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ABSTRACT

MODELING THE SELECTIVITY OF DIELS ALDER
REACTIONS IN VARIOUS MEDIA

The goal of this research is to model and understand the Diels-Alder and 1,3-
dipolar cyclo addition type of reactions in divergent media via two main reactions.
In the first part of this dissertation the exo/endo selectivity for the heterocyclic Diels
Alders reaction of the diene, 5-benzylidine-2-arylimino-3-aryl-thiazolidine-4-thione and
the dienophile alpha-pinene has been modeled. The mechanism of the reaction has
been simulated by using the quantum mechanical method via the B3LYP/6-314+G(d)
methodology. The stereoselectivity is investigated for Diels Alder’s reaction of a het-
erocyclic addition reaction including minus alpha-pinene as a dienophile and a diene.
The mechanism of the reaction is modeled and the activation energy barriers are cal-
culated. The activation energy barriers are relatively high according to the results of
the computational calculations and the reason of not being able to run the experi-
mental reactions is clarified. The second part of the dissertation aims to investigate
the increase of endo selectivity of Diels Alder reactions in ionic liquids. Three main
Diels Alder’s reactions of cyclopentadiene as a diene and three derivatives of methyl
methacrylate as dienophile are simulated in ethanol. The B3LYP/6-31+G(d) level of
theory is utilized to model the respective reactions. These reactions have been modeled
and the proportion of the endo/ero product ratio for the formation of the products
has been calculated. The ratio derived from these calculations is consistent with the
experimental results taken from the literature.The ionic liquid effect to the increase
of the endo selectivity is investigated for three reactions. 1-ethyl-3-methylimidazolium
chloride is utilized as the ionic liquid. The increase in the formation of the endo product

is obtained from the calculations.
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OZET

CESITLI KIMYASAL ORTAMLARDA DIELS ALDER
TEPKIMELERININ SECICILIGININ MODELLEMESI

Bu aragtirmanin amaci, Diels Alder ve 1,3 dipolar siklo katilma tipinde iki ana
tepkimenin cesitli kimyasal ortamlarda anlagilmasi ve modellenmesidir. Bu tezin ilk
boliimiindedien 5-benziliden-2-arilimino-3-aril-tiazolidin-4-tiyon vedienofil alfa-pinenin
heterosiklik Diels Alder tepkimesi i¢in ekzo / endo segiciligi modellenmigtir. Tepki-
menin mekanizmas1 B3LYP/6-31+G(d) yontemiyle kuantum mekaniksel yontemi kul-
lanilarak simiile edilmistir.Stereo secicilik dienofil olarak eksi alfa-pinenve 5-benziliden-
2-arilimino-3-aril-tiazolidin-4-tiyon molekiilii dien olmak tizere bir heterosiklik katilma
tepkimesi i¢in aragtirilmigtir. Tepkimenin mekanizmasi modellenmis ve aktivasyon en-
erjileri hesaplanmigtir. Hesaplanan aktivasyon enerjilerinin goreceli olarak yiiksek ol-
mas1 deneysel tepkimelerinneden yiriitilemedigine aciklik getirmigtir. Tezin ikinci
bolimiinde iyonik sivi ortaminda endo seciciliginin ezo secicilige oranla artigininaragtiril
-mas1 amaclanmigtir. Dien olarak siklopentadienin ve diofil olarak metilmetakrilatin
tiirevleri ii¢ ana Diels Alder tepkimeleri etanolde simiile edilmigtir. B3LYP/6-31+G(d)
yontemi ilgili tepkimeleri modellemek icin kullanilmaktadir. Bu tepkimeler model-
lenmig ve olugmakta olan endo / exo tirtiniin oram hesaplanmigtir. Hesaplardan gelen
bu oran literatiirden alinan deneysel sonuclarla uyugsmaktadir. Exo secicilige karsin
endo segiciligin artigindaki ionic sivi etkisi ii¢ ana reaksiyo niizerinde incelenmigtir.
Iyonik siv1 olarak 1-etil-3-metilimidazolium kloriir kullamlmistir. Iyonik sivi etkisiyle

endo iirtin olusumunun arttigi hesaplarda bulunmustur.
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1. INTRODUCTION

1.1. General

Diels Alder (DA) reactions are one of the icebreaking points in Organic Chem-
istry. Otto Paul Hermann Diels and Kurt Alder were awarded with the Nobel Prize
in Chemistry in 1950. Diels Alder’s reaction is the most powerful synthetic method
for unsaturated six-membered rings with its simplicity of operation. These reactions
are the cycloaddition of a conjugated diene and a dienophile. The driving force of the
reaction is the formation of new s-bonds, which are energetically more stable than the
p-bonds on the respective molecules. These reactions are [442] cycloaddition reactions
and are widely utilized to synthesize a six membered ring with up to four stereogenic

centers possessing a regio-selectivity and stereo-control as it is indicated in Figure 1.1

1].

| new o bond
2 »/):\EHE
; N
diene  dienophile new o bond

Figure 1.1. An Illustration of the Diels Alder’s Reaction [1].

The same mechanism as above is valid for the cyclic molecules as indicated in

Figure 1.2.

The tendency of Diels-Alder Reactions to be electronically favorable to form
proper transition states is dependent on orbital symmetry [1]. Kenichi Fukui’s molec-
ular orbital model offer a flow of electrons from the highest occupied molecular orbital

(HOMO) of one reactant or participating bond to the lowest unoccupied molecular



orbital (LUMO) of another reactant or bond.

Figure 1.2. An Example of Addition of a Cyclic Diene.

A flow of electrons from the highest occupied molecular orbital (HOMO) to the
lowest unoccupied molecular orbital (LUMO) of another reactant or bond is the main
assumption of the frontier-orbital model for the respective mechanism of Diels-Alder

reactions as it is indicated in the Figure 1.3.

LUMO

HOMO

FEEX
N
< 2

diene dienophile

Figure 1.3. Frontier Molecular Orbital Interaction of Diels-Alder Reaction of
Butadiene and Ethylene [2].

According to the flow of the electron and the synchronicity in the interaction

to form a transition state there are different types of Diels-Alder reactions. The syn-



chronous concerted reaction is the one where the two bonds of the cycloadduct are
formed at the same time; while the stepwise formation of the two bonds is asyn-
chronous [3]. The normal DA reactions are driven by the attack of the diene, as being
the electron rich group to the dienophile. However, there are some mechanisms where
the diene and the dienophile change their roles and the tendency of the electrons is in an
inverse direction. These types of the reactions are called the inverse electron demand
Diels-Alder (IEDDA) reactions where heterocyclic rings are involved and take place
athigh temperature condition. The inverse electron flow has the path of LUMOy;cne —
HOMOicnophite-

In order to have a deeper understanding of the mechanism of cycloaddition re-
action, an example of a substituted dienophile having two possible stereo chemical
orientations with respect to its diene is considered. The transition state of the re-
spective reaction is named as endo or exo according to the position of the substituent
on p orbitals of the diene. If the substituent is oriented away from the p system of
the diene, this transition state is an exo type; if the substituent on the dienophile is
oriented toward the p orbitals of the diene, the transition is called as endo transition

state as it is indicated in the Figure 1.4 [4].

R R
, '.II
NN T S—,
R ~. T ::“Q& - R Il'u:' Illill'.
NP e j;'l\ 5 + //.» .I X +
W base P y R i
+ X —_— R4 ' —_—— _ <
G G G
endo-TS exo-TS

Figure 1.4. An Example of endo and ero Transition States Taken from the Study of
Andrushko et al., [4].

The different orientation of the bond formation leads to the ezo/endo types of
product. If the bulk group is inside the concave group; it is named as endo; if it is
outside of the concave group; it is named as exo. Figure 1.5 indicates an example of

how attacks effect the orientation in the product and can lead to be exo and endo



products.

O (— .

Figure 1.5. An Example of Diels Alder Cycloaddition.

R
R

exo

endo
X0

endo

Figure 1.6. An Example of ezo and endo Product.

Endo is inside the concave side of the six-membered ring. The possible number
of transition states may increase with more substituted cyclodienes. These different

combinations will lead to different types of products.

The possible paths of the combination of norbonene with a cyclodiene are indi-
cated in Figure 1.7. The importance of the selectivity among all these reactions comes
from the different stereogeniccenters. The divergent stereochemistry is very important
in a lot of application in the industry. Therefore, the endo or exo selectivity is investi-
gated targeting to have results of one desired product by changing either the geometry

of the reactants or modifying the media of the respective reactions held.
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Figure 1.7. A Representation of the 4 Possible Structures derived from the

Combination of a Cyclodiene with Dienophile.

An example of exo selectivity among the endo, one of transition states with

thermodynamic indication by Houket al. is indicated in the Figure 1.8 [5].

Exp Transition State Endo Transition State

AG#= 275 keal/mgl AG# = 34.0 keal/mgl

Figure 1.8. An Example of exo-selectivity in the Transition States [5].

Another inspiring research achieved on the selectivity of Diels Alder’s rections is

the computational study named as “Origins of exo-Stereoselectivity of Norbornene in

Hetero Diels-Alder Reactions” by Aviyente et al., [6], where the mechanism and the



exo or endo selectivity of the reaction is investigated and the findings are compared
with the experimental results. Norbonene is adapted as the case study for the models
of the reactions since exo selectivity of norbornene and its high reactivity in Diels-
Alder reaction is a matter of interest in organic chemistry [12]. The experimental
part of this study is performed by Dogan et al., with atropisomeric 5-benzylidine-
2-arylimino-3-aryl-thiazolidine-4-thiones being utilized as heterodienes in the inverse
electron-demand hetero Diels-Alder cycloadditions with norbornene with the role of
a dienophile at 25 °C [13]. The findings of this study gave 100% exo-selectivity as
determined by NMR experiments [14]. The experiments are investigated also with
quantum chemical computational tools and the result of the kinetic and thermodynamic
data resulted from the investigations of Aviyente et al., is found to be consistent with

the experimental results [6].

Diels Alder’s reactions are utilized for the production of different kinds of prod-
ucts such as pharmaceutical drugs, agrochemical compounds, flavors and fragrances in
industries. Especially, the cycloaddition of this reaction is very popular with regard of
the selectivity of endo or exo type of products. The functions, chemical and mechanical
properties of exo products are different than endo products. Therefore, the progress
of the reaction is shifted to the desired path. Solvation catalyst additions are some
methods used to increase the rate of the targeted orientation of the end product. Ionic
liquids are used to enhance the selectivity; because they are environmental friendly,
have ionic and thermal stability. Moreover, they can act as catalysts and can be reused
after another reaction. The chemical stability, high internal pressure, hydrogen bond-
ing, Lewis acidity and solvent polarity are very important properties that make the
ionic liquids function as it is narrated above [7]. There are some kinds of ionic liquids
utilized to benefit from the divergent results. For example, ionic liquids have an im-
portant impact on the kinetics and the yield according to Sahu et al., work. Sahu et

al have utilized ionic liquids to enhance the endo yield of the products formed [8].

There are many types of ionic liquids of both experimental and in silico studies.
The chemical properties of the ionic liquid is having two parts of cation and anion, being

able to give electrical stability to the solution. Being the melted version of the salt with



an organic group, the ionic liquids have good compatibility with the organic reactions
[9]. Another application of the ionic liquids is to be mediated of a Diels Alder’s reaction
catalyst. Three different types of ionic liquid like 1-butyl-3-methylimidazolium chlo-
ride ([BMIM] Cl), 1-butyl-3-methylimidazolium hexa fluorophosphates ([BMIM][PF6])
and 1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide ([BMIM]|[NTE2])
were tested as a reaction medium for MacMillan’s imidazolidinone catalyst to catalyzed

our model Diels-Alder reaction between cyclo hexadiene and acrolein [9].

1-Butyl-3-methylimidazolium chloride [BMIM]CI was synthesized by Dharaskar
via nucleophilic substitution reaction of 1-methylimidazoleand 1-chlorobutane. The
molecular structure of [BMIM]CI was confirmed by FTIR, 1H-NMR, and 13C-NMR.
The thermal properties, conductivity, solubility, water content and viscosity analy-
sis of [BMIM]CI were found experimentally. The effects of reaction time, reaction
temperature, sulfur compounds, and recycling of the respective ionic liquid without
regeneration on dibenzothiophene removal of liquid fuel were presented. The results of
this work offered significant insights in the perceptive use of imidazoled ionic liquids
as energy-efficient green material for extractive deep desulfurization of liquid fuels be-

cause they can be reused without regeneration with considerable extraction efficiency

[10].

1-butyl-3-methylimidazolium hexafluorophosphate [BMIM-PF6] is another mem-
ber of the ionic liquid family. 1-butyl-3-methylimidazolium hexafluorophosphate being
a viscous, colorless, hydrophobic is a non-water-soluble ionic liquid with a melting point
of -8 °C [11]. Together with 1-butyl-3-methylimidazolium tetrafluoroborate [BMIM-
BF4], is one of the most widely utilized ionic liquids for divergent targets. It slowly
decomposes in the presence of water [12]. BMIM-PF6 is both commercially available
or it can be produced. The synthesis can be achieved by alkylating 1-methylimidazole
with 1-chlorobutane. A metathesis reaction with potassium hexafluorophosphate gives

the desired compound [13].

Another two important examples of ionic liquids involved in the Sahuetal’s study

are 1 ethyl 3 methylimidazoliumchloride [EMICI] and 1 ethyl 3 methylimidazolium



heptachlorodialuminate [EMIAlL,Cl;]. 1-ethyl-3-methylimidazolium chloride is an ionic
liquid which can be utilized in cellulose processing and as a catalyst. The ionic liquid
possesses two parts of cation of 1-ethyl-3-methylimidazolium and anion of chloride.
The cation consists of a five-membered ring with two nitrogen and three carbon atoms,
i.e. a derivative of imidazole, with ethyl and methyl groups substituted at the two

nitrogen atoms. Its melting point is 77-79 °C [14].

1-ethyl-3-methyl-imidazolium heptachlorodialuminate is utilized as both solvent
and as catalyst due to the aluminate group functionalizing as Lewis Acid catalyst.
It consists two parts, where the cation is 1-ethyl-3-methylimidazolium and anion of

heptachlorodialuminate.

The cycloaddition of cyclopentadiene with methyl methacrylate is a very attrac-
tive example of Diels Alder’s reactions leading to endo:exo products. Theendo:exo
ratio for the Diels Alder’s reaction of cyclopentadiene with methyl methacrylate is in-
vestigated with the inspiration of the experimental work of Anil Kumar and Sanjay S.

Pawar.

The following three main reactions are modeled and the results of the endo:exo
selectivity are compared with the experimental results [15]. The reactants of methacry-
late derivatives and cyclopetadiene, their products and transition states are modeled
in ethanol in an implicit solvation. Scheme 1.1 indicates the three main reactions taken

from Kumar et al.,’s work [15].
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Figure 1.9. The Reactions of Methacrylate Derivatives with Cyclopentadiene taken
from the Article of Kumar et al., [15].
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2. METHODOLOGY

2.1. Density Functional Theory

Density Functional Theory (DFT) is rooted from Kohn-Hohenberg theorems that
are suggested in 1964 [16]. Being the quantum mechanical approach to the electronic
nature of particles, the theorems offer that the ground-state properties of a molecular

system are functions of the charge density parameter [17].

The former theorem explains the external potential Vext(r) dependent on the
electron density p(r) [18].The latter one states the variation principle. As a result, the
electron density can be computed variationally and the position of nuclei, energy, wave

function and other related parameters can be calculated [19].

The electron density is defined as follows:
p@)=N [ [|V(x1,29, -, 2,)| 2d21d2s - - - d2Yy (2.1)
wherexstands for both spin and spatial coordinates of electrons.
The electronic energy can be defined as a functional of the electron density:

Elpl = [v()p()dr+T [p] + Vee ] (2.2

where T'[p] is the kinetic energy of the interacting electrons and V,.[p] is the interelec-

tronic interaction energy. The electronic energy may be rewritten as

Elpl = [v()p()dr+ T, 1] + J [o] + Eve o (23)

with J[p] being the coulomb energy, T[p] being the kinetic energy of the non-interacting

electrons and E,.[p] being the exchange-correlation energy functional. The exchange-
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correlation functional is expressed as the sum of an exchange functional E,[p] and a
correlation functional E.[p], although it contains also a kinetic energy term arising
from the kinetic energy difference between the interacting and non-interacting electron
systems. The kinetic energy term, being the measure of the freedom, and exchange-
correlation energy, describing the change of opposite spin electrons (defining extra
freedom to an electron), are the favorable energy contributions. The Coulomb en-
ergy term describes the unfavorable electron-electron repulsion energy and therefore

disfavors the total electronic energy [20].

In Kohn-Sham density functional theory, a reference system of independent non-
interacting electrons in a common, one-body potential Vi yielding the same density as
the real fully-interacting system is considered. More specifically, a set of independent
reference orbitals 1; satisfying the following independent particle Schrodinger equation

are imagined.
|
[—QV + VKS] Vi = ey (2.4)

with the one-body potential VKS defined as

0J [p] | 0FBucp]

Vies =00+ 500 * op () 29
Vics =0 () +1 fY'L'dr' + 0y (1) (2.6)

Where v,.(r) is the exchange-correlation potential. The independent orbitals v; are

known as Kohn-Sham orbitals and give the exact density by

p(r) =3 Nl (2.7)

if the exact form of the exchange-correlation functional is known. However, the exact

form of this functional is not known and approximate forms are developed starting



12

with the local density approximation (LDA). This approximation gives the energy of
a uniform electron gas, i.e. a large number of electrons uniformly spread out in a cube
accompanied with a uniform distribution of the positive charge to make the system

neutral. The energy expression is

Elpl =Tl + [ p(r)o(r)dr + T o] + Evelo] + By (2.8)
where Fj, is the electrostatic energy of the positive background. Since the positive

charge density is the negative of the electron density due to uniform distribution of

particles, the energy expression is reduced to

Elp] =Ts[p] + Exc[p] (2.9)

Ep] = Ts [p] + Ex [p] + E. [p] (2.10)
The kinetic energy functional can be written as
o
T[] = Cr [ plr) Bar (2.11)
where C'r is a constant equal to 2.8712. The exchange functional is given by
4
B, o] = ~C. [ plr) Bar (2.12)
with C, being a constant equal to 0.7386. The correlation energy, E.[p], for a homoge-
neous electron gas comes from the parameterization of the results of a set of quantum

Monte Carlo calculations.

The LDA method underestimates the exchange energy by about 10 per cent and

does not have the correct asymptotic behavior. The exact asymptotic behavior of the
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exchange energy density of any finite many-electron system is given by

1
lim U7 = —- (2.13)
T—00 r
U?Z Being related to E,[p] by
1
Eolpl =53 [ poUzdr (2.14)

A gradient-corrected functional is proposed by Becke

LDA 4/3 2
E, = ELPA _ / , o dr 2.15
v p ZU: Pe + 6fz,sinh 'z, (2.15)
Where o denotes the electron spin, z, = % and [ is an empirical constant ($=0.0042).
Po /3

This functional is known as Becke88 (B88) functional [21].

The adiabatic connection formula connects the non-interacting Kohn-Sham ref-

erence system (A=0) to the fully-interacting real system (A=1) and is given by
1
By = / UAdX (2.16)
0

where ) is the interelectronic coupling-strength parameter and U2, is the potential
energy of exchange-correlation at intermediate coupling strength. The adiabatic con-

nection formula can be approximated by

1 1
Epe = S B+ SU" (2.17)

Since U2, = ES*t the exact exchange energy of the Slater determinant of the Kohn-

Sham orbitals, and U}, = UEP4 [22].
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The closed shell Lee-Yang-Parr (LYP) correlation functional [22] is given by

2
E.=—af —21—{p+bp B

Ldp™ /3 | (2.18)

5 _
Crp™3 =2ty + (btu + V%) [ e 3 Yr
where

2
_ Ve F g, (2.19)

ty = - L
8 plr) 8

The mixing of LDA, B88, E¢** and the gradient-corrected correlation functionals to

give the hybrid functional [21] involves three parameters.

EM — EQICLCDA + ao (E;xact o EQICLDA)

(2.20)
+azAEstS + acAEgon—local

where AED® is the Becke’s gradient correction to the exchange functional, in the
B3LYP functional, the gradient-correction (AEm"~cal) to the correlation functional
is included in LYP. However, LYP contains also a local correlation term which must

be subtracted to yield the correction term only.
AEgLonflocal — ECLYP _ E;/WN (221)

where EVWY is the Vosko-Wilk-Nusair correlation functional, a parameterized form
of the LDA correlation energy based on Monte Carlo calculations. The empirical

coefficients are a0=0.20, ax=0.72 and ac=0.81 [24].
2.2. Continuum Solvation Models
The most efficient way to include condensed-phase effects into quantum mechani-

cal calculations is the continuum solvation models [25]. The advantage of these models

is that they decrease the number of the degrees of freedom of the system by describ-
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ing them in a continuous way, usually by means of a distribution function [26-27].
In continuum solvation models, the solvent is represented with a polarizable medium
characterized by its static dielectric constant e and the solute is embedded in a cavity

surrounded by this dielectric medium. The total solvation free energy is defined as

AGsolvation - ACTY(:Lwity + AGdispersion + AC;electrostmfic + AC:repulsion (222)

where AGupityis the energetic cost of placing the solute in the medium. Dispersion
interactions between solvent and solute are expressed as AGg.spersion Which add sta-
bilization to solvation free energy. AG cctrostatic 18 the electrostatic component of the
solute-solvent interaction energy. AG,cpuisionis the exchange solute-solvent interactions

not included in the cavitation energy.

The central problem of continuum solvent models is the electrostatic problem

described by the general Poisson equation:

—V e () VV (7)] = dmpur (7) (2.23)

Simplified to
—V2V (7) = 4mpp () (2.24)
—eV2V (7) = 0 (2.25)

where C is the portion of space occupied by cavity, e is dielectric function, V is the sum
of electrostatic potential Vj; generated by the charge distribution py; and the reaction

potential Vi generated by the polarization of the dielectric medium:

V(F) = Vi (F) + Va (7) (2.26)
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Polarizable Continuum Model (PCM) belongs to the class of polarizable contin-
uum solvation models [23].In PCM, the solute is embedded in a cavity defined by a set
of spheres centered on atoms (sometimes only on heavy atoms), having radii defined
by the van der Waals radius of the atoms multiplied by a predefined factor (usu-
ally 1.2). The cavity surface is then subdivided into small domains (called tesserae),
where the polarization charges are placed. There are three different approaches to
carry out PCM calculations. The original method is called Dielectric PCM (D-PCM),
the second model is the Conductor-like PCM (C-PCM) [28] in which the surrounding
medium is modeled as a conductor instead of a dielectric, and the third one is an im-
plementation whereby the PCM equations are recast in an integral equation formalism
(IEF-PCM).PCM Implicit solvation is utilized for our projects. All of the results of
optimizations, transition states etc. derived from the calculations are models at 25 °C

and 1 atm with B3LYP/6-31+G(d) methodology.

The activation Gibbs energy is calculated by modelling transition state geometries
and reactants. Gibbs free energies of molecules are derived from the models and the

activation free energies are calculated with the following formula;
AG/: - GTS - _Gdiene - _Gdienophile (227)

The reaction Gibbs energy is calculated by calculating the Gibbs Energies of the prod-
ucts and reactants of the respective Diels Alder’s reactions. The difference between the
Gibbs Energies of the products and the reactants is the reaction energy. The reaction

energies are calculated with the following formula;
AGryn = Gproduct — G giene — G dienophile (2.28)

Because it is very important to analyze the ratio for endo and exo products in a reaction

and The endo:exo selectivity is determined with a ratio formula as the following;

_ AGéeaco

n e
o _ T (2.29)
Nendo e———Lendo

kT




%Exo = (

ne””") % 100
Nezo + Nendo

% Endo — (”"d> % 100

Nezo + Nendo

17

(2.30)

(2.31)
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3. AIM OF THE STUDY

The main purpose of this research is to investigate the mechanism of two main
Diels Alder Reactions, check their ezo/endo selectivity in different media such as
gaseous, ethanol, compare the computational results with the experimental findings
and understand the origins of the stereoselectivity. The study is composed of two main
parts. In the first part, the heterocyclic 1, 3 addition types of reactions are modeled in
order to observe if there is any exo/endo selectivity and kinetically explain the mech-
anism of the reaction. The enantio selectivity control is widely observed, however the
control of exo/endo selectivity has been found to be more difficult for Diels Alder’s
reactions. All the molecules and possible products and their transition states are mod-
eled, in order to investigate the mechanism of a-pinenerole as dienophile with the diene
5-((Z)-benzylidene)-3-phenyl-2-(phenylimino) thiazolidine-4-thion.The second part fo-
cuses on the effect of the ionic liquid to the exo/endo selectivity. The Diels Alder
Reactions taken from the study of Pawar et al are modeled in the absence and in the
presence of a complex 1-ethyl-3-methylimidazolium chloride ([EMI]) cation in ethanol.
Their kinetic and thermodynamic characteristics are searched to understand the effect

of the ionic liquid.
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4. RESULTS AND DISCUSSION

4.1. Modeling the Diels Alder Reaction of thiones with a-pinene

In the study of Dogan et al., 5- benzylidine - 2 - arylimino - 3 - aryl - thiazo-
lidine - 4 - thiones were used as heterodienes in the inverse electron-demand hetero
Diels Alder cycloadditions with norbornene as a dienophile at 25°C [29].The reactions
with norbornene were found to proceed with 100% ezxo selectivity as determined by
NMR experiments.With these successful experimental results the origins of the stereo
selectivity of the hetero Diels Alder cyclo addition was investigated by using quan-
tum chemical computational models. Regarding the compatible results from the two
studies, the same procedurehas been applied by the same group for the reaction of
a-pinene and 5-benzylidine-2-arylimino-3-aryl-thiazolidine-4-thione to understand the
mechanism and in a search of the stereoselectivityalong the path of the reaction [29].
The reaction of diene and dienophile as it is indicated in the Scheme 4.1 is held at 25
°C and 1 atm. The synthesis of compound 3 and compound 4 shown in the Scheme
4.1 is desired to be achieved at first in dichloromethane and the Diels Alder reaction
didn’t occur. The same reaction has been run with the same conditions with xylene
and acetic acid. The acetic acid solvation reaction is run for one hour with reflux and
as a second trial with acetic acid overnight reaction is held while mixing. The reaction
with xylene is refluxed for two days and the product formation was checked with thin

layer chromatography. However, there was no cyclo adduct formed.

Figure 4.1 indicates the most stable product after the conformer search analysis
and the most stable one is selected to be the one that is lowest in energy.The orientation
of the phenyl rings that are connected to nitrogen are not on the plane; because they
would cause steric hindrance. Regarding compound 3 indicated in the Scheme 4.1
the bulky group connected to the carbon atom number 5 is on the same plane with
the main skeleton of the molecule; because the electron flow is facilitated easily and

conjugation takes place on the planar geometry.
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Figure 4.1. Representation of the Mechanism of the Reaction of (+) - « - Pinene with
5 - Benzylidine - 2 - Arylimino - 3 - Aryl - Thiazolidine - 4 - Thione.
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Figure 4.2. The Structure of the Diene, 5 -((Z) - Benzylidene) - 3 - Phenyl - 2
-(Phenylimino) Thiazolidine - 4 - Thione.

(+)—c—Pinene / §8 (—)—c—Pinene / RR

Grat = 0.00 kecal/mol Gra = 0.00 kcal/'mol
G =-390.6701522 Hartree G =-320.670152 Hartree

Figure 4.3. The Structures of the two Stereoisomers of the Dienophile, Alpha Pinene
with B3LYP/6-31+G(d).

According to the structure of a-pinene indicated in Figure 4.2, the enantiomers
have the same electronic energy. Minus alpha pinene has been chosenin the reactions.
The reaction between the diene, 5 - benzylidine - 2 - arylimino - 3 - aryl - thiazolidine - 4

- thiones and dionophile, minus alpha pinene can take place in eight different ways. All
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the combinations of diene and dienophile are considered according to the connectivity
of the molecules. The combination is formed on the double bounded carbons of alpha
pinene. The numbers are assigned to the respective carbons to follow up with bond
formation mechanism. Referring to molecule (4) in Scheme 4.1., the methyl bounded
carbon atom is labeled as C10 and the opposite double bond making carbon is labeled

as C2 and sulphur atom on the dienophile is named as S3.

According to their connections the names of the products are given. For exam-
ple,sulphur atom on the molecule (4), which is S3, is connected to C2. Therefore, the
name of the product is labeled as S3C2-SRR. Moreover, the names include the infor-
mation of the stereochemistry on the products. The three stereo centers that appear
in the names referring to the chirality of the carbon number 9, 10 and 2, named as C9,

C10, C2, of the molecule 4 that is demonstrated in the Scheme 4.1.

Ph
SO G
- o * & — @ i
Y- R
=R A SN N
L_H
X, @H
3 4
Figure 4.4. Diels Alder Reaction of 5 - ((Z) - Benzylidene) - 3 - Phenyl - 2 -
(Phenylimino) Thiazolidine - 4 - Thione with (-) « - Pinene.

The structures in Figure 4.3 and Figure 4.4 indicate the best conformers of the
products found with B3LYP/6-314+G(d) in gaseous phase at 298.150 K and 1 atm.Two
types of attacks are considered to make twoconnections between S3C10 and S3C2.
Thermodynamically the most stable product is found to be S3C10-SRS; because the
pendent phenyl rings are as far away from each other as possible from the bulky groups
and the steric hindrance is minimized. The connectivity of S3 and C10 allows pinene
to relax and find the best chair conformation. The most undesired combination of

the respective Diels Alder reaction is S3C2-RSS; since the pinene bulky group causes
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sterically limitations and increases the Gibbs free energy of the molecule.

All the relative Gibbs Energies are indicated in the Table 4.1. The exo and
endo are almost equally stable. The reaction Gibbs Energies are found to be positive;
indicating the reactions are endothermic. Moreover, the S3 with C10 connectivity is

more favored than C2 connectivity; according to the thermodynamic data obtained.

In order to understand the mechanism and check the possibility of the synthesis of
the respective products indicate in Figure 4.6; the transition are modelled with the same
DFT methodology and activation energies are derived to evaluate the experimental

results.

The same logic is utilized to name the transition states. The kinetic data is

presented in Table 4.2.
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Figure 4.5. Products with S3C10 Connectivity Geometry. Relative Gibs Free

Energies are Given Below the Structures, in kcal/mol at 298.150 K and 1 atm.
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Figure 4.6. Products with S3C2 Connectivity Geometry. Relative Gibbs Free
Energies are Given below the Structures, in kcal/mol at 298.150K and 1 atm.

Table 4.1. Thermodynamic Results of the Products Calculated with B3 LYP / 6 - 31
+ G(d) at 298.150 K and 1 Atmin Gaseous Phase.

NAME OF PRODUCT | AG, ., (kcal/mol)
S3C10-SRS (exo) 21.08
S3C10-RSR (endo) 21.18
S3C10-SSR. (endo) 22.39
S3C10-RRS (exo) 25.76
S3C2-SSS (endo) 26.31
S3C2-RSS (endo) 26.79
S3C2-RRR (exo) 27.67
S3C2-SRR (exo) 33.39
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Energies are given Below the Structures, in kcal/mol at 298.150 K and 1 atm.
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Energies are Given Below the Structures, in kcal/mol at 298.150 K and 1 atm.
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Figure 4.7. Transition States with S3C10 Connectivity Geometry. Relative Gibbs free

Figure 4.8. Transition States with S3C2 Connectivity Geometry. Relative Gibbs free
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Table 4.2. Kinetic Data of the Transition State forms Calculated at 298.150 K and 1

atm in Gas.
NAME OF TS AG7 (kcal/mol)
TS-S3C10-SSR. (endo) 44.43
TS-S3C2-RRR (exo) 47.1
TS-S3C10-SRS (exo) 48.97
TS-S3C2-RSS (endo) 49.83
TS-S3C10-RSR (endo) 51.76
TS-S3C2-SRR (exo0) 57.39
TS-S3C10-RRS (exo) 57.9
TS-S3C2-SSS (endo) 68.49

The eight transition states of the Diels Alder’s reactions are modeled with the
same methodology in order to understand why the experiments don’t result with the
synthesis of the modeled products. The activation Gibbs free energies are found to
be relatively high for the Diels Alder’s reactions to be achieved with the conditions
mentioned in the experimental part. Moreover, the models of the transition states prove
also that endo selectivity would be preferred if the reactions were performed; because
the AG” of the endo transition states are relatively lower than the ero transition
state according to the calculations. The fastest reaction is found to be with the endo
transition state named as TS-S3C10-SSR according to the activation energy of reactions
calculated and indicated in Table 4.2. The Gibbs free relative energy of the best
structure of endo transition state is found to be 2.67 kcal/mol lower than the best
structure of exo transition state. Being the most stable transition state, T'S-S3C10-
SSR (endo) has both lowest relative energy and activation energy. This property is
handled because phenyl group on C10 doesn’t come on the same side with methyl
group on the alpha pinene. This orientation of the bulky groups eliminates the steric
hindrance constraints. Moreover, S3 has relatively more flexible space to interact with
the targeted atom on pinene; since the methyl group is located upper wards. The

least stable transition state is TS-S3C2-SSS (endo). The reason why it is not preferred
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thermodynamically is the steric hindrance between the phenyl ring on C10 and methyl
group on pinene. These bulky groups don’t allow diene and dienophile to come close

to interact.

4.2. Modeling the Diels Alder Reactions of Cyclopentadiene with

Methacrylate Derivatives

Regarding the importance of the effect of the ionic liquid on the cycloaddition of
cyclopentadiene with methacrylate derivatives, the three main reactions are modeled
without ionic liquid in order to be able to compare the effect of the ionic liquid and
understand the mechanism of the Diels Alder reactions taken from the Pawar et al., in

silico.

4.2.1. Modeling the Diels Alder Reactions of Cyclopentadiene with Methac-

rylate Derivatives in the Absence of Ionic Liquids

The thermodynamic and kinetic results of all the reactants, possible products
and the transition states are given in Table 4.3 and Table 4.4. The nomenclature of
the modelled molecules is given according to the numbers given in the Pawar Kumar’s
study as 3 when there is no functional group on the C4 in Figure 4.8. If methyl group is
not on the C4; but on the C3 position and it is named as 5if it has a skeleton indicated
in Figure 4.8. It is named endo if the -COOCHj3 group is on the inverse direction with
the bridging carbon on the position 5 on the Figure 4.8. If the -COOCHj3 group is on
the same direction with the bridging carbon on the position 5 on the Figure 4.8 then

the molecule is named as exo.

The molecule is named according the stereo centers indicated in the Figure 4.8.
The position 4 is a chiral center only for molecule 5 from the Pawar et al’s study [15].
These three diene molecules are modeled as anti and syn orientation. The products and
the transition states of the three reactions are modeled regarding all the combination
of connectivity and all the possible stereogenic centers are modeled. The enantiomeric

structures are found to be energetically the same. Therefore, we derive four products
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of 3 and 4 and eight products of 5 molecules. The kinetic and thermodynamic data is

indicated in the Table 4.3.

Cs

jh:HthHCH3
/ clhc/ '

3 e

COOCH,

Figure 4.9. The Positions of the Stereo Centers of the Molecules.

Table 4.3. The Thermodynamic and Kinetic Results of the Moleculesvia B3 LYP / 6
- 31 + G(d) at 298.150K and 1 atm. Gibs free Energies are given in (kcal/mol).

Name of thecompound GibbsFreeEnergy (Hartree) | Gre; | AGF | AGrazn
cyclopentadiene -194.046.699
2a-syn -306.424.027 0.00
2a-anti -306.423.412 0.39
2b-syn -345.716.611 0.00
REACTANTS 2b-anti -345.716.628 0.01
2c-syn -345.720.567 0.00
2c-anti -345.721.313 0.47
TS-3-endo-SSS / RRR -500.418.996 32.46
TS-3-exo-SSR / RRS -500.417.844 33.18
TS-4-endo-SSS / RRR -539.704.827 36.7
TRANSITION STATES | TS-4-exo-SSR / RRS -539.705.799 36.09
TS-5-endo-SRSR / SRRS -539.707.009 37.81
TS-5-exo-SRRS / SRSR -539.706.705 38.00
3-endo-SSS / RRR -500.465.941 0 3.00
3-exo- SSR / RRS -500.465.477 0.29 3.29
4-endo-SSS / RRR -539.750.951 0.00 7.77
4-exo-RRS / SSR -539.750.200 0.47 8.24
PRODUCTS 5-endo-SRSR. / SRRS -539.754.558 0.08 7.97
5-exo-SRRS / SRSR -539.754.692 0.00 7.89
5-endo-SRSS / SRRR -539.750.212 2.81 10.70
5-exo-SRSR / SRRS -539.751.159 2.21 10.11

Thermodynamically calculations indicate that all the methacrylate molecules
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tend to form syn products.The kinetic results of the calculation indicate the endo
product is favorable for the molecule 3 and for 5 and ezo product is preferred for 4

kinetically.

Table 4.4. The exo-endo Ratios Calculated in the Absence of lonic Liquid in Ethanol.

Name of Exo-Endo Endo Experimental
Transition State Ratio Percentage | Pawar-Kumar[15]

3-endo-SSS 7 84
3-exo-SSR 050 23 16
4-endo-SSS 26 35
4-exo-SSR 280 74 65
5-endo-RRSS 58 62
5-exo-RSSR 072 42 38

Table 4.4 indicates that 77% of the products of molecule 3 formed is endo; 74%
of the products of 4 is ezo and molecule 5 prefers to produce endo with 58% of its
products. All of these results are consistent with the findings of experimental findings

mentioned in the literature [15].
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Figure 4.10. The Positions of the Stereo Centers of the MoleculesRelative Gibbs

Freeenergy of the Conformersofthe Dienophile Modeled in Ethanol.

According to Figure 4.9 the most stable molecules of dienophiles are the syn
reactants; because the hydrogen and oxygen are in H-bonded to each other and the

conjugation between carbonyl and double bond of acrylate is feasible.

For molecule 4 exo selectivity while for molecule 3 and 5 endo selectivity is
dominant. The fastest reaction is found to form 3-endo-SSS / SSR according to the
kinetic data derived, that is having the lowest activation energy 32.46 kcal/mol like it
is shown in the Figure 4.11.
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Figure 4.11. Activation Energies of the Transition State Structures Modeled in
Ethanol.
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Figure 4.12. Relative Gibbs Free Energies of Products Modeled in Ethanol.

According to Figure 4.12, the most stable products are endo character for 3 and
4. The product 5-endo-SRSR is the hardest to form due to the steric hindrance on the

methyl and methacrylate functional groups.
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4.2.2. Modeling the Diels Alder Reactions of Cyclopentadiene with Methacry-

late Derivatives in the Presence of Ionic Liquids

Endo selectivity is observed for two molecules and ezo selectivity in one reaction
in the modeling the reactions of Pawar’s study in the absence of ionic liquid, which is
also found on the experimental results. This selectivity is tested if there is any change
in the trendof the selectivity with the addition of ionic liquid. The ionic liquid is chosen
to be l-ethyl-3-methylimidazolium cation. The interaction of hydrogens on the ring
is targeted to interact with the carbonyl of methacrylate and enhance the rate of the
cycloaddition reactions. The partial charges on the dienophiles are calculated as it is
indicated in the Figure 4.1 and Table 4.5. The atom’s partial charges are utilized to

understand the reactivity of where the ionic liquid should be expected.

)|

Figure 4.13. Numbering Used in Methyl Metacrylate Derivatives.

Table 4.5. NPA charges on the reactant with B3LYP/6-31+G(d) in ethanol.

Reactant | O1 C2 C3 C4 05 C6
2a-syn | -0.551 | 0.774 | -0.342 | -0.343 | -0.614 | 0.251
2a-anti | -0.56 | 0.773 | -0.333 | -0.355 | -0.604 | 0.256
2b-syn | -0.551 | 0.774 | -0.342 | -0.343 | -0.614 | -0.706

2b-anti | -0.558 | 0.791 | -0.135 | -0.362 | -0.609 | -0.704

2c-syn | -0.554 | 0.778 | -0.356 | -0.122 | -0.623 | 0.246

2c-anti | -0,564 | 0.777 | -0.347 | -0.132 | -0.611 | 0.25

2a-IL -0.525 | 0.805 | -0.339 | -0.332 | -0.687 | 0.269

2b-1L -0.531 | 0.821 | -0.137 | -0.344 | -0.687 | -0.711

2¢-1L -0.554 | 0.778 | -0.356 | -0.122 | -0.623 | 0.246
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It is found that the most attractive oxygen on the methacrylate derivatives is O5
as it is indicated in the Table 4.5. The thermodynamic data and the kinetic results for
the models with ionic liquid are given on the Table 4.6. The ‘-IL’ ending means the
molecule is modeled with the ionic molecule. The syn dieonophiles are choosen and the

modeled transition states and product from the models in the presence of ionic liquid.

Table 4.6. The Thermodynamic and Kinetic Results of the Molecules at 298.150 K

and 1 atm. Gibbs Free Energies are given in kcal /mol.

Tonic Liquid-Ethanol Name of the Compound | Gibbs Free Energy (Hartree) | Gy AGZ | AGren
cyclopentadiene -194.046.699
2a-IL -650.904.979
REACTANTS 2b-IL -690.196.338
2¢-IL -690.201.249
T'S-3-endo-SSS-1IL -844.898.826 33.17
TS-3-exo-RRS-IL -844.897.306 34.12
TS-4-endo-RRR-IL -884.184.315 36.85
TRANSITION STATES TS-4-exo-RRS-IL -884.185.203 36.29
TS-5-endo-SRSR-IL -884.186.179 38.76
TS-5-exo-SRRS-IL -884.184.640 39.72
3-endo-SSS-IL -844.943.473 0.33 5.15
3-exo-RRS-IL -844.943.995 0.00 4.82
4-endo-RRR-IL -884.229.127 0.00 8.73
PRODUCTS 4-exo-RRS-IL -884.228.385 0.47 9.19
5-endo-SRSR-IL -884.231.660 1.02 10.22
5-exo-SRRS-IL -884.233.292 0.00 9.20

According to the results of the calculations in Table 4.6, molecule 3 has the endo
ratio increased; whereas molecule 4 has higher exo product yield. Furthermore, Table
4.6 indicates that the ionic liquid effect neither made a dramatic effect on the kinetics

of the reaction nor reinforced the tendency of the endo selectivity.

Acoording to Table 4.7 endo selectivity in the ionic liquid medium is found 83%
out of the all products modeled. The charge on the ionic liquid is distributed differently

on the cationic structure of the 1-Ethyl-3-methylimidazolium without chloride.

The hydrogen number 1 in the Figure 4.14 in interacts with the carbonyl of the

respective reactants. This hydrogen was expected to be the most partially negative



34

Table 4.7. The exo-endo Ratios Calculated in the Presence of Ionic Liquid in Ethanol.

Name of Compound | Exo-Endo Ratio | Endo Percent

3-endo-SSS-1IL 83
0.2

3-exo-RRS-IL 17

4-endo-RRR-IL 28
0.39

4-exo-RRS-IL 72

5-endo-SRSR-IL 84
0.2

5-exo-SRRS-IL 16

one. However, it wasn’t found to be the most electron dense according NPA population

analysis. Therefore, the ionic liquid is not observed to have the exactly targeted catalyst

function; although the models of the transition state and the distance of the ionic liquid

and the reactants are set properly.
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Figure 4.14. 1-Ethyl-3-Methylimidazolium Cation with its NPA Charges on the

Hydrogen Atoms.
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Figure 4.15. Reactants with Ionic Liquid Modeled with B3LYP/6-31+G(d) in

Ethanol.
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Figure 4.16. Transition State Structures Modeled with B3LYP/6-314+G(d) in

Ethanol.
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Figure 4.17. Product Structures Modeled with B3LYP/6-31+G(d) in Ethanol.
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The interaction of the respective ionic liquid is found to be with the dienophiles.
The carbonyl oxygen and the hydrogen on carbon are targeted to be the most stabilizing

interactions (Figure 4.15).

The fastest reaction is achieved with TS-3-endo-SSS-IL having the lowest activa-

tion Gibbs free energy as 33.17 kcal/mol.
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5. CONCLUSION

The models of the eight Diels Alder’s reactions of alpha pinene are compared with
the experimental findings. Not being able to have the desired reactions experimentally
in different solutions is explained as the result of having very high activation barriers

calculated in gaseous phase at 298.150 K and 1 atm.

In the second part the reactions are modeled in ethanol with BSLYP/6-31+G(d)
methodology[30] and the exo selectivity is found to be consistent with the experimental

results mentioned in Kumar et al.,’s work in the absence of ionic liquid.

The ionic liquid effect is not found to be dramatically shifting the tendency of
the selectivity; because the anion of the respective salt is not included; that is all the

reactions are modeled with the cation.
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6. FUTURE WORK

As a future work, molecules resembling norbonene can be modeled and their Diels
Alder’s reactions with thiazolidine-4-thione derivatives. Another investigation for the
second part of the dissertation with the same ionic liquid can be performed in silico
in order to see the interaction of the other hydrogens on the structure of the ionic
liquid. For the second part of the study the cation of the ionic liquid has utilized. The
investigation can be performed with the addition of chloride anion. In silico studies

can be performed with other types of ionic liquids.
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