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ABSTRACT

NOVEL SUPRAMOLECULAR ORGANOCATALYST
FOR ASYMMETRIC ALDOL REACTIONS

Demircan, Ezgi
M. Sc., Department of Chemistry
Supervisor: Prof. Dr. Ayhan Sitki Demir

Co-Supervisor: Prof. Dr Cihangir Tanyeli

June 2013, 55 pages

The proline—calix[4]arene thiourea host—guest complex catalyzed intermolecular aldol
reaction of aromatic aldehydes with cyclohexanone is developed. The anti-configured
products were obtained in good yields and high enantioselectivities. The reaction is
proposed to work via modified Houk—List model, where the carboxylate part of the proline
constitutes a supramolecular system with the thiourea. The outcome of the study indicates
the influence of the calix[4]arene thiourea on the reactivity and selectivity in a non-polar
reaction medium, even in the presence of water at moderate temperatures.

Keywords: Asymmetric Catalysis, Organocatalysis, Proline, Calix[4]arene.
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ASIMETRIK ALDOL REAKSIYONLARI iCiN YENi SUPRAMOLEKULER
ORGANOKATALIZOR

Demircan , Ezgi
Yiiksek Lisans, Kimya Boliimii
Tez Yoneticisi: Prof. Dr. Ayhan Sitki Demir

Yardimci Tez Yoneticisi: Prof. Dr. Cihangir Tanyeli

Haziran 2013, 55 sayfa

Prolin-kaliks[4]aren tiyoiire konuk-konak kompleksi katalizorliigiinde siklohekzanon ve
aromatik aldehitlerin molekiiller aras1 aldol reaksiyonu gelistirilmistir. Anti- konfigiirasyona
sahip tdriinler yiiksek verim ve oOzellikle yiliksek enansiyosegicilikle elde edilmigtir.
Reaksiyonun prolin’in karboksilat kismi ile kaliks[4]aren tiyotirenin bir birliktelik
olusturdugu degistirilmis Houk-List modeline gore ilerledigi Onerilmistir. Bu sonuglar,
kaliks[4]aren tiyotirenin apolar reaksiyon ortaminda, hatta su bulunan ortamda, reaktivite
ve secicilik {izerine olan etkisini gdstermektedir.

Anahtar Kelimeler: Asimetrik Kataliz, Organokataliz, Prolin, Kaliks[4]aren
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CHAPTER 1

INTRODUCTION

1.1 Asymmetric C-C Bond Forming Reactions

Organic synthesis is the operation of constructing organic molecules from simpler
precursors, which can be aimed due to many reasons such as, discovering effective
molecules in pharmaceutical field, to prove suggested reaction mechanisms or understanding
metabolic reactions. To do so, there are two possible choices in organic synthesis. One of
them is to use reactions that transfrom functional group to one another and the second
choice is to use reactions that create new C-C bonds." To achieve building of organic
molecules, C-C bond forming reactions have always been the fundemental approach in
organic chemistry, as combining a nucleophile and an electrophile is one of the most
effective way to attain the target molecule.

The history of C-C bond forming reactions began with benzoin condensation reaction, before
‘asymmetry’ term was introduced to organic chemistry. It was found in 1832 by Liebig and
Wohler, where two aldehydes were dimerized by using cyanide ion, being both a reactive
nucleophile and a good leaving gorup (Scheme 1).2

(0]
CN-
yyrrll
H,O, EtOH
2 OH 92%

1 2

Scheme 1. Benzoin condensation reaction

The significance of benzoin reaction actually comes from the importance of a-functionalized
product. The mechanism of the reaction, as seen in Scheme 2, was explained by Lapworth
later in 1903, in which the addition of cyanide ion is followed by proton transfer giving a
carbanion structure and attack of this carbanion to another aldehyde resulting in benzoin
product.?
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Scheme 2. Suggested mechanism of benzoin condensation reaction by Lapworth

C-C bond forming reactions allow us to synthesize many important compounds such as a-
hydroxy ketones as in the example of benzoin condensation, yet there should be a much
more powerful speciality to be that essential and this speciality should definitely be the
possibility of possesion of chiral information by the product at the end of the reaction.* At
this point, the term ‘asymmetry’ gains meaning. In 1971, eloquent definiton of asymmetric
synthesis came from Morrison and Mosher; °“‘Adsymmetric synthesis is a reaction where an
achiral unit is converted by a reactant into a chiral unit, such that the stereocisomeric
products are formed in unequal amounts.”’

When the importance of the chiral information is realized, asymmetric C-C bond forming
reactions have started to draw growing attention, because synthesis of enantiomerically pure
compounds is known to be crucial for both pharmaceuticals and academic researches as the
biological activity of each enantiomers differs from each other. It is astonishing that nature
bears only one of the enantiomer of a chiral compound, many of which also play a role in the
metabolic reactions. Timolol can be an illustration to the different effect of enantiomers. Its
(S)-enantiomer (S)-7 was proved to be an adrenergic blocker, whereas its (R)-enantiomer
(R)-7 is not.” The molecular structures of the enantiomers are given below in Figure 1.

2 »

N o) NHt-Bu N o) NHt-Bu
N\S/N HO N‘s’N HO
(S)y7 R)-7
(S)-Timolol (R)-Timolol
Adrenegic blocker Ineffective

Figure 1. Enantiomers and their functions



Finding new methodologies or developing the already existing ones for synthesis of pure
enantiomers, become more and more essential due to their participation in fundemental
structures of pharmaceuticals, agrochemicals and synthetic intermediates, etc. In the history
of organic chemistry, it is seen that the common method for preparing enantiomerically pure
compounds was kinetic resolution, which gives only 50% vyield of the desired enantiomer.
Other methods were also tried in order to devise the best, yet simplest way for this purpose.
Transition metal catalysis and biocatalysis were the two general categories which definetely
direct chemists for further improvement in such methods.

1.2 Transition Metal Catalysis

Transition metal catalysis has been participating in many important organic reactions.?
Transition metal complexes has been mainly preferred due to their potential in getting high
selectivity and atom economy in the reactions. Moreover, infinite combinations with ligands
make them a useful library of catalysts for organic chemists.® Variability of oxidation state
and coordination numbers are other factors effective to be chosen.’® Hence, it is not
surprising that transition metal catalysis field was considered worthy to be reward with
Nobel Prize; in 2001 for ““Chirally catalyzed hydrogenation and oxidation states’’," in 2005
for ““The metathesis method in organic synthesis”**? and in 2010 for *‘Palladium-catalyzed
cross couplings in organic synthesis’’.** General reaction schemes of transition metal
catalyzed reactions that won Nobel Prize can be found in Scheme 3.

RhCI(PPhs),
Hydrogenation: _—
1atmH,

8 9
Br pd(PPhy)
X 3)3
C-C bond formation: RO/ — " R*l X
= PhB(OH), =
10 K,CO3 1
= R,
Metathesis: H . ‘ W, Ru, Mo, Tacat. R __ R1 . —
12 12 13

Scheme 3. General reaction schemes of transition metal catalyzed hydrogenation, C-C bond
formation and metathesis reactions



1.3 Biocatalysis

Biocatalysis has become one of the main components in organic chemistry, especially in
pharmaceuticals. In this type of catalysis, enzymes are used as cataysts. Hence, biocatalysis
owes its growing interest to be environmentally friendly. Enzymes are generally used
because they provide very high enantioselectivity, regioselectivity, transformation under
mild conditions and for being green as water can be used as solvent in the reactions.” Yet,
they have some drawbacks also. Examples of reactions catalyzed by enzymes can be seen in

Scheme 4.1"8
OAc O OH O (R) OAc O
Pch Cholesterol P~CH, . P~ph
Ph ™ ° esterase Ph CHs
14 (R)-15 (S)-15

89% ee

(@]
Thiamine
" O

Scheme 4. General scheme of cholesterol esterase and thiamine catalyzed reaction

1.4 Organocatalysis

The reaction which is accelerated by small organic molecules, where an inorganic element is
not part of the active principle, is called organocatalysis.” Although there were evidences
about the catalytic activity of small organic compounds, it was not until 2000, that utilizing
them in asymmetric transformations become popular, or in other words organocatalysis has
just gathered a great potential and significant spot in organic chemistry. The rising interest in
organocataysis in the world can easily be understood from the data given in Figure 2.%°
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Figure 2. Number of publications in organocatalysis field according to years.

The main reason why organocatalysis has become very popular is the advantages of
organocatalysts. The fundemental advantage is that organocatalysts are generally nontoxic
which makes them environmetally friendly.? Therefore, nontoxic compounds can be better
choice for catalyst in both academic field and industry. Furthermore, being cheaper than
metal based catalysts is just as important as being environmentally friendly, because they can
be used in larger quantities in laboratories with the same cost. Moreover, it is known that
organic molecules such as amino acids are inert to moisture and oxygen which makes them
suitable candidates for catalysts, as they eliminate the difficult procedures, many of which
require special storage conditions, experimental technique or ultra dry reagents and
solvents.?? Availabilty is another crucial advantage of organocatalysts. Actually, vast
majority of the organic compunds are existing in nature which makes them suitable for small
scale to industrial processes.”® Besides, organocatalysts provides generality, robustness and
convenience in many applications.

To sum up, the discovery of organocatalysis has brought a different aspect to many organic
chemist, as it needs less money, time and energy. It provides easier procedure in experiments
and less chemical waste. Hence, the aforementioned advantages of organocatalysts lead
chemists to explore new methodologies for C-C bond formation reactions by using small
organic compounds, organocatalysts.

1.41 Types of Organocatalysis

It was not that simple to categorize the types of asymmetric organocatalysis as this area bears
such a wide variety of mechanistic views. On the other hand, classifying organocatalysts
which are used in this kind of synthesis was much better and easier way to distinguish
between the types of organocatalysis according to Benjamin List.** He categorized
organocatalysts into four different types namely; Lewis Bases, Lewis Acids, Brensted Bases
and Brensted Acids. The working principle of the classified organocatalysis can be seen in
Figure 3 simply, where B stands for a base catalyst and A stands for an acid catalyst



B*-S \ A-S* \

B*-P A-P*

B A:
P: P:

Lewis Base Catalysis Lewis Acid Catalysis

B+H-S'\ A'—S”H\
S B'H-P- S: A-P*H

B A-H
P-H P:

Bronsted Base Catalysis Bronsted Acid Catalysis

Figure 3. Classification of organocatalysis by Benjamin List

If a Lewis base catalyst is used, the catalytic cycle starts with the nucleophilic attack to the
substrate which is defined as S in all catalytic cycles above, in order to yield the product (P)
at the end. If acid catalyst is used, this time nucleophilic substrate is attacked to give the
product. The distinctive characteristic of the Bronsted acid or base catalysts is that the
catalytic cycle contains partial protonation or deprotonation steps. Macmillan catalyst 16,
thiourea catalyst 17, phosphoric acid catalyst 18, formamide catalyst 19, phase transfer
catalyst 20 Maruoka catalyst 21 are examples of common organocatalysts” according to this
classification, which are seen in Figure 4.

o}
S
N M
pp H FsC N N
16 Ar 1 N(CHs)2
l I o\Pf/O
0" "OH A
1) S AP O
Br
Ar OH
18
N
N
s U T
PN Ph OH
H/go Al AT Ar

Figure 4. Common organocatalysts
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Although this basic classification gives an idea about the types of organocatalysis,
MacMillan used a different approach to categorize the types of organocatalysis.”® He
suggested that the major point in this issue should be the identification of the generic
activation modes of the catalysts. He explained the generic activation mode as the reactive
species which anticipates in different reactions with permanently high enantioselectivities.
This species can form when a single chiral catalyst interacts with a main functional group in
a highly organized and predictable manner. In Figure 5, enamine catalysis is described
according to this categorization which is used in this study.

o o
R= any organic chain or
Substrate R/Y ring system

Z X=CNOS, Activation mode
Y= generic organic atom
Z= alkyl, H
22
: Pr%
X=Y N OH
2
R
24
Catalyst
N~ CO-H
H
23

Figure 5. Activation mode of enamine catalysis

1.4.2 Enamine Catalysis

In asymmetric C-C bond forming reactions, the way of generating carbanion equivalents
might change according to the type of organocatalyst used and its generic activation mode.
For this purpose, one of the most popular methods can be accepted as the enamine catalysis.
The principle of enamines actually came from the reaction between carbonyl compounds and
secondary amines, found by Stork.”

The activation mode of the enamine catalysis can be explained as in Scheme 5 below. The
first step of the catalytic cycle starts with the nucleophilic attack of the secondary amine 26
to the carbonyl compound 26 which results in iminium ion 27. Protonation of this iminium
ion gives enamine intermediate 28, which is able to undergo addition reactions with many
different electrophiles forming the new iminium ion 29. Hydrolysis of the iminium ion
provides the a-substituted carbonyl compound 30 at the end of the catalytic cycle. It is not so
hard to realize and understand the mechanism underlying this catalytic cycle. In enamine
catalysis, HOMO of the carbonyl compound is raised, leading much more activated
nucleophiles and this activation makes easier the attack of nucleophile to the electrophile for
combining its LUMO than actual nucleophile namely aldehyde or ketone 26.%
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Scheme 5. Mechanism of enamine catalysis

1.4.3 Enantioselective Organocatalytic Aldol Reactions by Enamine Catalysis

Aldol reaction has been one of the most useful methods for carbon-carbon bond forming
reactions in organic chemistry. The acquired products, B-hydroxy ketones, are involved in
the structure of many biologically important compunds which also concerns pharmaceutical
field.®® Although much affords has already been given in order to find new methodologies
including new types of organocatalysts for improving the enantioselectivities of the aldol
reaction products, it is still a thriving area in organocatalysis. The first example of enamine
catalyzed asymmetric aldol reaction was introduced by two independent reports from Eder-
Sauer-Wiechert® and Hajos-Parrish®® (Scheme 6)

O (S)-Proline
(3 mol %) [ :Ii é QE/&
% DMF, rt

32 93% ee

(S)-Proline (@]

@) @) (47 mol %)
% IN HCIO,
—_—
CH4CN, 80°C,25h O
) 71 %ee

34 35

Scheme 6. Eder-Sauer-Wiechert and Hajos-Parrish reaction respectively
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This reaction, being a milestone in the asymmetric synthesis, elegantly showed that small
chiral molecules may catalyze intramolecular aldol reactions and improve the control of the
stereoselectivity. The reaction mechanism of Hajos-Parrish-Eder-Sauer-Wiechert reaction is
given in Scheme 7.

o 0 Me
(L)-Proline 93% ee
(3 mol%)
> o]
A g DMF, rt OH 33
PN i
N~ TCO,H W OH

iminium ion enamine

Sheme 7. The mechanism of the Hajos-Parrish-Eder-Sauer-Wiechert reaction

Surprisingly, the mechanism of this reaction was controversial at the time it was introduced
and different groups suggested different ideas about the effect on stereoselectivity as shown
in Figure 6.

HO )/ €] < v -0 ,
~ OH o,C H -
CENR II\I’H Me
: o (e 7--'coze o
Co,
39 40 41
Hajos Model Agami Model Houk Model

Figure 6. Suggested transition states for proline catalyzed direct asymmetric aldol reaction



Initially, in the mechanism suggested by Hajos, there was not an enamine structure in the
transition state.®*° Later, according to the studies conducted by Agami existence of enamine
with the side chain ketone 40 formed by proline was stated, yet there was another proline
molecule in the transtion state, which takes part in proton transfer.®! On the other hand, Houk
and List proposed a different mechanism which includes only one proline molecule for both
intramolecular aldol reaction and intermolecular type, where the transition state 41 was fixed
by hydrogen bonding between the carboxylic acid part and acceptor aldehyde.* Further
studies showed that Houk-List model is the best explanation for aldolization process.

Nevertheless, developed in 1970’s, Hajos-Parrish-Eder-Sauer-Wiechert reaction was a
breakthrough for both organocatalysis and modern asymmetric catalysis.** When the Hajos-
Parrish-Eder-Sauer-Wiechert reaction was introduced to the organocatalysis field, there has
not been any studies on asymmetric intermolecular aldol reaction but, the ambiguity of the
reaction mechanism slowed down the affords given to this issue.

After decades, Lerner and Barbas sugessted that the significance of enamine catalysis for
organocatalytic reactions may arise from the nature itself indeed. Their studies about the
Class | Aldolase enzymes gave inspiration for the possibility of the intermolecular aldol
reaction to have significant value in organic synthesis field (Scheme 8). *%

HO}U}\ enzyme
R | 0

47
Lys
product aldol M aldol donor
+H,0 ”

42 N H2 'Hzo

enzyme enzyme

L

Lys

HLL'\‘,H ?{H
HoE
A A
46

enzyme 43
iminium ion
Lys -H*
aldol ach /

1

R H /]’\
45 a

enamine

Scheme 8. Suggested mechanism of class | Aldolase catalyzed aldol reaction
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This work inspired List and co-workers to investigate the proline catalysis of the direct
asymmetric aldol reaction between ketones and aldehydes. In this study different types of
catalysts, primary amino acids or acyclic secondary amino acids, were tried in order to
understand their function in direct asymmetric aldol reactions.* Surprisingly, primary amino
acids, acyclic secondary amines and 2-pyrollidine carboxamide were found to be ineffective
to give the desired product (Scheme 9). This evidence obviously indicated that both the
pyrrolidine ring and the carboxylate part is essential for reaction to proceed with high
stereoselectivity. What is more, derivatives of proline also did not give better results than
proline itself which gave up to 96% ee.

(L)-Proline

ji o (30 molo6) O OH
H3C CHs * H
8 R 49 R

up to 96% ee

HO.,, t-BuO,, s
O‘COOH D‘COOH D‘COOH
N N N
H H H

50 51 52
78% ee 62% ee 73% ee

Scheme 9. Direct asymmetric intermolecular aldol reactions

The owners of the study claimed that proline act as a ‘micro-aldolase’, beacuse both
carboxylic acid due to its acid/base cocatalyst property and nucleophilic amine part play role
in the mechanism. In other words, it was explained that carboxylic acid part helps the
nucleophilic attack step. It is added that carboxylic part of the proline assists also the
nucleophilic attack of amino group on 23, the dehydration of the carbinol amine intermediate
55, deprotonation of iminium species 55 and 58, carbon-carbon bond forming step and
hydrolysis of the iminium-aldol intermediate(Scheme 10).
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Scheme 10. Mechanism of proline catalyzed direct asymmetric aldol reaction

The effect of proline as a catalyst was proven with this studies. Actualy there are many
reasons to be chosen as an organocatalayst by most of the scientists. To begin with,
nontoxicity, inexpensiveness and availability make proline a suitable organocatalyst.
Besides, its high solubility in water provides easy removal by aqueous extraction.
Furthermore, there is no need to prior modification of carbonyl substrates such as
deprotonation steps.*

On the other hand, further studies showed that the drawback of this organocatalyst can not be
ignored and it was understood that more affords should be given to find solutions to
difficulties obsered. Although proline can be accepted as the simplest and one of the most
effective organocatalyst, it has low solubility in organic solvents. More importantly, there
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exists a parasitic equilibria which entails the high loadings of the catalyst in order to be
overcome. Another point is that, its low selectivity which make it hard to work with,
especially in direct asymmetric aldol reactions. All the aforementioned difficulties pushed
chemists to find new methodologies in this area and some of these studies related to the
subject of the thesis will be covered from now on.

1.5 Role of Additives in Asymmetric Organocatalytic Aldol Reactions

Once the mechanism of enamine catalysis was understood and the drawbacks of the proline
were realized, much attention has been given to find different catalyst systems and to apply
them in different kind of reactions in order to increase the enantioselectivity. At this point
nature has always been inspirational to most of the scientists to find out solutions. Therefore,
most of the time, they tried to mimmic the nature.

Hydrogen bond is widely accepted as the most powerful noncovalent bond, which can be
seen in many important biochemical environments. Hence, it is thought that this kind of
strong but noncovalent interaction may alter the function of the small organocatalysts,
improving the selectivities in the reactions they are used. One of the popular work in this
field belongs to Zixing Shan.*” At that time proline had been used in many different reactions
including Diels-Alder reaction,® Michael reaction,* Mannich reaction® etc. but, asymmetric
direct aldol reaction has drawn much more attention among these reactions.

Poor solubility of proline was one of the problems that should be solved. For this purpose,
newly designed catalysts, derived from proline’s structure most of the time, were
synthesized, but they did not give better results.* So, chemists started to give much attention
to other solutions in order to thrive the enantioselectivities or accelerate the reaction and
using additives was an option according to the researches. Houk and co-workers suggested
that the additives can enhance the enantioselectivity as the additive may promote the
formation of the enamine intermediate.** Inspired by this study, Shan and Zhou chose chiral
diol 63 in their study as shown in Scheme 11. Surprisingly, they managed to get 98% ee and
90% vyield. Another impressive result was that the configuration of the products does not
depend on the chirality of the additives. The results, when racemic proline was used, showed
that the chiral induction did belong to proline, but it was also explained that additives
absolutely improved enantioselectivity by chiral supramolecular system through hydrogen
bonding interactions. It is also indicated with this work that mimmicing the nature could be
the right way to choose for further improvements.

13



)‘L . i chiral diols MO\ /Og o OH
¢

—H H. - >
R H L-proline . J0— MR
45 |~ QH

Scheme 11. Possible transition state for chiral diol additives

When the effect of additives was proven, the supramolecular catalyst systems become quite
popular. Most of the time, studies focused on the problems encountered when proline is
used. Another study in this field belongs to Demir and his group.”® They used thiourea
derivative as additive to see its impact on both stereoselectivity and enantioselectivity. It
was suggested that, if a functional group could interact with the carboxylate part of the
proline, it may both increase the solubility of the proline in organic solvents and make the
possible transtion state more plausible, which will enhance the selectivity. For this purpose,
they used cyclohexanone as donor and substituted benzaldehydes as acceptor (Scheme 12).
The results with the thiourea-proline host-guest complex were impressive; 99% ee and very
high stereoselectivities were obtained in nonpolar solvents. The suggested mechanism of the
reaction can be seen in Scheme 13.

Q 9 Proline *OH Q
| AN H é Thiourea O ‘
+
/G Solvent, RT, 7
R Overnight R
64

Scheme 12. Proline thiourea host guest complex catalyzed direct enantioselective aldol
reaction
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Scheme 13. Suggested reaction mechanism for proline thiourea host guest complex
catalyzed direct enantioselective aldol reaction

In another work, Barbas preferred to use water as the solvent,* which is a desirable solvent
in organic reactions because it is safer, cheaper and greener.”® Yet, it disturbs the interactions
and hydrogen bonding which can be crucial for the stabilization of the transition state. In
order to achieve the desired goal, they used specially designed catalysts in this study

(Figure 7).
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Figure 7. Examples of catalysts used in the presence of water

It is explained that hydrophobic active part of an enzyme is responsible for the occurance of
the reactions in Class | Aldolase type reaction. It may be due to decreasing interaction
between water and reaction transition state which affects enantioselectivity. Hence, if the
hydrophobic alkyl chain in the structure of amine based catalyst 75 helps having
hydrophobic interaction between the reactants, water molecules should be excluded and
biphasic system should increase enantioselectivity. The trials were successful and reaction
between cyclohexanone and 4-nitrobenzaldehyde in given condition produced 89%ee
(Scheme 14).

O o catalyst
H (0 1 equiv)
+
H,0, " 1,0, 25C
NO>

anti-70
89% ee

Scheme 14. General reaction scheme of enantioselective aldol reaction

in the presence of water

1.5.1 Calix[4]arenes in Asymmetric Synthesis

Calixarenes are macromolecules which can be synthesized starting from phenols and
aldehydes.”® Actually, the reaction between phenols and aldehydes which gives cyclic
oligomers at the end of the reaction, was found by Zinke and Ziegler in 1940.*" The name
calix (chalice) actually came from the resemblence of a vase and the name stands for the
aromatic building block (Figure 8). The common structure consists of two distinguishable
parts called upper and lower rim where substituted phenol rings constitutes the upper rim and
the phenolic hydroxyl groups form the lower rim. Although it is said that these huge
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molecules can exist in different chemical conformations as rotation is easy around methylene
bridge, it is also possible to limitate them. Replacing hydroxyl groups with other molecules,
make calixarenes have higher rotational barriers. Besides, having bulky groups on the upper
rim as on the one which is used in this study, can also decrease the rotation hence decrease
the number of conformations. The reason for using p-tert Butyl groups on the upper rim of
calix[4]arene therefore can be explained that phenomena. Due to that, these molecules have
rigid structures. Benzene units on the structure provides an enhanced m-m interaction.
Furthermore, OH groups creates possibility for hydrogen bonding with other molecules.
Most importantly, hydrophobic cavities of calix[4]arenes makes them good candidates for
taking place in host-guest chemistry due to possible noncovalent interactions and possibility
of holding smaller molecules.

Upperrim <&——

_— Lower rim

OH OH oH HO

Figure 8. Common structure of p-tert butyl Calix[4]arene

According to their different structures and properties, calixarenes may be used as optical or
ion sensitive sensors, chiral recognition devices or as stationary phase. Those huge
molecules allow modification only from two places on the structure; p-substituted groups
and hydroxyl groups. Besides, benzene units of the calixarene structure results in have high
7-T interactions, gathering them prominence. Furthermore, hydroxyl groups may be used for
making hydrogen bonding that can be effective in the reaction course.*®

Once the possibility of modification for this chiral macromolecules make them suitable for
asymmetric reactions, studies were started to be reported in this field. In 2008, a specific
calixarene structure was modified and used in direct enantioselective aldol reactions,* which
is seen in Figure 9.

P
HN N
{NEHY,

Figure 9. Modified calix[4]arene based catalyst
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The m-dimethylamino substituted chiral calix[4]arene derivative 76 was synthesized, having
an L-prolinamido group, and it was able to catalyze the reaction between aromatic aldehydes
and ketone in the presence of acetic acid which gave 75% ee with 4-nitrobenzaldehyde
(Scheme 15).

10 mol % catalyst @/ké
addltlve r.t.

anti- 70 syn- 70

Scheme 15. General reaction scheme

1.6 Aim of the Work

a-Hydroxy ketones has take place in the structure of  important pharmaceutical
intermedaites. Due to the functional groups it bears such as hydroxyl group or carboxyl
group, they can be easily modified to different target molecules. Therefore, new
methodologies for enantioselective synthesis of a-hydroxy ketones have been tried and to
get maximum enantioselectivity host-guest chemistry has been tried in the literature lately.

The main target of the study was to accomplish direct asymmetric aldol reaction between
aromatic aldehydes and cyclohexanone, by using a host-guest complex. For this purpose,
proline was chosen as the host molecule and calix[4]arene thiourea was selected for the
guest molecule. It was aimed to increase the solubility of the aminoacid in organic solvents
due to noncovalent interaction between proline and thiourea. It was thought that the
hydrogen bonding should also influence the catalytic properties of proline and make the
transition state more stable. The effect of calix[4]arene moiety on the selectivity of the
reaction in the presence of water was also wanted to be investigated, because the
hydrophobic cavity can help the reaction to proceed. At the end, the results of modification
on the structure of the host-guest complex by using calix[4]arene moiety can be effective for
further improvements in synthesis of enantiomerically pure compounds.
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CHAPTER 2

RESULTS AND DISCUSSION

Based on these information, it was thought that the hydrophobic cavity of calix[4] arene can
be used for the reaction to proceed and increase the solubility of proline with the help of
thioureas attached to calix[4]arene molecule which could also stabilize the transition state
due to hydrogen bonding interactions, which can be seen in Figure 10.

Alters the solubility problem Hydrophobic cavity

L — /
Host
H

calix[4]arene moiety
(Qé“H \N>:
@ \
S
N OH-N
H2

Guest
CF3

F3C

Y

Supramolecular unit

7

Figure 10. Supramolecular unit aimed to use in the study

In order to achieve that, p-tertbutyl calix[4]arene diamine 78 which can be synthesized
starting from calix[4]arene was supplied from Selguk University for synthesis of thiourea
guest molecule. By using 3,5-bis (trifluoromethyl) phenyl isothiocyanate 79, the product 77
was obtained (Scheme 16) and characterized by "H NMR, *C NMR and HRMS .
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Scheme 16. Synthesis of p-tertbutyl calix[4]arene thiourea guest molecule

After the characterization of calix[4]arene based thiourea guest molecule 77, NMR
experiments were conducted to prove the interaction between the thiourea and the proline,
where CDCI; was used as solvent. The *H NMR spectra of proline-thiourea complex in
Figure 11 showed that addition of proline makes N-H protons of the thiourea give downfield
shift due to H-bonding, which also indicates the incresing solubility of proline when thiourea
is used as guest molecule. It was also observed that furher addition leads further downfiled
shift.
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Figure 11. The *H NMR spectra of proline-thiourea complex

Cyclohexanone (8 equivalent) was chosen as the donor and 4-nitrobenzaldehyde (1
equivalent) was decided to be used as acceptor for early investigation. In order to determine
the best solvent for the reaction, variety of solvents having different polarities were screened,
although previous studies pointed out that polar solvents most probably disturb the H-
bonding interaction between proline and thiourea (Scheme 17). The expected results were
obtained in which more polar solvents gave lower diastereoselectivities and
enantioselectivities (Table 1). The lowest stereoselectivity belongs to chloroform because of
high polarity which decrase the possibility of the interaction between the host and the guest
molecule. The best result was acquired by using a nonpolar solvent, hexane, and it was
chosen as the solvent for the direct asymmetric enantioselective aldol reaction for further
studies.

Proline 10%
0] (0] Calix[4]arene OH O

thiourea 5%

H *
+
Solvent, RT,
O.N 24 hours OoN

1eq. 8 eq 70

Scheme 17. Aldol reaction catalyzed by proline- calix[4]arene based supramolecular catalyst
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Table 1: Solvent screening for direct asymmetric aldol reaction catalyzed by proline-
calix[4]arene complex

Entry Solvent Conversion® anti: syn® ee%”
1 Chloroform 90% 80:20 92%
2 Hexane 99% 90:10 96%
3 DCM 87% 77:23 89%
4 Cyclohexane 95% 88:12 92%
5 Toluene 95% 87:13 90%

a: Determined from crude *H NMR

b: Determined from HPLC with appropriate chiral columns

Another issue was to see the effect of guest loading. In the former studies, the percantages of
the host and guest molecule were found to be same most of the time, but the structure of the
p-tertbutyl calix[4]arene give the possibility to use proline in half amount of the thiourea due
to two thiourea moieties. Therefore it was decided that the ratio between host and the guest
molecule should be 2:1. After that, catalyst loading was investigated as given in Table 2 and
it was observed that the enantioselectivities increased when the amount of complex (mol
percent) was decreased. As the convenience of amount of proline was considered also, the
minimum amount for proline was chosen as 10 mol % . To sum up 5 mol % calix[4]arene
based thiourea and 10 mol % proline was used as host guest complex for the reaction.
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Table 2: Guest screening for 24 hours using hexane as solvent.

Entry Calix[4]arene thiourea Proline Conversion®  anti: syn®  ee%"
1 20% 20% 90% 80:20 92%
2 10% 20% 97% 86:14 96%
3 5% 10% 98% 95:5 99%

a: Determined from crude *H NMR

b: Determined from HPLC with appropriate chiral columns

After optimization of the solvent and catalyst loading for the reaction as indicated in Table 1
and Table 2, different substituted aromatic aldehydes were tried for the substrate scope. As
can be seen in Table 3, aromatic aldehydes having highly electron withdrawing groups gave
the best results as expected. Moreover, it was proved that the reaction is tolerable with ortho
substituted aldehydes such as o-bromo, o-methyl and o-fluorobenzaldehyde.
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Table 3: Substrate Scope for direct asymmetric aldol reaction with proline-calix[4]arene
thiourea host-guest complex.

Entry Product Conversion %°®  anti:syn® Yield ee%”
OH
NO,
2 : 96 96:4 90 99

(0] OH Br

anti-82

O OH

6 é)\g 65 7030 63 87
CN

anti-84

O OH

CF3

8 93 94:6 90 99

g

anti-86

a: Determined from crude *H NMR

b: Determined from HPLC with appropriate chiral columns



All the aforementioned results lead us to propose a mechanism based on general enamine
catalysis. The transition state can be explained according to a modified Houk-List model,
because thiourea generates a supramolecular unit due to hydrogen bonding with the
carboxylic acid moiety of the proline, which participates in improving the catalytic
properties of proline. The hydrogen bonding also plays a role in decreasing the possibility of
presence of parasitic equilibria which results in oxazalidinone compound. What is more, the
hydrogen on the amine moiety of proline becomes much more acidic which also assits to
stabilize the transition state. Furthermore, the chair conformation in the trasition state
explains the stability and stereoselectivity seen in the reaction. Lastly, nonpolar thiourea
moiety helps to increase the solubility properties of proline in non-polar solvents as in
hexane or toluene. In the mechanism shown in Scheme 18, the supramolecular complex 87 is
formed by hydrogen bonding. Then, iminium ion 83 is generated resulting from the
dehydration reaction of the nucleophile. After the deprotonation step enamine intermediate
is obtained which has a higher HOMO level, therefore much more activated than the original
nucleophile - cyclohexanone in this case. The suggested transition state 90 before the
formation of C-C bond can be seen also. Hydration of iminium ion 91 gives the anti aldol
product anti-70 and the complex 87.

O OH ‘

O
B cal|x ] arene
= Q -
® (O

anti-70

N O~
)
H,0 // 8 Q \
D\/ O-- Hy calix [4] arene (@?\\& HeN ,calix [4] arene
g
Ar

89
\O\
H\
\H N—calix [4]
\ arene
HN calix [4] areng] /N’§
Ar S
R’(@

Scheme 18. Proposed mechanism for aldol reaction using proline-calix[4]arene thiourea
host-guest complex.
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The possibility of using water as solvent in asymmetric reactions has always been interesting
and attracting and in 2009, similar structure based on calixarene moiety bearing proline was
found to be effective catalyst in water for direct asymmetric aldol reactions (Scheme 19).
The suggested mechanism seen in Figure 12 helps to explain that hydroxyl groups on
calix[4]arene based catalyst makes additional hydrogen bonding with water molecules which
creates boundary between hydrophobic and hydrophilic region and assist the rection to
proceed in that region. It was possible to achieve high diastereoselectivity and 98% ee in the
presence of 28 equivalent water.>

(6] OH (0] OH
H +
20 rt., 48h NO2 NO
anti-70 syn -70
98% ee

Scheme 19. Aldol reaction catalyzed by calix[4]arene catalyst in the presence of water™.
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f S region
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region

Figure 12. Hydrophilic and hydrophobic reagions created by calix[4]arene based catalyst.*

The hydrophobic cavity of calix[4]arenes makes them potential choice for this purpose. To
understand the effect of calix[4]arene moiety of thiurea guest molecule, the reaction of
cyclohexanone and 4-nitrobenzaldehyde was tried in the presence of water under the same
conditions (Scheme 20).

Proline 10% OH O
Calix[4]arene
thlourea 5% %
RT, H,O
Overnight O2N
1 eq. 3 eq. 70

Scheme 20. Direct asymmetric aldol reaction in the presence of water
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Although the ratio between the donor and acceptor was decreased to 3:1 the reaction proceed
with high enantioselectivity even in the presence of water, where solvent was not used. It
was also proved that the reaction did not take place when 1,3-bis(3,5-
bis(trifluoromethyl)phenylthiourea is used (Table 4).

Table 4: Results of reaction in the presence of water

Entry Water Proline Additive  Conversion®% Anti:Syn* ee %°"
1 45 uL water 10% 5% 60 65:35 92
2 45 uL water 10% 5%* - - -
a:
CF3 CF3
jeB Vel
FsC NN CF
3 NN 3

b: Determined from 1H Crude NMR

c: Determined from HPLC by using appropriate chiral columns

The results of the experiments clearly demonstrates that the reaction takes place in the
hydrophobic cavity provided by calix[4]arene moiety. It is proven that there is hydrogen
bonding between the thiouera and the proline with NMR experiments. Yet, there are two
other hydroxyl groups on calix[4]arene molecule which may also form hydrogen bonding
with other molecules. Therefore, when water is introduced into the medium without
disturbing the interaction between the host and the guest molecule, hydroxyl groups interacts
with water molecules. As the calix[4]arene have a rigid structure, when thiourea moieties are
attached to it, the hydrophobic cavity is extended and the motion of thioureas is restricted
becuase of the rigidity. Hence, the reaction can proceed through enamine catalysis inside of
the cavity with high stereoselectivity and enantioselectivity, whereas it is not possible when
Shriener’s thiourea is used instead of calix[4]arene with the same amount of water. In
addition, it can be explained that although proline is soluble in water, it takes place in the
hydrophobic region and catalyze the reaction in the presence of water, due to the enormous
effect of calixarene structure on the reaction (Figure 13).
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CHAPTER 3

EXPERIMENTAL

NMR spectra were recorded on a Bruker DPX 400. 'H NMR spectra are reported in ppm
using solvent as an internal standard (CHCI; at 7.26 ppm). Data are reported as (s = singlet, d
= doublet, t = triplet, g = quartet, m = multiplet; coupling constant(s) in Hz; integration.
Proton-decoupled **C NMR spectra were recorded on a 400 (100 MHz) spectrometer and are
reported in ppm using solvent as an internal standard (CDCl; at 77.0 ppm).Column
chromatography was conducted on silica gel 60 (mesh size 40-63 um). TLC was carried out
on aluminum sheets precoated with silica gel 60F,s; (Merck). HRMS were recorded on
Agilent 6224 TOF LC/MS, UNAM, Bilkent University.

3.1 Synthesis of Calix[4]arene Based Thiourea Catalysis

3.1.1 General Procedure for p-tertButyl calix[4]arene thiourea guest molecule

p-t-Butylcalix[4]arene diamine (1.0 mmol, 0.762 mg) was dissolved in 30 ml dried THF.
Then, 3,5 —bis (trifluoromethyl) phenyl isothiocyanate (2.2 mmol, 400 pL) was added via
syringe in ice bath and the mixture was stirred at room temperature until the completion of
the reaction. The completion of reaction was monitored by TLC (Thin Layer
Chromatography). After completion of reaction, volatile material was removed and
remaining solid dissolved in a minimum amount of EtOAc. By using column
chromatography the desired product was taken with 4:1 (Hexane:EtOAc) solvent system.
Finally n-hexane was added for precipitation. The solid product was filtered and washed
with hexane several times. Then crystallization procedure was applied to the filtered product.
The reaction scheme can be seen in the following scheme.
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THF
+ N=—C=S —_—
0° C, ice bath

FsC
NH HN
Sﬁ/ \FS
79 FoC NH  HN
22eq. ’ Q Q—ca
CFs FoC

1

Scheme 21: Calix[4]arene derived thiourea synthesis.

3.1.2. Characterization of Calix[4]arene Based Thiourea

The characterization of calix[4]arene based thiourea catalyst was done by *H NMR Spectra,
3C NMR Spectra and High Resolution Mass Spectra.

'H NMR (400 MHz, CDCl; & ppm): 9.17-9.07 (m, 2H),
7.87-7.85 (m, 4H), 7.81-7.74 (m, 2H), 7.61-7.57 (m, 2H),
7.57-7.53 (m, 2H), 7.18-7.16 (m, 4H), 6.86-6.81 (m, 4H),
4.10-3.97 (m, 12H), 3.51-3.39 (m, 4H), 2.24-2.03 (m, 4H),
1.35-1.27 (m, 18H), 0.99-0.93 (m, 18H)

3C NMR (101 MHz, CDCl; & ppm): 181.6, 148.6, 148.5,
148.0, 144.7, 140.4, 132.0, 131.7, 126.18 126.2, 124.4,
122.7,117.9,44.7,34.1, 31.9, 30.9, 28.3.

HRMS: Calculated mass: 1304.2003 g/mole

” Measured [M-H]*: 1305.5212 g/mole
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3.2 General Procedure for the Enantioselective Direct Aldol Reaction

L-proline (0.025 mmol, 2.8 mg), calix[4]arene thiourea (0.0125 mmol, 16.25 mg) and 1.8
mL hexane were placed in a screw capped vial, then cyclohexanone (2 mmol, 0.2 mL) was
added, in which the resulting mixture was stirred for 15 min. at ambient temperature
followed by addition of aldehyde (0.25 mmol) wherein stirring was continued until no
further conversion was observed by TLC. After completion of the reaction, the reaction
mixture was treated with saturated aqueous ammonium chloride solution and the whole
mixture was extracted with ethyl acetate. The organic layer was washed with brine, dried and
concentrated to give a crude residue, which was purified with column chromatography over
silica gel using hexane-ethyl acetate as an eluent to afford pure product. Diastereoselectivity
and conversion were determined by 'H NMR analysis of the crude aldol product. The
enantiomeric excess of product was determined by chiral-phase HPLC analysis all of which
are in accordance with the data given in the literature. The absolute configuration of aldol
products were determined by comparing the values with those previously reported in the
literature.

3.2.1 (S)-2-((R)-Hydroxy(4-nitrophenyl)methyl)cyclohexan-1-one™

Yield: 95%. Conversion: 98% Anti/syn: 97/3, anti-

diastereomer, 'H NMR (400 MHz, CDCl; & ppm):

- 1.46-1.31 (m, 1H), 1.71-1.52 (m, 3H), 1.93-1.77 (m, 1H),

> 2.16-2.07 (m, 1H), 2.42-2.31 (m, 1H), 2.54-2.45 (m, 1H),
NO

2 2.66-2.55 (m, 1H), 4.09 (s, 1H), 4.90 (d, J = 8.3 Hz, 1H),
anti-70 7.51 (d, J = 8.6 Hz, 2H), 8.21 (d, J = 8.8 Hz, 2H). 98.8
%ee was obtained. The optical purity was determined by
HPLC on chiralpak AD-H column [hexane/2-propanol
90.0:10.0]; flow rate 1.0 mL/min, anti: tyiner = 24.6 min
and tmajor = 32.3 Min

3.2.2. (S)-2-((R)-Hydroxy(3-nitrophenyl)methyl)cyclohexan-1-one **

Yield: 90%. Conversion: 96%. Anti/syn: 96/4, anti-
diastereomer, 'H NMR (400 MHz, CDCl; & ppm):
O OH 1.47-1.32 (m, 1H) 1.76-1.51 (m, 4H), 1.91-1.78 (m, 1H),

NO, 2.17-2.07 (M, 1H), 2.44-2.31 (m, 1H), 2.56-2.46 (m, 1H),
: 2.72-2.58 (m, 1H), 4.13 (d, J = 3.0 Hz, 1H), 4.91 (d, J =
8.5 Hz, 1H), 7.54 (d, J = 7.8 Hz, 1H), 7.68 (t, J = 7.7 Hz,

1H), 8.16 (d, J = 8.2 Hz, 1H), 8.22 (s, 1H), 99% ee was
obtained. The optical purity was determined by HPLC on
chiralpak AD-H column [hexane/2-propanol 90.0:10.0];
flow rate 1.0 mL/min, anti: tpsor = 19.9 min and tyiner =
25.2 min

anti-80
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3.2.3. (S)-2-((R)-Hydroxy(4-bromophenyl)methyl)cyclohexan-1-one™

O OH

anti-81

Br

Yield:60% Conversion: 65%. Anti/syn:94/6, anti-
diastereomer. *"H NMR (400 MHz, CDCl; & ppm):
1.37-1.21 (m, 1H), 1.62-1.54 (m, 3H), 1.86-1.75 (m,
1H), 2.15-2.04 (m, 1H), 2.34 (d, J = 7.2 Hz, 1H),
2.64-2.43 (m, 2H), 3.98 (d, J = 2.72 Hz, 1H), 4.75
(d, J = 8.7 Hz, 1H), 7.20 (d, J = 8.4 Hz, 1H), 7.47
(d, J = 84 Hz, 1H) 99% ee was obtained. The
optical purity was determined by HPLC on
chiralpak  AD-H column [hexane/2-propanol
90.0:10.0]; flow rate 1.0mL/min, anti: tpjer = 14.4
min and tmin: = 16.7 min.

3.2.4. (S)-2-((R)-Hydroxy(2-bromophenyl)methyl)cyclohexan-1-one™

O OH Br

anti-82

Yield: 83% Conversion: 87% Anti/Syn: 96:4 anti-
diastereomer. 'H NMR (400 MHz, CDCl; & ppm):
2.14-2.05 (m, 1H), 2.41-2.28 (m, 1H), 2.52-2.41 (m,
1H), 2.76-2.62 (m, 1H), 4.04 (d, J = 4.09 Hz, 1H),
5.30 (dd, J = 7.96 Hz, 1H), 7.13 (t, J = 7.44 Hz, 1H),
7.34 (t, J = 7.70 Hz, 1H), 7.52 (d, J = 7.97 Hz, 1H).
99% ee was obtained. The optical purity was
determined by HPLC on chiralpak AD-H column
[hexane/2-propanol 90.0:10.0]; flow rate 0.3 mL/min,
anti: tyajor = 37.2 Min and tyiner = 43.5 min.

3.2.5(S)-2-((R)-Hydroxy(2-fluorophenyl)methyl)cyclohexan-1-one™

anti-83

Yield: 84%. Conversion: 86% Anti/syn: 90:10 anti-

diastereomer. "H NMR (400 MHz, CDCl; & ppm): 2.42-

2.30 (m, 1H), 2.53-2.44 (m, 1H), 2.75-2.60 (m, 1H), 3.99
(d, J = 3.4 Hz, 1H), 5.18 (d, J = 8.7 Hz, 1H), 7.06-6.97
(m, 1H), 7.21-7.13 (m, 1H), 7.30-7.23 (m, 1H), 7.53-
7.43 (m, 1H). 94% ee was obtained. The optical purity
was determined by HPLC on chiralpak AD-H column
[hexane/2-propanol 95.0:5.0]; flow rate 1.0 mL/min, anti:

tmajor = 8.9 Min and tyiner = 12.0 min.
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3.2.6. (S)-2-((R)-Hydroxy(4-cyanophenyl)methyl)cyclohexan-1-one®

O OH

anti-84

CN

Yield: 63% Conversion: 65%. Anti/syn: 70/30, anti-
diastereomer. *"H NMR (400 MHz, CDCl; 6 ppm): 1.43-1.30
(m, 1H), 1.64-1.51 (m, 1H), 1.90-1.77 (m, 1H), 2.16-2.07 (m,
1H), 2.42-2.30 (m, 1H), 2.62-2.45 (m, 1H), 4.07 (d, 1H), 4.84
(d, J = 85 Hz, 1H), 7.46-7.43 (m, 2H), 7.68-7.63 (m, 1H)
87% ee was obtained. The optical purity was determined by
HPLC on chiralpak AD-H column [hexane/2-propanol
90.0:10.0]; flow rate 1.0 mL/min, anti: tpjor = 24.5 min and
minor = 31.1 min.

3.2.7 (S)-2-((R)-Hydroxy(4-trifluoromethylphenyl)methyl)cyclohexan-1-one>

anti-85

3

Yield: 78% Conversion: 80% Anti/syn: 86/14, anti-
diastereomer. *"H NMR (400 MHz, CDCl; & ppm) : 1.66-
1.51 (m, 4H), 1.86-1.76 (m, 1H), 2.16-2.05 (m, 1H), 2.43-
2.31 (m, 1H), 2.54-2.44 (m, 1H), 2.66-2.55 (m, 1H), 4.04
(d, J =2.8Hz, 1H), 4.85(d, J = 8.6 Hz, 1H), 7.45 (d, J =
8.0 Hz, 2H), 7.61 (d, J = 8.1 Hz, 2H), 95 % ee was
obtained. The optical purity was determined by HPLC on
chiralpak OD-H column [hexane/2-propanol 95.0: 5.0];
flow rate 0.5 mL/min, anti: tyor = 11.5 min and tyiner =
14.9 min.

3.2.8. (S)-2-((R)-Hydroxy(3-trifluoromethylphenyl)methyl)cyclohexan-1-one®

O OH

ii)\@/c Fs

anti-86

Yield: 90% Conversion: 93%. Anti/syn: 94/6 anti-
diastereomer. '"H NMR (400 MHz, CDCl; & ppm): 1.33-
1.14 (m, 2H), 1.68-1.55 (m, 2H), 1.80-1.69 (m, 1H), 2.10-
1.99 (m, 1H), 2.37-2.24 (m, 1H), 2.47-2.37 (m, 1H), 2.59-
2.5 (m, 1H), 4.01 (d, 1H(syn)), 4.77 (d, J = 8.7 Hz, 2H),
7.46-7.37 (m, 1H), 7.55-7.47 (m, 2H) The optical purity
was determined by HPLC on chiralpak AS-H column
[hexane/2-propanol 95.0: 5]; flow rate 0.5 mL/min, anti:
tmajor = 19.6.
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CHAPTER 4

CONCLUSION

In this study, direct enantioselective aldol reaction of cyclohexanone and benzaldehyde
derivatives was achieved, as a-Hydroxy ketones are important due to their participation in
pharmaceuticals. The developped methodology give chance to improve the catalytic
properties of proline where an achiral additive was used. Solvents with different polarities
were screened and hexane was chosen as the solvent. The following aim was to decide the
ratio between proline and calix[4]arene thiourea that would be used in the reaction. It was
explained that proline—calix[4]arene thiourea host—guest complex was able to catalyze direct
enantioselective aldol reactions in nonpolar solvent with high enantioselectivity and
diostereoselectivity, the results of which were better than proline itself (up to 99 % ee and
97:3 dr).

calix [4] arene
EHQ“ T H-N
® (e
: S
0 “N>: h

87 CFa

F,C
Figure 14. Representative illustration of hydrogen bonding between proline and the additive

In addition it was shown that the reaction was tolerable to water up to a certain level where
hydrophobic cavity created by the calix[4]arene moiety was extended because of the thiourea
molecules attached that makes the reaction proceed with high enantioselectivity.
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APPENDIX A
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Figure 16. *H NMR Spectrum of isolated product 70
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Figure 18. *C NMR Soectrum of product 77
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Figure 19. HRMS of product 77
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Figure 21. *H NMR Spectrum of isolated product 80
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Figure 25: "H NMR Spectrum of isolated product 82
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APPENDIX B

HPLC

DADT A, Sig=284.4 Ret260,100 (EZGNED-20.0)

mAll |
350 - O H
300 -
250 4
| NO,
s rac-70
150 -
i 2 §
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: n g i
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o+ |
) T T T T T T
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(Kl
File Information # Time Area Height Width AreaZ  Symmetry
LC-File |ED-80.0 1 17.5089 565942 83 0.9184 28756 0.908
File Path | CACHEM32\ISDATANEZGIY 2 22.251 56731 938 0.6459 28852 0572
Date | 03-Aug-12,13:27.04 3 26052 42334 609 0.9333 214838 0614
Sample [ED-B0 4 30,882 40414 531 1.0817 20554 0.4%
Sample Info | 4NITRO ARACEMIC ADH COLUMN FR1 90:10
Barcode
Operator |ezgi
Figure 34. HPLC Chromatogram of rac-70
DADT A, 5ig=254,4 Ref=360 100 (EZGNED-304 D)
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5 10 15 20 26 0 35 40
File Information # Time Area Height Width AreaX Symmetry
LCFile |ED-304.D 1 19076 21136 488 ng252 8678 0.478
File Path | CACHEM32VI\DATAMEZGIY 2 2233 4224 31 06542 173 0514
Date | 30-Mow-12, 09:44.23 3 24.601 1367 3 0513 0857 0.702
Sample |ED-904 4 3233 216838 270.3 11433 83.031 0.443
Sample Info| ADH colurnn 30:10 fr.1 dnitobenz. chiral
Barcode
Operator | eylem
Method | MELEK M
Analpsis Time | 42,267 min
Sampling Rate | 0.0067 min [0.402 sec). 6341 datapoints

Figure 35. HPLC Chromatogram of anti-70
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DAD1 C, 5ig=215,8 Ref=360,100 (EZGNED-81.0)

3
=
=
1

1600
NO,
1200
1000

rac-80
200

400

21683
3826
21.365

o
7 18.180
w

File Information # Time Area Height Width Area% Symmetry
LC-File |ED-B1.0 1 1616 57354 1279 0.6451 26.394 0.441
File Path | CACHEM3ZVI\DATANEZGIY 2 21683 7082 1323 0.7685 32591 0.33
Date | 08-Aug12, 10:25:46 3 23826 4419 75.4 0.8261 20.336 0.453
Sample | EZGI 4 31.365 44333 E41 1.0034 20678 0.43
Sample Info | 3nitro racemic adh column 30410 frl
Barcode
Operator | EZGI
Method | MELEE.M

Figure 36. HPLC Chromatogram of rac-80

DAD1 A, 5ig=254.4 Ref=360,100 (EZ6GNED-81A.0)

O OH

800

600 -

anti-80

400 -

200 -

18.810

o
1
f
25213

7766

File Information # Time Area Height Width AreaX  Symmetry
LCFie |ED-T1AD 1 16.81 31751 8849 05308 6.233 0.581
File Path | C:ACHEM32VINDATANEZGIY 2 17.766 19581 436 06337 3.844 0.623
Date | 20-Mow-12,10:29:27 2 19.973 45525.4 939.4 07014 29369 0.514
Sample |ED-314 4 25213 2821 57 05388 0.554 0.B57

Sample Info[ ADH column 90:10 fr1 3nitrobenz. chiral
Barcode
Dperator | evlemn
Method [MELEK.M

Analysiz Time | 31.953 min

Figure 37. HPLC Chromatogram anti-80
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DADA C, Sig=216,8 Ref=360,100 (EZGNED-B7.0)

mAU | I =
- &
mnn—i OH
1400 |
1200{
! Br
1000
: rac-81
800 =
] 3 E
800 | o
40
ZDDE
o
T T T T T T T
5 10 15 20 25 30 35 min
[41 [+]
File Information # Time Area Height Width  Area% Symmetry
LC-File |[ED-87.D 1 16.027 73471.3 17428 L6338 247 1403
File Path | CACHEM32VIADATAMEZGIY 2 17.203 832305 1690.8 L7383 532 1363
Date | 11-Aug12, 15:59.28 3 2302 344229 6323 L7871 108 1423
Sample |ED-87 4 27107 367109 532.8 L9143 113 1432
Sample Info | ADH COLUMM FR:1 90:10 4-br racemic
Barcode
Operator | MELEK
Method | LIPASE M
Analpsis Time | 39.333 min
Sampling Riate | 0.0067 min (0.402 sec). 5301 datapoints
DAD1 T, 5ig=215,8 Ret=360, 100 (EZGNED-2A D)
mAl
1000 O
a00-
1 o
J S
o
500 .
| anti-81
00—
200
i o
1 @ = 5
o
) T T T T T
] 5 10 15 20 25
[
File Information 13 Time Area Height Width AreaX Symmetry
LCFile [ED-924.0 1 9248 967.5 434 03221 3334 0.453
File Path | CACHEM324TADATANEZGIY 2 10.937 11302 447 03713 3834 0.48
Date | 30-Mov-12, 11:03:13 3 14.424 1431 48 0.4422 0433 0.536
Sample |ED-324 4 16.731 26761.5 6388 06072 92.273 0.432

Sample Infa | ADH column 90:10 fr:1 4-bramobenz. chiral

Barcode

Operator | eylem

Method [MELEK.M

Analgsis Time | 27,453 min

|| Sampling Fiate | 0.0067 min (0.402 sec) 4113 datapoints

Figure 39. HPLC Chromatogram of anti-81
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DAD1 C, $ig=215,8 Ref=380,100 (EZGNER-82 3A.0)

400

26

(0] OH Br

rac-82

25.424

36771

42533

a

[a]

File

Time

Area

Height

Width

AreaZ

LC File

ED-B234.D

22.588

43003.9

7936

0.7942

26043

0544

File Path

CACHEM3ZAADATANEZGIY

25.424

43326

7242

0.87

25.230

0.473

Date

17-0ct-12, 16:55.42

36.771

51115.3

541

1.2551

23.766

0.463

Sample

ED-B2-34

| |raf =&

42.833

342769

3576

1.3982

13961

0.485

Sample Info

2 BR adh column 90:10 fr0,3

Earcode

Operator

eza

Method

MELEK M

Analysic Time

54,407 min

Sampling Rate

0.0067 min (0402 sec). 2162 datapoints

Figure 40. HPLC Chromatogram of rac-82

DAD1 C, Sig=215,8 Ref=360,100 (EZ6ED 0GA.DY

O OH Br

anti-82

\]'44 303

File

Time

Area

‘Width

AreaZ

LC-File

ED 964D

23058

4039

06283

0215

0.556

File Path

CACHEM 32 \DATANEZG Y

25.845

1437

0.5045

0.073

Date

I7-pr-13, 15:56:22

37.853

189152.3

1.3273

93.338

0.863

0.452

Sample

D 964

aea|ra| = (=

44.303

5876

0.8923

0.309

0.645

Sample Info

Barcode

romo chiral adh column flow rate 0.3 30:10

Dperator

ezgi

Method

MELEK M

Analysis Trne

54.88 min

Sampling Fate

0.0067 min (0402 s50), 8233 datapoints
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Figure 41. HPLC Chromatogram of anti-82




DAD1 C, Sig=215,8 Ref=360,100 (EZGNED-B42A V)

mAL

180

120
1UU:
BD—-

60—

O OH F

78

17915

12126

20—:
o
: T T T T T T
o 5 10 15 20 25 30
[=1
File Information # Time Area Height Width AreaZ Spymmetry
LC-File |ED-84-25D 1 3232 2261 181 0.2225 1.106 033
File Path | CACHEM32VIADATAMNEZGIY 2 425 2636 12.4 0.27g 1.289 0.802
Date |08-0ct12, 10:2418 3 7943 48.4 2 0.2275 0237 0809
Sample |ED-84-24 4 9.404 762 151.2 0.209 16.632 0515
Sample Infa | 2-F BEWNZ. reemic adh column 95:5 flaw rate:1.0 ] 10.078 4643.2 179.2 0.3703 22712 0,438
Barcode E 14137 54E 1.8 0.3604 0.267 0.902
Operator | ezgi 7 17.415 4859.8 157.2 0.4768 23771 0.743
Method | MELEK M g 18126 #1731 155 0.648 35.086 0.478
Amalusie Tima |75 i
Figure 42. HPLC Chromatogram of rac-83
DAD1 A, Sig=254,4 Ref=360,100 (EZGNED-95-A.D)
mAU ] O OH F %
: 3
500 - \
J |
] |
400 _ I
] anti-83 |
] |
300 | |
] ‘ |
4 |
200 | ‘.
] o \ —
@ o 0 | ©
100 - 2] Ir] « [ o
1 < 9 < [ ~
J [ap) <t AN -
0+ = = . \ —
T T T T T T T T T T T T T
0 5 10 15

Figure 43. HPLC Chromatogram of anti-83
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DADA D, Sig=230,15 Fef=360,100 (EZGNED-86 RAC.D)

O OH

5 0 15 20 25 30 35 min
[ [+
File Information # Time Area Height ‘Width Symmetry
LC-File |ED-BE RACD 1 1715 101588 2345 0.6474 0.502
File Path | CACHEM32Y1\DATAMEZGIN 2 20.153 BEG4.7 126.8 07824 0459
Date | 22:4pr13, 21:12201 3 237178 38 E42 08675 0478
Sample ED-G6 RAC 4 29.093 36328 50.4 1.0387 0.526
Sample Info| 4-CH RACEMIC adh colurn 30:10 flow rate -1
Barcode
Operator | EZGI
Methad | MELEK.M
Analysis Time | 42 447 min
Sampling Rate | 0.0067 min (0.402 sec], B368 datapoints
DADT B, Sig=220,15 Ref=350,100 (EZGRED-50.0)
0] OH
1
anti-84 -
250
i T T T T T
10 20 30 a0 G0 min
[5] ]
File Information # Time Area Height Width  Symmetiy
LC-File |ED-G0.D 1 18272 12741 27T 07513 0.673
File Path | C:ACHEM324T\DATANEZGIN 2 21538 12001.4 2179 0.8624 0.633
Date | 03-Jan-12, 15:00:54 3 2456 5770.7 935 0.9524 0.66
Sample | ED-60 4 31124 81931.3 9856 1.2673 0.608
Sarnple Info | aldol 4-CN benzaldehyde adh calumn flow rate 1 90-10
Barcode
Dperalar | setkan
Method | EVLEM45-3.M
Analysiz Time | 62.2 min
5 ampling Pate | 0.00B7 min (1,402 sec), 9331 datapaints

Figure 45. HPLC Chromatogram of anti-84
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DADY C, Sig=215,8 Ret=380,100 (EZGIED-83.0)

8061

@
o
a
E CF3
g
ks rac-85
T T T T T
Q g 10 15 20 25
=
File Inf 3 Time Area Height Width AreaZ  Symmetry
LC-File | ED-B3D 1 701 3259 191 0.2471 27211 0.482
File Path | CACHEM32\I\DATANEZGIY 2 8.061 3238.7 1686 0.278 27.024 0.448
Date | 11-4ug-12, 11:43:45 3 10.059 27723 174 0.3414 23146 0.445
Sample |ED-B3 4 12468 2709.1 341 0.4157 22619 0.457
Sample Info| ADH COLUMN FR:1 90:10 4-cf3 racemic
Barcode

Operatar | MELEK

Method | LIPASE.M

Figure 46. HPLC Chromatogram of rac-85

DAD1 B, 5ig=220,15 Re360,100 (EZGNED-27 D)

mAU | &
1800 |
| =
| g
1400 | =
1200 |
1000 |
suu—: al"lti -85
00—
g 2
00| 5 2
] 3
| =
| *
200 2
| 8 S
] &
o
L T T T ) T
o 5 10 15 20 25 min
“ [+]
File Information k. Time Area Height ‘Width Area% Symmetry
LC-File |ED-27.0 3208 24394 2319 01487 2 85 0.801
File Path [ CMCHEM 25T WDATAMZGIN 348 2412 2.4 0101 0.2 0303
Date | 11-4ug11, 102915 824 26223 16159 02233 30.7. il
Sample [ED-27 965 2881 72 02552 0 1193
Sample nfo [ O0 H COLUMMN 856 ALDOL WITH CYCLOHEXAMOME AND 4- 227 2624 72 02118 0. 0.475
ZALDEHTDE CAT CALESAREMN FLOW RATE 1.0 . 194 82.5 7.8 0.1596 0. 0.7
Barcode .698 1108 57 0.310% 0. 1.03
Operator | ezgi 8 8.647 4969.4 2951 0.2565 5822 | 0729
Method | EYLEM M El 9.339 5916.2 388 02805 6.931 697
Analysis Time [ 25 707 mirn 10 11.46 425431 1369.4 0.4925 49.843 . 348
Sampling Rate [0 0067 min (0402 sec). 3857 datapoints 11 14,294 2278.3 20.9 0.4345 2.EE9 LE82
datapaints

Figure 47. HPLC Chromatogram of anti-85
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DADA C, Sig=215,8 Ref=350,100 (EZGRED-25-2A.D)

mal ]
200 OH
] CF3 N
175 3
] kS
150
126 @
] rac-86 g
i &
100 -
] =
76— b
] a
50
26
5
i T T T T T T
o B 10 15 20 25 30
(1]
File Information # Time Area Height Width AreaX  Symmetry
LCFile [ED-B5-25.0 1 17.133 10238.4 2208 07229 33326 0582
File Path | CACHEM32\\DATAVELGIY 2 18.291 90761 156.4 0.8531 29639 0537
Date | 08-0ct12,12.21:41 3 21523 EES7.3 1022 0.974 21669 0.433
Sample |ED-85-24 4 23817 4751.8 E2.8 1.0935 16467 0528

Sannple Info| 2-CF3 BENZ. reemic a5H colurn 95: 5flaw rate: 0.5

Barcode

Operator | ezgi

Method |MELEE.M

Figure 49. HPLC Chromatogram of rac-86

DAD1 B, 5ig=220.16 Ref=360,100 (EZGIIS-A2 D)

O OH

o
5
@ ]
8
g g /\
m
i i i) i) i
[:} 5 10 15 20
[
File # Time Area Height Width _ Area% Symmety
LCFis [4842D 1 6.315 EIEN 1.3 03562 0730 | 1.375
File Fath | CACHEM32\1\DATANEZGI 2 7.0 22335 72 04377 5526 11
Dale | 28Dec11, 11:1358 3 7593 754779 10044 03339 | 6aosa 335
Sample | 4552 [ 15,069 6723 222 06009 2759 733
Sample Info| aldol 3-¢f3 benzaldehyde caluarene 5 16653 26947 51 0.8402 764 1516
Barcods E 19 BE09.5 1209 10248 | 21.307 1351
Operator | setkan
Method |EYLEMA5-3.M
Analysiz Time | 26.587 min
Sampling Rate | 0.0057 min (0,402 sec], 3389 datapoints

Figure 50. HPLC Chromatogram of anti-86

55




