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| Resumo

Esta tese consiste em uma colegdo de estudos usando a teoria do funcional de densidade em
efeitos conformacionais e mecanismo de ligacao de sistemas modelo halogenados. Em primeiro
lugar, andlises detalhadas das forgas fisicas subjacentes ao efeito gauche e a barreira rotacional
de etanos 1,2-dissubstituidos sdo realizadas. Em seguida, as tendéncias de forca de ligacdo de
pares doadores—aceptores de Lewis arquetipicos sdo sistematicamente avaliadas. O principal
objetivo ¢ obter fundamentacdo fisica relevante para explicar os fendmenos quimicos
estudados. As andlises detalhadas apresentadas apontam efeitos quanticos frequentemente
negligenciados por trds das preferéncias conformacionais e forcas de ligacdo observadas.
Espera-se que os conhecimentos fundamentais obtidos nesta tese constituam um passo
importante para o melhor entendimento do efeito de atomos de halogénio na estrutura e ligacao
de compostos organicos e inorganicos, o qual poderia ser estendido para racionalizar, predizer
e aperfeicoar as propriedades de sistemas moleculares mais complexos.

Palavras-chave: Teoria de ligagdo. Analise conformacional. Teoria do funcional de densidade.
Halogénios. Pares de Lewis.






| Abstract

This thesis consists of a collection of density functional theory investigations on conformational
effects and bonding mechanism in halogenated model systems. First, thorough analyses of the
physical forces underlying the gauche effect and the rotational barriers of 1,2-disubstituted
ethanes have been performed. Then, the trends in bond strength of archetypal donor—acceptor
Lewis pairs have been systematically evaluated. The main purpose is to obtain physically
meaningful rationales to explain the studied chemical phenomena. The detailed analyses
presented herein shed light on often overlooked quantum chemical effects behind the observed
conformational preferences and bonding strengths. It is expected that the fundamental insights
provided in this thesis will be a step towards a more comprehensive understanding of the effect
of halogen atoms on the structure and bonding of organic and inorganic compounds, which
could be extended to rationalize, predict, and tune the properties of more complex molecular
systems.

Keywords: Bond theory. Conformational analysis. Density Functional Theory. Halogens.
Lewis pairs.
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1 | General Introduction

Chemistry is all about molecules. The pursuit for a robust understanding of how molecules
orient themselves in space and combine to form larger aggregates is a quintessential aspect of
the chemical sciences. Chemists often make use of archetypal molecular systems to investigate
a given phenomenon of interest. The model system is judiciously selected to perfectly address
one specific question at a time. It is envisaged that the knowledge obtained from these simple
systems can form a valuable toolbox useful for a more efficient design of new chemistries
towards specific molecular properties. Theoretical chemistry has significantly assisted in this
regard. As computational methods have continuously evolved over the years, one can now
interrogate the electronic structure of increasingly larger systems with good accuracy and
quantitatively explain complex concepts, once described only based on chemical intuition. This
thesis represents a key step, embedded in the broader context of theoretical investigations,
towards truly understanding and rationalizing the structure and bonding of (in)organic
compounds. It is expected that the findings disclosed herein will furnish a unique perspective
and shed light on novel physical factors, which combined with other rationalizations in the
literature, will be a step forward to a better understanding of conformational effects and

chemical bonding.

The primary goal of this thesis is to contribute to (and hopefully end) the ongoing debate
about the factors governing the structure and bonding of (in)organic compounds using state-of-
the-art density functional theory. The monovalent and unique electronic characteristics of group
17 in the periodic table render halogenated compounds an appealing model system for the task.
Thus, we explore the effect of halogen atoms on the conformational preferences of standard
organic scaffolds as well as on the bonding mechanism of archetypal Lewis pairs. The insights
gained from these investigations enabled us to unravel a set of causal relationships, which are,
at the same time, rooted in accurate quantum mechanics and chemically intuitive. The thesis
has been, therefore, divided into two main sections: i) Section A, which describes the main
goals (Chapter 1) and important concepts (Chapter 2) that lay the foundation for the scientific

works developed in the following chapters, and ii) Section B, which contains the density
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functional theory investigations into conformational isomerism (Chapters 3—5) and bonding

mechanism (Chapter 6).
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2 | Theoretical Background

This chapter describes the theoretical background of the thesis, which has been organized as
follows. First, key definitions and important aspects of conformational analysis studies
(Sections 2.1 and 2.2) and Lewis acid/base chemistry (Section 2.3) are introduced. This is
followed by a basic introduction on the fundamentals of the density functional theory and
related electronic structure analyses (Sections 2.4 and 2.5), which form the core methodology
employed throughout this thesis. The purpose is to provide the reader with a brief overview of
prominent literature and general conceptual background. Finally, the research idea underlying

the thesis is presented (Section 2.6).

2.1 Conformational Isomerism

Molecules are dynamic entities. An organic compound can acquire several structural
arrangements with the same constitution (i.e., the same atoms and the same connectivity
between them) but different three-dimensional orientation in space simply through rotation
around single bonds. These are called conformations. Although the number of prospective
conformations exponentially increases with the number of rotatable bonds, only a few of them
are energetically favored. At room temperature, these low-energy conformers are usually in
constant equilibrium (i.e., conformational isomerism), they can easily interconvert from one to
another. Thus, the overall three-dimensional structure of an organic molecule is an average over

its conformers (CAREY; SUNDBERG, 2007; ELIEL; WILEN, 1994).

The preferential conformation adopted by a given molecule directly correlates to its
observed properties (BARTON, 1972; HOFFMANN, 2000). It can, for example, affect the
binding of a drug or agrochemical to its biological target (YANG et al., 2020) as well as the
stereoselectivity towards a specific reaction mechanism (PATTISON, 2017). Strategies aiming
at controlling conformational preferences have been used to rationally tune desirable properties
in the design of new chemistries, such as, to preorganize the structure of a lead compound to
resemble its bioactive conformation (APPAVOO et al., 2019; ZHENG; TICE; SINGH, 2017),
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Conformation & Bonding

to increase the rates of a reaction (BLANKENSTEIN; ZHU, 2005; CHEN et al., 2020), or to
design more selective catalysts (AUFIERO; GILMOUR, 2018). However, to more efficiently
control the molecular structure and, therefore, the associated physical, chemical, or biological
properties, it is essential to understand why a given conformer is more stable than another in

the first place.

The quest to better understand and rationalize the driving forces behind conformational
preferences has been intriguing organic chemists for decades. As an example, let us take ethane,
the simplest molecule that exhibits conformational isomerism (ELIEL; WILEN, 1994). The
rotation around the C—C bond of ethane, that is, the variation of one @u-_c_c-n dihedral angle
from 0° to 180°, leads to the energy profile illustrated in Figure 2.1a. It shows two equivalent,
staggered energy minima connected via two equivalent, eclipsed energy maxima. The energy
barrier for rotation around the C—C bond of ethane is small, ca 3.0 kcal mol™!, as a result, the
interconversion of one conformer into the other proceeds quite fast at room temperature
(CAREY; SUNDBERG, 2007; PITZER, 1983). Although experimental evidence on the
rotational barrier of ethane dates from almost a century ago (KEMP; PITZER, 1936), only
several years later considerable progress was made on elucidating the physical factors
underlying its conformational stability (BICKELHAUPT; BAEREND, 2003; MO et al., 2004a;
MO; GAO, 2007; POPHRISTIC; GOODMAN, 2001; SCHREINER, 2002; SONG et al., 2005;
WEINHOLD, 2001, 2003). This can be ascribed to the notable development of the field of
theoretical chemistry during this period. The continual advancement of computational power
combined with the refinement of mathematical descriptions has enabled chemists to interrogate
the electronic structure of increasingly larger systems in great detail and satisfactory accuracy.
Modern theoretical chemistry, also referred to as computational chemistry, has provided
chemists with the tools, rooted in quantum mechanical principles, necessary to obtain insight
into chemical problems (SCHWARZ; SCHMIDBAUR, 2012). In the case of the rotation barrier
of ethane, quantum chemical investigations have supported the classical explanation based on
the repulsion between vicinal C—H bonds (i.e., steric repulsion) in destabilizing the eclipsed
form (BICKELHAUPT; BAEREND, 2003; MO et al., 2004a; MO; GAO, 2007), as well as
have introduced the idea of occupied—unoccupied orbital interactions between antiperiplanar
C-H bonds (i.e., hyperconjugation) in stabilizing the staggered form (POPHRISTIC;
GOODMAN, 2001; SCHREINER, 2002; SONG et al., 2005; WEINHOLD, 2001, 2003), see
Figure 2.1b.
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Theoretical Background

Figure 2.1 — a) Stationary points in the energy profile for rotation around the C—C bond of ethane, and
b) the main interactions giving rise to the rotational barriers; c) stationary points in the energy profile

for rotation around the C—C bond of 1,2-dihaloethanes, and b) the main interactions affecting the
gauche-anti equilibrium.
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Source: From the author

To obtain quantum chemical insights into the forces governing conformational
preferences, the interaction between fragments (e.g., atoms, bonds, or groups) is usually
decomposed into different energy components, such as steric repulsion and hyperconjugation
mentioned above. This energy decomposition can be performed in many ways, which have been
extensively described elsewhere (ANDRES et al., 2019; PASTORCZAK; CORMINBOEUF,

2017; PHIPPS et al., 2015). Herein, only the methods applied in this thesis are discussed in
Sections 2.4 and 2.5.
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2.2 The Gauche Effect

If one hydrogen atom on each carbon of ethane is replaced by a halogen atom, thus yielding the
X—C—C—X motif (where X = F, CI, Br, and I), the rotational energy profile changes as depicted
in Figure 2.1c. The two staggered conformers (i.e., gauche and anti) are no longer equivalent,
their relative stability depends on the mutual orientation between the two halogen atoms. A
similar effect is observed for the eclipsed forms (i.e., syn and anticlinal). Chemical intuition
would expect the anti-conformer to be the lowest in energy because it orientates the larger,
electron-richer atoms farther removed from each other. That is, indeed, the case for X = Cl, Br,
and I; but not for X = F (AKKERMAN et al., 2003; BUTCHER; COHEN; ROUNDS, 1971;
TAKEO; MATSUMURA, 1986; VAN SCHAICK et al., 1973). 1,2-Difluoroethane is the
classical example of the so-called gauche effect (THIEHOFF; REY; GILMOUR, 2017), a term
coined by Wolfe (1972), which describes the counterintuitive preference of the gauche over the
anti-conformer in cases X is an electron-withdrawing group (BUISSONNEAUD; VAN
MOURIK; O’HAGAN, 2010).

The currently accepted model used to explain the gauche effect is based on
hyperconjugative interactions between antiperiplanar o bonds (BRUNCK; WEINHOLD, 1979;
GOODMAN; GU; POPHRISTIC, 2005). It is argued that the C—F bond is a poor electron-donor
and a good electron-acceptor because both filled 6 and empty ¢ orbitals lie low in energy.
The gauche conformer of 1,2-difluoroethane is, therefore, stabilized by the charge-transfer from
the filled ocy orbital to the empty ocr orbital, which is stronger than the corresponding charge-
transfer from the filled o orbital to the empty ¢ orbital in the anti-conformer (ALABUGIN;
GILMORE; PETERSON, 2011). Both electron-acceptor and electron-donor capabilities
improve as the halogen atom is varied from F to I, favoring then the hyperconjugation ccx —
ocx in the anti-orientation for heavier 1,2-dihaloethanes XCH2CH2X (where X = CI, Br, and I)
(NORI-SHARGH; BOGGS, 2011; SOUZA; FREITAS; RITTNER, 2008), see Figure 2.1d.

Due to the ubiquity of halogens, especially the fluorine atom, in modern agrochemicals
(FUJIWARA; O’HAGAN, 2014; JESCHKE, 2010), pharmaceuticals (HERNANDES et al.,
2010; MEI et al., 2019; MULLER; FAEH; DIEDERICH, 2007), and materials (BERGER et
al., 2011; KARLICKY et al., 2013), the gauche effect has been widely applied as a
conformational control tool to modulate desirable properties (THIEHOFF; REY; GILMOUR,
2017). The number of prospective applications includes but are not limited to drug design
(GILLIS et al., 2015; MEANWELL, 2018), molecular recognition (BENTLER et al., 2019),
and catalysis (MOLNAR et al., 2013). The gauche effect is not restricted only to systems with
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vicinal C—F bonds, it is also observed in a variety of 1,2-disubstituted ethane fragments. Along
the X—C—C-Y motif, if X = F, the choice of Y that leads to a gauche preference is quite broad:
Y = F, OH, OAc, NH,, NHAc, SH, SOR, and SO.R (ALABUGIN, 2016; ALEKSIC;
STOJANOVIC; BARANAC-STOJANOVIC, 2015; HUNTER, 2010; THIEHOFF et al.,
2016).

Although the hyperconjugation model has been widely used to rationalize the gauche
preference, the origin of the gauche effect is still a subject of ongoing debate. Various
alternative explanations have been proposed in the literature over the years, which advocate the
role of other forces in either stabilizing the gauche conformer or destabilizing the anti-
orientation (SENDEROWITZ; FUCHS, 1997; THIEHOFF; REY; GILMOUR, 2017). Wiberg
and coworkers (1990) have attributed the gauche effect to a destabilization of the anti-
conformer due to a poorer C—C bond orbital overlap caused by the bending of the H-C—F angle,
the so-called bent bond model (WIBERG, 1996). However, Goodman, Gu, and Pophristic
(2005), proponents of the hyperconjugation model, have shown that the change in orbital
overlap along the C—C bond from gauche to anti is actually too small to account for their relative
energy differences. More recently, Baranac-Stojanovi¢ (2014) has pointed out that the gauche
conformer is stabilized by both hyperconjugation and attractive electrostatic interactions.
Thacker and Popelier (2018), on the other hand, have explained the gauche preference solely
based on electrostatics, more specifically the attractive 1,3 CeesF electrostatic polarization
interaction. This rationalization has been further elaborated in the work of Diaz et al. (2019), in
which they have shown that the CeeeF attraction is counterbalanced by FeeeF and CeeeC
repulsions and that the greater stability of the gauche conformer stems from exchange-
correlation interactions. As the gauche effect (and other stereoelectronic effects) can be used to
modulate the molecular structure towards specific properties, a thorough understanding of its

underlying physical mechanism is therefore essential.

2.3 Lewis Acid-Base Chemistry

The same physical forces mentioned in the previous sections (e.g., charge transfer, polarization,
and electrostatic interactions) that affect the conformational preferences of organic compounds
also underlie the bonding mechanism in Lewis acid—base pairs (MO; GAO, 2001). Lewis’
(1923) definition of acids as electron-pair acceptors and bases as electron-pair donors pervades
different areas of chemistry, ranging from metal complexes to archetypal organic reactions, to
name a few (LEWIS, 1938; PEARSON, 2005). It comes as no surprise that Lewis acidity and
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basicity concept is a mandatory teaching material in any introductory chemistry course and
textbook (ATKINS; JONES; LAVERMAN, 2016; BROWN et al., 2003). Furthermore, the
recent advent of frustrated Lewis pair (FLP) chemistry (STEPHAN; ERKER, 2010, 2015;
STEPHAN, 2016) and further development of Lewis acid and base-catalyzed reactions
(HAMLIN; FERNANDEZ; BICKELHAUPT, 2019; SVATUNEK et al., 2021; VERMEEREN
et al., 2021) renewed the interest of the chemical community on main group chemistry and
opened a new avenue for molecular and material synthesis (STAUBITZ et al., 2010;

STEPHAN, 2015).

Lewis acids and Lewis bases combine to form adducts whose bond strength and length
lie in between a chemical bond and a weak intermolecular interaction (LEOPOLD;
CANAGARATNA; PHILLIPS, 1997). As the formation of these adducts involves the donation
of an electron pair from the base to the acid (see Figure 2.2 for the formation of archetypal
borane-ammonia adduct), they are often referred to as donor—acceptor complexes (MENDEZ;
CEDILLO, 2013; MO et al., 2004b). Extensive research performed over the years has revealed,
however, the more complex interplay of effects underpinning their bonding mechanism. The
ability to engage in electrostatic (FRENKING et al., 2003; JONAS; FRENKING; REETZ,
1994) or polarization (MO; GAO, 2001) interactions, as well as the amount of energy required
to deform the acid or base equilibrium geometries to the final adduct (e.g., see the deformation
of borane from a planar to a pyramidal geometry upon adduct formation in Figure 2.2)
(ROWSELL; GILLESPIE; HEARD, 1999) are few examples of other factors that can affect
the nature and/or the strength of the bonding in these systems. As the number of prospective
applications in the field of Lewis acid—base chemistry has considerably expanded since its
conception, an in-depth understanding of the factors governing the stability of Lewis pairs is

crucial to more efficiently tune their properties.

Figure 2.2 — Formation of the donor—acceptor complex between borane and ammonia, H;B—NHs.
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Source: From the author
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2.4 Understanding Chemistry with DFT

Computational chemistry can provide insight into chemical reactions and transformations that
are impossible to obtain through laboratory-based experiments alone (FORESMAN; FRISCH,
1996; JENSEN, 2006). Density functional theory (DFT) is the prevailing quantum mechanical
method used to tackle problems in various branches of chemistry and physics (BECKE, 2014;
BURKE, 2012). The remarkable gain in popularity of DFT since its formal foundation by the
seminal works of Hohenberg and Kohn (1964) and Kohn and Sham (1965) is mainly due to its
efficient computational cost/accuracy ratio. Different from wave-function methods, the
fundamental premise of DFT states the energy E of a many-electron system is a functional of
the electron density p: E = E [p] (COHEN-TANNOUDII; DIU; LALOE, 2005; KOCH;
HOLTHAUSEN, 2001). This elegantly reduces the computational cost, as the N-electron wave-
function ¥ has 4N degrees of freedom (i.e., one spin coordinate and three spatial coordinates
for each electron) while the electron (spin) density p has only four (JENSEN, 2006). However,
the predictive power of DFT methods heavily relies on its exchange-correlation functional,
which exact form is not known and needs to be approximated (COHEN; MORI-SANCHEZ;
YANG, 2008; MEDVEDEV et al., 2017), leading to the different DFT approaches available
(BECKE, 2014; KOCH; HOLTHAUSEN, 2001). The choice of the appropriate density
functional depends on the chemical system under investigation and is usually selected by
comparison with experimental data or with high-level quantum chemical calculations

(MARDIROSSIAN; HEAD-GORDON, 2017).

DFT not only provides an accurate description of realistic systems but also enables one
to understand and interpret the underlying physical mechanism in terms of molecular orbital
(MO) theory (BICKELHAUPT; BAERENDS, 2000; HAMLIN et al., 2021). In this thesis, the
DFT investigations are mainly performed in conjunction with the activation strain model
(ASM) and the matching, canonical energy decomposition analysis (EDA), whose theoretical

overview is provided in the following section.

2.5 Activation Strain and Energy Decomposition Analyses

The activation strain model (ASM) is a fragment-based approach to understand the energy
profile of a chemical process in terms of interacting subunits (BICKELHAUPT; HOUK, 2017;
VERMEEREN et al., 2020; WOLTERS; BICKELHAUPT, 2015). That comprises, for

example, the formation of a transition state from the original reactants or of the ethane molecule
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from two open-shell CH3* fragments. The fragmentation of the system depends on the research
question and is critical to obtain meaningful results (BICKELHAUPT; BAERENDS, 2000).
Thus, the bond energy AE is defined as follows:

AE = EAB_ EA _ B 2.1)

wherein E2, EB, and E*B are, respectively, the energies of the fragments A and B and the

molecular complex AB.

As A and B combine to form AB, the bonding mechanism can be divided into two steps:
(1) the deformation of the fragments from their equilibrium structure to the geometry they
acquire in the complex, and (ii) the actual chemical interactions that occur between the
deformed fragments. The bond energy AE can, therefore, be decomposed into two major

components, namely, the respective total strain and interaction energies, AEstrain and AEin:

AE = AEstrain + AEint (22)

The total strain AEswin i an energy penalty related to the geometrical rigidity of the
fragments. The AEuain term can be further decomposed into the strain energies corresponding

to the deformation of each fragment, AEstrain,a and AEjirain,:

AEtrain = (EA inAB __ EA) + (EB inAB __ EB) (233)

AFEstrain = AEstrain,A + AEstrain,B (23b)

wherein EA " AB and EB " AB correspond to the energy of A and B in the geometry adopted in

AB, respectively.

On the other hand, the interaction energy AEin is the actual energy change when the
prepared fragments are combined to form the complex [Eq. (2.4a)]. The AEi, term can be
further decomposed into physically meaningful energy components by applying an energy
decomposition analysis (EDA) scheme. Herein, we combine the ASM with the matching,
canonical EDA (BICKELHAUPT; BAERENDS, 2000; HAMLIN et al., 2021), which is based
on the scheme of Morokuma (KITAURA; MOROKUMA, 1976; MOROKUMA, 1971) and the
related extended transition state (ETS) method of Ziegler and Rauk (ZIEGLER; RAUK, 1977,
1979a, 1979b). The EDA decomposes the AEiy into four energy terms, namely, electrostatic
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interactions AVeisat, Pauli repulsion AEpaui, orbital interactions AEi, and dispersion energy

AEjisp:

AEint — EAB _ EA inAB __ EB in AB (243)

AEint = AVeistat + AEpauti + AEoi + AEdisp (24b)

First, the AVeistae term is obtained by bringing the unperturbed charge distributions of A
and B from infinity to their positions in AB, resulting in a superposition of densities pa and ps.
The associated energy change, AVestat, 1s the classical electrostatic interaction between the

fragment charge distributions:

ZyZy aPB(’”) ZBPA(”)
AVelstat R |’” R I | R |
oeA ob F—Xp

BEB

(r)pg(r)

The first and last terms in Eq. (2.5) correspond to the electrostatic repulsion between the
nuclei and between electron densities of fragments A and B, respectively. The second and third
terms are the electrostatic attraction between the nuclei of fragment A and the electron density
of fragment B, and vice versa. The magnitude of the AVeistar components in Eq. (2.5) increases
as the fragment separation decrease and pa and ps start to overlap. The effect is, however, more
pronounced for the attractive terms, resulting in a net stabilizing AVeisae €nergy for neutral
systems at equilibrium distances. In these cases, AVeistat becomes repulsive only at very short
distances due to the nuclear repulsion (FRENKING; BICKELHAUPT, 2014; KRAPP;
BICKELHAUPT; FRENKING, 2006).

Then, the Pauli principle is enforced by the antisymmetrization (A) and renormalization
(N) of the product wave-function PAWB: W0 = NA[¥A¥B]. The associated energy change going
from WAW® to P is the Pauli repulsion AEpaui, which comprises the two-center four-electron
destabilizing interactions and is responsible for any steric repulsion. The magnitude of the
AEpaui term is directly proportional to the overlap between closed-shell orbitals S on both
fragments, that is, AEpaui oc S? (BICKELHAUPT et al., 1992; BICKELHAUPT; BAERENDS,
2000).
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The system is finally allowed to relax to the final ground state energy of the interacting
system WAB. The associated energy change, AE,i, accounts for all empty-occupied orbital
interactions, namely, polarization (i.e., empty-occupied orbital mixing on one fragment due to
the presence of the other fragment), charge transfer (i.e., donor—acceptor interactions between
occupied orbitals on one fragment with empty orbitals on the other fragment), and, for open-
shell fragments, electron-pair bonding (BICKELHAUPT; BAERENDS, 2000; HAMLIN et al.,
2021). The magnitude of AE,; depends on the energy difference between filled and empty
orbitals A¢ and the corresponding orbital overlap S, that is, AEs oc §*/Ae (ALBRIGHT;
BURDETT; WANGBO, 2013). Furthermore, the AE,; term can be decomposed into the

contributions from each irreducible representation I" of the interacting system:
AE;= ) AFr (2.6)
T

Finally, the dispersion energy AEusp can also be analyzed if long-range dispersion
corrections, such as Grimme’s dispersion corrections (GRIMME et al., 2010; GRIMME;
EHRLICH; GOERIGK, 2011), are explicitly added in the computations.

All the above-mentioned energy terms are highly dependent on the geometry and
distance between the fragments. Thus, the ASM/EDA is usually performed by projecting the
energy values into a relevant reaction coordinate & related to a critical geometrical change that
occurs over the course of the chemical process of interest (VAN ZEIST et al., 2008) and the
molecular orbital analysis is carried out at a consistent point in this energy profile

(VERMEEREN et al., 2020).

2.6 Research Idea

In this thesis, the physical factors that govern the conformational preferences of small organic
compounds (Chapter 3—5) and the stability of archetypal Lewis pairs (Chapter 6) are unraveled
using DFT. The manifestation of the gauche effect in alicyclic systems is first explored in
Chapter 3. As an alicyclic system, we select the 2-fluorocyclohexanone, a standard scaffold in
organic chemistry and model system used in conformational analysis studies to explore
intramolecular interactions. For comparison purposes, the heavier 2-chloro and 2-
bromocyclohexanones are also investigated. The 2-halocyclohexanones undergo a well-defined

conformational equilibrium in which the halogen atom can adopt either an axial or equatorial
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orientation. Selective introduction of endocyclic nitrogen groups, yielding the F-CH>—CH>—NR
motif (where NR = N-Boc, NCOOCH3, NCHO, NH, and NH>"), known to induce the gauche
effect in acyclic fragments, enable us to elucidate how these groups affect the axial-equatorial

equilibrium of their alicyclic counterparts.

In Chapter 4, we delve deeper into the gauche effect, wherein we investigate its origin
by comprehensive analysis of several rigid and flexible rotational energy profiles of the series
of 1,2-dihaloethanes XH>C—CH>X (where X = F, Cl, Br, and I). In contrast to the currently
accepted rationale (Section 2.2), our analyses reveal that hyperconjugation favors the gauche
conformer for all 1,2-dihaloethanes, not only for X = F. It is the interplay of more stabilizing
hyperconjugation and reduced steric Pauli repulsion that gives rise to the gauche effect

observed in the 1,2-difluoroethane.

Our analysis of rotational energy profiles is extended in Chapter 5 to investigate the
conformational behavior of haloacetaldehydes OHC—CH>X (where X =F, Cl, Br, and I). In this
case, we aim at investigating the ability of the widespread idea of dipolar repulsion between
point charges to rationalize conformational energies. We show that the point charge picture
breaks down as the halogen atom increases in size and becomes more diffuse because of a larger
electrostatic attraction between electron densities and nuclei. Only for X = F, electrostatic
interactions shift the conformational preference to anti. For heavier OHC—CH:>X (where X =
Cl, Br, and I), the overall rotational energy profile is again mainly set by a combined effect of

steric Pauli repulsion and hyperconjugation.

In Chapter 6, we study the formation of the X3B-NY3 Lewis pairs (where X, Y = H, F,
Cl, Br, and I) to untangle the nature and strength of Lewis acid/base interactions. First, we
explore the archetypal borane—ammonia and, then, we evaluate the effect of halogen
substituents on the Lewis acid and Lewis base to the strength of the forming B-N bond by
separately varying X, Y from H to F, Cl, Br, and 1. Detailed analysis of the electronic structure
reveals the role of different energy components, such as the strain energy, besides the well-

known electrostatics and charge transfer, in the stability of the Lewis pairs.

Finally, Chapter 7 summarizes the main findings and perspectives disclosed in the

preceding chapters and is followed by the acknowledgments and the list of publications.
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3 | Conformers of 2-Halocyclohexanone Analogs

Part of this chapter previously appeared as

Evaluation of the Alicyclic Gauche Effect in 2-Fluorocyclohexanone Analogs:
a Combined NMR and DFT Study
D. Rodrigues Silva, L. A. Zeoly, R. A. Cormanich, C. Fonseca Guerra, M. P. Freitas
Eur. J. Org. Chem. 2020, 2020, 884-890

classical interactions charge transfer

axial | gauche equatorial | anti

Abstract | Herein, we have investigated the effect of an endocyclic group (forming the N-C—C-F
fragment) on the conformational preferences of 2-fluorocyclohexanone analogs. A combined approach
of nuclear magnetic resonance and density functional theory calculations was employed to assess the
conformational equilibrium in several media. In turn, natural bond orbital analysis and the
conformational behavior of other 2-halocyclohexanone analogs were used to get more insights about the
intramolecular interactions governing the conformer stabilities. Our results reveal that any stabilization
from interactions featured in the gauche effect is overcome by a short-range interaction of the fluorine
substituent with the carbonyl group. Consequently, the gauche effect in heterocyclic compounds is not
as stabilizing as in their acyclic counterparts. Only the electrostatic gauche effect takes place even in

polar solvents owing to an attraction between the axial fluorine and an endocyclic quaternary ammonium

group.

Keywords | Axial-equatorial equilibrium, Conformation analysis, Fluorine gauche effect, Heterocycles,

Stereoelectronic effects
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3.1 Introduction

The 2-fluorocyclohexanone moiety is a molecular building block of organic compounds with
application in several research fields. It has a well-defined conformational equilibrium, in which
the six membered ring undergoes chair inversion resulting in energy minimum conformations
with either axial or equatorial fluorine atom (Figure 3.1) with a significant solvent
dependence.l'l The axial fluorine is the most stable conformer in the gas phase, but the
equilibrium gradually shifts towards the equatorial conformer with the increase of the solvent
polarity. The equatorial conformer has a higher dipole moment and is naturally more stabilized
by polar solvents. Nevertheless, this conformational preference has usually been attributed to
an interplay of intramolecular interactions involving the carbonyl group.!” In the gas phase,
there is a repulsion between the equatorial fluorine and the carbonyl group (the C—F and C=0
bonds are almost parallel to each other in the same plane), forcing the fluorine to adopt an axial
orientation. Insofar as the polarity of the solvent increases, the repulsion is attenuated and a
charge transfer from the ¢y, bond to the antibonding m¢q orbital overrides other interactions

to favor the equatorial conformer (Figure 3.1).1]

(O = energy minimum in gas phase

)

H )
[ |— =
! F Yo F¥0
axial equatorial Ocn—Tco

Figure 3.1 | Schematic representation of the axial-equatorial equilibrium in the 2-fluorocyclohexanone
(on the top) along with the anti-gauche equilibrium in the 1,2-disubstituted ethane (on the bottom).

The introduction of a fluorine atom in an organic molecule is known to impart
predictable stereoelectronic effects that can change its conformational behavior; a compelling
example is the gauche effect.’] The gauche effect is observed in structures containing two

bonded carbon atoms attached to vicinal electron withdrawing groups (in the F-C—C—X form
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for organofluorine compounds), in which the F and X preferentially adopt the gauche
orientation (i.e., r-c-c—x = 60°) instead of the anti-orientation (i.e., Pr-c-c-x =~ 180°), Figure
3.1. The gauche preference has been commonly explained in terms of hyperconjugative
interactions.[*) That is, the destabilizing effect of bringing two electron rich groups close
together is overcome by a greater stabilization from antiperiplanar orbital interactions. The best
electron donor (i.e., ocy bond) and acceptor (i.e., oop antibonding) orbitals are aligned in the
gauche arrangement for the 6cy — o¢p/cx charge transfer, in contrast to the 6ey — ooy and 6cr

— Gex in the anti-orientation (Figure 3.1).5]

If compared with other intramolecular interactions (such as hydrogen bonds and
electrostatic interactions), the gauche effect may have only a subtle effect on the conformational

[3a] Nonetheless, its strength depends on the groups

preferences of organic compounds.
involved;!®! the gauche-anti energy difference in some fluoroethylamides, for example, can be
of 1.8 kcal mol™! in favor of the gauche conformer.l”l In fact, the gauche effect has been
exploited as a conformational control strategy in the design of performance organic compounds
in catalysis,®! biological systems,® and organometallic complexes.!'”) With this in mind, we
wonder if the introduction of an endocyclic group, such as a carbamate group, in the structure
of the 2-fluorocyclohexanone could induce a conformational shift to further stabilize the axial
fluorine due to the gauche effect. A recent report has suggested that the reactivity of some a-
fluoroketones may be related to their conformational preferences.!!l' Therefore, a
conformational induction in the 2-fluorocyclohexanone backbone could be used to modulate a

desired molecular property, such as reactivity towards a specific reaction mechanism.[!2]

In an initiative to induce a gauche effect in the backbone of the 2-fluorocyclohexanone,
Silva et al.l'3! introduced an oxygen atom in the six-membered ring in order to attain a gauche
arrangement along the Oendo—C—C—Fax fragment. However, it actually caused an incremental
repulsion between oxygen and axial fluorine, which favored the equatorial conformer even in
the gas phase. In the case of the endocyclic carbamate group envisaged here, it is expected a
smaller repulsion because the endocyclic nitrogen atom is engaged in a resonance with the
carbonyl group. Therefore, the stabilizing orbital interactions in the gauche arrangement would

overcome other intramolecular interactions to favor the axial fluorine.

Thus, the conformational analysis of the 1-Boc-3-fluoro-4-oxopiperidine (1, Figure 3.2)
is performed herein. Compound 1 has an endocyclic N-Boc group in the six membered ring that
could result in a gauche orientation with the axial fluorine atom, instead of an anti-orientation

with equatorial fluorine. The Boc group acts as a protective group and 1 has been commonly
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employed as an intermediate in organic synthesis.!'* Therefore, this work aims at investigating
whether the N-Boc group introduces intramolecular interactions (especially orbital interactions
due to the gauche effect) that could cooperatively act with the carbonyl group to increase the
fluorine axial preference, even in solution. For this, the energy minimum conformations of 1
and their population in different media were investigated by a combined approach using nuclear
magnetic resonance (NMR) and density functional theory (DFT) calculations, and then the
prospective intramolecular interactions responsible for their relative stability were theoretically
evaluated. In addition, the N-Boc group in 1 was successively replaced with other groups, as
well as the fluorine at position 2 (see atom numbering in Figure 3.2), to theoretically find an

optimal substituent activating the alicyclic gauche effect.

e —

A I |
D —
o N%Z = o N,
H3a
axial equatorial 1
o o
H H H H
H@@Hz ] F@?L/@H
H N Hse Hss—"N H
|
H Bod H2 god
gauche anti

Figure 3.2 | Conformational equilibrium of the 1-Boc-3-fluoro-4-oxopiperidine (1). The antiperiplanar
interactions (i.e., 6oy — Gcr and Gy — Gey) present in the gauche orientation of the endocyclic nitrogen
with fluorine atom are expected to stabilize the axial conformer of 1.

3.2 Results and discussion

The first step towards investigating the conformational landscape of 1 consisted in evaluating
the orientation of the N-Boc group through rotation around the N—C(=O) bond. Due to the
resonance in the carbamate group, it is expected a planar geometry along the N-C(=0)—-O atoms
and then two orientations for the Boc's carbonyl group with @c n-c-o dihedral angle of about
0° and 180°. Thus, the energy profile at the MP2/6-311++G(d,p)!"! level for the axial and
equatorial conformers of 1 as a function of the ¢c ~n-c-o dihedral angle is shown in Figure 3.3.
Two energy minima (named 1%¥" and 12"%) were found for both conformers, as expected, in
which the second one (pcn-c-o = 180°) is somewhat more stable. The energy difference

between them is small and more significant for the axial (AE = 0.96 kcal mol™') than for the
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equatorial (AE = 0.63 kcal mol™!) conformation. Likewise, Figure 3.3 shows two energy
maxima, with the @cn-c-o dihedral angle of 120° and 300° for both conformers. The
interconversion barrier is higher for the axial form (ca. 18 kcal mol™!' compared to 13 kcal mol~
!in the equatorial form), probably because of the closer proximity between the axial fluorine

and both oxygen atoms of the Boc group in the energy maximum structures.

a. 0 0
(Y=
N N
syn anti
b. 20

N
()]

AE [ kcal mol~1
)

0 60 120 180 240 300 360

®cn-c=0/°

Figure 3.3 | a) Schematic representation for the interconversion between conformers 1%" and 1*"%
through rotation of the N-C(=0) bond; b) energy profile for the rotation around the @c_~-c-o torsion
angle with a step size of 30° at MP2/6-311++G(d,p) level for the axial (black curve) and equatorial (red
curve) conformers of 1.

The geometries of the four energy minima located in Figure 3.3 were then fully
optimized using dispersion-corrected B3LYP,!'®] according to the DFT-D3(BJ) method
developed by Grimme and coworkers,[!”] with the 6-311++G(d,p) basis set.[*] This level of
theory was selected based on a benchmark study with MP2, see Experimental section and
Appendix 3.1 for details. Interconversion between these four structures through sequential steps
of N-C(=0) bond rotation and ring flipping forms the conformational cycle depicted in the
Figure 3.4. The conformers have been labelled in the Figure 3.4 to distinguish the two
orientations of the N-Boc group (syn and anti) and axial or equatorial fluorine (ax and eq,
respectively), and the conformational equilibrium between these four structures (namely 13",

120 1", and 123”) has been investigated herein.
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Figure 3.4 | Conformational equilibrium among the four conformers of 1 studied at the B3LYP-
D3(BJ)/6-311++G(d,p) level.

Conformational populations according to the Gibbs free energy in the gas phase and in
implicit media, using solvents with increasing polarity (namely cyclohexane, chloroform,
acetonitrile, and DMSO), were calculated to evaluate the influence of the solvent on this
conformational equilibrium. The results are shown in the Figure 3.5. Conformer 12;"ti is the
global energy minimum (i.e., it has the highest population) in the gas phase, in which the
conformational energy increases in the order: 1224 < lza'ti < 1" < 1y Thus, there is a
preference for the axial fluorine and the orientation anti of the Boc group in the gas phase. It is
worth mentioning that the energy difference between conformations is small, less than a 1 kcal
mol™! (the electronic and Gibbs free energies of conformers in all tested media are given in
Appendix 3.2). The conformational trends change with the inclusion of the solvent. The total
axial population (i.e., conformers 13" and 12 together) goes from 60% in the gas phase, 41%
in cyclohexane, 30% in chloroform, to 16% in acetonitrile and in DMSO. Therefore, when the
effect of the solvent is taken into account, the conformational equilibrium gradually shifts
towards equatorial conformers. These results can be directly compared to the molecular dipole
of the structures (i = 3.27, 2.63, 3.74, and 5.42 D for the 13¥", 1224, lﬂa‘ﬁ, and 1" conformers,
respectively), since equatorial conformers have higher molecular dipole moments (therefore,

they are more stabilized by polar solvents) than axial conformers.

To experimentally corroborate these findings, the conformational equilibrium of 1 was

evaluated through '"H NMR studies. The interconversion of one conformation into another
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usually proceeds quite fast at room temperature, so in the NMR experiments an average signal
over all conformers is measured instead of the individual conformers. However, due to the
angular dependence of the three-bond hydrogen coupling constant (*Jun) expressed by the
Karplus equation,!!8! the conformational population of cyclic compounds can be easily
estimated by the difference in the >Juu between axial and equatorial conformers. The spin—spin
coupling constants (J) in the same solvents tested in the theoretical calculations (i.e.,
cyclohexane, chloroform, acetonitrile, and DMSO) are given in the Table 3.1. Because 1 has
low solubility in cyclohexane and chloroform, it was not possible to accurately determine J in
these solvents. Nevertheless, an increase in the *Jun can be observed in more polar solvents,
which indicates the equatorial preference in solution (because of the greater coupling between
axial-axial hydrogens in the equatorial conformer, Qu,-c-c-n3, = 180°, see numbering in the

Figure 3.2), in line with theoretical calculations in implicit solvent.

50
anti
45 | 1eq
syn
40 | 1eq
35 | /
g 30 |
[
S 25 |
©
3 20 |~
[e]
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Figure 3.5 | Conformational population according to the Boltzmann distribution of the Gibbs free
energies in B3LYP-D3(BJ)/6-311++G(d,p) as a function of the polarity of the solvent (dipole moment
of the solvents increases from the left to the right). Axial population estimated experimentally by NMR
(15X, black curve) is shown for comparison purposes. (ax: axial, eq: equatorial, syn: @c-n-c-o = 0°, anti:
@c-N-c=0 =~ 180°).

The J for the individual conformers (13", 124, lzgﬁ, and 1g") was calculated using

B3LYP-D3(BJ)/EPR-III (a basis set specifically optimized for coupling constant calculations
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by DFTI) and compared with experimental coupling constant (Jops) to estimate the

conformational populations using the following Eq. (3.1) and Eq. (3.2):

Jobs = NaxJax T neq«]eq (31)

Rax T Neq = 1 (32)

wherein Jax and Jeq are the individual coupling constants obtained theoretically and n.x and 7eq
are the mole ratios of the axial and equatorial conformers, respectively. The results are also
shown in the Table 3.1. The calculated 2/u,r and “Ju,1, (see numbering in the Figure 3.2) agree
satisfactorily well with experimental measures (%Jur = 50 Hz and “Jun = 1.1 Hz). The *Ji,mu;,
shows the angular dependence in which equatorial and axial conformers have the 3Ji,n;, of ca.
11 Hz and 1 Hz, respectively. The population in each medium was estimated [using Eqgs. (3.1)
and (3.2)] based on an average of the calculated *Ji,n;,, to give the following axial mole ratios
(regarding the two axial conformers 13" and 12™): 0.20 (chloroform), 0.10 (acetonitrile), and
0.08 (DMSO), black curve in the Figure 3.5. Therefore, there is a decrease in the axial

population on going to more polar media as predicted by the theoretical calculations.

Table 3.1 | NMR coupling constants (J, in Hz) obtained experimentally and theoretically for the
individual conformers of 1 in implicit solvents at the B3LYP-D3(BJ)/EPR-III//B3LYP-D3(BJ)/6-
311++G(d,p) level. Estimated axial mole ratios in each media are given in parenthesis.

Cyclohexane® Chloroform (1. = 0.20)
Conf. 2T F e e Jimmg i F Uotza Siamze Viane
| A 55.8 1.3 3.6 1.1 55.6 1.3 3.6 1.1
120 56.1 12 3.6 1.1 55.9 12 36 1.1
ligﬁ 53.7 11.2 8.1 1.6 53.7 11.2 8.2 1.7
1:{;‘ 53.3 11.0 8.4 1.6 53.4 11.0 8.5 1.7
Exp. ~50.0 n.d. n.d.? n.d.? 48.2 ~9.1 n.d.? n.d.®
Acetonitrile (7.« = 0.10) DMSO (nax = 0.08)
Conf. 2T F ioia e Jimmg i F Uotza Domze Wiane
3" 55.5 1.3 3.5 1.1 55.5 1.3 3.5 1.1
120 55.7 12 3.6 12 55.6 12 36 12
ligﬁ 53.7 11.2 8.3 1.8 53.7 11.2 8.3 1.8
1:{;‘ 53.5 11.0 8.5 1.8 53.5 11.0 8.5 1.8
Exp. 47.5 10.1 6.6 1.1 47.2 10.3 6.7 1.1

[a] Not determined (n.d.) because of the signal broadening attributed to the low solubility in the given
media.
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By analyzing the conformational populations of 1, it seems that the introduction of an
endocyclic N-Boc group does not significantly change the conformational preferences in the 2-
fluorocyclohexanone backbone. The axial population of 1 in the gas phase is similar to the one
reported for the 2-fluorocyclohexanone itself!'®! (60% and 64%, respectively) and the equatorial
conformer is preferred in solution. A similar behavior is observed if the fluorine atom in 1 is
replaced by chlorine and bromine (to form 1’ and 1", respectively, see Appendices 3.3 and 3.4).
These halogens are larger than fluorine and, therefore, conformational changes would be more
affected by long-range interactions, if any, in these cases. However, the total axial population
of 1" and 1"’ in the gas phase is 88% and 85%, respectively, which is quite similar to their 2-
halocyclohexanone counterparts (86% and 92%,!'! respectively), also highlighting the small

effect of the N-Boc group on the conformational energies.

Therefore, at a first sight, it was not possible to observe the effect of the orbital
interactions expected to be introduced with the N-Boc group to further stabilize the axial
fluorine conformer. To get more insights on how the N-Boc group influences the relative
stability of the isolated conformers of 1, the total electronic energy in the gas phase (AE) of
each conformer was decomposed within the framework of the Natural Bond Orbital (NBO)
analysis?®! into three terms: non-Lewis (AExi, which accounts for charge transfer or
delocalization energy), Lewis (AEL, classical interactions) and dispersion (AEpisp, since the
electronic energy was calculated using dispersion corrections!!”l). The NBO results are
graphically represented in the Figure 3.6 (see Appendix 3.3 for details), wherein all energy
terms are represented relative to the global energy minimum (i.e., conformer 1;;‘ﬁ). The AEpisp
term (yellow curve in Figure 3.6) has the smallest contribution to the AE (blue curve) and it is
somehow uniform between conformers. The axial conformers (13" and 1*™) are in general
more stabilized by the AEL term (green curve) while equatorial conformers (lzgﬁ and 1"

more stabilized by the AEnL term (red curve). This trend can be associated with the

) are

intramolecular interactions used to explain the conformational energies in 2-

fluorocyclohexanone.[?»!13] In equatorial conformers, there is a repulsion of the fluorine atom
. e . ti

with the carbonyl group, as expressed by the less stabilizing AEr energy of 1gq" and 1gy" (6.33

and 6.87 kcal mol™', respectively), and a greater stabilization from the Gy, —> o charge

transfer, as expressed by the more stabilizing AEx. energy (—6.18 and —6.52 kcal mol! for 123“

and 15", respectively).

To estimate the contribution of the hyperconjugation interactions featured in the gauche

effect to the conformational energies, we looked at the second order perturbation energy [E(z)

i—J
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= 2F(i,j)*/(g; — €); F(i,)) is the off-diagonal matrix element, €; and &; are the orbital energies!?!!]
in the NBO analysis that estimates delocalization energies from orbital interactions (see
Appendix 3.5). The ey — ocr and 6oy — Gey antiperiplanar interactions (4.6 and 2.9 keal
mol™!, respectively) in the gauche orientation (i.e., in the axial conformers) are indeed more
stabilizing than the corresponding ey — ocn and Gepen — Gener interactions (2.3, 1.1, and
1.8 kcal mol™!, respectively) in the anti-orientation (i.e., in the equatorial conformers).
However, equatorial conformers are still more stabilized by the AENL term, so it seems that
these orbital interactions are not stabilizing enough to change the equilibria towards axial
conformers as first expected. The Geax —> Moo charge transfer in equatorial conformers, on the
other hand, accounts for 6.7 kcal mol™! (see Appendix 3.5), which is more stabilizing than the
abovementioned interactions in the axial conformers and explains the trends in AExL. The main

orbital interactions are schematically represented in the Appendix 3.6.

8.0

AE | kcal mol~*
& A o
o o o (
K
o
w
0

syn anti anti syn
1 ax 1 ax 1 eq 1 eq

Conformer

Figure 3.6 | Energy decomposition scheme of the NBO analysis calculated using B3LYP-D3(BJ)/6-
311++G(d,p) for the four conformers of 1 (ax: axial, eq: equatorial, syn: ¢c-~-c-o = 0°, anti: pc-N-c=0 =
180°).

The N-Boc is a bulky group though, so it might introduce factors other than the gauche
effect that influence the fluorine axial-equatorial preference. Thus, to simplify the system and
get more insight on the role of specific structural parts, the relative energies of 1 were also

compared with other 2-fluorocyclohexanone analogs (see Figure 3.7). 2 and 3 were chosen as
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to gradually reduce the N-Boc group and to evaluate the role of specific structural parts on the
conformational energies. The conformers of all analogs were named in the same manner as for
1, to distinguish the two orientations of the N-C=0O group (syn and anti, ¢c n-c-o = 0° and
180°, respectively) and axial or equatorial fluorine (ax and eq, respectively). Schematic

representation of the conformers of analogs 2 and 3 is given in Appendix 3.4.

10 20 30 ¥
N N N N
ANo o o o

1.0

AE [ kcal mol—1

syn anti anti syn
X ax X ax X eq X eq
Conformer

Figure 3.7 | Relative conformational energies for the 2-fluorocyclohexanone analogs, where X = 1-3.
(ax: axial, eq: equatorial, syn: @c n-c-o = 0°, anti: c n-c-0 = 180°), computed at the BALYP-D3(BJ)/6-
311++G(d,p) level.

According to Figure 3.7, the energy trends of analogs 2 and 3 are quite similar to 1 (also
regarding the energy trends in the NBO analysis, Appendix 3.3). The X204 s the global energy
minimum and the conformational energy increases in the order: X < ngti ~ Xax' < Xey -
Due to the overall similarity in the energy trends on going from 1 to 3, i.e., on removing the
Bu group and the oxygen atom linked to it from the Boc group (Figure 3.7), it was possible to
reduce the influence of the N-Boc group on the conformational stability of 1 to the amide group
of analog 3. Therefore, to specifically search for the gauche effect, the interaction between this
amide group with the fluorine atom, without the influence of the ketone group (compound 3’ in

Figure 3.7), was then evaluated. The removal of the carbonyl group to form 3’ leads to a
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decrease in the relative energies among conformers (see Figure 3.7). In this case, the orientation
of the amide group is more relevant for the conformational energies than the orientation of the
fluorine atom. Conformers 3" and 3'23“ have nearly the same total energy, and the energy
difference between 3"¥"-3'314 4pnq 3'2{1"—3'2? is 0.44 and 0.17 kcal mol™!, respectively. The
energy difference is more significant for the axial fluorine probably due to the closer proximity
with the amide carbonyl oxygen in 3';%" (see Appendix 3.4). Additionally, the AExt and AEL
terms from the NBO analysis have opposite trends compared to 1-3 (see Appendix 3.3). With
the removal of the carbonyl group, the 6y — meo charge transfer and the Feo/C=O repulsion
used to explain the conformational stability of the 2-fluorocyclohexanone are cancelled out.
Now axial conformers are more favored by the AEnL term, which can be related to the orbital
interactions featured in the gauche effect, and less favored by the AEL term relative to equatorial

conformers, due to the removal of the Feq/C=O repulsion and also to a possible incremental

repulsion of the axial fluorine with the amide group.

Differently from other structures containing the fluoroethylamide fragment,’! a
stereoelectronic stabilization in the gauche arrangement is not the determining factor in the
conformational behavior of the 2-fluorocyclohexanone analogs analyzed herein. Even without
the influence of the ketone group in 3’, the energy difference between axial and equatorial
conformers (gauche and anti, respectively) is too small to observe any substantial stabilization
due to the gauche effect. Earlier reports in the literaturel!*?? have evaluated other endocyclic
groups at the same position of the 2-fluorocyclohexanone backbone known to induce the

(131 and S[?21). However, in all cases the

gauche effect in acyclic compounds (e.g., X = O
conformational trends could not be attributed to hyperconjugation. It seems that the orbital
interactions used to explain the preferred gauche orientation in acyclic compounds are,
surprisingly, not strong enough to dictate the conformational preferences in heterocycles.
Instead, conformational preferences of the 2-fluorocyclohexanone analogs are primarily

affected by a short-range interaction with the ketone group.

To counterbalance the effect of the carbonyl group on the axial-equatorial equilibrium
it is necessary to add an endocyclic group which can induce a stronger intramolecular
interaction, probably electrostatic in nature. Thus, if the N-Boc group is continuously reduced
to form analog 4 (which possesses only a hydrogen attached to the nitrogen atom, resembling
part of the active nucleus of a 4-quinolone), then one can see a totally different trend (Table 2,
see Appendix 3.3 for details). The conformational analysis of 4 has already been reported in the

literature,!??! where the stability of the global energy minimum (which have both fluorine and
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N-hydrogen atoms in the axial, 42~ in Appendix 3.4) is attributed to an N-H%---3F
ydrog pp

electrostatic interaction (in line with our NBO results in Appendix 3.3). This effect becomes
stronger by protonating the amine group (to form analog 5, the 3-fluoro-4-oxopiperidin-1-ium
cation, in Table 2; see schematic representation in Appendix 3.4). In this case, the axial fluorine
persists even in highly polar solvents, such as DMSO (Table 2), similar to the results reported
for the 3-fluoropiperidinium cation that have been attributed to the so-called electrostatic

gauche effect.l144-23]

Table 3.2 | Relative conformational energies (in kcal mol™') for the 2-fluorocyclohexanone analogs 4
and 5, in gas phase and DMSO, computed at the B3LYP-D3(BJ)/6-311++G(d,p) level.

4 (e} 5 (e}
Y Y
) o),

Conf. gas DMSO Conf. gas DMSO
4P 0.0 1.1 Sp-ax 0.0 0.0
4pea 2.4 2.8
dpa 1.6 0.0
dped 1.4 0.8 St-cq 5.4 0.3

3.3 Conclusion

The conformational preferences of 1 predicted by DFT calculations nicely reproduce the trends
in the NMR experiments. There is an increase in the population of equatorial conformers on
going from nonpolar to increasingly more polar solvents, as evidenced by the analysis of the
3Jun coupling constant. The conformational trends of 1 are quite similar to that of 2-
fluorocyclohexanone itself (the same is observed for other 2-halocyclohexanones). The
introduction of the endocyclic N-Boc group does not result in a significant stabilization of the
axial fluorine due to interactions responsible for the gauche effect; the stabilization from
hyperconjugation interactions featured in the gauche effect is overcome by the charge transfer
from the occupied Gcpay orbital to the empty m¢q orbital in the equatorial conformers. Through
comparison with analogs 2—5, it is possible to assess the influence of specific structural parts to
the relative energies. The axial-equatorial equilibrium of the heterocycles analyzed herein is

primarily dictated by the ketone group of the 2-fluorocyclohexanone backbone; however, an
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endocyclic group inducing strong electrostatic interactions shifts the conformational
preferences. Given the widely applicability of organofluorine compounds, understanding the
factors ruling their molecular structure can assist in the design of novel compounds with

improved molecular properties.

3.4 Experimental section

Commercial samples of 1-Boc-3-fluoro-4-oxopiperidine (1) were purchased and used without
further purification. The '"H NMR spectra were acquired at 499.99 MHz from 2.0 mg mL™!
solution of 1 in the appropriate solvents (i.e., C¢D12, CDClz, CD3CN, and [D6]DMSO) in
standard 5 mm glass tubes. A direct observation probe was employed, and the probe
temperature was set to 298.1 K. The 90° observation pulses were previously calibrated and had

typical durations of 11.75 ps.

Computational Details

The energy profile of rotation around the ¢c ~n-c-o dihedral angle for axial and equatorial
conformers of 1 was obtained with a step size of 30° at the MP2/6-311++G(d,p) level. The
geometries of the located energy minima of 1 were then optimized using density functional
methods, namely the ®B97X-D, B3LYP, and M062X hybrid functionals as well as the B97-D
and BLYP functionals with the 6-311++G(d,p) basis set,['**! in order to determine the
appropriate level of theory for the system in study. Dispersion effects were considered by the
dispersion corrections proposed by Grimme et al. with the BJ damping function.l'”’ MP2 was
used as the reference method. B3LYP-D3(BJ) was selected because, among the density
functionals with the smallest MAE value, it better reproduces the trends in the conformational
population compared to MP2 (see Appendix 3.1). Frequency calculations were performed to
obtain thermodynamic energies and to ensure that structures converged to true energy minima.
The role of solvent effects on this conformational equilibrium was assessed by geometry
optimization and frequency calculations in implicit solvents (i.e., cyclohexane, chloroform,
acetonitrile, and DMSO) according to the integral equation formalism variant of the Polarizable
Continuum Model (IEFPCM).[241 The NBO analysis®>”! was used to search for prospective
intramolecular interactions influencing conformational energies. All calculations were
performed using the previously selected level of theory. Additionally, calculations of the spin—

spin coupling constants (also in cyclohexane, chloroform, acetonitrile, and DMSO) using the
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gauge including atomic orbital (GIAO) method>>! with the EPR-III basis set!!”! were
performed and compared with experimental NMR spectra in order to estimate the relative
conformer population in each media. All abovementioned calculations were carried out using

the Gaussian 09 rev. DOl program,?’! and molecular structures were illustrated using

CYLview.[?"]
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3.6 Appendices

Appendix 3.1 | Gas phase relative energies (AE and AG, the electronic and the Gibbs free energies,
respectively) referenced to the global energy minimum (in kcal mol™), Boltzmann populations (in %,
according to the standard Gibbs free energy) and the mean absolute error (MAE, relative to the MP2
energies) using different density functional approaches for the four conformers of the 1-Boc-3-fluoro-
4-oxopiperidine (1).

MP2 ®BI7X-D B3LYP M06-2X
AE  AG Pop AE  AG Pop AE  AG Pop AE  AG Pop
" 088 057 17 0.66 0.80 12 036 036 18 0.89 0.67 14
122000 000 45 0.00 0.00 48 0.00 0.12 26 0.00 034 25
13" 094 062 16 0.57 024 32 035 019 24 0.87 0.63 15

li,'gti 0.75 043 22 024 1.05 8 0.15 0.00 32 0.63 0.00 45
MAE 0.28 0.31 0.43 0.30 0.05 0.22
BLYP B97D B3LYP-D3(BJ) BLYP-D3(BJ)

AE  AG Pop AE  AG Pop AE  AG Pop AE  AG Pop
" 034 0.18 21 0.78 042 17 0.60 038 21 0.58 0.28 25
122000 002 28 0.00 0.00 35 0.00 0.00 39 0.00 0.00 40
13" 042 013 23 0.73 043 17 0.63 0.55 16 0.66 0.61 14
lﬁgti 021 0.00 29 048 0.08 31 041 027 25 044 036 22
0.40 0.33 0.15 0.17 0.23 0.11 0.22  0.09

Appendix 3.2 | Molecular dipole moment (L, in D), relative conformational energies (AE and AG, in
kcal mol ™) referenced to the global energy minimum, and populations (in %, according to the standard
Gibbs free energy) for the conformers of 1 in gas phase and in implicit solvents at the B3LYP-D3(BJ)/6-
311++G(d,p) level of theory.

Gas phase Cyclohexane Chloroform
n AE  AG Pop n AE  AG  Pop n AE  AG Pop
3" 327 060 038 21 3.66 065 038 16 404 102 053 14

122 263 000 000 39 294 018 0.12 25 325 072 047 16
13" 542 063 055 16 6.01 0.18 0.03 29 6.51 0.12 0.00 36
lﬁgﬁ 374 041 027 25 4.08 0.00 0.00 30 433 000 0.03 34

Acetonitrile DMSO
n) AE  AG Pop n) AE  AG  Pop
13" 446 131 0.86 10 449 132 0.88 10
12;‘“ 357 120 1.17 6 359 122 1.20 6

13" 696 003 006 40 698 0.03 0.07 39
li'gﬁ 453 0.00 0.00 44 454 000 0.00 46
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Appendix 3.3 | Molecular dipole moment (u, in D), relative conformational energies (kcal mol™)
referenced to the global energy minimum and populations (%, according to the standard Gibbs free
energy) for the 2-halocyclohexanone analogs.

7] AG Pop AE AEn: AE,, AEpisp
IR 3.27 0.38 21 0.60 ~1.46 1.74 0.33
13 2.63 0.00 39 0.00 0.00 0.00 0.00
IR 5.42 0.55 16 0.63 —6.52 6.87 0.28
120 3.74 0.27 25 0.41 —6.18 6.33 0.26
1y 3.51 0.01 44 0.86 —0.60 0.80 0.66
1 2.80 0.00 45 0.00 0.00 0.00 0.00
ot 5.36 1.25 5 1.87 —0.94 1.42 1.39
10 3.61 1.14 7 1.54 —0.11 0.39 1.26
"y 3.55 0.41 28 0.82 ~0.19 0.18 0.83
1mane 2.84 0.00 57 0.00 0.00 0.00 0.00
"y 5.28 1.64 4 2.38 2.23 ~1.63 1.78
1"ant 3.52 0.98 11 2.03 2.83 ~2.46 1.67
2" 2.99 0.38 20 0.42 ~1.60 1.85 0.17
250 2.43 0.00 38 0.00 0.00 0.00 0.00
200 4.92 0.43 18 0.51 —6.78 7.10 0.20
2208 3.16 0.27 24 0.36 ~6.60 6.77 0.19
3 3.19 0.63 17 0.62 -3.17 3.63 0.16
3o 2.72 0.00 50 0.00 0.00 0.00 0.00
3 4.21 0.77 14 0.85 ~8.60 9.21 0.25
3and 1.11 0.59 19 0.67 -8.77 9.18 0.26
3 5.42 0.45 16 0.44 ~1.72 2.05 0.11
3t 5.11 0.00 33 0.00 0.00 0.00 0.00
3 4.89 0.22 23 0.25 0.86 -0.73 0.13
3 2.50 0.10 28 0.08 0.83 —0.88 0.13
4y 2.18 0.00 80 0.00 0.00 0.00 0.00
4y 3.59 2.06 2 2.37 1.82 0.33 0.22
o 4.76 1.21 10 1.36 -2.94 3.99 0.31
dpad 4.47 1.38 8 1.57 ~7.86 9.25 0.18
SF-ax 8.07 0.00 100 0.00 0.00 0.00 0.00
SF-eq 10.45 5.17 0 5.42 ~10.81 15.99 0.23
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Appendix 3.4 | Schematic representation of the conformational equilibrium of the 2-halocyclohexanone
analogs studied herein.
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Appendix 3.5 | Electron delocalization energies (in kcal mol™) between occupied and unoccupied
orbitals from NBO analysis in the gas phase for the conformers of 1.

Conf. ~OCMT O™ garm ocrT Gy OChn MRy Ol
OcN OcFr OcH Ocn Ocr — Tco Tco — Tco
RA 2.89 4.56 - - - 2.12 1.69 -
e 2.86 4.56 - - - 2.08 1.63 -
1 - - 2.38 1.03 1.81 - - 6.78
1y - - 231 1.07 1.83 - - 6.63

Appendix 3.6 | Main orbital interactions in the axial (a, represented by the conformer I:Qﬁ) and

equatorial (b, represented by the conformer lﬂgﬁ) conformers of 1. Orbital interaction involving the

carbonyl groups in red and the charge transfer featured in the gauche effect in blue.
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4 | The Gauche Effect

Part of this chapter previously appeared as

The Gauche Effect in XCH>CH>X Revisited
D. Rodrigues Silva, L. de Azevedo Santos, T. A. Hamlin, C. Fonseca Guerra,
M. P. Freitas, F. M. Bickelhaupt
ChemPhysChem 2021, 22, 641-648.

-9

gauche gauche anti

Abstract | We have quantum chemically investigated the rotational isomerism of 1,2-dihaloethanes
XCH>CH2X (X =F, Cl, Br, I) at ZORA-BP86-D3(BJ)/QZ4P. Our Kohn-Sham molecular orbital (KS-
MO) analyses reveal that hyperconjugative orbital interactions favor the gauche conformation in all
cases (X = F-I), not only for X = F as in the current model of this so-called gauche effect. We show
that, instead, it is the interplay of hyperconjugation with Pauli repulsion between lone-pair-type orbitals
on the halogen substituents that constitutes the causal mechanism for the gauche effect. Thus, only in
the case of the relatively small fluorine atoms, steric Pauli repulsion is too weak to overrule the gauche
preference of the hyperconjugative orbital interactions. For the larger halogens, XeeX steric Pauli
repulsion becomes sufficiently destabilizing to shift the energetic preference from gauche to anti, despite

the opposite preference of hyperconjugation.

Keywords | Activation strain model, Bond theory, Conformational analysis, Energy decomposition

analysis, Gauche effect
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4.1 Introduction

The energy profile for rotation around the C—C bond in 1,2-disubstituted ethanes features four
stationary points, that is, two staggered conformers (gauche and anti) connected via two
eclipsed transition states (syn and anticlinal), as schematically illustrated in Figure 4.1a.l!]
Depending on the nature of the substituted groups, the equilibrium can shift to favor either the
gauche or the anti-conformer.?! The so-called gauche effect, a term coined by Wolfe in 1972,
is the phenomenon that the gauche conformer is energetically more favorable than the anti-
conformer in cases where X is an electron-withdrawing group (usually containing atoms from
the second period of the periodic table, such as nitrogen, oxygen, or fluorine).[*! The gauche
effect has been observed in a variety of molecules (especially those containing an organic
fluorine)l! and has been used as a tool for controlling the conformational preference in the

design of organic compounds towards specific molecular properties.[®

@»H anticlinal
H H

HX

W
<
0° 60° 120° 180°
Px-—c-c-x
@ S
@;; d( P o( L
s X
gauche Gc anti
X=F, Cl,Br, |

Figure 4.1 | a) Stationary points in the energy profile for rotation around the C—C bond of 1,2-
dihaloethanes and b) main orbital interactions affecting the gauche-anti equilibrium.

In the currently accepted model, the gauche effect arises from stabilizing
hyperconjugativel’! interactions between antiperiplanar o orbitals (see Figure 4.1b).8 This
picture was developed to explain experimental evidences on the conformational behavior of the

1,2-difluoroethane,® the simplest molecule that exhibits the gauche preference.l'” In this
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hyperconjugation model, the higher stability of the gauche conformer is attributed to the
antiperiplanar charge-transfer from the filled o 4 orbital to the empty o  orbital, which is
stronger than the corresponding charge-transfer from the filled o ;. to the empty o 5 in the
anti-conformer.[®! For heavier halogens, it is argued that this trend should be reversed, because
of the better electron-donor and electron-acceptor capabilities of 6. y and o y orbitals as X
goes from F to Cl, Br, or L.I'!l However, recent reports have shed more light on the role of other
forces behind this effect. Baranac-Stojanovi¢!!?l pointed out that stabilization of the gauche
conformer is caused by orbital and also electrostatic interactions, Thacker and Popelier!!’]
attributed it solely to electrostatics, while Martin-Pendas and coworkers!!'¥ explained it based

on both electrostatic and exchange-correlation interactions.!>]

In view of this ongoing and highly relevant controversy, we have investigated the origin
of the gauche effect within the framework of quantitative Kohn-Sham molecular orbital (KS-
MO) theory using the series of 1,2-dihaloethanes XH,C—CH>X (X = F, Cl, Br, I, see Figure
4.1). Herein, we show that, at variance to the currently prevailing model, the switch in
preference from gauche for X =F to anti for X = Cl-I, is caused by the increasing steric demand
of the substituent X, as the latter descends down a group in the periodic table. This trend does
not originate from hyperconjugation, which we show to always favor gauche but only overrule
steric (Pauli) XeeeX repulsion in the gauche conformation for the smallest substituent X, in our
model systems, the second-row fluorine atom. We also highlight how geometrical relaxation,
in particular, the effect of the variation of the C—C bond length, upon internal rotation around
this bond can mask the change in the various orbital and electrostatic interactions and needs to

be taken into consideration to properly identify causalities.

4.2 Results and Discussion

To understand how the XH>C—CH>X bonding mechanism determines conformational
preferences, we have analyzed this bond explicitly for all four 1,2-dihaloethanes in terms of
two open-shell CH>X* fragments forming a C—C electron-pair bond in various conformations.
The MO diagram with the valence orbitals of the CH>X*® fragments is provided in Figure 4.2
(see Appendix 4.1 for more details of CH>X* and the better known CH3X molecular orbitals).
The overall bond energy AE has been divided into two major components using the activation
strain analysis (ASA):['%] the strain (AEsain) that results from the distortion of the two CH>X*

radicals from their equilibrium structure to the geometry they acquire in the XH>C—CH2X
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Figure 4.2 | MO diagram for the formation of the 1,2-dihaloethanes XH,C—-CH,X (X =F, Cl, Br, I) from
two open-shell CH>X* fragments, along with the fragment molecular orbitals (FMO) depicted as
quantitative 3D plots (isovalue = 0.04) for CH»CI®, computed at ZORA-BP86-D3(BJ)/QZ4P.

molecule and the actual interaction (AEiy) between the deformed radical fragments. The
interaction energy AFEi, was further decomposed using our canonical energy decomposition
analysis for open-shell fragments (EDA)!'7) into four energy terms that can be associated with
the following physical factors: electrostatic interactions (AVeistar), Pauli repulsive orbital
interactions (AEpaui) between closed-shell orbitals which is responsible for steric repulsion,
stabilizing orbital attractions (AE,;) that account, among others, for electron-pair bonding as

well as donor-acceptor interactions, and corrections for dispersion interactions (AEgisp). A
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theoretical overview of this energy decomposition scheme is given in Chapter 2.5. For the
purpose of clarity, the above-mentioned energy terms along the internal rotation around the C—
C bond are considered relative to the syn conformation (i.e., represented as a AAE), since the
latter represents the global energy maximum conformation in all cases. All calculations were
performed using ZORA-BP86-D3(BJ)/QZ4P!'#) as implemented in the Amsterdam Density
Functional (ADF) program,['”] and PyFrag 2019 to facilitate all ASA and EDA analyses.?"

Our rotational energy profiles of all 1,2-dihaloethanes are given in Figure 4.3. Firstly,
we note the well-known energy profile of 1,2-dihaloethanes XH,C—CH,X,!'! that is, for 1,2-
difluoroethane (X = F), the gauche conformer is the global energy minimum, whereas the anti-
conformer is the global energy minimum for all heavier 1,2-dihaloethanes (X = Cl, Br, I). The
torsion angle ox-c-c—x (where X = F, Cl, Br, I) of the gauche conformer is shifted from 60° to
ca. 70°, in good agreement with the experimental value of 71.0(3)° for 1,2-difluoroethane (X =
F).[2 The C—C bond length directly correlates with conformational stabilities and is shorter in
the energy minima and longer in the energy maxima (see Figure 4.3). For example, in 1,2-
difluoroethane (X = F), the C—C bond shortens from syn (1.556 A) to gauche (1.506 A), then
lengthens going towards the anticlinal conformation (1.526 A) and shortens again at the anti-

conformer (1.520 A). Similar, though less pronounced effects are observed for the heavier

halogens.

a) F b) cl c) Br d) I

10 (4 c Br Br 1! 0.06
L5 H H " ! 0.03
€
8 0 0.00
LLI \\\ ) \\\ /_\\ \\\ o \\\ ’/’\ \\
2‘ '5 \ - s ‘~\~_‘ \\\-/,I \\\ \\\-’/' ‘\\\ Nt \‘\\ '003

-10 ] -0.06
0° 60° 120° 180° 0° 60° 120° 180° 0° 60° 120° 180° 0° 60° 120° 180°
Prc-c-F Pcr-c-c-al PBr-c-c-Br Prc-c-I
--- AAE

Figure 4.3 | Rotational energy profile and C—C bond length variation as a function of the @x-ccx
dihedral angle of the 1,2-dihaloethanes XH,C-CH»X (X = F, Cl, Br, I). Computed at ZORA-BP&6-
D3(BJ)/QZA4P.
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Thus, the variation in C—C bond length along internal rotations is significant (e.g., for
1,2-difluoroethane, it spans 0.05 A). In the following, we address the question of where this
breathing in C—C bond distance between short in minima and long in maxima comes from, and

how it affects the individual interaction mechanisms and their EDA energy terms.

Geometrical Relaxation and Rotational Energy Profile

Our analyses reveal an interesting interplay of effects in which steric Pauli repulsion is the
dominant term behind both the raise in energy and the expansion of the C—C bond at eclipsed
conformations. The results of these analyses also highlight the importance of separating
changes in bonding mechanism, and thus in EDA terms, associated with the internal rotation
from further changes in bonding, and thus in EDA terms, due to the further geometrical
relaxation (in particular, C—C bond-length variation) that occurs in response to the internal
rotation, because this further geometrical relaxation again modifies and thus hides the original

causal factors.

Figure 4.4 shows how the different energy components (i.e., Pauli repulsion,
electrostatics, and orbital interactions) vary as a function of C—C separation for the syn and
gauche conformations of the 1,2-dihaloethanes. Note that, in a fully relaxed rotation around the
C—C bond, not only the C—C bond length changes, but also the geometry of the CH2X*
fragments which becomes increasingly pyramidalized in the eclipsed conformation to mitigate
the buildup of steric Pauli repulsion (vide infra). Therefore, to separate the effect of C—C bond
length variation from the effect of CH2X* bending, we first focus on the curves with fixed
CH2X* geometry as in the gauche conformer CH>X(g) (solid lines, red for syn and black for
gauche). Note that the upward slope of the AEp.ui curve is larger than the downward slopes of
the AVeisat and AE,; curves in all cases, which means that AEpauii changes faster as a function of
the C—C distance. Also, the Pauli repulsion is strongest in the syn conformation for all distances
shown and the gradient of the red line is larger than of the black line, that is, the increase of
AEpaui with the shortening of the C—C bond length is greater in the syn case (see Appendix 4.2
for the derivative of the different energy terms with respect to the C—C bond length). The larger
gradient of the AEpaui curve in the syn conformation will drive the molecule towards a longer
equilibrium C—C bond length.[??] Therefore, steric Pauli repulsion is the reason why the C-C
bond is longer at the syn conformation. The picture remains essentially the same if we consider
the effect of CH2X* bending to the syn geometry CH2X(s) (dotted lines, red for syn and black

for gauche). The magnitude of all energy terms is however smaller since, in its syn geometry,
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CH:X* is more bent away from the C—C bond region which reduces the Pauli repulsion (but

also other interactions) between the fragments.
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Figure 4.4 | EDA of the interaction between two open-shell CH,X® fragments in 1,2-dihaloethanes
XH,C-CH2X (X = F, Cl, Br, I) as a function of the C—C separation, computed at ZORA-BP86-
D3(BJ)/QZAP. Vertical dashed lines denote the equilibrium bond distances of the syn and gauche
conformations.

Next, we analyze how geometrical relaxation, in particular, the change in C—C bond
length, affects the interpretation of the energy profile for internal rotation around this bond of
the 1,2-dihaloethanes. Our results reveal that all energy components are strengthened in the
global energy minima because of the shorter C—C bond in these conformations, that is, the

observed trends in AAVeistat, AAEpaui, and AAE,; are simply a function of the C—C distance.
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Figure 4.5 | Activation strain (ASA) and energy decomposition analyses (EDA) as a function of the ¢x-
c-c-x dihedral angle of the 1,2-dihaloethanes XH,C—-CH,X (X =F, CI, Br, I). a) ASA and b) EDA for
fully relaxed rotation, c) EDA and d) key closed-shell-closed-shell overlaps for rigid rotation with
CH,X* fragments in gauche geometry but with C—C distance set to 1.52 A. Computed at ZORA-BP86-
D3(BJ)/QZAP.
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Thus, care should be exercised when analyzing relaxed rotational barriers (i.e., when all
geometrical parameters are flexible to optimize during rotation). The key to understand the
trends in the interacting terms is to first take a closer look at the fully relaxed rotation around
the C—C bond. As can be seen from Figure 4.5a, the AAE originates primarily from a more
stabilizing AAEiy that favors the gauche conformer for X = F and the anti-conformer for X =
CL, Br, I. The AAEain, stemming from the bending of the CH>X* fragments, is much smaller
and more uniform along the rotation of the C—C bond. Since the interaction energy plays such
a critical role in the observed trends, the different contributors to the interaction energy were
analyzed in more detail using our EDA.!"7! Figure 4.5b shows that, in all cases, the trends in the
interaction energy are equally dictated by the stabilizing orbital and electrostatic interactions
(the AAE,; and AAVisar curves nearly coincide in all points of the rotation around the C—C
bond). On first glance, these findings are, indeed, in line with a previous report that attributed
the gauche effect to both orbital and electrostatic stabilization.['2l However, owing in particular
to the C—C bond lengthening (which is caused by a higher steric Pauli repulsion at any given
C—C distance, vide supra), the AAEpaui term is lowest along this curve in the syn conformation.
This observation is counterintuitive, as already shown in Figure 4.4 and stressed in the analysis
of the rotation barrier of ethane,'*?! in that the steric repulsion is least destabilizing in the
eclipsed conformation where the two C—X bonds are pointing in the same direction and the
halogen lone-pairs on each fragment are in closest proximity (see 2n and 37" orbitals in Figure
4.2). The trends observed in Figure 4.5b are dominated by consequence of the C—C bond
shortening and stretching, that is, all energy terms are maximized when the C—C bond is shorter
(i.e., in the staggered conformers, AAE,; and AAV st are more stabilizing, and AAEpayii 1S more
destabilizing) whereas the opposite occurs when the C—C bond is longer (i.e., in eclipsed
conformers; see Figures 4.3 and 4.5b). Figure 4.6 confirms that the changes in the C—C bond
length (Arc_c) correlate with both AAEpaui; and AAE,; terms.

Therefore, to obtain an unbiased picture, it is necessary to perform a numerical
experiment in which the strong effect of C—C bond length variation on the energy terms has
been eliminated. This can be achieved by performing a rigid rotation around the C—C bond
while all geometry parameters but the torsion angle ¢x_c-c-x are kept unchanged. To this end,
let us take the gauche conformer of each 1,2-dihaloethane at its optimum geometry and rotate
it from the syn to the anti-conformation. To compare all molecules on a more equal footing, we
rotate all 1,2-dihaloethanes from the same C—C bond distance set to 1.52 A (as in the staggered
geometry with the longest C—C bond length, i.e., the anti-conformer of the 1,2-difluoroethane;

see Figure 4.5¢). Note that the conformational preferences in the AAEin curve shown in Figure
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4.5c remain the same as in the fully relaxed rotational profiles, that is, AAEiy favors gauche for
X =F and anti for X = Cl, Br, and 1. The AAEpauii is a minimum at the staggered conformations
and goes to a maximum at the eclipsed conformations, as would be expected. Note that the
other energy components have a smaller contribution to the trends in AAEiy. The AAVeista term
is more stabilizing at the eclipsed conformations (see ref. [22] for a detailed discussion on the
behavior of AAVeistat in rotation barriers), the AAE,; only slightly changes, and the AAEisp 1S
nearly constant upon rotation around the C—C bond. The same overall trend is found if we rotate
all 1,2-dihaloethanes from their optimum gauche or anti (Appendix 4.3) as well as syn
geometries (Appendix 4.4). Note that the strain energy AEswain Vanishes in this analysis because

it is constant for geometrically frozen fragments; therefore, AAEstrin is zero and AAEin = AAE.
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Figure 4.6 | Correlation between the C—C bond stretching with steric Pauli repulsion and orbital
interactions during rotation around the C—C bond. Computed at ZORA-BP86-D3(BJ)/QZA4P.

The smallest AAEpauii for syn observed in the flexible rotation (Figure 4.5b) is, therefore,
a result of the elongation of the C—C bond and the bending of the CH»X* fragments, that reduces
the overlap between the orbitals of the vicinal C—X bonds. Note, for example, that the rigid
rotation from the equilibrium gauche conformer of the 1,2-difluoroethane to the syn orientation
leads to 4.0 kcal mol™! more Pauli repulsion (Figure 4.7). Then, when we keep the molecule in
the syn conformation but relax the other geometry parameters, the Pauli repulsion lowers almost
40 kcal mol™!, much more than the initial rise of 4.0 kcal mol!. Similar effects can be observed
for other 1,2-dihaloethanes (see Appendix 4.4 for the connection of each EDA term between a
staggered and an eclipsed rigid rotation of all 1,2-dihaloethanes). This highlights that analyses

over relaxed rotational barriers, or final equilibrium geometries, only reflect the consequences
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but not the reason that leads to a given structural preference in the first place. The importance
of taking into account the strong effect of geometrical relaxation in the course of a chemical
phenomenon when elucidating the physical factors underlying it has already been nicely pointed
out in the literature.[?>?3] Therefore, detailed analyses of the rotational profiles of 1,2-
dihaloethanes performed herein clearly demonstrate that AAEpay; is the dominant, causal term

that determines the observed trends in the variation of the C—C bond length and in the overall

[24]

rotational energy profile.

AEp,,i | kcal mol-!

0° 60° 120° 180° 0° 60° 120° 180° 0° 60° 120° 180° 0° 60° 120° 180°
Pr_c-c-F Pci-c-c-cl PBr-c—c-Br Prc—c-I

—relaxed -~ rigid gauche  ---rigid syn

Figure 4.7 | Pauli repulsion as a function of the ¢x cc x dihedral angle of the 1,2-dihaloethanes XH,C—
CH:X (X =F, Cl, Br, I). Computed at ZORA-BP86-D3(BJ)/QZ4P.

Steric Pauli Repulsion and the Gauche Effect

In the following, we discuss how the above analysis of the rotational energy profiles affects the
interpretation of the gauche effect observed in the 1,2-difluoroethane. We show that the fluorine
atoms in FCH,CH,F are too small to cause significant steric Pauli repulsion in the gauche

conformation and, for this reason, hyperconjugation dominates for X = F.

The most significant closed-shell-closed-shell overlaps between the two CH:X®
fragments contributing to the trend in AAEpaui (shown in Figure 4.5¢) arise between the well-
known C—X n-bonding and n*-antibonding CH,X* FMOs,!>3! 21t and 3r", respectively, each of
which possesses both, X lone-pair character as well as carbon 2p amplitude (see Figure 4.8).
AAEp,ui 1s @ maximum at the syn because of a larger (2nt|2nt) overlap, which decreases as the
C—C bond is rotated to the anti-conformer (see Figure 4.5d). This effect is more pronounced

for heavier halogens because of the larger spatial extension of their valence np atomic orbitals.
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I MO diagram
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Figure 4.8 | MO diagram and the most significant occupied-occupied orbital overlaps between the
CH.,X"* fragments (where X = F, Cl, Br, I), along with (2rt|2%t) (isovalue = 0.04) and (37" |37") (isovalue
= 0.02) in the gauche and anti-conformers of the 1,2-difluoro and 1,2-diiodoethane. Analysis in rigid
rotation in gauche geometry but with C-C distance set to 1.52 A, computed at ZORA-BP86-
D3(BJ)/QZAP.
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Note that the difference in (2nt|21t) between gauche and anti-conformers also increases as X
goes from F to L. For example, for X =F, the (2n|2) is the same in the gauche and anti, whereas,
for X =Cl, Br, and [, it is larger in the gauche (see Figure 4.8). A similar behavior is found for
the (2m|3n") overlap integral. Thus, the trend in Pauli repulsion determines that the
conformational equilibrium gradually shifts to the anti-conformer as the halogen increases in
size.'!] Interestingly, only for 1,2-difluoroethane, the AAEpaui is slightly larger for anti than
gauche (see Appendix 4.5). This can be ascribed to the (3n*|3n") overlap, in which the
amplitude of the 3" orbital is larger on the less electronegative carbon atom because of the out-
of-phase mixing of C 2p and F 2p orbitals, resulting in a larger (3n*|3n") for anti than gauche
(see Figure 4.8). As the atomic p orbital of the halogen atom goes up in energy (and becomes
more diffuse) going down group 17 in the periodic table, the amplitude of the 3n" orbital
increases on the halogen atom and, thus, the (3n*|3n") overlap is smaller for anti than gauche
for X = Cl, Br, and I. At variance to the heavier and effectively larger halogens, the fluorine
orbitals are too compact to cause significant overlap and steric Pauli repulsion and, therefore,

cannot shift the conformational equilibrium to anti.

The important role played by steric Pauli repulsion is not surprising for heavier 1,2-
dihaloethanes (X = Cl, Br, I),l!'!l but it constitutes an unprecedented physical factor behind the
gauche effect in 1,2-difluoroethane (X = F).[?) In contrast to the widespread belief that the
fluorine atoms would repel each other in the gauche conformation, our analysis at the consistent
geometries (i.e., all conformations at the same C—C bond length of 1.52 A) shows that AAEpayii
slightly favors (by 0.4 kcal mol™!) the gauche over the anti-conformer for X = F (Figure 4.5d).
In this way, any subtle attractive interaction can effectively determine its conformational
preference, which is the case of the hyperconjugative interactions used to explain the gauche

effect in the 1,2-difluoroethane.

The hyperconjugative orbital interactions are more favorable in the gauche conformer,
in line with the current view of the gauche effect.’’! However, this is the case for all 1,2-
dihaloethanes analyzed herein, not only for X = F, because the orbital energy gap of the donor—
acceptor interaction favoring gauche (i.e., 31" — 4c") is smaller than the one favoring anti (i.e.,
2n — 46"; see MO diagram in Figure 4.2). Thus, the stabilization due to the AAE,; results
predominantly from a charge-transfer from the occupied 37" orbital of one fragment into the
unoccupied 46" orbital of the other fragment (see Figure 4.9, or Appendix 4.6 for the full data
along the rotation of the C—C bond). This is more stabilizing for the 1,2-difluoroethane solely
because of the larger orbital overlap ((3n"[4c") = 0.15 and 0.02 for X = F and I, respectively).
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Again, due to the difference in electronegativity in the C-F bond, the amplitude of both
antibonding orbitals, 31" and 46", is larger on the less electronegative atom, that is, on carbon
(see Figure 4.9). Thus, as the difference in electronegativity decreases on going towards heavier
halogens, the orbital overlap between the two CH2X*® fragments also decreases. For the same
reason, the orbital energy gap is always bigger when X =F (Ae =9.2 eV for X =F and Ae = 4.6
eV for X = I), that is, it shows a trend opposite to that of AAE,;. This is interesting because
previously the strength of hyperconjugative interactions in substituted ethanes has been
typically attributed to the orbital energies alone.!?”! Note that the contribution from the 36 —
46" is less important for the conformational preferences because of a larger orbital energy gap

and the associated overlap is similar for gauche and anti (see Figures 4.2 and Appendix 4.6).
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Figure 4.9 | MO diagram for the donor-acceptor interaction between the occupied 31" orbital of one
fragment and the unoccupied 4c" orbital of the other fragment, along with 31" overlapping with 4c" as
3D plots (isovalue = 0.04) in the gauche conformers of the 1,2-dihaloethanes. Analysis in rigid rotation
in gauche geometry but with C—C distance set to 1.52 A, computed at ZORA-BP86-D3(BJ)/QZ4P.

The above agrees well with the fact that the orbital interactions have the strongest
preference for the gauche conformer of 1,2-dihaloethanes in the case of X = F. Nevertheless,

the reason that this preference of the orbital interactions for gauche can become decisive for X
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= F is the very small difference in Pauli repulsion AAEpaui, in that case, between gauche and

anti-conformers.

4.3 Conclusion

At variance with the current model, the gauche effect in 1,2-dihaloethanes (X =F, Cl, Br, ) is
not caused by hyperconjugation alone, but also by steric Pauli repulsion between substituents
X, as follows from our quantum chemical analysis based on relativistic dispersion-corrected
density functional theory. The gauche effect refers to the phenomenon that the gauche
conformer is energetically favored for X = F while, in all other cases (X = CI, Br, I), the
preferred conformer is anti. The current model ascribes the gauche effect to hyperconjugative
orbital interactions that favor gauche in case of X = F. Our Kohn-Sham molecular orbital (KS-
MO) analyses, however, reveal that such hyperconjugative orbital interactions favor the gauche
conformation in all cases, not only for X = F but also for X = Cl, Br, and I. The analyses show
that it is Pauli repulsion between lone-pair-type orbitals on the halogen substituents that
constitutes the causal mechanism for the gauche effect. Thus, only in the case of the relatively
small fluorine atoms, steric Pauli repulsion is small enough to not overrule the gauche
preference of the hyperconjugative orbital interactions. For the larger halogens, XeeeX steric
Pauli repulsion destabilizes the gauche conformer and, in this way, shifts the energetic

preference from gauche to anti, despite the inverse preference of hyperconjugation.

4.4 Computational Details

All calculations were performed using the Amsterdam Density Functional (ADF) program
2017.103.I"1 Geometry optimization and vibrational analysis of the energy minimum
conformations and rotational barrier analysis were carried out using the dispersion-corrected
BP86-D3(BJ)!'8181 functional in conjunction with the quadruple-C quality augmented with
polarization functions (two 2p and two 3d sets on H, two 3d and two 4f'sets on C, F; three 3d
and two 4fsets on Cl, two 4d and three 4f sets on Br, one 5d and three 4f sets on I) QZ4P basis

18¢] The zeroth-order regular approximation (ZORA)!8818%) was used to account for scalar

set.!
relativistic effects. This level is referred to as ZORA-BP86-D3(BJ)/QZA4P. The activation strain
and energy decomposition analyses were performed using the PyFrag program at the same level

of theory.[?!
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4.6 Appendices
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Appendix 4.1 | MO diagram for the formation of H,C*-X (left side) and H3C—X (right side) from X* (=
F*, CI°, Br*, I’) interacting with H,C** and H3C*, respectively.
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Appendix 4.2 | Derivative of the EDA terms with respect to rcc of the interaction between two open-
shell CH,X* fragments in 1,2-dihaloethanes XH,C—CH,X (X = F, CI, Br, I) as a function of the C-C
separation. Computed at ZORA-BP86-D3(BJ)/QZA4P. Vertical dashed lines denote the equilibrium bond

distances of the syn and gauche conformations. Since the AV and AE,; curves are almost superposing
each other in some cases, the orbital interaction curves are slightly transparent for clarity.
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(X =F, Cl, Br, I) for rigid rotation in frozen gauche (top) and anti (bottom) geometries, computed at
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Appendix 4.5 | EDA terms (in kcal mol™) of the energy minimum stationary points relative to the syn
conformer in rigid rotation around the C—C bond in gauche geometry but with C—C distance set to 1.52
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Appendix 4.6 | Orbital interactions along with the gross population of the 4c" orbital and the main
occupied—unoccupied orbital overlaps as a function of the @x-c.cx dihedral angle of the 1,2-
dihaloethanes XH,C—CH,X (X =F, CI, Br, I). Analysis in rigid rotation in gauche geometry with C—C
distance set to 1.52 A. Computed at ZORA-BP86-D3(BJ)/QZ4P.
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5 | Dipolar Repulsion in a-Halocarbonyl Compounds

Part of this chapter previously appeared as

Dipolar Repulsion in a-Halocarbonyl Compounds Revisited
D. Rodrigues Silva, L. de Azevedo Santos, T. A. Hamlin, F. M. Bickelhaupt,
M. P. Freitas, C. Fonseca Guerra
Phys. Chem. Chem. Phys. 2021, 23, 20883-20891
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Abstract | The concept of dipolar repulsion has been widely used to explain several phenomena in
organic chemistry, including the conformational preferences of carbonyl compounds. This model, in
which atoms and bonds are viewed as point charges and dipole moment vectors, respectively, is however
oversimplified. To provide a causal model rooted in quantitative molecular orbital theory, we have
analyzed the rotational isomerism of haloacetaldehydes OHC—-CH.X (X =F, Cl, Br, I), using relativistic
density functional theory. We have found that the overall trend in the rotational energy profiles is set by
the combined effects of Pauli repulsion (introducing a barrier around gauche that separates minima at
syn and anti), orbital interactions (which can pull the anti minimum towards anticlinal to maximize
hyperconjugation), and electrostatic interactions. Only for X = F, not for X = Cl — I, electrostatic
interactions push the preference from syn to anti. Our bonding analyses show how this trend is related

to the compact nature of F versus the more diffuse nature of the heavier halogens.

Keywords | Carbonyl group, Conformation analysis, Density functional calculations, Electrostatic

interactions, Point charges
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5.1 Introduction

The carbonyl group is one of the most common functional groups in organic chemistry. Its
unique chemistry renders the carbonyl group a site for a wide spectrum of chemical
transformations!!! and interactions!?! that govern the structure of important biological systems,
such as proteins,*! and nucleic acids.[* Attempts to understand and rationalize the structure and
properties of compounds bearing a carbonyl group abound.! In particular, the forces
underlying their conformational preferences, and the resulting influence on their physical,

chemical, and biological properties, have intrigued organic chemists for decades.®

Several theoreticall”l and experimental® studies have explored the conformational
landscape of haloacetaldehydes OHC—-CH>X (X =F, CI, Br, I) as archetypal model systems to
investigate the main intramolecular interactions involving the carbonyl group. The rotation
around the C—C bond in these systems results in the energy profile schematically illustrated in
Figure 5.1a. The relative conformational stability has typically been ascribed to dipolar
interactions, that is, the syn conformer (i.e., @o-c-c-x = 0°) experiences a strong electrostatic
repulsion between the partially negatively charged oxygen and halogen atoms, which shifts the
conformational equilibrium to anti (i.e., po-c-c-x = 180°; see Coulombic interactions in Figure
5.1b).[7 This is equivalent to the explanation that the O=C and C—X bond dipoles in the O=C—
C—X arrangement achieve the most or least unfavorable dipole—dipole interaction in the case of
maximum (syn) or minimal (anti) overall dipole moment (see dipole minimization in Figure
5.1b).°) The same rationalization has also been used to explain conformational energies in other
systems containing polar groups, such as in the anomeric effect.['’l Additionally, for heavier
haloacetaldehydes, it is argued that the global energy minimum gradually shifts from the anti
to the anticlinal conformation (i.e., @o-c-c-x = 120°) because of the better donor ability of the
ocx orbital to engage in stabilizing orbital interaction with the co orbital of the carbonyl group

as X goes from F to I (see hyperconjugative interactions in Figure 5.1b).[7a!1]

The above concept of dipolar repulsion depicts the electrostatic interaction as deriving
from the sum of pairwise interactions between atoms that follows Coulomb’s law for the
respective point charges; this same representation can also be found in organic chemistry
textbooks.!?! However, the validity of such an oversimplified picture, the treatment of atoms
as point charges, has been questioned in the literature. It can lead to incorrect predictions in, for
instance, rationalizing the factors governing the conformational preferences of small organic

[15]

molecules,!’3]  chemical bonding,!'¥! and non-covalent interactions. Molecules are

characterized by a more complex charge distribution of nuclei and a 3-dimensional electron
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charge density that, more often than not, does not behave as a collection of point charges.!*
For example, some diatomic molecules, such as N> and O,, would not be bound without the

contribution from the attractive electrostatic component.!'42]
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Figure 5.1 | a) Stationary points in the energy profile for rotation around the C—C bond of
haloacetaldehydes and b) intramolecular interactions used to rationalize the conformational preferences.

In this work, we have, therefore, analyzed the rotational isomerism of haloacetaldehydes
OHC-CH2X (X =F, Cl, Br, and I, see Figure 5.1) within the framework of quantitative Kohn-
Sham molecular orbital (KS-MO) theory to reveal the physical mechanism behind the
conformational preferences. In particular, we have investigated the role of dipolar repulsion as
compared to other features in the bonding mechanism. Our bonding analyses show how the
overall trend in the rotational energy profiles is set by the combined effects of Pauli repulsion,
orbital interactions, and electrostatic interactions. Pauli repulsion, as will be explained,

introduces a rotational barrier around gauche which separates minima at syn and anti. In
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addition, orbital interactions can pull the anti minimum towards a more anticlinal conformation
to maximize hyperconjugation. And, only for X =F, not for X = Cl -1, electrostatic interactions
push the preference from syn to anti. Our results furthermore reveal how this trend in
electrostatic interactions is related to the compact nature of F, which shows behavior that is
reminiscent of a partially negative point charge that has Coulomb repulsion with the partially
negative O. At variance, the more diffuse nature of the heavier halogens X = Cl — I cause a
more pronounced overlap of charge densities between O and X which goes with a breakdown
of the point-charge picture. The most striking consequence is a net stabilizing electrostatic
interaction due to the reduced repulsion between the overlapping O and X densities in

combination with significant stabilization of these densities by the nuclei of the other atom.

5.2 Methods

Computational Details

All calculations were performed using the Amsterdam Density Functional (ADF) software
package.!!%! The geometry of the stationary points and energy profile along rotation around the
C—C bond of the haloacetaldehydes OHC—CH>X (X = F, Cl, Br, and I) were calculated at the
BP86 level of the generalized gradient approximation (GGA); exchange functional developed
by Becke (B) and correlation functional developed by Perdew (P86).I'") The BP86 functional
has been shown to accurately reproduce the rotational profile of 1,2-disubstituted ethanes.[!8]
The DFT-D3(BJ) method developed by Grimme and coworkers,!'?! which contains the damping
function proposed by Becke and Johnson,!*’! was used to describe dispersion interactions.
Scalar relativistic effects are accounted for using the zeroth-order regular approximation
(ZORA).2!I Molecular orbitals (MO) were expanded in a large, uncontracted set of Slater type
orbitals (STOs) containing diffuse functions: QZ4P.1*?! The basis set is of quadruple-C quality
augmented with polarization functions, i.e., two 2p and two 3d sets on H, two 3d and two 4f
sets on C, O, F; three 3d and two 4fsets on Cl, two 4d and three 4f'sets on Br, one 5d and three
4f sets on I. All electrons were included in the variational process, i.e., no frozen core
approximation was applied. The accuracies of the fitting scheme (ZLM fit)?’] and the
integration grid (Becke grid)?* were set to ‘VERY GOOD’. All optimized structures were
confirmed to be true minima (no imaginary frequencies) or transition states (only one imaginary

frequency) through vibrational analyses.!*!
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Activation Strain Model and Energy Decomposition Analysis

To understand how the OHC-CH:X bonding mechanism determines conformational
preferences, we have analyzed this bond explicitly for all four haloacetaldehydes in terms of
two open-shell fragments, OHC*®* and CH2X", forming a C—C electron-pair bond in various
conformations (i.e., by varying the @o-c_c-x dihedral angle). The overall bond energy AE has
been divided into two major components using the activation strain model (ASM),% AErain

and AEin, and projected these values onto @o-c-c-x [Eq. (5.1)].
AE = AEstrain + AEint (5 1)

In this equation, the strain energy AFuain results from the distortion of the two open-
shell fragments from their equilibrium structure to the geometry they acquire in the overall
molecule, and AEiy is the actual interaction between the deformed fragments. The interaction
energy AEin was further decomposed using canonical energy decomposition analysis for open-
shell fragments (EDA)?") into four physically meaningful energy terms [Eq. (5.2)]: electrostatic
interactions AVeisar, Steric Pauli repulsion AEpaui, stabilizing orbital interactions AE,;, and
corrections for dispersion interactions AEgis.'”! A theoretical overview of this energy

decomposition scheme is given in Chapter 2.5.
AEint = AVeistat + AEpaui + AEoi + AEdlSp (52)

The AVesar term, which corresponds to classical electrostatic interaction between the

unperturbed charge distributions of the (deformed) fragments and is usually attractive, can be

further divided into four components:[274]

AV Z,Zg f z : aPB(’”) f 2 : ZBPA(”)
elstat —
& Rop R TRy

BEB

N fpr(ﬁ)PB(’”z) drdr,
r2

= A Velstat (nAnB) +A Velstat (nApB) +A Velstat (pAnB) +A Velstat (pApB) (5 . 3)

where A and B stand for OHC® and CH:X", respectively. The first term is the electrostatic

repulsion between the nuclei of fragments A and B, AVeista(nans); the second and third terms
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are the electrostatic attraction between the nuclei of fragment A and the electron density of
fragment B, AVeista(napn), and vice versa, AVesta(oans); while the last term is the electrostatic

repulsion between the electron densities of fragments A and B, AVeista(oa0B).

For the purpose of clarity, all above-mentioned energy terms along rotation around the
C—C bond are considered relative to the syn conformation (i.e., po-c-c—x = 0°) and represented
as a AAE. To facilitate the analyses, the ASM and EDA were performed using the PyFrag 2019

program.!?¥]

5.3 Results and Discussion

Rotational Energy Profiles

The energy profiles for half a rotation around the C—C bond, that is, from @o-c-c-x = 0° to 180°,
of all haloacetaldehydes from our ZORA-BP86-D3(BJ)/QZA4P calculations are given in Figure
5.2. Note that only half a rotation is shown because the energy profile from 180° to 360° mirrors
the one from 0° to 180°. From Figure 5.2a, we note the well-known energy profile of these
systems which features two minimum-energy conformations: (i) one is always the syn
conformer and (ii) the second one gradually changes its geometric character from anti to
anticlinal, as X goes from F to I. This latter conformer is the global energy minimum in all
cases, in line with earlier reports in the literature.[®! Furthermore, the energy profile for half a
rotation of the fluoroacetaldehyde has a onefold rotational barrier with one energy maximum
around the gauche orientation (i.e., @o-c.c-x = 70°), whereas the iodoacetaldehyde has a

twofold rotational barrier with energy maxima at the gauche and anti-conformations.

To understand the origin of the conformational energy differences, the various
contributors to the bond energy along internal rotation around the C—C bond were analyzed by
applying the activation strain model (ASM)?®] with canonical energy decomposition analysis
(EDA)27], At this point, it is important to emphasize that the energy components are highly

(26a] Tn previous studies, !

dependent on the geometry and the distance between the fragments.
we have shown that the interpretation of fully relaxed rotational energy profiles (i.e., where all
geometrical parameters are flexible to optimize during rotation) can be misleading because they
comprise both, the change in the interaction terms due to the mutual reorientation of the two
fragments along the internal rotation as well as the change in the interaction terms due to

geometrical relaxation in response to the former changes (see Chapter 4). Along the relaxed
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rotation around the C—C bond of 1,2-dihaloethanes, the C—C distance expands or contracts as a
result of the steric Pauli repulsion experienced in each conformation. When the C—C bond is
shorter, the various orbital and electrostatic interactions are maximized, and the opposite occurs
when the C—C bond is longer. Therefore, the changes manifested in the interaction energy
components are just a consequence of the C—C bond distance variation. Similar behavior is
observed in the relaxed rotation of the haloacetaldehydes studied herein (see Appendix 5.1).
Thus, to properly identify causalities in rotational profiles, it is necessary to perform the analysis
at a rigid rotation around the C—C bond, that is, where all geometry parameters but the @o-c_c-
x torsion angle are kept unchanged. To this end, we take the syn conformer of each
haloacetaldehyde at its equilibrium geometry and rotate it with fixed C—C bond length and
OHC* and CH2X* geometries to the anti-conformation. To compare all molecules on a more
equal footing, the rotation of all haloacetaldehydes is performed from the same C—C distance
set to 1.51 A (as in the conformer with the shortest C—C bond length, i.e., the syn-
iodoacetaldehyde; see Figure 5.2b). We note that, although physically plausible, our choices of
geometrical constraints might seem somewhat arbitrary. We have, therefore, verified that all
trends and conclusions that play a role in the following discussion are not affected if other
plausible choices of fragment geometry and C—C distance are made. The same overall trend is
found if the rigid rotation is performed from their equilibrium syn or anti geometries or in a

longer C—C bond length (see Appendix 5.2).

Inspection of the EDA plots in Figure 5.2b reveals three major features about the
rotational isomerism of haloacetaldehydes: (i) a barrier around gauche because of an increased
steric Pauli repulsion AAEpaui (red curve) that separates anti and syn energy minima; (ii) the
global energy minimum shifts from anti to anticlinal as X goes from F to I to maximize
stabilizing orbital interactions AAE, (blue curve); and (iii) the only contribution from
electrostatic interactions AA Vst (green curve) is to stabilize the anti-form for X = F. Note that
the dispersion energy AAEqisp (grey curve) remains nearly constant upon rotation around the C—
C bond and, therefore, does not contribute to the overall trend in the rotational energy profiles.
For the purpose of clarity, all energy terms are represented as a AAE relative to the syn
conformer. Thus, the strain energy AFEsuin vanishes in this analysis because it is constant for
geometrically frozen fragments; that is, AAEsrin is zero and AAEin = AAE. In the following, we
address each one of the abovementioned features and their underlying physical mechanism

individually.
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Figure 5.2 | Rotational energy profile as a function of the ¢po-c_c_x dihedral angle of haloacetaldehydes
OHC-CH:X (X = F, Cl, Br, and I). a) fully relaxed rotation around the C—C bond, and b) energy
decomposition analysis (EDA) for rigid rotation in syn geometry but with a fixed C—C distance set to
1.51. Energy terms relative to the syn conformer, AAE, computed at ZORA-BP86-D3(BJ)/QZAP.

96



Dipolar Repulsion in a-Halocarbonyl Compounds

I MO diagram

v -
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Figure 5.3 | Schematic MO diagram for the formation of the syn-haloacetaldehydes OHC-CH,X (X =
F, Cl, Br, I) from two open-shell fragments, OHC® and CH,X", along with the fragment molecular
orbitals (FMO) depicted as quantitative 3D plots (isovalue = 0.04) for the representative syn-
chloroacetaldehyde, computed at ZORA-BP86-D3(BJ)/QZA4P. Note that the overlap between the closed
shell 1T OHC® and 36 CH,X"* orbitals (in red) builds up from @o-c-c-x = 0° to 90° and causes the central
rotational barrier (see Figure 5.4).

Steric Pauli Repulsion and Rotational Barriers

Our analysis of rotational energy profiles reveals that steric Pauli repulsion AAEpaui is the
dominant term behind main rotational trends, namely, the central rotational barrier and the fact
that both anti (for heavier halogens hyperconjugation pulls anti towards anticlinal, vide infra)

and syn are energy minimum conformers. This is one more example that highlights the
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important role of steric Pauli repulsion in controlling rotational landscapes of organic
molecules.['32°1 As seen from Figure 5.2b, AAEpai is a minimum at the syn and anti-
conformations and goes to a maximum when the OHC* and CH>X* fragments are nearly
perpendicular (i.e., @o=c-c—x is ca. 70-80°). The most significant closed-shell-closed-shell
overlap contributing to the trend in AAEp.ui arises between the C=0O n-bonding OHC* FMOs
with the C—X o-bonding CH>X* FMOs, that is, (In|3c). The MO diagram with the valence
orbitals of the OHCe and CH»X* fragments is provided in Figure 5.3 and the (1n|3c) overlap is
illustrated in more detail in Figure 5.4. Note that (1n|3c) is zero at the syn and anti-
conformations as the 3¢ orbital of CH2X* overlaps symmetrically with the nodal plane region
of the 1m orbital of OHC® (see Figure 5.4). But, as the dihedral angle @o-c-c x is rotated in
between, (In|3c) deviates from zero and achieves a maximum around 90°. This maximum
becomes larger and the effect is more pronounced as the 3¢ orbital becomes more diffuse, i.e.,

for heavier halogens X. For example, at po-c-c-x = 90°, (1n|3c) varies from a value of 0.06 to
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Figure 5.4 | Steric Pauli repulsion AAEpa,1; and the most significant occupied—occupied orbital overlaps
S as a function of the @o-c.cx dihedral angle of the fluoro and iodoacetaldehydes, schematic
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0.08 along X = F to I (see Figure 5.4). Similar behavior is found for the (1n|2n) and (3c|1m7)
overlap integrals (see Appendix 5.3; see also Appendix 5.4 for the orbital overlap depicted as
3D plots).

It is interesting to observe that AAEpaui along rotation around the C—C bond favors the
syn conformer, where the most electron-rich atoms on each fragment are in closest proximity.
The reason for this is twofold. Firstly, the overlap between FMOs that possess O and X lone-
pair character, (3c|2n) and (4c|27), expected to give a more destabilizing AAEpaui at the syn,
only slightly changes upon rotation around the C—C bond (see Figure 5.4). This is because the
overlapping region is largest in between the two carbons, on the C—C bond region, and,
therefore, varies less as a function of the @o-c_c—x torsional angle (see Appendix 5.4 for the 3D
plots of (35|2m) and (45|27w)). Secondly, the 3n* orbital, one of the main contributors to the
Pauli repulsion in the rotational barrier of 1,2-dihaloethanes, '] is actually empty in the OHC®
fragment (see Figure 5.3) and, thus, (3n*|3*) does not give rise to any Pauli repulsion between
the OHC® and CH:X*® fragments. Therefore, the trends in steric Pauli repulsion of
haloacetaldehydes stem mostly from the (1n|3c) overlap integral (Figure 5.4), which is zero at

the syn and anti-conformations.

Hyperconjugative Interactions

Next, we comment on the role of orbital (hyperconjugative) interactions AAE, to the
conformational energies. In agreement with previous reports in the literature,’®!!! the
hyperconjugation becomes increasingly more stabilizing at the anticlinal conformer for heavier
haloacetaldehydes (see Figure 5.5). This is the reason why the global energy minimum
conformation gradually shifts from anti to anticlinal as X goes from F to I. The stabilization
due to AAE,; results predominantly from a charge transfer into the empty C=0O n*-antibonding
OHC* FMO from the occupied C—X c-bonding CH>X* FMO, that is, the 3n*—3c interaction
(see Figure 5.5). Additional but less stabilizing contribution from the 3n*-2n interaction is
given in Appendix 5.3 and 5.5. These orbital interactions are more stabilizing for the
iodoacetaldehyde because of both smaller orbital energy gap and larger orbital overlap (e.g.,
A&3r+35 =9.9 and 6.5 eV, and (3n*|35) = 0.12 and 0.18 for X =F and I, respectively). As the
electronegativity of the halogen atom decreases from F to I,2% the 36 orbital becomes higher
in energy, which leads to a smaller energy gap with the 3n* orbital of OHC®. The associated
(3n*|3c) orbital overlap is largest at po-c-c x = 90° (see Figures 5.5, and Appendix 5.3 for data

along the rotation of the C—C bond) and increases as the 3G orbital becomes more diffuse, due
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to the larger np atomic orbital of heavier halogen atoms. These findings consolidate earlier

studies on the role of hyperconjugative orbital interactions.!7&!!]
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Figure 5.5 | Orbital interactions as a function of the @o-c.cx dihedral angle of the fluoro and
iodoacetaldehydes, MO diagram along with the orbital energy gap (in eV) and overlap for the donor—
acceptor interaction between the unoccupied 3* orbital of OHC*® and the occupied 3o orbital of CH,X*
(isosurface at 0.03 a.u.) of all haloacetaldehydes. Analysis in rigid rotation in syn geometry but with C—
C distance set to 1.51 A. Energy terms relative to the syn conformer, AAE, computed at ZORA-BP86-
D3(BJ)/QZAP.

Electrostatic Interactions and Dipolar Repulsion

Finally, we address the small role of electrostatic interactions AAVeisiae to the rotational energy
profiles, which, for X = F and I, favors anti and syn, respectively (see Figure 5.2b). As will
become clear in the following, this difference in preference originates from the small, compact
nature of fluorine and the large, more diffuse nature of iodine. The small nucleus and compact
electron density render the fluorine atom a point-charge-like behavior, which gradually fades
as one goes down group 17 in the periodic table. The large nucleus and more diffuse electron
density of the iodine atom result in more electrostatic attraction with the electron density and

nucleus of the oxygen atom, respectively, as well as less repulsion between electron densities
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compared to point charges. This results in the rotational trends mentioned above, that is, along
the AA Vst curve, the anti is preferred for X = F to reduce electrostatic repulsion, whereas the

opposite is observed for X = I, the preference shifts to syn to enhance electrostatic attraction.
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Figure 5.6 | Electrostatic interaction between oxygen and halogen atoms. a) AVesac as a function of the
ro---x distance and b) density contours from —0.9 to 0.9 Bohr for the lateral approach of the OHC® and
CH,X* fragments. ¢) AVeisiat as a function of the ro...x distance and b) density contours from —0.9 to 0.9
Bohr for the approach of the isolated O** and X* atoms in the electronic configuration of the
haloacetaldehydes. Vertical lines indicate the ro..x separation in the geometry of the corresponding
haloacetaldehyde. Computed at ZORA-BP86-D3(BJ)/QZ4P.

To specifically evaluate the magnitude of the electrostatic interaction between the
oxygen and halogen atoms, we approach the OHC* and CH»X* fragments not by forming a C—
C electron-pair bond, but along the O<+*X distance (where X = F and I), as shown in Figures
5.6a and 5.6b. The AVisat €nergy becomes repulsive only at a very short internuclear distance

(ro--x < 0.8 A), which stems mostly from the nuclei-nuclei repulsion.['*®! Note that the physical
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nature of the charge densities is different from point charges, and the former yields less
electrostatic repulsion than the latter.l'*3] Furthermore, AVt is less stabilizing for X = F than
X =1 all along the OeeeX distance, even at their ro..x distance in the corresponding
haloacetaldehydes (see vertical lines in Figure 5.6a). The same overall trend is observed if one
analyzes the electrostatic interaction by approaching the OHCe and CH2Xe fragments along the
C=0¢+X—C bond axis (see Appendix 5.6). This can be traced back to the electrostatic
interaction between the bare O** and X°® atoms in the electronic configuration of the
haloacetaldehydes (see Figures 5.6c and 5.6d). The overlap between electron densities and
nuclei of the OHC*® and CH2X* fragments is better for X = I because the electron density of the
iodine atom is more diffuse and its nucleus is larger than the fluorine atom (Figure 5.6d),
resulting in stronger electrostatic attraction with the oxygen atom (Figure 5.6¢). Therefore, the
electrostatic interaction AVestar between OHC® and CH2X* is predominantly attractive and

increases in magnitude from X = F to I, leading to a breakdown of the point-charge picture.

However, at short distances, even the compact fluorine atom can deviate from point-
charge behavior. Along the series of haloacetaldehydes, this can be achieved by artificially
shortening the C—X bond length and, therefore, the O+s+X separation. Table 5.1 shows the
AAVesar energy of the syn relative to the anti-conformation. We recall that AVeistar is
predominantly attractive and, therefore, positive (i.e., less stabilizing) values of AAVeistat
indicate that syn is electrostatically less favorable than anti, whereas negative (i.e., more
stabilizing) values of AAVcsw: denote the opposite. By decreasing the OeeeX distance, the
overlap between electron densities and nuclei of OHC*® and CH>X* becomes more effective,
resulting in more stabilizing electrostatics at the syn conformer for all haloacetaldehydes (see
Table 5.1, column “C—X —0.3A”). This is further corroborated by the fact that the anti
preference dominates with the elongation of the C—X bond length and, therefore, of the OseeX
distance (see Table 5.1, column “C—X +0.3A”). At a longer Os+*X separation, AVeisut becomes
less stabilizing, which shifts the electrostatic preference to anti. Thus, the electrostatic
preference for syn or anti depends on the balance between the attractive and repulsive
components of AVeisiae (see Eq. (5.3) and Appendix 5.3). For X =1, AVeistat 1S strongly stabilizing
and prefers to be syn to maximize the overlap between the electron density on one with the
nuclei on the other of the OHC® and CH»X* fragments. For X = F, on the other hand, the
electrostatic attraction is weaker than for X = I and does not compensate for the electrostatic
repulsion between nuclei and between densities on either fragment at syn, therefore shifting the
preference to anti (see Appendix 5.7). The oversimplified concept of dipolar repulsion does not

capture this interplay of electrostatic interactions. At variance with this rationale, the point-
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charge-like behavior of the fluorine atom along the AAVcistar curve is not due to a larger
electrostatic repulsion, but instead stems from the attractive electrostatic components that are

less stabilizing than for larger halogens.

Table 5.1 | Syn relative to anti electrostatic interactions AA Vst (in kecal mol™) of haloacetaldehydes
OHC-CH>X (X =F, Cl, Br, and I).[¥

C-X-03A C—X equil ™ C-X+03 A
X AA Velstat AA Velstat AA Velstat
F 0.4 1.2 2.4
Cl -0.3 0.5 1.5
Br -0.9 0.1 1.1
I -1.7 0.5 0.5

[a] Computed at ZORA-BP86-D3(BJ)/QZA4P. [b] Data from the rigid rotation in syn geometry but with
C—C distance set to 1.51 A.

5.4 Conclusions

The overall rotational energy profile of haloacetaldehydes OHC—CH»X (X = F, Cl, Br, and I)
is set by an interplay of steric Pauli repulsion, which causes a barrier separating syn- and anti-
minima, orbital interactions, which pull the anti-minimum towards anticlinal in order to
optimize hyperconjugative overlap, and electrostatic interactions, which drive the preference to
anti only in the case of X = F. This follows from our detailed analyses based on relativistic
dispersion-corrected density functional theory at ZORA-BP86-D3(BJ)/QZA4P.

The results of our quantitative Kohn-Sham molecular orbital theory analyses reveal that
steric Pauli repulsion is the causal term giving rise to the central rotation barrier between syn-
and anti-minima, which reaches a maximum when the C=O and C—-X bonds are nearly
perpendicular, due to the maximum overlap in the four—electron interaction between the filled
n orbital of the carbonyl group with the filled o orbital of the halogenated methyl fragment.
This closed-shell—closed-shell orbital overlap is zero at the syn and anti-conformations because
the CH2X* o orbital overlaps symmetrically with the nodal plane region of the OHC*® &t orbital.
Therefore, Pauli repulsion is also the reason why the syn is an energy minimum conformer for
all haloacetaldehydes. The global energy minimum, on the other hand, gradually shifts from
anti to anticlinal as X goes from F to I because of the more stabilizing orbital interactions in

the latter, in line with the currently accepted rationale. As the halogen atom increases in size,
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the orbital overlap becomes larger, and the orbital energy gap becomes smaller for the charge
transfer to the empty * orbital of the carbonyl group from the filled o orbital of the halogenated
methyl.

Electrostatic interactions are intuitively seen as the repulsion or attraction between
atoms with partial charges of the same or opposite signs, respectively. As such, they are often
represented as the sum of pairwise interactions that follows Coulomb’s law for the respective
point charges, which is the center of the concept of dipolar repulsion. We show that this
oversimplified view is, however, only valid for compact atoms, in our model systems, the
second-row fluorine atom. As the halogen atom increases in size and becomes more diffuse, it
deviates more from the behavior of point charge to an atomic charge distribution. This results
in a net stabilizing electrostatic interaction between O and X arising from both less repulsion
between overlapping densities and more attraction between overlapping density and nucleus.
Therefore, while the electrostatic energy favors anti for X = F to reduce O(p ")***(p )F and
O(@)ee+(D)F repulsion, it favors syn for X = I to enhance O(D)***(p )l and O(p ")**+(D)I

attractions.
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5.6 Appendices
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Appendix 5.1 | a) Activation strain (ASA) and b) energy decomposition analyses (EDA) of the fully
relaxed rotation around the C—C bond along with c) key bond length variations as a function of the @o-c-
c-x dihedral angle of haloacetaldehydes OHC-CH»X (X =F, Cl, Br, and I). Energy terms and distances
relative to the syn conformer, AAE and Ar, computed at ZORA-BP86-D3(BJ)/QZ4P.
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Appendix 5.2 | Energy decomposition analysis (EDA) for rigid rotation around the C—C bond as a
function of the po-c_c_x dihedral angle of haloacetaldehydes OHC-CH,X (X =F, Cl, Br, and I). a) rigid
rotation in syn geometry, b) rigid rotation in syn geometry but with C—C distance set to 1.51 A (as in the
syn-iodoacetaldehyde), ¢) rigid rotation in anti-geometry, and d) rigid rotation in anti-geometry but with
C-C distance set to 1.52 A (as in the anti-fluoroacetaldehyde). Energy terms relative to the syn
conformer, AAE, computed at ZORA-BP86-D3(BJ)/QZ4P.
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a) Electrostatics b) Pauli repulsion c) Orbital interactions
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Appendix 5.3 | a) Electrostatic interaction energy components, b) Pauli repulsion and key occupied—
occupied orbital overlaps, and c) orbital interactions and key unoccupied—occupied orbital overlaps as
a function of the @o-c_c—x dihedral angle of haloacetaldehydes OHC-CH,X (X = F, Cl, Br, and I).
Analysis in rigid rotation in syn geometry but with C—C distance set to 1.51 A. Energy terms relative to
the syn conformer, AAE, computed at ZORA-BP86-D3(BJ)/QZ4P.
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Appendix 5.4 | Key closed-shell-closed-shell overlaps between fragment molecular orbitals (FMOs,
isosurface at 0.03 a.u.) in the syn and anti-conformers depicted as quantitative 3D plots for the
chloroacetaldehyde analogue. Analysis in rigid rotation in syn geometry but with C—C bond distance set

to 1.51 A, computed at ZORA-BP86-D3(BJ)/QZ4P.

Appendix 5.5 | Orbital energy gap (in eV) and overlap of key unoccupied—occupied orbital interactions
of haloacetaldehydes OHC—CH,X (X =F, Cl, Br, and I).1"

Po=c_cx = 90° ! Po=c_cx = 100° !

X Agsr 36" (B3n*30)  $YAex 10° Agsr 2 Br*2m) §YAe x 10°
F 9.9 0.12 1.5 8.2 0.05 0.3

cl 8.0 0.15 2.8 6.1 0.06 0.6
Br 7.3 0.16 35 5.4 0.06 0.7

I 6.5 0.18 5.0 4.7 0.06 0.8

[a] Computed at ZORA-BP86-D3(BJ)/QZA4P. [b] The orientation of the dihedral angle where each
interaction is the most stabilizing (where X = F, CI, Br, and I). [c] The 37* unoccupied orbital of the
OHC" fragment and 3¢ and 27 occupied orbitals of the CH,X* fragment.
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Appendix 5.6 | Electrostatic interaction between oxygen and halogen atoms for the C=0<+*X—C colinear
approach of the OHC® and CH,X"* fragments. a) AVt as a function of the ro...x distance (vertical lines
indicate ro...x separation in the corresponding haloacetaldehyde); b) density contours from —0.9 to 0.9
Bohr* for OHC® and CH,X"* fragments (X = F, I for upper and lower, resp.). Computed at ZORA-BP86-

D3(BJ)/QZAP.

Appendix 5.7 | Orbital energy gap (in eV) and overlap of key unoccupied—occupied orbital interactions

of haloacetaldehydes OHC—CH,X (X = F, Cl, Br, and I).1

X AAVeastat  AAVeistar (nanB) AAV estat (napp) AAV astat (pang) AAVestat (oapB) Af 1b]
F 1.2 1,409.1 -1,430.2 —-1,468.5 1,490.5 0.2
Cl 0.5 2,645.3 -2,667.2 -2,767.4 2,789.8 0.0
Br 0.1 5,484.4 -5,510.5 -5,743.0 5,768.9 0.3
I -0.5 8,114.0 -8,135.8 —8,498.8 8,520.0 0.0

[a] Data from the rigid rotation in syn geometry but with C—C distance set to 1.51 A, computed at ZORA-

BP86-D3(BJ)/QZA4P. [b] Fitting for incompleteness.
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6 | Lewis Acid-Base Pairs

Part of this chapter previously appeared as

Nature and Strength of Lewis Acid/Base Interaction in Boron and Nitrogen Trihalides
D. Rodrigues Silva, L. de Azevedo Santos, M. P. Freitas, C. Fonseca Guerra, T. A. Hamlin
Chem Asian J. 2020, 15, 4043-4054

LEWIS PAIR STABILITY

STRAIN

ORBITAL INTERACTIONS

Abstract | We have quantum chemically investigated the bonding between archetypical Lewis acids
and bases. Our state-of-the-art computations on the X3B-NY; Lewis pairs have revealed the origin
behind the systematic increase in B-N bond strength as X and Y are varied from F to Cl, Br, I, H. For
H3;B-NY3, the bonding trend is driven by the commonly accepted mechanism of donor—acceptor
[HOMO(base)-LUMO(acid)] interaction. Interestingly, for X3;B—NHj, the bonding mechanism is
determined by the energy required to deform the BX3 to the pyramidal geometry it adopts in the adduct.
Thus, Lewis acids that can more easily pyramidalize form stronger bonds with Lewis bases. The
decrease in the strain energy of pyramidalization on going from BF; to Bls is directly caused by the
weakening of the B—X bond strength, which stems primarily from the bonding in the plane of the

molecule (o-like) and not in the & system, at variance with the currently accepted mechanism.

Keywords | Activation strain analysis, Bond energy, Density functional calculations, Energy

decomposition analysis, Lewis acid-base pairs
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6.1 Introduction

The chemistry of Lewis acids and bases is rich and can be found in any general chemistry
textbook.!!! In his epochal work,!?) Gilbert N. Lewis introduced the concept of electron-pair
donor—acceptor complexes, on which the current understanding of Lewis acid/base interactions
is based. It defines Lewis acids as chemical species that accepts an electron-pair from a Lewis
base to form a Lewis adduct. Thus, the Lewis acidity and basicity scales are associated with the
stability of the adducts, that is, relative to a reference, a stronger Lewis acid or Lewis base forms
a stronger bounded Lewis complex. The Lewis acid/base chemistry has experienced continuous
development since then!® and has found utility in a wide range of research areas, including

catalysis*! and the recent advent of frustrated Lewis pair chemistry,! to name a few.

Due to the ubiquity of Lewis acid/base in chemistry, attempts to rationalize the nature
and strength of this interaction abound.[® The theory of hard and soft acids and bases (HSAB)
proposed by Pearsonl”! is undoubtedly the most popular qualitative model used to understand
this interaction. The HSAB principle uses the intrinsic properties of the interacting species to
explain the stability of acid/base complexes, namely, the concept of hardness and softness,
which is based on properties such as size, polarizability, and electronegativity. In this model, a
hard base (the term “hard” stands for small sized atoms with low polarizability and high
electronegativity) would preferentially bind to a hard acid, while a soft base (the term “soft”
stands for large sized atoms with high polarizability and low electronegativity) prefers to
associate with a soft acid. However, the validity of this model has been questioned, as it has

been shown to fail in predicting reactivity of archetypal reactions.®!

Interestingly, the relative Lewis acidity of boron trihalides with respect to strong bases
(e.g., NH3, NMe3) is known to increase along the series BF; < BClz < BBr3; however, the
opposite trend is observed for the interaction with weak bases (e.g., N2, CH3F).[6% This
indicates that Lewis acid/base is a rather complex interaction that depends on the entire system,
not only on the characteristics of the isolated acids and bases. Over the years, various theories
have been proposed to explain the trends in stability of Lewis pairs involving boron trihalides,
such as those based on m-backdonation,’>!%l the ability to engage in stabilizing orbital
interactions!!!! or electrostatics,¥ ligand close packing (LCP) model,['? or electrophilicity
principle.'3] The decreased Lewis acidity of BF3 towards strong bases, compared to heavier
boron trihalides, is widely attributed to a more efficient © charge donation from the fluorine
lone-pair into the empty p orbital of the boron (n-backdonation), which reduces the availability

9¢,10

of the boron atom to accept an electron pair from the Lewis base.*>!% However, it has been
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shown that the p(m)-p(m) overlap integral and the p(m) population at the boron is actually smaller
for BF3 than for BCls.[!1!4 Alternatively, an intuitive argument based on the strength of
frontier molecular orbital interactions has been proposed by Bessac and Frenking,!''®! that is,
the energy of the LUMO of BX3 decreases from X = F to Cl and results in more stabilizing
orbital interactions with the HOMO of the Lewis base for BCl; compared to BF3. We note that
these explanations are universal and neither can explain the reversal in Lewis acidities that is

observed for the Lewis complexes between boron trihalides and weak bases.

We aim to illuminate the nature and strength of Lewis acid/base interaction within the
conceptual framework provided by Kohn-Sham molecular orbital (KS-MO) theory and
ultimately provide a unified framework to understand Lewis pairs. To this end, we investigate
the underlying physical mechanism behind the formation of a systematic set of X3B-NY3 Lewis
pairs (Scheme 6.1, where X,Y = H, F, Cl, Br, and I). We first explore the archetypical borane—
ammonia adduct, H3B—NH3;, and then separately evaluate the substituent effect on the Lewis
acid and Lewis base by varying X,Y from H to F, Cl, Br, and I. To the best of our knowledge,
this is the first thorough analysis on the formation of Lewis pairs involving the complete series
of nitrogen and boron trihalides. Detailed analysis of the electronic structures and bonding
mechanisms enable us to interpret our results in quantitative and chemically meaningful terms,
which reveals the role of different components, namely, charge—transfer, electrostatic
interaction and also strain energy, in the stability of the Lewis complexes. This demonstrates

[15] Lewis acid/base interaction is a complex interplay of several

that, similar to hydrogen bonds,
energy components, whose importance depends on the molecular system and may not be easily

captured in simple predictive models.

| Y N esy
4 oL

®:D + ON@® —> BN~
SN\ \ x'¢° \

X X Y X Y

X,Y=H,F, Cl,Br, |

Scheme 6.1 | Formation of the Lewis pairs analyzed in this work.

6.2 Methods

Computational Details

All calculations were performed using the Amsterdam Density Functional (ADF) software
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package.['S] Geometries and energies were calculated at the BLYP level of the generalized
gradient approximation (GGA); exchange functional developed by Becke (B), and the GGA
correlation functional developed by Lee, Yang and Parr (LYP).['”] The DFT-D3(BJ) method
developed by Grimme and coworkers,['®) which contains the damping function proposed by
Becke and Johnson,!'?! was used to describe non-local dispersion interactions. Scalar relativistic
effects are accounted for using the zeroth-order regular approximation (ZORA).2! Molecular
orbitals (MO) were expanded in a large uncontracted set of Slater type orbitals (STOs)
containing diffuse functions: TZ2P.2! The basis set is of triple-§ quality for all atoms and has
been augmented with two sets of polarization functions. All electrons were included in the
variational process, i.e., no frozen core approximation was applied. An auxiliary set of s, p, d,
f, and g STOs was used to fit the molecular density and to represent the Coulomb and exchange
potentials accurately in each self-consistent field cycle. The accuracies of the fit scheme (ZLM
fit)??] and the integration grid (Becke grid)!?}! were set to ‘very good’. The Lewis acids were
optimized with D3, symmetry constraints, and the Lewis bases and Lewis adducts were
optimized with C3, symmetry constraints. All optimized structures were confirmed to be true

S[24

minima through vibrational analyses!?* (no imaginary frequencies). The molecular structures

were illustrated using CYLview.!?!

Activation Strain and Energy Decomposition Analyses

Insight into the nature of Lewis acid/base interactions is obtained by applying the activation
strain model (ASM)[2¢! along the formation of the Lewis adducts. The formation of the Lewis
pairs is computationally modelled by decreasing the distance between the boron atom of the
Lewis acid and the nitrogen atom of the Lewis base, while other geometry parameters are
included in the optimization. Thus, each analysis starts from an optimized Lewis acid and Lewis
base at a relatively large distance, then, the B-N distance (rs-~) is gradually decreased to a bond

length smaller than the equilibrium distance of the Lewis adduct.

The activation strain model of chemical reactivity[?! is a fragment-based approach to
understand the energy profile of a chemical process in terms of the original reactants (i.e., the
formation of the dimer from monomers). Thus, the overall bond energy AE(E) is decomposed
into the respective total strain and interaction energy, AEsuain(§) and AEin(§), and project these

values onto the reaction coordinate & (in this case, rs~) [Eq. (6.1)].

AE(E) = AEsuain(S) + AEin(&) (6.1)
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The total strain energy can, in turn, be further decomposed into the strain energies
corresponding to the deformation of the Lewis acid AEstin,Bx;(E) as well as from the Lewis
base AEsuain,Ny;(E) [Eq. (6.2)]. The interaction energy between the deformed fragments is
further analyzed in terms of quantitative Kohn-Sham molecular orbital (KS-MO) theory in
combination with a canonical energy decomposition analysis (EDA).?”) The EDA decomposes
the AEin(&) into four physically meaningful energy terms [Eq. (6.3)]: electrostatic interaction
AVesa(§), Pauli repulsion AEpaui(§), orbital interactions AFE.i(§), and dispersion energy
AEqisp(€). The AE(E) term can be decomposed into the contributions from each irreducible
representation I” of the interacting system [Eq. (6.4)]. A detailed, step-by-step, guide on how to
perform and interpret the ASM and EDA can be found in reference 26a and a theoretical

overview is given in Chapter 2.5. The Pyfrag program was used to facilitate these analyses.!?*!

AEstrain(a) = AEstrain,BX3(§) + AEstrain,NY:;(a) (62)

AEint(a) = AVelstat(a) + AEPauli(a) + AEoi(i) + AEdisp(&) (63)

AE,; = AER (6.4)
2

Voronoi Deformation Density (VDD) charges

The atomic charge distribution was analyzed by using the Voronoi Deformation Density (VDD)
method.!?”! The VDD method partitions the space into so-called Voronoi cells, which are non-
overlapping regions of space that are closer to nucleus A than to any other nucleus. The charge
distribution is determined by taking a fictitious promolecule as reference point, in which the
electron density is simply the superposition of the spherical atomic densities. The change in
density in the Voronoi cell when going from this promolecule to the final molecular density of
the interacting system is associated with the VDD atomic charge Q. Thus, the VDD atomic
charge QXDD of atom A is given by:

VDD _

A - f [p(r) —ppromolewle(r)] dr (6.5)

Voronoi cell of A

Instead of computing the amount of charge contained in an atomic volume, we compute
the flow of charge from one atom to the other upon formation of the molecule. The physical

interpretation is therefore straightforward. A positive atomic charge Qa corresponds to the loss
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of electrons, whereas a negative atomic charge Qa is associated with the gain of electrons in

the Voronoi cell of atom A.

Thermochemistry

Bond enthalpies at 298.15 K and 1 atm (AH293.15) were calculated from electronic bond energies
(AE) and vibrational frequencies using standard thermochemistry relations for an ideal gas [Eq.
(6.7)].5%

AH298.15 = AE + AFEtans 298.15 + AErot,298.15 + AEvibo + A(AEvib,0)298.15 + A(p V) (6.6)

Here, AEians298.15, AErot298.15, and AEvibo are the differences between the Lewis pair
minus the isolated Lewis acid and base, that results from forming the B-N bond, in translational,
rotational, and zero-point vibrational energy, respectively. The last term, A(AEviv,0)298.15, is the
change in the vibrational energy difference when going from 0 K to 298.15 K. The vibrational
energy corrections are based on our frequency calculations. The molar work term A(pV) is
(An)RT; An = —1 for two fragments BX3 and NY3 combining to one molecule X3B-NY3.

Thermal corrections for the electronic energy are neglected.

6.3 Results and Discussion

Structures and Bond Strengths

In this section, the geometries and bond energies of the X3B-NY3 Lewis pairs (X,Y =H, F, CI,
Br, and I) are discussed. The results are summarized in Figure 6.1. As BX3 and NY3 approach
each other to form the Lewis adduct, the Lewis acid must pyramidalize from its trigonal planar
equilibrium geometry, that is, the 6x B x angle decreases and the rs x bond length increases.
This effect is much less pronounced in the Lewis base, as it already has a pyramidal equilibrium
geometry and undergoes almost no deformation upon complexation. Our computed bond
lengths and angles of borane—ammonia (i.e., H3B—NH3) are in very good agreement with
existing experimental data®!l (in parenthesis): rgn bond length of 1.675 A (1.657 A), rg_n bond
length of 1.211 A (1.216 A), rn-n bond length of 1.022 A (1.014 A), Ou_p-n angle of 113.8°
(113.8°), and Bu-~-n angle of 107.8° (108.7°).
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a) BX;
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Figure 6.1 | Equilibrium geometries (in A, deg.) of the a) BX; Lewis acids, b) X3B-NY; Lewis adducts,
and c) NY3 Lewis bases (X,Y = H, F, Cl, Br, and I), along with the electronic bond energies AE (in kcal
mol ') computed at ZORA-BLYP-D3(BJ)/TZ2P.

The expected trends in Lewis adduct stabilities are nicely reproduced by our DFT

computations at ZORA-BLYP-D3(BJ)/TZ2P. Borane—ammonia forms the strongest bond

complex in our series of Lewis pairs (AE =-29.5 kcal mol™"). Upon substitution of the hydrogen
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atoms on the Lewis acid or Lewis base with halogen atoms, the energy of formation of the
Lewis adduct AE decreases in strength, i.e., becomes less stabilizing, along the series: H, I, Br,
Cl, F. The bond enthalpies at 298 K (AH295.15) show the same trends as the electronic bond
energies AE (Appendix 6.1). In the following sections, we partition the Lewis pairs into three
sets: 1) H3B—NH3s, 2) X3B—NHj3, and 3) H3B-NY3 (where X,Y =F, Cl, Br, and I), and provide
a unified model to rationalize the strength of the Lewis pair bond through detailed analyses of

the electronic structure and bonding mechanism.

Borane-ammonia

The activation strain model and energy decomposition analysis diagrams of the borane—
ammonia adduct are shown in Figure 6.2. From Figure 6.2a, it can be easily seen that the energy
profile in AE curve along the newly forming B—N bond is determined by the interaction energy
AEin, which becomes destabilizing only at very short B-N bond distance (smaller than rgn <
1.23 A). The strain energy AEsuain, on the other hand, becomes increasingly destabilizing as the
internuclear distance decreases. The destabilizing AEsain stems mostly from the deformation of
the Lewis acid, BH3, from its planar equilibrium geometry to the pyramidal geometry it adopts
in the complex. Note that the BH3 strain energy curve AEjsumain,BH; coincides with the total strain
energy curve AFsmin, Whereas the NHj strain energy curve AEsminNz; 1S flat all along the

reaction coordinate.

Since the interaction energy plays a critical role on the formation of the H;B—NH; Lewis
pair, we further decomposed AEiy into four physically meaningful terms according to Eq. (6.3).
The results of this energy decomposition analysis (EDA) are shown in Figure 6.2b. This graph
shows us a quite straightforward picture. The AEiy is equally stabilized by orbital and
electrostatic interactions, the AEo; and AVelstar curves nearly coincide at all B-N bond distances
shown. Both terms become more stabilizing as the fragment separation decreases and the bond
begins to form, because of the increase in both HOMO-LUMO orbital overlap and charge
penetration of nuclei with electron clouds. The stabilizing effect of AE,; and AVeisiat i, however,
opposed by the Pauli repulsion AEpaui term. Note that at a B-N separation shorter than the
equilibrium bond length, the upward slope of the AEp.ui curve is larger than the downward
slope of the AE,i and AVeistar curves, which is the reason behind the destabilization of AEjy at
short internuclear distance.*?! The dispersion energy AEdisp, on the other hand, remains nearly

constant at any point along .
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Figure 6.2 | a) Activation strain model and b) energy decomposition analysis of the HsB—NH3 Lewis
pair projected onto the forming B-N bond distance, and c) data (in kcal mol™) at consistent geometry
with a B-N distance of 1.687 A. Computed at ZORA-BLYP-D3(BJ)/TZ2P.

Thus, electrostatic and orbital interactions are the main contributors to the formation of
the H;B—NH3 Lewis pair. To understand the origin of the stabilizing AEo; and AVelsta, we have
analyzed the molecular orbital (MO) diagram of the fragment molecular orbitals (FMOs) and
the electrostatic potential surface of each fragment, respectively.[®? To ensure that our results
are not skewed by the fact that the Lewis adducts have different equilibrium bond lengths,
analysis of all Lewis pairs will be performed at the same rg_n distance of 1.687 A, near to the
equilibrium bond distance of borane—ammonia. Energies at consistent geometry for the H;B—

NHj3 adduct are shown in Figure 6.2c.

Figure 6.3a shows that AE, can be rationalized in terms of the well-known
[HOMO(base)-LUMO(acid)] interaction between the filled N 2p, orbital of the Lewis base
with the empty B 2p. orbital of the Lewis acid (see Figure 6.3b). This interaction has favorable
orbital energy gap (Ae = 2.5 e¢V) and overlap ((HOMO|LUMO) = 0.36).1*3] Furthermore,
inspection of the electrostatic potential surfaces illustrated in Figure 6.3¢c and atomic charges in
Figure 6.3d reveals that accumulation of positive charge around the boron atom of the electron-
deficient Lewis acid and negative charge around the nitrogen atom of the electron-rich Lewis

base are responsible for the stabilizing AVeistat.
In summary, the EDA along the forming H3;B—NH3 Lewis pair demonstrates that the

attractive interaction between the BH3; Lewis acid and the NH3; Lewis base has a stabilizing
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covalent character that is the same magnitude as the electrostatic character, both can be easily
understood in terms of simple chemical arguments. Our results, so far, conform to and agree
with the current picture presented in the literature.[®%%1 In the coming next sections, we extend

our analysis to study the stability of Lewis adducts of halogenated Lewis acids and Lewis bases.

a) ST
|
® B O —<
SN Lumor N H,
\\ \\ S)
L Hreie
_H. HOMO H
Agyomo-Lumo 25
(HOMOJ|LUMO) 0.36
b) w “
LUMO [-3.5] HOMO [-6.0]
8+
|
| |
[ |
8.

Figure 6.3 | a) MO diagram along with the orbital energy gap (in eV) and overlap of the HOMO pase)—
LUMOacig) interaction in the H3B—NH3 Lewis pair, b) isosurface (at 0.05 au) and energy (in eV) of the
HOMO and LUMO orbitals of the a; irreducible representation of the C3, symmetry, c) electrostatic
potential surfaces (at 0.01 au) from —0.1 (red) to 0.1 (blue) au and d) VDD atomic charges (in milli-
electrons). Computed at consistent geometry with a B-N bond distance of 1.687 A at ZORA-BLYP-
D3(BJ)/TZ2P.

Halogenated Lewis Acids

Next, we turn to the analysis of the formation of the Lewis pairs between boron trihalides and
ammonia. The activation strain model and energy decomposition analysis diagrams for the

X3B-NHj3 Lewis pairs (where X = F, CI, Br, and 1) are shown in Figure 6.4. In line with the
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expected Lewis acidities,*! BI3 forms the strongest complex with ammonia and the energy of
formation of the Lewis adduct AE decreases in strength, i.e., becomes less stabilizing, along the
series: Bls, BBr3, BCls, BF3. However, in contrast with the commonly accepted view of Lewis
acid/base interaction, the stronger bond energy does not originate from the more stabilizing
interaction energy, but from the less destabilizing strain energy.['*3% In general, AEsuain is less
destabilizing for the Lewis complex involving BI; and becomes increasingly destabilizing along
the series Bz < BBr; < BCl; < BF3. On the other hand, AEjy is nearly the same for all Lewis
adducts and does not follow a systematic trend. If covalent interactions would be the decisive
factor for the observed Lewis pair stabilities, one would expect that the trend in AEiy along the
boron trihalides also holds for the trend in AE; but this is not the case. We discuss these findings

in more details below.
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Figure 6.4 | a) Activation strain model and b) energy decomposition analysis of the X3B—NH3 Lewis
pairs projected onto the forming B—N bond distance (where X = F, Cl, Br, and I) computed at ZORA-
BLYP-D3(BJ)/TZ2P. Dispersion energy AEss, not shown, see Appendix 6.2 for data at consistent
geometries.
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The same conclusion can be drawn at consistent geometries (rs_-x = 1.687 A, see Table
6.1; the EDA data is given in Appendix 6.2). The values of AEiy are of the same order of
magnitude as in borane—ammonia, ca. 41 kcal mol™!, while the AEain is significantly larger for
the boron trihalides and accounts for 12.2 and 22.3 kcal mol™! for H;:B-NH3 and F3:B—NHj3,
respectively. The AFEguwain results predominantly from the deformation of the Lewis acid
AEsminBx;. Nevertheless, there is no clear correlation of AFminpx; With any geometrical
change. The pyramidalization angle ABy:Bx; is very similar for all Lewis acids and the B-X
bond stretching Arg x has a reversed trend that from AFuin x5, i.€., the Arp x increases as X

goes from F to I (see Table 6.1).

Table 6.1 | Activation strain model terms (in kcal mol™), bond stretching (in A) and pyramidalization
angle (in degrees) computed at consistent geometries with a B-N distance of 1.687 A of the X;B-NHj
Lewis pairs (where X = F, CI, Br, and ).

Lewis AI'B—X AI-N—H Aepyr,BX3 (o] Aepyr,NH 3 [b] AE AE int AE, strain AE, strain,BX3
acid

BF; 0.060 0.001 -17.2 5.7 -18.3 —40.6 223 22.2
BCl; 0.089 0.002 -18.0 7.4 -21.0 —41.3 20.3 20.1
BBr; 0.096 0.003 -18.0 7.7 —24.5 —42.6 18.1 17.8
BI; 0.103 0.004 -17.6 7.5 -25.6 —41.2 15.5 15.3

[a] Computed at ZORA-BLYP-D3(BJ)/TZ2P, geometrical data relative to the separate reactants. [b]
Pyramidalization angle defined as the sum of the three Ox-gx and Oun-n angles for BX; and NHj3,
respectively.

In order to pinpoint the origin of the observed strain energy of the boron trihalides, we
have carried out a subsequent analysis on the BX3 fragment. This time we decompose the
AEsmainBx, term into the individual strain energies associated with the bending of the Ox B x
angle (AEsuaing) and the B—X bond stretch (AEstrin,r), as schematically illustrated in Table 6.2.
First, the BX; is pyramidalized with a fixed rgx, taken from the respective planar equilibrium
geometry, and, next, the rg_x bond is allowed to relax to the one it has in the consistent geometry
of the Lewis pair. The energy associated with each geometrical deformation is presented in
Table 6.2. The majority of the strain energy originates from the bending of the 6x s x angle and
the trends in AEsuaine follow exactly the trends of the total strain of the Lewis acid AFEstrainBx;,
that is, it is larger for BF3 and smaller for BI;. The same trend can be observed if we analyze

the other way around, first elongation of the rs_x bond and then bending of the Ox_s x angle.
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Yet, the pyramidalization angle is similar for all boron trihalides. Why then does BX3 become

easier to bend to the same extent along the series X = F, Cl, Br, I?

To answer to this question, we must understand exactly how the electronic structure of
the Lewis acid changes upon pyramidalization (that is, bending and elongation). The rise in
energy associated with the deformation of BX3 (i.e., AEsuainx;) could stem from two distinct
factors: 1) the bonding between central boron and halogen ligands becomes less stabilizing in
the pyramidal geometry; and ii) there is an increase in the repulsion among the halogens as BX3
deforms.>! Therefore, we have further decomposed the AEainsx; in terms of the interaction
energy between B and X3 (AEinB x;) and among the three X (AEinx x x), more specifically, in
terms of the change in both energy terms as BX3 deforms from the planar to the pyramidal

geometry (see Table 6.3).

Table 6.2 | The strain energy terms (in kcal mol ') associated with the step-by-step deformation of the
Lewis acid from the planar to the pyramidal geometry.!”)

AEstrain,e.I ; rB\-X//\ B(’/, AEstrain,rz
bending X\~ X B-X bond elongation
ABx.g.x
Bx, X AE,.. Aex g
— strain,BX, //,I
Ky, e
Oxax X ABx.p.x X\/A\rx-x
ArB-X
B—X bond elongation > X'_'\E\\\\“‘ bending
AEstrain,r1 Oy Bx X AEstrain,ez
Lewis
aci d AE‘strain,el AE‘Strain,rz AE‘Strain,rl AE‘strain,ez AE‘strain,BX3 ArX—X
BF; 19.1 3.1 5.5 16.7 22.2 0.032
BCl; 16.7 34 6.2 13.9 20.1 0.053
BBr; 14.9 2.9 5.6 12.2 17.8 0.056
BIs 12.8 2.5 4.9 10.4 15.3 0.057

[a] Geometry adopted in the complex with a B-N distance of 1.687 A of the X;B-NH; Lewis pairs
(where X =F, Cl, Br, and I), computed at ZORA-BLYP-D3(BJ)/TZ2P.

Put simply, the interaction energy AEin,x-x-x corresponds to the formation of the (X°)3
fragment in its quartet valence configuration and in the geometry which it acquires in the overall
molecule, and the interaction energy AFEinp x5 corresponds to the actual energy change when

the prepared B-sp? and (X); fragments are combined to form the BX;3 (planar or pyramidal).
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As BX3 goes from one geometry to the other, the change in interaction energy is written as
AAEiy. Thus, the AAEinx x x and AAEin B x5 are, respectively, the change in both interaction
energy terms when BX3 goes from the planar to the pyramidal geometry and sum to AEstrain,Bx;
(see Table 6.3). Here, positive values of AAEi, indicate that the interaction energy opposes
pyramidalization, while negative values indicate that it favors pyramidalization of the Lewis

acid.

Table 6.3 | Change in the energy decomposition analysis terms (in kcal mol™) associated with the
deformation of the BX; Lewis acids from the planar to the pyramidal geometry'® (where X =F, Cl, Br,
and I).

AEgtrain,ex, = AAEjpgxxx * AAEysx,

AAEiy xxx = AEpq xxx(pyram) — AEy y xx(planar) AAEj 5 x, = AEim’B,Xs(pyram) - AEint,B-xs(planar)
=X - X
Xszzz--=X X:::\ ' X’ N\ OTX X----B__
X =X X X

® Fragment 1 ® Fragment 2 ® Fragment 3

Lewis AAEint,X—X—X AAEint,B—X3 AA Velstat,B—X3 AAEPauli,B—X3 AAEoi,B—X3 AAEoi,al AAEoi,el AAEoi,az

acid

BF3 —4.8 27.0 74.7 -142.5 94.7 27.1 67.1 0.5
BCl; —6.5 26.6 95.8 -126.0 56.8 13.5 43.0 0.3
BBr3 =5.7 235 102.5 -122.0 43.1 8.5 344 0.2
BI; =5.1 20.4 99.3 -112.1 332 5.8 273 0.1

[a] Geometry adopted in the complex with a B-N distance of 1.687 A of the X;B-NH; Lewis pairs. [b]
Computed at ZORA-BLYP-D3(BJ)/TZ2P.

The most striking result in Table 6.3 is that the interaction energy between the halogens,
which is predominantly repulsive (see Appendix 6.3), becomes less destabilizing in the
pyramidal geometry (i.e., AAEinx-x-x is negative) and, thus, favors the pyramidalization of the
Lewis acid. This is because when the rs_x bond elongates, the halogens are actually farther
removed from each other in the pyramidal than in the planar geometry (see Arx_x in Table 6.2).
This means that AAEinsx; determines the trends in AEsuainBx5, as clearly observed from Table
6.3. Along X =F to I, AEsainBx; varies from 22.2 to 15.3 kcal mol™' and AAEin-x; varies from

27.0 to 20.4 kcal mol!. The interaction energy between the boron and the halogens is less
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stabilizing in the pyramidal than in the planar geometry (i.e., AAEiwB x5 1S positive) and, thus,
opposes the pyramidalization of the Lewis acid. This loss in stabilization correlates to the
difficulty to pyramidalize the Lewis acid, that is, a larger AAEin B x5 translates in to a larger

AE. strain,BX3.

To obtain insight into the different contributors to the interaction energy we have again
employed the EDA scheme!?”! (see Table 6.3, full data is provided in Appendix 6.3). It can be
seen that the trend in AAEiy B x5 1s dictated by the orbital interactions AAE,;i B x5. Both AAEinp-
x; and AAE,ip x; oppose pyramidalization of the Lewis acid (i.e., they are positive) and
decrease in magnitude from BF; to BI;. Along X =F to I, AAE,; B x; varies from a value of 94.7
to 33.2 kcal mol™!. Note that the electrostatic interaction also opposes pyramidalization (i.e.,
positive values of AAVeistat,B-x5) but it increases from BF; to Bls, therefore, not following the
trend in AAEinp x;. Interestingly, the Pauli repulsion term favors pyramidalization (i.e.,
negative values of AAEpaui-x;) because it goes with an elongation of the rg x bond in the
pyramidal geometry, which becomes longer from BF3 to BIs. Therefore, in a sense, AAVeistat,B-
x3 and AAEpauip-x; work together against the observed trend in AAEin,s-x;. Finally, the
dispersion term, AAE4isp,8 x5, 1S the same at both geometries (i.e., AAEin x; = 0.0 and is not
provided in Table 6.3).

Figure 6.5 shows the MO diagram of the main orbital interactions between (X); and B-
sp? in the e; and a; representations (the complete MO diagram with all valence orbitals is
provided in Appendix 6.4). We now address why the covalent component of the interaction
between B and X3 is less stabilizing in the pyramidal geometry, that is, AAE.iB x4 1S positive,
and how it determines the trend in AEiinBx;. Most of this effect originates from the orbital
interactions in the e; irreducible representation (see Table 6.3), which corresponds to the
bonding in the plane of the molecule (c-like bonding). Interestingly, the total stabilizing orbital
interactions AE.iB x5 1s provided by nearly 70% AEoie, and 30% AEoia, (the contribution from
AEia, 1s very small, see Appendix 6.3). This is in contrast to the common belief that the strength
of the B—X bond arises from the overlap in the & system (i.e., in the a; representation), between

the filled np, orbitals of the halogens and the empty p, orbital of boron.[*"]

In planar BX3 (Figure 6.5a left), two electron pair bonds are formed in the e irreducible
representation (ne1 + 2px and ne; + 2py), where ne; is a combination of the np orbitals in the xy
plane of the halogen atoms. The degenerated singly occupied ne; orbitals show the well-known

increase in energy on descending group 17 in the periodic table,®! from —12.7 to —8.0 eV as X
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Figure 6.5 | Orbital interaction scheme for planar and pyramidal BX3 (where X =F, Cl, Br, and I) in the
a) e; and b) a; irreducible representations of the C3, symmetry computed at ZORA-BLYP-D3(BJ)/TZ2P.

goes from F to I, associated with the decreasing electronegativity of X.371 As the fragments
combine to form BX3, the electrons are stabilized in the bonding molecular orbitals and this
stabilization correlates well with the energy of the (X"); fragment orbitals, in line with the order
of strength of the B-X bond.*® Upon pyramidalization, there is a decrease in the orbital overlap
between ne; and 2px,y for all BX;3 (see Appendix 6.3), resulting in the less stabilizing AAE; s-

x3. Furthermore, pyramidalization also results in destabilization of the ne; orbitals of the (X)3
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fragment and, most important, in the bonding molecular orbitals of BX3 (Figure 6.5a right).
Interestingly, the destabilization of the bonding molecular orbitals shows the same trend as the
AEsmainBX,, that is, it decreases along the series X = F, Cl, Br, I (A¢ = 0.4, 0.3, 0.3, and 0.2 eV
for BF3, BCl3, BBr3, and BI3, respectively). Similar effect occurs for orbital interactions in the
a) representation (see Figure 6.5b). Thus, as the boron trihalides deform to the same extent, the
destabilization in the molecular orbitals of BF3 is larger. The (F*); is more strongly bound to
the central boron atom, therefore, the decrease in the strain energy from BF3 to BI3 can be
ascribed to the amount of energy required to distort a weaker bond. In other words, it requires

less energy to deform BI3 than BF3 because the B—I bond is weaker than the B-F bond.

At last, we comment on the role of the orbital interactions between the Lewis acid and
the Lewis base to the stability of the X3sB—NH3 Lewis pairs (where X = F, Cl, Br, and I), which
is the widely accepted rationale to explain the Lewis acidity of boron trihalides.!''! Our EDA
results (Figure 6.4b and Appendix 6.2), indeed, demonstrate that AE,; follows the trend in AE,
that is, it becomes more stabilizing from F3B-NH3 to [3B—NHj. The trends in AE.i can be
ascribed to the energy of the LUMO of BX3 that decreases in energy from BF3 to Bl; (see Figure
6.5b), resulting in more stabilizing orbital interactions, in line with the results by Bessac and
Frenking.[!'® However, the stabilizing effect of AEoi (and also AVesar) is counteracted by a
strong Pauli repulsion AEpauii that leads to a similar AEiy for all Lewis adducts (see Figure 6.4b).
We again emphasize that it is crucial to compare the Lewis adducts at a consistent geometry,
that is, the same rg—~ bond length, because the energy components are highly dependent on the
bond distance.?®? Data at the equilibrium geometries (Appendix 6.1) shows that the strain
energy of BF; is smaller than BCls, but this is just because of the longer rs n bond distance in
the Lewis pair with the former. Analysis at the consistent geometries (Table 6.1) shows that the
trends in bond energy AE can solely be assigned to the strain energy of the Lewis acid

AEimainBX,; not to the interaction energy AEin:.

We conclude that the more destabilizing strain energy along the series Blz < BBr3 <
BCl; < BF3, leads to less stable X3B—NH3 Lewis pairs (where X = F, CI, Br, and I), due to a
loss in stabilization of the bonding interactions between the central boron and the halogen
ligands as the BX3 goes from the planar to the pyramidal geometry. This effect is most
pronounced for BF3 because the B-F bond is the strongest in our series of boron trihalides.
These general observations also explain why a reversed trend is observed for the interaction of
boron trihalides with weak bases:!! weak bases induce small distortion of BX3 from its planar
equilibrium geometry that allows the interaction energy to dominate and govern the bonding of
these Lewis pairs.
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Halogenated Lewis Bases

Finally, we turn our attention to the formation of Lewis adducts between borane and nitrogen
trihalides. The activation strain model and energy decomposition analysis diagrams for the
H3B-NY; Lewis pairs (where Y = F, Cl, Br, and I) are shown in Figure 6.6, whereas data at
consistent geometries is summarized in Table 6.4. The NI3 forms the strongest complex with
borane and the energy of formation of the Lewis adduct AE decreases in strength, i.e., becomes
less stabilizing, along the series: NI3, NBr3, NCI3, NF3. Trends in AE curves originate solely
from a more stabilizing interaction energy AEin.. Note that the strain energy AFsrin curves show
a reversed trend, overruled by the trend in AEi, namely, NF3 has a less destabilizing AEjsirain
than NIz. Therefore, similar to borane—ammonia, the relative stability of the H3B-NY3 Lewis

pairs is determined by AFEjn.
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Figure 6.6 | a) Activation strain model and b) energy decomposition analysis of the HsB-NY3 Lewis
pairs projected onto the B-N bond distance (where Y = F, Cl, Br, and 1) computed at ZORA-BLYP-
D3(BJ)/TZ2P. Dispersion energy AEqisp not shown, see Table 6.4 for data at consistent geometries.
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Table 6.4 | Activation strain model and energy decomposition analysis terms (in kcal mol™") computed
at consistent geometries with a forming B-N distance of 1.687 A of the H;B-NY; Lewis pairs (where
Y =F, Cl, Br, and I).1")

Lewis base AE AFEsrain AFEint AVeistat AEpauii AE,i AEjsisp
NF; -10.5 6.5 -16.9 —-39.6 88.2 —63.0 -2.5
NCI; —-14.0 7.8 -21.8 —46.0 94.6 —65.2 -5.2
NBr; -16.3 8.4 —24.7 —43.6 94.2 —69.2 -6.1
NI; —-18.8 9.6 -28.3 —48.9 99.4 —71.5 -7.3

[a] Computed at ZORA-BLYP-D3(BJ)/TZ2P.

The observed trend in AEin curves is given by the orbital interaction AE,; curves, that is
most stabilizing for the Lewis complex with NIz and decreases in strength along the series NI,
NBr3, NCls, NF3. From NI3 to NF3, at the consistent geometry (see Table 6.4), AEiy varies from
a value of —28.3 to —16.9 kcal mol™! and AE,; varies from a value of —71.5 to —63.0 kcal mol .
This is paralleled by a decrease of Pauli repulsion, that varies from a value of 99.4 to 88.2 kcal
mol™! from NIz to NF3, as reflected by the decreasing number of core electrons and diffuse
orbitals as the halogen decreases in size. Trends in AVisat, On the other hand, are not exactly
systematic along the Lewis bases. They are partially inverted and decreases in strength along
the series NIz, NCI3, NBr3, NFs. Finally, the dispersion energy AFEgsp, has the smallest

contribution to AEin (not shown in Figure 6.6, see Table 6.4 for data at consistent geometries).
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Figure 6.7 | Schematic representation of the HOMO-LUMO orbital interaction in the H3B-NY3 Lewis
pairs (where Y = F, Cl, Br, and I). Isosurface (at 0.03 au), energy gap (in eV) and orbital overlap of the
interaction between HOMO and LUMO of the a; irreducible representation of the Cs, symmetry.
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Formation of the H3B—NY3 Lewis pairs involves a key orbital interaction between the
filled out-of-phase mixing of N 2p, and halogens np. orbitals of NY3 with the empty B 2p,
orbital of BHi;, the HOMO(base)-LUMO(acid) interaction (see Figure 6.7; additional
stabilizing contribution from the HOMO-2(base)-LUMO(acid) interaction is given in
Appendix 6.5). However, this interaction is relatively less stabilizing compared to borane—
ammonia. As the Y ligands vary from H to the increasingly more electronegative atoms I, Br,
Cl, and F, the HOMO drops in energy, which leads to a larger HOMO-LUMO energy gap (Ag
=2.5,2.8,3.4,3.8,and 5.5 eV along NY3 = NHj3, NI3, NBr3, NCl3, and NF3, respectively). The
corresponding orbital overlap (HOMO|LUMO), on the other hand, decreases on descending
group 17, i.e., it becomes less favorable. Because of the out-of-phase mixing of the np, orbitals,
the amplitude of HOMO is larger on the less electronegative atom (either N or Y). Thus, the
amplitude on the nitrogen atom decreases along the series NF3, NCls, NBr3, and NIz, which
decreases the spatial overlap with the empty 2p, orbital of BH3. Therefore, the trend in Ag
overrules the trend in (HOMO|LUMO), determining the trend in orbital interaction energies

and, eventually, in the stability of the H;B—NY3 Lewis pairs.

6.4 Conclusion

At variance with the current view, the strength of archetypical X3B-NY; Lewis pair bonds
(where X,Y =H, F, Cl, Br, and I) is not solely attributed to the strength of the stabilizing frontier
molecular orbital interactions. The bonding mechanism involving boron trihalides, for example,
is determined by the amount of energy required to deform the fragments, especially the Lewis
acid, upon complexation. This follows from our detailed bonding analyses based on relativistic

dispersion-corrected density functional theory at ZORA-BLYP-D3(BJ)/TZ2P.

Our activation strain and quantitative Kohn-Sham MO analyses reveal that the bonding
energy of the series X3B—NHj is determined by the strain energy associated with the
geometrical distortion of the Lewis acid on going from the planar to the pyramidal geometry
acquired in the Lewis complex. We have, for the first time, quantitatively decomposed the strain
energy of the Lewis acid in terms of the change in the interaction energy within one fragment
upon its deformation. The decrease in the strain energy directly correlates with the weakening
of the B—X bond as the electronegativity of X decreases along the series: F, Cl, Br, and I. Most
of this effect arises from the bonding in the plane of the molecule, not in the © system as is

widely believed. In other words, the less destabilizing energy required to deform a weak B—X
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bond results in a smaller strain energy, which manifests in a more stable Lewis pair. This is the
actual reason why the Lewis pairs becomes systematically stronger as BX3 goes from BFj3 to
BIz, and not because of a more stabilizing interaction energy as is the currently accepted
rationale. For the H3;B—NYj series, the bonding is driven by the charge-transfer stemming from
the commonly accepted HOMO-LUMO interaction between the lone pair on the nitrogen of
the Lewis base and the empty p orbital at the boron of the Lewis acid.

This work clearly demonstrates the role of the strain energy, besides the well-known
donor-acceptor orbital and electrostatic interactions, in playing a leading role in determining
the strength of Lewis acid/base interactions. Our findings are both chemically intuitive and
grounded in quantum chemical findings based on state-of-the-art computations. Importantly,
we have brought our understanding of these fundamental interactions into the 21 century and

hope that this work will be useful for the development of novel Lewis pair chemistries.
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6.6 Appendices

Appendix 6.1 | Energies (in kcal mol ™) of the X;B-NY; Lewis pairs (where X,Y = H, F, Cl, Br, and I)
in their equilibrium geometry relative to the separated Lewis acids and Lewis bases.

X3B-NY; AH>9s.15 AE AEjtrain AEiy
H;B—NH; -25.7 -29.5 12.5 —42.0
F;B—NH; -16.1 -18.4 21.1 -39.5
Cl;B-NH3; -18.3 -21.2 21.7 —42.9
Br;B—NH3 -22.0 -25.0 19.7 —44.7

I:B—NH3; -23.2 -26.2 16.9 —43.2
H;B—NF; -8.7 -11.0 8.3 -19.3
H;B-NCl; -12.0 -14.1 8.9 -23.0
H;B—NBr3 -14.8 -16.7 10.4 -27.0
H;B—NI; -17.2 -19.0 11.3 -30.4

[a] Computed at ZORA-BLYP-D3(BJ)/TZ2P.

Appendix 6.2 | Energy decomposition analysis terms (in kcal mol ') computed at consistent geometries
with a B-N distance of 1.687 A of the X3sB—NH; Lewis pairs (where X =F, Cl, Br, and I).[a]

Lewis acid AFEint AVeistat AEpauii AE,i AEisp
BF3 —40.6 -94.5 133.6 -77.1 -2.6
BCl3 —41.3 -107.8 173.8 -102.1 -5.2
BBr; —42.6 -110.2 183.4 -109.7 -6.1
BI; —41.2 -114.9 197.6 -116.7 -7.2

[a] Computed at ZORA-BLYP-D3(BJ)/TZ2P.
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Appendix 6.3 | Energies (in kcal mol™), orbital energy gap (in eV) and orbital overlap of the analysis
of the bonding mechanism in planar and pyramidal BX; (where X = F, Cl, Br, and I).

BF; BCls BBr; BI;

plan pyr plan pyr plan pyr plan pyr
AFEin x-x-x 37.1 323 52.0 45.5 48.4 42.7 46.7 41.6
AEinip-x, —640.1 —613.1 —475.3 —448.6 —420.6 -397.0 -367.2 —346.7
AVeistatB-x4 —494.0 —419.2 —454.3 -358.5 —450.7 —348.2 —415.4 -316.0
AEpauiiB-x, 922.6 780.2 635.9 509.9 570.7 448.7 495.9 383.8
AEoip-x, —-1068.0 -973.3 —654.2 -597.3 -537.3 —494.2 —443.7 -410.4
AEoiq, -305.3 -278.3 —-180.8 -167.4 —-147.7 -139.3 -126.8 -121.0
AEoie, —759.7 —692.6 —472.2 —429.2 —388.8 -354.5 -316.5 —289.2
AEoia, 2.9 23 -1.1 -0.8 0.7 0.5 —0.4 —0.3
ALdisp-x; -0.8 -0.8 2.7 2.7 -33 -33 —4.1 —4.1
(lai|2s) 0.41 0.39 0.53 0.49 0.56 0.52 0.57 0.52
(le1]2px) 0.34 0.32 0.40 0.36 0.40 0.36 0.40 0.36
2a12p,) 0.45 0.38 0.47 0.37 0.46 0.36 0.44 0.34
|Ag1a; 2| 2.7 2.6 0.2 0.3 1.0 1.1 1.9 2.0
|Agie;-2p | 8.1 8.0 5.1 5.0 4.3 4.2 34 33
|Ag2a,2p,| 7.0 6.9 4.5 4.5 3.8 3.7 3.0 3.0

[a] Computed at ZORA-BLYP-D3(BJ)/TZ2P.
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Appendix 6.4 | Orbital interaction scheme for planar and pyramidal BX3 (where X =F, CI, Br, and I).
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Appendix 6.5 | Schematic representation of the HOMO-2(base)-LUMO(acid) orbital interaction in the
H3;B-NY3 Lewis pairs (where Y = F, Cl, Br, and I). Isosurface (at 0.03 au), energy gap (in eV) and
orbital overlap of the interaction between HOMO-2 and LUMO of the a; irreducible representation of
the C3, symmetry.
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7 | Summary

This thesis presents the results of density functional theory investigations on the structure and
bonding of halogenated compounds. The main purpose of this work is to gain insights into
archetypal model systems that can be used to unravel the physical forces underlying the bonding
mechanism and conformational arrangement of (in)organic compounds. This summary

highlights the main findings discussed in previous chapters.

In Chapter 3, we have explored whether rational modifications in the backbone of 2-
halocyclohexanones would change their axial-equatorial conformational equilibrium. Our
results revealed that an endocyclic nitrogen group, yielding the F-CH>—CH>—NR motif, known
to induce the gauche effect in acyclic compounds, had little influence on the conformational
preferences of the 2-fluorocyclohexanone. Similar behavior was observed for heavier 2-
halocyclohexanones. We began by evaluating the large N-Boc group and then gradually
reduced it to an amine group. In all cases, the short-range destabilizing interaction of the
halogen atom with the carbonyl group was the dominant factor behind the observed
conformational trends. Even with the removal of the carbonyl group, the energy difference
between gauche and anti-conformers (axial and equatorial, respectively) was too small to
observe an effective contribution from the hyperconjugative interactions featured in the gauche
effect. Only groups that induced stronger electrostatic interactions, such as the ammonium
group, could shift the preference to the axial conformer even in highly polar solvents.
Additionally, we observed that our DFT computations nicely confirmed the conformational
trends obtained from NMR experiments. These findings illustrate the remarkable
complementarity of the theoretical-experimental approach in conformational analysis and

provide important insights into the conformational design of alicyclic compounds.

To investigate the subtle conformational effects observed in 2-halocyclohexanones, we
have carried out subsequent analyses on 1,2-disubstituted ethane fragments, namely 1,2-
dihaloethanes (Chapter 4) and haloacetaldehydes (Chapter 5), to pinpoint the physical factors
giving rise to the gauche effect and the nature of intramolecular interactions in a-halocarbonyl

systems, respectively. We established a rigorous framework to analyze and interpret rotational
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energy profiles that gives valuable insights into geometrical changes and the role of specific

intramolecular interactions during internal rotation around the C—C bond.

Through comprehensive analyses of the rotational energy profiles of 1,2-dihaloethanes
XH>C-CH2X (where X = F, Cl, Br, and I) performed in Chapter 4 the causal role played by
steric Pauli repulsion in the gauche effect was revealed: the small steric hindrance between
compact fluorine atoms allows for subtle attractive hyperconjugative interactions to favor the
gauche conformer for 1,2-difluoroethane. Stabilizing orbital interactions favored the gauche
conformer for all 1,2-dihaloethanes, however, the increasing steric demand of the halogen atom
on descending group 17 in the periodic table shifted the preference from gauche for X = F to
anti for X = Cl to I, in a way to reduce the overlap between occupied orbitals. Hyperconjugation
was more stabilizing for X = F because of a larger overlap between donor and acceptor orbitals,
which contrasts with the current explanation based on the orbital energies alone. Therefore, the
gauche effect observed in 1,2-difluoroethane arises from an interplay of small steric repulsion

and more stabilizing hyperconjugation.

We also showed that to properly identify causalities between intramolecular interactions
and conformational stability, it is crucial to take into consideration the effect of geometrical
relaxation along conformational changes on the different energy components and associated
physical factors. Analysis on final equilibrium geometries could lead to a misleading picture
that obscures cause and effect. The insights obtained in this work provide a straightforward
framework to investigate and interpret rotational energy profiles, which enabled us to uncover

a set of unique causal relationships.

The same approach has been applied in Chapter 5 to assess the validity of the concept
of dipolar repulsion to explain conformational preferences of a-halocarbonyl compounds. The
idea that atoms behave as point charges and, therefore, electronegative atoms would
electrostatically repel each other is widely employed to rationalize several phenomena in
organic chemistry. However, our detailed analysis of the rotational energy profiles of
haloacetaldehydes OHC—CH»X (where X = F, Cl, Br, and 1) revealed that the syn conformer,
the orientation where halogen and oxygen atoms are in closest proximity, is electrostatically
favored for the iodoacetaldehyde because of the contribution from the attractive nuclear-
electron component increases as the halogen increases in size. These results reinforce that atoms
are characterized by a complex charge distribution of nuclei and electron charge density that

quite often deviates from the ideal behavior of spherical point charges. The latter oversimplified
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view was only valid for small and compact atoms, in our model systems, the second-row

fluorine atom.

Yet, electrostatic interactions did not determine the overall trend in the energy profile
for rotation around the C—C bond of haloacetaldehydes. Steric Pauli repulsion was the dominant
factor giving rise to central rotational barriers, separating syn and anti-minima. While more
stabilizing orbital interactions gradually shifted the global energy minimum from anti to
anticlinal as X goes from F to I. Only for X = F did electrostatic interactions contribute to

further stabilize and ultimately drive the preference to anti.

In Chapter 6, we showed that the stability of Lewis acid/base pairs also depends on the
rigidity of the molecules to deform upon complexation. Our analyses on the formation of the
X3B-NY3 Lewis pairs (where X, Y = H, F, Cl, Br, and I) showed an increase in the B-N bond
strength as X and Y are varied along F, Cl, Br, I, and H. For X3B—NH3, the bonding mechanism
was determined by the amount of energy required to deform the boron trihalides from their
planar equilibrium geometry to the pyramidal geometry acquired in the Lewis complex. That
is, the Lewis acid that more easily pyramidalizes can form a stronger bond with the Lewis base.
Based on detailed analyses of the electronic structure of BX3, we demonstrated that the decrease
in strain energy from BF; to BI; directly correlates with the weakening of the B-X bond
strength, which arises from the bonding in the plane of the molecule not in the  system as
currently believed. For H3B-NY3, on the other hand, the bonding trends were driven by the
widely accepted mechanism of HOMO(base)-LUMO(acid) interaction. As the hydrogen atoms
of ammonia are replaced by increasingly electronegative halogens, the HOMO drops in energy,
resulting in less stabilizing orbital interaction between the lone pair on the nitrogen atom of the

Lewis base with the empty p orbital at the boron atom of the Lewis acid.

The introduction of halogen atoms can impart unique steric and electronic properties in
a molecule, which can then be applied to rationally tune desirable molecular properties. We
hope that the important findings described in this thesis contribute to an in-depth understanding
of subtle conformational effects and bonding mechanism in halogenated systems, which are
essential to more efficiently design new chemistries and to the further development of chemical

sciences.
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