the CV; (Fig. 6-4a), which corresponds to the
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Figure 6-3: Potential Energy of the NVT simulation of adenine N9

minimum of the potential energy and the minimum of the CVy (~ 3A, Fig. 6-4b). In
the interval between 4 and 6 ps, the adenine moves away without rotating on its own
axis; the molecule is tilted, and the interaction with the surface is mediated mostly
by atoms N1 and N10 (Fig. 6-1a). The minimum of potential energy C constitutes
the longest time interval in which the adenine molecule is physisorbed on the gold
surface. The molecule is arranged parallel to the surface and all nitrogen atoms
contribute uniformly to the physisorption as can be deduced by the distribution of
the CV; values (Fig. 6-4a). The analysis of the adenine N9 trajectory and the values
of the two collective variables show that the molecule is physisorbited and is aligned

parallel to the gold surface 111.

The N9 adenine could not undergo chemisorption because the interaction be-
tween the N9 and N3 atoms does not form a stable minimum due to the steric

hindrance of hydrogen.

The optimization of adenine N7 (Fig.6-2b) shows instead that the molecule is
chemisorbed at the surface via nitrogen atoms N3 and N9. By analyzing the trends
of the two collective variables (CV; Au-N coordination and CV, distance between

the adenine center of mass and the geometric center of the surface), it is possible to
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Figure 6-4: Collective variables of adenine N9

determine the trend of potential energy in the simulation of the second tautomeric
form of adenine N7 (Fig. 6-1b). Between 0 and 4 ps, the molecule is oriented per-
pendicular to the surface. The interaction occurs because the nitrogen atoms n3
and n9 are not hindered by the presence of a proton and the fluctuations in po-
tential energy are caused by the movement of the molecule over the metal surface.
Chemisorption of adenine occurs about 4 ps, which corresponds to the deepest min-
imum of the potential. This arrangement of adenine corresponds to the maximum
value of the variable CV; (~ 0.01) and the minimum value of the coordinate CVy
(~ 2.4 A). Between 4.5 and 6 ps, the molecule moves away from the surface and
subsequently returns to it, as indicated by the CV, trend. It is fascinating to see
that the local minimum at 7 ps in CV, corresponds with the local maximum of CV;.
In this instance, only the nitrogen atoms N1 and N10 are the closest to the surface;
hence, the molecule is edgewise to the gold surface. Following the trajectory of the
dynamics, the adenine returns perpendicular to the surface before desorption.
These results represent a preliminary research and suggest that the two selected
tautomeric forms of adenine show a significantly distinct behaviors. Adenine N9
(Fig. 6-2a), the most biologically significant tautomeric form and the most stable
(AE = 8kcal/mol), is physisorbited on gold surface (111). On the other hand, ade-
nine N7 (Fig. 6-2b) induces chemisorption via nitrogen N3 and N9 (Fig. 6-1b).
These results indicate that steric hindrance is a determining element in the adsorp-

tion process and suggest the existence of a tautomerization mechanism between the

101



6.2. Results and discussion Chapter 6. Adenine adsorbed on gold surface

Potential Energy
60

N7

50 | .
40 | ]
30 | ]

20 - 1

AE (kcal/mol)

10 1

t(ps)

Figure 6-5: Potential Energy of the NVT simulation of adenine N7

CVy CV,
0.1 . . . , 7.5 .
CVy CV,
0.09 | 1 7t
0.08 1 6.5
0.07 | 1 6 I
0.06 | 1 55 |
-
3 005 f { =< 5}
0.04 | 1 45 -
0.03 | L J ] a4l /.\
0.02 | 35 '\/\/\A/ \
0.01 | 1 3| \ |
0 L 1 L L 25 1 1 L
0 2 4 6 8 10 0 2 4 6 8 10

t(ps) t(ps)

(a) CV1 (b) CV2

Figure 6-6: Collective Variables of adenine N7

102



Chapter 6. Adenine adsorbed on gold surface 6.2. Results and discussion

two forms of adenine. In fact, the coexistence of the two tauotomeric forms would ex-
plain the occasionally contradictory conclusions reported in the literature. [173:178-180]
The definition of a model that adequately characterizes the electron density would
make it possible to examine the stability of the various tautomeric forms adsorbed
on the surface and their relative orientations in order to assign intensities to the
experimental spectra and to evaluate if the adsorption on the surface, in presence

of water, will decrease the free energy barrier between tautomer N9 and N7.
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Chapter 7

Conclusion

This dissertation represents a significant part of my three-year PhD research. The
primary objective was to achieve, through the study of electronic structure, a com-
prehension of reaction mechanisms and to provide useful information for the proper
setup of the experiments. Taking inspiration from experimental research, we also
attempted to diversify the nature of the investigated complex systems.

The extensive ab initio analysis of the Brandi-Guarna reaction enabled us to
interpret the reaction profiles and explain the critical points highlighted by the
experiments: the lack of regioselectivity in the cycloaddition reaction that produces
the 5-isoxazolidine compound and the syntesis of the piridone and enaminone side
product by the thermal rearrangement of the isoxazolidine.

The theoretical investigation of the tautomerization of [2,2’-bipyridyl]-3,3’-diol
allowed to evaluate the accuracy of the exchange-correlation functional at a chosen
level of theory. The tautomerization involves a double proton transfer between the
nitrogen and carbonyl moieties. The computed reaction mechanism is substantially
correlated with both the first transition state energy and the delocalization error of
the adopted functional. The computational results show that only xc-functionals
with high levels of both terms identify the stepwise mechanism of tautomerism.

The computational work, done in collaboration with an experimental research
group, has produced a useful tool for the interpretation of the experimental results.
The simplified computational model of amorphous nanoparticles proves that the ad-

dition of Mg?* to Amorphous Calcium Phosphate samples stabilizes the amorphous

105



Chapter 7. Conclusion

phase against heating. This effect is added to the known stabilizing effect on the
conversion of amorphous to crystalline calcium/magnesium phosphates in solution.
The ab initio optimization of Posner-like clusters with increasing concentrations of
magnesium contributes to the elucidation of the effect of Mg?* replacement in ACP-
based systems and the formulation of guidelines for simple synthetic approaches to
make ACP nanoparticles with a customized elemental composition.

The characterization of biologically relevant molecule adsorption processes on
metal surfaces has been made possible thanks to ab initio modeling. Simulations
show that the two selected tautomeric forms of adenine (N9 and N7) have substan-
tially distinct behaviors. The steric hindrance given by the different protonated
nitrogens (7, 9) is a decisive factor in the adsorption process and suggests the pres-
ence of a mechanism for tautomerization between the two forms of adenine. In
fact, the coexistence of the two tauotomeric forms would explain the sometimes
contradicting conclusions found in the scientific literature. The tautomerization re-
action mediated by water has already been investigated in the gaseous phase. These
results therefore suggest to investigate the water-mediated tautomerization mech-
anism for the adenine adsorbed on the metal surface. To develop a model that
properly reproduces the experimental conditions: an adenine-containing solution on
a gold electrode (111). In order to assign intensities to experimental spectra, the
construction of a model that appropriately defines the electron density would allow
to analyze the stability of the various tautomeric forms adsorbed on the surface and

their relative orientations.
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Appendix A

Supporting data for Chapter 1

Table A.1: The ESP, CM5, NPA charges have been reported for the sp2 carbons of
the isobutene 7 (Cy4, Cp) and for the interacting atoms of the nitrone 16 (Cg, N, O).
The charge have been calculated for the isolated reactants (nitrone and isobutene).

ESP CM5 NPA
Cary | 0469217 -0.021094 -0.00836
s | -0.736784 -0.214182 -0.41187
a6 | -0.566773  -0.302139  -0.53059
ag6) | 0441358  -0.115015  0.08629
Cpae) | -0.230350  0.020439  -0.00385

Table A.2: The ESP, CM5, NPA charges have been reported for the sp2 carbons of
the isobutene 2 (Cy4, Cp) and for the interacting atoms of the nitrone 16 (Cg, N, O).
The charge have been calculated for the isolated reactants (nitrone and isobutene).

ESP CM5  NPA
Caz) | 0281712 -0.037240 -0.02053
B2 | -0.620743 -0.197492 -0.39213
a(1e) | -0.566773  -0.302139  -0.53059
Naae) | 0441358 -0.115015 0.08629
Cpae) | -0.230350  0.020439  -0.00385

Table A.3: The ESP, CM5, NPA charges have been reported for the sp2 carbons of
the isobutene 14 (C4, Cp) and for the interacting atoms of the nitrone 16 (Cg, N, O).
The charge have been calculated for the isolated reactants (nitrone and isobutene).

ESP CM5 NPA
Caqa | 0271190 -0.022674  0.00339
Cpa) | -0.698235 -0.214625 -0.41875
Oaae) | -0.566773 -0.302139  -0.53059
Naae) | 0441358 -0.115015  0.08629
Cse) | -0.230350  0.020439  -0.00385
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Table A.4: The ESP, CMb5, NPA charges have been reported for the sp2 carbons of
the isobutene 17 (C 4, Cp) and for the interacting atoms of the nitrone 16 (Cg, N, O).
The charge have been calculated for the isolated reactants (nitrone and isobutene).

ESP CM5 NPA
Caar) | 0.100976  -0.04619 -0.04619
Cpar | 0159697  -0.02542  -0.02542
Oaae) | -0.566773 -0.302139  -0.53059
(
(

y | 0.441358 -0.115015  0.08629
)y | -0.230350  0.020439  -0.00385

Table A.5: The ESP, CM5, NPA charges have been reported for the sp2 carbons of
the isobutene 18 (C4, Cp) and for the interacting atoms of the nitrone 16 (Cg, N, O).
The charge have been calculated for the isolated reactants (nitrone and isobutene).

ESP CM5 NPA
Caas) | -0-039164 -0.044737 -0.04368
Cpas) | -0.037420  0.103927  -0.02125
Oaae) | -0.566773 -0.302139  -0.53059
Nae | 0441358 -0.115015  0.08629
Cse) | -0.230350  0.020439  -0.00385

Table A.6: The ESP, CM5, NPA charges have been reported for the sp2 carbons of
the isobutene 19 (C4, Cp) and for the interacting atoms of the nitrone 16 (Cg, N, O).
The charge have been calculated for the isolated reactants (nitrone and isobutene).

ESP CM5  NPA
Caie) | 0.086344  -0.026871 -0.01267
Cpag) | -0.003760 -0.054891 -0.05332
Oage) | 0566773 -0.302139  -0.53059

a(e) | 0441358 -0.115015  0.08629
Cpae) | -0.230350  0.020439  -0.00385

16

Table A.7: The ESP, CM5, NPA charges have been reported for the sp2 carbons of
the isobutene 36 (C 4, Cp) and for the interacting atoms of the nitrone 16 (Cg, N, O).
The charge have been calculated for the isolated reactants (nitrone and isobutene).

ESP CM5 NPA
) | 0.447448 -0.005028  0.06265
Cpse) | -0.807355 -0.108089 -0.31767
y | -0.566773  -0.302139 -0.53059
Naae) | 0.441358 -0.115015  0.08629
)

-0.230350  0.020439 -0.00385

Table A.8: The ds.p. represents the difference in energy of interacting reactants
and the energy of the isolated isobutene 7 and 16 for each stationary point of the
reaction (ds.p. = Es, — Er — E16). The AFE represents the difference in energy
between the chosen orientation (Path a and b) of the isobutene. The differences in
energy are expressed in kJ/mol.

05.p.  Epatha  Epane  AFa b
or -32.8 -30.5 -2.3
0ts 35.4 53.4 -18.0
op -143.6 -118.0 -25.6
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Table A.9: The ESP charges have been reported for the sp2 carbons of the isobutene
7 (Ca, Cp) and for the interacting atoms of the nitrone 16 (Cg, N, O). The ESP
charge have been calculated for the isolated reactants (nitrone and isobutene) and

for the interacting species in the pre-reactive minimum for the chosen orientations
a and b.

Atoms Isolated Path a Pathb
Ca) 0.469 0.506 0.542
Ca(m) -0.737  -0.940 -0.748
O4a6) -0.567  -0.570  -0.560
N4(16) 0.441 0.399 0.382
Cpaey -0.230 -0.138 -0.185

Table A.10: The ds.p. represents the difference in energy of interacting reactants
and the energy of the isolated alkene 2, 14 and 16 for each stationary point of the

reaction (0s.p. = Es, — Enitr. — Eaix.); while the AE represents the difference in
energy between the two dipolarophile possible orientations.

Difference in energy
expressed in kJ/mol.
08.p.  Eopatha  Fopathb  AFa v Fiapatha  Frapatnb  AFa b
or -27.2 -23.7 -3.5 -33.8 -37.9 4.1
ots 28.7 36.5 -7.8 26.5 42.3 -15.8
op -172.7  -162.3 -10.4 -158.6

-135.0 -23.6

Table A.11: ESP charges in the pre-reactive minima for dipolarophiles MCP and

MCB (Cy4, Cpg) and nitrone atoms (O, N, Cz) for the isolated molecules and the
chosen orientations a and b.

Ao MCP (2) MCB (14)
Isolated Path a Path b | Isolated Path a Path b
Ca 0.282 0.147 0.266 0.271 0.237 0.236
Cp -0.621 -0.512  -0.591 -0.698 -0.675  -0.695
O16 -0.567 -0.533  -0.556 -0.567 -0.553  -0.589
Nis 0.441 0.401 0.367 0.441 0.389 0.447
C,@(m) -0.230 -0.101 -0.151 -0.230 -0.143  -0.265

Table A.12: The transmission coefficient (k) has been calculated using the Eyring

transition state theory and describes the changing in the rate of a chemical reaction
against the experimental temperature.

Dipolarophile Texp. (K) kgyring Path a  kpgyrin, Path b ka
2 330 Lell 2el0 4.8
14 370 1et? 1et0 1e?
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Table A.13: The ds.p. represents the difference in energy of interacting reactants
and the energy of the isolated alkene 17, 18 and 16 for each stationary point of
the reaction (0s.p. = Es, — Enitr. — Fai.); while the AE represents the difference
in energy between the two dipolarophile possible orientations. Difference in energy
expressed in kJ/mol.

05.p.  FEirpatha  Frirpathb  AFa b Eispatha  Fispathb  AFa b
or -42.3 -43.6 1.3 -49.9 -52.8 2.9
ots 85.8 24.3 61.5 33.1 29.3 3.8
op -164.5 -177.1 12.1 -130.9 -146.7 15.8

Table A.14: ESP charges in the pre-reactive minima for ICP and ICB (CA, CB)
and nitrone (O, N, Cz) atoms for the isolated molecules and the chosen orientations
aand b

ICP (17) 1CB (18)
Isolated Path a Path b | Isolated Path a Path b
Ca 0.101 -0.020 0.218 -0.045 -0.045  -0.006
Cp 0.160 0.263 0.009 0.104 0.195 0.125
Oqs -0.567 -0.533  -0.548 -0.567 -0.552  -0.539
Nis 0.441 0.380 0.364 0.441 0.397 0.343
C[g(lg) -0.230 -0.112  -0.221 -0.230 -0.188  -0.222

Table A.15: The transmission coefficient (kgyping(1/M s)) has been calculated using
the Eyring transition state theory and describes the changing in the rate of a chem-
ical reaction against the experimental temperature.

Dipolarophile Texp. (K) kgyring Path a  kgypin, Path b ky
17 380 5e? 6ell 6e”
18 330 4e” 7e8 5e 2

Table A.16: The ds.p. represents the difference in energy of interacting reactants
and the energy of the isolated alkene 19 and 16 for each stationary point of the
reaction (6s.p. = Es, — Enitr. — Eaix.); while the AE represents the difference in
energy between the two dipolarophile possible orientations. Difference in energy
expressed in kJ/mol.

05.p.  Epana  Epaunb  AFEa b
or -40.4 -45.2 4.8
0ts 19.5 26.4 -6.9
op -190.9 -181.9 -9.0

Table A.17: ESP charges in the pre-reactive minima for CBCP(19) (C4, Cp) and
nitrone 16 (Cg, N, O) atoms for the isolated molecules at the chosen orientations a
and b.

Atoms Isolated Patha Pathb
Caagy -0.004  -0.097 -0.006
Cpaey  0.087 0.172 0.125
O(1e) -0.567  -0.512  -0.539
N(16) 0.441 0.323 0.343
Cpae)  -0.230  -0.248  -0.222
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Table A.18: The ds.p. represents the difference in energy of interacting reactants
and the energy of the isolated alkene 36 and 16 for each stationary point of the
reaction (0s.p. = Es, — Enitr. — Eaix.); while the AE represents the difference in
energy between the two dipolarophile possible orientations. Difference in energy
expressed in kJ/mol.

05.p.  Epana  Epane  AFEa b
or -40.8 -34.3 -6.5
0ts 0.6 14.7 -14.1
op -149.6 -146.9 2.7

Table A.19: The ESP charges in the pre-reactive minima for dipolarophile 36 (C4,
Cp) and nitrone 16 (Cz, N, O) atoms for the isolated molecules at the chosen
orientations a and b.

Atoms Isolated Patha Pathb
Case) 0.447 0.443 0.472
Cpie) -0.807  -0.818 -0.848
O4ae) -0.567  -0.541 -0.571
N4(16) 0.441 0.348 0.418
Cpae) -0.230  -0.236  0.225

Table A.20: Stationary points of system 24a at UB3LYP /6-31G(d,p) level of theory.

P. Stat. | E (Hartree) AF (Hartree) AF (kcal/mol) AFE (kJ/mol)
24a

24a -48T1.889571138 0.0 0.0 0.0
TS5 -481.839612302 0.049959 31.349273 131.167305
INT, -481.840745934 0.048825 30.6376 128.189989
24a-(
TSy -481.838165716 0.051405 32.256637 134.963776
INT, -481.861027560 0.028544 17.911360 74.942243
TS -481.858613730 0.030957 19.425517 81.277573
26a -481.977207845 -0.087637 -54.992218 -230.090856
24a-a
TSy -481.839520908 0.050050 31.406375 131.406225
INT, -481.863854926 0.025716 16.136790 67.517332
TS, -481.862947635 0.026624 16.706560 69.901285
INT; -481.975259054 -0.085688 -53.769220 -224.973758
TS, -481.887799328 0.001772 1.111930 4.652384
27 -481.983376797 -0.093806 -58.863265 -246.287559
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Table A.21: Stationary points of system 24a at UB3LYP /6-311++G(d,p) with PCM
level of theory.

P. Stat. | E (Hartree) AFE (Hartree) AFE (kcal/mol) AFE (kJ/mol)
24a
24a -482.001882305 0.0 0.0 0.0
TS, -481.957169458 0.044713 28.057408 117.371625
INTY -481.962709302 0.039173 24.581058 102.829125
24a-5
15, -481.962205038 0.039677 24.897317 104.152125
26a -482.091769723 -0.089887 -56.404092 -235.953375
24a-«
TS, -481.962405388 0.039477 24771817 103.627125
INT, | -481.983239555 0.018643 11.698483 48.937875
TS, -481.979353946 0.022528 14.136320 59.136000
INT; | -481.983444694 0.018438 11.569845 48.399750
TS5, -481.982429267 0.019453 12.206758 51.064125
INT, [-482.093947829 -0.092066 -57.771415 -241.673250
TS5 -482.010357903 -0.008476 -5.318690 -22.249500
27 -482.103098921 -0.101217 -63.513668 -265.694625

Table A.22: Stationary points of system 24a at UB3LYP/6-311++G(d,p) with the
contribute of dispersion.

P. Stat. | E (Hartree) AFE (Hartree) AFE (kcal/mol) AFE (kJ/mol)
24a

24a -482.022285999 0.0 0.0 0.0
75, -481.977675724 0.044610 27.992775 117.101250
INT; | -481.984130818 0.038155 23.942263 100.156875

Table A.23: Stationary points of system 24b at UB3LYP /6-311++G(d,p) with level

of theory.
P. Stat. | E (Hartree) AFE (Hartree) AFE (kcal/mol) AFE (kJ/mol)
24b
24b -481.999008766 0.0 0.0 0.0
TS, -481.955874901 0.043134 27.066585 113.226750
INTy -481.966346392 0.032662 20.495405 85.737750
24b-5
TS, -481.965633428 0.033375 20.942813 87.609375
26b -482.093097908 -0.094089 -99.040848 -246.983625
24b-a
TS, -481.966252200 0.032757 20.555018 85.987125
INT, | -481.985442678 0.013566 8.512665 35.610750
TS, -481.953792121 0.045217 28.373667 118.694625
INT; | -482.008243717 -0.009235 -5.794963 -24.241875
TSy -481.984359852 0.014649 9.192248 38.453625
27 -482.100437857 -0.101429 -63.646698 -266.201125
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Table A.24: Spin contamination of system 24a at UB3LYP /6-311++G(d,p) level of

theory.
Stationary points < S* >perore < S° >after
24a 0.0 0.0
TS, 0.7807 0.0392
Inty 1.0103 0.0853
T'Ss3 1.0094 0.1105
26a 0.0 0.0
T'Ss,, 1.0142 0.1139
Int, 1.0089 0.0742
TS 1.0092 0.0739
Ints 1.0086 0.0715
TS5, 0.8498 0.0455
27 0.0 0.0

Table A.25: Stationary points of system 24a at UB3LYP /6-3114++G(d,p) with PCM
level of theory.

P. Stat. | E (Hartree) AF (Hartree) AFE (kcal/mol) AFE (kJ/mol)
24a
24a -482.001882305 0.0 0.0 0.0
TS, -481.957169458 0.044713 28.057408 117.371625
INT, | -481.962709302 0.039173 24.581058 102.829125
24a-5
15, -481.962205038 0.039677 24.897317 104.152125
26a -482.091769723 -0.089887 -06.404092 -235.953375
24a-«
TS, -481.962405388 0.039477 24771817 103.627125
INT, | -481.983239555 0.018643 11.698483 48.937875
155 -481.979353946 0.022528 14.136320 99.136000
INT; | -481.983444694 0.018438 11.569845 48.399750
TS, -481.982429267 0.019453 12.206758 51.064125
INT, |-482.093947829 -0.092066 -07.771415 -241.673250
TS5 -482.010357903 -0.008476 -5.318690 -22.249500
27 -482.103098921 -0.101217 -63.513668 -265.694625
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Supporting data for Chapter 2

Table B.1: MP2 energies Hartree; * energies computed with default convergence
criteria, ** energies computed with very tight convergence criteria. The geometries
related to the minima has are not planar and haven’t imaginary frequencies.

diketo tsy dieno
*MP2,6/6-311+G(d,p)  -642.080387481 -642.075604863  -642.121302768
MP2,16/6-63114+G(d,p) -644.24875170982
MP2,,00/6-6311+G(d,p) -644.24904816441

Table B.2: ccsdt-f12, Hartree

S.P. B2PLYP MO6
diketo -644.707305168490 -644.707305168490
tsl  -644.706353094145 -644.706399692284
intl -644.714533923869
ts2 -644.715825861008
dieno -644.730607891079 -644.730607891078

Table B.3: Int and Ts2 energies at different LoT starting from MO06 optimized ge-
ometries

LoT/6-3114-G(d,p)  tsl int tso dieno
B2PLYP 1.525 -5.739 -5.7713 -16.661
DSDPBEPS86 1.352 -7.369 -7.4907 -19.8364

Cam-B3LYP 0432 -4471 -5.080 -13.31

B3LYP 1.06  -2.639 -2.848 -9.679

133



Appendix B. Supporting data for Chapter 2

Table B.4: Symmetry

LoT diketo ts; int tsy dieno
B2PLYP Con  Cg Con
DSDPBEP86  C,, Cg Cap
Cam-B3lYP Ggh CS Cgh
wB97XD Cgh CS Cgh
M11 Can  Cg Coap,
BH&LHLYP Con  Cg Con
B3LYP Can  Cg Cap,
PBEO Can  Cg Cap
MO06 Cop, Cg Cg Cg Cy
MO062X Cq,  Cg Cap
PBE Can Cg Copn
BLYP an Cg Cg Cg 2
MO6L Cop, Cg Cg Cg Cy

Figure B-1: Freq immaginaria TS1 M062X coinvolge entrambi gli idrogeni
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Figure B-2: Scansion of the dihedral angle at XC/6-31+G(d,p). Symm: Cy, (E, Cs,
i, on)

Dipole
LYP
35 - T T
18 T
B2PLYP
3 MP2 B
16
MOGL o BLYP
251 ] .
14 BHHLYP
HF o B3LYP
- 2L — .
g g 12}
T M5 o B2PLYP, K]
o
x 15| DSDPBRLYP = 1L
BHALE,
1t WB9TXD, 08 |
05 . Cam-B3LYP  CCSD(Th | Cam-B3LYP
Poeo 06 B
. H I .
0 MO62X i i . X . . ; X
o 05 1 15 , 0.6 0.8 1 12 14 16
Debye Debye

Figure B-3: Comparison between theFigure B-4: Comparison between the
dipole moment on the TS and the acti-dipole moment on the T'S and the activa-
vation energy tion energy for the LYP E,,.. functionals
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Table B.5: Diketo stabilization

Lot /6-311+G(d,p) Hartree AFE (Hartree)
CCSD(T)-F12 -644.707305168490  0.000000000
86 -643.626703076 1.080602092

B2PLYP -644.687994552 0.019310616
wB97XD -645.781779735 -1.074474567
Cam-B3LYP -645.697632739 -0.990327571
BH&LHLYP -645.619837984 -0.912532816
M062X -645.747054688 -1.039749520
B3LYP -646.015569142 -1.308263974
PBEO -645.277393574 -0.570088406
MO6 -645.571990751 -0.864685583
BLYP -645.829094373 -1.121789205
MO6L -645.930893310 -1.223588142
PBE -645.930893310 -1.223588142

Table B.6: Cam-B3LYP ESP charges

Atom Diketo TS, Dieno
C -0.130383 -0.121961 0.015940

2 C -0.150706 -0.137199 -0.192968
3C -0.276622 -0.238791 -0.219726
4 C  0.553458 0.544118  0.398920
5C -0.028601 -0.073446 0.091794
6 H 0.170271 0.148001 0.123434
7TH 0.167506 0.147025 0.160427
8H 0.183664 0.159258 0.189541
18 N -0.155759 -0.079689 -0.350970
20 O -0.719621 -0.709458 -0.622145
22 H 0.386180 0.336132  0.403057
9 C -0.016825 -0.042040 0.111526
10 C  0.532220 0.515937  0.374433
11 C -0.262173 -0.247375 -0.202591
12 C -0.138775 -0.169687 -0.000292
13 C -0.140150 -0.126178 -0.184202
14 H 0.181293 0.171114 0.186958
15 H 0.173620 0.170424 0.128955
16 H 0.162493 0.151177 0.156816
17N -0.163863 -0.013868 -0.353808
19 O -0.715648 -0.689510 -0.618214
21 H 0.388420 0.306017 0.403117
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Table B.7: wB97XD ESP charges

Atom Diketo TS, Dieno

1 C -0.135212 -0.122646 -0.135212

2 C -0.156741 -0.145264 -0.156741

3C -0.274378 -0.238965 -0.274378

4 C 0.529598 0.532328  0.529598

5C -0.025690 -0.089176 -0.025690

6 H 0.175136 0.151706 0.175136

7TH 0.171968 0.151917  0.171968

8 H 0.186333 0.162143 0.186333

18 N -0.151613 -0.083077 -0.151613

20 O -0.699183 -0.697340 -0.699183

22 H 0.380960 0.335022  0.380960

9 C -0.021394 -0.019473 -0.021394

10 C  0.514369 0.488973 0.514369

11 C -0.262987 -0.243789 -0.262987

12 C -0.144451 -0.162063 -0.144451

13 C -0.147736 -0.139554 -0.147736

14 H 0.184561 0.175501 0.184561

15 H 0.178402 0.173419 0.178402

16 H 0.167960 0.157735 0.167960

17N -0.152788 -0.036111 -0.152788

19 O -0.697191 -0.667260 -0.697191

21 H 0.380078 0.315976  0.380078

Table B.8: M06 ESP charges

Atom Diketo TS, Int TS, Dieno
1 C -0.146443 -0.112177 0.093147 0.084201 0.099983
2 C -0.122799 -0.124067 -0.221604 -0.222475 -0.238312
3C -0.241738 -0.246572 -0.150643 -0.152104 -0.117576
4 C 0.557529 0.555960 0.402252 0.382857 0.337081
5C -0.077517 -0.101998 0.160120 0.178430 0.108519
6 H 0.157733 0.142257 0.079034 0.082958 0.083909
7H 0.145260 0.140574  0.143527 0.144967 0.149938
8 H 0.153789 0.154227 0.134933 0.139079 0.147317
18 N -0.070629 -0.100198 -0.407747 -0.401179 -0.359536
20 O -0.690358 -0.692179 -0.654082 -0.640172 -0.568542
22 H 0.333227 0.344059 0.406924 0.397634  0.374833
9 C -0.072825 -0.010251 -0.164425 -0.171524 0.069671
10 C  0.558084 0.509081 0.510302 0.507760 0.355769
11 C -0.255389 -0.241507 -0.219759 -0.220229 -0.127459
12 C -0.161274 -0.136834 -0.151069 -0.151414 0.081366
13 C -0.106875 -0.127413 -0.139192 -0.139219 -0.232630
14 H 0.156629 0.162422 0.172274 0.172293 0.150871
15 H 0.160767 0.156383 0.167208 0.165216  0.087313
16 H 0.142406 0.146992 0.150797 0.150565 0.149943
17N -0.060943 -0.089487 0.019663 0.026375 -0.321428
19 O -0.689459 -0.667857 -0.618239 -0.611808 -0.583574
21 H 0.330826 0.338584 0.286579  0.277790 0.352543
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Table B.9: BSLYP ESP charges

Atom Diketo TS, Dieno
1

C -0.148600 -0.141029 0.084610
2C -0.129762 -0.143525 -0.233838
3 C -0.239787 -0.230358 -0.125263
4C 0.547124  0.490726  0.338606
5C -0.069710 -0.007689  0.110650
6 H 0.161438 0.162801  0.091854
7H 0.147737 0.151907  0.150830
8H 0.156985 0.164515 0.150540
200 -0.690119 -0.644846 -0.565016
18 N -0.063104 -0.059604 -0.344353
22 H 0.325656 0.315225 0.361211

9C -0.065141 -0.111950 0.066610
10 C  0.548284  0.552842  0.359171
11 C -0.256000 -0.257246 -0.135904
12 C -0.167430 -0.159175  0.062399
13 C -0.110437 -0.108179 -0.227065
14 H 0.160421 0.157947 0.154414
15 H 0.165267 0.153822  0.095963
16 H 0.144431 0.139273  0.150740
17 N -0.050692 -0.035872 -0.300256
19 O -0.689288 -0.689379 -0.581655
2 H 0.322727  0.299795  0.335753

Table B.10: BH&HLYP ESP charge

Atom Diketo TS, Dieno
1 C -0.122424 -0.109285 0.094359
2 C -0.166386 -0.144438 -0.256116

3C -0.274321 -0.258265 -0.126511
4 C  0.549039 0.579658  0.350980
5C -0.019788 -0.098255 0.119410
6 H 0.175020 0.151368  0.097055
7H 0174817 0.153354 0.162235
8H 0.189705 0.168716  0.159906
18 N -0.173769 -0.112891 -0.366718
200 -0.728401 -0.740402 -0.597372
22H  0.397144 0.358951 0.381531
9C -0.012682 0.013842 0.077819
10 C  0.530476  0.521091  0.371353
11 C -0.261037 -0.245858 -0.136995
12 C -0.132663 -0.136256  0.075059
13 C -0.1556414 -0.150721 -0.250329
14 H 0.187553 0.176795  0.163568
15 H 0.178707  0.169530  0.100487
16 H 0.169941 0.160775  0.162231
17N -0.177579 -0.107581 -0.326578
19 O -0.725476 -0.708520 -0.613470
2L H  0.397540 0.358391  0.358098
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Table B.11: PBEO ESP charges

Atom Diketo TS, Dieno
1

C -0.132222 -0.118549 0.059204
2C -0.160828 -0.151458 -0.234764
3 C -0.275294 -0.238586 -0.142744
4C 0.519034 0.519561  0.338501
5C -0.027771 -0.067087  0.094270
6 H 0.173429 0.153625 0.103196
7H 0171694 0.152880  0.158378
8H 0.186065 0.162374  0.159681
18 N -0.152869 -0.100052 -0.318839
20 0 -0.678040 -0.674657 -0.552107
22H 0377249  0.336496  0.353593

9 C -0.020733 -0.045615 0.055856
10 C  0.502043  0.506889  0.355424
11 C -0.262972 -0.259626 -0.150941
12 C -0.141474 -0.170400  0.039403
13 C -0.151369 -0.129888 -0.229243
14 H 0.184080 0.175204  0.162855
15 H 0.176812  0.174693  0.107130
16 H 0.167448 0.155518  0.158314
17 N -0.156492 -0.040048 -0.279055
19 O -0.675427 -0.656574 -0.567460
2LH  0.377635 0.315298  0.329348

Table B.12: M062X ESP charges

Atom Diketo TS, Dieno
1C -0.131777 -0.152372 0.075902
2 C -0.162484 -0.147718 -0.248555

3C -0.281226 -0.250221 -0.133569
4 C 0.530297 0.516068  0.334156
5 C -0.030393 -0.046361 0.105047
6 H 0.176685 0.171201  0.103160
7H 0.175480 0.160827 0.163832
8§8H 0.191491 0.174376  0.162845
18 N -0.159611 -0.051306 -0.343827
200 -0.696492 -0.679814 -0.573433
22 H 0.388704 0.325424  0.372487
9C -0.023889 -0.092141  0.065800
10 C  0.513121  0.540625  0.352624
11 C -0.268749 -0.270603 -0.143212
12 C -0.141230 -0.177437  0.056536
13 C -0.152687 -0.117989 -0.242716
14 H 0.189511 0.174028 0.166364
15 H 0.180120 0.173737  0.106784
16 H 0.171085 0.153576  0.163780
17 N -0.162892 -0.032390 -0.304545
19 O -0.693914 -0.691405 -0.588751
21 H  0.388849 0.319897  0.349292
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=
S

Table B.13: MO6L ESP charges
Diketo TS Int TS, Dieno

N =

-0.125262 -0.105855  0.061296  0.096905  0.024937
-0.130250 -0.121860 -0.192720 -0.224789 -0.176017
-0.265157 -0.230678 -0.165016 -0.147622 -0.202845
-0.027181 -0.074907  0.131331  0.192033  0.087755
0.156244  0.129792  0.080215 0.075215  0.105808
0.150173  0.130800 0.131736  0.138980  0.143826
0.164418  0.141954 0.130396  0.133411  0.170687
-0.150603 -0.087256 -0.353819 -0.399641 -0.342861
0.517925 0.517141 0.398760 0.357603  0.363823
-0.6561241 -0.649361 -0.624350 -0.599520 -0.564467
0.363151 0.322171 0.366971 0.385979  0.387877

R OO0 TR LR — O N O s 00 00 ~1 O UT W b —
TOQZINTIQQQAQTEOQZINTIIOOOAE

DO = = e e e

-0.026789 -0.051314 -0.136415 -0.177193  0.103870
-0.255069 -0.242120 -0.226578 -0.229050 -0.187942
-0.137515 -0.160815 -0.145745 -0.142886  0.013835
-0.120205 -0.109635 -0.117542 -0.118739 -0.171911
0.162859  0.155539  0.162972  0.164827  0.168669
0.160231  0.155974  0.158360  0.150672  0.109847
0.146184  0.137116  0.139610  0.137617  0.141706
-0.146446 -0.019220  0.004641  0.025730 -0.345027
0.504741  0.488159  0.481158  0.492577  0.344017
-0.650085 -0.621275 -0.566636 -0.578708 -0.562282
0.359875  0.295650 0.281373  0.266600  0.386694

=
S

Table B.14: BLYP ESP charges
Diketo TS, Int TS, Dieno

NN \)

-0.121889 -0.129058 0.037109  0.041561  0.012400
-0.139139 -0.102382 -0.185012 -0.190597 -0.173884
-0.259576 -0.239228 -0.161768 -0.157664 -0.210810
-0.020558 -0.068859  0.129510 0.135704  0.083891
0.159591  0.137762  0.091154  0.090746  0.115865
0.154749  0.127842  0.132914  0.134320 0.147265
0.168803  0.147344  0.134142 0.135548  0.176252
0.515322  0.510010 0.388541 0.378526  0.377694
-0.660448 -0.652805 -0.619464 -0.614334 -0.577204
-0.161801 -0.063750 -0.320495 -0.324482 -0.335965
0.364491  0.290758  0.340927 0.340019  0.382374

OO0 U LR — O N 00 D s 00 ~1 O UT L b
TOQZINITTQQQQIZOQImTIOQQAE

[ e e W g gy Wy

-0.018182 -0.044659 -0.131336 -0.122919  0.101492
-0.245114  -0.239152 -0.230250 -0.225368 -0.195116
-0.134271 -0.141212 -0.140757 -0.127698 -0.005629
-0.125440 -0.118335 -0.114282 -0.118046 -0.162533
0.165564  0.158312  0.166261  0.165293  0.173799
0.163808  0.153890  0.155068  0.149936  0.121753
0.149128  0.139204  0.137476  0.136680  0.142919
-0.167765 -0.039792  0.014318 -0.004261 -0.337533
0.495854  0.489109  0.475984  0.468774  0.354802
-0.653768 -0.612494 -0.564633 -0.562551 -0.573817
0.370642  0.297496  0.264592 0.270813  0.381986
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Table B.15: PBE ESP charges

Atom Diketo TS Dieno
1 C -0.112281T -0.162899 -0.003189
2 C -0.149140 -0.118718 -0.181349
3C -0.270630 -0.241861 -0.219266
5C -0.024613 -0.056962  0.080140
6 H 0.161403 0.162000 0.124823
7TH 0.160214 0.143678 0.154927
8 H 0.178128 0.162205 0.182198
4 C 0.501728 0.469655  0.366280
20 O -0.643349 -0.596703 -0.557219
22 H 0.372540 0.288062 0.379549
18 N -0.173964 -0.017147 -0.323160

9 C -0.029733 -0.068300 0.083125
11 C -0.267624 -0.246132 -0.205714
12 C -0.146339 -0.149405 -0.023808
13 C -0.138292 -0.110530 -0.170942
14 H 0.175802 0.156012 0.180175
15 H 0.169725 0.149006 0.130740
16 H 0.159412 0.136813 0.151397
17N -0.144302 -0.039684 -0.312488
10 C  0.500377 0.485110 0.349354
19 O -0.643472 -0.627173 -0.557820
21 H 0.364409 0.283472 0.372248

Table B.16: ESP charges TS1 GGA

Moiety MO6L BLYP PBE
CO  -0.13222 -0.142795 -0.142063

C -0.5333  -0.539527 -0.574867

N -0.087256 -0.063750 -0.039684

H22 0.322171 0.290758  0.283472
CO -0.133116 -0.123385 -0.127048

C -0.563884 -0.543358  -0.58044

N -0.019220 -0.039792 -0.017147

H21  0.295650 0.297496 -0.017147

Table B.17: Dipole moment on the TS, activation energy, imaginary frequency for

the first T'S
Functional Dgg(Debye) A E (kcal/mol) v ecm™—1
CCSD(T) 1.161 0.6
MP2 0.789 2.999 -787.6
DSDPBE 1.0487 1.467 -968.6
B2PLYP 1.1446 1.649 -1021.3
Cam-B3LYP 0.9134 0.587 -905.3
wB97XD 1.1186 0.970 -995.4
M062X 0.3091 0.039 -389.1
PBEO 0.7972 0.396 -787.5
MO6 0.9599 1.654 -1495.6
BHHLYP 1.1402 1.322 -1139.4
B3LYP 1.1496 1.264 -1037.8
PBE 0.7574 0.455 -744.1
MOGL 1.0864 2.626 -1400.8
BLYP 1.1493 1.438 -978.0
HF 1.0245 2.230 -1355.7
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Table B.18: Dipole moment on the TS all components, activation energy

Functional Dx Dy D;  Dprg(Debye) A E (kcal/mol)
M062X 0.3566  0.0416 -0.0000 0.3591 0.039
PBE 0.1369 0.7450  0.0000 0.7574 0.455
PBEO -0.7938 -0.0738 0.0001 0.7972 0.396
Cam-B3LYP -0.9098 -0.0801 0.0001 0.9134 0.587
MO06 -0.9550 -0.0965 0.0001 0.9599 1.654
DSDPBE  -1.0421 -0.1177 0.0002 1.0487 1.467
MO6L -1.0757 -0.1521  0.0002 1.0864 2.626
wB97XD -1.1127 -0.1146  0.0002 1.1186 0.970
BHHLYP  -1.1354 -0.1049 0.0002 1.1402 1.322
B2PLYP -1.1373 -0.1291  0.0002 1.1446 1.649
BLYP 1.1370 -0.1678 0.0001 1.1493 1.438
B3LYP 1.1423  0.1286 -0.0021 1.1496 1.264

CCSD(T) 0.0 0.0 0.0 1.161 0.6

MP2 0.0 0.0 0.0 0.789 2.999
HF 0.0 0.0 0.0 1.0245 2.230

Table B.19: Evolution of the ESP charge distribution from the diketo form to the
ts AESP = ESP,;, — ESP;

Atoms m06 B3LYP BH&HLYP PBEO M062x
22 H 0.010832  0.035958 -0.358951 -0.336496  -0.06328
18 N -0.029569 -0.264384 -0.253827 -0.218787  0.108305
20 O -0.001821  0.107724 0.143030 0.12255 0.016678

4 C -0.001569 -0.193671 -0.228678  -0.18106 -0.014229
1 C -0.008946 0.221574 -0.094359 -0.059204 -0.075902
2C -0.001268 -0.118886 -0.111678 -0.083306  0.014766
3C -0.004834 0.121342 0.131754  0.095842  0.031005
5C -0.024481  0.178560 0.217665 0.161357 -0.015968
6 H -0.015476 -0.057859 -0.054313 -0.050429 -0.005484
7H -0.004686 0.011467 0.008881  0.005498 -0.014653
8 H 0.000438 -0.003533 -0.00881 -0.002693 -0.017115
21 H  0.007758 -0.315225 -0.000293  0.014050 -0.068952
17 N -0.028544 -0.284749 -0.218997  -0.239007 0.13002
19 O 0.021602  0.079830 0.095050  0.089114  0.002509
10 C  -0.049003 -0.152120 -0.149738 -0.151465  0.027504
9C 0.062574 0.118339 0.063977  0.101471 -0.068252
11 C  0.013882  0.105095 0.108863  0.108685 -0.001854
12 C  0.024440  -0.08461 0.211315  0.209803 -0.036207
13 C -0.020538 -0.090313 -0.099608 -0.099355  0.034698
14 H 0.005793 -0.013975 -0.013227 -0.012349 -0.015483
15 H -0.004384 -0.070947  -0.069043 -0.067563 -0.006383
16 H 0.004586 -0.001077 0.001456  0.002796 -0.017509
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Table B.20: ESP charge distribution in the keto-eno intermediate for GGA func-
tionals

Atom  MO6L;,; BLYP;, A ESP
22 H 0.366971 0.340927 -0.026044
18 N -0.353819 -0.320495 0.033324

200 -0.624350 -0.619464  0.004886
4 C  0.398760 0.388541 -0.010219
1 C 0.061296 0.037109 -0.024187
2C -0.192720 -0.185012  0.007708
3 C -0.165016 -0.161768  0.003248
5C 0.131331 0.129510 -0.001821
6 H 0.080215 0.091154 0.010939
7H 0131736 0.132914 0.001178
8H 0.130396 0.134142 0.003746
9C -0.136415 -0.131336 0.005079

10 C  0.481158 0.475984 -0.005174

11 C -0.226578 -0.230250 -0.003672

12 C -0.145745 -0.140757  0.004988

13 C -0.117542 -0.114282  0.003260

14 H 0.162972 0.166261  0.003289

15 H 0.158360  0.155068 -0.003292

16 H 0.139610 0.137476 -0.002134

17 N 0.004641  0.014318  0.009677

19 O -0.566636 -0.564633  0.002003

21 H 0.281373 0.264592 -0.016781

Table B.21: Evolution of the ESP charge distribution from the diketo form to the
ts AESP = ESP,;, — ESP;

Atom MO6L BLYP PBE
22 H -0.040980 -0.073733 -0.080937
18 N 0.063347  0.098051  0.104618
200 0.001880 0.007643 0.016299
C -0.000784 -0.005312 -0.015267
C -0.047726 -0.048301 -0.039067
C 0.019407 -0.007169 -0.003066
C 0.00839  0.036757  0.027762
C 0.034479 0.020348  0.021492

H -0.026452 -0.021829  -0.01979

H -0.019373 -0.026907 -0.022599

H -0.022464 -0.021459 -0.020719

H -0.064225 -0.073146 -0.084478

g 0.127226  0.127973  0.156817
C
C
C
C
C

H

H

H

0.02881 0.041274  0.046646
-0.016582  -0.006745 -0.032073
-0.024525 -0.026477 -0.032349
0.012949  0.005962  0.028769

-0.0233  -0.006941 -0.050618

0.01057  0.007105  0.030422
-0.00732  -0.007252  0.000597
-0.004257 -0.009918 -0.015923
-0.009068 -0.009924 -0.016536
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Table B.22: Caption

Atom MO6L BLYP PBE
I8N 0.063347 0.098051  0.156817
20 O 0.00188  0.007643  0.046646

-0.047726 -0.048301 -0.032349

-0.000784 -0.005312 -0.032073
0.019407 -0.007169 -0.050618

0.00839  0.036757  0.030422
0.034479  0.020348  0.028769

-0.026452 -0.021829  0.000597

-0.019373 -0.026907 -0.016536

-0.022464 -0.021459 -0.015923
-0.04098 -0.073733 -0.084478
0.127226  0.127973  0.104618

0.02881 0.041274  0.016299

-0.024525 -0.026477 -0.039067

-0.016582  -0.006745 -0.015267
0.012949  0.005962  0.021492

-0.0233  -0.006941 -0.003066
0.01057  0.007105  0.027762
-0.00732  -0.007252  -0.01979

-0.004257 -0.009918 -0.020719

-0.009068 -0.009924 -0.022599

-0.064225 -0.073146 -0.080937

TN QQQQQOATTTTQQQQA

| Ny S Sy Wy A U Wy HTY

Table B.23: The double proton transfer were obtained by scanning the dihedral
angle (previous slide). The structures were optimised on Cy;, symmetry with tight
criteria. The anti-symmetrical and symmetrical vibrational modes are represented by
the first and second values, respectively.

XC/6-31+G(d,p) func AFE (kcal/mol) v (cm™h)

B2PLYP di_t:no 31%90%% SI577.7 -1495.1
wBI7TXD difsno _?182.1253% -I882.7 -1791.3
B3LYP di_tesno 3_%9&?3 -I7589 -1681.5
BLYP . 2;%53 12389 -1153.9
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B.1.

Minimum Energy Path

B.1 Minimum Energy Path

Table B.24: M062X, x and y are the parameter of fit function.

X y fit
1 -208 15.203698 15.215522
2 -192 14.879907 14.918353
3 -176 14.975915 14.798973
4 -160 14.896223 14.980725

Table B.25: PBE, x and y are the parameter of fit function.

X y fit
1 -248 6.062905 6.081352
2 -240 5.801865 5.937383
3 -232 5.762333 5.646128
4 -231 5.405913 5.613254

Table B.26: wB97XD, x and y are the parameter of fit function.

X y fit
1 -263 11.925638 12.233581
2 -256 12.398772 12.168449
3 -265 12711267 12.170210
4 -248 11.903675 12.177184
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Appendix B. Supporting data for Chapter 2

Table B.27: Cam-B3LYP, x and y are the parameter of fit function.

X y fit
1 -259 13.618005 13.461032
2 -256 13.574708 13.429598
3 -255 14.052862 13.422022
4 -252 13.072080 13.403356

Table B.28: PBEO, x and y are the parameter of fit function.

X

y fit

1
2
3
4

-255  9.780215 9.676617
-248  9.495957  9.686357
-240  9.669147  9.554130
-232° 9.585062 9.383013

Table B.29: MO6L, x and y are the parameter of fit function.

X

y fit

1
2
3
4

-260  6.159540 6.350041
-259  6.574945 6.331168
-240  5.758567 5.885683
-220  5.716525 5.615318

Table B.30: M06, x and y are the parameter of fit function.

X

y fit

1 -289 9.567493 8.757508

2
3
4

-288  8.348260 8.732868
-282  8.230918 8.506031
=275 7.961093 8.136938

Table B.31: B3LYP, x and y are the parameter of fit function.

X y fit
1 -304 9.999213 9.773374
2 -300 10.004860 9.858036
3 -296 10.083298  9.950754
4 -292 10.027450 10.031188

Table B.32: BH&HLYP, x and y are the parameter of fit function.

X y fit
1 -285 14.792058 14.832917
2 -268 14.995368 14.834017
3 -252 14.292568 14.546530
4 -235 14.398615 14.322393
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B.2 Mulliken

Cl2 H21
Figure B-5: Atom label as reported in the following tables

Table B.33: PBE/6-311+G(d,p), TS1=H21

Atom diketo tsl dieno
1 C -0.089197 -0.134312 -0.184067
2 C -0.220073 -0.162037 -0.114974
3C 0.129376 -0.171849 -0.321159
4 C -0.431719 0.142971 0.128745
5C 0.231393 0.060728 0.074715
6 H 0.148508 0.149052 0.137402
7H 0.148985 0.150205 0.143005
8 H 0.148395 0.150067 0.148530
9C 0.231393 0.030168 0.074715

10 C -0.431719 -0.056968 0.128745
11 C 0.129376 -0.160135 -0.321159
12 C -0.089197 -0.135199 -0.184067
13 C -0.220073 -0.156265 -0.114974
14 H 0.148395 0.147559 0.148530
15 H 0.148508 0.143001 0.137402
16 H 0.148985 0.145820 0.143005
17 N -0.092627 -0.151684 -0.114752
18 N -0.092627 -0.097056 -0.114752
19 O -0.388904 -0.400016 -0.341287
20 O -0.388904 -0.405625 -0.341287
21 H 0.415863 0.490219 0.443R842
22 H 0.415863 0.421357 0.443R842
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Table B.34: BLYP/6-311+G(d,p), TS1—=H22

Atom diketo tsl  keto-eno ts2 dieno
1 C -0.045818 -0.065761 -0.121243 -0.126959 -0.108670
2 C -0.179904 -0.148768 -0.120022 -0.115874 -0.116657
3C 0.106882 -0.061672 -0.117175 -0.123374 -0.169143
4 C -0.292078 -0.158525 -0.093431 -0.053593 0.047975
5C 0.156232 0.003400 -0.011673 -0.018044 0.060803
6 H 0.134672 0.121359 0.118154 0.118379 0.122470
7TH 0.132595 0.124797 0.122919 0.123181 0.126441
8H 0.133645 0.128383 0.128459 0.128599 0.132733
9C 0.156232 0.061016 0.128208 0.118866  0.060803

10 C -0.292078 0.167630 0.091989 0.077418 0.047975
11 C  0.106882 -0.058013 -0.085629 -0.091354 -0.169143
12 C -0.045818 -0.058479 -0.025075 -0.025594 -0.108670
13 C -0.179904 -0.165745 -0.165682 -0.160059 -0.116657
14 H 0.133645 0.134369 0.137748 0.137316 0.132733
15 H 0.134672 0.135046 0.136869 0.135505 0.122470
16 H 0.132595 0.134067 0.135895 0.135117 0.126441
17 N -0.114488 -0.109445 -0.158737 -0.179491 -0.163928
18 N -0.114488 -0.225603 -0.173419 -0.170052 -0.163928
19 O -0.403037 -0.395340 -0.337010 -0.334686 -0.337741
20 O -0.403037 -0.412557 -0.414557 -0.417193 -0.337741
21 H 0.371300 0.365982 0.412707 0.435606 0.405717
22 H 0.371300 0.483856 0.410704 0.406285 0.405717
Table B.35: M06L/6-311+G(d,p), TS1=H22

Atom diketo tsl  keto-eno ts2 dieno
1 C 0.0I3149 -0.004495 -0.082254 -0.102295 -0.084295
2 C -0.385568 -0.317118 -0.267506 -0.251838 -0.276688
3C 0.114857 -0.084484 -0.130744 -0.135774 -0.155631
4 C -0.281131 -0.070957 -0.064077 0.024952 -0.006005
5C 0.264033 0.148105 0.177162 0.156818 0.271954
6 H 0.155613 0.144776 0.125108 0.125606 0.130011
7TH 0.154074 0.149661 0.140749 0.142006 0.147101
8 H 0.157478 0.156010 0.150005 0.150768 0.156202
9C 0.264033 0.133767 0.261131 0.256154 0.271954

10 C -0.281131 0.133107 0.052146 0.001700 -0.006005
11 C  0.114857 -0.072614 -0.087140 -0.099229 -0.155631
12 C  0.013149 -0.044516 -0.014679 -0.000426 -0.084295
13 C -0.385568 -0.322962 -0.350077 -0.333419 -0.276688
14 H 0.157478 0.160998 0.164669 0.163383 0.156202
15 H 0.155613 0.156818 0.158044 0.151783 0.130011
16 H 0.154074 0.157401 0.161143 0.158395 0.147101
17 N -0.126993 -0.124341 -0.152398 -0.237794 -0.239983
18 N -0.126993 -0.256315 -0.255586 -0.249140 -0.239983
19 O -0.448789 -0.473041 -0.368809 -0.363164 -0.373285
20 O -0.448789 -0.459498 -0.461176 -0.476661 -0.373285
21 H 0.383276 0.379717 0.406073 0.492283 0.430619
22 H 0.383276 0.509980 0.438214 0.425891 0.430619
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Table B.36: M06/6-311+G(d,p), TS1=H22

Atom diketo tsl  keto-eno ts2 dieno
1 C -0.057124 -0.034470 -0.132726 -0.146682 -0.119499
2 C -0.248736 -0.236596 -0.185774 -0.173966 -0.177423
3C -0.129544 -0.128323 -0.195712 -0.211257 -0.241514
4 C  0.030796 -0.034657 -0.027585 0.037988  0.060043
5C 0.007930 0.000075 -0.016881 -0.035452 0.043943
6 H 0.171201 0.164299 0.145768 0.146218 0.151410
TH 0177354 0.174107 0.165390 0.165779 0.170237
8H 0.180333 0.177787 0.172421 0.172828 0.178823
9C 0.007930 -0.014875 0.111028 0.103645 0.043943

10 C  0.030796 0.138671 0.081851 0.050828 0.060043
11 C -0.129544 -0.143264 -0.162525 -0.167453 -0.241514
12 C -0.057124 -0.071070 -0.027740 -0.015910 -0.119499
13 C -0.248736 -0.236331 -0.250236 -0.240615 -0.177423
14 H 0.180333 0.181524 0.185856  0.185042 0.178823
15 H 0.171201 0.172468 0.175203 0.172150 0.151410
16 H 0.177354 0.178953 0.181991 0.180703 0.170237
17 N -0.060042 -0.061798 -0.092213 -0.150003 -0.129636
18 N -0.060042 -0.174079 -0.153837 -0.146613 -0.129636
19 O -0.451025 -0.460246 -0.336610 -0.331782 -0.340417
20 O -0.451025 -0.452794 -0.452841 -0.462261 -0.340417
21 H 0.378858 0.374551 0.402447 0.463278 0.404031
22 H 0.378858  0.486067 0.412727 0.403534 0.404031

Table B.37: B3LYP/6-311+G(d,p), TS1—=H21

Atom diketo tsl dieno
T C -0.038665 -0.061917 -0.110788
2 C -0.217278 -0.184829 -0.146368
3C 0.087677 -0.097243 -0.220847
4 C -0.265897 0.151125 0.084099
5C 0.197748 0.092168 0.120782
6 H 0.143336 0.144507 0.128251
7TH 0.141644 0.143562 0.135040
8 H 0.143301 0.145413 0.142485
9C 0.197748 0.057120 0.120782

10 C -0.265897 -0.072701 0.084099
11 C  0.087677 -0.101283 -0.220847
12 C -0.038665 -0.050935 -0.110788
13 C -0.217278 -0.178884 -0.146368
14 H 0.143301 0.141428 0.142485
15 H 0.143336 0.135515 0.128251
16 H 0.141644 0.137660 0.135040
17 N -0.143940 -0.231416 -0.182144
18 N -0.143940 -0.145172 -0.182144
19 O -0.450043 -0.461344 -0.373884
20 O -0.450043 -0.466683 -0.373884
21 H 0.402116 0.501609 0.423373
22 H 0402116 0.402302 0.423373
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Table B.38: BH&HLYP /6-311+G(d,p), TS1—H22

Atom diketo tsl dieno
1 C -0.031336 -0.027130 -0.094121
2 C -0.228689 -0.214003 -0.183577

3C -0.120639 -0.132565 -0.262436
4 C 0.065427 -0.013605 0.116494
5C 0.144676 0.101974  0.209381
6 H 0.149146 0.141423 0.130630
7H 0147376 0.143541 0.140251
8H 0.151731 0.148699  0.149633
9C 0.144676  0.152033  0.209381
10 C  0.0656427  0.204435 0.116494
11 C -0.120639 -0.124092 -0.262436
12 C -0.031336 -0.043894 -0.094121
13 C -0.228689 -0.216588 -0.183577
14 H 0.151731 0.152703  0.149633
15 H 0.149146  0.150657  0.130630
16 H 0.147376  0.149263 0.140251
17 N -0.186770 -0.195311 -0.222767
18 N -0.186770 -0.281234 -0.222767
19 O -0.528338 -0.540771 -0.423426
20 0 -0.528338 -0.528849 -0.423426
21 H 0.437416  0.430655  0.439939
22 H  0.437416  0.542660  0.439939

Table B.39: PBE0/6-311+G(d,p), TS1—H22

Atom diketo tsl dieno
1 C -0.118515 -0.123989 -0.179972
2C -0.212722 -0.197432 -0.153308

3C -0.173129 -0.185290 -0.363481
4 C 0.068612 0.000240  0.171230
5C 0.095505 0.068108  0.141300
6 H 0.156963 0.151604  0.142699
7H 0.157851 0.154955 0.151359
8H 0.159468 0.157351  0.158386
9C 0.095505 0.104151  0.141300
10 C  0.068612  0.196274  0.171230
11 C -0.173129 -0.194622 -0.363481
12 C -0.118515 -0.129020 -0.179972
13 C -0.212722 -0.199590 -0.153308
14 H 0.159468  0.159964 0.158386
15 H 0.156963  0.157899  0.142699
16 H 0.157851  0.159208  0.151359
17 N -0.125830 -0.136479 -0.142112
18 N -0.125830 -0.190818 -0.142112
19 O -0.461135 -0.471853 -0.387928
200 -0.461135 -0.462564 -0.387928
21 H 0.452932 0.453276  0.461827
22 H 0.452932 0.528628 0.461827
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Table B.40: M11/6-311+G(d,p), TS1=H22

Atom diketo tsl dieno
1 C -0.214492 -0.229164 -0.281110
2 C -0.199367 -0.