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ABSTRACT

MODELLING THE ENANTIOMERIZATION AND
ATROPOSELECTIVITY IN THIOHYDANTOIN
DERIVATIVES

Thiohydantoins have a wide range of pharmacological and biological properties.
In the previous studies, nonracemic axially chiral thiohydantoins were synthesized and
computational investigations have rationalized the synthesis mechanism of the prod-
ucts. Two kinds of isomerism are studied; atropisomerism due to hindered rotation
around a chiral axis and central chirality. Selective synthesis of one enantiomeric form
is important during drug synthesis because of the different pharmacological properties
of enantiomers and diastereomers. Enantiopure products have less complex and more
selective pharmacodynamic profile compared to racemic mixtures. In order to shed light
on the factors determining the selectivity on the reactions of thiohydantoin molecules,
DFT methods have been used to investigate the substituent and solvent effect on the
kinetics of the reactions and the thermal stabilities of thiohydantoin stereoisomers SP,
SM, RP and RM. This study consists of four parts, with different reaction conditions
and mechanisms. In the first part, the substituent effect on the rotational barriers has
been investigated and the results have been compared with the experimental data. In
the second part, the solvent assisted racemization and rotation reactions have been
modelled and their activation energies were calculated to establish the most plausable
mechanism. After determination of the racemization mechanism in ethanol, the sub-
stituent effect on racemization has been modelled and the results have been compared
with the experimental data. In the third part, we proposed an approach to calculate
the product distributions of thiohydantoin stereoisomers by the Boltzmann distribu-
tion. In the last part, we have modeled the aldol formation reactions and explored the

face selectivity of the enolate due to the bulky ortho-aryl substituent.



OZET

TIYOHIDANTOIN TUREVLERINDE
ENANTIYOMERIZASYON VE ATROPOSECICILIGIN
MODELLEMESI

Tiyohidantoinler ¢ok cesitli farmakolojik ve biyolojik 6zelliklere sahiptir. Daha
onceki deneysel caligmalarda rasemik olmayan eksenel kiral tiyohidantoinler sente-
zlenmigtir ve hesapsal aragtirmalar tiriinlerin sentez mekanizmalarina agiklik getirerek
rasemizasyonun siklizasyondan sonra meydana geldigini gostermistir. Bu ¢alismada iki
tiir izomerizm incelenmistir; kiral bir eksen etrafinda engellenmis rotasyon nedeniyle
olusan atropizomerizm ve heterohalkada bulunan kiral merkez. ﬂag sentezindeki onemli
konulardan biri, bir enantiyomerik formun digerine gore secici sentezidir. Onemi enan-
tiyomerlerin ve diastereomerlerin farkli farmakolojik ozelliklerinden kaynaklanmak-
tadir. Enantiyomerik olarak saf tiriinler, rasemik karigimlara kiyasla daha az karmagik
ve daha segici farmakodinamik profile sahiptir. Tiyohidantoin molekiillerinin reaksiy-
onlarinda segiciligi belirleyen siibstitiient ve solvent etkilerine 11k tutmak igin, DFT
yontemleri tiyohidantoin steroizomerlerinin (SP, SM;, RP ve RM) reaksiyon kinetigi
ve termal kararliliklar1 aragtirmak amaciyla kullanilmigtir. Bu ¢aligma, farkl reak-
siyon kosullar1 ve mekanizmalar: iceren dort boliimden olugmaktadir. Birinci boliimde,
siibstitlientlerin donme bariyerlerine etkisi aragtirilmig ve sonuclar onceki deneysel ver-
ilerle karsilagtirilmgtir.  Ikinei boliimde, etanol varh@mdaki rasemizasyon mekaniz-
mas1 modellenmig ve ayni ortamdaki donme reaksiyonlarinin aktivasyon enerjileriyle
en olas1 mekanizmay1 belirlemek amaciyla karsilagtirilmigtir. Uciineii boliimde, Boltz-
mann dagihimi kullanilarak tiyohidantoin steroizomerleri SP, SM, RP ve RM nin {iirtin
dagilimlarin1 hesaplamak icin bir yaklagim onerilmigtir. Caligmanin son boliimiinde,
aldol olugum reaksiyonlar1 modellenmig tiyohidantoin tiirevlerinin orto-siibstitiientinin

enolatin yiizey seciciligine etkisi aragtirilmigtir.
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1. INTRODUCTION

1.1. Thiohydantoins

HN HNI r
2 4
(0] 3 0
0 N s N
H H

Hydantoin Thiohydantoin

Figure 1.1. Hydantoin and thiohydantoin structures.

Hydantoin is a five-membered heterocycle and one of the oxidized forms of imi-
dazolidine with a cyclic urea core. The term “hydantoin” refers to specific groups of
compounds; containing the hydantoin sub-structure as a scaffold. 2-Thiohydantoin and
2-selenohydantoin are isosteric analogs of hydantoin [1]. Thiohydantoins are closely re-
lated analogues of hydantoins (Figure 1.1.) , they may have one or both of the carbonyl
groups replaced by the thiocarbonyl groups [2]. Despite the small size of hydantoin, it

provides four derivatizable positions and four hydrogen donors/acceptors [1].

Hydantoin derivatives possess a wide range of important biochemical effects and
pharmacological properties [3]. They exhibit anticancer, anti-inflammatory, antidia-
betic, antimicrobial [4], antidepressant, antiviral [5] and anti-HIV activities [6]. Be-
sides their therapeutic activities, they possess a broad range of industrial applications.
2-Thiohydantoins are known as herbicides and fungicides; they are also used in textile

printing, in the production of resins and plastics, and catalysts for polymerizations [7].

Examples of other areas of usage are listed in Figure 1.2.
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Figure 1.2. Various applications of thiohydantoin derivatives [1,7].



1.2. Atropisomerism

Axially chiral C-C and C-N-bonded atropisomers containing five-membered rings
which exist in nature, consist of one or two five-membered rings from the indole, car-
bazole, or pyrrole series. The first synthesis of an axially chiral five-membered-ring
compound was that of C-N bonded arylpyrrole, reported back in 1931, followed by
a series of studies dealing with the preparation of the arylcarbazole and the dipyrryl

biphenyl [8].

M

Figure 1.3. 3-Aryl thiohydantoin derivatives.

In this study 3-aryl thiohydantoin derivatives will be investigated shown in Fig-
ure 1.3. Due to the steric interference between the ortho-substituents on the N-aryl
group and the exocyclic oxygen or sulfur on the heterocyclic ring, the aryl group in the
ground state of the molecules is orthogonal (or nearly orthogonal) to the heterocyclic
thiohydantoin backbone [9]. Atropisomerism is a fundamental property of molecules
featuring a hindered rotation around a chemical bond, in our case the single bond be-
tween Ngpo — Caryr (aryl) [10]. Atropisomerism arises due to hindered rotation about a
single bond, energy differences because of the steric strain create a barrier to rotation
that is high enough to allow isolation of individual conformers. In the case of atropi-
somerism, racemization can occur spontaneously via bond rotation, rather than the
process of bond breaking and bond making needed for the racemization of other cases
of chirality [11]. Atropisomers interconvert with a half-life of at least 1000 seconds at

a given temperature, corresponding to an energy barrier of 22 kcal/mol at 300 K [12].



In general, there are two crucial conditions for axial chirality in biaryl molecules;
a rotationally stable axis and the presence of different substituents on both sides of the

axis meaning A # B and A’ # B’ as shown in Figure 1.4. [13].

Determining the axial stereochemistry of biaryl atropisomers can be accomplished
through the use of a Newman projection along the axis of hindered rotation. Sub-
stituents around the chiral axis are first assigned by priority based on Cahn-Ingold-
Prelog priority rules: starting with the substituent of highest priority in the closest ring
and moving along the shortest path to the substituent of highest priority in the other
ring. The conformation is assigned P for clockwise and M for counterclockwise [13].
One example is given for one of thiohydantoin derivatives in Figure 1.4. (where Ry and
X substituents are -CHs, abbreviated as M1 in this study) below. The rotation around
carbon-carbon single bond is restricted due to the presence of an ortho-substituent at

the aryl group. Therefore, rings remain orthogonal to each other [14].

View from top

A\ H (B’

H CH;,
HN—
/\ S (A) 0(B)
57 N o I
CH

H

Counterclockwise

3
CH; (A)

CH; (A)
Clockwise

s
/\N o E— S (A) O (B)

| _.\l| P o

Figure 1.4. Determination of axial chirality.



Enantioselective and distereoselective synthesis of six or five membered carbo-
cyclic and heterocyclic atropisomers constitute a central topic of research resulting
in the development of many elegant synthetic approaches to be potentially useful as
pharmacophores for drug discovery [15,16]. However, atropisomeric species display-
ing one five-membered ring connected either by a C-N or C-C bond have been largely
overlooked due to the increased distance between ortho-substituents next to the axis

responsible of lower barriers to rotation hampering the conformational stability [13,17].

1.3. Central Chirality

H R;
=z

SP SM RM RP

Figure 1.5. SP, SM, RM and RP isomeric forms of thiohydantoin derivatives

In this study we focused on atropisomerism and central chirality at Cs, shown in

Figure 1.5.

Molecular chirality has an important role in organic chemistry. Most of the
molecules of interest to the organic chemist are chiral, so, over the course of the years,
a great amount of experimental work has been devoted to the selective formation
of molecules with a given chirality, the so-called asymmetric synthesis [18]. This is
a useful approach to synthesize selective stereoisomeric products for pharmaceutical
applications because different enantiomers of molecules are known to have different
biological activities and metabolism and pharmacokinetics are also influenced by chi-
rality. Enantiomerization or racemization between enantiomers can also be undesirable

and can cause a safe drug to be converted into toxic or ineffective form [19].



Racemization is an irreversible process in which an enantiopure quantity of com-
pound is transformed into the opposing enantiomer. Enantiomerization is also related
to racemization but it is a reversible conversion of one molecule of an enantiomer into
its mirror image shown in Figure 1.6. Consequently, configurational stability of chiral

drugs is an important concern in drug synthesis.
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Figure 1.6. Difference between enantiomerization and racemization.

A molecule is referred to as chiral if it is not superimposable to its mirror image.
An atom that has a capability to form four bonds such as carbon, forms a tetrahedral
structure with four different groups attached to them. Chiral molecules having central
chirality have stereogenic centers and it is refered as Cs in this study. For example,
SM and RP isomers have an identical chemical formula and they are enantiomers since

their mirror images are not superimposible to each other.

When the enantiomers are present in a symmetric environment, they have iden-
tical chemical and physical properties however they have different properties in an
asymetric environment. They are also called optically active, due to their difference
in their ability to rotate plane-polarized light by equal amounts but in opposite direc-

tions [20].

1.4. Experimental Background

The experimental determination of steric barriers in atropisomers containing five-
membered rings is a central research area of the previous experimental studies and it
was facilitated by the development of chiral liquid chromatography, allowing efficient

separations of atropisomers [8].



Nonracemic axially chiral thiohydantoins were synthesized [21] atroposelectively
by the reaction of the corresponding o-aryl isothiocyanate with S or R amino acid
ester HCI salts in the presence of triethylamine (Et3N) and CHyCly under reflux for
1 h shown in Figure 1.7. At the end of the reaction, extraction of crude product
was done with distilled water and saturated brine solution, the solution was dried over
with MgSO, and filtered and the solvent was removed immediately. The crude products
were recrystallized from ethyl acetate/hexane, ethyl acetate, or methanol/water [22].
Although the synthesis started with an optically pure amino acid ester, the products
were found to get racemized at Cs during the reactions [14]. When X:H, we can not talk
about a chiral axis and a racemic product was obtained. However when X is different
than hydrogen, there is an ortho-substituent at an aryl ring and the axial chirality is
present. The axially chiral products may exist in SP, RM, SM, and RP isomeric forms
shown in Figure 1.4. SP/RM is transoid, whereas SM/RP is cisoid with respect to the
substituent at C; and the o-aryl substituent and a high prevalence of the P isomers
over the M isomers have been obtained when starting amino acid ester salt has a S

configuration [22].

lIuA 32\
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Figure 1.7. Synthesis of thiohydantoin molecules.

In the previous work of Dogan [22] the chirality transfer issue from the amino
acid to the thiohydantoin ring has been addressed. It has been found that bulky o-aryl
substituents at N3 were found to suppress the C5 racemization and in this way enabled

the transfer of chirality from the a-amino acid to the products [22].



1.5. Aldol Reactions

Aldol reactions are very important, well known and widely studied C-C bond
forming reactions in modern organic synthesis. Although the enantioselective and di-
astereoselective aldol reactions have been developed significantly [11,23], atroposelec-
tive aldol reactions which rely on control originating from an element of axial chirality,

especially non-biaryl types, are rare [24].

Asymmetric aldol reactions are used as a tool for the synthesis of complex and
multifunctionalized molecules with significant biological activities such as the heart
disease drug Lipitor [25] (Figure 1.8.) and steroidal antiandrogen Cyproterone [23]

(Figure 1.9.) for the treatment of prostate cancer.

Figure 1.8. Molecular structure of Atorvastatin (Lipitor).

O
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Figure 1.9. Molecular structure of Cyproterone.



Aldol reactions consist of two carbonyl compounds, one as electrophile and the
other as nucleophile. A new carbon-carbon single bond is formed and a new §-hydroxy
carbonyl compound is produced in the presence of an acid or a base (a strong base,

LDA is used in this study) with the attack of the enolate to the benzaldehyde.

Diasteroselective synthesis can be explained from the anti-transition state struc-
ture in the work of Khatik [23]. The most stable conformation is when the phenyl and
methyl groups are in a diequatorial conformation and this is possible only if they are
trans to each other. This leads to an anti diastereoselectivity in the product formation

shown in Figure 1.10.

“Hj -ﬁ\ Ph Q) (R) Ph

Figure 1.10. Anti-diastereoselectivity in the formation of aldol product.

Because of their ability to construct larger molecules from smaller ones, often with
control of stereochemistry, reactions are a mainstay of organic synthesis. They are also
common in metabolism, where aldolase, citrate synthase, and other enzymes catalyze
aldol reactions and aldol condensations, or their reverse, leading to the suggestion that

they reflect primordial metabolism [26].
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1.6. Computational Background

Using computational tools to model the reaction mechanisms is important for
understanding the details of the racemization steps in order to synthesize enantiomer-
ically pure products. In the previous computational study, the aim was to rationalize
the atroposelectivity observed in the synthesis of the axially chiral 2-thiohydantoin

derivatives [27].
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Figure 1.11. Synthesis of thiohydantoin [27].

In the work of Haslak, the following question was answered: Does racemization
occur before or after cyclization? The synthesis started with the nucleophilic addition
of the amino acid to the o-aryl isothiocyanate yielding intermediate called 3S shown in
Figure 1.10. Proton transfer from the positively charged N; to the negatively charged
N3 occured due to charge seperation in the structure 3S, yielding structure 4S. After
the formation of 4S, there are three possible sites of deprotonation by TEA: Ny, N3 or
Cs. It was found that deprotonation from N3 forms the most stable anion compared to
other positions due to the resonance stabilization between 5S and 6S structures through
Ns-aryl ring. For the cyclization of 6S, the protonated TEA in 6S formed a complex
with methoxy oxygen. Then, N3-C, bond formation occurs by the nucleophilic attack
of negatively charged nitrogen (N3) to the partially positive carbonyl carbon (C4) and
double bond between C; and Og opens. Finally, negative charge on Og closes back and

methanol releases by the hydrogen transfer from protonated TEA.
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After clarifying the synthesis mechanism of thiohydantoins, the aim was to ratio-
nalize the racemization mechanism of the thiohydantoin derivatives: did it occur before
or after the cyclization? Different pathways for various molecules were modelled and
their Gibbs energy barriers have been evaluated and shown in Figure 1.12. M06-2X/6-
311+G(d,p) level of theory were used for all of the calculations, 6-3114++G(3df,3pd)

basis set is used only for Br for its heavy atom properties.
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Figure 1.12. Different pathways for the cyclization mechanism of thiohydantoin [27].

Pathway with bold arrows gave the most probable route since these reactions had
the lowest activation barriers, concluding that racemization occurs after the cyclization.
The rotation of the bromoaryl ring (in this study abbreviated as M4), the transforma-
tion of SP to SM, had an experimentally determined barrier of 27.8 kcal/mol [27], and
this relatively high barrier explains the fact that SP had %83 abundance whereas SM

was only %3.
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Calculations had shown that after racemization occured at Cs of SP, RP was
formed and the rotation of the bromo-aryl ring required 27.5 kcal/mol to give RM
isomer [27]. At the end of these processes four different isomers can be observed in the

reaction media.
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Figure 1.13. Racemization mechanism with and without a base catalyst [27].

The second question answered during the work of Haglak was: Does racemization
occur via the assistance of triethyl amine which is present in the reaction medium,
methanol which is a side product or through unassisted keto-enol tautomerization?
In order to rationalize the racemization process after the cyclization, three different
mechanisms were proposed by Haglak. The first two mechanism are shown in Figure

1.13., intramolecular proton transfer from Cy to Og with and without a base catalyst.
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The upper path (red line) shows that keto-enol tautomerization without a catalyst
that was not possible kinetically due to very high activation barrier which is 77.0
kcal/mol. Since one mole of methanol is released during the cyclization step, it can
abstract the hydrogen atom from the stereocenter (Cs) by transferring its -OH hydrogen
to Og yielding the enolate in Figure 1.13.
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Figure 1.14. Racemization mechanism in the presence of TEA [27].

Since triethylamine mediated racemization at Cs required the lowest activation
barriers compared to other two mechanisms, it was considered to be the main racem-

ization mechanism as shown in Figure 1.14.



14

2. AIM OF THE STUDY

Asymmetric synthesis is the selective synthesis of one enantiomeric form of a
desired optically active molecule. The different enantiomers or diastereomers of a
molecule often show different biological activities. Their liability to racemization is an
important information [28]. Important properties of enantiomers arise when they are in
an asymmetric environment, when they react with other enantiomers. Stereoisomers
can have different pharmacokinetic and pharmacodynamic properties and these can
be related to the drug-receptor interactions, the rate of metabolic conversions, the
differences in transport processes, or even uptake and storage in particular tissues
[29]. Isomerism can lead to different therapeutic uses and adverse drug reactions or
two stereoisomers can compete for binding the receptors, one isomer can act as a
competitive antagonist of the other, then the efficiency of a drug can be lowered [20].
For example for some barbiturates, the L-isomer is a depressant and the d-isomer is
a convulsant. Determining the amount of racemization and racemization mechanisms
are important steps during the drug synthesis [30]. Racemization can cause compounds
to become toxic, lose their efficacy and ignoring racemization leads to wasted material

and human resources [31].

It is important to yield pure compounds with few impurities as possible be-
cause single enantiomers (enantiopure products) have less complex and more selective
pharmacodynamic profile, also they have less adverse drug reactions, improved thera-
peutic profile, less chances of drug interactions compared to racemic mixtures. Single
enantiomers seem to be more advantageous over racemic mixtures and patients are
exposed to less amount of drug so the body is exposed to the lesser metabolic, renal
and hepatic load of drug, there is easier therapeutic drug monitoring of the pure active
enantiomers [20]. Non-racemic axially chiral systems are considered as central elements
for many scientific areas with numerous applications in catalyst design, drug discovery

and material sciences [10].
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Determining the factors of enantioselectivity and atroposelectivity of axially chiral
thiohydantoin derivatives and reactions by using DF'T calculations is the main aim of

this study. This study consists of four parts:

In PART I: The aim is to rationalize the role of substituents, the size and the
character of the Ry and the ortho-substituent, on the rotational barriers through Ng,, —

Cary1 chiral axis and compare the results with the previous experimental data.

In PART II: The solvent assisted racemization is analyzed with the purpose of
verifying computationally that the racemization reactions require lower barriers com-
pared to rotation in ethanol, racemization is the most probable route for the thiohy-
dantoin derivatives. In this part various possibilities for the racemization mechanisms

of thiohydantoin derivatives have been modelled.

In PART III: We propose an approach to calculate the product distributions of
thiohydantoin molecules SP, SM, RP and RM through Boltzmann distribution. In
this part the aim is to demonstrate that the relative Gibbs Free Energies (kcal/mol)
of uncyclized products (6S) before the cyclization step contribute to the final product
distributions (thermodynamic control) of the isomers by giving the P/M ratios. Since
these uncyclized products give cyclized SP, SM, RP and RM isomers after the ring
closure and the chiral center was formed, relative stabilities of these thiohydantoin

isomers also contribute to the final distribution by giving the S/R ratios.

In PART IV: The asymmetric aldol reaction has attracted the attention of syn-
thetic organic chemists and is frequently seen as a major step of enantioselective C—C
bond formation [25]. With the guidance of experimental results [32], we used quan-
tum chemical calculations to seek further verification of the atroposelectivity of aldol
formation reactions of thiohydantoin derivatives with benzaldehyde and further verify

that the selectivity depends on the bulky ortho-substituents -CF3 and -CL.

Derivatives of 2-thiohydantoin molecules used in this study are given in Figure

2.1.
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Figure 2.1. Thiohydantoin derivatives modelled in this study.
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Figure 2.1. Thiohydantoin derivatives modelled in this study. (cont.)
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Figure 2.1. Thiohydantoin derivatives modelled in this study. (cont.)
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3. METHODOLOGY

3.1. Density Functional Theory

Density Functional Theory (DFT) is the method of choice for the quantum me-
chanical simulations of many-body systems. DFT deals directly with the wave func-
tion and it is based on the electron density [33]. According to the Born-Oppenheimer
approximation, the ground-state electronic structure and the nuclear repulsion in a
molecule determine its ground-state geometry, potential energy surface, thermochem-
istry, rate constants, and other physical and chemical properties. DFT states that the

electron density can be defined by the spatial coordinates (x,y,z) and given as;

:N/.../|\I/(7“1,r2,...rn)|2d7’1dr2...drn. (3.1)

Current DFT uses the Kohn-Sham formalism, a system of independent non-
interacting electrons in a common, one-body potential. Energy functional is divided

into specific components in order to facilitate the analysis and given as;

Elp(r)] = V(r)p(r)dr + Toilp(r)] + J{p(r)] + Exclp(r)]. (3.2)

The term T,,;[p(r)] refers to the kinetic energy of the non-interacting electrons

where N is the number of electrons and it can be written as;

Tulon) = 3 [ wi(r) = o) 33

The term J[p(r)] is the electron-electron Coulombic energy that does not consider
the correlation between motions of electrons where M is the total number of nuclei and

Z 4 is the nuclear charge and it is written as;

pi(r)pa(r)
Jp(r /]r—R ‘ dr+/ T —————=drdr,. (3.4)
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The last term is and it accounts for the remaining electronic energy not in-
cluded in the non-interacting kinetic and electrostatic terms,; typically referred to as
the exchange-correlation energy. It is defined as the difference between the exact total
energy of a system and the classical Hartree energy and the quality of a DFT calcu-
lation is determined by how close the approximate exchange and correlation comes to

the exact value. Exchange correlation energy can be expressed as;

Exclo(r)] = / p(F)exen(r)dr. (3.5)

The derivative of Equation (3.5) with respect to electron density gives the follow-

ing equation;

Vielp(r)] = p(r) S5 4 exeptr) (3:6)

The Kohn-Sham orbitals (1);) can be determined by solving the Kohn-Sham equa-
tions;
hit Sy = ey, (3.7)

The Kohn-Sham Hamiltonian operator can be expressed as;

pEs — Y _ / V. : 3.8
’ Z+|7“ — R4| |(r1 — 72) drldr2| xolp(r)] (3.8)

The exchange-correlation potential is shown in Equation (3.6) and the exact
density can be formed through the Kohn-Sham orbitals and the equation is given

as;

N

p(r) = 1oil* (3.9)

i=1
One setback is, the exact form of exchange-correlation functional is not known.
For this purpose, DFT functionals are used to represent the approximations to solve

the exchange-correlation functional.
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3.2. DFT Functionals

In order to obtain the exact form of exchange-correlation functional, different
approximations have been used. Local Density Approximation (LDA) is the one of
the approximation to form the base of the exchange-correlation functionals [34]. LDA
states that the electron density of a system is uniform and the electrostatic energy of

the positivity, E, is added to make the system neutral by the following equation:

Elpl = Tl + [ o610+ o] + Elp] + By (3.10)

Then the equation is simplified to the following form since the electron density and
positive charge density are equal to each other. Also the exchange and the correlation

functionals are expressed into separate terms:

Elp] = Tyilp] + Ex[p] + Ec[p]. (3.11)

Tyilp] is the kinetic energy functional, where Cr is a constant equal to 2.8712,

and it can be written as:

Thilpl = C’F/p5/3dr. (3.12)

The following equation is used for the determination of the exchange functional

and the term Cx equals to a contant of 0.7386:

Elp = —C, / p(r)43dr. (3.13)

However the electron density in a molecular system is rather far from uniformity
and this is the limitation of the LDA approach. One way of improving the correlation
functional is to make it depend not only on the local value of the density, but on the
extent to which the density is locally changing meaning the gradient of the density.
Including a gradient correction defines the second generation of density functionals

called the generalized gradient approximation (GGA).
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Most gradient corrected functionals are constructed with the correction being a

term added to the LDA functional such as:

ESSAIn] = /n(r)axc(n(r), |[vn(r)|)dr. (3.14)

In third-generation functionals, the spin kinetic energy densities are included in
the functional form and they are called meta-GGAs. Functionals combining local GGA
functionals with non-local Hartree-Fock (HF') exchange are called hybrid functionals,
and they are often more accurate than local functionals for main group thermochem-

istry.

MO06-2X hybrid meta GGA functional is used in this study due to its improved
performance for main-group thermochemistry, barrier heights, and noncovalent inter-
actions. M06-2X is known to perform well in organic reaction systems by including
the contribution of dispersive effects, it has shown results that are consistent with the
experimental findings [35]. BSLYP meta functional is also used during the calculation
of rotational barriers and gave slightly better results compared to M06-2X but not used
in the other parts of the study where the dispersive interactions are signficant. B3LYP
functional has some shortcomings: it underestimates the reaction barrier heights and
it is inaccurate for long range interactions, such as van der Waals attraction, hydrogen-

bonded systems and aromatic-aromatic stacking.
3.3. Basis Sets

A basis set is a set of functions which are combined in linear combination of

atomic orbitals to extend the molecular orbitals [36] and it is given as;

U= ity (3.15)
j
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To describe the electronic states of molecules we construct wavefunctions, which
are the approximate solutions to the Schrodinger equation, for the electronic states
by using molecular orbitals. W; is the molecular orbitals, 1); represents an atomic
orbital and ¢;; is the coefficient. Major types of atomic orbitals are Gaussian-type
orbitals (GTO) and Slater type orbitals (STO). Slater type of orbitals are used in the
case when molecules consists of hydrogen-like atoms since hydrogenic orbitals describe
atoms exactly if the electron-electron interactions are neglected, and they can describe
the electron density around the nucleus. One drawback of the Slater type of orbitals is
the high computational cost, because of this approximated types of STOs, Gaussian-

type orbitals, are used for their better computational efficiency [37].

In split valence basis sets method, the number of basis functions used for core and
valence electrons differ in order to reduce to computational cost, and more flexibility
is given to valence basis functions since valence electrons are more active in chemical
bonding. In order to get better approximation to the exact electronic energy, basis sets

are modified by utilizing two functions, which are polarization and diffuse functions.

Polarization functions are used to describe the polarization of the electron density
of the atom in molecules. This is very important for modeling chemical bonding because
the bonds are often polarized. Polarization functions give higher angular momentum
orbital to heavy atoms symbolized by an asterisk (*) or (d) and for the lighter atoms

like hydrogen a second asteriks or (d,p) are added.

Diffuse functions give flexibility to the ”tail” portion of the atomic orbitals, far
away from the nucleus. Diffuse basis functions are important for describing anions or
dipole moments, but they can also be important for accurate modelling of intramolecu-
lar and intermolecular bonding. Diffuse functions allow orbitals to occupy larger spaces
and they are represented as plus signs, one plus sign ”+” implies the diffuse function
addition for heavy atoms and two plus signs ”"++" indicates that diffuse functions are

used for hydrogen atoms.
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A larger basis set provides more variable parameters to produce a better ap-
proximate wavefunctions, hence increases the accuracy of the calculations, however
computational cost increases due to higher computational time. Therefore, selection
of basis set should take into account the properties and the behavior of the system to

be modeled.

3.4. Methodology Used in This Study

Conformations of the molecules are determined firstly with the semi-empirical
PM3 method using the SPARTAN software and re-optimized by a higher level of theory
DFT (Density Functional Theory) with the Gaussian09 program package. Geometry
optimizations of ground and transition state structures are performed using M06-2X
functional and 6-311+G** basis set for rotation, racemization and aldol reactions.
B3LYP functional is tested for the rotational barriers and compared with the M06-2X
functional and the experimental results. For the other parts of the study, due to the
inability of B3LYP [38] to describe van der Waals complexes bound by medium-range
interactions, we performed our calculations with Minnesota functionals. M06-2X has
improved performance for main-group thermochemistry, conformational energies, bar-
rier heights [39], and noncovalent interactions [40] as compared to B3LYP functionals

in organic reactions.

Accurate prediction of chemical reaction barrier heights is important since com-
parison with the experimental results will be conducted in this work. Due to their
partially stretched bonds, transition states are harder to model than equilibrium struc-
tures [41]. According to the work of Zhao [41], M06-2X is the best functional for the
determination of barrier heights. The nature of the corresponding reactants and prod-
ucts is verified by intrinsic reaction coordinate (IRC) calculations on the transition
state structures. Implicit solvation is used for various solvents except for racemization
mechanism where the explicit solvent model is used by ethanol using the integral equa-
tion formalism polarizable continuum model (IEFPCM). The relative energies reported

throughout the study are the Gibbs Free Energies (kcal/mol).
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4. RESULTS AND DISCUSSIONS

4.1. PART I: Role of Substituents on the Internal Rotation of

Thiohydantoin Derivatives

In the previous experimental studies [14,22], thiohydantoin derivatives were syn-

thesized by the process as follows:

e The appropriate ester salt was refluxed for some time with selected arylisothio-
cyanate with triethylamine in dichloromethane.

e To eliminate the remaining TEA used in the synthesis, extraction with distilled
water was done.

e After evaporation of the dichloromethane, the crude product was crystalised using
ethyl acetate and hexane mixture.

o After separation, stereoisomers were dissolved either in toluene (only rotation was
observed, PART I) or ethanol (both racemization and rotation were observed for

some derivatives, however racemization requires lower barriers, shown in PART

1I) .

In this study, rotational barriers of hindered rotation around the Ngyo — Cyryi
chiral axis have been calculated in toluene and compared with the experimental results
and predictions about the determination of rotational barriers before the experimental
procedures have been carried out. In the previous study of Arica [14], no racemization
was observed even the temperature was 110°C in toluene. Also in the work of Sarigiil
[42] in order to see which interconversion that exists between the isomers, rotation
around the chiral axis or racemization at C;, SP was kept in toluene at a constant
temperature bath and injected to HPLC at certain time intervals for analysis. It was
found that SP converted to SM with time without formation of any other isomer shown
in Figure 4.1. The reason for not observing any racemization in toluene is there is no

environment to capture a proton from synthesized 2-thiohydantoins for racemization.
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Figure 4.1. Possible interconversions for the SP isomer in toluene.

In previous experimental studies, experimental activation barriers of rotation is
determined and they are shown in Table 4.1. Our aim is to rationalize these results

with the computational tools.

Table 4.1. Experimental activation barriers (kcal/mol) in toluene at various

temperatures.

Molecule Name | SP to SM | SM to SP | RP to RM | RM to RP
M1(303K) [22] 24.0 24.3 24.4 24.2
M2(313K) [14] 24.6 24.7 25.2 25.0
M3(383K) [14] - - 28.4 28.4
M4(333K) [22] 27.8 27.5 27.5 27.8
M5(313K) [14] - - 24.7 24.8
M6(383K) [14] 28.3 28.2 - -
MS8(303K) [22] 24.7 24.7 24.7 24.7
M9(333K) [22] 26.3 26.1 26.1 26.2
M10(333K) [42] 25.7 25.6 25.6 25.7
M11(333K) [22] 27.7 27.7 27.7 27.7
M13(333K) [32] 28.0 28.0 28.0 28.0
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In the process of a reaction, transition state of a chemical reaction is a particular
configuration corresponding to the highest potential energy along the reaction coor-
dinate. In our case, it corresponds to the geometry where two rings lie in the same
plane [43] where ortho-substituent X and the exo-cyclic groups O or S are too bulky
that rotation is hindered as illustrated in Figure 4.2. R, represents substitution on Cj
which can be methyl, benzyl, isopropyl, isobutyl and phenyl and X represents o-aryl
substituent on aromatic group which can be methyl, bromide, chloride and trifluo-

romethyl.

)—

166.8
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M1-TS-S M1-TS-S
(O-side) (S-side)

Figure 4.2. Rotational transition state structures for M1 in two different directions.

Table 4.2. Activation barriers (kcal/mol) of rotation in toluene for M1 (-R; and -X

are -CHj3) where rotation occurs via two different directions.

O-side O-side S-side S-side
(B3LYP/ 6- | (M06-2X/6- | (B3LYP/6- | (M06-2X/6-
3114+G**) 3114+ G**) 3114+ G**) 3114+ G**)

SM to SP | 27.3 27.6 32.1 32.3
SP to SM | 274 27.6 32.2 32.2
RM to RP | 274 27.6 32.2 32.3

RP to RM | 27.3 27.6 32.1 32.2
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There are two ways in which rotation can occur around the chiral axis as shown
for M1 in Figure 4.2. We observed that when exo-cyclic sulfur and o-aryl groups are
on same plane the larger size of sulfur introduces larger steric hinderance compared to
oxygen as shown in Table 4.2. Therefore, we continue with our calculations taking into

consideration the fact that rotation happens on the site of oxygen instead of sulfur.

Table 4.3. Experimental and calculated activation barriers (kcal/mol) of rotation for

SM to SP conversion of the molecules. Values in paranthesis display the SP to SM

rotations.
Experimental | BSLYP/6-311+G** | M06-2X/6-311+G**
M1(303K) | 24.3 (24.0) 27.3 (27.3) 27.6 (27.6)
M2(313K) | 24.7 (24.6) 27.6 (27.4) 27.2 (27.8)
M3(383K) - 31.2 (30.9) 31.8 (32.9)
M4(333K) | 27.5 (27.8) 30.1 (30.2) 31.3 (31.6)
M5(313K) ; 27.7 (27.7) 28.5 (27.7)
M6(383K) | 28.2 (28.3) 30.8 (30.5) 30.7 (31.9)
M7(333K) ; 30.1 (29.9) 30.9 (30.8)
MS8(303K) | 24.7 (24.7) 27.1 (27.4) 27.5 (28.0)
M9(333K) | 26.1 (26.3) 28.8 (20.1) 30.2 (30.5)
M10(333K) | 25.6 (25.7) 28.7 (29.0) 29.5 (31.1)
M11(333K) | 27.7 (27.7) 30.1 (30.4) 30.8 (31.5)
M13(333K) |  28.0 (28.0) 30.0 (30.1) 30.5 (30.0)

In order to see the effect of ortho-substituent on rotation, we have selected M1
(X: -CHj), M9 (X: -Cl), M4 (X: -Br) and M13 (X: -CF3) for further analysis. It has
been calculated that activation barriers of rotation from SM to SP are 27.6, 30.2, 31.3
and 30.5 kcal/mol for M1, M9, M4 and M13 respectively.



29

In the work of Lunazzi [44], it states that the steric effect during rotation is

essentially determined by the size of the atom X and thus increases with the Van der

Waals radius. Also in the work of Belot [45] the relative size of the ortho-substituents

are given as -CF3 > -Br > -CH3 > -Cl. Methyl is larger than chlorine, however in our

results we observe a higher barrier for the chloride substituent. This outcome may be

explained by:

(i)

(i)

In the case where -CHjy is in o-aryl position (M1), rotation has the lowest barrier
since the methyl group interacts with carbonyl oxygen with favorable interactions
and it stabilizes the transition state structure and lowers the activation barrier
of rotation. Due to the position of the carbonyl oxygen, only one lone pair of
oxygen can interact with methyl hydrogens, however we observe two hydrogens
which are capable of making this interactions.

A repulsion between the lone pairs of oxygen and the lone pairs of halogen groups
can be one of the reasons for observing higher barriers of rotation for the molecules
that have halogen substituents such as M4 (X: -Br) and M9 (X: -Cl) compared to
methyl ortho-substituent. Bigger Van der Waals radius size of bromide compared
to methyl group is also the reason for observing higher barriers when the ortho-

substituent is bromide shown in Table 4.3.

Comparing halogen substituents, bromide (M4) has a higher barrier of rotation

compared to chlorine (M9). They both have lone pairs, so the reason is the larger

of bromide. Bromide has a larger electron cloud, repulsion with the carbonyl oxygen

is larger thus it increases the barrier of rotation. Also in the work of Sarigil [41],

it was observed that there is a linear relationship between the size of the o-halogen

substituent and the rotational barrier around the chiral axis, the bigger the atomic

radius, the larger the rotational barrier.
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We also looked for the CMb5 charges of halogen substituents shown in Figure
4.3. Chlorine is more negative than bromide but we still observed a higher barrier
for the bromide group due to size of the substituent. This steric effect also distorts
dihedral angle being around 168° and situated the bromide group further away from

the carbonyl oxygen compared to chlorine shown in Figure 4.3.

>—%‘ |

fJ\ -0.2837
1989 2 80 " i 0.0475
N " 1\ -0.0113 N { \ ’J’J
’\th ’\’“
" "4
M4-TS-S (X: -Br) M9-TS-S (X: -Cl)
SM to SP: 31.3 kcal/mol SM to SP: 30.2 kcal/mol
SP to SM: 31.6 kcal/mol SP to SM: 30.5 kcal/mol

Figure 4.3. Charges and distances between the carbonyl oxygen and the

ortho-substituents.

When X is -CF3 (M13), different than the methyl group, hydrogens are replaced
with fluorines therefore we no longer observe a favorable interaction with the carbonyl
oxygen. Also, this group is sterically larger and F atoms possess a partial negative
charge due to their electronegativity and the lone pairs. These effects further increase
the repulsion between the carbonyl oxygen and in experimental results causes the
largest barrier of rotation. However for the calculated results in this study, this barrier
(X:-CF3) is closer to the rotational barriers of M4 (X: -Br) where the bromide lone pairs
having a repulsive effect with oxygen. These findings are also validated by comparing
M8 (X: -CHjs), M10 (X: -Cl) and M11 (X: -Br) where the R, substituent is isopropyl as
depicted in Figure 4.4. Also comparing molecules which have the same R; substituent
and different X substituent such as M2 (X: -CHj) - M3 (X: -Br) and M5 (X: -CH3) - M6
(X: -Br), the same conclusion is obtained which is, the size of the o-aryl substituents

and the lone pairs of halogen are the factors affecting the rotational trends.
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M1-SM

M9-SP M9-SM

he

-161.9

o%

M13-SP M13-TS-S M13-SM

Figure 4.4. 3D structures of ground and transition states of M1 (R;: -CH3 and X:
-CH3) , M4 (R;: -CH; and X: -Br), M9 (R;: -CH3 and X: -Cl), M8 (R;: isopropyl
and X: -CHs), M10 (R;: isopropyl and X: -Cl) and M11 (R;: isopropyl and X:
-Br).(M06-2X/6-311+G** / iefpcm / Solvent = Toluene)
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MB8-Sp MBS8-TS-S MS-SM

M10-TS-S

MI11-SP MI11-TS-S Mi11-SM

Figure 4.4. 3D structures of ground and transition states of M1 (R;: -CHj and X:
-CHj) , M4 (R;: -CHj3 and X: -Br), M9 (R;: -CHj and X: -Cl), M8 (R;: isopropyl
and X: -CHs), M10 (R;: isopropyl and X: -Cl) and M11 (R;: isopropyl and X:
-Br).(M06-2X/6-311+G** / iefpcm / Solvent = Toluene) (cont.)
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The effect of R; on rotation is further investigated by comparing M1, M2, M5 and
M8 where ortho-substituent is methyl and each molecule has a different R; substituent.
As shown in Table 4.3., having thiohydation derivatives with different functional groups
such as simple alkanes (M1, M4, M8, M11, M5 and M6), alcohol (M7 and M12) and
aromatic ring (M2 and M3) do not impose any effect on the rotational trends. We
verified these findings by selecting X=Br in molecules such as M4, M3, M6, M7 and
M11 as listed in Table 4.3.

The reason of this outcome can be explained in two ways, electronic and steric
influence, because of the acceptor/donor capacity of functional groups attached on
Cs carbon, electron density on carbonyl oxygen could change. For example if R,
substituent decreases the electron density on oxygen by being a electron withdrawing
group, less repulsion could have occurred between oxygen and X; and it may decrease
the rotational barrier. However there are three atoms (Figure 4.5.) between carbonyl
oxygen and R, this distance does not impose any significant effect so we observe similar
rotational barriers. Also because of the distance, R; group does not impose any steric

effect on groups near the rotation site.
R
H -
- ,CH, Distance between
HN— R and X prevents an
/\ effect on rotational barriers
s N O
X

Figure 4.5. Distance between the functional group R and the carbonyl oxygen in

thiohydantoin derivatives.

For M7 where R; is -CH5;OH, for the lowest energy conformers, -OH group inter-
acts with carbonyl oxygen through favorable interactions. We predicted this interac-
tion to lower the rotational barrier, however this stabilization happens for both ground
state and transition state structures simultaneously, so the difference doesn’t change

remarkably as shown in Table 4.3.
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When X; is methyl such as M1, M2, M5 and M8, the dihedral angle of chiral
axis on TS structures is around 180°. However, when X; is bromide such as M4,
M3, M6, M11 and M7, the dihedral angle of chiral axis on TS structures is around
170° (Figure 4.4. and Figure 4.7.). To explain this outcome, we can predict that
hydrogens on methyl group tend to make favorable interactions with the oxygen of
the thiohydantoin ring. 5-Membered thiohydantoin ring and the aryl ring come close
to each other in order to make this interaction thus, we observe more planar (closer
to 180° dihedral angle) structure. For the case when X; is bromide, due to repulsion
between carbonyl oxygen and -Br, two ring structures can’t be on the same plane and
this distorts dihedral angle being around 168°. The relation between the rotational

barriers and the deviation from the 180° is given in Figure 4.6.

Rotational Barriers vs Deviation from 180° angle

R2=0.9069
12 @so R=07993
4 °.®
10 09 .- e
9’: et
8 : f
= 6 o @ SP to SM
a] ) vre ® SM to SP
0
25.0 270 29.0 31.0 33.0 35.0

Calculated Rotational Barriers (kcal/mol)

Figure 4.6. Rotational barriers vs. deviation from 180° for the SM to SP and SP to
SM rotation.

M2 and M3, differ only in the identity of the ortho-substituent. In the lowest
energy conformers of ground and transition states of M2, as shown in Figure 4.8. the
benzyl group (R;) interacts with H (SP) or -CHj3 (SM) attached to benzene. However,
in the lowest energy conformers of ground and transition states of M3, this 7 interaction

is not favored and benzyl group does not have any interaction with the aryl ring.
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In the case of M2, despite of the steric effect, benzyl (R;) interacts with ortho-
methyl or hydrogen of the aryl group in the optimized and the transition structures
of M2’s lowest energy conformers through C-H---w interactions. Under the class of
the weak H-bonds, the C-H---m systems form a separate class. Unlike conventional
hydrogen bonded systems where the hydrogen is attached to an electronegative atom,
here the hydrogen is attached to a carbon atom. Second, in conventional H-bonded
systems, the proton acceptor is an electronegative atom or ion however, in the C-H---7

systems, the proton acceptor is the 7 electron system [46].

Attraction between benzene and hydrocarbon molecules is considerably weaker
than the hydrogen bond between waters. In the work of Tsuzuki [47] calculations
indicate that dispersion interaction is mainly responsible for the attraction between
benzene and hydrocarbon molecules. Electrostatic interaction is not essential for the
attraction in benzene-methane complexes, which is considerably smaller than dispersion
interaction. C-H bond prefers to point toward the benzene ring (Figure 4.7.) , this
preference is not the result of unusual attraction between the C-H bond and the =
system. The orientation of the C-H bond is controlled by relatively weak, but highly

orientation dependent electrostatic interaction.

I
H H—C
A Ne—p
1!1 }|I
i

e g, g g,
- Ny, N ! (7
S T, & T,

M2-SM M2-SP
Figure 4.7. o-methyl---phenyl and H---phenyl interactions.
Note that, since there is no C-H---m systems for M3 conformers when X is bromide,

electron cloud on bromide and delocalized m-electrons on benzene repel each other and

benzyl gets further away from bromide.
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This explains the geometry of lowest energy conformers of the M3 (X: -Br) and
M2 (X: -CHj3) molecules being different from each other, the nature of the ortho-

substituents effect the orientations of the R, substituents in such cases.

o
A X

N e

M2-SM

M3-SP M3-TS-S M3-SM

Figure 4.8. 3D structures of ground and transition states of M2 (Ry: benzyl and X:
-CHs), M3 (R;: benzyl and X: -Br), M5 (R;: isobutyl and X: -CHj), M6 (R;:
isobutyl and X: -Br) and M7 (R;: -CH,OH and X: -CHj). (M06-2X/6-311+G** /

iefpcm / Solvent = Toluene)
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M7-SP M7-TS-S M7-SM

Figure 4.8. 3D structures of ground and transition states of M2 (R;: benzyl and X:
-CHj), M3 (R;: benzyl and X: -Br), M5 (R;: isobutyl and X: -CHjs), M6 (Rj:
isobutyl and X: -Br) and M7 (R;: -CH,OH and X: -CHj). (M06-2X/6-3114+G** /

iefpcm / Solvent = Toluene) (cont.)
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Experimental and calculated rotational barriers are not equal to each other as
shown in Table 4.3. Generally, calculated results (B3LYP and M06-2X) are 3 kcal/mol
higher than the experimental data. This may due to the limitations of DFT or the
experimental results. However, there is a linear correlation between experimental and
calculated values as shown in Figure 4.9. and Figure 4.10. and this relationship and
methodology can be further used for the prediction of rotational barriers of thiohydan-

toin derivatives before the experimental procedure.

Calculated vs Experimental Rotational Barriers
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Figure 4.9. Experimental vs Calculated Rotational Barriers (kcal/mol) of

thiohydantoin derivatives. (SM to SP)
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Figure 4.10. Experimental vs Calculated Rotational Barriers (kcal/mol) of
thiohydantoin derivatives. (SP to SM)



39

4.2. PART II: Solvent Assisted Racemization of Thiohydantoin Derivatives

Molecular chirality has an important role in organic chemistry. Chiral molecules
having central chirality have stereogenic centers. If two molecules with identical chem-
ical formula are not superimposable, they are called enantiomers [18]. SM and RP

isomers are enantiomers since they are not superimposible mirror images of each other.

Racemization (Figure 4.11.) is the process where a single enantiomer is con-
verted into a mixture of both enantiomers. Racemization is a particular concern to
drug discovery because the two enantiomers are highly likely to have different biological
properties, particularly in vivo [48]. A process related to racemization is enantiomer-
ization, which refers to one enantiomer being stereoselectively converted into the other

and which can also lead towards a mixture of the two enantiomers [48].

In this text we refer to racemization where the central chirality that is the tetra-
hedral sp? hybridized Cs atom of the heterocylic ring is converted from S to R or R to
S.

H
= LRy H

-/ /

HN—C5 HN—C;

S

'S

S S

o]
B ——
(jc'-'g CH3

SM RM

A A

Figure 4.11. SM to RM racemization at Cs.

As an experimental data, we have barriers of racemization in the presence of
ethanol. However, before we do our calculations we suggest a reaction mechanism in

the presence of ethanol.
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In order to do that, we model the reaction without the assistance of any ethanol,
and with the assistance of one and two explicit EtOH for M3 (R;: benzyl and X: -Br).

Results are shown in Table 4.4. and 3D geometries are shown in Figure 4.12.

Table 4.4. Different racemization mechanisms and barriers (kcal/mol) of M3 (-R;:
benzyl and X: -Br) compared with the experimental data. (M06-2X/6-3114G**, 313
K, Solvent: Ethanol)

Conditions Experimental | M06-2X /6-311+G**
Self Tautomerization (M3-TS-Rac) 24.5 79.1
1EtOH (M3-1EtOH-TS) 24.5 36.5
2 EtOH (M3-2EtOH-TS1) 24.5 25.2

Based on the results coming from Table 4.4., for the mechanism of the reaction,
racemization is observed with the assistance of two ethanol molecules which are abbre-
viated as EtOH-1 (in the vicinity of C;5 carbon) and EtOH-2 (in the vicinity of carbonyl

oxygen) in Figure 4.13.

SM — RM Racemization

M3-TS-Rac M3-EtOH-TS M3-2EtOH-TS1

Figure 4.12. Self tautomerization (M3-TS-Rac), 1IEtOH (M3-EtOH-TS) and 2EtOH
(M3-2EtOH-TS1) assisted transition state structures. (M06-2X/6-3114+G**, 313 K,
Solvent: Ethanol)
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In our calculations, we mainly focus on SM to RM racemization where we start
modelling with the SM isomer. When SM isomer is the reactant, two ethanol molecules
approach to Cj and the carbonyl oxygen and we observe a transition state as shown in

Figure 4.13. In the transition state the following steps take place in the order;

(i) Hydrogen attached to Cjs is captured by EtOH-1,
(ii) EtOH-1 gives its hydrogen to EtOH-2,

)
)
(iii) EtOH-2 gives its hydrogen to carbonyl oxygen,

(iv) C4=Cj; double bond forms and we observe an enol intermediate as shown in Figure

4.13.

(EtOH-1)
CHZCH3

i \_/\
c5)

)\ (' O—CH,CH
St CH,CH;,

(EtOH-2) ‘
R4 H/O
o HN—\CS
(‘,IIZLHg % )\ O—CH ,CH,

R H O\

HN—CS w5
AN 7o

Enol

SM

Figure 4.13. SM to enol formation mechanism in the presence of 2EtOH.

After enol is formed as an intermediate, chirality at Cs is lost since now Cj is
no longer sp® hybridized and in the tetrahedral form. Since due to loss of chirality,
direction of attachment of hydrogen to Cjs is significant. As observed in Figure 4.14.,
when the hydrogen of EtOH-1 approachs to from Re-face (same side as X substituent)
chirality of the thiohydantoin molecule changes and we obtain RM isomer. After that,

racemization process is completed.
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Figure 4.14. Enol to RM formation mechanism in the presence of 2EtOH.

In this study, racemization barriers of M2 (R;: benzyl and X: -CHs), M3 (R;:
benzyl and X: -Br), M5 (R;: isobutyl and X: -CHj3) and M6 (R;: isobutyl and X: -Br)
are calculated and compared with the experimental data in the work of Arica. Barriers
of racemization are calculated to be close to experimental data and no remarkable

difference is observed when R; or X is different as shown in Table 4.9.

In the previous study of Arica [14], it has been found that although the stereoiso-
mers converted to each other only by rotation in toluene, in ethanol racemization was
accompanied with rotation depending on the temperature of the thermal interconver-

sion experiment [49].

Racemization Rotation
RM+«—SM —— SP
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SM isomers were found to interconvert to SP isomers via rotation around the
Ngp2 — Cary1 chiral axis in toluene, similarly RM rotated to give RP in toluene. How-
ever, when the solvent was changed to ethanol, that is, when the SM stereoisomers of
compounds M2, M3, M5 and M6 were kept in ethanol instead of toluene, SM was found
to convert to RM. Thus racemization at Cs of the heteroring occurred in ethanol, in
this solvent also RM converted to SM. Rotational barriers are calculated in ethanol and
observed to be higher than ethanol assisted racemization in respective temperatures.
In the work of Arica for M2 (R;: benzyl and X: -Br) in ethanol and at 40°C, both
racemization and rotation reactions were observed. In order to decrease the rotation
rate, calculations were done also at 25°C (298 K) and at that temperature only racem-
ization was observed. Calculated results also give the same outcome given in Table

4.5. and rotational transition state structures in ethanol are shown in Figure 4.15.

Table 4.5. Experimental and calculated rotation and racemization barriers (kcal/mol)

of M2 (-R;: benzyl and X: -CHj) in ethanol at 298 K.

Experimental | M06-2X/6-311+G**

SM to SP (RM to RP) ; 29.4 (30.4)
SM to RM (RM to SM) | 24.0 (24.0) 25.4 (25.7)
SN
N

M2(S)-TS-Rot M2(R)-TS-Rot
(SM to SP) (RM to RP)

Figure 4.15. Rotational transition state structures of M2 (R;: benzyl and X: -CHj) in
ethanol.(M06-2X/6-3114+G**, 313 K, Solvent: Ethanol)
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Pathway for SM to RM and RM to SM two ethanol assisted racemization of M2

(Ry: benzyl and X: -CHj) is shown in Figure 4.16.
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Figure 4.16. Energy profile (kcal/mol) of SM to RM / RM to SM ethanol assisted
racemization for M2. (M06-2X/6-3114+G** / Temperature = 298 K / Solvent =

Ethanol)

In the work of Arica for M3 (R;: benzyl and X: -Br), at 298 K and 313 K in

ethanol, only racemization was observed.

In order to verify that the racemization

requires lower barriers in ethanol and it is a more plausible mechanism, calculations

were done in both of the temperatures.

Different types of approach were used for determining rotational barriers. One

is the rotation of the aryl ring in the presence (explicit) of two ethanol molecules

abbreviated as **  other one is the rotation without (implicit) the presence of any

ethanol molecules abbreviated as *.
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Both methods gave similar results, showing that rotation requires more energy

compared to racemization in ethanol shown in Table 4.6.

Table 4.6. Experimental and calculated rotation and racemization barriers (kcal/mol)

of M3 in ethanol. (*explicit ethanol / **implicit ethanol)

Experimental | M06-2X /6-311+G**
298K
SM to RM* 24.5 25.1
SM to SP* - 33.7
SM to SP** - 32.9
313K
SM to RM* 25.0 25.2
SM to SP* - 33.8
SM to SP** - 32.6
RM to RP** - 32.8

3D geometries of explicit ethanols for M2 (Ry: benzyl and X: -CHj) and M3 (R;:
benzyl and X: -Br) is as follows:

e Around the SM isomer, EtOH-1 displays the classic anti form as a conformer
as expected. For EtOH-2, the anti form is disrupted. Methyl hydrogens of the
ethanol molecule may interact with the carbonyl oxygen of the thiohydantoin
heteroring by favorable interactions and as well as the aryl ring.

e After the course of the reaction when ethanol molecules come closer to the thiohy-
dantoin molecule in order to form the transition state geometry, EtOH-1’s methyl
move away from the thiohydantoin because of the steric effect caused by the ben-
zyl substituent. However EtOH-2’s conformer is the same as in the reactant since

the benzyl group is far from EtOH-2 to change the conformer.
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Transition state structures of rotation and racemization for M3 are shown in

Figure 4.17. Transition state structures of rotation and racemization for M5 are shown

in Figure 4.18. Transition state structures of rotation and racemization for M6 are

shown in Figure 4.19.
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Figure 4.17. Racemization and rotation transition states and ground state structures

of M3.
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In the work of Arica for M5 (Ry: isobutyl and X: -CHj), after separation of
RM, SM, RP and SP, each stereoisomer was dissolved in ethanol at 298 K. For all
stereoisomers only racemization was observed with time until equilibrium in ethanol
at 298 K, it was verified computationally and the results are shown in Table 4.7. At
313 K both racemization and rotation were observed in ethanol.

SM to RM* SM to SP**

oy
28

MS-SM**

M5-2EtOH-TS1* M5(S)-TS-Rot**

Figure 4.18. Racemization and rotation transition states and ground state structures

of M5.
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For the M6 (R4: isobutyl and X: -Br) in the work of Arica at 313 K in ethanol, only

racemization was observed. At 313 K both racemization and rotation were observed

in ethanol. In order to verify this result, we also calculated rotational barriers in

that temperature. It was observed that rotation requires a higher barrier of rotation

compared to racemization in these reaction conditions, results are given in Table 4.8.

SM to SP*

<)
1711

7S \/\
{ r

M6-2EtOH-TS1* M6(S)-TS-Rot*

SM to SP**

b

r{’\/

/‘\/\

M6-SM*

M6(S)-TS-Rot**

Figure 4.19. Racemization and rotation transition states and ground state structures

of M6.
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3D geometries of explicit ethanols for M5 (Ry: isobutyl and X: -CH3) and M6
(R; : isobutyl and X: -Br) is as follows:

e Around the SM isomer for EtOH-1, methyl of the ethanol did not interact with
thiohydantoin ring and anti form remained. In the case of EtOH-2, methyl of the
ethanol did not interacted with the aryl ring and the carbonyl oxygen and the
anti-form is remained as well because of the distance between these groups.

e When ethanol molecules come closer to the thiohydantoin molecule in order to
form the transition state geometry, EtOH-1’s methyl move away from the thio-
hydantoin ring because of the steric effect caused by the isobutyl substituent.
EtOH-2’s methyl changed its conformation and came closer to the carbonyl oxy-
gen and the aryl group, because of the decreased distance between them. This
allows the interaction between these groups and making the steric effect caused

by the isobutyl group less significant.

Table 4.7. Experimental and calculated rotation and racemization barriers (kcal/mol)

of M5 (-Ry: isobutyl and X:-CHj3) in 298 K. (*explicit ethanol / **implicit ethanol).

Experimental | M06-2X /6-311+G**
SM to SP** - 29.8
RM to RP** - 28.9
SM to RM* 24.0 23.7

Table 4.8. Experimental and calculated rotation and racemization barriers (kcal/mol)

of M6 (-R;: isobutyl and X: -Br) in 313 K. (*explicit ethanol / **implicit ethanol)

Experimental | M06-2X/6-311+G**
SM to SP - 30.8
RM to RP - 32.0
SM to RM 24.5 24.3




20

Computational results for the racemization barriers with the assistance of two
ethanol molecules for the thiohydantoin derivatives M3, M5 and M6 are in a excellent
agreement with experimental data. However for M2 (R;: benzyl and X: -CHj), activa-
tion barriers of racemization (SM to RM and RM to SM) are calculated to be slightly
higher than expected. In conclusion, R; and X substituents do not effect the racem-
ization activation barriers in ethanol at respective temperatures and racemization is a

more plausible mechanism in ethanol compared to rotation shown in Table 4.9.

Table 4.9. Comparison of calculated and experimental racemization barriers
(kcal/mol) of M2 (-Ry: benzyl and X: -CHj), M3 (-Ry: benzyl and X: -Br), M5 (-R;:
isobutyl and X: -CHj3) and M6 (-R;: isobutyl and X: -Br).

T Transition Exp. MO06-2X/6-3114+G**
M2 | 208K | SM to RM (RM to SM) | 24.0 (24.0) 95.4 (25.7)
M3 | 298K (313K) SM to RM 24.5 (25.0) 25.1 (25.2)
M3 313K SM to RM 25.0 25.2
M5 298K SM to RM 24.0 23.7
M6 313K SM to RM 24.5 24.3
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4.3. PART III: Product Distribution of the Thiohydantoin Derivatives

Evolution of the product ratio is determined by two parameters: the rate coeffi-
cients (activation energies) and the thermodynamics [50]. Thermodynamic or kinetic
reaction control in a chemical reaction can direct the composition in a reaction product
when the reaction conditions influence the selectivity or stereoselectivity. One example
is given in Figure 4.20. B is the kinetically controlled product, in the case when the
product B forms faster than product A because the activation energy for product B is
lower. While in other case A is the thermodynamic product since it is thermodynami-

cally stable and favoured under thermodynamic control.

= Transition State
g A
EEERES
% S Z
$ Z

3] S Z
=4 S Z

~ =)
Q s ’ Lz
= = & Lz

o~
58 $ Z
3 * Vs -~
o N - Transition State =
- N =
= $ B z
» < =
el > N
e $ % —
1G] S Z
‘
@) S Zz Product-B
=
4 S 2
B $ 2
A ~ <
< 3 Z
— > “
s S
4 R Product-A
Reactant

Progress of the Reaction

Figure 4.20. Reaction schematics of thermodynamic vs kinetic control.

As mentioned before, during the thiohydantoin ring formation four different types
of isomers are formed such as SP, RP, SM and RM. In such circumstances, we need
to consider the product distribution, the ratio of one product to another. How much
of one product we get in relation to other products can be determined from ener-
getic considerations. Their percentages after the synthesis is quite important due to

determination of S to R racemization ratio, hence the stereoselectivity of the reaction.
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In the previous studies the product distribution of S/R ratio of M4 (Ry: -CHjy
and X: -Br) is calculated to be 88/12 according to the Boltzmann distribution function,
which is in very good agreement with the reported experimental ratio [27]. (S/R:86/14)
In this study in addition to calculating S/R ratios, we determined the product distri-
butions of four isomers (SP:RP:SM:RM) separately for M3 (Ry: benzyl and X: -Br)
and M6 (Rs: isobutyl and X: -Br) and compared with the experimental data. The

calculation consists of two steps.

According to the work of Haglak [27] before the cyclization, an intermediate
named 6S is formed and it is shown in Figure 1.11. 6S can be in two forms; 6S-1 and
65-2, they can convert to each other via free rotation through Ngp»-C,.y1 single bond
and their only difference is the orientation of X (-Br) shown in Figure 4.21. After this
step, cyclization occurs by the attack of negatively charged nitrogen to the carbonyl.
6S-1 gives P and 6S-2 gives M atropisomers based on the direction of Br. After the
cyclization rotation through an axis is limited because of newly cyclized ring strain

(hindered rotation), their barriers are calculated in Part I in this study.

Br
! Lowest Barrier
/~/ Br-3SP Most Probable Route
H;CO R, H,CO R, H;CO H3CO, R,
& I } & 5 L
0" 5 2 o] H\\\ o
@ Q@ S
N N N
Br /t;.r,,”{, .‘\\\\\13,-
H
— — —_—— :
\\\\\\‘\"\
Br-38 Br-45 65-1 65-2

Figure 4.21. Cyclization route of the thiohydantoin molecule.
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It is important to determine the percentages of 6S-1 and 6S-2 because their ratios

will also determine the percentages of P and M isomers after the cyclization step.

We determine the percentages of the 6S-1 and the 6S-2 structures for M3 (R;:
benzyl and X: -Br) (Table 4.10.) and M6 (R;: isobutyl and X: -Br). In order to
demonstrate the calculation steps for M3, Boltzman equation (kT is 0.59 kcal/mol,

M06-2X/6-311+G** / Temperature = 298 K / Solvent = DCM) is given as:

7AG(2_1)
e kT
%NM3—65—2 = AG AG x 100
(1-1) (2-1)
e~ kT + e T kT
e~ 0% (4.1)

%NM3_6S_2 — 037 X 100 - 35

1+e 059

Yo Nnz—65—1 = 100 — % Nps3_65-2 = 65.

M3-65-1 M3-65-2 M6-6S-1 Mo6-6S-2
0.0 0.4 0.0 0.2

Figure 4.22. 3D structures of 65-1 and 6S-2 conformers of M3 and M6.
(M06-2X/6-3114+G** / Temperature = 298 K / Solvent = DCM)
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3D structures of 6S-1 and 6S-2 conformers of M3 (Ry: benzyl and X: -Br) and M6
(R;: isobutyl and X: -Br), and their relative Gibbs Free Energies are shown in Figure
4.22.
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Figure 4.23. Possible reaction mechanisms during and after the thiohydantoin

synthesis.

As seen in Figure 4.23. after the cyclization, four different types of cyclized

thiohydantoin isomers are formed:

e (6S-1 gives SP isomer and racemization occurs to give RP in the presence of TEA
with a low barrier at 298 K. (Figure 1.14.)
e 65-2 gives SM isomer and racemization occurs to give RM in the presence of TEA

at 298 K.

We rule out the possible interconversions of SP <» SM and RP <+ RM because of the

higher barriers of rotation determined in PART L.
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3D structures of SP, RP, SM and RM for M3 and M6 are shown in Figure 4.24.

Me-SP

Figure 4.24. 3D structures of thiohydantoin isomers of M3 and M6.

Table 4.10. Calculated S/R percentages of thiohydantoin derviatives for M3.
(M06-2X/6-311+G** / Temperature = 298 K / Solvent = DCM)

Mo6-RP

Molecule Name | Relative Gibbs Free Energies (kcal/mol) | %
M3-SP (M3-RM) 0.0 75
M3-RP (M3-SM) 0.7 25
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Since P (M) atropisomers consist of SP (RM) and RP (SM), their percentages
are determined by their relative Gibbs free energies (kcal/mol) shown in Table 4.10.
Now, the last step is to combine all the results. For that purpose we multiply the result
that comes from 6S product distributions and percentages of cyclized ring structures

shown in Equation (4.2):

P
%Smeal = %SP X % =49

P
%R Pjinas = %RP x UL

%M '

%SMfinal = %SM x 100 =9

M
%RMfinal = %RM X ?00 = 26.

The calculated results show that both for M3 and M6, the RM isomer is more

stable than RP and gives higher product ratio compared to experimental data as shown

in Table 4.11.

Table 4.11. Experimental vs calculated product distributions of M3 (Ry: benzyl and
X: -Br) and M6 (R4: benzyl and X: -Br). (M06-2X/6-3114+G** / Temperature = 298
K / Solvent = DCM)

Exp. (SP:RP:SM:RM) [14] | Comp. (SP:RP:SM:RM)
M3 51:41:2:6 (S:R — 53:47) 49:16:9:26 (S:R — 58:42)
M6 49:40:3:8 (S:R — 52:48) 37:21:15:27 (S:R — 52:48)

In RM, R; and X substituents are transoid to each other and this may decrease the
steric effect and cause the stability compared to RP where these substituents are on the
same side with each other. M3-RP is the most stable conformer, where the benzyl group
does not prefer to interact with the bromide. Also in the case where R, is isobutyl,
M6-RP is the most stable conformer, indicating that methyl groups tend to stay away
from the bromide group. This shows that, steric effects are more significant than
the electronic interaction between R; and X substituents. (77 interaction between
the benzyl and the aryl ring for M3, favorable interaction between the bromide and

hydrogens of the methyl groups for M6)
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According to our calculations, relative Gibbs free energies (kcal/mol) of the thio-
hydantoin isomers can be used for the determination of product distributions (thermo-
dynamic control). If the reactions are controlled kinetically, barriers of rotation can
be taken into consideration with the racemization barriers. Even though rotation is
hindered, it can still occur and this interconversion between the isomers may effect the
calculation of the percentages. Also the difference between the RM and RP ratios in
experimental and calculated results can be explained by conducting calculations with

the racemization barriers (kinetic control) for further studies.
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4.4. PART 1IV: Sterically Controlled Aldol Reactions of Thiohydantoins
with Benzaldehyde

In the work of Sarigul et al. [32] it was found that, after purification of the
crude product by simple recrystallization, the R amino acid ester yields thiohydantoins
having only M axial chirality since they are transoid to each other, on the other hand
the S amino acid ester forms the P isomers solely with ortho-trifluoromethylphenyl

isothiocyanate shown in Figure 4.25.

SP RM

Figure 4.25. Transoid configurations of R; and X for thiohydantoin derivatives.

This result has encouraged them of performing sterically controlled aldol reactions
starting from M and P thiohydantoin atropisomers, reactions of M13-M (R;: -CHj and
X: -CF3) are shown in Figure 4.26. and 4.27.

The aldol reactions were performed with thiohydantoin derivatives of M13 (Rj:
-CH3 and X: -CF3) or M9 (R;: -CHj and X: -Cl) and benzaldehyde at -78°C (195
K) with LDA as a strong base catalyst. In the first step referred to as reaction 1 in
Figure 4.26., the hydrogen at Cj; is captured by lithium diisopropylamide (LDA) and
Li attaches to carbonyl oxygen of the thiohydantoin ring to generate an enolate (M13-
R1-Enolate-M). In the second step referred to as reaction 2, when the attack of the
enolate to benzaldehyde occurs from the less hindered side (Re-face) by face shielding
of the ortho-trifluoromethyl group of intermediate enolates, M13-RMR*-with Li and

M13-RMS*-with Li stereoisomers can form as the major isomers.
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For the minor isomers, M13-SMS* -with Li and M13-SMR* -with Li can form if
the attack to benzaldehyde occurs from the more hindered side (Si-face).
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Figure 4.26. Enolization and aldol formation mechanisms.
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In the last step referred to as reaction 3 in Figure 4.27.(M13-RMS*-with Li is
used as an example), quenching mechanism, with the presence of NH,Cl, leads to the
formation of stable aldol isomers by the protonation of the product. Ammonium ion
captures Li atom attached to the oxygen and gives hydrogen back to the same oxygen

molecule and M13-RMS* is formed as the final product.
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NemniH - CL C -6
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s N H —_— N/ 0
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CFs CFy

M13-RMS* -with Li M13-RMS*

Figure 4.27. Quenching mechanism of the aldol product M13-RMS*,

Starting from M isomer

M13-RMR* M13-RMS* M13-SMR* M13-SMS*
(syn) (anti) (anti) (syn)

Starting from P isomer

M13-RPR* M13-RPS* M13-SPR* M13-SPS*
(syn) (anti) (anti) (syn)

Figure 4.28. Eight different isomeric forms of M13 aldols.
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As shown in Figure 4.26. aldol products have a chiral centre at Cs of the hete-

rocyclic ring, the chiral axis between Ngpo — Cay1 bond, and the newly formed chiral

centre at Cg which is denoted by *.There can be 8 different isomeric forms of aldols:

M13-RMR*, M13-RMS*, M13-SMS*, M13-SMR*, M13-RPR*, M13-RPS*, M13-SPS*,

and M13-SPR* as shown in Figure 4.28.

M13-RMS* molecule as the final product, reaction 1 and reaction 2 mechanisms

are modelled by DFT methods (M06-2X/6-311+G** / iefpcm / Temperature: 195 K

/ Solvent: THF) and the energy profile of the reactions are shown in Figure 4.29. and

Figure 4.31.
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Figure 4.29. Energy profile enolate formation.

Calculated results for the reaction 1 show that, capturing hydrogen at Cs requires

a low barrier (1.2 kcal/mol) and the reaction leads to a stable enolate compound.
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The axial chirality, starting with a mixture of RM and SM isomers (or SP and
RP) would be equivalent to starting with 100 M (or P) isomer (no rotation is observed).
This means that, reaction 1 does not contribute to the selectivity of the aldol reactions
since reactants SM and RM both will give the enolate-M as the product. The S and
R chiral centers are lost after the enolate formation and now the Cs is planar, P and
M axial chirality obtained from S and R alanine, respectively, will persist and control
the face selectivity of enolate during the aldol reactions (reaction 2) by the presence of

the ortho-substituent shown in Figure 4.31. [32].

The reason for choosing ortho-trifluoromethylphenyl and ortho-chlorophenyl thio-
hydantoin derivatives as a reactant in aldol reactions is their high rotational barriers
even at high temperatures (333 K), as shown in Table 4.3. In order to further verify
that the atropisomerism is conserved throughout the aldol reaction conditions, we cal-
culated the rotation barriers of M13-M for SM, RM and enolate forms (Figure 4.30.)

and the results are shown in Table 4.12.

Table 4.12. Rotational barriers (kcal/mol) of the thiohydantoin derivatives and the
enolate molecule for M13-M in THF. (M06-2X/6-3114+G** / Temperature = 195 K)

Oxygen Side | Sulfur Side

M13-R1-SM to M13-R1-SP 29.9 37.3
M13-R1-Enolate-M to M13-R1 -Enolate-P 30.1 37.7
M13-R1-RM to M13-R1-RP 29.5 36.8

Rotation requires high barriers for SM, RM and enolate and it happens from the
oxygen side rather than the sulfur side. This is due to oxygen’s smaller size compared

to sulfur, making the steric effect less significant and decreasing the barriers.
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Figure 4.30. Rotational transition state structures of M13 enolate and thiohydantoin

molecules.

In PART I (Table 4.2.) the difference between the O-side and the S-side barriers
is around 5 kcal/mol and the ortho-substituent is -CHs. In aldol reaction conditions
where the ortho-substituent is -CF3, the difference increased to 7 kcal/mol (Table 4.12.),
the increase of size of the ortho-substituent further increased the difference between

the O-side and the S-side barriers, favoring rotation via O.

For the enolate rotation, carbonyl oxygen is replaced with O-Li, however this
change does not affect the barriers. As shown in Figure 4.30. , the distance between
the carbonyl oxygen and F’s does not change and this may the reason for similar
rotation barriers of the thiohydantoin and the enolate molecules (Li does not affect the

barrier).

Along the synthesis starting with R-alanine, SM and RM isomers will be formed
but no rotation will occur, only the M enolate will be obtained. After that, also the M-
enolate does not rotate through the Nyys — C,,y1 rotation axis (3D structures of rotation
in THF are in APPENDIX A). This is why with only one type of axially chiral form,

four isomeric aldol products are obtained instead of eight as displayed in Figure 4.26.
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The new Cs chiral centre will be selectively formed by the nucleophilic attack of
the enolate to the benzaldehyde (reaction 2), as shown in Figure 4.31. The stereoselec-
tivity of the reaction depends on the shielding effect of the ortho-substituent (X: -CF3
for M13 and X: -Cl for M9) of the enolate intermediate.

M13-R2-R-M -
26/
—

(-

M13-R2-P-M
0.0

Relative Gibbs Free Energy

Progress of the Reaction

Figure 4.31. Energy profile (kcal/mol) of aldol formation.
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In the experimental studies of aldol formation reactions, Sarigiil et al. come into
conclusion that; for the M atropisomers the ortho-substituent shields the Si face of
the intermediate enolate, the attack to benzaldehyde would occur mainly from the less
hindered side which is the Re face of the intermediate enolate. Thus, two diastereomers
RMR* and RMS* can be obtained from the M isomers substantially. Vice versa, in
the case of P isomers SPR* and SPS* will be major products . Experimental S/R
ratios are given in Table 4.13. For the experimental result, the ratio was obtained
from the integration of the singlets observed for the hydrogen at the benzylic carbon
around 5 ppm in 1H NMR spectrum taken in CDCl3 after the reaction without any
purification [32].

Table 4.13. Experimental S/R and syn:anti ratios of M9 and M13.

Molecule Name | R; X S:R | syn:anti
M13-M -CH;3 | -CF3 | 20:80 -
M13-P -CH3 | -CF3 | 63:37 -

M9-P -CH3 | -Cl | 77:23 10:90

In the last step referred to as reaction 3 in Figure 4.27. (M13-RMS-with Li is
used as an example), the presence of NH,Cl leads to the formation of stable aldol
isomers by the protonation of the product and it is called quenching. At the end, four
different forms of aldol isomers RMR*, RMS*, SMS* and SMR* are formed. This step
has no influence of the selectivity of the aldol formation reactions as well, since only

Li attached to oxygen at Cg is replaced with H.

In order to verify the experimental product distributions of aldol isomers, aldol
formation mechanism shown in Figure 4.26. (reaction 2) was modelled. These reactions
may be thermodynamically or kinetically controlled, because of this reason calculations
were done using two different strategies in order to determine final product distributions

of aldol isomers and further verify the experimental data.
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When the reaction is thermodynamically controlled, the relative stabilities of the

products determines the final product distributions, in this case thermal stabilities of

the four aldol isomers.

For this purpose, relative Gibbs Free energies (kcal/mol) of the products are

determined and used to calculate the product ratios by the Boltzman Equation shown

in Equation (4.3) (kT is 0.39 kcal/mol, at 195 K):

_AGa-n _AG@p_y)
%N, = S %100 %N, = ¢ % 100
T N E N+ Ny Ny ? 7 N+ Nz + Ny + N, (43)
_AG(S—I) _AG(4_1) :
c_" x100 %N, = € % 100
YT N, + Ny+ N3+ N,

%N3 =
BTN S Ny, + Ns + N,

[AGI_1+AGy_1+AG3_1+AGy 1]
kT .

where N; + Ny + N3 + Ny = e~

In order to determine the most accurate functional and solvent model, a bench-

mark calculation was done for M13-M (R;: -CHj3 and X: -CF3) and compared with the

experimental results, shown in Table 4.14.

Reactions occur in THF and H-NMR measurements to determine the final prod-

uct ratios were done in CDCl;. No remarkable difference were observed in different

conditions, M13-RMR* and M13-RMS* isomers formed as major products.
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Table 4.14. Benchmark calculation for the comparison of experimental and calculated

product ratios for M13 (Ry: -CHj and X: -CF3) (thermodynamic control).

Methodology SMS*: SMR*: RMR*: RMS* syn : anti
Experimental | 20:80 (SMS*+SMR*):(RMR*+RMS*) -
B3LYP/6- 311+G**
iefpcm, THF 4:96(3:1:3:93) 6: 94
smd, THF 21:79(19:2:12: 67) 31: 69
iefpcm,CHCl; 9:91(8:1:5:87) 13 : 88
smd,CHClI; 11:89(10: 1:7:82) 17 : 83
MO06-2X /6- 311-+G**
iefpcm, THF 1:99(1:1:30: 69) 31 : 70
smd, THF 13:87(3:10: 23: 64) 26 : 74
iefpcm,CHCI; 2:98(1:1:30:67) 31 : 68
smd,CHCl; 5:95(2:3:12: 83) 14 : 86

Since all the previous calculations were done with the M06-2X/6-311+G** method-
ology and the iefpcm solvent model, the same methodology was used for aldol reactions
of other molecules (M13 (R;: -CH3 and X:-CF3) and M9 (R;: -CHj3 and X: -Cl), start-

ing with P isomer) as shown in Table 4.15.

It was observed that experimental and calculated results are in a good agreement
with each other. Different than the experimental data, for the calculated results we
observed higher face selectivity by the ortho-substituents for the M (M13-M) and P
(M13-P and M9-P) atropisomers.
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Table 4.15. Experimental and calculated (thermodynamic control) product ratios of

the aldol for M13 and MO9.

M13-M (R;: -CH3 and X: -CF3)
SMS*: SMR*: RMR*: RMS* | syn : anti
Experimental | 20:80 (SMS*+SMR*):(RMR*+RMS*) ;
Calculated 1:99(1:1:30:69) 31:70
M13-P (Ry: -CH; and X: -CF3)
Experimental | 63 : 37 (SPS*+SPR*):(RPR*+RPS*) -
Calculated 99:1(30:69:1:1) 31:70
MO9-P (R;: -CHj3 and X: -Cl)
Experimental | 77 : 23 (SPS*+SPR*):(RPR*+RPS*) 10 : 90
Calculated 96:4(21:75:3:1) 24 : 76

For all the cases, products formed by the attack of the enolate to benzaldehyde
from the more hindered side have higher energies due to the steric hinderence between
substituents at Cg and the ortho- substituents. For M13-RMR*, the benzyl group
interacts with the hydrogen at the aryl ring, and for the M9-RPR* benzyl group

interacts with chloride ortho-substituent.

Because of the larger size of the -CF3, the benzyl tends to be far from the aryl
ring for the M13-RPR, and the interaction formed between the carbonyl oxygen and
the -OH of the aldol lowers the energy and renders that conformer the most stable one.

The same results were observed for M13-SMS*, M13-SPS* and M9-SPS*.

3D structures of aldol products and their relative Gibbs Free energies (kcal/mol)
are given in Figure 4.32. (M06-2X/6-311+G** / iefpcm / Solvent = THF / Tempera-
ture = 195 K)
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MI13-EMR* MI3-EMS* M13-SMS*
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Figure 4.32. 3D Structures of the most stable conformers of aldol isomers and their

relative Gibbs Free Energies (kcal/mol).
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When the reaction is kinetically controlled, barriers of the reactions determine the
final product distributions, in this case activation energies required for the formation of
aldols by the reaction of thiohydantoins and benzaldehyde in a base catalyst (reaction
2). For this purpose, Boltzman Equation is again used the determine the product ratios
and results are shown in Table 4.16. Different than the thermodynamic approach,
activation barriers of reaction 2 are used instead of the thermal stabilities of the aldol

producs for M13 (R;: -CH; and X: -CF3) and M9 (R;: -CH; and X: -Cl).

Table 4.16. Experimental and calculated (kinetic control) product ratios of the aldol
products. (M06-2X/6-311+G** / iefpcm / Temperature: 195 K / Solvent: THF)

M13-M (R;: -CHj and X: -CF3)
SMS*: SMR*: RMR*: RMS* syn : anti
Experimental | 20:80 (SMS*+SMR*):(RMR*+RMS*) -
Calculated 40 : 60 (40 : 0 : 10 : 50) 50 : 50
M13-P (Ry: -CHj and X: -CF3)
Experimental | 63 : 37 (SPS*+SPR*):(RPR*+RPS*) -
Calculated 29:71(5:24:71:0) 76 : 24
M9-P (Ry: -CHj and X: -Cl)
Experimental | 77 : 23 (SPS*+SPR*):(RPR*+RPS*) 10 : 90
Calculated 59 : 41 (3: 56 : 41 : 0) 44 : 56

For the M13-M, attack of the enolate to the benzaldehyde (M13-M-R2-R) finally
yields to four aldol products shown in Figure 4.32.
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Activation energies required for the formation of these products and transition
state structures are shown in Figure 4.33.(M06-2X/6-3114+G** / iefpcm / Solvent =
THF / Temperature=195 K)

Activation Barriers of Aldol Formation (Reaction 2)
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M13-RMR*-TS M13-RMS*-TS M13-SMS*-TS M13-SMR*-TS

Figure 4.33. Transition state structures of aldol formation reactions for M13-M and
their activation energies (kcal/mol). (M06-2X/6-311+G** / iefpcm / Temperature:
195 K / Solvent: THF)

For the transition state structures, we expected lower barriers during the forma-
tion of M13-RMR* and M13-RMS* products since substiuents at Cg and X are transoid
to each other referred as less hindered side. However in the case of M13-SMS*-TS, a
more stable transition state structure was located as shown in Figure 4.33. and a higher

product ratio was calculated for M13-SMS* isomer shown in Table 4.16.
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This can be explained by the computational methodology (M06-2X) taking into
consideration of the interaction between hydrogen attached to Cg center and fluorides
in -CF3 group; making the transition state structure more stable than the others and
lowering the barrier. Similar calculations have been carried out for the P atropisomeric
form of M13 (Ry: -CHj and X: -CF3) derivative given in Figure 4.34. (M06-2X/6-
311+G** / iefpcm / Solvent = THF / Temperature=195 K)

Activation Barriers of Aldol Formation (Reaction 2)
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=)} — - =
~ 5 =~ =
(o] o
= 8 8 (=
=5 = = =5
3 = = =
= =
=2 =R =) =,
\

/

\ : A

/

1,88

,W%

5
‘f\-{

I
Kf%
[

M13-RPR*-TS M13-RPS*-TS M13-SPS*-TS M13-SPR*-TS

Figure 4.34. Transition state structures of aldol formation reactions for M13-P and
their activation energies (kcal/mol). (M06-2X/6-311+G** / iefpcm / Temperature:
195 K / Solvent: THF)

For the transition state structures of M13-P, we expected lower barriers during
the formation of M13-SPR* and M13-SPS* products since substituents at Cg and X

are transoid to each other referred as less hindered side.
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However in the case of M13-RPR*-T'S, a more stable transition state structure
was located as shown in Figure 4.34. and a higher product ratio was calculated for
M13-RPR* isomer shown in Table 4.16. This can be explained by the computational
methodology (M06-2X) taking into consideration of the interaction between hydrogen
attached to Cg center and fluorides in -CF3 group; making the transition state struc-
ture more stable than the others and lowering the barrier. For the final step, same
calculations were done to P atropisomers of M9 (R;: -CHj and X: -Cl) in order to
observe the effect of the identity of the ortho-substituent on product distribution on
aldol products. Barriers of aldol formation were similar to M13-P, eventhough the size

of -CF3 is larger than the chloride [45].

Activation Barriers of Aldol Formation (Reaction 2)
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Figure 4.35. Transition state structures of aldol formation reactions for M9-P and
their activation energies (kcal/mol). (M06-2X/6-3114+G** / iefpcm / Temperature:
195 K / Solvent: THF)
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This gives the conclusion that, the ortho-substituent on the aryl ring causes the
face-selectivity during the aldol formation reactions regardless to the identity of the

ortho-substituent which favores the less hindered side.

For the transition state structures, we expected low barriers during the formation
of M9-SPR* and M9-SPS* products since substituents at Cg and X are transoid to
cach other (less hindered side). However in the case of M9-RPR*-TS, a more stable
transition state structure was located as shown in Figure 4.35. and a higher product
ratio was calculated for MO-RPR* isomer shown in Table 4.16. This can be explained by
the computational methodology (M06-2X) taking into consideration of the interaction
between hydrogen attached to Cg center and chlorine in ortho-aryl position; making
the transition state structure more stable than the others and lowering the barrier.
Different from the F—H interaction in M13-P (2.4 A) , distance between H—CI is
longer (2.8 A) and chloride is less electronegative than fluoride, because of these reasons
this interaction is not very effective and does not lower the energy of M9-RPR*-TS
structure as much as it lowers the energy of M13-RPR*-T'S. Because of this reason M9-
SPS*+M9-SPR* ratio is in a much better agreement with experimental data compared
to computational results of M13-P (R;: -CH3 and X: -CF3), confirming the assumption
that starting with the P atropisomer gives the SPS* and the SPR* isomers as the major

products.

In conclusion for this part, activation energies of aldol production (reaction 2)
can not be used for the determination of final product distribution of aldol isomers.
The barriers are low and do not effect the ratios significantly since they are highly
achievable at 195 K. That is the reason why we do not observe similar results with

experimental data when making the calculation with a kinetic approach.
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5. CONCLUSION

In the first part of this study, it was determined that thiohydantoin isomers are
converted to one another via rotation around the chiral axis, without racemization
at Cs in toluene, and the rotational barriers were determined by DFT methods (MO06-
2X/6-311+G**). It was observed that when the exo-cyclic sulfur and o-aryl groups are
on same site, the larger size of sulfur introduces larger steric hinderance compared to
oxygen, thus the aryl group tends to rotate from the carbonyl oxygen side. As observed
experimentally, as the size of the ortho-substituent increases, higher barriers of rotation
were observed. Having different functional groups at Cs on the thiohydantoin ring such
as simple alkyl (M1, M4, M8, M11, M5 and M6), alkoxy (M7) and aryl ring (M2 and
M3) does not effect the rotational trends, as these groups are far from the rotation site

which is the Ng,o — Cypy1 chiral axis.

Another outcome of this study is, when the ortho-substituent is a halogen, it
causes repulsion between the carbonyl oxygen and the halogen atom because of the
lone pairs around the halogen. Two ring structures can not be on the same plane and
this distorts the dihedral angle being around 180°. However, for the case when -CHj is
the ortho-substituent, because of the favorable interaction of methyl hydrogens with the
carbonyl oxygen, we observed dihedral angles closer to 180°. The calculated activation
barriers of rotation have been found to be around 3 kcal/mol higher than the experi-
mental results for the M06-2X and B3LYP functional however, a linear correlation was
obtained with the experimental data. Linear relation between the computational and
experimental results gave the R* values of 0.85 for the SM to SP and 0.76 for the SP to
SM conversion for the M06-2X functional. B3LYP functional gives better R? values of
0.96 for the SM to SP and SP to SM conversions and these correlations can be further
used as a tool for predicting rotational barriers of thiohydantoin derivatives before the

experimental procedures.
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In the second part of this study, Gibbs free energies of racemization and rotation
were calculated and it was found that racemization was a more probable mechanism
compared to rotation due to the lower energy of activation in ethanol. Additionally,
by comparing the experimental activation energies, it was confirmed that racemization
occurred with the presence of two EtOH molecules instead of self tautemerization or
one EtOH molecule assistance. The racemization barriers of M2, M3, M5 and M6
were in a good agreement with the experimental data, around 25 kcal/mol, and no

remarkable effect was observed when R, or X is a different substituent.

In the third part of the study, the product ratios of thiohydantoin isomers after
the synthesis were calculated in order to predict the percentages of the SP, SM, RP and
RM isomers. The relative stabilies of 6S molecules (6S-1 giving P and 6S-2 giving M
atropisomers), structures before the cyclization, were used to calculate the percentages
of P and M isomers after the cyclization step. P atropisomers consist of SP and
RP diastereomers and M atropisomers consist of SM and RM diastereomers, so their
percentages were also determined by their relative Gibbs free energies (kcal/mol) with
respect to each other, thermodynamic stabilities of SP-RP and SM-RM were taken into
consideration to calculate S/R ratios in P and M atropisomers. The calculated results
are in a good agreement with the experimental results in the case of total S/R ratios,
however in the case of determination of four individual isomers, RM was found to be

more stable than RP and gave higher product ratios.

In the last part of the study, in aldol reaction mechanisms, the calculations were
done by M06-2X/6-311+G** methodology in THF and at 195 K, and were found to
be in a good agreement with the experimental results. Atroposelectively controlled
aldol reactions of the axially chiral thiohydantoin derivatives were carried out with
benzaldehyde in the presence of LDA. Reactions started with only one type of axially
chiral form, either M or P isomers, and the calculated rotational barriers have shown
that rotation requires high barriers and atropisomerism does not change throughout
the reaction. The chiral center is lost with the deprotonation by the base, and based

on the high rotational barriers, axial chirality is conserved for the enolate form as well.
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Due to presence of one kind of axialy chiral form, the reaction yielded four isomeric
aldol products instead of eight. During the aldol reactions, the bulky o-trifluoromethyl
and o-chloride groups protected one side of the molecule (refered as more hindered
side) so the enolate attack to the aldehyde selectively took place from the less hindered
side thus stereoselectivity was created by the bulky ortho-substituent. Because of
the steric control of the bulky groups and face selectivity of the aldol reactions, P
isomers yielded S configured aldol products as major products and for the M isomers
R products were found to be in high majority. The diastereomeric ratios calculated
using the thermodynamic stabilities of aldol products give better results compared to

using the activation barriers for the determination of product distribution.
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A.1. Rotational Barriers of Thiohydantoin Derivatives (RM to RP and

RP to RM)

Table A.1. RM to RP and RP to RM Calculated and Experimental Rotational

Barriers (kcal/mol).

Experimental | BSLYP/6-311+G** | M06-2X /6-311+G**
M1(303K) | 24.3 (24.0) 27.3 (27.3) 27.6 (27.6)
M2(313K) | 24.7 (24.6) 27.6 (27.4) 27.2 (27.8)
M3(383K) - 31.2 (30.9) 31.8 (32.9)
M4(333K) | 275 (27.8) 30.1 (30.2) 31.3 (31.6)
M5(313K) - 27.7 (27.7) 28.5 (27.7)
M6(383K) | 28.2(28.3) 30.8 (30.5) 30.7 (31.9)
M7(333K) 30.1 (29.9) 30.9 (30.8)
MB8(303K) | 24.7 (24.7) 27.1 (27.4) 27.5 (28.0)
M9(333K) | 26.1 (26.3) 28.8 (29.1) 30.2 (30.5)
M10(333K) | 25.6 (25.7) 28.7 (29.0) 29.5 (31.1)
M11(333K) | 27.7 (27.7) 30.1 (30.4) 30.8 (31.5)
M13(333K) | 28.0 (28.0) 30.0 (30.1) 30.5 (30.0)
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Figure A.1. 3D structures of RM, RP and transition state structures of the molecules

of interest.
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Figure A.1. 3D structures of RM, RP and transition state structures of the molecules

of interest. (cont.)
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M9-RM M9-TS-R M9-RP

Figure A.1. 3D structures of RM, RP and transition state structures of the molecules

of interest. (cont.)
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M13-RM M13-TS-R M13-RP

Figure A.1. 3D structures of RM, RP and transition state structures of the molecules

of interest. (cont.)
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Figure A.2. Calculated vs Experimental Rotational Barriers (kcal/mol) of
thiohydantoin derivatives. (RM to RP)
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Figure A.3. Calculated vs Experimental Rotational Barriers (kcal/mol) of
thiohydantoin derivatives. (RP to RM)



A.2. Rotational Barriers of M13-M in Aldol Reaction Conditions
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Figure A.4. Rotational energy profile (kcal/mol) of RM to RP rotation of M13.

(M06-2X/6-311+G**| iefpcm, Solvent = THF, Temperature = 195 K)
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Figure A.5. Rotational energy profile (kcal/mol) of SM to SP rotation of M13.

(M06-2X/6-311+G** iefpcm, Solvent = THF, Temperature = 195 K)
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Figure A.6. Rotational energy profile (kcal/mol) of enol rotation M to P for M13.
(M06-2X/6-311+G**| iefpcm, Solvent = THF, Temperature = 195 K)
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