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SUMMARY

In the literature, many diols are known which function well in building a chiral catalysts which transfer
the chirality to the product molecule. Starting from optically pure (R)-2-hydroxy-4-phenyl-butyric acid
(60 kg of this intermediate was available) the goal was to synthesize optically active chiral ligands
which can be used to prepare catalyst for different enantioselective reactions.

Keeping that in mind we proposed to synthesize tetra ary! glycerols. The beatsy of the synthetic

sequence was just by reversing the Grignard addition sequence we proposed to synthesize both the

enantiomers from the same starting material {please refer to the chapter 2.0, The Theme).

First we prepared methyl ester 2 ot the acid 1. Grignard reaction with PhMgCl gave the styryl diol 4.

Before the oxidative cleavage of the stytyl double bond, the diol was protected by preparing it's

acetonide 17. Cleavage of the double bond gave mixture of benzoic acid and acid 37. Their

corresponding methyl esters were prepared and the mixture was separated. The second Grignard
reaction of the ester 18 with biphenyl MgBr gave 19 but unfortunately it's protecting group could not
be cieaved to convert it to the (S) enantiomer of glycerol 12. it was possible to cleave the acetonide
ot 18 to get 6. The second Grighard with the diol ester 6 gave the (S) enantiomer 12. in a similar way
the (R) enantiomer 30 was prepared. In this sequence the biphenyl MgBr was reacted first and the
second Grignard with PhMgClI.

Since synthesis was tedious we looked for different protecting groups and finally carbonate protecting

group 5 was found to be the best as it could be synthesized easily, survived the oxidative cleavage

and could be easily removed. Unfortunately, the yield of the glycerols were very low by both the
routes. Therefore it was impossible to use them as ligand in the enantioselective reactions.

As all the intermediates are also chiral, in principle each one could be used to prepare the catalyst. By

comparing the structures of the intermediate ligands with the ligands known in the literature two

reactions were selected namely Katsuki - Sharpless epoxidation and glyoxyl - ene reaction.

* Inthe Katsuki - Sharpless epoxidation the diol esters 6, 9 and 10 were successful in transterring
the chirality to the product epoxide. The product ee were upto 70% and could be improved upto
94% by recrystallization. Different effects such as ester substituent of ligand, oxidizing reagent,
solvent, temperature, substrate on the ee of the product epoxide were studied.

« Thediols 4 and 32 and diol ester 6 used as ligands were successful to some extent in increasing
the reaction rate, in glyoxylate ene reaction but were unsuccessful to transfer the chirality 1o the
product.
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RESUME

L'utilisation de diols comme catalyseurs chiraux transférant la chiralité au produit de réaction a été
plusieurs fois rapporté dans la littérature. Dans ce contexte, nous nous sommes proposé de
synthétiser des ligands chiraux optiquement actifs & partir de Vacide (R)}-hydroxy-2-phényl-4-
butyrique, disponible en grande quantité (environ 60 kg).

Ces ligands, des glycérols tétrasubstitués (restes aryls), devraient par la suite catalyser différentes

réactions énantiosélectives. Le choix de ce type de composés repose sur le fait que les deux

énantiomeéres peuvent étre obtenus a partir du méme produit de départ par inversion des séquences

synthétiques impliquant deux additions de Grignard (se rétérer au chapitre 2.0).

L'acide 1 est converti dans un premier temps en ester méthylique 2. Une addition de Grignard avec

du chlorure de phénylmagnésium donne le diol 4; aprés protection des groupements hydroxyles par

formation de Y'acétonide 17 , la double liaison du reste styryl est clivée par oxydation. Les deux
acides benzoique et 37 sont séparés aprés formation des esters méthyliques correspondants. Une
seconde addition de Grignard sur I'ester 18 avec du bromure de biphénylmagnésium permet d'obtenir
le composé 19. Une tentative de déprotection pour libérer I'énantiomére (S) du glycérol 12 n'a pas
donné de résultats, mais cette impasse est contoumnée en produisant le diol ester 6 par clivage de
l'acétonide 18, et en faisant alors seulement la deuxiéme addition de Grignard.

L’énantiomere (R) est produit de fagon similaire, mais en inversant fordre des deux additions de

Grignard.

Afin d’améliorer les conditions de synthése, nous avons étudié plusieurs protections; il s'avére que la

meilleure est le carbonate §, qui s'obtient facilement, qui supporte les conditions du clivage oxydatit,

et dont la déprotection ne pose pas de problémes. Le rendement en glycérol reste malheureusement
faible, et il n'a pas été possible de I'utiliser comme ligand dans différentes réactions
énantiosélectives.

Cependant, tous les intermédiaires étant chiraux, il est en principe possible de les utiliser pour la

préparation de catalyseurs; en comparant leurs structures avec celles de ligands connus dans la

littérature, nous avons choisi de les tester sur deux réactions: I'époxydation de Katsuki-Sharpless, et
une réaction de type éne.

o Pour I'époxydation de Katsuki-Sharpless, les diols esters 6, @ et 10 ont été utilisés avec succés et
ont permis le transfert de chiralité dans la synthése d'époxydes. Le produit ee est de 70 %, et
atteint 94 % aprés recristallisation. Plusieurs facteurs tels que les substituants sur le ligand, la
nature de agent d'oxydation, le solvant, la température ou le substrat ont été étudiés.

¢ Lesdiols 4 et 32, de méme que le diol ester 6 utilisés comme ligands ont permis d’augmenter la
vitesse de la réaction de type éne-glyoxylate, mais n'ont eu aucune influence sur ie transfert de
chiralité.
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1.0 Introduction
1.1 History:

Chemistry has a history of at least a few hundred years and organic chemistry is recognized as a
science since the first acknowledged synthesis ot urea by Wéhler about 160 years ago. Since that
time the challenges to the synthetic chemists have steadily increased in complexity. The tasks during
these periods constantly changed in character e.g. before the development of chemistry as a science,
the old philosophers were analyzing properties of different substances. They slowly realized that
matter is made up of basic elements. In the 18th century it became clear that atoms were basic
building blocks. e.g. water is made up of the two elements hydrogen and oxygen in the ratio of 2 ;1.
Starting from this knowledge the concept of valency was developed and chemists started wondering
about the structure of compounds. An important step was made by Kekalé, when he proposed the
cyclic structure of the benzene molecule developed from his famous dream. Based on this structural
proposal the theory of resonance and aromaticity was developed. D. Mendelejew and L. Meyer
proposed the periodic table of the elements simultaneously in 1869. Soon different functional groups
were known and different test reactions were developed 1o identify them. Then the chemists were
busy determining the structures of natural products with degradation methods. Since this time
chemistry was more or less divided into three main branches: organic, inorganic and physical
chemistry.

The very important concept of asymmetry and chirality was recognized in the last century first by
Malus (1808), Biot (1815), Liebig (1840) and later by Louis Pasteur, when he physically separated two
different types of sodium ammonium tartrate-4H,0 crystals in 1848, which were mirror Images of
each other [1]. Le Bel and Vant Hoff (1874) independently proposed the theory of the tetrahedral
nature of carbon 26 years later [2], which was the theoretical explanation of the discovery by Pasteur.
From the beginning until the middle of our century the main task of organic chemists was the
structure determination of natural products by degradation as well as by synthesis. As a result of
these efforts, the so called name reactions were discovered. e. g. Diels-Alder reaction, Grignard
reaction, Friedel-Crafts reaction to mention a few. Similarly different synthetic reagents were

developed to petform a particular transformation e. g. different oxidation and reduction reagents.



Even now the challenge of natural product synthesis is not over. A recent example is Taxof Blihisa
product isolated from plant extracts containing 11 asymmetric centers. It is giving new hopes for
cancer treatment and is a great challenge for synthetic chemists.

The new target for chemists is synthesis of unnatural molecules. Molecules which were attractive
because of their special structure, have been synthesized by the chemists. e.g. cubane and
dodecahedran (figure 1) [4].

Figure 1

HO
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Taxof (naturaf) Dodecahedran Cuban {(unnatural)
At the middle of this century for the first time UV spectroscopy was applied in organic chemistry as an
analytical method. Soon new different methods such as IR, NMR, MS, GC, HPLC, and X-ray were
Introduced for structure determination and analytical chemistry emerged as the new branch of
chemistry 4], 1n NMR spectroscopy, with the help of computers, various pulse techniques and fourier
transform technique now not onty proton NMR but many more nuclei such as 13¢, 170, 31p, 15N
and 2D and 3D spectroscopy one can measured. Using chiral shift reagents in NMR spectroscopy,
one can directly delermine the enantiomeric excess (ee%) of mixtures of enantiomers. With the
introduction of chiral column materials in GC and HPLC it is now possible to separate the two
enantiomers and determine the ee. Tremendous progress has been made in this area. With an
appropriate crystal, one can determine the structure and the absolute conﬁguratior; of a molecule.
The other direction in which the chemists are active in recent years is molecular recognition and the
supramolecular chemistry [5),
As a result of these developments the broad division of chemistry into subbranches as organic,
physical, inorganic is no more realistic. Now very often we see that chemistry is overlapping with the

other branches of science such as biology, medicine, and physics. As a result, chemists often work



together with biologists and medical doctors on a pharmaceutical project or with a physicist on a

material research project.

1.2  Challenges for the twenty first century chemists :
In spite of the progress made, the challenge tor the synthetic chemists is not over. On the other hand
the tasks are becoming more difficult and complicated. The two main tasks to be solved by chemists

in the near future are :

1.2.1 New methods and technologies :

Not long ago the aim ot the chemist was to synthesize the desired molecule by the shortest and the
cheapest route. The last decade changed the course of the chemistry and especially the chemical
industry. While planning the synthetic strategy, chemists started also thinking about the
environmental impact along with the cost-profit ratio. Movements like Greenpeace got public
sympathy because of the visible effects of the damaged environment increased the public prassure
on the governing bodies and as a result, the govemment regulatory agencies have strengthened the
laws. As a result chemists have to design the synthetic strategies in which the desired molecule is
synthesized by a route in which the minimum amount of hazardous or toxic chemicals are used and
the side products produced in the reaction are easily converted into environmentally acceptable
waste.

The best example of an environmentally friendly reaction is the Diels-Alder reaction, because it does

not produce any side products. This is ideal because the two starting materials react to form only the

product.
Figure 2
o H
(o}
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Starting material Product



This is not a simple and easy task to achieve and hence chemists are always looking for new
reagents and methods that are chemo-, regio-, diastereo-, enantioselective and at the same time
economical (6],

The best way of reducing the amount of toxic and hazardous reagents used is to minimize the use of
environmentally dangerous materials or not to use them at all. An ideal synthesis from this stand point
uses water as the solvent, solar energy as the light source, performing the reaction at ambient
temperature producing high valued chemicals in 100% chemical and optical yield. At the moment it
soupds like a dream but efforts are already being made in this direction.

An article in a recent Chemistry & Industry reviews the use ot waler as a solvent in chemical reactions
. Many different types of reactions, including pericyclic, nucleophilic addition, oxidation and even
organometallic reactions, are reported to be camied out in water giving better results than the

conventional organic solvents. Figure 3 shows an example ot a Diels-Alder reaction.

Figure 3
OMe AN
CHO
S 90 |
s z o M = H =
H CO,R i H iH
A B

R (conditions) Yield ( A:B)

Et (toluene, rt, 288h) 52% (0.85:1)

H (HZO, n, 17h) 85% (1.5:1)

Na (Hzo, i, 5h) 100% (3:1)

" Diels-Alder reaction In water as a solvent
Oxidation is one of the basic transformations which uses toxic metal compounds as the oxidation
reagent. The group of Prof. G. A. Epling has successfully used light energy to oxidize dithians to

aldehydes or ketones using non toxic tood dyes as catalyst 8], Figure 4 shows one example.
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The Friedel-Crafts reaction is anather important reaction which uses toxic reagents and solvents such
as Lewis acids, AIClg, acid chiorides and nitra benzene. G. A. Kraus et alhave used light energy ta

carry aut the same transformation (8], Figure 5 shows the transformatians.

Figure 5

Friedel-Crafts
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1.2.2 Enantiomerically pure compounds (EPC) :
In the last century L. Pasteur recognized that a compound exists as a pair of enantiomers which are
related to each other as mirror images [9]. The 1:1 mixtures of enantiomers are called racemates. It
was also known that the two enantiomers have the same physical and chemical praperties except that
they rotate the plane of linearly palarized light to the same extent but in the opposite directions. The

discrimination between the twa enantiomers can be made only in a chiral environment. Emil Fischer



had recognized this and in 1894 postulated the fock and key principle [10), Biological systems are
buift trom chirai receptors which are able to differentiate between the two enantiomeric forms of a
simple organic molecule. As a result the two enantiomers are recognized as two different substances
and may react differently. For example the chiral structure in our nose can differentiate between the
two enantiomers of limonene. The (+)-limonene has orange smell while the (-)- limonene has lemon
smell. The importance of having the EPC is evident by the tragic example of thalidomide, where the
(R) enantiomer is a very effective sedative while the (S) enantiomer is teratogenic. The use of the
racemate as a drug led to the birth of thousands of disabled children in the sixties [11). Figure &
shows the structures of the enantiomers. A very recent publication describes the enantioselective

synthesis of both (R) and (S) - Thalidomide from (R) and (S) glutamic acid [12],

CH, CH,
Hy CH, Ha(‘/\ CH,
(+)-Limonene (-)-Limonene
orange smell lemon smell
o]

N

S N NH
H H
o} o o o
S-Thalidomide R-Thalidomide
teratogenic sedative

Figure 6
This was the starting point for the health authorities to impose regulations on a national and
supranational level in respect to medicinal products to primarily protect the citizens by requiring
"quality, safety and efficacy”. This gave an enormous shift from the development of racemic
pharmaceuticals to chiral one's [11,13], The following chart in tigure 7 shows the 1990 position of
chirai drugs in the pharma industry. The market for chiral drugs in 1989 was $ 465 million and was

expected to reach $ 1,300 by 1995 [14.15]. Figure 7 shows the division in different categories.

‘ml Il I Il I B .



Chiral Drug Sales (1990)

Drugs (total) |

1,850(100%)

Synthetic Semisynthetic & Natural

1,327(71.7%)| 523(28.3%
(1.7%) | r 3(28.3%)

Chiral Nonchiral Chiral Nonchiral
528(39.8%) 799(60.2%) 517(98.9%) 6(1.1%)

Racemate Single isomer Racemate Single Isomer
467(88.4%) 61(11.6%) 8(1.5%) 509(98.5%)

Figure 7
To obtain EPC's is not an easy task. The classical method is the separation ot a racemate though it is
tedious, and sometimes difficult as well. As the EPC's started gaining more and more imporiance in
natural product synthesis, the pharmaceutical and agrochemical industry as well as in the academics,
various methods to achieve enantiomerically pure substances were explored [16].
One can obtain the desired chiral molecule by different methodologies:
A. Start the synthesis with a naturaily occurring starting material, from the so called "Chiral Pool”. e.g.
D-sugars, L-amino acids, terpenoids, alkaloids {16a],
B. Resolve the racemate into the two enantiomers by choosing one ot the different methods available
e.g. selective crystallization or by chromatographic separation.
C. By enantioselective asymmetric synthesis with the heip of "chiral ligand - metal complex" or with
the help of a suitable micro organism or an enzyme from prochiral starting material.

Figure 8 shows the different ways to obtain enantiopure compounds.



Synthetic methodology

I Racemates l l Chiral pﬂl r Prochiral substances]
N

Kinetic Diastereomer Synthesis Asymmetric
resolution crystaliization synthesis
E i Prefer. Biocatalysis Chemocatalysis
nzymatic crystall, y !

l — |

Chiral Heterogeneous Hemogeneous
auxlaries catalysis catalysis
Figure 8

Each method has it's advantages and disadvantages over the other methods. Starting with a
substance from the chiral pool, it may not always be possible to synthesize the desired molecule. The
chiral pool is a limited choice of chiral starting substances and hence a limited collection ot
functionalities.

To resoive a racemate by recrystallization of a diastereomeric derivative, 1t is necessary that only one
diastereomer crystaliizes while the other remains in the solution. To achieve a good separation
requires a lot of empirical experiments modifying the solvents and temperature (trial and error).

The chromatographic separation using a chiral column is at the moment quite popular and widely
used analytical method 5] The advantage is that both enantiomers are available in pure form which
is often required as the regulatory agencies require studies of the biological activity of both the
enantiomers. But the disadvantage is that one cannot isolate the desired enantiomer on a ton scale
but is limited to a few kilograms. [n addition, the second enantiomer { 50% of the valuable starting
substance) is wasted or a suitable method must be found to racemize and separate the enantiomers
once again.

With microorganisms or enzymes most of the reactions take place at ambient temperature and
narrow pH ranges, typically between 6- 8. In some cases this requires large investments. The

selectivity to syntheses of both enantiomers takes a long while till one finds the right organism e.g.

| [
‘- - 4- - - \_ -



{R)- Oxynitrilase was known since 30 years (17a-d] pyt enzymes which syﬁheste the (S) enantiomer
were only recently applied in organic synthesis {171.9],

In catalytic asymmetric synthesis, an enantiopure catalyst is used to canmy out the reaction on the
substrate to produce only one enantiomer. By using the other enantiomer of the catalyst the second
enantiomer is also achieved. This method utilizes enantiopure reagents In catalytic amount, hence is
more elegant and economical.

The use of microorganisms and enzymes is widespread but even then the exact mechanism is not yet
clearly understood. On the other hand the mechanism ot chiral ligands in the reaction producing
EPC's is much more clear. E. J. Corey has coined the term Chemzymes for these tiny molecular
catalysts (18], Chemzymes are small soluble organic molecules that can catalyze certain reactions in
much the same way that natural enzymes catalyze biochemical reactions. It stands for the word
chemical enzymes. The advantage of Chemzymes over enzymes is that one can rationally design the
ligand molecules to petform certain reactions.

Another advantage of asymmetric synthesis catalyzed by chiral ligands is these are catalytic
processes in which one chiral catalyst molecule produces thousands of product molecules of definite
configuration (amplification). In recent years there are a number of examples where this approach has
been applied commercially [19). Figure 9 shows the industrial applications in the recent years.

Commercial applications of enantioselective catalysis using metal complexes

Company Metal Reaction type Product
Monsanto Rh Hydrogenation L-Dopa
Sumitomo Cu Cyciopropanation Cilastatin
Anic, Enichem Rh Hyd'mgenation L-Phenylalanine
J. T. Baker Ti Epoxidation Dispariure
ARCO Ti Epoxidation Glycidols
Takasago Rh Rearrangement L-Menthol
Merck ) B C=0 reduction MK-417 (opthaimic)
E. Merck Mn Epoxidation Antihypertensive
Takasago Ru ‘ Hydrogenation Carbapenem
Figure 9
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Till recently one had to depend on the chiral pool for the chiral matenal. e.g. D-Glucose,

L-anino acids, terpenoids, and alkaloids were the main source for obtaining chirai substances. So the
choice was limited. Even this restriction of chiral poot to provide the a-amino acids in enantiomerically
pure form is no more valid with the DuPHOS-Rh catalyst. e.g. access to both the enantiomers of a-
amino acids in enantioselectivities approaching 100% is possible by asymmetric rhodium catalyzed

hydrogenation of various N-acetamidoacrylate esters (Figure 10).

Figure 10
COMe .
_ [Rh(Et-DuPHOS)] - R /\(cozrwe
R >
N(H)Ac H NH)Ac

=%

DuPHOS
R = Me, Et, Pr, i-Pr, Bn (benzyl)

The various DuPHOS can be obtained in a simple reaction sequence as shown below. Starting from
the same material, both enantiomers of DuPHOS can be obtained (20, The chiral 2,5-dihydroxy
hexane can be obtained in both the enantiomeric forms by reduction of the -keto ester by Ru-BINAP

catalyst. Figure 11 shows the reaction sequence.
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Synthesis of DuPHOS
OH 1. 80Cl,

R/'\/\rn 2. RuCly, NalO, R~ R

—_—_— Oo_. _0O
OH o’/s“o

R =Me (R.R) 1

R=Et (R.A)

R=1Pr (559

1. n-BuLi R
2.1 (2eq) ‘Q
B —
PH,

R
R=Me (5,9)
R=Et (55
R=i-Pr (R,AR)
The chiral diol preparation
2 Ru(R)-BINAP] cat ik
J_coome IRuR)BINAR] cat. | . coome
R Hy (100 atm) R
100% conversion
>99% ee
l KOH
OH OH OH
Kobe
R - 2 ————
R)\/\r R/'\CHZ' -co, R)\/COOH
OH
Figure 11

Metal complexes are not only used in nature and by the chemical industry but have also found
application as drugs. The case in point is of Desferal. The molecule of Desferrioxamine B, which is
obtained as a metabolite in the fermentation of a microorganism forms a complex with Fe(I1l) ion.
This is at present the drug of choice for the treatment of transfusional iron overioad (Desferal, CIBA)

in B-thalassemic patients {211 This ligand forms a complex with the excessive Fe(lll) ions in the blood
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of the patient. It is then excreted from the body as it's Fe complex giving relief to the patient. Figure

12 shows the complex with Fe ion.

Desferrioxamine B + Fe( Il }

CHyS04” st/\/\/\N/E—( _\‘>

Figure 12
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2.0 The Theme

In the last decade the use of enantiomerically pure compounds has increased dramatically and so

have the different ways to obtain them {4.22] Asymmetric synthesis, that is synthesis which produces

just one enantiomer is on the forefront and homogeneous catalysis is one of the most popular

methods. In this method one uses in the reaction a chiral complex as a catalyst, which induces

chirality in the product.

Depending on the reaction, the chiral complex is synthesized in situ from a suitable metal ion and a

suitable chiral ligand or the complex is prepared separately as an isofable compound. To get both

enantiomers of the product, both enantiomers of the chiral complex (ligand) must be available In pure

form. This is not often easy to achieve, especially when the ligand is derived from chiral poo!

molecules. e.g. L-amino acids, D-sugars or naturally occurving « - or § - hydroxy acids. For example

L-(+)-tartaric acid, L-malic acid or 3-(R)-hydroxy butyric acid, monomer of Biopo! (22 ¢d], |n the case

ot the unnatural series the cotresponding enantiomer is either unavailable or very expensive.

Therefore it would be a fascinating idea to have a synthetic possibiiity which produces both

the enantiomers from the same chirei starting substance lii

And taking this idea as a working hypothesis we started this work. 2-(R)-hydroxy-4-phenyl-3-butenoic

acid in 99% optich purity was available In multi kitogram quantities from a pilot plant process In CIBA

and the ideal starting material for our synthetic endeavors.

Using 2-(R)}-hydroxy-4-phenyl-3-butenoic acid as starting material we planned to achieve the following

goals:

« Synthesize both enantiomers of different tetra aryl glycerols (not reported in the literature until
now).

s Usethese tetra aryl glycerols and the other intermediates synthesized during our synthesis to
prepare chiral metal complex with a suitable metal ion.

+ Test these chiral metal complexes in selected reactions as a chiral homogeneous catalyst.

This goal can be achieved at least on paper following the retrosynthetic scheme in figure 13.
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Retrosynthesis of Tetra aryl glycerol
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Figure 13

Retrosynthesis of both enantiomers of tetre aryl glycero! from the same chiral starting materkal
by changing the sequence of the Grignard addition.
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3.0 SYNTHESIS OF THE LIGANDS :

3.1 Why glycerols as ligands ?

The aim of this work was to synthesize chiral tetra aryl glycerol in their both enantiomeric forms and
then use these chiral tetra aryl glycerols and some of the chiral intermediates obtained during the
synthesis, as ligands for the synthesis of enantiomerically pure catalysts (See chapter 4.0). e.g. the
glycerol can function as a tridentate ligand and hence can form a chiral complex with a suitable metal
ions simllar to the example shown below. Chiral triol - titanium jon complex {triol obtained from (R)
Pento lactone] is used as a chirality Inducer in the hydroncyanation of benzaldehyde [23]. The ee is
up to 76%. The nitrile group can be easily converted to a carboxylic acid. So this is another method to
obtain chiral a- hydroxy acids, but unfortunately this process is not catalytic. Figure 14 shows the

reaction sequence.

Figure 14
C
M o CHy o
Ti(O-iPr)
HsC 4
— Hy O=i.04-Pr
OH CH,Cl, /
OH O
Triol chiral complex

ulg

I s

i.TMSCN, chiral complex, solvent
ii. INH,S0,

TADDOL is a diol figand whose synthesis was discovered by Toda [24a] apg applications developed
by D. Seebach and coworkers, starting from tartaric acid. They have prepared a number of different
TADDOL ligands and demonstrated that they can be used as efficient chiral inducers in different
reactions.

TADDOLs can be used in the reductive addition of dialkyl zinc reagents to aldehydes, a C-C bond

forming reaction [24bcd] The product alcohol is obtained with a chemical yield of more than 80% in
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most of the cases and optical yields of greater than 90% ee in most cases. in some cases even 99%

e.e. is obtained. Figure 15 shows the reaction sequence.

o 1.2 equiv. T(OCHMe,) OH

A+ e

R H 0.05 - 0.2 equiv TADDOL-Ti comp. R Et
in toluene, ca. -25°C/ca. 15h

Ti-TADDOLATE

Figure 15

TADDOL is also shown to be a very efficient catalyst in the Diels - Alder reaction. In the example
shown below the product is obtained in 89% chemical yield and 91% ee [28] Figure 16 shows the

reaction sequence.

9 o 0.1 eq. TiCly(OCHMey), COOMe
A)j\ )j\ 4A molecular sieves
MeOOC N o > 11,20

+ L“/ toluene / pet.ether (1:1) f o
\f
\\ // 0.01 eq. Pl Ph </ (o]

!
Pn/<Ph

Figure 16

Bicyclic analogs of TADDOL are also shown to be very good chiral inducers for the addition of an
ethyl group to an aldehyde wutilizing Zn(CoHg)s. This provide an optically active alcohol in high ee
{26}, Bicyclic analog of TADDOL have also been applied 1o borane/ titanium alkoxide mediated

reductions of aryl alkyl ketones [27], The chemical vields are reported to be above 95% whereas the

v- - ‘-' -
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optical yields are in the range of 89-95% ee in the first case and 85-100% conversion with up to 84%

ee in the second case. Figure 17 shows the reaction sequence.

Figure 17

1.ligand/Ti(OiPr)4/heat

fo) 2.-78°C > -20°C OH
HLH s Btz 3HY 1 HYO R).\/
Ph \\\\Ph
.OH
OH
Ph ;"Ph
» PR pp Ligand H OH

o]
hexane
-30°C
Cl
_ OH | H, 7 CH,
1.1 equiv.
R

Ph /P?: OH catechol borane R

Ligand 10 mol%
These are only some examples in which diols and a triol have been successfully used as a chiral
ligand. For further examples, refer to chapter 4.0. Using these examples as a starting point we
decided to prepare some tetra aryl glycerols and use them as chiral inducers in some enantioselective
reactions.
3.2 The starting material
The starting matetial used for the present project was 2-(R)-hydroxy-4-phenyl-3-butenoic acid 1 of
99% (ee). it is a very important enantiomerically pure starting matesial as # is a chiral building block
for the (S)}homophenyl alanin pharmacophor of many ACE-inhibitors (Angiotensin Converting
Enzyme-inhibitors) sold on the market like Benazepril (C/IBA), Enalapril (MSD), and Cilazapril (Roche)
(28] (See Figure 18). 2-(A)-hydroxy-4-phenyl-3-butenoic acid 1 can be obtained by enantioselective
reduction of the keto group of prochiral B,y-unsaturated a-keto acid followed by the reduction of the

double bond [29], by enantioselective reduction of 2-ox0-4-phenylbutyric acid with Rh catalyst {30,
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and by microbial reduction with the microorganisms Proteus mirabilis or Proteus vulgaris 311, Acid 1
was obtained from the microorganism Proteus mirabilis. The saturated analog of 1, 2-(R)}-hydroxy-4-
phenyl-butyric acid 31 can also be obtained via enzymatic stereoselective reduction of the
corresponding a-keto acid using D-Lactate dehydrogenase and NADPH as Co-factor via EMR
(Enzyme Membrane Reactor) technology [32], via a chemical approach using homogeneous
asymmetric hydrogenation [33] or P/AI;04/Cinchonidin as catalyst [34], by lipase induced enzymatic
resolution of a racemic derivative [35), by chemical resolution of the racemic acid or by asymmetric

catalytic Ti(OR),- mediated hydrocyanation [36.37),

-l e
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H ]
@o . /u\coon
MeOH l OH

ROCHE
(Citazapril}

Figure 18

ACE - inhibitors derived from
2-(R)-hydroxy-4-phenyl-butyric acid

CIBA
(Benazeprif)




3.2.1 Preparation of the hydroxy acid 1 and conversion to the ester 2.

The starting material 2-(R)-hydroxy-4-phenyl-3-butenoic acid 1 was prepared by stereoselective
reduction of the corresponding prochiral B,y -unsaturated a-keto acid by microbial transformation.
Whole cells of Proteus mirabilis are used for the transformation and benzylviclegen was the electron
mediator. The radical cation of benzylviologen is the reduction equivalent normally defivered by a
coenzyme, for exampte NADH or NADPH (28], Benzylviologen is reduced to the radical cation by

formate and formate dehydrogenase as catalyst, which is also present in the organism. The figure 19

shows the process.
o OH
Proteus mirabilis S~
X CcoH reductase coH
a. —_—_————»
or

Proteus wulgaris

Profeus mirabilis

o] or i
Proteus vulgaris
©/\))\co 2H reductase COZH
b. —7-T’

o2H*4 2vt vt

€O, + H0 HCOO™ + HyO*

formate
dehydrogenase

. 200 .
- /
NG N

a. V** = benzyMologen

Figure 19
The starting substance 2-(R)}hydroxy-4-phenyl-3-butencic acid 1 has one chiral center bearing an
OH function. In order to synthesize a triol two more hydroxy groups have to be introduced. To achieve
this, 1 was first converted to an ester. The methyl ester was prepared by dissolving this acid in dry
methanol containing 1M HCI gas. A clear orange red colored solution was formed which was stirred

ovemight. After normal workup, ester 2 was obtained as a viscous oil. This dark red colored oil was
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distilled ( 0.02 mbar, 120° C bath temp.). A faint yellow colored liquid distillate was obtained which
slowly solidified into fine, low melting crystals (yield 72%) and some dark substance remained as a
‘polymeric' residue . In a similar way the ethyl ester was also prepared but in the further synthesis only

the methyl ester was used.

Flgure 20
OH OH
= COOH H* x COOMe
MeOH, RT
1 2

3.2.2 Protection of the hydroxy group in hydroxy ester 2 and Grignard
reaction.

The introduction of the second OH group can be achieved by reacting the ester with either ArLi or with
ArMgX, a Grignard reagent. In the literature it was found that the chemical yields by both the
reactions are in the same range [38], Hence the Grignard reaction was preferred over lithium reagent
as the 'Ar’ group can easily be varied using different aryl halides.

When the free o -hydroxy methyl ester 2 was reacted with four equivalents of phenyl magnesium
chioride (PhMgCl), the desired diol 4 was -obtained. Even though the starting material was completely
consumed, the product was isolated in a poor yield (40%). Diol 26 was obtained in a similar way by
reacting 2 with the Grignard reagent prepared from 4-bromo-biphenyl and Mg metal in THF at 0° C.
Different diols 34 and 35 were prepared by reacting 2 with different Grignard reagents prepared from
2-bromo-anisole and 4-bromo-toluene respectively. 34 and 35 were also obtained in 40% yield. 26

was utilized to produce the other enantiomer of the glycerol 12 as shown in the figure 21.
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Figure 21
o OCH,
OH OH
AN 2-anisyl-MgBr X O
COOCH, —— 7
HO
2
HyCO
biphenyMgBr p-toluyl-MgBr 34
OH
v O o
X
S@h
HO
i
¢ .
26 85

To improve the yield, the frae hydroxy group was protected as a silyl ether e.g. as trimethyl silyl
(M) [39] 3 or tert. butyl dimethy! sityt (TBDMS) {40] 22 ether. On reacting these ethers with
PhMgCI, the yield of the Grignard reaction could be improved to some extent (50%). The TMS
protecting group has an advaniage over the TBDMS, as TMS is very acid sensitive and therefore can
be removed easily during the reaction work up, whereas the TBDMS group requires the use of tetra
butyl ammonium fluoride for deprotection. The acidic work up conditions of the Grignard reaction (pH

1-2) removes the TMS protecting group to give the diol 4 as shown in figure 22.

“- - \‘- - - A‘- - - -
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Figure 22
OH OR
TMSC1/ TBDMSCI
COOCH, COOCH,
Imidazole, THF
2 / R=TMS (3)
r 7 PhMgCI R = TBOMS (@2)
OR

X o 1. PhMgCI, THF, -5-0°C
: 2. pH 12

W OR O
— - S
"keto-intermediate”
C

R=H(
R = TBDMS

The yield of the Grignard reaction was somewhat fower than expected. In order to obtain the analog
of 4 as ligand the diol 32 was prepared. The aliphatic chain in 32 should give more rotational freedom
than the double bond of compound 4. Compound 31, the saturated analog of 2 was readily available
as ethyl ester in 99% optical purity [41]. It was reacted with the Grignard reagant PhMgCl at -5 to 0° C
in THF to obtain the diol 32 in more than 90% yield. 32 could aiso be prepared by reduction of 4 over
5% Pd on BaSO4 at room temperature In ethyl acetate. The yield of the reaction using the saturated
analog 31 was quantitative. In the case of the Grignard reaction of 2 leading to 4, the yields are much
lower. We were unable to isolate the side products. We hoped to improve the yield using a large
excess of Grignard reagent. Some inseparable apolar side products were observed on the TLC, one
of them might be the unsaturated hydroxy "ketone intermediate” (see the fig. 22 above). There are
examples known in the literature where after the first Grignard addition the reaction stops in the
intermediate keto stage, probably because of stearic hindrance [423], Even by using four equivalents
of Grignard reagent the yield could not be improved. This was not observed in the case of it's
saturated analog. 32 was isolated in about 90% yield. Therefore other reasons than the stearic
hindrance must be responsible for the lower yields in the unsaturated case of 2. Figure 23 shows the

reaction sequence.



24
Figure 23
¢ e
X
PhMgC), THF
oo, T ()
-5100°C HO o
2 4
Hy / Pd -BaSO,
EtOAc, RT
¢ e
PhMgCi, THF
COOCHy ——————
§100°C HO ‘
a1 32

4 and 32 have similarity with the HYTRA ligands developed by M. Braun [42b],

3.3 Synthesis of the diol acid 33

3.3.1 Protecting group requirement of the diol 4.

In our synthetic strategy the next chemical conversion was the oxidative cleavage of the double bond
to the carboxylic acid 33. Various methods are used for this purpose e.g. the combination of
RuClaHp0-NalOy [43], ozonotysis (44], and KMnO4 45110 mention a few. We first tried the
RuCl3-Hy0 - NalO, system. Using the modification of A. Greene, diol 4 was dissolved in a biphasic
solvent system consisting of RuCly ; NalO4 and NaHCOg [46]. The solvent system was a mixture of
CCly, CH4CN and HoO in the ratio of 1:1:1.5. The reaction was stirred for 3 hr at room temperature.
The TLC showed a mixture of different products. The ozonolysis of 4 in CHoCly at

-78° C also showed similar results. Therefore it seemed necessary to protect both hydroxy groups.

Figure 24 shows the reaction.
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Figure 24

oH
O RuCly HyO -NalO, O ~ COOH
O ) e ppl *
H° cel, CH30N Ha0 HO ‘
38

332 Cyclic carbonate :

The carbonate group was the first choice (47] as it is easy to prepare and both the OH groups are
protected by one protecting group. The dio! 4 was dissolved in THF and reacted with an equimolar
amount of phosgene (20% solution in toluene) at room temperature in the presence of 2.5 equivalents

of triethyl amine as the base [48], Reaction is shown in figure 25.

Figure 25 (o]

O o/<

X cocl, X °
—_—

HO O Base, THF O Q Q

4 ]
It was not a clean reaction though a small amount (20%) of the desired product 5 was isolated after
chromatography. Other bases such as N-methyl morpholine and pyridine were also used in order to
Improve the yield, but without any success.
The reagent N,N'- carbonyldiimidazole was found to be the most efficient reagent to introduce the
cyclic carbonate group (49}, The diol 4 and N,N'- carbonyldiimidazole were dissolved in THF and
stirred ovemight at room temperature. After complete consumption of 4 the reactlon was worked up.
The crude product was passed over a short silica gel column and the solid obtained after removing
the solvent was recrystallized. The product § was obtained in more than 90% yield.
In view of these phosgene experiments we come to the conclusion that the formation ot the cyclic
carbonate group was not trivial. So instead of persuing the same protecting group with different
reagents like N,N'- carbonyldiimidazole, different protecting groups which could be easily prepared

were tried out. (See chapters 3.3.4 and 3.3.5).
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3.3.3 Oxidative fission of styryl carbonate 5

Carbonate 5, obtained by using N,N'-carbonyldiimidazole, was subjected to double bond cleavage
using the reagent RuClg (3.5 mol%) - NalO4 (4.1 equivalent) in a solvent system consisting of CClg,
CH3CN and HoO in 1:1:1.5 ratio. The reaction was camied out at room temperature for 6 hours. The
protecting group survived the oxidation conditions very well to get 36 (not isolated in pure form) and

benzoic acid in equal amounts. Figure 26 shows the reaction sequence.

Figure 26
(o) /(0
o/<o RuClq.H,0 - NalO 1 o GooH
‘ X 372 4, Hooc +
O O CCly, CHLCN, HyO Q O
5 36
H+
MeOH
o/<o
o COOCH,
HaCO0C
S E

z

All attempts 1o separate the mixture of the two acids by chromatography failed. Therefore this mixture
was treated with methanol containing 1M HC! gas and stirred overnight at room temperature. Both
acids were converted to their corresponding methyl esters. The boiling point of methyl benzoate is
relatively low. Hence this mixture ot esters was subjected to high vacuum distillation with stiming (0.02
mbar, up to 50° C bath temperature) tor three hours. By this procedure most of the methyl benzoate
was removed and the remaining carbonate ester 7 could be purified by chromatography. Figure 27

shows the reaction scheme.
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The carbonate group could also be cleaved at the stage of 36 . The crude reaction product was
dissolved in 1:1 mixture of 1,4-dioxane and water containing 0.5N NaOH and stirred for one hour at
room temperature [50], Then the reaction is acidified with 1N HC! and after normal work up the acid
mixture was esterified to methyl esters 6 and methyl benzoate. Methyl benzoate was removed on
high vacuum as described above. The crude diol ester 6 was rectystallized from acetone : water. 6

was obtained in 46% overall yield based on carbonate 5.
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Figure 28
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Reaction mechanism for the oxidation of the double bond to an acid
Recently T. K. M. Shing ef a/ published two articles [51] about ruthenium catalyzed oxidation of
alkenes. Using the same system as developed by Sharpless with a small change conceming the ratio
of the solvents, temperature and reaction time they could isolate cis diols with vety high chemical
yield. A 2:2:3 mixture of carbon tetrachloride, acetonitrile, and water was proposed by Sharpless
whereas Shing and coworkers used a 3:3:1 ratio of the same solvents. Ethyl acetate was also found to
be good substitute for carbon tetrachloride. RuCly.(Ha0)3 was used in 0.07 mol equivalent and
NalO4 1.5 mol equivalent. The reaction was run at 0° C for three minutes. Under this conditions they
were able to isolate cis-dihydroxylated products in high chemical yield and good diastereoselectivities
1511, First the diol is produced, which is then cleaved oxidatively to an aldehyde which further gets
oxidized to an acid as shown in figure 28 above. It is elso known that this system also oxidizes the
phenyl ring to an acid [43], which probably justifies the low overall yield of the reaction sequence § to
6.
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3.3.4 Acetonide :
As the carbonate group could not be introduced in good yield during our first attempts with phosgene,
several other protecting groups were tried out. The next protecting group of choice was the acetonide
group. Acetonide is also one of the most commonly used protecting group for 1,2 - diols. It has many
advantages:
A) This group is easy to introduce and many different methods are available for it's formation.
B) It 1s quite stable to a broad range of conditions including oxidation and basic pH.

C) As itis very widely used, many different methods have been developed for the deprotection.
The diol 4 was dissolved in THF and reacted with 2,2-dimethoxy propane in the presence of a

catalytic amount of p-toluene suffonic acid-Hy0 (PTSAH,0) [52]. The reaction mixture was stirred
overnight at room temperature. After the workup, it gave the desired crude product 17 which was
recrystaliized from n-hexane 1o give fine coloriess crystals in more than 90% yield. In a similar way 26
was reacted with 2,2-dimethoxy propane. The reaction was carmied out for 10 hr. at 60° C in THF and
27 was obtained. The crude product was passed over a short silica gel column and the solid obtained
was recrystallized to get 27 in 88% yield. The reaction to produce 27 from 286 required 10 hours at 60°
C where as 17 could be produced from 4 at room temperature. This suggests that probably 26 has

more stearic hindrance as compared to 4. See figure 29.

Figure 29
oH (CHg)oC(OCHg),
™ OH >
O THF, PTSA Hy0
O RT
s 17
OH (CHg)oC(OCHg),

———
THF,PTSA.H,O
60°C
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17 was then subjected to an oxidative cleavage of the carbon-carbon double bond to the carboxylic
acids. For this, RuCla-HpO and NalO4 was used as the oxidant utilizing a CCl4, CH3CN, Hy0 (
1:1:1.5) mixture as the solvent system {43]. The reaction proceeds quite smoothly at room
temperature. The desired acid 37 was produced in equimolar amounts together with benzoic acid.
The reaction is stirred tor fifteen minutes with an excess of solid NaHCOg which is added in one

portion to the reaction. By this modification the acid mixture can be easily isolated as a it's sodium

salt [46].

O/k 0% COOH

‘ A RuClg - NalO4 HoOoC o +
O O CCly, CHaCN, H,0 ‘ O
17 37

This mixture of acids was very difficult to separate. Therefore advantage was taken of the fact that
the esters of benzoic acid are easily distillable under high vacuum whereas the esters of the desired
acid have much higher boiling points. The crude reaction product which was a mixture of the above
acids was direct