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ABSTRACT

In this study, a data set of 34 pyrrolidine-based organocatalysts applicable on asymmetric aldol reaction
were considered. The data set was subjected to Density Functional Theory(DFT) optimization using
BLY3P/6-31G* modeland Quantitative Structure-Property Relatisonship(QSPR) calculation. From the
optimization and calculation, several electronic, topological and stereochemical-based descriptors were
generated which led to the development of five regression models. The best model (Model one), with R*=

0.84 and Rex=0.88, was used to adjust theprolinestructure for finding new catalyst candidates

A simulation reaction was carried out in which the candidate catalyst was applied over asymmetric aldol
reaction between acetone and 4-nitrobenzaldehyde in an acetone medium. A plausible mechanism of the
reaction was developed using HOMO-LUMO energies calculated using density functional theory at 6-
31G*/B3LYP level of theory. From the itemized elementary steps, the fourth step was identified as the
rate-determining step, with the highest activation energy of 54.20 kJmol™.The mechanism was used to
derive the rate law from which the overall rate constant was calculated and found to be 0.787 M s, The
simulation reaction was also conducted on the same reaction catalyzed by proline and themechanism was
developed. New mechanistic steps that followed the previously reported iminium-enamine route of
typical class 1 aldolase enzymes were proposed in greater detail. From the elementary steps, the first step
which involves a bimolecular collision of acetone and proline was considered as the rate-determining
step, having the highest activation energy of 59.07 kmol-*. The mechanism was used to develop the rate
law from which the overall rate constant was calculated and found to be 4.04 x 10~ 8dm3Mol~'s~!. The
new mechanistic insights and the explicit computation of the rate constant further improved the kinetic

knowledge of the reaction.
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CHAPTER ONE

1.0 INTRODUCTION
1.1Background of the Study

It is conventional to define a catalyst as a substance which increases the rate of a chemical
reaction without altering the thermodynamic equilibrium of the reaction and without its self
being consumed in the process. It is therefore important to emphasise that a catalyst can never
change for the better, the fate of a reaction that is thermodynamically unfavourable.
Furthermore, a catalyst is a substance which accelerates the rate at which chemical bonds are
formed or broken by lowering the activation energy in a reaction, thereby, improving the
product yield and increasing the amount of desirable products while decreasing the amount of
undesirable ones. Therefore, a catalyst is understood as a substance which alters the kinetics of

the reaction for better yield without changing the thermodynamics.

Chemical catalysis affects our lives in many ways, in the sense that catalysts are involved in
most of the reactions taking place in food, chemical, pharmaceutical, petroleum and
petrochemical industries. Catalysts are the workhorses of chemical transformations in the
industry. Approximately 85-90 % of the products of chemical industry are made in catalytic
processes (Lloyd, 2011). Catalysts are indispensable for their role in prevention of pollution, by
avoiding formation of waste products in catalytic reactions and suspension of pollutants in end-

of-pipe solutions of automotive and industrial exhaust.

Summarily, a catalyst offers an alternative, energetically favourable mechanism to the non-
catalytic reaction, thus enabling processes to be carried out under safe and feasible conditions

of pressure and temperature in industry.

1.1.1 Properties of a good catalyst

The following properties describe the viability and affectivity of a catalyst:
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1.1.1.1 Activity

The activity of a catalyst is regarded as the rate of a particular reaction over a given catalyst
volume.This can be related to the turnover number, or frequency, which is the number of
molecules of product produced by each active site per unit time under standard conditions.

Because it is not practically possible to calculate the active sites on a commercial catalyst, the
space-time yield is measured instead. The space-time yield is the quantity of product produced
per unit volume of catalyst per unit time, during industrial operations (Lloyd, 2011).

1.1.1.2 Selectivity

Selectivity of a catalyst is defined as the proportion of desirable product obtained from the total
amount of reactants converted.Thus, it is possible to have a catalyst with almost 100%
selectivity but economically less desirable if its activity is very low. However, selectivity in a
catalyst is equally important because low-selectivity catalysts are uneconomic, not only
because feed is wasted and by-products have to be separated from products, but also because
side reactions are often more exothermic, making the reactor design difficult. Many processes
operate at less than 100% conversion to limit heat evolution or to achieve higher
selectivity(Lloyd, 2011). In these instances, the unconverted feed must be recycled and
conversion per cycle can still be relatively low, but economically appreciable. Selectivity in
enantiomeric reactions is termed ‘Enantioselectivity’.Enantioselective reactions are the result
of the competition between different possible diastereomeric reaction pathways, through
diastereomeric transition states, when the prochiral substrate being complexed to the chiral
catalystreacts with the corresponding reagent. The efficiency of the chirality transfer depends
on electronic and steric factors and is measured as ‘enantiomeric excess’ (ee), which is

computed using equation 1.1 (Xuet al., 2012).

(% ee) = leOO (1.1)
° [R] + [S] '
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Where[R]is the concentration of R isomer in the product formed and [S]is the concentration of
S isomer in the product. A simple calculation showsthat difference in energy of only 2 kcal/mol
between the transition states is enough to obtain more than 90% ee, and small changes in any
of the participantsin the catalytic process can modify this difference in energy to a significant
extent (Lloyd, 2011). Thosemodifications may occur in the near environment of the catalytic
centre, at lessthan 1 nm scale, but also at longer distances in the catalyst, substrate,
reagent,solvent, or support in the case of immobilized catalysts. This is the casebecause
asymmetric catalysis can be considered ananometric phenomenon thatrequires a careful control

of different variables.

1.1.1.3 Stability

Catalysts may lose their activity and selectivity over their operational lifetime before
eventually needing replacement. However, certain aspects of malfunction can cause premature
damage to a catalyst, leading to prematurereplacement. This can be caused by overheatingthe
catalyst thereby decreasing the surface area or fusing the active sites,losing a volatile
component at high operating temperature orpresence of poisons in the feed that can deactivate
the catalyst. Therefore, efforts must be made to obtain a more stable alternative or to prevent
deactivation by modifying the operation. The performance of most catalysts can deteriorate
during relatively short periods of malfunction, so the expected performance should be checked
at regular intervals. By recording operating details such as feed and effluent composition and
temperature profiles in the catalyst bed, it is possible to assess abnormal operating features or
feed purity. Some catalysts can be regenerated in situ while activity can be restored in others

by identifying temporary poisons in the feed and removing them.

1.1.1.4 Strength
The catalyst must be strong enough to resist various forms of regeneration or reactivation.

Some of the situations that may want to destroy the catalyst during plant operation include:dust
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forming from catalyst disintegration, cementing of the catalyst by entrained liquids, blockage
of the catalyst bed by entrained solids and formation of carbon from organic feedstock.These
problems generally affect the temperature profiles in the bed and, possibly, the overall reaction.

1.1.2 Classification ofcatalysts

1.1.2.1 Heterogeneous catalysts

In situations where the catalysts are in different phases from the reactants, the catalysts are
referred to as heterogeneous catalysts. Most heterogeneous catalysts are solids acting upon
liquid or gaseous reaction mixtures (Lloyd, 2011; Ye et al, 2017). A heterogeneous catalyst has
active sites, which are the atoms or crystal faces where the reaction actually occurs. Depending
on the mechanism, the active site may be either a planar exposed metal surface, a crystal edge
with imperfect metal valence or a complicated combination of the two. Thus, not only most of
the volume, but also most of the surface of a heterogeneous catalyst may be catalytically
inactive. Finding out the nature of the active site requires technically challenging research.
Thus, empirical research for finding out new metal combinations for catalysis continues.The
total surface area of solid catalyst has an important effect on the reaction rate: The smaller the

catalyst particle size, the larger the surface area for a given mass of particles.

Heterogeneous catalysts typically require to be dispersed on a second material that enhances
the effectiveness or minimizes their cost. These second materials are termed ‘supports’.
Supports are porous materials with a high surface area.Alumina, zeolites or various kinds
ofactivated carbon are most commonly used as supports. Specialized supports include silicon

dioxide, titanium dioxide, calcium carbonate, and barium sulphate.

1.1.2.2 Homogeneous catalysts
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Homogeneous catalysts functions mechanistically like heterogeneous catalysts, only that they
operate in the same phase as the reactants. Application of homogeneous catalysts calls for the
use of reaction medium in which both the catalyst and the reactants are dissolved. In inorganic
chemistry, homogeneous catalysis is often synonymous with organometallic catalysts

(Elschenbroich, 2006).

1.1.2.3Electrocatalysts

Electrocatalysts, mostly metals, are used in electrochemistry, to enhance the rates of the half
reactions that form the fuel cell. One common type of fuel cell electrocatalyst is based upon
nanoparticles of platinum that are supported on slightly larger carbon particles. When in
contact with one of the electrodes in a fuel cell, this platinum increases the rate of oxygen

reduction either to water, hydroxide or hydrogen peroxide (Liu et al., 2016).

1.1.2.4 Enzymes and Biocatalysts
Enzymes are protein-based catalysts that function in metabolic and catabolic reactions. The
term biocatalysts refer to all biomolecules, both enzymes and other non-protein based

molecules that function in biological reactions (Nelson and Cox, 2000).

Biocatalysts can be regarded as intermediate between homogeneous and heterogeneous
catalysts; most certainly, soluble enzymes are homogeneous catalysts while membrane-bound

enzymes are heterogeneous.

1.1.2.5 Organocatalysts
Organocatalysts are small organic molecules without metals which can exhibit catalytic

properties. This is the class of catalyst that is studied in this work.
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1.1.3 Organocatalysis

The term organocatalysisis used to describe a form of catalysisin which the rate of chemical
process is increased by an organic catalyst referred to as "organocatalyst” (Berkessel and
Groeger, 2005) ‘Organocatalyst’ is the term invented to distinguish catalytically active small
organic molecules from enzymes with which they have comparable effects on reaction rates
(Ostwald, 1900). Organocatalysis is important to green chemistry for the fact that it is metal-

free catalysis (Dziedzic et al., 2006).

Organocatalysts with secondary amine functional group can perform either Enamine catalysis;
by forming catalytic quantities of an active enamine nucleophile, or Iminium catalysis; by
forming catalytic quantities of an activated iminium electrophile. If the organocatalyst is chiral,
it facilitates asymmetric catalysis; for example, the use of proline in aldol reactions is an

example of chirality (Hajos and Parrish, 1974.)

Regular achiral organocatalysts are nitrogen-based molecules such as piperidine, used in the
Knoevenagel condensation (List, 2010),4-Dimethylaminopyridine (DMAP) wused in
esterification (Dhimitruka and Santalucia, 2006) and1,4-Diazabicyclo[2.2.2]octane(DABCO)

used in the Baylis-Hillman reaction (Park et al., 2007).

These catalysts and reactions have a long history but current interest in organocatalysis is on
asymmetric catalysis with chiral catalysts, called asymmetric organocatalysis or
enantioselective organocatalysis. A pioneering reaction developed in the 1970s is named after
the inventors as the Hajos—Parrish—Eder—Sauer—Wiechert reaction, which is an intramolecular

Aldol reaction depicted in scheme 1.1.
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Scheme 1.1: Hajos—Parrish—Eder—Sauer—Wiechert reaction

In this reaction, naturally occurring chiral proline is the chiral catalyst in an Aldol reaction. The
starting material is an achiral triketone and it requires only 3% of proline to obtain the reaction
product, a ketol in 93% enantiomeric excess. This is the first example of an amino acid-

catalysed asymmetric aldol reaction (Hajos and Parrish, 1971 and 1974).

This catalyst works by forming an iminium ion with carbonyl groups of a,B-unsaturated
aldehydes (enals) and enones in a rapid chemical equilibrium. This iminium activation is
similar to the activation of carbonyl groups by a Lewis acid and both catalysts lower the

substrate's LUMO (Lelais and MacMillan, 2006)

The transient iminium intermediate is chiral which is transferred to the reaction product via
chiral induction. The catalysts have been used in Diels-Alder reactions, Michael additions,
Friedel-Crafts alkylations, transfer hydrogenations and epoxidations (Trost et al., 2016; El-

Bakouriet al., 2018)

1.1.4 Theoretical Framework

One of the most important properties that determine catalyst action is selectivity, which is
termed ‘enantioselectivity’ in enantiomeric reactions (Furuta et al., 2016). Enantioselectivity
of a catalyst is therefore its ability to influence production of one enantiomer in greater yield

than the other when there is competition between different possible enantiomeric reaction
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pathways (Lloyd, 2011). Enatioselective capacity of a catalyst is a key factor in determining
the product in asymmetric reaction. Scheme 1.2 shows how a given catalyst influences
production of a desired isomer (anti) over the non-desired isomer (syn) in an intramolecular
aldol reaction of methyl 2-oxocyclopentanecarboxylate. The reaction gives syn/anti ratio of

1:99, resulting in an enatioselectivity of 95% ee (Helmchen et al., 1995).

Scheme 1.2:Enantiomeric Reaction of methyl 2-oxocyclopentanecarboxylate

a: methyl 2-oxocyclopentanecarboxylate
b: (1R,2R)-methyl 2-hydroxycyclopentanecarboxylate

c: (1S,2R)-methyl 2-hydroxycyclopentanecarboxylate

One of the techniques that can be used to design a new catalyst and determine its selectivity is
Quantitative-Structure-Property-Relationship (QSPR). This is a technique that uses the
information extracted from the structural properties of a set of compounds to develop a
mathematical model that can predict some desired properties of any other compound that falls
within the applicability domain of the model (Yoshino, 2010).

Another important determining factor of the catalyst action is the activity. Activity of a catalyst
is regarded as the rate of a particular reaction over a given catalyst volume (Lloyd, 2011).
Activity of the catalyst has direct effect on the turnover of product, or frequency, which is the
number of molecules of product produced by each active site per unit time under standard

conditions. Activity of the catalyst, which is equivalent to the reaction rate constant, can be
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determined after deducing the reaction mechanism of the catalyst and deriving the rate law of

the reaction.

To develop the reaction mechanism, the idea of using frontier orbitals to lead the reaction
pathway proves to be very effective. Using quantum mechanical descriptors of E-HOMO and
E-LUMO to propose a reaction mechanism is a technique that proves to be valuable. This
minimizes trial and error in identification of mechanistic steps of the reaction. More so, this
allows linking the quantum mechanical parameters to the reaction rate. This is in the sense that,
the rate constant depends on the thermodynamic parameters (enthalpy of activation and entropy
of activation) of the elementary steps which can only be itemized after identifying the reaction
intermediates. The intermediate structures are built on the basis of the HOMO-LUMO gaps of
the combining molecules. Figure 1.1 shows the energy gaps between the frontier orbitals of

two interacting molecules; A and B (Siaka, 2017).
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Fig. 1.1: Energy gap diagram between the frontier orbitals of molecules A and B.
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Central to the computation of the mechanism is the determination of transition state structures.
Unlike stable molecules, the transition state structures do not exist practically. Therefore, they
cannot be measured experimentally (Ges’u et al., 2016; Bhoorasingh and West, 2015).
However, measured activation energies can help to determine the transition state energies

relative to reactants

This is achieved by transition state theory which assumes that all molecules proceed over a
single transition state towards product formation (Ges’u et al., 2016). Like reactants, stable
intermediates and products, the transition states correspond to well-defined structures which
can be found and characterized by theoretical calculations almost as routinely as finding
equilibrium geometry (Jacobson et al., 2017). Having found the transition state geometry, it
needs to be tested to verify that it is actually the transition route, among many others, with the
minimum energy. The first test requires carrying out normal mode analysis on the proposed
transition state geometry to verify that the Hessian gives one and only one imaginary frequency
in the range of 400-2000 cm™(Maedaet al., 2015). Secondly, the normal coordinate
corresponding to imaginary frequency must smoothly connect reactants and products (Maedaet
al., 2015). That is, we should be able to walk along this coordinate without any additional
optimization. The extent to which transition states incorporate partially or completely broken
bonds may prompt anticipating that very simple theoretical models cannot satisfactorily

describe the transition state structures.

The rate law can be derived after identifying all the intermediates involved in the reaction
mechanism and determining the rate-limiting step. The rate-limiting step, also known as the
rate-determining step, is the slowest step of a reaction mechanism. The derivation of the rate
law is achieved using the approximation known as Steady State Approximation (SSA). This

approximation states that when a short-lived reaction intermediate, C (equation 1.2), exists at
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low and constant concentration throughout the course of reaction, the rate of formation of the

intermediate is negligibly small.

ko
A+B 2C 5D (1.2)
k_4

Therefore,% = 0(1.3)

1.2 Research Problem

The discovery of truly efficient methods of obtaining chiral substances is a substantial
challenge for synthetic chemists and it is apparently important in biological reactions to obtain
single-enantiomer product than racemic mixture. Until recently, catalystdesign relied on trial-
and-error and the experience of individuals, but it is becoming amore exact science nowadays.

Although intermediate-level computations can provide insight into how a catalyst works, the
true computational design of practical catalysts for industrial and commercial applications will
require accurate determination of thermodynamic and kinetic results, since a factor of 2 to 4 in
catalyst efficiency can determine the economic feasibility of a process(Lloyd, 2011). This
research targets at providing an efficient method for catalyst design via calculating

thermodynamic and kinetic quantities with very high accuracy.

1.3 Justification of the Research

In QSPR approach, it is easy to extract what is importantand easy to search a good catalyst.
However, this is not based on reaction mechanism, rather, only on statistical estimations. On
the other hand,ab Initio calculations of transition states isbased on reaction mechanism but it is
difficult to predict what is important and to search for a good catalyst without intuition. It is
therefore wise to combine the two methods in order to overcome the deficiencies in both.

More so, most of the previous works on geometry of transitions states relied on guessed

transition state, in the sense that the starting structure would be arbitrarily chosen. This work
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adopts a more specific method by using quantum mechanical descriptors of HOMO and
LUMO to propose the transition states, thereby, minimizing trial and error in identification of

mechanistic steps of the reaction.

1.4 Research Questions
i How can the enantioselectivity of pyrollidine based catalysts be predicted using
QSPR approach?
ii. Can a new catalyst be designed using the QSPR model?
iii. How can the newly designed catalyst be used to carry out ab initio transition state
search for a selected assymetric aldol reaction?

v, Is the new catalyst an improvement over the currently used catalysts like proline?

1.5Research Hypothesis

The scheme of the study was basedon the following null and alternative hypothesis:

. Null hypothesis: The enantioselectivities of the catalysts are correlated with
their molecular structures and QSPR technique can be used to design a viable
catalyst with improved activity and selectivity over proline for asymmetric
Aldol reaction

1. Alternative hypothesis: The enantioselectivities of catalysts are not correlated
with their molecular structures and QSPR technique cannot be used to design a
viable catalyst with improved activity and selectivity over proline for

asymmetric Aldol reaction.
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1.6 Aim and Objectives

This research aims at designing a new organocatalyst with improved enantioselectivity and

determining its mechanism of action and effect on the reaction rate of a selected aldol reaction,

via quantum computational method.

This aim will be achieved through the following objectives:

Collecting a data set of the pyrollidine based molecules with established catalytic effect
and recorded entiomeric excess (ee) from previous works and performing quantum
mechanical calculations on the molecules of the data set to optimize their structures and
compute several molecular descriptors using the softwares: Spartan “14”, PaDel and

Chem Pro.

. Establishing a correlation between the descriptors and the enantioselectivity of the

compounds and developing a QSPR model of robust predictability using Genetic
Function Approximation (GFA) method.

Designing a new catalyst by adjusting the structure of prolineholistically,being guided
by the model, to achieve an analogue and predicting the enantioselectivity of the

proposed catalyst using the model.

. Performing in silico aldol reaction involving the proposed catalyst to obtain the

HOMO, LUMO and thermodynamic parameters of all the steps involved in the
mechanism using Spartan 14 and repeating same with proline as the catalyst.

Using the HOMO-LUMO gap to suggest the mechanisms of the reactions and using the
thermodynamic parameters to calculate the rate constants of all the consecutive
reactions by applying Eyring equation and subsequently computing the overall rate

constants, by hand.
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1.7 Scope and Limitations of the Study

This research is aimed at developing a QSPR model that is capable of predicting the
enantioselectivity of only pyrolidine-based organocatalysts that fall within the applicability
domain of the model.It involvesproposing a viable catalyst with known enantioselectivity and
activity values in form of enantiomeric excess and rate constant, respectively, for an aldol

reaction between acetone and 4-nitrobenzaldehyde.

The process of transition state search is excessively time-consuming; therefore, the study could

not be extended to other forms of aldol reaction due to time constraint.
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CHAPTER TWO

2.0LITERATURE REVIEW
2.1 Pyrrolidine-based Organocatalyst

Pyrrolidine belongs to the class of heterocyclic amines having a saturated five-membered ring
with the molecular formular, C4HgN. Many derivatives of pyrrolidine, like prolines and
prolinamides, have been proven to have catalytic effect.Proline is a secondary, cyclic,
pyrolidine-base, a-amino acid.A unique advantage of these characteristics, different from other
amino acids, is the improved pKa value of the amine group compared to primary amino acids.
Another advantage is the proline’s effective aminocatalysis- a lewis-base-type catalyst that
alleviates iminium-enamine-based transformations. This unique nucleophilic activity is due to
the presence of the pyrollindine part, which reacts with carbonyl compounds to forms iminium
ions and enamine more readily than most other amines. More so, the carboxylate part acts as
general Bronsted cocatalyst, and hence, promotes the catalytic activity. Being bifunctional,
with acid group and amine group, proline can act both as acid or base and also behave in
similar way as enzymes, in the sense that enzymes typically use several different functional
groups in their catalytic machinery. This also makes it to act as bidentate ligand that can form
catalytically active metal complexes. Like other classes of amino acids, proline is very cheap

and abundant chiral molecule, available in both enatiomeric forms.

Proline was shown to possess catalytic activity as well as enantioselectivity (List et al., 2000;
De et al., 2017)on asymmetric aldol reaction (Kutzscher et al., 2016) in extensive number of
researches that include the pioneering work of Hajos-Parrish-Eder-Sauer-Wiechert (1974). It is
an effective catalyst for several other asymmetric transformations, such as Mannich and

Michael additions (Trost et al., 2016; Jin et al., 2016; Klalwani and Sudaai, 2016).

The work of Enders and Grondal, published in 2005, reported catalytic action of proline upon

aldol reaction with up to 97% vyield and selectivity in dimethylformamide (DMF). Northrup
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and MacMillan(2002) worked with L-proline in DMF and recorded an enantioselectivity above
99% and a yield of above 88%. Repeating the work in dimethylsulfoxide (DMSO) medium, the
enantioselectivity fell to 97% enantiomeric excess (ee) and the yield rose to 97% (Northrup and
MacMillan, 2004). D-proline also has catalytic ability as reported in the later work in which it

was used to achieve an ee value of 98% in DMSO medium (Mangion and MacMillan, 2005).

Hayashi et al.(2004) found out that trans-4-tert-Butyldimethylsiloxy-L-proline, a derivative of
proline, displayed a better catalytic activity than the proline its self. The reactivity of the
catalyst was investigated in the a-aminoxylation of cyclohexanone in the presence of 30 mol%
of the catalyst. Proline scarcely promoted the reaction in CH,CIl, and tetrahydrofuran (THF)
solvents, while trans-4-tert-Butyldimethylsiloxy-L-proline gave favourable results in the same
solvents. This was attributed to the poor solubility of proline in a variety of organic solvents
compared to the trans-4-tert-Butyldimethylsiloxy-L-proline. Moreover, while disappearance of
nitrosobenzene over 30 mol % proline occurred in 60 min, it only took the same reaction over
30 mol % trans-4-tert-Butyldimethylsiloxy-L-proline, 1 min to be completed. The catalyst
loading can also be reduced in the case of trans-4-tert-Butyldimethylsiloxy-L-proline. As low
as 10 mol% of trans-4-tert-Butyldimethylsiloxy-L-proline was enough to finish the reaction in
15 min, while 5.5 h was necessary to complete the reaction with the same catalyst loading in

the case of proline.

L-Prolinamide was initially observed to be ineffective in catalyzing the direct aldol reaction
(Sakthivel et al., 2001). However, it was found that in the presence of 20 mol% L-prolinamide,
the model reaction of 4-nitrobenzaldehyde with neat acetone proceeded with80% yield and
30% ee. This encouraged further investigation on the catalytic activity of a family of L-
prolinamides. In particular, the enantioselectivity increases as the aryl substituent varies from
electron-donating to electron-withdrawing, which makes the amide group more acidic and thus
a better hydrogen bond donor.
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In the work of Tang et al. (2005), L-Prolinamides were found to be active catalysts for the
direct aldol reaction of 4-nitrobenzaldehyde with acetone at room temperature. Moderate
enantioselectivities of up to 46% ee were achieved. The enantioselectivity increases as the
amidegroup becomes a better hydrogen bond donor. L-Prolinamides, derived from the reaction
of L-proline with a-hydroxyamines such that there was a terminal hydroxyl group, showed
more efficient catalysis and higher enantioselectivities. In particular, catalysts, prepared from
L-proline and (1S,2S)-diphenyl-2-aminoethanol, exhibits high enantioselectivities of up to 93%
ee for aromatic aldehydes and up to 99% ee for aliphatic.

Furthermore, prolinamides were also found to possess catalytic activity in other works
including the one in which large number of secondary N-arylprolinamideswith increasing
amine acidity and steric crowding were synthesized and tested for catalytic activity upon
enantioselective aldol reactions. It was found that in DMF containing 10 mol-% of TFA, all
catalysts with moderate to high amine acidity catalyzed the reaction between cyclohexanone
and a variety of electrophilic aldehydes leading to aldols in excess of 90% yield and 95%
enantioselectivity (Moorthy and Saha, 2009).

In 2011, Kokotos et al. published their work in which they proposed a novel pyrrolidine-based
organocatalyst. The compound, combining the pyrrolidine with thioxotetrahydropyrimidinone
was found to be a highly effective catalyst on assymetric Michael addition. Low catalyst
loading of 1-2.5% resulted in high yield and excellent stereoselectivities in reaction between

cyclic ketone and nitroolefins (Kokotos et al., 2011).

2.2 Computational Chemistry
Computational chemistry is a field in chemistry under which theoretical chemistry methods are

applied in solving chemical problems through computer simulation. It incorporates various
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levels of theory developed to calculate the structures and properties of compounds into
expeditious computer programs, thus, making the quantum calculation on many-electron
system an easy task(Lewers, 2016). Therefore, computational chemistry is a way of, more or
less, mimicking what takes place in the laboratory (in vitro experiments) by the use of
computer (in silico experiment). Although, computational results are normally complementary
to the findings of laboratory experiments, it can, in many cases, predict as yet undiscovered
chemical phenomena. This is widely seen in the design of new ligands (e.g: drugs) and

catalysts.

Looking at the complexity and length of quantum mechanical calculations of many-electron
system, it is expected that high speed and large memory computers are generally needed for
this task. However, two factors affect the cost and computational demands of a calculation; the
size of the molecules and the method chosen. In all cases, the computation time and memory
increase rapidly with the size of the system being studied. More so, computational chemistry
methods range from highly accurate to very approximate; highly accurate methods of course
have more computational demands than the approximate ones. Some of these methods are

briefly highlighted below.

2.2.1 Methods adopted in computational chemistry

Some of the methods adopted are Ab initio; they are based on the first principle, relying
entirely on the fundament of quantum mechanics and primary physical constants. Other
methods are called Empirical or Semi-Empirical, in the sense that they include additional

experimental parameters upon the quantum mechanics calculations(Lewers, 2016).

Both ab initio and semi-empirical approaches make certain approximations. The ab initio
calculations adopts the Born-Oppenheimer approximation, which greatly simplifies the
underlying Schrédinger equation by assuming that the nuclei of atoms remain fixed in place
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during the calculation, while the electrons revolve round the nuclei. On the other hand, semi-

empirical calculations assume many of the energy integrals to be zero.

In some methods like Molecular Mechanic, the details of electronic structure are less important
than the long-time phase space behaviour of molecules (Lewers, 2016). This is considered in
conformational studies of proteins and protein-ligand binding thermodynamics. In this case,
classical approximations to the potential energy surface are employed, as they are
computationally less intensive than electronic calculations, to enable longer simulations of
molecular dynamics. Furthermore, chemoinformatics uses even more empirical and
computationally cheaper methods like machine learning based on physicochemical properties.

The method used in this study is an ab initio method called Density Functional Theory (DFT)

Based on the concept of molecular theory, a variety of chemical phenomena depend mainly on
the changes of electronic state in molecules. Chemical reactions are among such chemical
phenomena, in which bond formations and cleavages are observed from changes in electronic
states among reactants, reagents, and catalysts. A wide variety of actions of catalysts are
largely dependent on the electronic states belonging to the atoms bearing the frontier orbitals.
To explore high-performance catalysts, analytical investigation based on one electronic state is
necessary, and theoretical calculations are indispensable for determining the electronic states.
(Tanaka et al., 2013)

2.2.2 Density Functional Theory (DFT)

Density functional theory (DFT) methods are considered to be ab initio methods for
determining the molecular electronic structure, even though many of the most common
functionals use parameters derived from empirical data, or from more complex calculations. In
this method, the total energy is expressed in terms of the total one-electron density rather than

the wave function. In this type of calculation, there is an approximate Hamiltonian and an
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approximate expression for the total electron density. DFT methods can be very accurate but

has high computational cost (Lewers, 2016).

In the last and current decade, quantum chemistry calculations have been employed for
studying different chemical phenomena such as reaction pathway analysis and spectroscopic
assignments due to the theoretical developments and high-speed parallel computers.

By the 1980s, most of the major ab initio molecular orbital theories had been established.
Among these, the use of density functional theory (DFT) has overwhelmingly increased after
1990 (Tanaka et al., 2013), and it has made an important contribution to promotion of
theoretical calculations due to accuracy improvement of functionals (Hammer and Ngrskov,
2000). With DFT, the electronic state of the chemical compounds is expressed by electron
density functionals, which have been modified and proposed by many types of approaches for
improving computation accuracy. It is note-worthy that DFT calculation is widely applied not
only to the assignment of experimental spectra, but also to the study of reaction mechanisms
(Honkala, et al., 2005; Kandoi, et al., 2006; Rankin, et al., 2002). More so, theoretical
methods were used to describe surface chemical reactions in detail and to explain variations in
catalytic activity from one catalyst to another. This led to using computational methods to
design new catalysts by screening for catalysts with enhanced activity and the ones with
improved selectivity (Narskov, et al., 2009). DFT calculation is now readily adopted owing to
its low-cost computing, convenient programs, and many high-performance functional

developments (Zhao and Truhlar, 2008).

However, appropriate functionals in DFT should be employed to suit the problem in question,
because the accuracy and reproducibility of the results depend on the functionals used (Tanaka
et al., 2013). As such, comparison among obtained results with available experimental data or

high-level computations is necessary to avoid misleading results.
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2.2.3 Basis set: 6-31G*

In addition to the choice of method, some of which we introduced thereof, it is necessary to
choose a basis set. Generically, a basis set is a collection of vectors which defines a space in
which a problem is solved(Balabin, 2010). In quantum chemistry, it is referred to a set of
nonorthogonal functions, usually centred on different atoms in a molecule, which are used to
expand the molecular orbitals with the linear combination of atomic orbitals (LCAO). All ab
initio calculations need to define a level of theory (the method) chosen and a basis set selected.
An “orbital” is a one-electron function.Atomic orbital (AO) is represented by atom-centred
Slater type orbital (STO) which is its self a combination of Gaussian type orbitals (GTOs).
For STO, equation 2.1 is used to describe the orbital.

babe (x,y,2) = Nx®yPzce™" (2.1)
Where: N is a normalization constant,  is a constant related to the effective charge of the
nucleus, it controls the width of the orbital (large { gives tight function, small { gives diffuse
function), r is the radial distance of the electron from the nucleus, a is the component of
angular momentum along x axis, b is the component of angular momentum along y axis, and ¢
is the component of angular momentum along z axis (Balabin, 2010).
These are H-atom-like orbitals, at least for 1s; however, they lack radial nodes and are not pure

spherical harmonics.

For GTO, equation 2.2 is used in describing the orbital.
$ohS (x,,2) = Nx“yPzte =" (2.2)
Again, N is a normalization constant, { controls the width of the orbital, r is the radial distance
of the electron from the nucleus anda, b, ¢ control angular momentum(Balabin, 2010).
STO’s are more accurate, but it takes longer to compute integrals using them. Thus, quantum

chemists choose to use a linear combination of many GTO’s to mimic an STO.

44


https://en.wikipedia.org/wiki/Electric_charge

A combination of Gaussian type orbitals (CGTO) containing n Gaussians to mimic an STO is
generally represented as “STO-nG” basis.

A minimal basis set contains one basis function (STO, GTO, or CGTO) for each atomic orbital
in the atom. Double-Zeta has two basis functions for each AO, while triple-zeta contains three
basis functions for each AO. A split-valences basis uses only one basis function for each core
AO, and a larger basis for the valence AO’s. Polarization function arises when other atoms
approach an atom’s orbitals, which might want to shift to one side or the other (polarization).
An s orbital can polarize in one direction if it’s mixed with a p orbital. The p orbitals can
polarize if mixed with d orbitals

In general, to polarize a basis function with angular momentum |, it is mixed with basis
functions of angular momentum | + 1.

Pople basis set as developed by the late Nobel Laureate, John Pople, and popularized by the
Gaussian set of programs, provides that ifSTO-3G is a minimal basis set, it means each AO is
represented by 3 Gaussians (3G), chosen to mimic the behaviour of an STO.Pople’s split-
valence double-zeta basis set is called 6-31G; it means the core orbital is a CGTO made up of 6
Gaussians, and the valence is described by two orbitals; one CGTO made of 3 Gaussians, and
one single Gaussian. While 6-31G* [or 6-31G(d)] is 6-31G with added d polarization functions

on non-hydrogen atoms (Pople, 1971; Legler, 2015)

2.2.4 Geometry Optimization and Descriptors Calculations

The term, electron geometry of the molecule refers to the nuclear arrangement of the molecule
that minimizes the molecular electronic energy [the potential energy (P.E) term in Schrodinger
equation], including inter nuclear repulsion. The electronic energy changes with the change in
bond angle and bond length. Any given molecular formula of a certain molecule can represent
a number of molecular isomers with each isomer considered to be a local minimum on the
energy surface (a plot of potential energy). A local minimum is a stationary point where all
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such displacements lead to an increase in energy, while the stationary point is that geometry
such that the derivative of the energy with respect to all displacements of the nuclei is zero.
The lowest local minimum is called the global minimum and corresponds to the most stable
isomer or conformation. If there is one particular coordinate change that leads to a decrease in
the total energy in both directions, the stationary point is a transition structureand the
coordinate is the reaction coordinate. Many mathematical techniques are used to find, by hand,
the stationary point and, hence, local minimum of a function of several variables. These
procedures will find a local minimum in electronic energy of the neighbourhood of the initially

assumed geometry. The process of finding such minimum is called Geometry optimization.

With the help of computational chemistry, this can be achieved by applying any of the

computational methods highlighted in 2.2.1 above.

Molecular descriptorsare the essential information of a molecule in terms of its
physicochemical properties such as constitutional, electronic, geometrical, hydrophobic,
lipophilicity, solubility, steric, quantum mechanical and topological properties, obtainable in

quantitative form.

2.2.,5 Quantum modelling

Molecular modelling embraces all theoretical methods and computational techniques used to
model or mimic the behaviour of molecules ranging from small diatomics to large biological
molecules and material assemblies. The simplest calculations can be performed by hand, but
inevitably computers are required to perform molecular modelling of any system of interest.
The common feature of molecular modelling techniques is the atomistic level description of the
molecular systems. This may include treating atoms as the smallest individual unit as in
molecular mechanics approach, or explicitly modelling electrons of each atom as in quantum

chemistry approach.
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Herein, the descriptors obtained by computational chemistry calculation are used to set up an

equation which can predict certain properties of interest of either the ligand or the receptor.

Quantitative Structure-Property Relationship (QSPR) can be regarded as the means of
predicting and understanding physical and chemical properties of compounds in terms of their
structures. It is a technique used in the chemical and biological sciences and engineering to
reduce the laborious work of survey of library of compounds for search of the compounds of
interest. It involves a series of quantum computational and statistical calculations that translate

to developing a statistical model with appreciable predictive ability.

Quantitative Structure—Activity/Property/Toxicity Relationship (QSAR/QSPR/QSTR) models
are regression models which, like other regression models, relate a set of "predictor” variables

(X) to the potency of the response variable ().

In QSAR/QSPR/QSTR modelling, the predictors consist of physico-chemical properties or
theoretical molecular descriptors of chemicals; the QSAR response-variable could be a
biological activity of the chemicals. QSAR/QSPR/ QSTR models first summarize a supposed
relationship between chemical structures and biological activity, physico-chemical property or
toxicity in a data-set of chemicals. Subsequently, QSAR models predict the activities of new

chemicals.

As an example, biological activity can be expressed quantitatively as the concentration of a
substance required to give a certain biological response. Additionally, when physicochemical
properties or structures are expressed by numbers, one can find a mathematical relationship, or
quantitative structure-activity relationship, between the two. The mathematical expression, if
carefully validated can then be used to predict the modelled response of other chemical

structures.
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If the activity/property/toxicity is y and the combination of physiochemical/structural
properties is X, a QSAR/QSPR/QSTR model has the form of a mathematical equation as seen

in equation 2.3.

y = f(x) + error (2.3)

The work generally begins by collecting a data set of compounds of interest, then subjecting
them to geometric optimization in order to obtain their minimum energy state and various
descriptors which are used for the model development. Various quantum mechanical methods
are adopted in that respect, some of which include Semi empirical method, Density Functional

Theory, Hartree-fock, e.t.c.

2.3 Enantioselectivity

The enantioselectivity determining step of the mechanism was identified and shown to be

influenced by proline (Agamiet al., 1984; Benaglia et al., 2001).

Calculating the enantioselectivity-determining transition state geometry is complicated by a
number of factors, namely, (1) the size of the system (2) ability of the catalyst to exhibit
conformational isomerism (3) several competing H-bondings at the transition state (Lambert et

al., 2014)

So many researches have demonstrated that the C-C bond formation step is the key step in
determining the enantioselectivity, in aldol and related reactions. Perrin and Chang(2016)
reported that the rate-limiting step in the base-catalyzed aldol condensation of benzaldehydes
with acetophenones to produce chalcones, is the final loss of hydroxide and formation of the

C=C bond.

Simulation reactions of acetone and benzaldehyde with three enamines derived from the

condensation of prolinamides was investigated via quantum computational calculations.
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The results showed that the amide and the terminal hydroxyl groups form hydrogen bonds with
the benzaldehyde substrate. These hydrogen bonds caused high enantioselectivity. (Tang et al.,
2004)

It has been reported that the acidic proton of proline is critical for the reactivity and
stereoselectivity of the proline-catalyzed direct aldol reaction (List et al., 2000; Sakthivel et al.,

2001).

Experimental *3C kinetic isotope effects (KIE) have been used by Lambert et al.(2014) to
interrogate the rate-limiting step of the Michael addition of glycinate imines to benzyl acrylate
catalyzed by a chiral 2,3bis(dicyclohexylamino) cyclopropenimine catalyst. The research
discovered that the reaction proceeded via rate-limiting carbon-carbon bond formation. The
origins of enantioselectivity and a key noncovalent interaction (CH---O ) responsible for
transition state organization are identified theoretically at DFT level of theory and probed
using experimental labelling studies.

2.3.1 Quantitative Structure-Property Relationship (QSPR) on Enantioselectivity

Application of QSPR methodology to predict enantioselectivity of a catalyst is an established
practice in the field of computational chemistry. The pioneer work of Norrby et al. (1997),
studied the steric influence on the selectivity in palladium-catalyzed allylation. The structure of

n-allyl Pd was generated using molecular mechanics (MM2).

A set of descriptors including breaking Pd-C bond length, Dihedrals N1-N2-Pd-Ct, Dihedrals
Du-Pd-Cc-Ct, Steric Interaction with Nu, were used to carry out regression using Levenberg-
Marquardt (multi linear regression). Leave one out (LOO) Q* = 0.86, Leave several out (LSO)
Q%= 0.87. However, multi linear regression method adopted in the work has the limitation of
not being able to generate variety of models in order to be tested and choose the best one.

Kozlowliski et al. (2003) worked on predicting the enantioselectivity of B-amino alcohol

catalysts in aldehyde alkylation. A data set of 13 B-amino alcohol catalysts was utilized to
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develop the QSPR using normal least square method. Probe Interaction Energies (PIE)
descriptors were correlated with AG values which could be converted to enantiomeric excessS
(ee) values using AG= RT In K, where K is the enantiomeric ratio. The best individual model
was found to be; AG = a + c¢;(PIE;) + c2(PIE), where, a= 5.48 kcal/mol, ¢;=-0.27, c,= 0.36,
average standard deviation (SD) = 0.17 kcal/mol, R?= 0.93. In a work reported by Dixon et al.
(2004) energy was calculated as PIE by quantum mechanical method and regression was
performed using n-variables regressions by simulated-annealing.

Heck reaction, wherein unsaturated halide combines with alkene to form substituted alkene in
the presence of a base and palladium catalyst, was investigated using QSPR. Selected
descriptors which include, HOMO, LOMO, GAP, dipole, A, change on ligating atom,
Hammetp(+), Hammetp(-), V, percentage of sphere occupation, Rmax, and Onax Were used for
the model development. (Farrusseing et al., 2004)

QSPR approach was used for asymmetric lithiation of N-Boc-pyrrolidine by Kozlowliski et al.
(2004). Their work investigated a chiral amine, spartine for its essential moiety with regard to
enantioselectivity. A training set of 16 diamine lithium complexes was used to develop the
QSSR. HF/3-21G* was used for structure optimization and B3LYP/6-31G* (DFT) was used
for PIE calculation. The model was used to predict (R) 22-25% ee whereas experimental result
was (R) 35% ee. The LOO Cross Validation: r, = 0.68 and the Correlation Coefficient (CC) =
0.82. Further prediction for new catalysts was carried out by Kozlowski et al.(2006)in which a
training set of 13 compounds and a test set of 8 compounds were utilized. The predicted values
of ee were plotted against the experimental values with rzpred =0.87.

More effective method, Genetic Function Algorithm, was adopted in predicting enantiomeric
excess in a catalytic processing chirality codes (Xu et al., 2012). In this study, a library of
chiral catalysts was used for the asymmetric hydrogen transfer to acetophenone utilizing the

QSPR methods. The molecular descriptors of the catalysts, including chirality codes, were used
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to construct the QSPR models for the quantitative prediction of enantiomeric excesses.The
results revealed that the molecular codes derived from the structure of catalysts can be applied
to construct robust predictive models of the catalytic performance. However, the work did not
to apply the model for prediction of the ee of any compound.

Cross validation by Leave One Out (LOO) or Leave Several Out (LSO) is usually employed
for validation of QSPR model. In LOO, correlation model is re-calculated with training set
where one compound is excluded. Then, activity of excluded compound is predicted using the
new model and compared with real value (Cheng et al., 2017). In LSO, almost same as LOO,
several compounds were excluded in this case. Prediction of activity of other compounds can
be calculated using model equation (Cheng et al., 2017).

2.4 Asymmetric Aldol Reaction

Generally, asymmetric aldol reaction is a powerful method for the construction of carbon-
carbon bonds in an enantioselective fashion. Historically, the aldol reaction, was first
discovered independently Alexander by Borodin in 1869 and Charles-Adolphe Wurtz in 1872
(Ritcher, 1969; Wurtz, 1872), and is one of the most powerful transformations in organic
chemistry. The process unites two carbonyl partners to give p-hydroxyketones with up to two
new stereocenters. The reaction requires two carbonyl compounds which may or may not be
the same. One of the carbonyl compounds must contain a C-H group bonded to the carbonyl

(C=0) group. The hydrogen is called a-hydrogen (Martinez et al., 2014).

This reaction has significant application in biochemistry (Liu et al., 2016). For example, an
aldol condensation reaction occurs in the synthesis of glucose, and the reverse of this reaction

occurs in the catabolism (breakdown) of glucose.
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The breakdown of fructose-1,6-bisphosphate into dihydroxyacetone and glyceraldehyde-3-
phosphate in the second stage of glycolysis, is an example of a reverse aldol reaction catalyzed

by the enzyme aldolase A (also known as fructose-1,6-bisphosphate aldolase).

Also, in the glyoxylate cycle of plants and some prokaryotes, isocitrate lyase produces
glyoxylate and succinate from isocitrate. Following deprotonation of the OH group, isocitrate
lyase cleaves isocitrate into the four-carbon succinate and the two-carbon glyoxylate via an
aldol cleavage reaction. This cleavage is very similar mechanistically to the aldolase A reaction

of glycolysis (Hu et al., 2016).

This study focuses on an intermolecular asymmetric aldol reaction, particularly, a reaction

between acetone and 4-nitrobenzyldehyde shown in scheme 2.1.

Scheme 2.1: A reaction between acetone and 4-nitrobenzyldehyde.

The aldol reaction may proceed via two fundamentally different mechanisms. Carbonyl
compounds, such as aldehydes and ketones, can be converted to enols or enol ethers. These
species, being nucleophilic at the a-carbon, can attack especially reactive protonated carbonyls
such as protonated aldehydes. This is the 'enol’ mechanism. Carbonyl compounds, being
carbon acids, can also be deprotonated to form enolates that are much more nucleophilic than
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enols or enol ethers and can attack electrophiles directly. The usual electrophile is an aldehyde,
since ketones are much less reactive. This is the 'enolate’ mechanism. The mechanism of the

reaction, as seen in Scheme 2.2, was reported by List et al. (List et al., 2000).

O
|

Scheme 2.2: Reported mechanism of asymmetric aldol reaction of acetone and 4-

nitrobenzaldehyde catalysed by proline.

The discovery of aldol reaction can be traced back to the work of Aleksandr Porfir'evich
Borodin in 1869, where he first observed the formation of the aldol, 3-hydroxybutanal, from
acetaldehyde under the influence of inorganic catalysts such as hydrochloric acid or zinc

chloride (Richter, 1869).
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The importance of producing enantiomerically pure compounds cannot be over emphasised so
also the fact that asymmetric catalysis is the best method of achieving such is beyond doubt. In
this method, a chiral catalyst is used to transmit chiral information to the target product through
formation of a transition state (TS). Though chiral transition metal complexes are used as
catalysts in this regard, small organic molecules containing chiral centres are more suitable for
this task, most especially, biological reaction, as their mechanism of action resembles that of
enzymes, aldolase and decarbonylase (Zlotin et al., 2009). This is the area called
organocatalysis.

A breakthrough research in organocatalysis was the discovery of the Robinson asymmetric
annulation using (S)-proline as a catalyst by two independent groups of scientists: Hajos-
Parrish and Eder-Sauer-Wiechert. The reaction is useful in the synthesis of steroids and so
many other chiral and biologically active compounds.(Hajos and Parrish, 1971; Eder et al.,
1971)

The development of asymmetric organocatalysis as a field of study was triggered by the work
of List et al.(2000) which exhibited the ability of (S)-proline to catalyze intermolecular aldol
reactions. One of the carbonyl compounds, usually ketone acts as the nucleophile while the

other, mostly aldehyde serves as the electrophile in the formation of the new C-C bond.

2.5 Mechanism of organocatalyzed asymmetric aldol reaction

Determination of the transition states is crucial in theoretical study of mechanism and because
the transition structuresonly exist for a short period they cannot be measured experimentally
(Engel and Reid, 2006). However, measurement of activation energies can help to ascertain the

energies of transition states relative to reactants.

Different automated routines have been developed to efficiently locate transition states;

however, for many methods, there is no guarantee that a TS would ever be found.
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A highly effective but cumbersome approach is to explicitly calculate photoemission spectra
(PES) by manually varying specific constrained coordinates. In this approach, unconstrained
coordinates are allowed to freely relax to minimum energy positions in a standard geometry
optimization, and the result is a single data point on a PES surface. After multiple points have
been sampled, the PES can be interpolated with minimum curvature or radial basis function
algorithms.

The most ubiquitous TS searches use the modified Newton—Raphson routine and start from
anatomic configuration close to that of the TS. The optimization procedure successively moves
along the normal mode of the Hessian with the lowest magnitude in an attempt to find the point
of maximum negative curvature. These methods are rather efficient if the starting geometry is
near the real TS and the utilized Hessian contains only one negative mode (Gasper, 1954).
When neither of these criteria is applicable, this procedure may fail spectacularly.

Other QM routines incorporate more information either by requiring coordinates from the
initial reactant and product configurations or sometimes by including an initial guess for the TS
as well. Such routines are quite efficient for locating transition states involving one or two
bonds breaking in molecules, but for very large systems such as solids where atom movement
influences a larger environment, alternative methods are needed.

Hajos proposed a mechanism in which one of the enantiotropic acceptor carbonyl groups was
activated as a carbinol amine (Hajos and Parrish, 1974). However, the stereochemistry of this
mechanism was strongly questioned soon after its proposition by a work on review of

annulation (Jung, 1976).

Intra- and inter-molecular proline-catlyzed aldol reaction of aldehydes and ketones of different
kinds have been extensively investigated (Blackmond et al., 2007; 2009; Houk and
Bahmanyar, 2001; Sharma and Sunoj, 2010; Sanchez et al., 2012; and List et al., 2003). In

particular, Houk and List provided the evidence of the reaction mechanism, which involves the
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stereoselectivity model commonly known as the Houk-List Model (Houk andBahmanyar,

2001; List et al., 2003).

The mechanism of the reaction, as seen in scheme 2.2, was proposed to proceed via iminium-
enamine transformation (List et al., 2000) as was discussed earlier by Jung in 1976 and
Eschenmoser et al. in 1978, and several other groups, way back in the 1970s and 1980s (Agami
et al., 1986). This mechanism resembles that of a typical class | aldolase enzymes that catalyse
the aldol reaction in a biological system (Drauz and Waldmann, 1995; Wong and Whiteside,
1994). A side-chain enamine mechanism that involves two proline molecules in the C-C bond
formation step was proposed by Agami et al.(1986). One proline molecule acted on enamine
formation while the other one served as a proton transfer mediator. Although widely accepted,
but this two-proline mechanism was lately challenged when a homogeneous one-proline
enamine mechanism was proposed in which the various protons transfers were mediated by
proline’s carboxylic acid functional group (List et al., 2000). In the work of Houkand
Bahmanyar, (2001), a very similar mechanism for the intramolecular variant was developed.
Working on both intra- and inter-molecular aldol reactions, more evidence for the involvement
of only one proline in the transition state of C-C bond formation was further provided by List
et al., in 2003. This was achieved based on kinetic studies, by observing that the reaction was
first-order in proline. Another strong evidence for one-proline mechanism came in the studies
of intra- and inter-molecular aldolization catalysed by polymer-supported prolines (List, 2000).
In addition, stable intermediates, formed in reversible reactions between ketone and proline,

were detected by H-NMR (List et al., 2004).

DFT was used to investigate proline-catalyzed aldol reaction between acetone and
acetaldehyde and found to proceed via enamine mechanism with the amino fuction of proline

performing the catalytic action.Despite the fact that many proline-catalyzed aldol reactions are
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completely homogeneous, Swaminathan et al.(1999), proposed a heterogeneous aldolization

mechanism on the surface of crystalline proline.

Houk and Bahmanyar(2001) and List et al.(2004) focused on finding new mechanistic insights
into proline-catalysed aldol reaction using different combinations of aldehydes and ketones.
However, despite the apparent interest in this area of research, very limited experimental data

were gathered in support of the various mechanisms proposed.

2.6 Rate of aldol Reaction

Blackmond et al.(2009) used RPKA to investigate the dependence of reaction rate on the
reactants’ concentrations and proposed a rate law. Ceotto et al.(2016) improved upon the rate
law, taking into consideration the reversibility of the elementary steps. Previous works
indicated that enamine formation and/or C-C bond formation is the rate-determining step (List
et al., 1998). However the work of Rankin et al.(2002), utilizing density functional method in
acetone medium, found that the initial complexation between proline and acetone required the
highest activation energy,which qualified the step as the rate limiting. More so, upon carrying
out the experiment in different medium (DMSO), the activation energy dropped significantly
(Rankin et al., 2002). It was observed that solvents exert great effect on the activation energies
of the reactions. In the work of Rankin et al.(2002), the solvent effect was determined using
Onsager model and found to increase the activation energy by up to 120 kJ/mol.Tang et
al.(2004) found that the hydrogen bond formed between the amide group and the terminal
hydroxyl with the benzaldehyde substrate in the simulation reactions of acetone and

benzaldehyde was responsible for the reduced activation energy observed.

CHAPTER THREE
3.0 MATERIALS AND METHODS

3.1 Materials

This work was carried out in silico, and the hardware and software that were used include:
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I.  HP Pavilion (core 1 5), 12.00GB RAM, 1TB storage disk, Windows 8.1 Home Premium
Operating system
[l.  Spartan 14v.1.1.0 (Wavefunction)
1. Chem3D Pro12.0.1v,
IV.  Padel descriptor tool Kit,
V.  Acceryl Material studios 8.0,
VI.  Chemdraw ultra 12.0,

VII.  Microsoft office Excel 2013.

3.1.1 The Dataset of the catalyst compounds

A data set of 35 pyrrolidine based molecules (prolines, prolinamides, others) with catalytic
effect on a chosen asymmetric aldol reaction was collected from previously published works
with their respective enantiomeric excess (ee) expressed in percentage of the total amount of
reactants converted in the catalytic reactions. The structures of the compounds were drawn
using Chemdraw software. The detail structure of all the sample compounds are given in Table
3.1 with their respective enantiomeric excess and the reaction conditions (medium and

temperature).

Table 3.1: Data set of pyrrolidine-based catalyst for asymmetric aldol reaction.

SIN CATALYSTS SOLVENT TEMP(’C) ee(%) Reference
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Acetone

Acetone

DMSO

DMSO

DMSO

DMSO

25

25

25

25

25

25

86

81

78

62

73

76

Sakthivel et
al., 2001

Tang et al.,
2006

Sakthivel et
al., 2001
and List,
2000

Sakthivel et
al., 2001;
List, 2000

Sakthivel et
al., 2001;
List, 2000

Sakthivel et
al., 2001
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10

11

12

DMSO

DMSO

DMSO

Acetone

Acetone

(S)-N-((R)-3-(benzylthio)-1-hydroxy-1,1  diphenylpropan-2-
yl)pyrrolidine-2-carboxamide

Acetone

25

25

25

20

-15

20

62

74

74

99

64

80

Sakthivel et
al., 2001
and List,
2000

Sakthivel et
al., 2001
and List,
2000

Sakthivel et
al., 2000;
List, 2000

Tang et al.,
2005

Tang et al.,
2006

Almasi et
al., 2008

60



13

14

15

16

17

18

DMSO

DMSO 20
DMSO 20
DMSO

Acetone

Acetone 0

82

76

88

86

94

80

DineAr,

and
Amedjkouh,
2006

Hartikka
and
Arvidsson,
2004

Tong et al.,
2008

Sakthivel et
al., 2001

Gryko,
Lipin'  ski,
2005 and
2006

Almasi et
al., 2008
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19

20

21

22

23

Acetone

Acetone

Acetone

Acetone

Acetone

-5 82
25 84
92
93
90

Lacoste et
al., 2004

Singhet
al.,2006

Leyet al.,
2005

Berkessel et
al., 2004

Berkessel et
al., 2004
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24

25

26

27

28

(S)-N'-((S)-pyrrolidine-2-carbonyl)pyrrolidine-1-benzyl-2-

carbohydrazide

Acetone

Acetone

DMF

DMF

DMF

20

20

20

20

71

92

89

71

72

Berkessel et
al., 2004

Cheng et
al., 2006

Kokotoset
al., 2005

Moorthy
and  Saha,
2009

Moorthy
and  Saha,
2009
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29

30

31

32

33

DMF

DMF

DMF

DMF

DMF

20

20

72

72

71

72

90

Moorthy
and  Saha,
2009

Moorthy
and  Saha,
2009

Moorthy
and  Saha,
2009

Moorthy
and  Saha,
2009

Moorthy
and  Saha,
2009
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34

35

DMF 68 Moorthy
and  Saha,
2009

Acetone -35 98 Zhaoet al.,
2005

(S)-N-((1S,2S)-2-acetamido-1,2-diphenylethyl)pyrrolidine-2-
carboxamide

3.2. Methods
Thegeneral procedure adopted in this study involved building and optimising all the

compounds in the dataset by using Spartan 14’ quantum mechanical software. Quantum
chemical descriptors and thermodynamics properties were generated using Spartan “14”
V.1.1.0 and Chem3D Pro 12.0.1V, while topological descriptors, constitutional descriptors and
geometrical descriptors were generated using Padel descriptor software. Other important
descriptors were calculated manually. The material studio 8.0 software was used to generate

correlation matrix, perform outlier analysis and subsequently develop the QSPR models. The
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models were thoroughly validated and the best performing model was used to search for a
viable pyrrolidine-based catalyst. The catalytic surface reaction to determine the activity of the
designed catalyst in comparison with that of proline was finally carried out using the Spartan

‘14’ software.

3.2.1 Sketching the molecular structures using Chemdraw Ultra 12.0 and optimization
using ChemBio3D Pro 12.0.1V.

The Chemdraw ultra 12.0 software was launched to display the interface as shown in Plate 3.1.
Cyclopentane structure was selected from the toolkit at the left hand side of the software
interface to begin the drawing for proline structure. Since the structure involves elements other
than carbon and hydrogen, the periodic table was explored to select a nitrogen atom and the
nitrogen atom was inserted in the cyclopentane ring to make a pyrrolidine ring. Oxygen atoms
were attached to complete the structure of proline (Plate 3.2). The work was saved and same
was repeated for all the compounds in the dataset. To optimize the structures, the Chemdraw
ultra 12.0 was exited and the Chem3D Pro 12.0.1V was launched. The file button was clicked
and ‘import file’ was selected from the pop up menu. This gave a dialog box to select the saved

Chemdraw ultra 12.0 project.

ChemDraw Ultra - [Untitled Document-1] o [ | =
@) File Edit View Object Structure Tedt Curves Color Online Window Help

&R [y 0 = B -] Qe )

66



Plate 3.1: Chemdraw Ultra 12.0 user interface showing the menu bar

ChemDraw Ultra - [Untitled Document-1 %] [= [ |[=]
@& File Edit View Object Structure Ted Curves Color Online Window Help
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Plate 3.2: Chemdraw Ultra 12.0 user interface showing the drawn proline structure
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Proline was selected and imported into the model area window as seen in Plate 3.3. From the
menu bar, the calculation option was selected to display a window. On the window, GAMESS
interface was located and then minimize (energy/geometry) was clicked. DFT was selected as
the method of choice and then the run button was clicked to initiate the calculation. Thedisplay
option on the menu bar was clicked to get the result of the calculation. When a window
popped up, “properties” option was clicked. A small window containing the following options:
chempro, chemprostd, CLogP, Deriver, molecular Topology was displayed. Each of the
options was marked and “Ok” button was clicked to display the results. The same proceedure

was repeated for all the compounds in the dataset.

3.2.2 Optimization using Spartan “14” V.1.1.0

In this work, cascading computational method was adopted for optimization and calculation of
all the structural geometries involved. The “cascade computational method” involves the use of
molecular mechanics to remove strain energies of the molecules, followed by application of
semi-empirical method to optimize the structures and finally applying more exact DFT
methods to obtain improved results (Hehre, 1998). This method is significant because it has the
ability to make computation less costly by relegating initial geometry calculation to less
intensive methods.

3.2.2.1 Molecular mechanics and Stationary points geometry optimizations using semi-

empirical (PM3) method
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On the Microsoft windows 8.1 professional version 2014 SPI computer system, SPARTAN 14
program suit was lunched to open the user interface as shown in Plate 3.4. The “file” option
was selected from the tool bar to launch the molecules (peptides, nucleotides, organic,
inorganic) or substituents model kit depending on the molecule of interest. Atoms (with the
correct geometry) that make up the molecule were selected and pasted on the SPARTAN

interface. Illustration on building L-proline molecule is as given here in.

Chem3D Pro - [Untitled-1%] [= =] =]
I File Edit View Structure Calculations Surfaces Online  Window Help

I R PR M- A -
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Plate 3.3: Chem3D Pro 12.0 user interface showing the imported proline structure.
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File Edit Model Geometry Build Setup Display Search Options Activities Help
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> Al 1] Copyright © 1931-2014 by Wavefunction Inc,, All Rights Reserved.

Ready.

Plate 3.4: SPARTAN 14 user interface showing the menu and the tool bars
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Firstly, “new build” was selected from the tool bar to launch the molecules (peptides,
nucleotides, organic, inorganic) and substituents model kit as shown in Plate 3.5. This was
followed by clicking on rings from the model kit from which the cyclopentane ring was
selected and pasted on the user interface as shown in Plate 3.6. From the bottom right corner of
the interface, ‘delete bond’ function was selected and one of the carbon atoms in the
cyclopentane ring was clicked to be deleted (Plate 3.7). From the popped model kit hitherto, an
N pyramidal atomic fragment was selected and added to the position of the previously deleted
carbon atom. The ‘make bond’ function was selected from the bottom right corner of the
interface and a click was made between the N atom and the neighboring carbon atom
toestablish a single bond between them, thereby completing the structure of a pyrrolidine ring
as presented in Plate 3.8.

This was followed by selecting ansp>-hybridized carbon(Csp2) atomic fragment and adding it
to the a-carbon atom of the pyrrolidine ring as shown in Plate 3.9. Ansp?-hybridized oxygen
(Osp2) atomic fragment was selected and added to the double bond on the Csp2 fragment
(Plate 3.10). O atomic fragment was then selected and added to the single bond on the Csp2
fragment to give the structure seen in Plate 3.11. Finally, Molecular mechanics calculation was
performed by clicking the ‘minimize’ button on the bottom right corner of the interface to
remove strain energy and automatically add H atom to all free bonds on the structure. The final

proline structure is given in Plate 3.12.
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The proline molecule built was then subjected to semi empirical calculation to optimize the
structure. The “set up” menu on the open window was selected and “calculation” on the drop
down menu was clicked followed by “Equilibrium Geometry” at “ground state”. “Semi-

empirical” at the desired level (PM3) of computation was selected on the same interface

& Spartan 14 - Spartan:M0001 o &)=
File Edit Model Geometry Build Setup Display s h Options Activities Help

MBI A RAT D@ K% ¢

‘ QOrganic H Inarganic H Peptide

| MNucleotide || substituent |

N,
| ‘VC-
< ~ ~
e e o° —H
~ ~,
- N= o- -F
=

L3 Al 1]

Select a free valence. v | 1Doc 1 Mol

Plate 3.5: File menu interface showing the molecule and substituents tool kit
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Plate 3.6: Interface showing the selected and pasted cyclopentane ring.
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Plate 3.7: Interface showing one C atom deleted from the cyclopentane ring
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Plate 3.8: Interface showing a pyrrolidine ring formed by addition N atom
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Plate 3.9: Interface showing selected and added Csp2 tool on the pyrrolidine ring
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Plate 3.10: Interface showing selected and added Osp2 tool on the Csp2 carbon
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Plate 3.11: Interface showing selected and added O fragment on the Csp2 fragment
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Plate 3.12: Interface showing completely built proline molecule.

Based on the molecule built on the interface, actual charge was input on the “Total charge”
menu with the corresponding multiplicity also selected. Furthermore, to select “vibrational
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modes”, “Thermodynamic”, “Orbitals and Energies”, “Charges and bond order” tabs, “IR”
menu was selected. Finally, Global Calculation menu was selected before (Plate 3.13)
submitting the calculation by clicking the submit menu, and the file saved with appropriate
name. After the calculation was completed the output was accessed through the “Display”

menu as seen in Plate 3.14.

3.2.2.2 DFT (B3LYP) geometry optimization for stationary points

The saved file of the optimized proline molecule from the semi-empirical optimization (section
3.2.2.1) was opened on a new interface for the density functional theory calculations.
“Calculation” was selected from the “Set up” menu, and this was followed by selecting
“Equilibrium Geometry” at “Ground” state, selecting “Density Functional’ method, “B3LYP”
model and “6-31G*” basis set. The medium was set to be “acetone” and “Current” geometry
was selected too.

Furthermore, to select “vibrational modes”, “Thermodynamic”, “Orbitals and Energies”,
“Charges and bond order” tabs, “IR” menu was selected. Finally, Global Calculation menu was
selected. Plate 3.15 shows the interface for completely set DFT calculation. The calculation
was submitted by clicking the submission menu, and the file was saved with appropriate name.
After the calculation was completed, the output was accessed through the “Display” menu
(Plate 3.16).

The same procedure as in sections 3.2.2.1 and 3.2.2.2 was repeated for the entire compounds in
the dataset and the optimized structures were exported in structure-data file (SDF) format to be

recognizable in the padel descriptors software.
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Calculate:
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Options: | |
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Plate 3.13: Interface showing completely set semi empirical calculation.
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Plate 3.14: Display window showing the results of semi empirical calculation.
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Plate 3.15: Calculations window showing completely set DFT calculation
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Plate 3.16: Display window showing the DFT calculation.

84




This procedure consumes a lot of time. It, for instance, took between 72 hours to 346 hours to
compute a single transition state geometry for this work, using a core i5/12.00GB RAM
personal computer.

3.2.3 Generating descriptors using PaDel-descriptor

The software PaDel-descriptor was launched to display the interface as seen in Plate 3.17. A
directory containing the molecular structure file was selected by clicking on the molecular
directory/file on the window. The most common file format that is supported by the software is
SDF, which was used in this work. The file to save the calculated descriptors was selected by
clicking on the descriptor output file on the interface. The options 0D, 1D, 2D, 3D were clicked
successively to get the descriptors of choice. Plate 3.18 shows the interface completely set for
calculation. The ‘start’ button at the bottom right of the interface was clicked to perform the
calculation. The descriptors were automatically saved in comma-separated value (CSV) file
format. The calculated descriptors were obtained in the output file and explored with Microsoft

Excel.

3.2.4 Variable elimination and selection

After the descriptors had been obtained, it was assumed that many of these descriptors were
more or less co-linear, that could cause disturbances for many statistical analysis methods. In
order to obtain well-behaved model, variable elimination and selection techniques had to be
carried out. Variable elimination is the process where variables are physically removed from
the dataset. Variables are eliminated for two reasons: firstly, if they have a small variance that
is below some threshold values, secondly, the existence of redundancy (exact linear
dependencies between subsets of the variables) and multicollinearity (high multiple
correlations between subsets of the variables). On the other hand, variable selection is the

process where one searches for the best descriptor combinations (Sofie, 2009).
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Plate 3.17: The Interface of PaDel-descriptor software
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Plate 3.18: The Interface of PaDel-descriptorsoftware showing imported file and

calculation set up.
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The best descriptor combination was subjected to regression analysis in order to carry out

correlation analysis between descriptors, and between descriptors and enantioselectivity values.

3.2.5 Data arrangement and data set division.

Microsoft excel was launched to display the spreadsheet. The names of all the descriptors in
the topmost raw were arranged, thereby making the headings of the columns and the serial
numbers of the compounds were entered in the first column. The values of the respective
descriptors were entered in appropriate cells for compound 1. This was repeated for the entire
compounds in the dataset. The molecules for the test set were selected and saved in a new page

by means of copy and paste.

3.2.6 Model development using Materials studio 8.0

Genetic Function Approximation (GFA) statistical tool was used to generate the QSPR
equations (models). These are mathematical relationship between sets of descriptors

(independent variables), x;; and the enantioselectivity values (dependent variables), y; of the

ij
compound i. The linear relationship relating descriptors, x;;, x;2, x;3 ... t0 enantioselectivity

values, y;, is given as:
Yi =xpm; +Xpmy + -+ X by + g (3.1)

- with the

Where m is the linear slope expressing the correlations between descriptors x;;

enantioselectivity values, y; of the compound i, and e; is a constant..

The Materials Studio software was launched by double-clicking on the icon. The software
opened with a dialog box titled “Welcome to Materials Studio’ (Plate 3.19) that allows the user
to either create a new project or load an existing project from this dialog. ‘Create a new
project’ was selected and the OK button was clicked. This opened the New Project dialog box.
The file location where the project would be stored was selected and the project name was
entered as ‘enantioselectivity model’ in the File name field, then the OK button was clicked.
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This got the user interface ready for the project as seen in Plate 3.20. The ‘new’ button on the
tool bar was clicked to display a dialog from which ‘study table’ was selected and the ‘OK’
button was clicked. A spreadsheet was displayed and the training dataset table was added to the
spreadsheet from Microsoft Excel by means of ‘copy and paste’ (Plate 3.21). Having
transferred the data, the entire data was highlighted and the ‘statistics’ button on the menu bar
was clicked. The ‘initial analysis’ from the pop up menu was clicked to display another pop up
menu from which ‘correlation matrix” was selected. From the correlation matrix generated
(Plate 3.22), the descriptors that display high correlation (0.7 and above) with the ee value were

identified.

To build the model, only the ee column was highlighted on the data table after clicking the
‘statistics’ button on the menu bar. The ‘model building’ from the pop up menu was clicked to
display another pop up menu from which ‘Genetic Function Approximation’ was selected. This
opened up a dialog with the title ‘Genetic Function Approximation’ as shown in Plate 3.23
with a selection menu right below the title from which ‘variable selection’ was already
selected. The list of the descriptors displayed was followed and all those descriptors already
considered to have high correlation with the ee were checked. The ‘equation data’ option from
the selection menu was then selected and the field for ‘additional items’ was set as ‘none’
whereas, the fields of ‘initial equation length’ and the ‘maximum equation length’ were set to
be the minimum and maximum numbers of descriptors respectively, desired to appear in the
model. The rest of the fields were left unchecked and the next item ‘parameters’ on the
selection menu was checked. The ‘number of top equations returned’ field was set to be ‘5’ as
the number of models desired to be generated. The ‘OK’ button was hit to generate the QSPR

models (Plate 3.24).
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Plate 3.20: Materials studio interface showing a blank project.
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Plate 3.21: Materials studio interface showing a data set on the study table.
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Plate 3.22: Materials studio interface showing a correlation matrix.
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Plate 3.23: Genetic Functional Approximation window.

93



B File Edit View Modify Build Tools Statistics

27 compounds - Materials Studio - [Study Table - Genetic Function Approximation *]

Modules Window Help

~H- GO KB

Ready

+ 3883215185 * X284

3 +73.083453683 * X316
-0.134412082 * X319
+ 39236931464

¥ = - 5607004809 * X458
+ 11130685 *X194
+3.161350494 * X284
4 + 69254813134 * X318
-0.14B407363 * X332
+41.004159557

X284
X318
%318

1Y - Wiambda2.mass
LE : Weta3.eneg
LH - W zneg

X481 AW 5C-3

K194
X284
X318
X332

GM : MLFER_S
1Y - Wiambda2.mass
LE : Weta3.eneg

LU W polar

<[+ [\, Summary}, Equations {Defintions), ata'y Validation'y input summary

O-~-J @@ &
B - fe W e S e §E - e B
Project x B
O Equation Definitions.
27
EE Study Table = - 17860604731 * X168 X169 FN : ETA_Eta_B_RC
5 Study Table - Corel + 11668392993 * X194 X194 GM : MLFER_S
: Y A + 3344358295 + X284 X284 JY : Wiambda2 mass
 Study Table - Univar | 1 + 69289587793 * X316 X318 : LE : Weta3 eneg
B Study Table - Geneti - 0153314176 * X332 X332 LU - WW.polar
J2; Study Table - Geneti *41.038723887
BB Study Table - Geneti = - 17.378286514 * X168 X169 1 FN : ETA_Eta_B_RC
1y Stucy Table - Geneti + 11683108341 * X194 X194 GM : MLFER_S
i d + 3249500069 * X234 X284 JY : Wiambda2 mass
2 - 0.158083143 * X306 X308 KU : Wi.volume
+68.607853066 * X316 X316 LE : Weta3.ensg
+41.068115367
¥ = 37.504163586 * X16 X16:Q:ATSC3
+9.022627198 * K194 X194 GM : MLFER_S

L]

Description | Job 1d

[ Gateway [ Server

Status Progress

[ start Time [ Resuits Fo

Jobs

B
oy
=

Plate 3.24: Materials studio interface showing generated model equations.

3.2.7 Model validation
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The models developed were subjected to series of statistical tests to determine the robustness of

the models and to prove that the correlation established was not as a result of happenstance.

3.2.7.1 Internal validation

Internal validation was carried out on the model using the compounds in the training set to
ascertain the quality of the model, including how well it fitted the data, and to an extent, its
predictive power (Konovalov et al., 2004). In this regard, several parameters were calculated
using Genetic Functional Algorithm method as built in in Material Studio 8.0, some of which

include: R-squared, Adjusted R-squared and Cross validated R-squared..

3.2.7.2. Cross validation techniques (external and internal)

Since the real utility of a QSAR is its ability to accurately predict the modelled activity for new
chemicals and interpret the model from the point of view of influential descriptors, a realistic
assessment of the power of the model is necessary for a confident application. To accurately
predict our model, we will have to apply cross validation technique which is defined as the
techniques where a number of reduced data sets are created by deleting in each case, one or a
small group of compounds from the data. The reduced data set is used as training set to develop
a model while the remaining data are used to evaluate the model predictability. These excluded
compounds however are still being used in the construction of the final model, so that the

inclusion of their information in the analysis is ensured (Benigni and Bossa, 2008).

Leave-Many-Out (LMO) cross validation techniques in which number of the reduced data (M)
was created by deleting in each case a small group of compounds (I’) of at least 5 to 10
compounds out of the total 35 compounds (I). At each step, all the compounds belonging to
this cancellation block (I’), wereleft out from the derivation of the model. The numbers of
models (G) were constructed based on the number of the compounds in the reduced set (M).
Because the number of the possible models increases exponentially with the number of

compounds in the cancellation block (I’), it becomes impossible to construct systematically all
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possible training sets. Therefore, at each run, the compounds were assigned randomly to the
cancellation block (I’) taking the number of randomly constituted cancellation block big
enough, it was ensured thateach compound had been left out at least once. The model

predictive power is given by equation 3.2 (Benigni and Bossa, 2008).

(i
ZG 1vi—=9i) ( )

Aivo =
LMO i 125\/1_ (v y)Z

Where M is the number of compounds left out, y; is the observed dependent variable, y is the

mean value of the dependent variable and ¥; is the calculated dependent variable

3.2.8 Designing the new catalyst.

The catalyst design was achieved by adjusting the values of the descriptors that appeared in the
best model from the results of internal and external validation (Wold et al., 1995). Increasing
the values of the positive coefficients of the descriptors and decreasing the values of the
negative coefficients of the descriptors would increase the ee value. The structural moieties
described by each descriptor were identified. Proline, which is the commonest catalyst used for
the selected reaction was chosen as the starting point (List, 2002; Ranklin et al., 2002; Ceotto
et al., 2016). Adjustments were made on such moieties without totally distorting the chemistry
of the compound to achieved improved values of the descriptors, and the new structure that

emerged from such adjustments was presented as the new catalyst candidate

3.2.9 Predicting the enantioselectivity of the catalyst.

The structure of the candidate catalyst was built in Spartan 14 and set for the optimization as in
3.3.2. The medium of reaction was selected to be acetone in which the calculation was run.
Such calculation was repeated for DMSO and DMF as the media of the reaction. The values of
the descriptors that appeared in the selected model for the three optimization results were
recorded. The values were then substituted in the model equation and the enantioselectivity

values of the candidate catalyst in the three different media were as such deduced.
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3.2.10Determination of the mechanism of the reaction.

The structure of acetone was built and optimized as in section 3.2.2.2. Then ‘setup’ option was
located from the menu bar and ‘surfaces’ was selected from the pop up menu.The ‘add’ button
was located on the bottom left of the dialog box that appeared and was clicked. A pop up menu
appeared from which the fields ‘HOMO’, ‘LUMO?’, ‘Electrostatic potential map’ and ‘|[LUMO|
map’ were checked. The fields appeared in the dialog box and the graphic calculations they
represent ran automatically. Next to the ‘add’ button was ‘more surfaces’ which was clicked to
display ‘add surfaces’ window. From the window, ‘surfaces’ was set as ‘density’ and
‘property’ was set as ‘{HOMO|’ and ‘apply’ button at the bottom of the window was clicked.
This gives additional field in the surfaces dialog box as density, [HOMO| whose graphic
calculation, like the other fields, equally ran automatically. Plate 3.25 shows the surfaces
window displaying completed graphic calculations. The ‘Ok’ button at the bottom of the ‘add
surface’ window was clicked and the window disappeared. The LUMO| map field was checked
and the map appeared on the acetone molecule. The region of highest concentration of bluish
colour was observed on the map and the atom located in the region was recorded as the centre
of highest concentration of LUMO. The field was unchecked and the density, |[HOMO] field
was equally checked to display the map on the acetone molecule. The region of highest
concentration of bluish colour on the compound was observed and the atom located in the
region was recorded as the centre of highest concentration of HOMO. The same procedure was
repeated for the 4-nitrobenzyldehyde and the proline catalyst and the shortest HOMO —-LUMO
gap was determined to be between HOMO of acetone and LUMO of proline as demonstrated

in Figure 3.1.
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Plate 3.25: Spartan interface showing surfaces calculation.
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Fig. 3.1: Energy gap diagram between the frontier orbitals of acetone and proline

catalyst.

99



To start the reaction, the reacting species that would collide to kick off the reaction were copied
and pasted on a new SPARTAN interface. In this case, the reaction began by binding the
proline to the acetone. From the menu bar, ‘search’ was clicked and ‘Transition state’ was
selected from the pop up menu. The atom with the highest concentration of HOMO on proline
was clicked and the atom with the highest concentration of LUMO on the acetone was clicked,
the first atom was then clicked back. A dotted line joining the two atoms appeared with an
arrow curved from the donor atom to the dotted line. This operation was repeated to connect
the carbonyl oxygen of the acetone and the hydrogen atom attached to the nitrogen atom of the

proline molecule.

To cleave a bond, the bond was clicked followed by clicking the atom that would accept the
moved electrons. This resulted in a curved arrow being drawn from the centre of the bond to
the atom accepting the moved electrons. This operation was performed to break the carbonyl -
bond on the acetone and the single bond between hydrogen and nitrogen on the proline. After
all the arrows have been properly designated, a cyclic button on the right of the screen was
selected to replace the conflated species with a guessed transition state structure. This transition
state search step is illustrated in Figure 3.2. The activated complex was submitted for
optimization, setting the calculation same as in the normal molecules but only changing the
option of ‘equilibrium geometry’ with ‘transition state geometry’. After the calculation was
completed, ‘spectra’ was selected from the display menu to add ‘IR calculated’. This displays
the IR plot of the transition state structure and a list of frequencies at the left hand side of plot
as seen in Plate 3.26. From the list of the frequencies, one and only imaginary frequencywas
identified to confirm that the structure searched was really a transition state. The same

procedure was followed to search all the transition states involved in the reaction.
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Acetone Proline Transition state

Fig. 3.2: A typical transition state search for the reaction between acetone and
proline
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This procedure was repeated for the same system investigated thereof using the designed

catalyst in place of proline.

3.2.11Determination of the catalyst effect on the rate of reaction.

After successful optimization of the entire species involved in the reaction, making sure that
while setting the calculation, the ‘thermodynamics’ field was checked, the values of enthalpy,
entropy and Gibbs free energy of all the species were determined. “Molecular properties” on
the Display” menu was clicked and ‘Thermodynamics’ was selected from the window that
appeared to view the thermodynamic properties;H®, S°and G°.The Eyring equation was

applied to obtain the rate constant of each step

The heat of formation values obtained from the computation were calculated at 1 atmospheric
pressure and temperature of 298.15K. They were used in calculating the enthalpies of
activation, entropies of activation and Gibb’s energy of activation as formulated in the

equations 3.3, 3.4 and 3.5, respectively (McQuaid et al., 2004).

According to Engel and Reid, 2006, for transformation occurring from reactants to
intermediates or products through transition state (activated complex), they have to attain the
enthalpy of activation, entropy of activation and Gibb’s energy of activation. Equation 3.3
shows the expression for enthalpy of activation.

A, H#(298.15K) = z Nerans B Horans (298.15K) — Z Nyeact A Hieaee (298.15K) (3.3)

trans react

Wheren,..,.; and n;.,,, are the stoichiometric coefficients of the reactants and transition state
respectively, while, at specified conditions, ArHZ,qcr , Af Hfyqns and A, H* are the standard heat

of formation of reactants, standard heat of formation of transition state and enthalpy of

activation respectively.

The entropy of activation was evaluated using the expression in equation (3.4).

103



A,S*(298.15K) = Z Nrans Soans (298.15K) — Z Nyoact Seoact (298.15K) (3.4)

trans react

wheren,..,.: and n,.,,s are the stoichiometric coefficients of the reactants and transition state
respectively, while, at specified conditions, ArSfeqce, ArSfrans and A,.S* are the standard

entropy of formation of reactants, standard entropy of formation of transition state and

activation entropy.

The Gibbs energy of activation was evaluated using the expression as presented in equation

(3.5).

ArG# = {Ztrans Ntrans Ath?rans (29815K) - Zreact Nyeact AfH;")eact (29815K)} -

T{Ztrans ntrans SL?rans (29815K) - Zreact nreact Sﬁeact (29815K)} (35)

Activation energies for all the elementary steps were calculated using equation 3.6, which is
applicable to both unimolecular and bimolecular solution-phase reactions (Puri et al., 2014).
Reaction rate evaluations were accomplished using transition state and Arrhenius theories as

combined in Eyring equation given in equation 3.7 (Eyring, 1935).

E, = AH* + RT (3.6)
k(T) = e%eM*/Re_Ea/RT(B.?)

Where E,, is the activation energy, h is the Planck’s constant (6.626176 x 10734 Js), R is molar
gas constant (8.31441 Jmol™K™), C°= concentration (taken to be unity), T is temperature (at
298.15K), kjy is Boltzmann constant (1.38066 x 10~23 JK™) and k(T) is the rate constant at
specified temperature. Equation 3.7 is also applicable to both bimolecular and unimolecular

reactions steps provided they take place in a solution medium.

CHAPTER FOUR
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4.0 RESULTS
4.1Model Development

Using the values of the descriptors obtained from the exercises discussed in subsections 3.2.3
and 3.2.4, five regression models developed in form of equations are presented in subsection

44.1.

4.1.1 Models
The five QSPR models generated from the calculated descriptors are as follows:

Model 1. Y =(1.673122128 x nC) — (34.176575810 x VP-6) + (70.425593130 x maxssNH)
- (1.801773791 x PNSA-3) + (0.063795412 x DPSA-1) - 197.484885086

Model 2. Y = (1.457329708 x nBondsS) — (34.951025741 x VP-6) + (60.950716170 x
maxssNH) - (34.401517276 x ETA_Eta_B) - (1.687263947 x PNSA-3) - 167.808178222

Model 3. Y = -( 30.377930179 x V/P-6) + (68.905751565 x maxssNH) — (0.131476510 x
TopoPSA) - (1.413558796 x PNSA-3) + (0.053016616 x WPSA-2) - 159.764707999

Model 4. Y = - (60.413692411 x VP-7) + (89.495366411 x maxssNH) + (0.027050312 x
WPATH) - (0.145207436 x PNSA-1) — (1.948394805 x PNSA-3) - 223.289256845

Model 5. Y = (0.008207003 x ATSp4) - (32.856482331 x VP-6) + (69.613408769 X
maxssNH) — (1.705998619 x PNSA-3) + (0.061866665 x DPSA-1) - 184.459618277

In each equation, the dependent variable, Y, stands for the enantiomeric excess (ee) value,
while the independent variables are a set of descriptors each accompanied by acoefficient

constant. The full names of the descriptors in the models are given below.

nC: Number of carbon atoms

VP-6: Valence path, order 6
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DPSA-1:

MaxssNH:

PNSA-3:

ETA EtaB:

nBondsS:

TopoPSA:

WPSA-2:

VP-7:

WPATH:

PNSA-1:

ATSp4:

Difference in charged partial surface area

Maximum value of electrotopological state -NH-

Path weighted partial negative surface area

Branching index, Eta B

Number of single bonds (including bonds with hydrogen)

Topological polar surface area

Partial positive surface area * total positive charge on the molecule

Valence path, order 7

Weiner path number

Partial negative surface area -- sum of surface area on negative parts of

molecule for total molecular surface area /1000

Autocorrelation descriptor, weighted by polarizability.

4.1.2: Comparison between actual and calculated values of ee for the training set.

The enantiomeric excess (ee) values calculated by the models were compared with the actual

values, and the residual values were obtained as presented in Tables 4.1a and 4.1b. Table 4.1a

compares the actual ee values of all the compounds in the training set with their respective

calculated ee values from equations 1 and 2, while Table 4.1b compares with the calculated

values from equations 3 to 5. The graphical presentations of these exercises are given in Figure

4.1.
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Table 4.1a: Comparison between actual and calculated values of ee for the training set
usingequations 1 and 2.

Catalysts  Actual values Equation 1: Equation 1: Equation 2: Equation 2:
for ee (%) predicted values residual values predicted values residual values
1 86.00000000 84.77142500 1.22857500 87.18338100 1.18338100
3 78.00000000 71.06904300 6.93095700 72.81329500 5.18670500
4 62.00000000 66.04280700 4.04280700 68.07426100 6.07426100
5 73.00000000 72.36274700 0.63725300 70.38391400 2.61608600
6 76.00000000 83.25390900 7.25390900 81.31845300 5.31845300
7 62.00000000 71.18654100 9.18654100 65.70952600 3.70952600
8 74.00000000 74.07070300 0.07070300 69.22863200 4.77136800
9 74.00000000 65.74219300 8.25780700 68.41781500 5.58218500
10 99.00000000 99.80747000 0.80747000 100.3172710 1.31727100
11 64.00000000 65.11237700 1.11237700 67.58558500 3.58558500
12 80.00000000 74.37885400 5.62114600 77.90631100 2.09368900
16 86.00000000 85.55908300 0.44091700 81.08736300 4.91263700
17 94.00000000 90.44437800 3.55562200 89.08467300 4.91532700
18 80.00000000 84.23373900 4.23373900 84.96300200 4.96300200
20 84.00000000 80.13773100 3.86226900 77.19156400 6.80843600
21 92.00000000 91.93447300 0.06552700 92.96868400 0.96868400
23 71.00000000 70.28842700 0.71157300 71.86578600 0.86578600
24 89.00000000 87.59347200 1.40652800 88.79630500 0.20369500
26 71.00000000 70.75326400 0.24673600 72.31015200 1.31015200
27 72.00000000 74.38411000 2.38411000 76.82099800 4.82099800
28 72.00000000 72.32396100 0.32396100 68.93460400 3.06539600
29 72.00000000 73.16351800 1.16351800 75.53268000 3.53268000
30 71.00000000 71.71151500 0.71151500 72.10873500 1.10873500
31 72.00000000 72.80154200 0.80154200 75.51918100 3.51918100
32 90.00000000 88.50621800 1.49378200 87.63690800 2.36309200
33 68.00000000 70.36649700 2.36649700 68.24092200 0.24092200
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Catalysts Equation 3: Equation 3: Equation 4:  Equation 4: Equation 5:  Equation 5:

predicted values  residual values predicted residual predicted residual

values values values values
1 82.28177600 3.71822400 83.56642800 2.43357200 84.18377800 1.81622200
3 71.17233300 6.82766700 73.83339100 4.16660900 72.00247600 5.99752400
4 66.72676000 4.72676000 69.66242400 7.66242400 67.24420300 5.24420300
5 70.62283600 2.37716400 70.61476000 2.38524000 69.16973800 3.83026200
6 83.97362300 7.97362300 83.04003200 7.04003200 83.60185000 7.60185000
7 69.03547800 7.03547800 68.22257000 6.22257000 69.54555200 7.54555200
8 71.73547700 2.26452300 72.17821400 1.82178600 73.68535700 0.31464300
9 71.42968100 2.57031900 67.80308100 6.19691900 67.67658100 6.32341900
10 99.98902200 0.98902200 101.1373990 2.13739900 96.98974800 2.01025200
11 70.15463900 6.15463900 68.25369500 4.25369500 67.38580500 3.38580500
12 75.29125000 4.70875000 74.78731900 5.21268100 73.23170500 6.76829500
16 86.40364900 0.40364900 86.71780100 0.71780100 88.52394500 2.52394500
17 90.52249000 3.47751000 93.41992400 0.58007600  90.22546200 3.77453800
18 84.55119400 4.55119400 84.60055600 4.60055600 85.72068000 5.72068000
20 78.12488000 5.87512000 79.07934300 4.92065700 82.66278300 1.33721700
21 91.04671500 0.95328500 85.68415600 6.31584400 91.13151100 0.86848900
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23
24
26
27
28
29
30
31
32
33

69.23386300
86.53921100
72.02479200
74.99876900
69.71951300
73.46164100
70.65307700
71.20552100
92.36577000
68.73604100

1.76613700
2.46078900
1.02479200
2.99876900
2.28048700
1.46164100
0.34692300
0.79447900
2.36577000
0.73604100

71.08723800
88.45111900
67.66126000
72.86834300
73.15357500
70.95262000
71.76602500
74.51353200
89.58637700
69.35881800

0.08723800
0.54888100
3.33874000
0.86834300
1.15357500
1.04738000
0.76602500
2.51353200
0.41362300
1.35881800

70.85708800
90.32581500
68.26993300
73.31954900
72.84226600
72.28460200
71.40439100
74.03073800
86.97496800
68.70947700

0.14291200
1.32581500
2.73006700
1.31954900
0.84226600
0.28460200
0.40439100
2.03073800
3.02503200
0.70947700

Table 4.1b: Comparison between actual and calculated values of ee for the training set
using equations 3 to 5.

for ee (%)

Predicted values
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Fig. 4.1: Plot of ee values of the training set calculated by the five equations as function of
experimental ee values.

4.2 Model Validation

4.2.1 Internal validation

The results of internal validation as computed by the material studio are presented in Table 4.2.
The values of Correlation coefficient of multiple determination (R?), AdjustedR?, Cross
validated R?, Significance-of-regression (SOR) F- value and minimum EE for non-significant

LOF are given for all the five model equations.

4.2.2 External validation

The results of external validation are presented in Table 4.3. The values 0fQ? and Reyare given

as calculated manually, for all the five model equations.
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4.3 Catalyst Design

Two candidate catalysts were proposed using the selected model equation (equation 1) with the
structures presented in Figures 4.1 and 4.2, respectively. The candidate catalysts were selected
based on their improved ee values. The results of the ee values of the catalysts calculated using
the selected model equation are given in Table 4.4, showing the values of the descriptors

involved.

4.4 Optimized Structures

The optimized structures of all the species involved in the reactions investigated are presented

in subsections 4.4.1 and 4.4.2.

4.4.1 Reaction species for proline-catalyzed aldol reaction

The optimized structures of the reaction species involved in proline-catalyzed aldol reaction
system are presented in Figure 4.4. In this Figure, acetone is designated as A, 4-
nitrobenzaldehyde is denoted as B and the catalyst (proline) is captioned C, while D designates
water. Intermediates 1 to 6 are denoted by I; I, I3, l4, Isand lg, respectively, while the transition

structures 1 to 7 are designated as TS1, TS2, TS3, TS4, TS5, TS6 and TS7, respectively.

Table 4.2: Results of internal validation

Parameters Equation1l Equation2 Equation3 Equation4  Equation 5
R-squared 0.85108000 0.84916600  0.84834900 0.84791200  0.84712400
Adjusted R-squared 0.81385000 0.81145700  0.81043700 0.80989000  0.80890600
Cross validated R- 0.75853300  0.74419400  0.73659000 0.72975800  0.71562400
squared (R°w)

Significant Regression  Yes Yes Yes Yes Yes

SOR F-value 22.86008100 22.51914900 22.37643700 22.30052900 22.16506500
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Critical SOR F-value 2.73293900 2.73293900 2.73293900 2.73293900 2.73293900
(95%)
Min. EE for non- 3.42572700 3.44767800  3.45699200 3.46197700 3.47092700
significant LOF (95%)
EE= experimental error
SOR=Significance of regression
LOF= Lack of fit
Table 4.3: Results of external validation
Models Qext Rext
1 0.70 0.88
2 0.77 0.83
3 0.73 0.87
4 0.71 0.84
5 0.66 0.80
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Fig. 4.2: Candidate catalyst 1:
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Fig. 4.3: Candidate catalyst 2

Table 4.4: Calculated Enantiomeric Excess values for the candidate catalysts.

Candidate nC  VP-6 MaxssNH PNSA-3 DPSA-1  ee value (%)

1 9 0.412407 3.092136 -28.0615 221.8694 85
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9 0.508986 3.057593 -29.4649 185.2646 80
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Figure 4.4: Optimized geometries for the reaction species of proline-catalyzed aldol
reaction system.
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From the optimized transition states structures, the bond lengths of the partially formed and
partially broken bonds were identified and the values are presented in Table 4.5a. Moreover,
the Infra-Red spectra of the optimized transition state structures were plotted and the imaginary
frequencies (v) identified from the plots are given in brackets under the respective transition
states in Table 4.5a.

4.4.2 Reaction species for aldol reaction catalyzed by the candidate catalyst.

The optimized structures (geometries) of the species involved in the aldol reaction catalyzed by
the candidate catalyst are presented in Figure 4.5. In the Figure, acetone is designated as A, 4-
nitrobenzaldehyde is denoted as B, and the candidate catalyst is denoted as C, while D
designates water. The intermediates 1 to 6 are denoted by I; Iy, I3, 14, 15 and lg, respectively
while the transition structures 1 to 7 are designated as TS1, TS2, TS3, TS4, TS5, TS6 and TS7,
respectively.

From the optimized transition states structures, the bond lengths of the partially formed and
partially broken bonds were identified and the values are presented in Table 4.5b. Moreover,
the Infra-Red spectra of the optimized transition state structures were plotted and the imaginary
frequencies (v) identified from the plots are given in brackets under the respective transition
states in Table 4.5b.

4.5 Graphical Models (Surfaces)

4.5.1 Frontier orbitals, density maps and Electrostatic potential maps for proline-
catalyzed aldol reaction.

The frontier orbitals of the reacting species for the proline-catalyzed aldol reaction are
presented in Figure 4.6a while the frontier orbitals for the intermediates are given in Figure
4.6b. Figure 4.7a shows the density maps of LUMO and HOMO for the reacting species
involved in the reaction while Figure 4.7b presents the LUMO and HOMO density maps for
the intermediates involved. Electrostatic potential maps for the reacting species and

intermediates are given in Figure 4.8.
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Table 4.5a: Bond Lengths of the Transition Bonds for the proline-catalyzed reaction

between acetone and 4-nitrobenzaldehyde, and the Imaginary frequencies.

TS1 Bond TS2 Bond TS3 Bond TS4 Bond
Length (A) Length (A) Length(A) Length (A)

C==0 1.377 C==N 1.437 N==C 1.364 C==C 1.416

O---H 1.352 C---O0 1.495 C---O0 3.850 C---O0 2.982

C---N 1.682 OH--H 1.643 (v= 1999 Hz) C---H 1.386

N---H 1.217 O---H 1.003 O---H 1.240

(v= 1633Hz)  (v= 1586 H2) (v= 1421 Hz)

TS5 TS6 TS7

C==N  1.324 C==N  1.467 C—N 1679

C==C 1.496 N---H 1517 C==0 1.332

C---C 1.585 O---H 1.261 C=0--H 1.235

C==0 1.396 C---O0 1.537 C-O--H 1.096

C-0-H 244 (v=  1983Hz)  (v= 1275 Hz)

C-O--H 0.975

(v= 474 H2)
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Figure 4.5: Optimized geometries for the reaction species of aldol reaction system
catalyzed by the candidate catalyst
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Table 4.5b: Bond Lengths of the Transition Bonds for the candidate-catalyzed reaction
between acetone and 4-nitrobenzaldehyde, and the Imaginary frequencies.

TS1 Bond TS2 Bond TS3 Bond TS4 Bond
Length (&) Length (&) Length (&) Length (4)

C==0  1.365 C==N 1471 N==C  1.348 C==C 1417

O-H 1451 C--O0  1.428 C-O0 5827 C—0 2762

C--N 1583 OH--H 1.806 (v = 1996 Hz)  C-—-H  1.287

N--H  1.344 O-H  1.958 O-H 1618

(v= 1951 Hz)  (v=  485Hz) (v= 830 Hz)

TS5 TS6 TS7

C==N  1.325 C==N 1513 C—-N 1928

C==C  1.489 N---H  1.446 C==0  1.261

C--C 1581 O-—H 1.242 C-0-H  1.797

C==0 1351 C--O  1.483 C-O-H  0.964

C-0--H 1.178 (v= 1985Hz)  (v= 1279 Hz)

C-0-H 1.101

(v= 863 Hz)
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Figure 4.6a: Frontier orbitals of the reacting species for the proline-catalyzed aldol
reaction.
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11

Figure 4.6b: Frontier orbitals of the intermediates for the proline-catalyzed aldol
reaction.
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Figure 4.7a: Density maps of LUMO and HOMO of the reacting species for the proline-
catalyzed aldol reaction.
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Figure 4.7b: Density maps of LUMO and HOMO of the intermediates for the proline-
catalyzed aldol reaction.
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Figure 4.8: Electrostatic potential map of the reacting species and intermediates for the
proline-catalyzed aldol reaction.
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In all the Figures, the acetone is designated as A, 4-nitrobenzaldehyde is designated as B,
proline is denoted as C and water is denoted with D. Whereas the intermediates 1 to 6 are

denoted with Iy I, I3, 14, Isand lg, respectively.

4.5.2 Frontier orbitals, density maps and electrostatic potential maps for aldol reaction
catalyzed by the candidate catalyst.

The frontier orbitals of the candidate catalyst and the intermediates for the candidate-catalyzed
aldol reaction are presented in Figure 4.9. Figure 4.10 shows the density maps of LUMO and
HOMO for the candidate and the intermediates involved in the reaction. Electrostatic potential
maps for the candidate, water and the intermediates are given in Figure 4.11. In all the Figures,
the candidate catalyst is denoted with C, water is denoted with D and the intermediates 1 to 6

are denoted with Iy Iy, I3, 14, Isand lg, respectively

4.6: Results of E-HOMO and E-LUMO Computations.
4.6.1: Results of E-HOMO and E-LUMO computations for proline-catalyzed system
The results of E-HOMO and E-LUMO computations for the proline-catalyzed aldol reaction of

acetone and 4-nitrobenzaldehyde are given in Table 4.6. In the Table, the acetone is designated
as A, 4-nitrobenzaldehyde is designated as B, proline is denoted with C and water is denoted as
D. The transitions states structures 1 to 7 are gives as TS1, TS2, TS3, TS4, TS5, TS6, and TS7,

respectively, whereas, the intermediates 1 to 6 are denoted as Iy, I, I, l4, Isand lg respectively.

The HOMO and LUMO centres for the reaction are given in Table 4.7. In the Table, the
acetone is designated as A, 4-nitrobenzaldehyde is designated as B, proline is denoted with C
and water is denoted as D. The intermediates 1 to 6 are denoted as Iy Iy, I3, 14, Is and I,

respectively.

The energy gaps of the various combinations are given in Table 4.8. In the table, the acetone is
designated as A, 4-nitrobenzaldehyde is designated as B, proline is denoted with C, water is

denoted with D and the product is represented by P. The intermediates 1 to 6 are denoted with
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I1 15, 13, 14, Is and lg, respectively. The symbol of the specie bearing HOMO is written first,
followed by the symbol of the species bearing LUMO in the combinations. The numerical

figures in front of each combination are the values of the energy gap in (eV).

4.6.2: Results of E-HOMO and E-LUMO computations for candidate-catalyzed system
The results of E-HOMO and E-LUMO computations for the candidate-catalyzed aldol reaction

of acetone and 4-nitrobenzaldehyde are given in Table 4.9. In the Table, the acetone is
designated as A, 4-nitrobenzaldehyde is designated as B, candidate catalyst is denoted with C,
water is denoted as D and the product is represented by P. The transitions states structures 1 to
7 are gives as TS1, TS2, TS3, TS4, TS5, TS6, and TS7, respectively, whereas, the

intermediates 1 to 6 are denoted as Iy Iy, I3, 14, Isand lg, respectively.

The HOMO and LUMO centres for the reaction are given in Table 4.10. In the Table, the
acetone is designated as A, 4-nitrobenzaldehyde is designated as B, candidate catalyst is
denoted as C and water is denoted as D. The intermediates 1 to 6 are denoted as Iy Iz, I3, ls, Is

and lg, respectively.

The energy gaps of the various combinations are presented in Table 4.11. In the Table, the
acetone is designated as A, 4-nitrobenzaldehyde is designated as B, candidate catalyst is
denoted as C, water is denoted with D and the product is represented by P. The intermediates 1
to 6 are denoted as Iy, I, I3, 14, Isand g respectively. The symbol of the specie bearing HOMO
is written first, followed by the symbol of the species bearing LUMO in the combinations. The

numerical figures in front of each combination is the value of the energy gap in (eV).
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Figure 4.9: Frontier orbitals of the intermediates involved in the candidate-catalyzed
aldol reaction.
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Cate

Figure 4.10: Density maps of LUMO and HOMO of the intermediates for the candidate-
catalyzed aldol reaction.
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Figure 4.11: Electrostatic potential map of the candidate catalyst, water and
intermediates for the candidate-catalyzed aldol reaction.
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Table 4.6: Results of E-HOMO and E-LUMO computations for reaction with proline

Species E-HOMO (eV) E-LUMO (eV)

A -6.56 -0.11
B -7.18 -2.86
C -6.36 0.60
D -7.86 1.89
TS1 -5.44 0.04
1 -5.65 -0.12
TS2 -6.05 0.37
P -5.44 -1.07
TS3 -6.28 -0.76
I -6.16 0.33
TS4 -5.63 -0.49
4 -5.07 0.17
TS5 -5.23 -2.39
Is -5.89 -2.41
TS6 -9.00 -4.04
ls -5.53 -1.25
TS7 -6.21 -1.26
P -6.79 -2.40
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Table 4.7: Results of HOMO Centre and LUMO Centre computations for reaction with

proline

Species

HOMO Center

(nucleophile site)

LUMO Center

(electrophile site)
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Table 4.8: HOMO-LUMO energy Gaps for proline-catalyzed system.

Steps HOMO-LUMO Gaps

1 A-C:7.16, C-A: 6.25, A-A: 6.45, C-C: 6.96

2 li-13: 553, 11-A:5.54, A- I;: 6.44, 1,-C: 6.25, C- |: 6.24

3 I-15: 4.37, 15-A:5.33, A- 15: 5.49, 1,-C: 6.04, C- 1,: 5.29

4 I3- 13: 5.83, I3-A: 6.05, A- I3: 6.23, 13-C: 6.76, C-13: 6.03

5 I5-14: 5.24, 14-A: 4.96, A- 14: 6.73, 14-C: 5.67, C- lI4: 6.53, 1;-B: 2.21, B- I,
7.35

6 Is- Is: 3.48, Is-A: 5.78, A- Is: 4.15, I5-C: 6.58, C-15:3.95, I5-B: 3.03, B-I5:
5.37, I5-D: 7.78, D- I5: 5.45

7 le- ls: 4.28, 16-A:5.42, A- 1g: 5.31, 15-B: 3.03, B- 146:5.93, 15-C 5.59, C- I¢:

5.11, 1s-D 7.42, D-lg: 6.61
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Table 4.9: Results of E-HOMO and E-LUMO computations for reaction with candidate
catalyst

Species E-HOMO (eV) E-LUMO (eV)

A -6.56 -0.11
B -7.18 -2.86
C -6.52 2.07
D -7.86 1.89
TS1 -9.74 1.29
Ih -6.08 -1.67
TS2 -8.64 1.48
I, -5.31 -0.32
TS3 -7.19 0.75
I -5.11 -1.35
TS4 -8.43 -1.29
l4 -5.98 0.88
TS5 -8.76 -1.93
Is -8.68 -1.34
TS6 -9.03 -0.97
ls -6.44 -1.59
TS7 -10.12 -1.32
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P -6.79 -2.40

Table 4.10: Results of HOMO Centre and LUMO Centre computations for reaction with
the candidate catalyst.

Species  HOMO Center LUMO Center

(nucleophile site)  (electrophile site)

A =0 =C
B =0----C =C------0
C -N- —C

D 0 H

I -N- =C

1, o =C

I5 0 H
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Table 4.11: HOMO-LUMO energy Gaps for the candidate-catalyzed system.

Steps HOMO-LUMO Gaps

1 A-C:8.63, C-A: 6.41, A-A: 6.45, C-C: 8.59

2 I1- 11:4.41, 1;-A: 5.97, A- 1;: 4.89, 1;-C: 8.15, C- 1;: 4.85

3 I>- 15:4.99, 1,-A: 5.2, A- 1,: 6.24, 1,-C: 7.38,C- 1,: 6.2

4 I5- 13:3.76 , I3-A: 5, A- 15: 5.2, I3-C: 7.18, C- I3: 5.17

5 l4- 14: 6.86, 1,-A: 5.87, A- I4: 7.44, 1,-C: 8.05, C- 14:7.4, 1,-B: 3.12, B- I :
8.06
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6 Is- 15:7.34, 15-A: 8.57, A- I5: 5.22, I5-C: 10.75, C- Is: 5.18, I5-B: 5.82, B- Is:
5.84, 1s-D: 10.57, D- Is: 6.52

7 le- lg: 4.85, 15-A:6.33, A- lg: 4.97, 1g-B: 3.58, B- Ig: 5.59, 1-C 8.51, C- lg:
4.93, 1¢-D 8.33, D- lg: 6.27

4.7: Mechanisms of the Reactions

The mechanism of the reaction investigated as catalyzed by both proline and the candidate
catalyst are presented in subsections 4.7.1 and 4.7.2 as follows.

4.7.1: Mechanism of the reaction for proline-catalyzed system

The mechanism of aldol reaction between acetone and 4-nitrobenzaldehyde catalyzed by
proline is given in Scheme 4.1. In the scheme, the acetone is designated as A, 4-
nitrobenzaldehyde is designated as B, proline is denoted with C, water is denoted with D and

the product is represented by P. The transitions states structures 1 to 7 are gives as TS1, TS2,
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TS3, TS4, TS5, TS6, and TS7, respectively, whereas, the intermediates 1 to 6 are denoted as Iy,

I, I3, 14, Isand lg respectively.

4.7.2: Mechanism of the reaction for candidate-catalyzed system

The mechanism of aldol reaction between acetone and 4-nitrobenzaldehyde catalyzed by the
candidate catalyst is given in Scheme 4.2. In the scheme, the acetone is designated as A, 4-
nitrobenzaldehyde is designated as B, candidate catalyst is denoted with C, water is denoted
with D and the product is represented by P. The transitions states structures 1 to 7 are gives as
TS1, TS2, TS3, TS4, TS5, TS6, and TS7, respectively, whereas, the intermediates 1 to 6 are

denoted as Iy Iy, I3, 14, Isand lg, respectively.

4.8 Computed Thermodynamic Parameters
4.8.1 Computed thermodynamic parameters for proline-catalyzed reaction system

Reaction enthalpy, entropy, Gibbs free energy, and free energy of solvation for the reactants,

intermediates and transition states of the proline-catalyzed aldol reaction between acetone and

4-nitrobenzaldehyde were computed and the results are presented in Table 4.12. In the Table,
the acetone is designated as A, 4-nitrobenzaldehyde is designated as B, proline is denoted
withC, water is denoted with D and the product is represented by P. The transitions states

structures
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Scheme 4.1: Reaction mechanism of proline-catalyzed system showing (a) enamine
formation step and (b) C-C bond formation step.
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Scheme 4.2: Reaction mechanism of candidate-catalyzed system showing (a) enamine
formation step and (b) C-C bond formation step.
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1 to 7 are given as TS1, TS2, TS3, TS4, TS5, TS6, and TS7, respectively, whereas, the

intermediates 1 to 6 are denoted as I Iy, I3, l4, Isand lg respectively.

4.8.2 Computed thermodynamic parameters for candidate-catalyzed reaction system

Reaction enthalpy, entropy, Gibbs free energy, and free energy of solvation for the reactants,
intermediates and transition states of the candidate-catalyzed aldol reaction between acetone
and 4-nitrobenzaldehyde were computed and the results are presented in Table 4.13. In the
Table, the acetone is designated as A, 4-nitrobenzaldehyde is designated as B, candidate
catalyst is denoted with C, water is denoted with D and the product is represented with P. The
transitions states structures 1 to 7 are given as TS1, TS2, TS3, TS4, TS5, TS6, and TS7,

respectively, whereas, the intermediates 1 to 6 are denoted as Iy, I, I3, l4, Isand lg respectively.

4.9: Calculated Potential Energy Barriers

From the computed results of enthalpies of formation (H{), the energy barriers of the
elementary steps were calculated and the results are presented in the subsections 4.9.1 and

4.9.2.

4.9.1: Calculated potential energy barriers for proline-catalyzed system

Figure 4.12 presents the two-dimensional potential energy profile of the aldol reaction between
acetone and 4-nitrobenzaldehyde catalyzed by proline. This chart is only useful in displaying
the energy barriers of all the reaction steps. It was deduced from the actual enthalpies and
solvation energies presented in subsection 4.8.1. The y-axis is the relative energy of the system,
and the x-axis is the reaction coordinate which corresponds to the geometry of the system at
various points. The sum of enthalpies of formation of acetone and proline catalyst forms the
energy minimum at O kJmol™. In the Figure, the acetone is designated as A, 4-
nitrobenzaldehyde is designated as B, proline is denoted with C, water is denoted with D and

the product is represented with P. The transitions states structures 1 to 7 are given as TS1, TS2,
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TS3, TS4, TS5, TS6, and TS7, respectively, whereas, the intermediates 1 to 6 are denoted as I,
I, I3, 14, Isand lg respectively.

4.9.2: Calculated potential energy barriers for candidate-catalyzed system

Figure 4.13 presents the two-dimensional potential energy profile of the aldol reaction between
acetone and 4-nitrobenzaldehyde catalyzed by the candidate catalyst. This chart is only useful
in displaying the energy barriers of all the reaction steps. It was deduced from the actual
enthalpies and solvation energies presented in subsection 4.8.2. The y-axis is the relative
energy of the system, and the x-axis is the reaction coordinate which corresponds to the

geometry of the system at various points.

The sum of enthalpies of formation of acetone and the candidate catalyst forms the energy
minimum at 0 k mol™. In the Figure, the acetone is designated as A, 4-nitrobenzaldehyde is
designated as B, candidate catalyst is denoted with C, water is denoted with D and the product
is represented with P. The transitions states structures 1 to 7 are given as TS1, TS2, TS3, TS4,
TS5, TS6, and TS7, respectively, whereas, the intermediates 1 to 6 are denoted as Iy, I, I3, I4, Is

and lg, respectively.

4.10. Calculated Thermodynamic and Kinetic Parameters

From the computed results of enthalpies of formation (H?), entropies (S°) and Gibb’s Free
energies (G°), some thermodynamic and kinetic parameters were calculated and the results are

presented in subsections 4.10.1 and 4.10.2.

4.10.1 Calculated thermodynamic and kinetic parameters for the reaction of acetone and
4-nitrobenzaldehyde catalyzed by proline.

The results of enthalpy change of activation (AH*), entropy change of activation (AS¥),
activation energy (E,) and rate constant (k) for the elementary steps are presented in Table

4.14.
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4.10.2 Calculated thermodynamic and kinetic parameters for the reaction of acetone and
4-nitrobenzaldehyde catalyzed by the candidate catalyst.

The results of enthalpy change of activation (AH*), entropy change of activation (AS¥),
activation energy (E,) and rate constant (k) for the elementary steps are presented in Table

4.15.

Table 4.12: Results of thermodynamic computations for proline-catalyzed system
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Species  HP(au) HP (kJ/mol) S°(3/mol®) G°(au) Solv. E (kJ/mol)
A -193.075090 -506918.649 283.75 -193.107313 +25.33
B -549.967067 -1443938.53 370.49 -550.009140 -45.78
C -401.020650 -1052879.72 337.27 -401.058951 +40.1
D -76.3930902 -200570.058 188.95 -76.4145469 -23.59
TS1 -594.023922 -1559609.81 424.80 -594.072162 -65.47
] -594.082377 -1559763.28 419.70 -594.130037 +9.7
TS2 -594.067664 -1559724.65 416.89 -594.115006 -17.3

I, -517.676794 -1359160.42 402.47 -517.722498 +28.89
TS3 -517.632646 -1359044.51 402.49 -517.924462 -52.25
I3 -517.686224 -1359185.18 388.87 -517.730384 +18.26
TS4 -517.654103 -1359100.85 397.64 -517.699258 -40.87
I4 -517.664868 -1359129.11 399.75 -517.710264 -59.01
TS5 -1067.61355 -2803019.38 534.41 -1067.75048 -138.49
I5 -1067.65016 -2803115.50 530.54 -1067.71041 -125.56
TS6 -1143.97796 -3003514.13 561.96 -1144.61354 -221.97
lg -1144.04502 -3003690.20 550.65 -1144.31160 -132.63
TS7 -1144.04168 -3003681.43 554.16 -1144.30268 -132.62
P -743.045462 -1950865.86 443.03 -743.095772 -0.0038
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Table 4.13: Results of thermodynamic computations for candidate-catalyzed system.

Species  HYf (au) Hf (kJ/mol)  S°(3/mol®) G° (au) Solv. E (kJ/mol)
A -193.075090  -506918.649  283.75 -193.107313 +25.33
B -549.967067  -1443938.53  370.49 -550.009140 -45.78
C -732.563678  -1923345.94  337.27 -401.058951 +30.50
D -76.3930902  -200570.058  188.95 -76.4145469 -23.59
TS1 -025.586543  -2430127.47  502.35 -925.685143 -40.10
I -925.633009  -2430249.47  506.78 -925.703061 -51.05
TS2 -025.626063  -2430231.23  509.28 -025.726853 -63.82
I, -849.234131  -2229664.21  509.68 -849.301904 -92.57
TS3 -849.194288  -2229559.60  510.39 -849.371058 -166.5
I3 -849.218756  -2229623.84  475.17 -849.294567 +20.70
TS4 -849.153286  -2229451.15  477.47 -849.210967 -100.26
I4 -849.212391  -2229607.13  482.93 -849.328911 -15.79
TS5 -1399.15273  -3673475.49  609.29 -1399.23544 -110.68
Is -1399.17049  -3673522.12 616.10 -1399.26790 +60.76
TS6 -1475.50606  -3873941.16  626.69 -1475.61037 -68.55
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lg -1475.58689  -3874153.38  631.84 -1475.67890 -76.55
TS7 1475.57415 -3874119.93  648.01 1475.668912 -99.97
P -743.045462  -1950865.86  443.03 -743.1446 73 -0.0038
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Figure 4.12: Energy Barrier Chart for the mechanistic steps of the proline-catalyzed
reaction of acetone and 4-nitrobenzaldehyde.
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Figure 4.13: Energy Barrier Chart for the mechanistic steps of the candidate-catalyzed

reaction of acetone and 4-nitrobenzaldehyde.
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Table 4.14: Results of Enthalpy change of activation, Entropy change of activation,
Activation Energies and Rate Constants calculations for proline-catalyzed
system.

Elementary steps ~ AH#(kJmol™') AS*(Jmol™'K™') E,(kJmol™') k(aorb)

A+C1, 56.6 -196.1827 59.07 4.04 x 10~%a
L 31,+D 11.63 2.81 14.10 4.08 x 1010
|2k—3>|3 34.77 0.02 37.24 4,82 x 10°b
,3’:;,4 25.20 8.77 27.67 6.62 x 10%b
I, +Bk_),5 14.56 -235.83 17.03 8.22 x 107 3a
Is +Dk—6>l6 51.43 -157.53 53.90 3.24 x 10~ °a
6 3P+C 8.77 3.51 11.24 2.75 x 10'1b
a=dm’®mol™1s7!, b=s"1
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Table 4.15: Results of Enthalpy change of activation, Entropy change of activation,
Activation Energies and Rate Constants calculations for candidate-
catalyzed system.

Elementary steps  AH*(kJmol™') AS*(Jmol™'K™') E,(kJmol™') k(aorb)

5
A+Ck—1>I1 41.9 -0.3980 44.45 2.473x10°a
k_ _ 6
120 avc 36.65 0.0148 39.12 2.224 x 10°b
1kz, 5.47 0.0084 7.94 6.805 x 10" b
1 2
k_ _ 12
L2 0.69 0.0013 3.16 4.688 x 10'%b
LG 30.68 0.0024 33.15 2504 x 10'b
23
k_ 9
= 19.27 0.1181 21.74 2.566 x 10°b
kq 51.73 0.0077 54.20 5.001 x 10°b
|3—>|4

a=dm®mol™1s7l, b=s"1
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CHAPTER FIVE

5.0 DISCUSSION
5.1 Model Development and Validation.
5.1.1 Model development

The models developed involved several types of descriptors such as atom count (nC), bond
count (nBondsS), charged partial surface area (PNSA-3, DPSA-1, WPSA-2), Chi path (VP-6,
VP-7), autocorrelation (ATSp4), electrotopological state atom type (MaxssNH), extended
topochemical atom (ETA _Eta B), wiener numbers (WPATH), and topological polar surface
area (TopoPSA), descriptors. Among all the types of descriptors stated, only the Charged
Partial Surface Area descriptors belong to 3D class, while the rest are of 2D class. Multiple
models (up to five) were developed for systematic selection to get the best performing model.
The comparison of the predicted ee values of all the compounds in the training set, calculated
from each of the five models, with the actual values given in Table (4.1a and 4.1b) and Figure
4.1 show small residual values in all cases, falling within the range: 0.06-9.18%. This is an
indication that the models do very well in predicting the ee values, since models with up to

20% residual values are accepted (Stanton and Jurs, 1990).

5.1.2 Internal Validation

The results of internal validation presented in subsection 4.2.1 show some statistical parameters

that assess the quality of the models. The parameters include the following.

Correlation coefficient of multiple determinations (R%):- This is the fraction of the total
variance of the dependant variable (y) that is calculated from the sum of squares of regression

using equation 1 of Appendix | (Box et al., 1978).

It indicates the accuracy of the model. The closer the value of R? is to 1.0 the more accurate the

model explains y variable. The general standard required for an accepted model must have the
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coefficient of determination to be greater than or equal to 0.6 (R*> 0.6) (Konovalovet al.,
2004). However, R? has limitation in the sense that it always increases with increase in number
of descriptors used in the model without being sensitive to over fitting. Model 1 shows the

highest R? value (0.85), which means, it has the highest degree of accuracy.

Adjusted R*- The R? is adjusted by reducing the proportion of variance to the size of the

estimated model. It is calculated from equation 2 of Appendix 1(Box et al., 1978).

The adjusted R? is meaningful only when there are some degrees of freedom for lack-of-fit. For
a model with an additional parameter to be an improvement, the addition of the parameter is
required to decrease SSE at least proportionately to the reduction in the degrees of freedom.

Compared to R?, this measure penalizes large equations.

Cross validated R-squared (R2,):- This is the R? value derived from cross validation. It largely
depends on the predictive sum of squares (PRESS) of a model. It is calculated from equation 3

of appendix I(Box et al., 1978).

The RZ, indicates the predictive power of the model. The predictive ability of the model
increases as the R2,value approaches 1.0. For a model to be acceptable, the cross validation
coefficient should be greater than 0.5 (R2,> 0.5). Model 1 has the highest predictive ability for
having the highest value of R, (0.75). Hitherto, for a good model, R?, should be very close to
R?, so much so thatthe difference between R2, and R? does not exceed 0.3 (Konovalovet al.,
2004; Tropsha et al., 2003). A very wide difference suggests that the model is over fitting the
data. The differences of 0.09, 0.11, 0.11, 0.12 and 0.13 were found for the models 1 to 5,

respectively. This demonstrates absence of over fitting in all the five models.

F Test:- The F test is a standard statistical test for the equality of the variances of two

populations having normal distributions. Here, it is used to test whether the variance in the data
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which is explained by the regression is much larger than the variance remaining due to errors.
If this is the case, then the model is said to be significant, rather than one which simply fits the
noise. To achieve meaningful interpretation, the result of F test is compared with that of the
Critical SOR F-value.The F test is conducted by determining the significance-of-regression

(SOR) F-value. This parameter is calculated using equation 4 of Appendix I(Box et al., 1978).

Critical SOR F-value (95%) (F): is the critical point of the F distribution evaluated for
probability of 0.05 (at 95% confidence level). In conjunction with the calculated significance-
of-regression (F value), it is used to determine whether or not the regression is significant. F to
F¢r ratio provides an indication of statistical significance of the model. If the ratio is greater
than 1, the model is significant, while if it is less than 1 the model is not significant. The ratios
for all the model equations are greater than 1, having the values; 8.35, 8.24, 8.19, 8.16 and 8.12

for models 1 to 5, respectively. This shows that all the 5 models are significant.

5.1.3: External validation.

The purpose of this validation excercise is to further test the predictive power of the models. It
is carried out upon the compounds in the test set to compute, mainly, correlation coefficient of
external validation (QZ2,) calculated from equation 5 of Appendix | and Pearson correlation
coefficient of prediction (R,,;) calculated from equation 6 of the appendix(Benigni and Bossa,

2008).

The general standard for an accepted model requires that the model must have R,,;> 0.6 and
Q2> 0.5 (Konovalovet al., 2004; Berkessel and Koch, 2004). More so, difference between
R, and QZ,should fall within the range:0.2 to 0.3 for the model to acquire high
quality(Eriksson et al., 2003). All the five models are acceptable.For having the highest value

of Rext (0.88), which is the measure of predictive potential, model 1 is selected as the best
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model.Moreover, the differences between R,,, and Q2 are 0.20, 0.10, 0.14, 0.13 and 0.14 for

models 1 to 5, respectively. This shows that only model 1 falls within the standard range.

5.2 Catalyst Design

Since model 1 is selected as the best among the five models, we concentrate on using it to
search for the new catalyst. Due to the qualities it possesses as discussed in Chapter 1, proline
was selected as the central structure and model 1 was used to adjust the structure for higher ee

value. The descriptors that appear in model 1 are highlighted below:

nC: number of carbons

This is the carbon count descriptor which stands for the total number of carbons in the
compound. Having a positive coefficient in the model signifies that increasing the value of the
descriptor favours the enantioselectivity. Increasing the value of the descriptor can be achieved

by attaching any carbon rich substituent to the proline structure.

PNSA-3: path weighted partial negative surface area

This is a Charged Partial Surface Area (CPSA) descriptor.It is calculated using equation 1 of

Appendix Il (Stanton and Jurs, 1990).

Since it has negative coefficient, decreasing the value of the descriptor favours the
enantioselectivity. Thus, we need to decrease the number of negative atoms in the molecule at
the surface of contact with the solvent or replace the atoms with smaller ones of comparable
charge. The large factor of the PNSA-3 (10%) suggests that the enantioselectivity is most

influenced by this descriptor.

DPSA-1: difference in charged partial surface area

This is another CPSA descriptor which is computed from the difference of the partial positive
surface area-1 and partial negative surface area-1 as described by equations 2 to 4of appendix

Il (Stanton and Jurs, 1990).
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Increasing the value of the descriptor favours the enantioselectivity.

VP-6: valence path, order 6

This belongs to the chi connectivity indices. For small atoms like hydrogen, the descriptor is
calculated using equation 5, while for atoms of higher principal quantum number,it is

calculated from equation 6of appendix Il(Kier and Hall, 1986 and 1991).

Since the coefficient of the descriptor in the model equation is negative, decreasing the value of

the descriptor favours the enantioselectivity.

MaxssNH: maximum value of electrotopological state -NH-

This is an electrotopological state atom type descriptor which is calculated from equation 7 of

appendix Il(Kier and Hall, 1986 and 1991).

Having a positive coefficient in the model equation, increasing the descriptor value leads to
increase in enantioselectivity value. MaxssNH is definitely one of the most important
descriptors to touch in order to bring a significant change to the value of the Y variable. This is
because the descriptor is the one having the highest coefficient value (70.43) in the model

equation.

5.2.1 New Catalyst Candidates
Two catalyst candidates are proposed.

Candidate 1: Adjustments were made upon proline to produce the catalyst structure in Figure
4.2. A hydrofuran ring was added to increase the carbon count without causing steric hindrance
as might be with a smaller or much larger ring, due to ring strain. More so, the ring has been
deliberately situated to remove the double bond on the carbonyl oxygen, and additional oxygen
atom was added in order to increase the number of negatively charged atoms in the compound,
thereby, increasing the negative value of PNSA-3. This consequently increases the value of
DPSA-1. MaxSSNH also increases due to increase in number of atoms which increases the

perturbation factor.
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Candidate 2: Like in the case of candidate 1, proline was taken as the starting material to arrive
at the candidate structure in Figure 4.3. A hydrofuran ring, containing carbons and oxygen was
added to increase the carbon count, without causing steric hindrance. The oxygen serves to
increase the number of negatively charged atoms in the compound, thereby, increasing the
negative value of PNSA-3 and the value of DPSA-1. MaxSSNH also increases due to

perturbation factor.

Candidate 1 is found to have higher ee value (85%) than the candidate 2 (80%). Candidate 1 is
therefore considered for the simulation reaction, operating the candidate catalyst over

asymmetric aldol reaction between acetone and 4-nitrobenzaldehyde in an acetone medium.

5.3 Graphical Models (Surfaces)

The LUMO and HOMO diagrams of the entire species involved in the mechanistic steps of
asymmetric aldol reaction between acetone and 4-nitrobenzaldehyde as catalyzed both by
proline and the candidate catalyst, are given in Figures 4.6a, 4.6b and 4.9. By convention, the
blue and red colours show the positive and negative values of the orbital, respectively. More
so, the shapes of the frontier orbitals can be used as a guide in determining reactivity. The
frontier orbitals have to be oriented to undergo a symmetry-allowed interaction in such a way
that the positive region of the HOMO interacts with the positive region of the LUMO, also the
negative region of the HOMO interact with negative region of the LUMO, thereby resulting in
positive overlap throughout. In this way, the two interactions reinforce, and the total frontier
orbital interaction is non-zero. Therefore, according to Fukui-Woodward-Hoffmann rules
(Bhoorasingh and West, 2015; Fukui, 1965; Hoffmann and Woodward, 1965), electron
movement giving rise to chemical reaction can occur. On every specie, the LUMO is
delocalized onto several atoms and it is difficult to tell where exactly a pair of electrons (a
nucleophile) will attack the molecule. A clearer picture is provided by the LUMO-map, which

paints the absolute value of LUMO on the electron density surface. By convention, the blue
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region represents maximum value of the LUMO and the red region represents the minimum
value. Likewise, the HOMO delocalizes over several sites, but the largest contribution comes
from one atom. This finding is supported by the HOMO-density which maps the absolute value
of HOMO on to the electron density surface. By convention, the blue region represents
maximum concentration of the HOMO and the red region represents the minimum

concentration.

Electrostatic potential map (EPM) describes the charge distribution, which gives good insight
into the physical and chemical properties of the molecule. This is because chemical reactions
are associated with charged sites, in the sense that, the most highly-charged site in a molecule
is often the most reactive. The sign of the charge describe the function which the molecule
performs in the reaction. Positively-charged sites invite attack from bases and nucleophiles,
while the negatively-charged sites invite attack from acids and electrophiles. Hence, the former
functions as electrophile while the latter functions as nucleophile. Basically, electrostatic
potential is the energy of interaction of a point positive charge with the nuclei and electrons of
a molecule. If the point charge is located in a region of excess positive charge or electron poor
region, the point charge-molecule interaction becomes repulsive and the electrostatic potential
will be positive. However, if the point charge is located in a region of excess negative charge
or electron rich region, the interaction is attractive and the electrostatic potential becomes
negative. The simplest way to demonstrate molecular charge distribution is to construct an
electrostatic potential map which is achieved by mapping electrostatic potential onto electron
density surface corresponding to a space-filling model. On such map, red colour indicates the
region of most negative electrostatic potential (nucleophiles), blue colour depicts the region of
most positive electrostatic potential (elecrophiles) and the colours between indicate
intermediate values of the EPM. Therefore, the potential increases in the order:

red<orange<yellow<green<blue.

157



5.4. Density maps and Electrostatic Potential Maps
5.4.1 Density maps and electrostatic potential maps for proline-catalyzed aldol reaction.

Section 4.5.1 gives the results of the graphical surfaces computations for the proline-catalyzed
system. Centres of HOMO and LUMO concentration were deduced from the HOMO and
LUMO density maps presented in Figures 4.7a and 4.7b, corroborated by the electrostatic
potential maps presented in Figure 4.8. In Figure 4.6a, the LUMO of acetone is seen to be
resided more on the carbonyl carbon (C=) and the HOMO is most resided on the carbonyl
oxygen (O=). More so, from Figure 4.7a, the LUMO map of acetone shows the blue colour on
the carbonyl carbon (C=) and the density of HOMO map shows green colour on the carbonyl
oxygen (O=). Moreover, from the Figure 4.8, electrostatic potential map of acetone shows the
red colour on the carbonyl oxygen, blue colour on terminal hydrogens and green colour on the
carbonyl carbon. Conclusively, C= is the LUMO centre and a potential electrophile site, while

O= is the HOMO canter and a potential nucleophile site.

Similarly, Figure 4.6a shows the LUMO of proline residing mostly on the carbonyl carbon
(C=) while the HOMO resides mostly on the nitrogen atom of the pyrrolidine group (-N-). The
LUMO map as seen in Figure 4.7a shows the green colour on the carbonyl carbon (C=) of the
proline molecule while density of HOMO displays the green colour on the the nitrogen atom (-
N-). Furthermore, the electrostatic potential map of proline as seen in Figure 4.8 shows a deep

blue colour on the carbonyl carbon and the redcolour on the nitrogen.

Complete analyses of frontier orbitals (Figures 4.6a and 4.6b), LUMO and HOMO map
(Figures 4.7a and 4.7b) and the electrostatic potential maps (Figure 4.8) of the entire reacting

species and the intermediates, yields the conclusions presented in Table 4.7.

5.4.2 Density maps and electrostatic potential maps for candidate-catalyzed aldol
reaction.
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Section 4.5.2 gives the results of the graphical surfaces computations for the candidate-
catalyzed system. Centres of HOMO and LUMO concentration were deduced from the HOMO
and LUMO density maps presented in Figures 4.10, corroborated by the electrostatic potential
maps presented in Figure 4.11. In Figure 4.9, the LUMO is seen to be resided more on the
carbonyl carbon (C=) and the HOMO is most resided on the carbonyl oxygen (O=). More so,
from Figure 4.10, the LUMO map of acetone shows the blue colour on the carbonyl carbon
(C=) and the density of HOMO map shows green colour on the carbonyl oxygen (O=).
Moreover, from the Figure 4.11, electrostatic potential map of acetone shows the red colour on
the carbonyl oxygen, blue colour on terminal hydrogens and green colour on the carbonyl
carbon. Conclusively, C=is the LUMO centre and a potential electrophile site, while O= is the

HOMO centre and a potential nucleophile site.

Similarly, Figure 4.9 shows the LUMO of candidate catalyst residing mostly on the carbonyl
carbon (C=) while the HOMO resides mostly on the nitrogen atom of the pyrrolidine group (-
N-). The LUMO map as seen in Figure 4.10 shows the green colour on the carbonyl carbon
(C=) of the catalyst molecule while density of HOMO displays the green colour on the nitrogen
atom (-N-). However, the electrostatic potential map of the candidate as seen in Figure 4.11
shows a faint blue colour on the central carbon atom of the pyrrolidine moiety (-C-), and the

red colour is shown on the nitrogen atom.

Complete analyses of frontier orbitals (Figure 4.9), LUMO and HOMO map (Figure 4.10) and
the electrostatic potential maps (Figure 4.11) of the entire reacting species and the

intermediates, yields the conclusions presented in Table 4.10.

5.5 Mechanism of the Reaction.

The basis of the mechanisms of the reactions presented in subsections 4.7.1 and 4.7.2 is the
idea of HOMO-LUMO energy gap. According to Molecular Orbital (MO) theory, HOMO and

LUMO are regarded as frontier orbitals and considered to be the most involved MOs in
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chemical reactions. It is imperative to note that most chemical reactions involve electron
transfer between orbitals with HOMO being the donor orbital and LUMO being the acceptor
orbital. For a successful interaction, the energy input required for electron movement is kept at
the minimum. Where more than one combination of reagents can react, there exists a
competition as to which combination would react first. Conventionally, we can suggest the
most favourable combination by examining the energies of the frontier orbitals. It is reasonable
to assume that the donor reagent with the highest energy HOMO will give up its electrons most
easily and be the most reactive nucleophile. While the electron-acceptor reagent with the
lowest energy LUMO will accept electrons most readily, and be the most reactive electrophile.
The extent to which MOs combine depends on the degree of overlap (S) and the energy
difference between MOs (Ag) in a relation, S?/Ae . Hence, for a mixture of several
combinations of competing nucleophiles and electrophiles, the fastest chemical reaction would
be the one that involves the reagent combination of smallest HOMO-LUMO gap (A¢). This
means, the HOMO and LUMO with narrower energy gap combine more readily than the ones

with wider gap

5.5.1 Mechanism of the reaction for proline-catalyzed system.

The HOMO-LUMO energy gaps of all the possible combinations of reaction species involved
in the mechanistic steps of the proline-catalyzed system were analyzed. The energy gaps of the

various combinations are summarized in Table 4.8

From the results of E- HOMO and E-LUMO of all the reaction species given in Table 4.6,
acetone (A) is seen to have E-HOMO value of -6.56 eV and E-LUMO value of -0.11eV.

Proline (C) has the E-HOMO and E-LUMO values of -6.36 eV and 0.60 eV, respectively. The

160



results allowed the comparison of all possible HOMO-LUMO energy gaps between the
reacting species in the system and the smallest gap is found to be between the HOMO of C and
the LUMO of A (6.25 eV) as seen in Table 4.8. More so, from Table 4.7, the HOMO centre of

C is at the nitrogen atom while the LUMO centre of A is at the carbonyl carbon atom.

The nitrogen atom of proline therefore attacks the carbonyl carbon of acetone, forming a
C....N bond of 1.628 A, while O of acetone mechanically attacks H atom attached to N of
proline, forming an O.....HN bond of 1.352 A. Following such attacks, TSI structure (Scheme
4.1a) is formed. TS1 was identified by an imaginary frequency of 1633 Hz. As C-N bond
completely forms at 1.456 A and N-H bond breaks, an intermediate 1, is formed. Considering
all the HOMO-LUMO gaps involved among the species in the reaction setting, as seen in Table
4.8, the shortest gap for possible interactions with the I, is found to be 5.53 eV occurring
between the HOMO of I; ( centred on N) and its LUMO (centred on C=) . However, from the
result of electrostatic potential map computation, the elecrophile site is on —C- atom. This gives
rise to competition between the C= and —C- atoms on which would accept the electrons from
the N atom. Due to steric hindrance (Hofmann and Woodward, 1965; Fukui, 1965), the N atom
could not attack C=, rather,-C-. This leads to the formation of TS2 as HO.....HO bond of 1.643
A forms and C...OH bond stretches to 1.495 A in preparation for the removal of a water
molecule. TS2 was confirmed to be true transition state by an imaginary frequency from IR
plot at 1586 Hz. When TS2 finally transforms to iminium ion I,, water molecule (D) is

completely removed but remains fused with I,.

The next most favourable attack is suggested from the smallest HOMO-LUMO energy gap
(4.37 eV) for possible interactions with I,. This occurs between the HOMO of I, concentrating
on O, and its> LUMO centring on =C. The I, rearranges via formation of C-O bond, 3.85 A
long, to form the transition complex, TS3, fused with D. The IR plot of TS3 gave an imaginary
frequency of 1999 Hz. As C=N m bond breaks and C-O bond contracts to 1.501 A, TS3
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stabilizes to I3 The I3, having the most favourable energy gap (5.83 eV) within its self, would
rather rearrange than interact with any other chemical specie in the setting. The O atom, on
which the HOMO is centred, therefore attacks either of the hydrogen atoms of H-CH, moieties,
forming an O....H bond of 1.24 A as seen in Scheme 4.1a. Mechanically driven breakage of
C-H and C-O bonds begins as they stretch to 1.386 A and 2.982 A respectively. On the other
hand, C-C m-bond occurs to complete the transition structure TS4. Analysis of IR plot
confirmed TS4 to be true transition state giving an imaginary frequency of 1421 Hz. Upon

completion of this transition step, enamine (l,) is formed with newly established C=C bond.

At this stage, 4-nirobenzaldehyde (B) is introduced into the system and involved in the
analyses of HOMO-LUMO energy gaps. Among all the species present in the system, viz; A,
C, l4 and B, the most favourable combination is the HOMO of 1, and LUMO of B, having the
smallest gap of 2.21 eV. Enamine interacts with nitrobenzaldehyde via a C.....C bond of 1.585
A that occurs between C= of enamine and =C....O of nitobenzaldehyde. According to Agami
et al. (1984), this particular step involves a second proline molecule, but a careful scrutiny of
HOMO-LUMO gaps for the entire species in the reaction setting shows that the interaction
with the second proline is energetically unfavourable. This is because the HOMO of I, and the
LUMO of proline molecule has the energy gap of 5.67 eV, while the HOMO of proline and the
LUMO of 14 has the energy gap of 6.53 eV. In both cases the energy gap is the greater than the
one in the direct combination of I, with B (2.21 eV). Hence, according to this analysis, there is
no need for the participation of the second proline as a catalyst. Therefore, the interaction kicks
up as aforementioned and proceeds by proton transfer from OH of proline to the carbonyl
oxygen of B, via formation of O....H bond of 0.975 A and breakage of H....O bond by
elongating to 2.44 A. The net structure is the transition complex TS5 (Scheme 4.1b). An
imaginary frequency of 474 Hz shows TS5 to be the true transition state. Upon complete

proton transfer and contraction of C-C bond to 1.580 A, a stable intermediate, s, forms. The
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next interaction is between the HOMO of D, centred on O atom, and the LUMO of Is, centred
on C=....N, with energy gap of 5.45 eV. This interaction is not the most favourable in the
system as regard the HOMO-LUMO energy gap. This is because the Is-15 A-ls , C-Is, Is-B
and B-Is interactions have the energy gaps of 3.48 eV, 4.15eV, 3.95 eV, 3.03 eV and 5.37 eV,
respectively, all of which are lower than that of the D- Is interaction (Table 4.8). However, the
internal rearrangement (Is-Is interaction) is discouraged by steric hindrance while the
abundance of water allows the reaction with water to occur most readily than with either A, C
or B. An O....C bond of 1.537 A, therefore, forms between water molecule and intermediate
Is,and N* entraps one H atom of D and forms a partial N...H bond of 1.450 A. The resultant
transition structure TS6, with imaginary frequency of 1983 Hz, forms before transforming to Ie.
The next proposed step is the internal rearrangement of ls which has energy gap of 4.28eV,
higher than lg-B interaction with energy gap of 3.03 eV. The HOMO centre of Ig is at O while
the LUMO centre is at H atom of OH group at a position to N*. An O...H bond with bond
length of 1.096 A forms. This causes H to break from its previous bond with O and allows the
O to condense to carbonyl group. As the C-O double bond forms, the C-N* bond stretches to
1.679 A. The entire process leads to the formation of transition state structure TS7, identified
by an imaginary frequency of 1275 Hz,which splits to give back proline catalyst C and the

aldol product, P.

5.5.2: Mechanism of the reaction for candidate-catalyzed system.

The HOMO-LUMO energy gaps of all the possible combinations of reaction species involved
in the mechanistic steps of the candidate-catalyzed system were analyzed. The energy gaps of

the various combinations are summarized in Table 4.11.

From the results of E- HOMO and E-LUMO of all the reaction species given in Table 4.9,
acetone (A) is seen to have E-HOMO value of -6.56 eV and E-LUMO value of -0.11eV.

Candidate catalyst (C) has the E-HOMO and E-LUMO values of -6.52 eV and 2.07 eV,
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respectively. The results allowed the comparison of all possible HOMO-LUMO energy gaps
between the reacting species in the system and the smallest gap is found to be between the
HOMO of C and the LUMO of A (6.41eV) as seen in Table 4.11. More so, from Table 4.10,
the HOMO centre of C is at the nitrogen atom while the LUMO centre of A is at the carbonyl

carbon atom.

The reaction therefore begins by conflation of the acetone and the catalyst in which the N atom
of the catalyst attacks the carbonyl carbon of A, forming a C.....N bond of 1.628 A, while O of
acetone mechanically attacks H atom attached to N of the catalyst, forming an O.....HN bond

of 1.352 A.

Following the attack of the catalyst upon acetone, TS1 structure (Scheme 4.2a) is formed. TS1
was identified as a true transition state by the presence of an imaginary frequency of 1951 Hz
in its IR plot. As C-N bond completely forms and N-H bond on the catalyst moiety breaks, an
intermediate, 1, is formed as seen in Scheme 4.2a. After careful scrutiny of all the HOMO-
LUMO gaps involved among the species in the reaction setting, viz, A, C and I, the shortest
gap is found to be 4.41eV within the I;,between its HOMO (centred on N) and its LUMO
(distributed fairly among C= and C). This leads to the formation of TS2 (Scheme 4.2a) as
HO...HO bond of 1.806 A forms and C...OH bond stretches to 1.428 A in preparation of
removing a water molecule. TS2 was confirmed to be a true transition state by an imaginary
frequency from IR plot at 485 Hz. When TS2 finally transforms to iminium ion (I,), water

molecule (D) is completely removed.

The next segment of the reaction involves iminium-enamine tautomerism. The shortest energy
gap among all the possible combinations is 4.99 eV within the I,. Therefore the I,, having a
HOMO concentrating on O°, and LUMO centring on =C,would rather rearrange than interact

with any other chemical specie in the setting, forming C-O bond 5.827 A. This bond formation
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gives rise to a transition complex, TS3. The IR plot of TS3 gave an imaginary frequency of
1996 Hz. As C=N m bond breaks and C-O bond contracts, TS3 stabilizes to I; as seen in
Scheme 4.2a. Bearing the E-HUMO of -5.11 eV and E-LUMO of -1.35 eV, I3 has the most
favourable combination within itself (Is-15. 3.76 eV). I3 therefore, undergoes rearrangement.
The O atom attacks either of the hydrogen atoms of H-CH, moieties, forming an O....H bond
of 1.24 A. Mechanically driven breakage of C-H and C-O bonds begins as they stretch to
1.287 A and 2.762 A respectively. On the other hand, C-C mbond occurs to complete the
transition structure TS4 (Scheme 4.2a). Analysis of IR plot confirmed TS4 to be a true
transition state, giving an imaginary frequency of 830 Hz. Upon completion of this transition

step, enamine (l,) is formed with C=C bond of 1.354 A.

The third segment of the reaction in which the new C-C bond is established, is demonstrated in
Scheme 4.2b. At this stage, 4-nirobenzaldehyde (B) is introduced into the system and is
involved in the analyses of HOMO-LUMO energy gaps. Among all the species present in the
system, viz; A, C, I, and B, the most favourable combination is the HOMO of I, and LUMO of
B, having the smallest gap of 3.12 eV. I, interacts with nitrobenzaldehyde (B) via a C.....C
bond of 1.581 A that occurs between C= of I, and carbonyl C of nitobenzaldehyde. The
interaction proceeds by proton transfer from OH of enamine to the carbonyl oxygen of
nitobenzaldehyde, via formation of an O.....H bond of 1.101 A and breakage of another H....O
bond by first elongating to 1.178 A. The net result is the transition structure TS5 (Scheme
4.2b). An imaginary frequency of 863 Hz in the IR plot proves TS5 to be true transition state.
Upon complete proton transfer and contraction of C-C bond, a stable intermediate, Is, forms.
Considering all possible HOMO-LUMO gaps among the species present, the next most
favourable interaction is between Is and water (D) with the HOMO-LUMO energy gap of 6.52
eV. The HOMO of D centring on O atom, attacks the LUMO of Is concentrating on C=....N.

An O....C bond of 1.483 A, therefore, forms between water molecule and the intermediate Is;
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and N* on the Is entraps one H of water and forms a partial N...H bond of 1.446 A. The
resultant transition structure TS6 (Scheme 4.2b) forms with an IR imaginary frequency of 1985

Hz before eventually transforming to a complex, lg.

The final segment of the reaction is breaking of the complex I to give the product with the
recovery of the catalyst. HOMO centre of I is at O with energy value of -6.44 eV while the
LUMO centre is at H of OH group at o position to N* with energy value of -1.59 eV. An O...H
bond is formed from the HOMO-LUMO interaction with bond length of 0.964 A. This causes
H to break from its previous bond with O and allows the O to condense to carbonyl group. As
the C-O double bond forms, the C-N* bond stretches to 1.928 A. The entire process leads to the
formation of transition state structure TS7 (Scheme 4.2b) identified by an imaginary frequency

of 1279 Hz in the IR plot. TS7 finallysplits to give back the catalyst C and the aldol product, P.

5.6 Thermodynamic Parameters.

The results of thermodynamic parameters presented in Tables 4.12 and 4.13 are the absolute
values of the parameters. The results have no strong physical meaning since they depend on the
chosen functional and basis set. However, they help to determine the energy barriers of the
various transformations involved in the reactions, which is a very important parameter with

strong physical application on both the kinetics and the thermodynamics of the reaction.

5.7 Potential Energy Barriers.
5.7.1 Potential energy barriers for proline-catalyzed system.

Figure 4.12 presents the two-dimensional potential energy profile of the reaction. This Figure
is only useful in displaying the energy barriers of all the reaction steps. The y-axis is the
relative energy of the system, and the x-axis is the reaction coordinate which corresponds to the
geometry of the system at various points. The sum of enthalpies of formation of acetone (A)

and proline catalyst (C) forms the energy minimum at 0 kJ mol
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The first step which involves conflation of A and C forms TS1 at 56.6 kJ mol™ above the
ground level. The TS1 stabilizes to an intermediate, I;at 11.09 kJ mol™. After undergoing
rearrangement, I, becomes TS2 at 22.70 kJ mol’. When TS2 finally transforms to iminium ion,
l,; lying slightly below TS2 at 20.39 kJ mol™, a water molecule (D) is completely removed but
remains fused with I,. 1, undergoes rearrangement to form a transition complex (TS3), fused
with D, at 55.16 kJ mol™ above reactants’ level. TS3 stabilizes to I which, conflated with D,
occupies an energy position of 13.2 kJ mol™ above ground level. Internal rearrangement of I3
leads to the formation of the transition structure, TS4, with the relative energy of 38.4 kJ mol™,
in coalescence with D. Upon completion of this transition step, 1, is formed at 29.76 kJ mol™,
conflated with D. Some previous works assumed a single transition state in iminium-enamine
conversion (Haindl et al., 2015; Perrin and Chang, 2016). However, the supposed transition
state, that would have been TS3, was found to have overwhelmingly higher energy barrier (91
kJmol™) than the two-step pathway with TS3 (34.77 kJ mol™) and TS4 (25.2 kJ mol™) as

demonstrated in appendix I11.

|, interacts with B to form the transition complex TS5 of relative energy 44.32 kJ mol™. Upon
stabilization of TS5, a stable intermediate, s, was formedat 15.41 kJ mol™above the ground
level. The Is rearranges to reach a transition state. The resultant transition structure, TS6, lies at
the energy level of 66.84 kJmol™ before transforming to I at the energy level of 14.01 kJ mol’
'above the ground state. The next elementary step is the formation of transition state structure
TS7 at 22.12 kdmol™ which splits to give back proline catalyst C and the aldol product, P at

8.68 kJmol™ lower than the ground level.

Analysing all the elementary steps, it is seen that steps 1, 2 and 4 are endergonic changes,
while steps 3, 5, 6 and 7 are all exergonic changes (Figure 4.12). However, the entire process is
an exothermic process with energy gain of -8.68 kJmol™. The most kinetically favourable step
is step 7, with the least energy barrier (8.77 kJmol™). Moreover, the most thermodynamically
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favourable step is the same step (step 7), with the highest enthalpy change of formation (-22.69
kJmol™). Even though, step 6 occupies the highest energy position at the activation complex
(66.84 kdmol™), step 1 has the highest energy barrier (56.6 kimol™), greater than that of step 6

(51.43 kdmol™). Therefore, step 1 is regarded as the rate-limiting step.

5.7.2 Potential energy barriers for the candidate-catalyzed system.

Figure 4.13 shows the two-dimensional potential energy diagram of the reaction progression
for the elementary steps involved in the entire reaction. This is only useful in showing the
energy barriers of all the reaction steps. The y axis corresponds to the relative energy of the
system, and the x axis is the reaction coordinate which corresponds to the geometry of the
system at various points during the reaction. The sum of enthalpies of formation of the acetone

(A) and the candidate catalyst (C) is taken as the energy minimum at 0 kJmol™.

Following the attack of the catalyst on acetone, TS1 structure is formed with a barrier of 41.19
kJ mol™. Intermediate I; results from TS1 at 4.54 kJ mol™above reactants’ level. The next
elementary step goes through formation of TS2 with a barrier of 5.47 kJmol™®. When TS2
finally transforms to I, lying slightly below TS2 at 9.32 kJ mol™, water molecule (D) is

completely removed.

The I, rearrangement reaction gives rise to a transition complex (TS3) at 30.68 kJmol™ above
l,. TS3 then stabilizes to I3, which occupies energy position of 21.21 kimol™ above reactants’
level. I3 undergoes rearrangement to form the transition structure TS4, with a high energy
barrier of 51.73 kimol™. Upon completion of this transition step, 14 is formed at 26.22 kJmol™,

above ground level.

|, interacts with B to form the transition structure TS5 with a barrier of 21.06 kJmol™. Upon

complete transformation, a stable intermediate, Is, forms at 7.01 kJmol™ above 1,+B.
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The next reaction occurs between water molecule and the intermediate Is; the resultant
transition structure, TS6, forms at energy level of 45.3 kJmol™ above Is before eventually

transforming to a complex, g, lying lower at 14.93 kimol™.

The final segment of the reaction is breaking of the complex lg to give the product with the
recovery of the catalyst. The process leads to the formation of transition state structure TS7
with a barrier of 10.03 kJmol™ which splits to give back the catalyst C and the aldol product, P,

at 8.68 kJmol™ lower than the ground level.

Analyzing all the elementary steps, it is seen that steps 1 to 5 are all endergonic changes, while
steps 6 and 7 are exergonic changes (Figure 4.13). However, the entire process is an
exothermic process with gain energyof -8.68 kJmol™. This suggests that the reaction is
thermodynamically favourable. The most kinetically favourable step is step 2, with the least
energy barrier (5.47 kdmol™) while the most thermodynamically favourable step is step 7 with
the highest enthalpy change of formation (-23.61 kimol™). Even though, step 6 occupies the
highest energy position at the activation complex (78.59 kJmol™), step 4 has the highest energy
barrier (51.73 kJmol™), greater than that of step 6 (45.30 kJmoll). Therefore, step 4 is

regarded as the rate-limiting step.
5.8 Determination of Kinetic Parameters (activation energy and rate constant).

5.8.1 Kinetic parameters of the proline-catalyzed reaction

Scheme 5.1 presents the elementary steps of the reaction mechanism. The activation energies
were calculated using equation 5.1, which is applicable to both unimolecular and bimolecular

solution-phase reactions (Lewers, 2016; Puri et al., 2014).
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Scheme 5.1: The elementary steps in the mechanism of proline-catalyzed aldol reaction of
acetone and 4-nitrobenzaldehyde

E, = AH* + RT (5.1)

AHZis the enthalpy of activation for a given elementary step, while T is the Kelvin temperature
and R is the molar gas constant. The equation was applied using the temperature of the

reactions (298.15 K) and molar gas constant of 8.314J/K ~'mol™!.
For step 1; AH* = H;(TS1) — [H(A) + H;(C)]

AH* = 56.6 — 0 = 56.6 kjmol™!
And

E, = 56.6 + 2.47 = 59.07 kJjmol~!

From Table 4.14, the first step which involves the addition of proline to acetone has the highest
activation energy (59.07 kJmol™), followed by the step involving the addition of water to C-C
complex (53.90 kJmol™). We observed a reasonable trend is in the relationship between

activation energies and the HOMO-LUMO gaps of the combining MOs, in the sense that the
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two steps with the highest activation energies happen to have wider HOMO-LUMO gaps (6.25
eV and 5.45eV, respectively). This trend can be related to the fact that the HOMO with lower
energy is comparably more stable and disinclined to release electron for bonding than the
HOMO with higher energy. The separation of the HOMO from LUMO corresponds to the
amount of energy needed to excite an electron. Therefore, higher activation energy is needed to
achieve a reaction in the case of HOMOs at lower energy level further away from LUMOSs than

in the case of HOMOs at higher energy levels closer to LUMOs.

Having the highest reaction barrier (59.07 kJmol™) the rate-determining step (RDS) is,

therefore, step 1, and the rate law is as seen in equation 5.2.

= halallc] (5.2)

Where K1=Kops.

The reaction is first order in A and C, zeroth order in B and D and second order overall. Table
4.10 presents the results of the rate constants of the various elementary steps calculated at
298.15 K from the Eyring equation (equation 5.3), in which AS* is the entropy of activation
(Engel and Reid, 2006; Puri et al., 2014). The equation is applicable to only solution-phase

bimolecular reactions (Engel and Reid, 2006).
# -E,
k= e%e“ /re /Rt (5.3)

Since, ki=Kops, the overall rate constant (Kops) is taken to be 4.04 x 10~ 8dm3Mol~1s™ 1,

5.8.2 Kinetic parameters of the candidate-catalyzed reaction.

The mechanism steps of the reaction are given in scheme 5.2, which involves seven elementary
steps. The activation energies were calculated using equation 5.1, which is applicable to both

unimolecular and bimolecular solution-phase reactions.
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Scheme 5.2: The elementary steps in the mechanism of the candidate-catalyzed aldol
reaction of acetone and 4-nitrobenzaldehyde.

The equation was applied using the temperature of the reactions (298.15 K) and molar gas
constant of 8.314JK ~1mol~1. The values of the activation energies are presented in Table 4.15,
from which step 4 appeared to have the highest E, value (54.20 kJmol™1). Step 4 is therefore
considered as the rate-limiting step and eventually, we derived the rate law of the reaction. The

detailed derivation is given below.

The rate equation is given as % = % = ky[13] (5.4)
d[h]
o = klAlC] — ko [L] = ko [L] + ko [L][D]

Applying steady state approximation (S.S.A),

ki[AI[C] — k_1[l1] — k2[I1] + k2 [][D] = 0 (5.5)
dll;] I
T 2[l1] = k2[12][D] — k3[I2] + k_3[I3]

Applying S.S.A,  ky[l1] — k3 [I2][D] — k3[I2] + k_3[I3] = 0(5.6)

172



Summing 5.5 and 5.6,

ki[A][C] — k_1[I1] — ko[I1] + k2 [1][D] + ka[I1] — k—2[I,][D] — k3[I,] + k_3[I5] = 0

ki[Al[C] = k_1[i] = k3[l] + k_3[I3] = 0(5.7)

d[15]
dt

= k3[l2] — k_3[I3] — k4[I5]
Applying S.S.A,  ks[l,] — k_3[I5] — ka[I5] = 0(5.8)
Summing 5.7 and 5.8,
ki[AI[C] — k_1[I1] — ks[lo] + k_s[Is] + ks[Io] — k_3[I5] — k4[I5] = 0
ki[A[C] = k_q[li] —k4[l3] =0
simplifying for [1,],

k -k
L] = 1[A][C}c_1 4[13] 5.9)

Equation 5.6 can be solved in terms of [I;] as shown in equation 5.10, taking [D] = 1.

ky[l] +k_3[l5]

Similarly, equation 5.7 can be solved in terms of [I;] as:
ki[AlC] —k_q[l1] +k_3][I
(L] = 1[A][C] 1[4] 3115] (5.11)

ks

Substituting 5.9 for [I;] in 5.10 and 5.11:

Equation 5.10 becomes,
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k1[A][C] —kq4lrI
kz( 1[ ][ ] 4[3]) +k_3[13]

k_q
) = P (5.12)
Equation 5.11 becomes,
ki [Al[C] + k_3[l5] —k_; (kl[A][ck] 1—k4[13])
[I2] = . -
Simplifying,
(L] ki[Al[C] + k_3[I3] — k1[A][C] + ky[l3
,] =
ks
Simplifying,
1] = k_3ll3] + kq[l5] 515

Equating 5.12 and 5.13,

k1[A][C] —k4[l3]
ke () Fhosllsl g s 1m) + ky[hs)

k_y + ks ks

Simplifying,

kskoki[A][C] — kaksk,[I5]
k_q

+ k3k_3[I3] = (k_3[l3] + ka[Iz])(k_2 + k3 )

Further simplifying,

kskaki[AI[C] — kakska[I5]
k—q

=k_sk_[I3] + ksk_3[I3] + kak_5[Is] + kaks[I3] — ksk_3[13]

Reduced to,

k3kyki[A][C] — kyksk;,[I5]
k_q

= [I3](k_3k_ + kok_» + ky4k3)
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Simplifying,
[13](k—3k_2k_1 + kak_pk_1 + kyksk_1) = ksko ki [A][C] — kykszk,[15]
Further simplifying,
[I31(k_sk_ok_1 + kak_yk_1 + kaksk_q + kaksky) = kskakq[A][C]
Solving for [I3],

(L] = kskak1[A][C]
397 k_gk_yk_q + kyk_yk_q + kyksk_q + koksk,

Substituting for [I3] in the rate equation

dlp] _ X ksk;kq[A][C]
dt  *\k_sk_gk_y + kak_sk_1 + kaksk_1 + koksk,

d[p]

( k4k3k2k1
At \k_ak_ok 1 + kak_ok_1 + kakak_1 + kskak,

)ta1ic)

Let

kyksk;kq
K_sk_yk_1 + kak_ok_q + kaksk_q1 + kaksk,

kops =

Therefore, the rate equation can be represented as,

d[p]

? = kobs [A] [C]

(5.14)

(5.15)

(5.16)

The reaction is second order overall, being first order with respect to A and C; and zeroth order

with respect to B and D.

Finally, we applied the Eyring equation (5.3), which is applicable to both unimolecular and

bimolecular solution-phase reactions, to calculate all the elementary rate constants that appear

in the rate law.
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Table 4.15 shows the values of the rate constants of the elementary steps at 298.15 K. From the

Table, the overall rate constant (Kops) is computed as follows:

kyksk,k, = (5.001 x 10%)(2.504 x 107)(6.805 x 10')(2.473 x 10°) = 2.107 x 10%
k_sk_,k_; =(2.566 x 10°)(4.688 x 10?)(2.224 x 10°) =2.675 x 10°®

kyk_yk_; =(5.001 x 10%)(4.688 x 10'%)(2.224 x 10%)= 5.214 x 10%

kyksk_; =(5.001 x 10%)(2.504 x 10")(2.224 x 10°) = 2.785 x 10%

kaksk, =(5.001x 10%)(2.504 x 107)(6.805 x 10™) = 8.522 x 10%

2.107 x 1028
2.675 x 1028 + 5.214 x 1022 + 2.785 x 1017 + 8.522 x 1022

kops =

k,,s = 0.787 M~ts™1
CHAPTER SIX

6.0 CONCLUSIONS AND RECOMMENDATIONS
6.1 Conclusions

Considering the large coefficient on the descriptor maxssNH in the selected model (70.42) and
the large factor of the PNSA-3 (10%), it is concluded that the enantioselectivity is most
influenced by these two descriptors. This is not surprising as the maxssNH quantifies the effect
of nitrogen, which is the key atom on the catalysts, while PNSA-3 is the only independent 3D
descriptor in the model, and therefore as expected, it influences the stereochemical properties

of the catalysts.

The proposed pyrrolidine-based organocatalysts (Candidates 1 and 2) were found to have

higher ee values (85% and 80% respectively) than the proline (76%) in acetone medium.
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The mechanism of direct aldol reaction between acetone and 4-nitrobenzaldehyde acted upon
by the proposed catalyst has been investigated in acetone medium via density functional theory
computation. Quantum mechanical descriptors of HOMO and LUMO have been used to
explore various mechanistic steps. The results of this study agree with the already proposed
iminium-enamine mechanism (Jung, 1976; Klalwani and Sudaai, 2016). However, an
intermediate (I3) and many transition states (TS3, TS4, TS6 and TS7) that were not seen in the
previous works on this subject have been identified. The analysis of IR plots showing one and

only imaginary frequency in each case, confirms them to be true transition states.

The enantiomeric excess value of proline is found to be 76% and 83 % from empirical and
computational studies (using the model adopted in the current study), respectively. Whereas the
enantiomeric excess value of the candidate catalyst is 85%. The rate constant of the asymmetric
aldol reaction catalyzed by proline is found to be 4.04 X 10~8dm3mol~!s™! while the rate
constant of the reaction as catalyzed by the candidate catalyst is0.787 dm3mol~!s™!. It can
therefore be concluded that the designed catalyst is theoretically better than proline in both
selectivity and activity. The appreciably high rate constant of the candidate-catalyzed reaction

indicates high activity of the catalyst, making it a viable catalyst.

The energy position of the product in the candidate-catalyzed reaction (-8.68 kJ mol™) is same
as in the case of proline-catalyzed reaction. This proves that, irrespective of the catalyst used,

the thermodynamic fate of the reaction is never altered.

6.2 Recommendations

It is recommended that the simulation reaction conducted using the candidate catalyst be
repeated in different media (e.g: DMF, DMSO) to analyse the effect of solvent on the catalyst.
More so, the catalyst should be applied on some other asymmetric aldol reactions of different

carbonyl compounds combinations to test the diversity of the catalyst.
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If it passes adequate computational assessment, it is suggested that the candidate should be

synthesized for further testing by wet laboratory (in vitro) experiments.
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APPENDICES
APPENDIX |

Equations for calculation of Internal Validation Parameters.

1. Correlation coefficient of multiple determinations (R?)

2 3R
R T SsT (1)

Where, SSR= sum of squares of regression, SST = total sum of squares

2. Adjusted R?
SSE/(n—p)
T SST/(n—1) (2)
Where, p is the number of parameters in the regression model and n is the number of data

points from which the model was built.

3. Cross validated R-squared (R%,)

PRESS

2
R, =128 3)

Where PRESS = predictive sum of squares, SST = total sum of squares
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4. F Test

= are— (4)
Where, SST; the total sum of squares is the mean-corrected sum of squares of the responses
over the entire data set. SSE; the sum of squares of errors is the sum of squared differences
between measurements and model predictions over the entire data set. SSR; the sum of squares
due to regression is given by SSR = SST - SSE. n is the number of data points from which the
model is built. p is the number of parameters in a regression model (including the intercept,

when present).

5.Correlation Coefficient of External Validation (Q2,,)

_ Zi(yp - ye)z

2
e =15 G —w)?

(6)

Where, y, is the predicted value of y, w is the mean of the experimental y values of the

training set, y, is the experimental value of vy,

6. Pearson correlation coefficient of prediction (R.,;)

_ Zi(ye - <ye) )(yp - (yp ))
\/Zi(ye - <ye))2 \/Zi(yp - (yp ))2

()

ext

Where, y, is the predicted value of y, y, is the experimental value of y, (y,) is the mean of y,

values and (y,) is the mean of y, values.
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APPENDIX 11
Equations for Calculating Model One Descriptors.

1. PNSA-3: path weighted partial negative surface area

PNSA; = z 4z SA: )
a

Where, g, = partial charge over negatively charge atom a. SA, = solvent accessible surface area

of the negatively charged atom a.

2.DPSA-1: difference in charged partial surface area

DPSA, = PPSA, — PNSA, @)

PPSA, = Z SAY 3)
a+

PNSA, = z SAZ (4)
o

3. VP-6: valence path, order 6

m+1 m+1
6xop = | |60V = | [+ e + e = )2 (5)
k=1 k=1
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m+1 =

6xup = ]_[ [ e 1] ©)

Where, ¢ = number of electrons in sigma orbitals, = = number of electrons in pi orbitals, n =
number of electrons unbounded, h= number of hydrogen atoms bonded to atom k, §;/= valence

vertex degree, Z, = atomic number of atom k, Z¢= number of valence electrons in atom k.

4. MaxssNH: maximum value of electrotopological state —-NH-

E o +1 4 . —1
S, =1, +ZAI,“ W/ * 77 +z % (7
i=1

Where, N= principal quantum number, 8, = Z} — hy, d,;= number of bonds that separate

atom k and I.
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APPENDIX I

Comparison between single step and two step mechanism of iminium-enamine

transformation.
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