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SUMMARY 

In the literature, many dlols are known which function well in building a chinai catalysts which transfer 

the chirality to the product molecule. Starting from optically pure ffl>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 aryl glycerols. The beauty 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 of the acid 1. Grignard reaction with PhMgCI gave the styryl diol 4. 

Before the oxidative cleavage of the styryl 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 cleaved to convert it to the (S) enantiomer of glycerol 12. It was possible to cleave the acetonide 

of 18 to get 6 The second Grignard 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 PhMgCI. 

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. 

• In the Katsuki - Sharpless epoxidation the diol esters 6,9 and 10 were successful in transferring 

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. 

• The diols 4 and 32 and diol ester 6 used as ligands were successful to some extent in increasing 

the reaction rate, in gtyoxylate ene reaction but were unsuccessful to transfer the chirality to the 

product. 





RÉSUMÉ 

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 à partir de l'acide ffl>hydroxy-2-phényl-4-

butyrique, disponible en grande quantité (environ 60 kg). 

Ces ligands, des glycerols 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 

énantiomères peuvent être obtenus à partir du même produit de départ par inversion des séquences 

synthétiques impliquant deux additions de Grignard (se référer 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; après protection des groupements hydroxyles par 

formation de l'acétonide 17, la double liaison du reste styryl est clivée par oxydation. Les deux 

acides benzoique et 37 sont séparés après formation des esters méthyliques correspondants. Une 

seconde addition de Grignard sur l'ester 18 avec du bromure de biphénylmagnésium permet d'obtenir 

le composé 19. Une tentative de déprotection pour libérer l'énantiomère (S) du glycerol 12 n'a pas 

donné de résultats, mais cette impasse est contournée en produisant le diol ester 6 par clivage de 

l'acétonide 18, et en faisant alors seulement la deuxième addition de Grignard. 

L'énantiomère (R) est produit de façon similaire, mais en inversant l'ordre des deux additions de 

Grignard. 

Afin d'améliorer les conditions de synthèse, nous avons étudié plusieurs protections; il s'avère que la 

meilleure est le carbonate 5, qui s'obtient facilement, qui supporte les conditions du clivage oxydatif, 

et dont la déprotection ne pose pas de problèmes. Le rendement en glycerol reste malheureusement 

faible, et il n'a pas été possible de l'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: l'époxydation de Katsuki-Sharpless. et 

une réaction de type ène. 

• Pour l'époxydation de Katsuki-Sharpless, les diols esters 6,9 et 10 ont été utilisés avec succès et 

ont permis le transfert de chiralité dans la synthèse d'époxydes. Le produit ee est de 70 %, et 

atteint 94 % après recristallisation. Plusieurs facteurs tels que les substituants sur le ligand, la 

nature de l'agent d'oxydation, le solvant, la température ou le substrat ont été étudiés. 

• Les diols 4 et 32, de même que le diol ester 6 utilisés comme ligands ont permis d'augmenter la 

vitesse de la réaction de type ène-glyoxylate, mais n'ont eu aucune influence sur le 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 of urea by Wöhler 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 Kekûlé, 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 to 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), Bk>t (1815), Liebig (1840) and later by Louis Pasteur, when he physically separated two 

different types of sodium ammonium tartrate-4H20 crystals in 1848, which were mirror images of 

each other t11. Le Bel and Vani Hoff (1874) independently proposed the theory of the tetrahedral 

nature of carbon 26 years later Pl, 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 perform a particular transformation e. g. different oxidation and reduction reagents. 
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Even now the challenge of natural product synthesis is not over. A recent example is Taxol Pl. It is a 

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) 

Figure 1 

A c 0 o OH 

H O OBz OAc 

Taxol (natural) 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 W. In NMR spectroscopy, with the help of computers, various pulse techniques and fourier 

transform technique now not only proton NMR but many more nuclei such as 1¾, 1?0, 31P, 15N 

and 2D and 3D spectroscopy one can measured. Using chiral shift reagents in NMR spectroscopy, 

one can directly determine 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 configuration of a molecule. 

The other direction in which the chemists are active in recent years is molecular recognition and the 

supramolecular chemistry [S]. 

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 
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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 for 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 of 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 pressure 

on the governing bodies and as a result, the government 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 

Starting material Product 
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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 

sounds like a dream but efforts are already being made in this direction. 

An article in a recent Chemistry & Industry reviews the use of water as a solvent in chemical reactions 

Many different types of reactions, including pericyclic, nucleophilic addition, oxidation and even 

organometallic reactions, are reported to be carried out in water giving better results than the 

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

Figure 3 

OMe 

CHO 

É H CO-R i H i H 
CO,R 

R (conditions) 

Et (toluene, rt, 288h) 

H(H2O, rt, 17h) 

Na (H2O, rt, 5h) 

Yield ( A:B ) 

52% (0.85:1) 

85% (1.5:1) 

100% (3:1) 

Dlels-AUer 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 food dyes as catalyst (8I. Figure 4 shows one example. 
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R1 s—\ 

X ,<cH*>n 

Ft2 S - ^ 

Dithians 

Figure 4 

light 

Dye 

O 

R 1 ^ R 2 

HS-

HS-
,(CH2Jn 

\ ^ /?-CH,—0-R 

Benzyl ethers 

light 

Dye 
R - O H CH=O 

The Friedel-Crafts reaction is another important reaction which uses toxic reagents and solvents such 

as Lewis acids, AICI3, acid chlorides and nitro benzene. G. A. Kraus er al have used light energy to 

carry out the same transformation 1¾. Figure 5 shows the transformations. 

Figure 5 

OH 

Friedel-Crafts 

COR 

Photo 

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 I9I. The 1:1 mixtures of enantiomers are called racemates. It 

was also known that the two enantiomers have the same physical and chemical properties except that 

they rotate the plane of linearly polarized light to the same extent but in the opposite directions. The 

discrimination between the two enantiomers can be made only in a chiral environment. Emil Fischer 
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had recognized this and in 1894 postulated the lock and key principle 
[10]. 

Biological systems are 

built from chiral 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 [111. Figure 6 

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 I12]. 

CHs CH3 

(+)-Limonene 

orange smell 

H 3 C - ^ C H 2 

(-)-Limonene 

lemon smell 

S-Thafidomide 
teratogenic 

N< NH 

fi-Thalidomide 
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 figure 7 shows the 1990 position of 

chiral drugs in the pharma industry. The market for chiral drugs in 1989 was $ 465 million and was 

expected to reach $ 1,300 by 1995114'15L Figure 7 shows the division in different categories. 
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Chlral Drug Sales (1990) 

Drugs (total) 
1,850(100%) 

Synthetic 
1,327(71.7%) 

Chiral 
528(39.8%) 

Racemate 
467(88.4%) 

Nonchiral 
799(60.2%) 

B 
Semisynthetic & Natural 

523(28.3%) 

Chiral 
517(98.9%) 

Single isomer 
61(11.6%) 

Racemate 
8(1.5%) 

Nonchiral 
6(1.1%) 

Single isomer 
509(98.5%) 

Figure 7 

To obtain EPCs is not an easy task. The classical method is the separation of a racemate though it is 

tedious, and sometimes difficult as well. As the EPCs started gaining more and more importance 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 naturally 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 of the different methods available 

e.g. selective crystallization or by chromatographic separation. 

C. By enantioselective asymmetric synthesis with the help 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 

Raoemates 

Kinetic 
resolution 

Diastereomer 
crystallization 

Chiral pool 

Synthesis 

Prochiral substances 

Asymmetric 
synthesis 

Chemical Enzymatic 
Prêter. 
crystal!. 

Chromat. _. . . . 
separation | Biocatalysrs Chemocatalysis 

Chiral 
aunlaries 

Heterogeneous 
catalysis 

Homogeneous 
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 of 

functionalities. 

To resolve a racemate by recrystaliization of a diastereomeric derivative, it is necessary that only one 

diastereomer crystallizes 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 
[15]. 

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. In 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. 
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(R)- Oxynitrilase was known since 30 years I17a"dl but enzymes which synthesize the (S) enantiomer 

were only recently applied in organic synthesis 

In catalytic asymmetric synthesis, an enantiopure catalyst is used to carry 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 of chiral ligands in the reaction producing 

EPCs 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 oyer enzymes is that one can rationally design the 

iigand molecules to perform 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 

Monsanto 

Sumitomo 

Anic, Etlichem 

J. T. Baker 

ARCO 

Takasago 

Merck 

E. Merck 

Takasago 

Metal 

Rh 

Cu 

Rh 

Ti 

Ti 

Rh 

B 

Mn 

Ru 

Reaction type 

Hydrogénation 

Cyclopropanation 

Hydrogénation 

Epoxidation 

Epoxidation 

Rearrangement 

C=O reduction 

Epoxidation 

Hydrogénation 

Product 

L-Dopa 

Cilastatin 

L-Phenylalanine 

Disparlure 

Glycidols 

L-Menthol 

MK-417(opthalmic) 

Antihypertensive 

Carbapenem 

Figure 9 
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Till recently one had to depend on the chiral pool for the chiral material, e.g. D-Glucose, 

L-anino acids, terpenoids, and alkaloids were the main source for obtaining chiral substances. So the 

choice was limited. Even this restriction of chiral pool 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 Cl­

amino acids in enantioselectivities approaching 100% is possible by asymmetric rhodium catalyzed 

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

CO2Me 

N(H)Ac 

Figure 10 

[Rh(Et-DuPHOS)] 

R 

R 

R = Me, 

«2 

R 

DuPHOS 

Et, Pr, i-Pr, Bn (benzyl) 

CO2Me 
R-Y 

N(H)Ac 

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 ß-keto ester by Ru-BINAP 

catalyst. Figure 11 shows the reaction sequence. 
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Synthesis of DuPHOS 

OH 1.SOCL 

OH 

R = Me (R.R) 
R = Et (R.R) 
R = i-Pr (S1S) 

A. COOMe 

OH 

2. RuCI3, NaIO4 

1. n-BuLi 
2. 1 (2 eq) 
3. n-BuLi 

R = Me CS,S; 
R = Et (S1S) 
R = i-Pr (R1R) 

The chiral tSol preparation 

[RUfH)-BINAP] cat. 
p. 

H2(IOOaIm) 

OH 

A - .COOMe 
R ^ ^ 

100% conversion 
>99% ee 

KOH 

OH 

OH 

R ^ C H 2 " 

Kobe 

-CO, 

OH 

B ^ COOH 

Figuren 

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 Desterai. The molecule of Desferrioxamine B, which is 

obtained as a metabolite in the fermentation of a microorganism forms a complex with Fe(III) ion. 

This is at present the drug of choice for the treatment of transfusional iron overload (Desterai, CIBA) 

in ß-thalassemic patients (21] 
. This ligand forms a complex with the excessive Fe(IlI) 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( III ) 

CH3SO3" H 3 N + ' • A „ H N O 
I 
O • Fe (X1 

O 
N 

H 3 C ^ N 
/° °'H 

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 isolable compound. To get both 

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

forni. This is not often easy to achieve, especially when the ligand is derived from chiral pool 

molecules, e.g. L-amino acids, D-sugars or naturally occurring o - or ß - hydroxy acids. For example 

L-(+)-tartaric acid, L-malic acid or 3-(ft>hydroxy butyric acid, monomer of Biopol t 2 2 c ' d l . In the case 

of the unnatural series the corresponding enantiomer is either unavailable or very expensive. 

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

the enantiomers from the same chiral starting substance ill 

And taking this idea as a working hypothesis we started this work. 2-(7?>hydroxy-4-phenyl-3-butenoic 

acid in 99% optical purity was available in multi kilogram quantities from a pilot plant process in CIBA 

and the ideal starting material for our synthetic endeavors. 

Using 2-(,fl>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). 

• Use these 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 

OH 

COOH < = 

G 
ROOC 

fl 

/) 

-O COOH 

Figure 13 

Retrosynthesis of both enantiomers of tetra aryl glycerol from the same chiral starting material 
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 similar to the example shown below. Chiral triol - titanium ion 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 

CH, 
3 OH i un 

K3C-O-T Ti(O-IPr)4^ 
( ^ O H CH2CI2 ' 

OH 

Triol 

CH3 

P ^ f o ^ T K H - P T H3C 

^ O 

chiral complex 

OH 

i. « (^ " ^ ^ CN 

i.TMSCN, chiral complex, solvent 

TADDOL is a diol ligand whose synthesis was discovered by Toda 
[24a] 

and 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 [24b,c,d] j h e 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. 

A • Et2Zn 
1.2equiv. Ti(OCHMe2)4 

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

OH 

A, 

R2 O-

H % 

I 
Ar 

TADDOL 

,Ar 

^OH 

-OH 
Ar 

R' O-

R2 O-

Ar Ar 
H \s 

4-^o 
1 Ar Ar 

o-( 

O^ 

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 
[25], 

Rgure 16 shows the 

reaction sequence. 

MeOOC 

O O 

A N' O 

^ // 

0.1 eq. TiCI2(OCHMe2^ 
4A molecular sieves 

1 

toluene / pet.ether (1:1) 

0.01 eq. Ph, Ph 

Pl\ , ° - v ^ ° H P V T 
m o ^ 

OH 

Ph 

Figure 16 

COOMe 

O 

Bicyclic analogs of TADDOL are also shown to be very good chiral inducers for the addition of an 

ethyl group to an aldehyde utilizing Zn(C2Hs)2 .T t l i s provide an optically active alcohol in high ee 

[26], 
Bicyclic analog of TADDOL have also been applied to borane/ titanium alkoxide mediated 

reductions of aryl alkyl ketones 
[27] 

. The chemical yields are reported to be above 95% whereas the 
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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, pgure 17 shows the reaction sequence. 

Figure 17 

O 

R H 
Et2Zn 

1.ligand/Ti(OiPr)4/heat 
2.-78°C » -200C 

3.H+ZH2O 

Ph 

Ph 'Ph 

OH 

Ph Ph 

OH 

Ph Ar OH 
Q ^ 

Ligand 
he>ane 
-30"C 

1.1 equiv. 
catechol borane 

Ph 

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 material used for the present project was 2-ff?>hydroxy-4-phenyl-3-butenoic acid 1 of 

99% (ee). It is a very important enantiomerically pure starting material as it is a chiral building block 

for the fSj-homophenyl alanin pharmacophor of many ACE-inhibitors (Angiotensin Converting 

Enzyme-inhibitors) sold on the market like Benazepril (CIBA), Enalapril (MSD), and Cilazapril (Roche) 

[28] 
(See Figure 18). 2-fR>hydroxy-4-phenyl-3-butenoic acid l ean be obtained by enantioselective 

reduction of the keto group of prochiral ^.^-unsaturated a-keto acid followed by the reduction of the 

double bond 
[29], 

by enantioselective reduction of 2-oxo-4-phenylbutyric acid with Rh catalyst 
[30], 
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and by microbial reduction with the microorganisms Proteus mirabilis or Proteus vulgaris I311. Acid 1 

was obtained from the microorganism Proteus mirabilis. The saturated analog of 1., 2-ffl>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 hydrogénation I33I or Pt/A^Ojj/Cinchonidin as catalyst I34 I , by lipase induced enzymatic 

resolution of a racemic derivative 
[351 

by chemical resolution of the racemic acid or by asymmetric 

catalytic Ti(OR)4- mediated hydrocyanation [36.37]. 
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H O 

f^Y*0 * -^COOH 

kJ 
MeOH I OH" 

* O 

^ X r^'^V^^^^OOOH (Na) 

^ ¾ / 

i . 
Jl f^Y~^"^coon 

KJ 
\ 

I 

coon r * n 

ROOC 

0J^Y""^^KJ 
COOEt 

MSD 
(Enalapril) J 

J 
N V N H ^ ^ ^ S J ' 

V - / o c o o a 

''COOH 

ROCHE 

(Cilazapril) 

Figure 18 

f^\ »f^-^^^KJ 
i HO 

1 

I • 

H 
HO J 1 

I 

1 
r * ^ 
i y E t O O C v ^ ^ A ^ 

V-O 
NO2 

J 
r^r^ fi 
LJ[ 1 " ^Jv 1 

N^C Ï 
/ o COOEt 

COOH 

CIBA 
(Benazepril) 

ACE - inhibitors derived from 

2-f/?>hydroxy-4-phenyl-butyric acid 
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3.2.1 Preparation of the hydroxy acid 1 and conversion to the ester 2. 

The starting material 2-ffl>hydroxy-4-phenyl-3-butenoic acid 1 was prepared by stereoselective 

reduction of the corresponding prochiral ß/y -unsaturated a-keto acid by microbial transformation. 

Whole cells of Proteus mirabilis are used for the transformation and benzylviologen was the electron 

mediator. The radical cation of benzylviologen is the reduction equivalent normally delivered by a 

coenzyme, for example 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. OH 
Proteus mirabilis 

CO5H reductase f > f ^ 'CO2H 

or 
Proteus vulgaris 

Proteus mirabilis 
O or 

Proteus vulgaris 
r < ? r \ ï / \ / ' ^ c 0 u reductase 

^¾¾. r^r CT^ 
2H++ 2V+- 2V++ 

c o 2 + H2O ^ \ — y — H 0 0 0 - + H3Q+ 

formate 
dehydrogenase 

Figure 19 

The starting substance 2-(fl)-hydroxy-4-phenyl-3-butenoic 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 HCl gas. A clear orange red colored solution was formed which was stirred 

overnight. 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. 

Figure 20 

H+ 

MeOH1RT o rA 
OH 

COOMe 

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 'Ar4 group can easily be varied using different aryl halides. 

When the free a -hydroxy methyl ester 2 was reacted with four equivalents of phenyl magnesium 

chloride (PhMgCI), 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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To improve the yield, the free hydroxy group was protected as a silyl ether e.g. as trimethyl silyl 

(TMS) I3913 or tert. butyl dimethyl silyl (TBDMS) [40122 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 advantage 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. 
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Figure 22 

OH OR 

R = H(4) 
R = TBDMS 

The yield of the Grignard reaction was somewhat lower 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 3_1, the saturated analog of 2 was readily available 

as ethyl ester in 99% optical purity 
[41]. 

It was reacted with the Grignard reagent PhMgCI at -5 to 0° C 

in THF to obtain the diol 32 in more than 90% yield. 32 could also 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 

[42a]. 

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. 
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OH 

Figure 23 

r ^ Y ~ * ^ o o c H 3 ""g*™". 
U ^ -5 to 00C 

H2ZPd-BaSO4 

EIOAc, RT 

OH 

o rA COOC2H5 

PhMgCl THF 

-5 to O0C 

31 

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 

RuCl3-H20-Nal04 I
43), ozonolysis I44), and KMnO4145) to mention a few. We first tried the 

RuCl3'H20 - NaIO4 system. Using the modification of A. Greene, diol 4 was dissolved in a biphasic 

solvent system consisting of RUCI3 / NaIO4 and NaHCO3 

[46]. 

The solvent system was a mixture of 

CCI4, CH3CN and H2O 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 CH2CI2 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 

RuCI3-H2O -NaIO4 

2 ^ -
HOOC 

COOH 

CCI4, CH3CN, H2O 

RT 

3.3.2 Cyclic carbonate : 

The carbonate group was the first choice î4 7 l as it is easy to prepare and both the OH groups are 

protected by one protecting group. The diol 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 

COCl2 Base, THF 

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 N1N'- carbonyldiimidazole was found to be the most efficient reagent to introduce the 

cyclic carbonate group 
[49] 

. The diol 4 and N1N'- carbonyldiimidazole were dissolved in THF and 

stirred overnight at room temperature. After complete consumption of 4 the reaction 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 5 was obtained in more than 90% yield. 

In view of these phosgene experiments we come to the conclusion that the formation of 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 RUCI3 (3.5 mol%) - Nal04 (4.1 equivalent) in a solvent system consisting of CCI4, 

CH3CN and HgO in 1:1:1.5 ratio. The reaction was carried 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 

RuCI3.H20 - NaIO4 

1 

CCI4, CH3CN, H2O 
HOOC 

H3COOC-

COOH 

COOCH3 

All attempts to separate the mixture of the two acids by chromatography failed. Therefore this mixture 

was treated with methanol containing IM HCl 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 of esters was subjected to high vacuum distillation with stirring (0.02 

mbar, up to 50° C bath temperature) for 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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Figure 27 

0.5N NaOH 
1,4-Dioxane 

1:1 

H3COOC 

MeOH 

OH 

HOOC 

33 

COOH 

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-dloxane and water containing 0.5N NaOH and stirred for one hour at 

room temperature 
[50] 

. Then the reaction is acidified with 1N HCl 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 recrystallized from acetone : water. 6 

was obtained in 46% overall yield based on carbonate 5 
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Figure 28 

"RuO/ 

"RuO,, 

HOOC 
"RuO,, 

36 

OHC 

Reaction mechanism for the oxidation of the double bond to an acid 

Recently T. K. M. Shing et al published two articles 
[51] 

about ruthenium catalyzed oxidation of 

alkenes. Using the same system as developed by Sharpless with a small change concerning the ratio 

of the solvents, temperature and reaction time they could isolate eis diols with very 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. R u C ^ H j O ^ was used in 0.07 mol equivalent and 

NaIO4 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 

I511. 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 also known that this system also oxidizes the 
phenyl ring to an acid 

[43], 

which probably justifies the low overall yield of the reaction sequence 5 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 is quite stable to a broad range of conditions including oxidation and basic pH. 

C) As it is 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 sulfonic acid-h^O (PTSA-H^O) [52]. The reaction mixture was stirred 

overnight at room temperature. After the workup, it gave the desired crude product 17 which was 

recrystallized from n-hexane to give fine colorless crystals in more than 90% yield. In a similar way 26 

was reacted with 2,2-dimethoxy propane. The reaction was carried 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 26 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. 
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17 was then subjected to an oxidative cleavage of the carbon-carbon double bond to the carboxyiic 

acids. For this, RuCI3H2O and NaIO4 was used as the oxidant utilizing a CCI4, CH3CN, H2O ( 

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 for fifteen minutes with an excess of solid NaHCO3 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]. 

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 directly converted to their corresponding methyl ester 18 and methyl benzoate respectively 

by reacting with 3-MethyH-(p-tolyl)-triazen in methylene chloride. The reaction was complete after 

stirring overnight at room temperature. As we later learned, the acetonides of this class are quite 

stable to acid. Therefore, the reaction mixture was extracted with 10% aqueous citric acid solution 

until the organic phase was free from toluidine, which was the byproduct of this reaction. The 

acetonide group survived the workup conditions. After the usual workup the raw product was 

subjected to high vacuum distillation (0.02 mbar) and the flask was gentry heated in an oil bath at 50° 

C. After about four hours, most of the methyl benzoate was removed from the mixture and then the 

crude product was purified by flash chromatography on a silica gel column using toluene as eluent. 

The yield of 18 after the two steps (oxidation and esterification) was moderate at around 40%. It is 

known that under this oxidation reaction conditions (RuCI3 - NaIO4) the phenyl ring can also undergo 

degradation 
[43] 

. This could explain the low overall yield obtained in this transformation. A white 
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crystalline product was obtained after recrystallization. The following Figure 30 shows the reaction 

sequence. 

HOOC 

37 

+ 2 

H 3 C^ 

COOH 

3.3.5 Other protecting groups used : 

Benzvlidene acetal : 

The advantage of this protecting group is the easy preparation and more importantly, it can be 

cleaved hydrogenetically under mild conditions I53 I . This protecting group, which is similar to the 

acetonide group can be attached by refluxing the diot 4 with benzaldehyde in toluene as a solvent and 

in the presence of an acid catalyst for example p-toluene sulfonic a c i d ^ O (PTSA-H2O) l^\ The 

reaction was refluxed until no more water separated in the Dean-Stark apparatus. Since the yield of 

the reaction was not good and a mixture of diastereomers was obtained, this reaction was not 

investigated any further. It has also to be taken into consideration that during cleavage of the 

benzylidene acetal by hydrogénation, the benzylic tertiary carbon oxygen bond might be cleaved 

along with the protecting group. 

Silvi ethers : 

An attempt was made to prepare the silyl analog of the acetonide group by reacting the diol 4 with 

dichloro dimethyl sitane in different solvents such as acetonitrile, CH2CI2, DMF, toluene : CH2CI2 

(1:1 mixture) and in the presence of different bases such as imidazole, N-methyl morpholine, or 

pyridine ß5], j he reaction failed to give the expected product. It always gave some "polymeric 

product" of unknown structure. 



32 

BIs-TBDMS : 

The mono TBOMS protected diol 23 was refluxed with 1.2 equivalent of TBDMS-CI and 1.5 

equivalent of imidazole in acetonitrile, but still it did not react. All attempts to protect the tertiary OH 

failed. Hence 23 was reacted with RuCIs-H2O-NaIC^ system which also failed to give the desired 

acid 33. The reaction produced a mixture of many products. One of the products could be identified 

as benzophenone, which is formed by oxidative cleavage of 23. The reaction scheme is shown in the 

figure 31. 
Figure 31 

¥r 

O-TBDMS 

O-TBDMS 

X •' RuO." 

HOOC 

Phenyl boronate : 

An attempt was made to protect the diol 4 as a cyclic phenyl boronate. Dk)14, phenyl boronic acid 

PhB(OH)2 and cat. amount of PTSAHgO were refluxed in toluene for six hours I56I. The product was 

isolated and subjected to RuCI3H2O-NaIO4 oxidation, which gave a mixture of many products. 

Therefore the use of this protecting group was not persuaded further. 

Cyclic ortho ester : 

Diol 4, trimethyl orthoacetate and catalytic amount of PTSAH2O were dissolved in THF and stirred at 

room temperature for 8 hr 
[57]. 

The reaction failed to give the cyclic ortho ester, but instead gave the 

mono acetylated product 25 as shown in figure 32. The scheme in figure 33 shows different protecting 

groups used to protect the diol 4. 
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Figure 32 

^K 

25 
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Different protectkig youps tried for dk>!4 

Figure 33 
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3.4 Deprotection of the acetonide protecting groups. 

To proceed towards the target molecule 12, the next step in the synthesis was the Grignard reaction 

of a protected ester with biphenylMgBr. 18 was used as starting material. The reaction was carried out 

at O0C in dry THF and after a mild acidic workup with aqueous 10% citric acid solution, the crude 

product obtained was purified by flash chromatography on a silica gel column using hexane : toluene 

mixture (2:3) as eluent. The product 19 was obtained in 90% yield. The reaction sequence is shown in 

figure 34. 
Figure 34 

H 19 

3.4.1 Deprotection of 19. 

Now the target molecule, the tetra aryl glycerol 12, was just one step away : deprotection of the 

acetonide protecting group. In order to cleave the acetonide, 19 was dissolved in THF and stirred with 

a few drops of aqueous 1N HCl at room temperature for several hours 
[58]. 

No reaction was 

observed. Hence the mixture was refluxed for five hours ! 5 9 I , still 19 was unaffected. Hence a few 

drops of cone. HCl were added and the mixture was refluxed overnight. The reaction was worked up 

and purified. Instead of 12, 20 had formed in quantitative yield by elimination of water. Figure 35 

shows the reaction sequence. 

Since this method did not work, other methods reported in the literature were tried for the deprotection 

of acetonides and the results are summarized in Table 1. 
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Figure 35 

Table 1 

Conditions used to deprotect the acetonide 19 

NO. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Reagent 

aq. 1NHClI5 8 ] 

cone. HCl I59J 

trifluoro acetic acid 
[60] 

FeCI3 -SiO2 [6 1 I 

FeCI3 -SiO2 (6 1 I 

anhyd. FeCI3162I 

SnCI2 + Naphthalene (1:1) I63I 

trifluoro acetic acid + H2O (1:1) 

BCI3, BBr3, BF3etherateI64J 

Dowex 5OW x 8165I 

Conditions 

Rt to reflux in THF 

Rt to reflux in THF 

Rt to reflux in MeOH 

Rt in CHCI3 

Rt in acetone 

Rt in CH2CI2 

0°C to Rt in CH2CI2 

Rt 

different solvents of different polarity 

Rt, EtOH : H2O ( 8:2 ) 

Product (Yield%) 

20 (90%) 

20 (90%) 

20 (90%) 

mixture 

mixture 

mixture 

mixture 

mixture 

mixture 

no reaction 
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The acidic reaction conditions ( Entry # 1 to 3 ) gave just water elimination product 20. But a mixture 

of many products was obtained when Lewis acids were used to cleave the acetonide group e.g. FeCI3 

on SÌO2 or anhydrous FeCl3 or SnC^ gave mixtures of several products. Entry # 9 shows results of 

the reactions with boron Lewis acids BCI3, BBr3 and BF3etherate. These Lewis acids were utilized in 

solvents of different polarity without any success. Entry #10 shows an attempt with Dowex. No 

reaction was observed and unreacted starting was isolated. 

To keep the protecting group until the last step i.e. until 19, is ideal only if it can be removed at the 

end. All the conditions tried to deprotect 19 in order to obtain the triol 12 failed. 

3.4.2 Deprotection of 17. 

Since there were so many difficulties in finding a method to deprotect 19, it was decided to deprotect 

the acetonide group at an earlier stage. Hence 17_ was selected as the first substrate. The results are 

summarized below in Table 2 and figure 36 shows the reaction. 

Figure 36 

17 
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Table 2 

Conditions used to deprotect the acetonide 17 

NO. 

1 

2 

3 

4 

5 

6 

Reagent 

ethylene glycol, conc.HCI 

cat. p-toluene sulfonic acidH20 
[66] 

cat. trifluoro acetic acid 
[60] 

SnCI2-2H20 I63I 

molecular sieve 5A 

pyridinium p-toluene-4-sulfonate 
[67] 

Conditions 

reflux, MeOH 

reflux, MeOH 

Rt, MeOH 

reflux, CH2CI2 

reflux, CH2CI2 

reflux, MeOH 

Product (Yield%) 

mixture 

no reaction 

no reaction 

no reaction 

no reaction 

no reaction 

17 was refluxed in methanol with ethylene glycol and few drops of cone. HCl. The idea was that the 

ethylene glycol would form a ketal, from acetone set free by cleavage of 17, and this would shift the 

equilibrium towards the diol 4. But the reaction gave a complex mixture. 

Refluxing in methanol with p-toluene sulfonic acidH20 or reacting with trifluoro acetic acid did not 

give the diol 4. Refluxing with the Lewis acid SnCI2ZH2O or with a zeolite 5° A molecular sieve did 

not change the results. Finally pyridinium toluene-4-sulfonate in refluxing methanol also did not give 

any reaction product. Under all conditions reported in the table 2, the acetonide group of 17 could not 

be removed. These experiments showed that it is extremely difficult to remove the isopropylidine 

from our molecule under acidic conditions. 

3.4.3 Deprotection of JJi to 6. 

The next substrate was the methyl ester 18. The conditions tried are summarized in Table 3 and 

figure 37 shows the reaction sequence. 
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Figure 37 

H3COOC MeOH, H+ 

_^ H3COOC 

500C 

18 

MeOHH+ 

500C 

H3COOC 

21 

Table 3 

Conditions used to deprotect the acetonide 18 

NO. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Reagent 

trifluoro acetic acid, MeOH 
[60] 

acetic acid .THF :H20(3:1:1) I60I 

PdCI2 (CH3CN)2 1 mole% (68I 

DDQ I69I 

BCI3, BBr3, BF3etherate(64I 

1MHCl l 5 8 l 

1M HCl in isopropanol I58I 

1MHCMnTHFt58I 

1 drop con. H2S04 

cone, trifluoro acetic acid 
[60] 

Conditions 

reflux, CH2CI2 

700C 

rt, acetone 

rt, acetonitrile : H2O ( 6.3 + 0.7 ml ) 

in different solvents & from -78°C to rt 

500C, MeOH 4 hr 

75°C, 30 hr 

75°C, 30 hr 

Reflux, MeOH 

reflux, dichloroethane 

Product (Yield%) 

no reaction 

no reaction 

no reaction 

no reaction 

6, only once with BCI3 

6 (-50, recycle thrice) 

mixture 

no reaction 

6 (-40, recycle thrice) 

no reaction 

18 was dissolved in CH2CI2 and an excess of MeOH (8 equivalents) and trifluoro acetic acid 

(equimolar) were added and the mixture was refluxed for several hours without any product formation. 
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Similarly refluxing at 70° C in the mixture of acetic acid, THF, H2O (3:1:1) gave no product. 

The use of PdClg-acetonitrile complex (1 mol%) in acetone at room temperature was also ineffective. 

In the literature it is reported that 2,3-dichloro-5,6-dicyanobenzoquinone (ODQ) is used to cleave the 

acetonide group in acetonitrile : HjO mixture very effectively. The same conditions were applied but 

lead to no product formation. 

Boron Lewis acids are also known to cleave the acetonide group efficiently. Hence BCI3 as a 1M 

solution in CHgCI2 was reacted with 18.10 mg of 18 was used as a solution in 1 ml CH2CI2. The 

reaction was carried out at room temperature. TLC control of the reaction after 3 hr showed complete 

conversion (by comparing with the reference sample of 6) to a much more polar substance identified 

to be the highly desired diol ester 6. When the reaction was repeated on a larger scale (50 mg), it only 

produced undesired side products. Quenching the reaction after just one minute and still afforded the 

undesired products. Even reaction at -78° C was unsuccessful to produce the diol ester 6. The above 

result could not be reproduced. 

The acetonide ester J8 was dissolved in methanol containing 1M HCl gas and stirred overnight at 

room temperature. A very small amount of polar product 6 was observed on a TLC control. Hence the 

reaction flask was heated at 50° C for another 8 hr. TLC showed that the concentration of 6 had 

increased, but the starting material 18 was still the major product. A third less prominent product with 

an Rf inbetween these two products, was also observed. When the reaction was continued, the spot 

of this third product became more prominent. Therefore the experiment was stopped at this stage. 

The solvent was completely removed on the rotary evaporator and the solid obtained was 

chromatographed over silica gel using a toluene : ethyl acetate mixture (9:1) as eluent. All the three 

components were separated. The first eluted product was the unreacted 18, the most polar fraction 

was the desired product, the diol ester 6 and the middle fraction was the product of the reaction 

between the diol ester 6 and methanol in presence of the acid (methyl ether formation). The 

byproduct was characterized to be methyl-3,3-diphenyl-3-methoxy-2-hydroxy-propionate 21. 

In order to minimize the loss of the product 6, the reaction was always stopped when the beginning of 

formation of 21 was observed. The starting material 18 and the product 6_were separated by 

chromatography and 18 was reused in the next run. After three recycles, the yield of the product 6 

was around 50% after chromatography. So in principle the acetonide protecting group could be 
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cleaved with HCl but since this method was very tedious and difficult, therefore the search for other 

protecting groups was continued (See below). Finally we found N,N'-carbonyldiimidazole to be the 

most convenient reagent to introduce the carbonate protecting group, which was stable to the 

oxidative degradation of the double bond to give carboxylic acid. This protecting group could also be 

easily removed, (see section 3.3.3) 

3.5 Synthesis of the diol esters (6), (9) and (10) via the carbonate route. 

As mentioned earlier ( Chap. 3.3.2), the introduction of the carbonate group to protect the 1,2-diol 4 

had been tried using phosgene solution in toluene. The yield had been very low. N,N'-

carbonyldiimidazole, however was found to be very successful in affording a high yield of the desired 

product under very mild conditions. Also the cyclic carbonate protecting group survived the oxidation 

of the double bond to give 36 (see chapter 3.3.3). Without cleaving the carbonate the product could 

be directly converted to methyl ester 7 and isopropyl ester 8. Before reacting with the second 

Grignard reagent biphenyl MgBr the protecting group was cleaved as folbws: 

0.5 N NaOH solution was prepared in a 1:1 solvent mixture of 1,4-dioxane and H2O, then the 

carbonate ester Z was dissolved in this solution and stirred at room temperature for 30 minutes. The 

reaction was complete and the free acid diol 33 was converted directly to the esters, methyl 6, ethyl 9 

and isopropyl 10 by treating the acid diol with 1M HCl in methanol, ethanol and isopropanol 

respectively. The yield after the two step cleavage for all the three esters was around 50%. The 

different diol esters were prepared because these esters were later used as ligands in the Sharpless 

epoxidation. It was planned to study the effect of the ester size on the selectivity in the epoxidation 

reaction. Figure 38 shows the reaction. 
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CH3OOC 

Figure 38 

0.5N NaOH 

1,4-dioxane:H20 
1:1 
RT 

NaOOC 

33 

ROH 

1NHCI 

ROOC 

R = Me (6) 
Et (9) 
i-Pr(10) 
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3.6 Synthesis of tetra aryl glycerols 12 and 3 0 . 

In addition to the earlier mentioned reasons tor synthesizing the tetra aryl glycerols one more point is 

worth mentioning. In the case of Seebach's TADDOL or Wandrey's bicyclic version of the TADDOL, 

the two hydroxy groups are relatively fixed because of the rigidly fixed backbone structure where as in 

the case of these tetra aryl glycerols, one can imagine that the two tertiary hydroxy groups are not 

fixed. If we selectively protect the secondary hydroxy, it could be analog to TADDOLS but with more 

flexibility. Figure 39 shows the probable structure of the glycerol-metal complex. 

Probable structure of the tetra aryl glycerol - Metal complex 

Figure 39 

If the secondary OH is protected, then the two free OH groups of the glycerol can build a complex 

with a metal. The complex will be a six membered ring. It will be interesting to compare this six 

membered ring with the other ligands known in the literature forming five, seven and nine membered 

rings (7 0 a l . These different ring sizes are shown below in figure 40. 
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DbI - Metal complexes forming rings of (afferent sizes 

ROOC 

ROOC^' ° 

Rve membered 

Ar' 

1 

Ar' 

0-R 

0 . , 0 
M 

Ar 

Ar 

Six membered 

Nine membered 

TADDOLate BINOLate 

Seven membered 

Figure 40 

It will be interesting to see whether the catalyst formed by glycerol - metal complex induces high 

enantioselectivity. The complex formed from this type of ligand does not possess any symmetry. 

From the previous Grignard experiments it was known that the OH groups should be protected during 

the Grignard reaction. When the OH groups are not protected, some side products are produced 

during the reaction and the yield is lower. The diol ester 6 was therefore treated with TMS-CI and 

imidazole in THF and reacted for six hours at 40° C affording TMS protected di silyl ether 11 in 90% 

yield. Vl, was reacted with the Grignard reagent biphenyl MgBr at 0° C in THF expecting that the triol 

12 would be formed. But contrary to the assumption, the reaction did not take place at all. The 

unreacted starting material 11 was recovered. 

In the total synthesis of Taxol, Nicolaou et al 
[70b] 

also used a cyclic carbonate as 1,2-diol protection. 
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Figure 41 

HO O OTES 

o £ H ° A c 

O 

Taxol precursor 

TES = Triethylsilyl 

1. nucteophile 

^ 
THF 

(Grignard) 

2. H+ 

HO o OTES 

In one step they successfully Introduced the Grignard reagent and at the same step could cleave the 

protecting group as shown in figure 41. 

Using this analogy, we thought it should be possible in one step : 

1) To react the ester group with Grignard reagent introducing two biphenyl groups and consequently 

the second tertiary -OH. 

2) To cleave the cyclic carbonate and protect the secondary -OH to obtain the protected triol 34 as 

shown in the reaction scheme in figure 42. 

Figure 42 

CH3OOC 

îiphenyl MgBr 

O0CTHF 

2 34 

Unfortunately with our substrate 7, the reaction mixture showed many different products on the TLC. 

Therefore diol ester 6 was reacted with Grignard reagent biphenyl MgBr in THF at 0° C. Finally the 

longawaited product, 1,1-bis-(biphenyl)-3,3-bis-(phenyl)-1,2(S,),3-propane triol (J2) was obtained, but 

with a poor yield of around 15%. The reason for the low yield was the fragmentation of 12 under the 

reaction conditions. Along with the glycerol 12, the two other products 1,1 -bis-(phenyl)-1 -biphenyl-
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methane-1-ol 13 (12%) and 2-biphenyl-2-one-ethane-1-ol 14 (15%) were isolated. This degradation 

was independent of the reaction temperature (-20° C, 0° C or at room temperature). 

Thus, the (S) enantiomer of the tetra aryl glycerol was synthesized by acetonide route as well as 

carbonate route. The product obtained by both the routes had the same optical purity. Figure 43 

shows the reaction sequence by the carbonate route. 
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OH 
Figure 43 

H + 

• 
MeOH 

OH 

COOCH3 

TMSCI / TBDMSd 
Imidazole 

PhMgCI 

N1N'- carbonyldiimidazole 

THF, RT 

O 

1.) NaIO4, RuCI3 

CO4, CH3CN, H2O 
* • 

2.) H+, R-OH 

COOCH3 

R = TMS ( 3 ) 
R = TBDMS ( fâ ) 

ROOl 

R = CH3 ( Z ) 

R = i-Pr ( 8 ) 

0.5N NaOH 
>xane+r 

(1:1) 

OH 

R\ R" = TMS ( U ) 

TMS-CI, Imidazole 

THF 

BipheMgBr / 

JL OH 
R O O C ^ N ^ L ^ . 

ni 
/ R = CH 3 (S ) 

R = C 2 H 5 (S ) 

R = i-Pr ( 10 ) 
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The (R) enantìomer 30 was obtained by reacting 29 with biphenyl MgBr at 0° C in 15% yield. The 

yield of this reaction was also low like in the synthesis of the (S) enantiomer. The (R) enantiomer was 

synthesized by the acetonide route, as the synthesis had already been accomplished with this tidious 

route before the carbonate route was realized. The following scheme in figure 44 shows the acetonide 

route of the synthesis of the (R) enantiomer 30. 

The purification was time consuming because the yield was low and the side products formed had Rf 

values close to the Rf of the glycerol. After two successive chromatographies on a silica gel column 

the glycerol was obtained as a colorless thick viscous oil. Even after standing at 0° C for an extended 

period of time it did not solidify. 

The 1H-NMR showed aromatic signals between 7.7- 6.7 ppm for 28 aromatic protons. At 5.8 ppm a 

doublet for one proton is observed which becomes a singlet with D2O exchange experiments. This 

suggests that it is the proton on the chinai centre which couples with the H of the hydroxy group on the 

same chiral centre. In the starting ester diol this signal appears at 5.0 ppm. This down field shift can 

be attributed to the anisotropic effect of the aromatic rings. The two tertiary hydroxy protons are 

observed as one singlet at 5.0 ppm. This singlet disappears completely when exchanged with D2O. 

The secondary hydroxy appears at 2.9 ppm as a doublet, also completely exchangeable with O2O. 

These spectral data are in accordance with the proposed structure. The 1 3C spectrum also supports 

the structure. The IR shows a broad band between 3600-3300 cm"1 typical for H bonded OH. This 

also supports the structure. MS and high resolution MS, showed the exact molecular weight. The 

structure of the tetra aryl glycerol was confirmed by MS and high resolution MS. 

The two enantiomers could be very well separated by HPLC, using the Chiralpak AD column and 

hexane : isopropanol (8:2) mixture. The (S) enantiomer eluted at 12.6 minutes while the (R) 

enantiomer eluted at 23.2 minutes. The (R) enantiomer had 98% ee while the (S) enantiomer had 

99% ee. 

The Optical Rotatory Dispersion (ORD) spectrum of both the enantiomers was recorded in methanol. 

The two spectra were almost mirror images of each other. The HPLC separation chromatogram and 

the ORD spectrum of the two enantiomers 12 and 30 are shown in figure 45. 
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OH 

H+ 

COOH 
MeOH 

COOCH3 

Biphenyl MgBr 

0°C,THF 

(CH3J2C(OCH3J2 

THF 

22 

1.) RuCl31NaIO4 

CQ4 , CH3CN, H2O 

2.) H*,MeOH 

HoCOOI 

28 

^1+ H3COOC-

MeOH, 50°C 
(recycling) 

PhMgQ 

0°C, THF 

30 

Synthesis of (R) enanäomer via acetonkte roule 

Figure 44 
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HPLC Separation chromatogram of 12 and 30 
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3.7 Synthesis of 1,1 -bis(phenyl)-1,2,3-propane triol 15 and it's mono benzoyl derivative 16. 

As shown above, the tetra aryl glycerols were difficult to synthesize in reasonable yield. Therefore 

they were not available in sufficient quantities to test their behavior as ligands for enantioselective 

catalytic reactions. However, triol 15 should be easily accessible from 6, and could serve as a model 

for 30 and 12. 

The diol ester 6 was reduced to the triol 15 by using excess of L1BH4 t 7 1 l . The reaction was carried 

out in THF at room temperature and the triol was isolated in 77% yield. This triol was of use as a 

chiral ligand. 

The primary OH of the triol could be selectively benzoylated to give 3-0-benzoyl-1,1-bis(phenyl)-

propane-1,2-diol 16. It was prepared selectively by the following method : 15 was dissolved in dry 

CH2CI2 along with an excess of the base pyridine. The reaction was then cooled to 0° C and exactly 

1.0 equivalent of benzoyl chloride was added dropwise. The reaction was slowly brought to room 

temperature and stirred for an hour and then worked up. A small amount of di and tri benzoyl 

derivatives were also formed but after chromatography the desired product 16 was obtained in 72% 

yield. The ligand 16 should be used in the Shaipless epoxidation (see chapter 4.2). The reaction 

sequence is shown in figure 46. 
Figure 46 

H3COOC 

(Benzoyl chloride 
Pyridin 

tre 
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4.0 Enantioselective catalytic reactions 

4.1 Introduction 

Until 50 years ago the access to the chinai substances with high enantiomeric excess (ee.) was 

considered to be possible only by biological or enzymatic methods. In the last 10-15 years the use of 

chiral substances in pharmaceutical and agro industry increased very rapidly and hence new methods 

to synthesize substances with high e.e.'s were in high demand 
[72] 

. The use of "metal complexes" 

using enantiomerically pure chiral ligands as a tool to synthesize chiral substances from a prochiral 

starting material has become the method of choice. Now this method has so much developed that 

sometimes it is even superior to biological methods and has been used in industry (see chapter 

1.2.2). 

Useful enantioselective catalytic reactions have to fulfill the two following conditions: 

a) The chiral metal complex should function as a good catalyst for the reaction studied. The rate of 

the catalyzed reaction has to be considerably higher than the uncatalyzed reaction. 
b) The catalytic reaction should produce mainly the desired enantiomer. 

In the beginning most of the reactions which were enantioselective required stoichiometric amount of 

the chiral reagent but in the recent years a number of different catalytic systems have been 

developed which show a good catalytic activity giving high stereoselective induction. 

Here are few examples. 

Carbon-Carbon bond forming reactions : 

A chiral triol ligand-Ti ion complex selectively adds CN group to an aromatic aldehyde with 76% ee 
123]. 

But the reaction is not catalytic (See chapter 3.1). Figure 47 shows the reaction. 

Figure 47 

9 OH 
ee 76% 

'H • r ^ V ^ ' C N 
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Addition of an alkyl or allyl group via their corresponding Zn reagent to an aldehyde gives chiral 

hydroxy compounds. A number of different ligands with diverse structures are developed for this 

reaction. Most important among them are the TADDOLate ligands developed by D.Seebach I73I (see 

chapter 3.1). Figure 48 shows it's application. 

Figure 48 

O 

A. Et2Zn 
cat. chiral ligand 

TADDOL-Ti 
complex 

OH 

R ^ B 

A reagent developed by R.O.Duthaler, A. Hafner and M. Riediker I74) of CIBA also gives very high 

chiral induction. This is a chiral carbohydrate-Ti complex (figure 49) giving very high chemical yield 

and ee upto 95-97%. 

Figure 49 

1. RCHO. (-78° C) 

2. H,0 

OH 

Another very important reaction is the Diels-Alder reaction. For this reaction also many different chiral 

ligands 
175] 

have been developed and used as catalysts. Some chiral Lewis acids 
P6] 

have also been 

used to give very good selectivity as shown in figure 50. 

Figure 50 

Ó 
catalyst 
20 mole% 

toluene 

endo : exo ratio vary from 81:19 upto > 99 :1 and ee from 91% to 95%. 
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For olefin cyclopropanation reactions, chiral semicorin-Cu complexes are very good catalysts giving 

high trans/cis (84:16) selectivity. For the trans product the ee was 93% while for eis 92% 
[77] 

as 

shown in figure 51. 
Figure 51 

+ N2CHCO2I 
. 1%CuL* R ' ^ / y 1

 + H A H 
iR • <• -_ .-

H CO2R" CO,R" 

CuL* R = C(CHg)2OH 

Hydrogénation : 

Another very important and widely used reaction is hydrogénation. To introduce chiral centers in a 

molecule with a hydrogénation step is very attractive. Hence a prochiral compound containing either a 

double bond, a carbonyl group or imines can be converted to a chiral compound by enantioselective 

reductions. In the last few years a number of chiral reagents have been developed. Most of the 

successful ligands are phosphorus ligands and in many cases with Rh as the central metal ion give 

very high enantioselectivity, sometimes near to 100%. Figure 52 shows few examples a few 

examples [78-80] 
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Figure 52 
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The last example shows the Ru/BINAP complex reduction. 6INAP is the recent landmark 

development in the reduction reactions [81]. BINAP, discovered by R. Noyori and co-workers, is 

available in both enantiomeric forms and it's complex with Ru has proved to be a highly efficient 

catalyst. As both the BINAP enantiomers are available both product enantiomers can be synthesized. 

The utility of BINAP has been demonstrated in various areas from natural product synthesis to the 

synthesis of biologically active products 
[82]. 

Oxidation : 

Another important class of reactions are oxidation processes. The group of K.B.Sharpless has been 

working in this area for many years and has made a great number of contributions in this area. In the 

recent years two major breakthroughs namely asymmetric epoxidation (AE) I83I and asymmetric 

dihydroxylation (AD) 
[84] 

have been developed in his laboratory. Originally both reactions were using 

stoichiometric amounts of the chiral reagent. In 1987 because of continued efforts in AE it was found 

that maintaining the same reaction conditions but by just adding 4 A molecular sieve to the reaction, 

the reaction can be performed using catalytic amounts (5-10 mol%) of chiral reagents without loosing 
the activity as well as the selectivity (figure 53) 

[85] 
. The AD reaction is now also a truly catalytic 

process 
[86]. 

Using poly-L-leucine, a.ß-unsaturated ketones can be epoxidized with high enantiomeric excess 

[86a] figure 54 shows the Sharpless AD system. 
Asymmetric Epoxidation (AE) 

Ti(OiPr)4 

(+)DET . R4X.OH 
tBuOOH 
CH2CI2 epoxy alcohol 

-20°C 

(+)DET R' = Et 

+)DIPTR' = iPr 

Figure 53 

O 

^ J ^ OR' 

H 0 H 
O 

tartrate ester 
chirafity inducer 

(-
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Asymmetric Dihydroxylation (AD) 

Figure 54 

Even though the Sharpless epoxidation procedure was developed as a catalytic process, it still has 

one major drawback. Though it was successful in epoxidizing many types of molecules bearing 

different functionality, it could only epoxidize molecules bearing an alcohol group in the allylic position 

of the double bond i.e. only allyl alcohols as the substrate. A double bond which does not have a 

hydroxy group at it's allylic position could not be epoxidized. But recently this drawback was also 

overcome by E. N. Jackobson. He developed a system which uses chiral salenes as the ligand and 

manganese as the central metal ion 
[87]. 

These complexes epoxidize many types of double bonds in 

very high enantioselectivity using catalytic amounts of the reagent. Figure 55 shows Jackobson 

system. 
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R' R"' 

R" 
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Figure 55 
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Starting from the 2-f/?>hydroxy-4-phenyl-3-butenoic acid 1 going to tetraaryl glycerols 2(S) 12 and 

2(R) 30 , all the intermediates are chiral and enantiomerically enriched. In principle all of these 

compounds could be tested as ligands for the preparation of chiral catalyst system and different 

reactions can be tested. Considering the functional groups in the chiral ligands and comparing them 

with the literature from the known reactions, Katsuki - Sharpless epoxidation and Mikami glyoxylate 

ene reaction were the two reactions selected for the study. 
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4.2 Katsuki - Sharpless epoxidation 

4.2.1 General importance of chiral epoxides : 

Epoxides are very important organic intermediates since they can be easily synthesized from alkenes 

using various available methods. During the epoxidation reaction of the alkene, chirality can be 

introduced into the molecule and depending on the substrate two chiral centers can be created in one 

step as shown below. Starting from the epoxides, various functionalities can be introduced in a 

molecule e.g. by selectively opening the epoxide ring of the correct enantiomer using different 

nucleophiles. Here is an example in which two different double bonds exist in the molecule of 

geranio!. Using either the Sharpless or Jackobson reagents, geraniol can be selectively epoxidized 

[88]. 
Figure 56 shows the epoxidation reaction. 

Regio- and Enanthselectivo MonoepoxUaOons of Geraniol 

Sharpless reagent Jackobson reagent 

Figure 56 

An epoxidation reaction in which an asymmetric induction was achieved for the first time was reported 

in 1965 by Henbest. He reported the asymmetric induction using percamphoric acid. The 

enantioselectivity was very low ( 8%) I8 9 I . It took another fifteen years till Katsuki and Sharpless 

discovered the system which allowed the enantioselectfve introduction of epoxides with a good 

selectivity which worked for à wide variety of substrates. With this system enantioselectivity was 

higher than 90% in most of the cases and in some cases > 98%. 
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4.2.2 Different methods of epoxidation 

Epoxidation is an important process, and can be achieved utilizing a variety of reagents. The most 

commonly used reagent is m-chloroperbenzoic acid (MCPBA). This is a very diverse epoxidizing 

reagent which can epoxidize acyclic, and cyclic alkenes even bearing electron withdrawing groups. 

Other peroxy acids can also be used. e.g. peracetic acid, trifluoro peracetic acid, performic acid, 4-

nitroperbenzoic acid to mention a few. 

Other important epoxidizing reagents are the alkyl hydroperoxides, like t-butyl hydroperoxide. Trityl 

hydroperoxide and cumyl hydroperoxide are also used. 

Hydrogen peroxide is also used for epoxidation reactions. Several acidic oxides such as M0O3, WO3 

and compounds of selenium, arsenic and boron are effective catalysts. They generate inorganic 

peroxo acids in the presence of H2O2 which epoxidizes the alkene 
[90]. 

First row transition metals catalyze the epoxidation process, e.g. it was seen that iron porphyrins can 

catalyze epoxidation under mild conditions, using iodosylbenzene as oxidant. This has led to many 

studies based on a metalloporphyrin/ O j /reducing agent to bring about epoxidation of alkenes [90]. 

Even air or oxygen is used as epoxidizing reagent in the presence of an adequate catalyst [9 1 I . 

4.2.3 Asymmetric epoxidation mediated by Ti-tartrate 

In 1980 Katsuki and Sharpless developed an epoxidation method which gave very high chemical and 

optical yield 
[83] 

. The system consisted of L(+)-diisopropyl tartrate as the chiral ligand, titanium tetra 

isopropoxide ( Ti [IV] alkoxide, in general) as the source of titanium metal ion, and alkyl 

hydroperoxide (t-butyl hydroperoxide, in general) as the oxidizing reagent. The substrate was an allyl 

alcohol e.g. cinnamyl alcohol. With this combination, the reaction was generally complete in 3-4 hours 

at -18 to -15° C. The most important factor was that the reaction had to be carried out under absolute 

dry conditions using freshly dried reagents and solvents. The tartrate ester was necessary in 

stoichiometric amounts. Though high chemical and optical yields could be obtained, it was an 

expensive procedure and the isolation of the product was difficult. In 1987 another breakthrough in 
this reaction came from the same group 

[85]. 

Instead of using stoichiometric amounts of chiral ligand 

only 5-10 mole% was sufficient. This improvement was achieved by the introduction of the 4 A 

molecular sieves in the reaction. The role of molecular sieve is to trap the small amount of water 
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present in the reaction to prevent deactivation of the catalyst complex. Because of this the reaction 

became much more economical and the product isolation became easier without compromising the 

activity as well as the selectivity. In an another improvement, sensitive low molecular weight epoxides 

which are difficult to isolate can be in situ derivatized and then isolated 
[85]. 

A number of other 

ligands bearing similar structural features to the tartrates as well as ligands without any similarity to 

tartrates were tested as the catalyst I92,93] 
As there are many parameters involved, many variations are possible 

(94] 

. The major factors are the 

following : 

Stoichiometry : 

Two stoichiometrics are important factors. One factor is the ratio of titanium : tartrate used to produce 

the catalyst and the second is the ratio of catalyst : substrate. To obtain the best results it is necessary 

to have at least 10% excess of tartrate ester to titanium (IV) alkoxide. This holds good for 

stoichiometric as well as catalytic reactions. The reaction rate is slowed down if an excess of more 

than 20% of the ligand is used. The observed ideal ratio of substrate : catalyst is (100 :10), as the 

chemical and the optical yields obtained are highest. 

Concentration : 

If the substrate concentration is high, some side products are produced along with the product. The 

reactions can be performed up to substrate concentration of 1M with the catalytic process. Before the 

catalytic process was introduced the maximum substrate concentration possible was 0.1 M as some 

side reactions were observed when the concentration exceeded this limit. 

Aging of the catalyst : 

For the best results the catalyst is freshly prepared at -20° C by mixing Ti (IV) alkoxide and the 

tartrate in the solvent, and then adding either TBHP or the allyl alcohol and aging the system at this 

temperature for 20-30 minutes. This is essential for good results. For the bulky hydroperoxides this 

period is increased to 1 hour. After this the reaction is brought to the temperature at which the 

reaction is performed and the last reagent, the allyl alcohol or the hydroperoxide, is added. 

Oxidant : 
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t-Butylhydroperoxide (TBHP) is the preferred oxidizing reagent. However, in some cases 

cumylhydroperoxide 
[85] 

and trityl hydroperoxide are also used 
[931 

and better results are obtained. 

5.5 M TBHP in isooctane is preferred over 3.0 M TBHP in isooctane. 

Tartrate esters : 

For asymmetric epoxidation tartrate esters e.g. the dimethyl, diethyl and diisopropyl tartrates are 

used. It has been found that they are all equally good with minor variations. 

Titanium alkoxide : 

Though 26 metals from the periodic table catalyze the epoxidation reaction, Titanium is the best 
central metal ion 

[88]. 

Titanium (IV) isopropoxlde is normally used as the source of titanium but in 

reactions in which the epoxy alcohol product is sensitive to ring opening, titanium ten. butoxide is 

preferred. 

Molecular sieves : 

Molecular sieves are used to protect the catalyst from the slight amount of water that may be present 

in the reactions. Powdered 4 A sieves are generally preferred but 3 A, 4 A, 5 A in pellets are also 

equally effective. 
4.2.4 Mechanism 

This reaction became a routine tool for the synthetic chemists because of it's simplicity, high 

selectivity, reproducibility and wide applicability. In spite of great efforts by Sharpless and co-workers 

and many other groups, the reason for it's high selectivity is still not well understood. The exact 

mechanism is not established because the catalytically active complex could not be isolated in 

crystalline forni which would allow the X-ray structure to be determined. The vanadium complex of 

the tartrate ester could be isolated and it's X-ray structure was determined. Therefore the structure is 

a topic of debate. 

Origin of selectivity : 

The accepted mechanism is that proposed by Sharpless. As shown in the scheme in figure 57 below, 

depending on the configuration of the tartrate ester, the delivery of the oxygen atom from the 

peroxide to the double bond comes from above or below the plane of the double bond. Thus if L(+)-

diethyl tartrate, the naturally occurring enantiomer, is used as the chiral ligand, then the chiral 

transition complex (the hvdrooeroxide oart of the Comdex) sits below the Diane. Hence the oxvaen is 
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delivered from below the plane resulting in only one enantiomer. On the other hand, if D(-)-diethyl 

tartrate is utilized as the chiral ligand, then the oxygen is introduced only from the top of the plane. 

Hence only the other enantiomer is produced. The enantioselecttvity is determined in the transition 

state and depends on the configuration of the chiral ligand. Figure 58 shows both the possibilities. 

Figure 57 

D( -)-diethyltartrate (unnatural) 

:0: 

Ti(O-IPr)4 

CH2CI2, -200C 

X° OH 

70-90% yield 

90-95%ee 

L(+)-diethyltartrate (natural) 

Enantiofaclal selectivity in the epoxidation ofprochiral allyUc alcohols with TiftartratefTBHP 

Catalyst structure : 

When titanium alkoxkJe and dialkyl tartrate are mixed in equimolar quantities in solution, there is a 

rapid exchange of titanium ligands. The equilibrium shown below is quickly reached. 

Ti(OR)4 + tartrate -*• Ti(tartrate)(OR)2 + 2ROH 

The equilibrium is shifted far to the right as the chelating diol (i.e. the tartrate) has a much higher 

binding constant for titanium than the monodentate alcohols. The rapid exchange continues even 

after the addition of hydroperoxide and the allylic alcohol to the reaction. The kinetic study by the 

Sharpless group showed a first-order rate dependence on the Ti - tartrate complex, hydroperoxide, 

and the allylic alcohol and inverse secondorder dependence on the non olefinic alcohol ligands, 

isopropyl alcohol. The rate law equation is as shown below in Figure 58. 
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Rate = k -

Figure 58 

[Ti(tartrate)(OR)2] [TBHP] [aBylic alcohol] 

[ligand alcohol]2 

After formation of the Ti(tartrate)(OR)2 complex, the remaining two alkoxide ligands are replaced in a 

reversible exchange reaction by the hydroperoxide TBHP and the ally! alcohol to give the "loaded 

complex" Ti(tartrate)(TBHP)(allyl alcohol). In the rate determining step, oxygen is transferred from the 

coordinated hydroperoxide to the allylic alcohol giving the complex :Ti (tartrate)(t-OBu)(epoxy 

alcohol). The product alkoxides are replaced by more allyl alcohol and TBHP to regenerate the 

loaded complex and complete the catalytic cycle as shown in the figure 59 below. 

Ligand exchange on Ti during epoxidathn reaction 

TBHP 
Ti(OR)2(tartrate) 

A 

ROH 
allylic ... 
alcohol * 2 

ROH 

K 1 

TBHP 

Ti(OR)(TBHP)(tartrate) 

allylic 
ROH alcohol 

K2 

Ti(OR)(alylic alcohol) (tartrate)« 

ROH 

K* Kp = K -I K p 

Ti(TBHP)(aDylic alcohol) (tartrate) 

K e epoxidation 

Ti(0-t-Bu)(epoxyalcohol)(tartrate) 

Figure 59 

In the epoxidation reaction the olefinic double bond acts as a nucleophile towards the activated 

peroxide oxygen. Hence electron withdrawing nitro group substituted at para position on cinnamyl 

alcohol decreases the rate of the epoxidation while electron releasing p-methoxy group increases the 

epoxidation rate 
[95]. 

The rapid ligand exchange makes the characterization of the catalyst difficult. Sharpless proposes a 

dimeric species formed in the solution, Ti2(tartrate)2(OR)4. It was impossible to isolate this dimeric 

complex in the crystalline form, which would allow determination of the X-ray crystal structure. 
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Information provided by TÌ2(dibenzyl tartramide)2(OR)4, which is a closely related complex and gives 

similar enantiofacial selectivity, supports the proposal of the dimeric structure 
[96], 

From this analogy the following structure for the dimer was proposed. Catalysis of the epoxidation 

process is proposed to involve only one titanium atom, but the possibility that two are required has not 

yet been ruled out. Figure 60 shows the equilibrium structure. 

Figure 60 

X 

RO . 

E 
OR 

To 

urx> O 

E OR 

Titanium - tartrate complex equilibrium structure proposed by Sharpkss 

When hydroperoxide and substrate are added i.e. 'loading' of the catalyst as proposed by Sharpless, 

two axial and one equatorial site become available by exchange of two isopropoxide units and 

dissociation of the coordinated ester carbonyl group. The coordination of the hydroperoxide is 

assumed to be bidentate and must occupy one axial and one equatorial coordination sites and the 

allylic alcohol in the remaining axial site. Figure 61 shows the 'loaded complex'. 

Figure 61 

Loaded Complex 
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In order to transfer the oxygen from peroxide to the alkene double bond smoothly, it is necessary that 

both are close to each other. The distal peroxide oxygen is assumed to be transferred to the olefin 

and hence it is placed in the equatorial site and the proximal oxygen in the axial sight. The lower axial 

sight is chosen for the peroxide because then the larger t-Bu group can be accommodated in the 

larger space. The other axial sight is used for the coordination of the allylic alcohol. 

A transition state model for the asymmetric epoxidation complex has been calculated by a frontier 

orbital approach by Jorgenson and co-workers and is consistent with the postulated structure 
[97]. 

E. J. Corey proposed a mechanism in which an ion-pair is involved in the transition state I98 I . This 

proposal requires two more alcohol species in the transition state complex. Kinetic studies disagree 

with this proposal. The structure of the complex of ligand 6 according to his postulate would look as 

shown below in figure 62. 
Figure 62 

Corey proposal 

According to this model, the chiral complex exists as an ion pair. One molecule of the ligand is 

chelated to the central Ti of the cationic moiety as shown above. The hydroxy group of the allylic 

alcohol is coordinated to the Ti so as to allow hydrogen bonding to the carbonyl of the ligand ester. 

The terf-butylperoxy (t-BuOO) group is chelated to the Ti with the terminal oxygen eis to the 

coordinated allylic OH and the t-BuO subunit trans to the allylic OH. Five donor atoms are 

coordinated to the central Ti of the cationic moiety, and any further coordination is strongly disfavored 

by the bulk of the fert-alkoxy subunit. The specific arrangement of ligand about Ti in the cationic 

moiety makes that Ti a chiral center with the absolute configuration determined by the ligand. 

I 
Il 
D 
I 
I 
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Recently Wu and Lai published the results of their calculations to model titanium catalyzed 

epoxidation of alkenes 
[99] 

. They used nonlocal density functional methods for their calculations. 
Their calculations also support the Sharpless proposal and disagree with Corey's proposal. 
If the Sharpless model is applied to our ligand 6 containing two hydroxy groups and one ester group, 

two phenyl rings replace the second ester group. The loaded complex structure is shown below in the 

figure 63. 
Figure 63 

Probable haded complex structure of the ligand 6 

This model predicts that similar enantioselectivity should be obtained and that the epoxidation may be 

taking place by a similar mechanism as the one proposed by Sharpless. 

4.2.5 Results of the epoxidation experiments 

Unless mentioned otherwise all the epoxidation experiments were carried out using the following 

quantities of the reagents, at -18° C. 

Ligand (6,3,10,15,16) 

Dry CH2CI2 

3ÄMS 

Ti(CMPr)4 

t-BuOOH 

Cinnamyl alcohol 

0.558 mmole (1.2 eq. of Ti reagent, 0.151 g, ligand 6) 

46.5 ml (in order to make the substrate cone. 0.1M) 

0.55 g 

0.465 mmole (0.136 ml, 1.0 eq.) 

9.3 mmole (20 eq., -3M solution in isooctane) 

4.65 mmole (10 eq., 0.625 g) 
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Table 4 

T 
6 

6 

6 

6 

6 

6 

6 

9 

6 

6 

6 

10 

6 

6 

IS 

16 

substrate 

cinnamyl 
alcohol 

cinnamyl 
alcohol 

cinnamyl 
alcohol 

cinnamyl 
alcohol 

cinnamyl 
alcohol 

cinnamyl 
alcohol 

cinnamyl 
alcohol 

cinnamyl 
alcohol 

cinnamyl 
alcohol 

cinnamyl 
alcohol 

cinnamyl 
alcohol 

cinnamyl 
alcohol 
m-TFM 

cinnamyl 
alcohol' 
m-TFM 

cinnamyl 
alcohol' 
m-TFM 

cinnamyl 
alcohol' 
m-TFM 

cinnamyl 
alcohol' 

• Y! 
reagent 
Ti(O-IPr)4 

Ti(CMPr)4 

Ti(O-IPr)4 

Ti(O-IPr)4 

Ti(O-IPr)4 

Ti(O-IPr)4 

Ti(O-IPr)4 

Ti(OnPr)4 

Ti(O-IPr)4 

Ti(O-IBu)4 

Ti(O-IPr)4 

Ti(O-JPr)4 

Ti(O-IPr)4 

Ti(0-iPr)4 

Ti(O-IPr)4 

Ti(O-IPr)4 

Solvent 

CH2CI2 

CH2Cl2
0 

EtOAc 

toluene" 

toluenee 

CH2CI2 

CH2CI2 

CH2CI2 

CH2CI2 

CH2CI2 

CH2C12 

CH2CI2 

CH2CI2 

toluene 

CH2CI2 

CH2CI2 

ÔXÎ:-

reagent 
-3M 

t-BuOOH 
-3M 

t-BuOOH 
-3M 

t-BuOOH 
-3M 

t-BuOOH 
- 3 M 

t-BuOOH 
-5.5M 

t-BuOOH 
-3M 

t-BuOOH 
-3M 

t-BuOOH 
cumyl' 

hydroperoxide 
(70% in 
cumol) 

-5.0-6.0M 
t-BuOOH 
-S.0-6.0M 
t-BuOOH 

-3M 
t-BuOOH 

-3M 
t-BuOOH 

56% 
t-BuOOH 

-3M 
t-BuOOH 

~3M 
t-BuOOH 

-57TT 
100:10 

100:10 

100:10 

100:10 

100:10 

100:10 

1 :1 
stoichio. 
100:10 

100:10 

100:10 

1 :1 
stoichio. 
100:10 

100:10 

100 : 50 

100:30 

100:15 

conver­
sion3 

-40% 

-50% 

no rea. 

-60%* 

-30%* 

-50% 

-50% 

-40% 

-10% 

-50% 

-40% 

-20% 

-60%* 

-90% 

-40% 

-50% 

ee% 

68 
94b 

63 

0 

33 

34 

62 

64 

69 

7 

65 

60 

60 

37 

60n 

13 

17 

L = ligand 
S = substrate 
C = catalyst 
a = unless mentioned otherwise all yields are after chromatography without recrystallization 
b = after chromatography followed by recrystallization 
c = reaction at -5° C 
d = reaction at 20° C (RT), -60% product formation by 1H-NMR 
e = reaction at -20° C, -30% product formation by 1H-NMR 
f = m-trifluoro methyl cinnamyl alcohol as a 27% solution in toluene 
g = conversion to the epoxide determined by1H-NMR (denoted by *) or by TLC 
h = experiment performed by Mr. M. Rinderspacher. Reaction at -20° C for fourteen days. 
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The Table 4 shows the results of the epoxidation experiments. It shows that the ee of the products 

are not as high as those obtained by tartrate esters. Since the discovery of Sharpless and Katsuki no 

other ligand has been reported which gives better ee than the tartrates. 

As shown in the table 4, the diol esters 6,9 and 10, the triol 1j> and it's mono benzoyl derivative 16 

were used as the ligands. Cinnamly alcohol and substituted m-trifluoromethyl cinnamyl alcohol were 

used as substrates. The epoxidizing agent tert-butyl hydroperoxide used was in two different 

concentrations. -3.0M in isooctane (Fluka) and -5.5-6.OM in decane (Aldrich) and cumyl 

hydroperoxide (70% solution in cumol). The titanium source was Ti(0-iPr)4 and the more bulky Ti(O-

t-Bu)4. Freshly dried solvents were used. CH2CI2, toluene and ethyl acetate were used for the 

investigation. 

The effects of different parameters used can be analyzed as follows : 

Ligand : 

Among the ligands used only the diol esters 6,9 and 10 showed good selectivities. This can be 

explained by the fact that these diol esters have certain similarities with the successful tartrate esters. 

Like tartrates, they also possess two hydroxyl groups but instead of two ester groups they contain only 

one ester group. As discussed earlier the titanium metal ion builds a chiral complex in which the 

ligand, the substrate allyl alcohol and the epoxidation reagent are involved. Thus the two hydroxy 

groups and one of the two ester groups of the tartrate ester are coordinated to the central Ti metal 

ion. The second ester group is not involved in the complex formation. So allowing a similar Ti 

complex the ligands 6,9 and 10 can forni a similar structure as the one proposed for the loaded 

complex of the tartrate ester. It is obvious that the titanium ion is coordinated to the two hydroxy units 

and the ester as before and the second ester does not take part in the coordination. The replacement 

of the second ester by other groups, for example by two phenyl rings, does not hinder the complex 

formation. The hydroxy group of the substrate allyl alcohol and the oxygen from the epoxidation 

reagent are also coordinated to Ti as explained above. The reaction proceeds with the same 

mechanism to give the chiral epoxides as shown in the figure 63. 

In the procedure reported by Sharpless using the L-(+)-diisopropyl tartrate ligand, all the epoxidations 

were complete in 3.5 - 4.0 hours at -20 to -15° C. Our reaction conditions were the same as the one 

reported by Sharpless. But contrary to the Sharpless observations, where the allyl alcohol was 
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completely converted under his conditions to the epoxide, in our case only 40% of the allyl alcohol 

was converted to the epoxide and the rest remained as unreacted starting material. Longer reaction 

times did not improve the conversion. 

The activity of the catalyst prepared from the ligands 6,9 and 10 was not as high as the reactivity of 

tartrate esters. May be the two phenyl rings in the active loaded complex are now bulky and therefore 

the catalyst is less reactive than tartrate esters. 

EnanOofacial selectivity 

Figure 64 

The absolute configuration at the chiral center of all the ligands used is S. The epoxidation of 

cinnamyl alcohol with L-(+)-diisopropyl tartrate, which has R configuration at chiral centers 2 and 3, 

gives epoxy alcohol (2S-trans)-3-(m-trifluoro-methyl)-phenyloxiranemethanol. That means that a 
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ligand with the R configuration gives the epoxy alcohol with the S configuration. The epoxy alcohol, 

(2fl-trans)-3-(m-trifluorc~methyl)-phenyloxiranemethanol, was obtained by epoxidation of cinnamyl 

alcohol using the ligands 6,9 and 10 which possess the S configuration at the chiral center. This 

shows that the same enantiofacial selectivity is observed, which suggests that the reaction proceeds 

by a similar mechanism as that proposed by Sharpless. Figure 64 shows the observed enantiofacial 

selectivity. 

The comparison of the ee's of the product epoxy alcohol obtained in reactions using methyl, ethyl and 

isopropyl esters 6,9 and 10 respectively did not show any remarkable influence of the bulk at the 

ester group. All the ee's obtained were almost in the same range. 

Ti reagent : 

An experiment with a different titanium source, Ti(0-tBu)4 instead of Ti(0-iPr)4, was carried out. It 

showed that the increased bulk of the t-butyl over i-propyl had no dramatic effect on the ee of the 

product. 

Temperature and the solvent : 

Reaction in CH2CI2 at -5" C, instead of at -18° C, did not change dramatically neither the yield of the 

epoxy alcohol nor the ee. The ee was 63% and yield of epoxy alcohol 45%. 

The reaction in toluene at room temperature, maintaining the other conditions, increased the chemical 

yield. In this case the yield of the product was 60% (determined by 1H-NMR), but the ee was reduced 

to 33%. Reducing the reaction temperature to -20° C reduced the chemical yield as well. The 

conversion of the cinnamyl alcohol to the epoxy alcohol was only up to 30% (determined by 1 H-NMR) 

and the ee was practically unchanged (34%). 

No reaction took place in ethyl acetate as the titanium forms a complex with the solvent itself. Hence 

methylene chloride was found to be the best solvent. 

Epoxidizing agent : 

Changing the concentration of the epoxidation reagent from the usual -3M t-Bu hydroperoxide 

solution in isooctane to - 5 - 6M did not change the selectivity. Cumyl hydroperoxide in 70% cumol 

dramatically reduced the ee to 7%. 
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Substrate : 

Using the ligand 6 for epoxidizing m-trifluoro methyl cinnamyl alcohol under standard conditions 

produced the epoxide with an ee of 37%. In the experiment RG 1712, using the same substrate and 

an increased ratio of substrate to catalyst ( 2 :1 instead of 10:1), the reaction was nearly complete 

after fourteen days. This is in accordance with Sharpless observation that cinnamyl alcohol with 

electron withdrawing substituent undergoes epoxidation at a substantially decreased reaction rate 

[95]. 
Fresh t-BuOOH was introduced from time to time. The increased amount of ligand increased the 

selectivity. The ee was 60% of the (R,R) stereomer in this experiment. 

The experiments using the triol 15 as ligand, reduced the ee dramatically to a mere 13%. This 

reduced ee may be because there are many combinations in which the Ti ion can build complexes 

with the three OH. Hence the selectivity is dramatically reduced. When the primary OH is protected 

as benzoyl ester 16, the additional C=O provides structure with similarities to the diol esters used 

earlier. We hoped that ligand 16 may also give good ee. But with this ligand the enantioselectivity 

was disappointing (ee 17%). 
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4.3 Ene reaction : 

4.3.1 INTRODUCTION : 

The Ene reaction was discovered in 1943 by Kurt Alder 
[100] 

and classified in his Noble lecture as 
'ene synthesis ' in 1950 

[101]. 

It is a C-H bond activation and C-C bond formation reaction, which is 

very important from the synthetic point of view. It is defined as a six-electron pericyclic process 

between an alkene bearing an allylic hydrogen (an 'ene1) and an electron deficient multiple bond (an 

enophile) to forni two o-bonds with migration of the rc-bond. Figure 65 shows the ene reaction 

scheme. 
Ene reaction 

X=Y 
H 

C=O, 
/ 

\ 
C=N 

/ 

\ \ / 
C=S C=C — C = C - etc. 

/ ' / \ • 

Figure 65 

It is mechanistically related to the Diels-Alder reaction. Compared to the Diels-Alder reaction the Ene 

reaction requires higher activation energies and hence higher reaction temperatures are required. 

In terms of enophiles (X=Y), it can have a vast number of variations, e.g. C=O, C=N, C=S, C=C. 

Olefins are relatively unreactive as enophiles compared to acetylenes. Under high pressure, 

acetylene reacts with a variety of simple alkenes to form 1,4-dienes 
[102]. 

When carbonyl compounds 
are used as enophiles, alcohols are produced exclusively 

[103]. 
The intramolecular ene reactions with 

Schiff bases, the nitrogen analog of aldehydes, provide homoallylic amines 
[107] 

. Thiocarbonyl 

compounds on the other hand react to give mainly allylic sulfides rather than homoallylic thiols as 

thiocarbonyl compounds in the ene reaction form C-S rather than C-C bonds. 

From the synthetic point of view, the carbonyl ene reaction is an efficient alternative to the nowadays 

popular carbonyl addition reaction of allyl-metals for carbon skeleton construction with stereocontrol. 

Figure 66 shows both the strategies. 
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Ene strategy 

O ^ l 

R - ^ H + f 

R 

MLn* 

R 

* 

Allylmetal strategy 

M 

R 

M = R3Si, R3Sn, etc. 

Figure 66 

As mentioned earlier, the ene reaction was not popular as it required higher temperatures to activate 

the C-H a and X=Y n bonds. In the last couple of years, however, différent Lewis acids have been 

shown to as catalysts in this reaction e.g. AICI3, SnCI4, TiCI4 act as a catalyst. The other advantage 

of Lewis acid over Broensted acids is that undesired proton catalyzed side reactions e.g. cyclization of 

the product alcohol, are prevented. Here are a few examples with different enophiles and different 

Lewis acid promoters (figures 67-69) : 

SnCI4 promotes the reaction between formaldehyde and a symmetrical diene to give lavanduol in 

55% yield I104L 

Figure 67 

Snider used the complex of paraformaldehyde with Me2AICI or EtAICI2 for the formaldehyde-ene 

reaction 
[105]. 

Recently Yamamoto used the bulky aluminium reagent MAPH for the same reaction 

with superb regioselectivity. 
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Figure 68 

CT — OC» OH 

CH2OiAIMe2CI (O0C) 

CH2OiMAPH (-78"C) 

92% 41 

80% 100 

Ph Al PrT 

Me 

(MAPH) 

59 

0 

Again Yamamoto et al. developed a modified BINOL-derived aluminium reagent as a catalyst. The 

example shows the reaction of penta fluoro benzaldehyde using 20 mole% of the catalyst at -78° C in 

the presence of 4A MS (88% ee) I108 I . 

P h S - ^ 

O 

C ^ 

Figure 69 

catalyst 

MS4°A 
-78° C 

OH 

PhS CCFS 

Recently Mikami et al. discovered another BINOL- Lewis acid derived catalyst which gives ee higher 

than 90%. Figure 70 shows the reaction system. 
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Figure 70 
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The catalyst is the chiral Ti complex as shown in the figure above. It is prepared in situ from 

diisopropoxytitanium dihalide and optically pure BINOL in the presence of 4Â molecular sieves. The 

use of 10 mole% of the catalyst gave a 72% yield and 95% ee of the product alcohol ( 1 0 9 I . 

Very recently, a moisture tolerable catalyst for the same reaction which afforded very high (98% ee) 

optical purity as well as high chemical yields (93%), was reported by Nakai et al. It is prepared in situ 

by mixing Ti(0-iPr)4 and optically pure BINOL. The i-PrOH formed is removed by azeotropic 

distillation!103]. 

All the above examples showed high selectivity using a chiral dtol-Ti complex as the catalyst. We 

thought that we could use the various diols already prepared as chiral ligands, to prepare the Ti 

complex, and then use the chiral complex as catalysts in the ene reaction. In the literature some 

aliphatic diols have been reported to be used as a ligand in the ene reaction 
[111] 

. Figure 71 shows 
some of the ligands. 

Figure 71 
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4.3.2 Results and Discussion 

The Glyoxylate-ene reaction is a very efficient way for synthesizing oc-hydroxy esters. If a high degree 

of chirality can be introduced during this C-C bond formation reaction, one can very easily obtain 

chiral a-hydroxy esters, which are important chiral building blocks. We choose a-methyl styrene and 

methyl glyoxylate as the two ene starting reactants as both are very cheap starting materials and lead 

to the product which could be a starting material for ACE inhibitors. In the literature this procedure is 

very well documented using (A)-BINOL 
[110]. 

Figure 72 shows the ene reaction. 
EWE REACTION 

hexane 
TIa4 + Ti(O-IPr)4 ». 2 (!-PrO)2TIa2 

(1-PrO)2TiO2 

P Ligand(4,32,6:10 mole%) 

^Y"C H* + r A COOCH3 — * 
\\ 3 4A° MS 

- W C , CH2CI2 

Figure 72 

As shown in the above scheme, the titanium reagent was prepared by stirring the mixture of TiCI4 

and Ti(O-IPr)4 in hexane at room temperature. An exothermic reaction occurred and a white 

precipitate of the product (J-PrO)2TiCI2 separated after a few minutes. Stirring was stopped after 10 

minutes and the reaction mixture was allowed to stand for 6 hours at room temperature. The solvent 

was removed by syringe, washed once with hexane and recrystallized from hexane to get a colorless 

crystalline product. It was directly used for the reaction. 

From the literature ft is known that (R)-BINOL, an aromatic dbl, is a very efficient ligand. Instead of 

BINOL we decided to use the different diols which we had prepared during the tetra aryl glycerol 

synthesis. As a chirality inducer, the diols 4,6, and 32 were used. Diisopropoxytitanium (IV) dichloride 

was prepared as described in the literature procedure and for the ene reaction the literature procedure 

was followed as well. One experiment was performed with (S)-BINOL following the literature 

procedure I110L The result of the reactions are given in the following table 5. 
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Table 5 

No. 

1 

2 

3 

4 

5 

6 

7 

Ligand 

fS>BINOL 

without ligand, with Ti rea. 

4 

4 + tiiethyl amine (1:2) 

32 

32 + triethyl amine (1:2) 

6 

mol % 

0.5 

. 

10.0 

10.0 

10.0 

10.0 

10.0 

Temp. °C 

-35 

-35 

-40 

-40 

-40 

-40 

-40 

Time hr. 

6.0 

6.0 

6.0 

8.0 

8.0 

8.0 

8.0 

Yield %* 

33 

4 

20 

no rea. 

20 

no rea. 

20 

ee% 

80 

0 

5 

3 

2 

* = isolated yield by chromatography. The rest remained as unreacted starting material. 

The initial experiment with (B)-BINOL gave the product with 80% ee. The literature results shows 

optical yield (ee%) and chemical yield of more than 90%. Our reactions were not optimized. 

Therefore our chemical yield was low but the ee was comparable with the literature results. 

Then we repeated the same experiment using the (i PrO^TiCIg as catalyst but without any ligand 

which induces chirality in the product. The yield obtained was very low (4%) giving a racemic product. 

In the following experiments ligands 4 and 32 were used as ligands instead of BINOL The yield was 

much lower than with BINOL (20%) but still much higher than the reaction without ligand. However, 

the ee were negligible. This suggests that the ligand - Ti complex enhances the rate of the reaction. 

In BINOL, the OH protons are acidic hence it reacts with the titanium precursor rapidly to get 

complete exchange of the BINOL OH protons with the Ti reagent (by eliminating 2 iPrOH) and forms 

the chiral complex as shown in the earlier examples, which produces producing enantiomerically 

enriched product. The OH in the ligands 4, 32 and 6 are aliphatic and much less acidic compared to 

BINOL OH protons. Another reason could be that the five membered ring which a 1,2 diol would build 

with the titanium reagent may be thermodynamically disfavored. Because of this the 1,2 diol would 

react with the titanium precursor to a smaller extent and not all the ligand molecules would be 

complexed to titanium. This may be the reason for the lower chemical and optical yields. Figure 73 

shows probable complex structure. 
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Probable complex structure of dhl - titanium reagent 

(Pn-O)2TiCI2 

Figure 73 

To activate the alcohol, it was worthwhile to try to deprotonate the alcohol using some base. The 

experiments were again repeated by adding two equivalents of triethyl amine per one equivalent of 

the ligand. After addition of base the reaction mixture became slightly warm and white fumes were 

observed. The reaction mixture was stirred for ten hours at room temperature before cooling and 

adding the reagents. Unfortunately the ligand - titanium reagent exchange reaction did not take place 

at all. It may be that the amine reacted with the titanium and prevented the complex from being 

formed. 

In conclusion it can be said that this type of diol is not suitable as a ligand in the ene reaction. In the 

literature there are some examples known where aliphatic diols were used as ligands for ene reaction 

[11I]. In those cases, the ene product had ees between 4% and 44%. 
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5.0 EXPERIMENTAL PART 

5.1 General remarks : 

The characteristic physical data of the substances synthesized in this work are presented in the 

following order : Yield, Thin layer chromatography, melting point, Optical rotation, IR, 1H-NMR, 13C-

NMR, MS, Elemental analysis, HPLC. 

5.1.1 Melting point 

The melting points were measured in an open glass capillary on a Buchi 520 melting point apparatus 

and are uncorrected. The recrystallizatton solvent is mentioned in the experimental part. 

5.1.2 Chromatography 

Thin layer chromatography (TLC) 

Analytical thin layer chromatography was performed on (0.2 mm) precoated silica gel plates of the 

type Kieselgel 60 F254 with fluorescent indicator supplied by Merck, Darmstadt and the TLC was run 

in a glass chamber containing the solvent system. To develop the TLC, the spray reagent CPS was 

used. It was prepared by the following procedure : 

10.0 g of Ce (IV) sulfate tetrahydrate and 25.0 g of phosphorus molybdinic acid hydrate were added to 

70 ml of cone. H2SO4 and stirred until completely dissolved. Then this liquid was diluted 1.0 liter by 

adding deionised water, affording the lemonyellow colored CPS (Cerium Phosphor molybdnium Saure) 

reagent. It was sprayed as it is on the TLC plates. 

Flash Chromatography : 

Flash Chromatography was performed on silica gel of the type Kieselgel 60, partical size 0.040-0.063 

mm, 230-400 mesh size supplied by Merck, Darmstadt. 

5.1.3 IR-Spectroscopy 

The IR spectra were recorded on Brücket FTIR spectrometer IFS48 instrument. The samples were in 

the forni of a KBr pellet (1% sample) or in CH2C^ as 3% solution in a NaCI cuvette. The bands are in 

cm"1. The band absorption intencities are w = weak, m = medium, s = strong and br = broad. 

5.1.4 NMR-Spectroscopy 

The 1H-NMR and 13C-NMR were recorded on Brücket 250 (250 MHz) and Variati U500R (500 MHz) 

instruments. Deuteriated Chloroform (99.5 Atom% D) supplied by Dt.GlaserAG, Basel was used as 

the solvent. The chemical shifts 8 are indicated in ppm with respect to TMS. The coupling constants J 
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are in Hz. The signal multiplicities are as follows : s = Singlet, d = Doublet, t = Triplet, q = quartret, sep 

= septetet and br = broad. 

5.1.5 Massspectroscopy 

Electron Impact (El) : Finningen MAT (MAT212) 

Fast Atom Bombardment (FAB) : Finningen MAT (MAT 90) 

Field Dissorption (FD) : Finningen MAT8430 

High resolution : VG 70-SE(Fisons Instalments, Manchester) 

5.1.6 Polarimetry 

The optical rotations were measured on Perkin-Elmer 24 fand at wavelength 589 nm ( NaQ ). 

5.1.7 Elemental analysis 

Elemental analysis were performed at CIBA-GEIGY AG, Basel. 

5.1 S Chemicals and solvents 

The chemicals used were from Fluka AG ( Buchs, Switzerland), Merck (Darmstadt-D) and Aldrich 

Chemical Company, Inc. (U.S.A.). 

Chemicals: 
2,2-Dimethoxy propane 
Toluene-4- sulfonic acid.^O 
Trimethyl silyl chloride 
t-Butyldimethylsilyl chloride 
Sodium (meta) periodate 
Ruthenium(lll) chloride Hydrate 
Mg turnings for Grignard reaction 
2-Bromoanisole 
4-Bromobiphenyl 
Phenyl Mg chloride (-25% in THF) 
Imidazole 
1,1 '-Carbonyldiimidazole 
5% Pd/BaSO4 

3-Methyl-1-(p-tolyl) triazene 
Pyridine 
Benzoylchloride 
Triethylamine 
4-Dimethylaminopyridine 
Cinnamyl alcohol 
Tetraisopropyl-orthotitanate 
tert-Butyl hydroperoxide anhydrous (-3M in isooctane) 
Molecular sieve 3A, 4Ä 
Diethyl L-(+)-tarlrate 
a-methyl styrene 
Methyl glyoxylate 
Solvents : 
Acetonitrile 
Carbontetrachloride 
Diethylether 

Fluka purum 
Merck zur Analyse 
Fluka, puriss 
Fluka, purum 
Fluka, purum 
Fluka, purum 
Fluka, purum 
Fluka, purum 
Fluka, purum 
Fluka 
Fluka, puriss 
Fluka, purum 

Ciba-Geigy, Pharma 
Fluka, puriss 
Fluka, puriss 
Fluka, puriss 
Fluka, purum 
Fluka, purum 
Fluka, pract. 
Fluka, purum 
Merck 
Aldrich 
Fluka, purum 
Hoechst, France 

Fluka, puriss 
Fluka, puriss 
Fluka, puriss 
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Ethylacetate Techanical 
Ethanol Fluka, puriss 
Hexane Merck, puriss 
Methanol Fluks, puriss 
Tetrahydrofuran Fluka, puriss 
Toluene Fluka, puriss 
Toluene Techanical 

2ff?>Hvdroxv-4-phenvl-but-3-enoic acid methyl ester ( 2 ) 

OH OH 

COOH 
H+ 

MeOH1RT U 
2 

In a 2.0 liter round bottom flask, a-hydroxy acid 1 (400 g, 2.24 mole) was dissolved in 1.0 liter 

MeOH containing 1.0 M of HCl gas. The yelloworange colored solution was stirred overnight at 

room temperature. The solvent was completely removed at reduced pressure and the residue 

was redissolved in 1.5 liter ethyl acetate and washed with 10% NaHCO3 (200 ml) solution until 

free from acid. The organic phase was separated and first washed with water (2x100 ml) 

followed by brine solution (100 ml) and then dried over anhydrous Na2SO4. It was concentrated 

at reduced pressure to obtain 425 g of a red-orange oil. 

This crude product was then vacuum distilled. The pure methyl ester distilled at 110°C ( 0.18 

mbar, bath temp. 140° C) as a lemonyellow colored liquid. 

Yield :310 g (72%) 

Rf. : 0.37 ( toluene : EtOAc [4:1], blue to CPS ) 

M.p. : 27-28° C 

[a]™ : -98°(C = 4.5, CHCI3) 

IR(KBr) : 

3458s ( -OH), 1742s (ester C=O), 1261s, 1211s, 1132s, 970s, 739s, 694s. 

1H-NMR ( 250 MHz, COCI3 ) : 

7.40 -7.20 ( m, 5H, Ar ); 6.80 ( d, J = 15.0 Hz, 1H, H-C(4)), 6.25 

(dxd, J = 6.8,15.0 Hz, 1H, H-C(3)); 4.85 (t, J = 6.7 Hz, 1H, H-C(2)); 3.80 (s, 3H, esters); 3.10 

(d, J = 6.8 Hz, 1H, H-O, exchange with D2O). 

13C-NMR ( 62 MHz, CDCI3 ) : 
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173.8 (C(I)), 136.0 (C(I")), 132.3 (C(3)), 128.6 (0(31) + 0(51)), 128.0 (0(41)), 126.7 (C(2') + 

C(S")), 125.2 (C(4)), 71.3(0(2)), 53.0 (ester -OÇH3) 

MS: 

192 (M+, 58), 133 (100), 115 (60), 103 (42), 77 (56), 55 (80), 51 (52). 

2ff)Mrimetrivlsiloxv-4-Ptienvl-bul-3-enoic acid methyl ester ( 3 ) 

COOMe 
TMS-CI, imidazole 

Aceton itri Ie 
-* (T 

In a 750 ml round bottom flask hydroxy ester 2 (38.4 g, 200 mmole) and imidazole 

(20.42 g, 300 mmole) were dissolved in dry acetonitrile (400 ml) under argon atmosphere. A 

catalytic amount of N,N-dimethyl amino pyridine (DMAP) was added. A clear homogeneous 

solution was formed. Through a dropping funnel trimethyl chlorosilane (30.55 ml, 240 mmole) 

was dropwise added. At the end of the addition, a white precipitate of imidazole-HCI precipitated 

from the reaction mixture. The reaction mixture was stirred at 40" C overnight. 

The solid was filtered off and the solvent was removed at reduced pressure. The residue 

obtained was dissolved in 300 ml toluene washed once with 100 ml water followed by 50 ml 

brine solution. The organic layer was dried over anhydrous Na2SC^ and evaporated at reduced 

pressure to obtain a yellow colored liquid. It was used as it is for the next reaction. 

Yield: 53 g (90%) 

Rf. : 0.72 ( toluene : EtOAc [6:1), blue to CPS ) 

1H-NMR ( 250 MHz, CDCI3 ) : 

7.25 - 7.00 (m, 5H, Ar); 6.55 (d, J = 17.2 Hz, 1H, H-C(4)); 6.10 ( dxd, J = 6.9,17.2 Hz, 1H, H-

C(3)); 4.70 ( d, J = 6.9 Hz, 1H, H-C(2)); 3.50 (s, 3H, ester); 0.0 (s, 9H, TMS). 
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1,1.4-Triphenvl-but-3-ene-1,2fflkliol ( 4 ) 

O-TMS 

A 2.5 liter four necked reactor equipped with a thermometer, dropping funnel, magnetic stirrer, 

gas inlet/outlet was dried at 300° C by hot air blower and dry nitrogen was passed through it for 

five minutes. 

425 ml of THF solution containing 25% PhMgCI (108.48 g, 800 mmole, 25% solution in THF 

from Fluka) was transferred to the reactor. Methyl ester 3 (53 g, 200 mmole) was dissolved in 

50 ml dry THF and transferred to the dropping funnel. The reactor was cooled to -10° C with 

an ice-salt mixture. The methyl ester was added dropwise at such a rate that the temperature 

was constant between - 5° C to 0° C. The addition was complete in 1 hr. Then the reaction was 

warmed slowly to room temperature and stirred overnight. 

The reaction mixture was again cooled to 0° C and 50 ml of water was added dropwise. A white 

yellow slurry separated. 500 ml of ethyl acetate was added to the mixture followed by 1N HCl 

solution until pH 2. The whole slurry dissolved and two phases separated. The organic phase 

was separated and first washed with water (2x100 ml) until free from acid followed by brine (50 

ml), dried over Na2S04 and concentrated under reduced pressure to get a solid crude product. 

It was crystallized from hot ethanol - water mixture to afford white crystals. 

Yield : 30 g (47%) 

Rf : 0.57 ( toluene : EtOAc [4:1], blue to CPS ) 

M.p. :138-139° C 

[a]™ : + 152.7° ( c = 1.5, CH2CI2) 

IR ( CH2CI2 ) : 

3560 - 3580s, 3030m, 1600m, 1493s, 1450s, 1140s, 970s 
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1H-NMR ( 250 MHz, CDCI3 ) : 

7.65 - 7.15 (m, 15arom. H ); 6.65 (d , J = 17.2 Hz, 1H, H-C(4)); 6.20 ( dxd, J = 6.9,17.2 Hz,1H, 

H-C(3)); 5.25 ( d, J = 6.9 Hz, 1H, H-C(2)); 3.10 ( s, exchange with D2O, OH-C(I)); 2.20 (bs, 

exchange with D2O, 0H-C(2))*. 

* attribution based on line broadening of the signal at 2.20 ppm. 

13C-NMR (62 MHz, CDCI3) : 

144.6,143.6 ( C(I"), C(1")); 136.5 ( C(I'")); 133.4 (C(3)); 128.5* ( 0(3),0(5),0(3^,0(5")); 128.2 

(0(3'"), 0(5'")); 127.8, 127.3,127.1,126.8 (C(4'),C(4"),C(4'"),C(4)); 126.5 

(0(2),0(6),0(2-),0(6")); 126.0 (C(2°'),C(6"')); 80.0 (0(1); 76.6 (0(2). 

* attribution based on relative intensity. 

FD-MS: 

316 (M+,4 ), 298 (10 ), 282 ( 2 ), 184 ( 10 ), 183 ( 100 ), 182 ( 4 ) 

Elemental analysis : 

C 2 2 H 2 OO 2 Calculated 0:83.53, H : 6.37, 0:10.11 

Found C : 83.45, H : 6.35, 0 :10.41 

2-Oxc~4,4-diphenvl-5ffl)-stvrvl-f1.31dioxolane ( 5 ) 

1,1 -carbonyl diimidazole 
». 

THF, 35°C 

4 I 

In a 1.0 liter round bottom flask, 4 (22.0 g, 69.62) and N,N-carbonyl-diimidazole (45.15 g, 

278.48 mmole) were mixed and dissolved in 750 ml of dry THF to get a yellow clear solution. 

The reaction was stirred at 35° C overnight. 

The solvent was completely removed and the solid obtained was dissolved in 900 ml of ethyl 

acetate. It was washed with 10% aqueous citric acid solution (2x200 ml) until free from base, 

then washed with water (2x100 ml) followed by brine (100 ml). The organic phase was dried 
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over anhydrous NagSC^ filtered and concentrated at reduced pressure. A dark yellow viscous 

oil was obtained. It was purified over a short silica gel column using toluene as eluent. Toluene 

was removed at reduced pressure and a yeliowwhite crystalline solid was obtained. It was 

recrystallized from a ether-hexane mixture. 

Yield :21.0 g (90%) 

Rf. : 0.37 ( toluene, blue to CPS ) 

M.p. :100-101° C 

[a]™ : +216.7»(c = 1.14,CHCI3) 

IR(KBr): 

3439W*, 1786s, 1448m, 1325W, 1219m, 1198W, 1040s, 1015m, 991m, 773w, 756s, 694s, 669w, 

642w. 

* the presence of the hand at 3439 cm ' 1 could not be explained (H2O in KBr?) 

1H-NMR ( 250 MHz, CDCI3 ) : 

7.55 - 7.15 (m, 15 arom.H ); 6.85 ( d, J = 18.0 Hz, 1H, H-C(4)); 5.80 ( d, J = 6.9 Hz, 1H, HC(2)); 

5.60 (dxd, J = 6.9,18.0 Hz, 1H, H-C(3)). 

13C-NMR ( 62 MHz, CDCI3 ) : 

153.5 (C(5)carbonate); 139.9,137.4,134.7 (C(1'),0(1-),0(1*1)); 136.8 (C(3)); 128.7,128.6, 

128.5, 128.4,128.3,128.2 (C(3'),C(5'),C(3"),C(5"), ¢(/('),0(4-),0(4"')); 126.6,125.9,125.5 

(C(2'),C(6'),C(2"),C(6"),C(2'"),C(6'")); 121.3 (0(4)); 88.9 (C(I)); 86.0 (C(2)). 

An additional signal at 93.2 ppm could not be interpreted. 

MS: 

342 (M+, 62); 269 (46); 183 (48); 167 (40); 166 (96); 165 (90); 116 (96); 115 (100); 105 (85); 77 

(66); 51 (35). 

Elemental analysis : 

°23 H18 ° 3 Calculated C : 80.68, H : 5.30, O : 14.02 

Found C : 80.65, H : 5.37, O : 14.00 
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2-Oxo-5,5-diprtenvl-H ,31-dioxolane-4ffl)-catboxvlic acid methvl ester ( 7 ) 

CCI4, CH3CN, H2O 

2. MeOH, HCKgas) 

COOCH3 

The cyclic carbonate § (18.66 g, 54.66 mmole) was dissolved in a solvent mixture (40 ml CCI4, 

40 ml CH3CN, 60 ml H2O ) in a 500 ml three necked flask fitted with thermometer and 

magnetic stirrer. To this heterogenous system NaIO4 (47.84 g, 223.7 mmole, 4.1 equivalent) 

was added in portions over a period of 1 hr. The flask was then immersed in a water bath and 

RUCI3. HgO (0.429 g, 1.9 mmole. 3.5 mole%) was added portion-wise. The addition was 

completed in 15 min. After a few minutes, an exothermic reaction was observed with gas 

evolution and the temperature rose up to 45° C. After about 15 min. the temperature decreased 

and stirring was continued for one more hour. 

Then another portion of NaIO4 (11.66 g, 1.0 equivalent) was added in 10 min. followed by 

RUCI3. H2O (0.1 g) in one portion. The reaction was stirred for 6 hr. at room temperature. Then 

a 10% NaHCO3 (130 ml) solution was added to the reaction mixture. A grey reaction mixture 

was formed with evolution of gas. After stirring for 30 minutes the reaction was filtered and the 

filtrate was extracted with ethyl acetate (2x400 ml). The aqueous layer was separated and 

acidified with 1N HCl until pH 2 and extracted with ethyl acetate (3x500 ml). The organic layer 

was separated, washed with water (2x100 ml) until free from acid followed by brine (10OmI). 

The organic phase was dried over anhydrous Na2SO4 and concentrated at reduced pressure. A 

white solid consisting of a mixture of the desired acid 36 and benzoic acid was obtained 

(14.Og). 

The inseparable mixture of 36 and benzoic acid was treated with 1N HCl in MeOH, and both the 

corresponding methyl esters were obtained. Treatment with 1N HCl in isopropanol gave the 

corresponding i-Pr esters. Methyl benzoate was removed on high vacuum. The physical data for 

the methyl and isopropyl ester are as follows: 
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Yield : 8.0 g ( 50% ) 

Rf : 0.7 ( toluene : EtOAc [2:1], blue to CPS ) 

M.p. :136-137° C 

[af° : +258.7° (c = 0.987, CHCI3) 

IR (KBr ) : 

1807s, 1757s, 1232m, 1211m, 1084s, 696m. 

1H-NMR ( 250 MHz, CDCI3 ) : 

7.60 - 7.20 ( m, 10 arom H ); 5.70 ( s,1 H ); 3.35 ( s,3H, ester). 

13C-NMR ( 62 MHz, CDCI3 ) : 

166.4 (COOR); 149.5 (OCOOR); 139.4,136.6 (C(V)1C(I")); 129.5,129.1 (C(4'),C(4°)); 129.0, 

128.3 (0(31,0(5^,0(3-),0(5"));, 126.3,126.2 (0(21,0(61,0(2-),0(6"); 89.4 (0(3)); 81.7 (0(2)); 

52.5(OCH3). 

MS: 

298( M + ,20), 221(100), 121(93), 116(60), 105(68), 77(62), 44(44). 

2-Oxo-5.5-diphenvl-M .31-dioxolane-4ffl)-carboxvlic acid isopropyl ester ( 8 ) 

Yield :8.8 g (50%) 

Rf : 0.78 (toluene: EtOAc [2:1], blue to CPS) 

M.p. :175-176° C 

[af° : + 242.9° (C = 0.177, CHCI3) 

IR (KBr) : 

1809s, 1737m, 124Ow, 1213w, 1037m. 

1H-NMR ( 250 MHz, CDCI3 ) : 

7.60 - 7.20 (m, 10 arom H); 5.65 (s,1H); 4.65 (sep., J = 6.8 Hz, 1H, iPr H); 0.98 (d, J = 6.8 Hz, 

3H, CH3); 0.87 (d, J = 6.8 Hz, 3H, CH3). 

13C-NMR ( 62 MHz, CDCI3 ) : 

165.0 (COOR); 154.5 (OCOOR); 129.3,129.0 (C(4'),C(4")); 128.9,128.3(0(31), 0(51,0(3"), 

C(5")); 126.5,126.1 (C(21,C(61,C(2"),C(6")); 82.2 (C(3); 81.7 (C(2); 70.8 (CH(CH3J2); 21.2, 

20.9 (CH(CHs)2). 
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MS. 

326 (M+, 6), 183 (74), 165 (36), 105 (62), 77 (40), 43 (100) 

Elemental analysis : 

C 1 9 H 1 8 ° 5 Calculated C : 69.93, H : 5.56, O : 24.51 

Found C : 69.67, H : 5.52, O : 24.72 

3,3-Diphenvl-1.2/S)-dihvdroxv-propionic acid methyl ester ( 6 ) 

RuCI3.H20 - NaIO4 

1 

CCI4, CH3CN, H2O 

MeOH 

COOH 

HOOC 

36 

0.5 N NaOH 
4-Dio» 

(1:1) 

HOOC 

33 

Methybenzoate 

To avoid the preparation of the carbonate ester 7, the acid carbonate 36 was converted directly 

to the ester diol by carbonate group cleavage via 33. The carbonate protecting group was 

cleaved as follows : 

In a solvent mixture of 1,4-dioxane (150 ml) and H2O (150 ml) containing sodium hydroxide 

(6.0 g, 150 mmole), the mixture of acids was dissolved and stirred for 1 hr. at room 

temperature. After acidifying with 1N HCl to pH 2 and extraction with ethyl acetate (2x500 ml), 

the organic layer was washed with water (2x100 ml) until free from acid followed by brine (100 

ml) and finally dried over anhydrous Na2SO4. On concentration at reduced pressure, the diol 

acid 33 was obtained together with benzoic acid. 



90 

Diol acid 33 and benzoic acid mixture was dissolved in 100 ml methanol containing 1M HCl 

(gas) and warmed to 35° C overnight to obtain the corresponding methyl esters. After complete 

conversion, methanol was removed at reduced pressure. The methyl benzoate was removed 

from the mixture by heating at 40° C under high vacuum (0.02 mbar) overnight. 

The diol ester 6 was recrystallised from acetone : H2O mixture to get fine colorless needles. 

Yield : 7.0 g, (46% from S) 

Rf. : 0.59 ( toluene : EtOAc : Methanol [5:3:2], blue to CPS ) 

M.p. :145-146° C 

[a]™ : +146.2° (C = 0.50,CHCI3) 

IR(KBr): 

3522s, 3433s, 1713s, 1240w, 1109w, 698m. 

1H-NMR ( 250 MHz, CDCI3 ) : 

7.50 - 7.10 (m, 10 arom. H ); 4.95 ( d, J = 6.9 Hz, 1H, H-C(2)); 3.75 ( s, exchange with D2O, 

OH-C(3)); 3.45 ( s, 3H, ester); 3.25 ( d, J = 6.9 Hz, exchange with D2O, OH-C(3)). 

13C-NMR ( 62 MHz, CDCI3 ) : 

172.4 (C(I)); 142.2,142.0 (C(V)1C(I")); 127.3,127.1 (0(3^0(5^,0(3-),0(5")); 126.5,126.4 

(0(4^0(4")); 125.5,124.9 (0(2),0(61,0(2-).0(6")); 78.6 (0(3)); 74.6 (0(2)); 

51.4(ester-OÇH3). 

FD-MS: 

272 (M+, 70); 255 (12); 184 (26); 183 (100); 182 (20). 

Elemental analysis : 

C 1 6 H 1 6 ° 4 Calculated C : 70.57, H : 5.92, O : 23.50 

Found C : 70.82, H : 5.93, 0 :23.42 

The ethyl ester 9 and isopropyl 10 esters were similarly prepared by treating the acid mixture 

with 1N HCl in ethanol or isopropanol, respectively. Their physical data are as follows : 
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3.3-Diphenvl-1.2fS)-dihvdroxv-proDionic acid ethyl ester ( 9 ) 

Yield :6.94 g (45% from 5) 

Rf :0.53 (toluene: EtOAc [2:1], blue to CPS) 

M.p. :152-153° C 

[af° : + 127° ( e = 1.026, CHCI3 ) 

IR (KBr ) : 

3539m, 3416m, 1714s, 1449W, 1227m, 1169W, 1107W, 768W, 70Om. 

1H-NMR ( 250 MHz, CDCI3 ) : 

7.60 - 7.20 (m,10 arom H); 5.05 (d, J = 6.8 Hz, 1H, H-C(2)); 3.95 (Ax B x q, J = 7.0,12.5 Hz, 

2R-CH2- ); 3.80 (s, exchange with D2O, t-OH); 3.35 (d, J = 6.8 Hz, exchange with D2O, sec-

OH); 0.90 ( t, J = 7.0 Hz, 3H, -CH3) 

13C-NMR ( 62 MHz, CDCI3 ) : 

172.5 (COOR); 142.9,142.4 (C(V)1C(I")); 127.7,127.5 (0(3^,0(5^,0(3-),0(5")); 127.0,126.8 

(C(4'),C(4")); 125.9,125.5 (0(2^,0(60,0(2^,0(6")); 79.0 (C(3)); 74.9 (C(2)); 61.2 (-CH2CH3)); 

13.0 (-CH2CH3). 

FDMS: 

286 (M+,61), 183 (62), 182 (100) 

Elemental analysis : 

C 1 7 H 1 8 ° 4 Calculated C : 71.31, H : 6.34, 0 : 22.35 

Found C : 71.38, H : 6.29, O : 22.31 

3,3-DiphenvH.2fSKlihydroxv-propionic acid isopropyl ester ( 10 ) 

Yield :7.8 g (48% from 5) 

Rf : 0.57 (toluene: EtOAc [2:1], blue to CPS) 

M.p. :177-178° C 

[a]" : +125° (c = 0.951, CHCI3) 

IR (KBr ) : 

3536m, 3400m, 1706s, 1240m, 1106m, 749w, 698m 
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1H-NMR ( 250 MHZ, CDCI3 ) : 

7.60 - 7.20 (m,10 arom H); 5.00 (brs,1 H,H-C(2)); 4.85 (sep., J = 6.8 Hz, 1 HJ-Pr.); 3.80 

(s.exchange with D20,t-OH); 3.35 (s.exchange with D2O, sec-OH); 1.10 (d, J = 6.8 Hz, 

3H, i-Pr.); 0.80 (d, J = 6.8 Hz, 3H, i-Pr.) 

13C-NMR (62 MHz, CDCI3): 

172.3 (COO-iPr.); 143.1,142.3 (C(V)1C(I")); 127.6,127.4 (C(3'),C(5'),C3"),C(5")); 126.8,126.7 

(0(40,0(4")); 125.7,125.4 (0(20,0(60,0(2-),0(6")); 81.0 (C(3)); 74.7 (0(2)); 69.3 (CH(CHs)2); 

20.8, 20.3 (CH(Ç_H3)2)). 

FD-MS: 

300 (M+,100), 184(38), 183(10) 

Elemental analysis : 

c18 H20 ° 4 Calculated C : 71.98, H : 6.71, O : 21.31 

Found C : 72.00, H : 6.59, O : 21.35 

2fô),3-Bis-ftrimethvlsiloxv)-3,3-diphenvl-propionic acid methyl ester ( 11 ) 

TMS-CI 

imidazole 

DMAP H3COOC 

THF, 70" C 

In a 50 ml round bottom flask, the diol methyl ester 6 (200 mg, 0.735 mmole) was dissolved in 

20 ml of THF. To this solution imidazole (0.23 g, 3.38 mmole) and a catalytic amount of N1N-

dimethyl amino pyridine (DMAP) were added. Then TMS-CI (0.3 ml, 2.2 mmole) was added 

dropwise with stirring. The reaction was heated and stirred overnight at 70° C. The solvent was 

completely evaporated, and the residue was dissolved in 50 ml of ethyl acetate. The solution 

was washed with water ( 50 ml ) followed by brine (25 ml) and dried over anhydrous Na2SO^ 

On evaporating the solvent, the product was obtained as solid. 

Yield : 0.275 mg (90%) 



93 

Rf : 0.74 ( toluene : EtOAc, [6:1]; blue to CPS) 

[a]™ : + 86.3° ( C = 0.78, CHCI3) 

IR(KBr): 

1766m,1252w, 1202W, 1148s, 1128w, 880m, 841s, 752w, 701w 

1H-NMR ( 250 MHz, CDCI3 ) : 

7.45 - 7.25 ( m,10 atom H ); 5.15 ( s,1H ); 3.40 ( s,3H, ester ); 0.20 ( s,9H,TMS ); 

0.00 ( s,9H,TMS ) 

13C-NMR (62 MHz, CDCI3): 

171.4 (ÇOOR); 145.5,144.9 (C(IO1C(I')); 128.1 (0(4),0(4")); 127.5,127.2 (0(2),0(61), 

02-),0(6")); 127.0,126.9 (C(3'),C(5'),C(3"),C(5")); 82.5 (0(3)); 51.2 (0(2)); 2.1, 0.0 (Si(£H3)3). 

MS: 

439.2 ( MNa+ ) 

1.1-bis(biphenvl)-3,3-bis(phenvl)-1,2fS).3-propanetriol (12) 

OH 

H3COOC-
Biphenyl MgBr 

I THF, 0° C 

6 IZ 

In a previously dried three necked 250 ml flask fitted with thermometer, dropping funnel, argon 

inlet / outlet and a magnetic stirrer, the Grignard reagent biphenyl MgBr ( 0.64M in THF, 34.46 

ml, 22.0 mmole) was added with 100 ml of dry THF. The diol methyl ester 6 (1.0 g, 3.67 

mmole) was dissolved in 50 ml of THF and transferred to the dropping funnel. 

The flask was cooled to - 5 to 0° C and 6 was added to the Grignard solution over 30 min. A 

dark pink-violet colored reaction mixture was obtained. The reaction mixture was allowed to 

warm to room temperature, and stirring was continued for another 30 min. Then 20 ml of water 

was added to the reaction slowly. A white precipitate was formed. 60 ml of ethyl acetate was 

added and stirring was continued for a while. The precipitate was filtered off and washed with 
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ethyl acetate (2x 100 ml). The combined organic layers were washed with water (1x 50 ml) until 

neutral, followed by brine ("Ix 25 ml) and dried over anhydrous Na2S04. The solvent was 

removed at reduced pressure to get the crude product (4.7 g). 

The mixture was chromatographed on silica gel column using toluene as eluent. The polarity of 

the eluent was increased gradually up to toluene : ethyl acetate 4:1. The pure trio] 12 was 

obtained as a colorless oil. 

Yield : 0.2 g. (10%) 

Rf. : 0.52 (toluene : EtOAc [6:1 ], blue to CPS) 

[af° : -10.7 °(c = 0.244, CHCI3) 

IR (KBr) : 

3400s, 304Ow, 302Ow, 1485s, 1450w, 835w, 760s, 740m, 695s. 

1 H- NMR ( 250 MHz, CDCI3 ) : 

7.70 - 6.70 (m, 28 arom. H); 5.80 ( s,1H, H-C(2)); 5.00 ( s, exchange with D2O, two -OH ); 

2.95 (brs, exchange with D2O, one -OH ). 

13C-NMR ( 62 MHz, CDCi3 ) : 

146.3,145.2, 143.4,142.2,141.0, 140.4, 139.7, 138.4, 128.7,128.5, 128.4,128.2, 127.4, 

127.3,127.1,127.0,126.9,126.8,126.3,126.2,126.1,125.8,125.7,125.4 (C(arom)); 82.3 

(C(D); 82.1 (C(3)); 75.5 (C(2)). 

MS: 

(PD MS) (M+Na)+ 572 (M+ = 548.7) 

High resolution MS : 

M+Li+ = 555 

Molecular formula found by High resolution MS is C39H32O3 

Method : FABPKMTCH 

Instrument : VG 70-SE (Fisons Instruments, Manchester) 

Optical purity : 

99.5 % ee by HPLC analysis 

HPLC analysis parameters : 

R) 12.58 min. 

HPLC column Chiralpak AD ( 25 x 0.46 cm ) 
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Mobile phase 

Flow rate 

Detection 

Hexane : lsopropanol 8:2 

1 ml/min. 

UV 220 nm 

Along with the triol two by products ( 13 and 14 ) were isolated and identified as the triol 

fragmentation products. 

1,1-bis(phenvn-1-biphenvl-methane-1-ol ( 13 ) 

13 

Yield : 0.46 g (38%) 

Rf : 0.65 ( toluene : EtOAc [6:1], pink-orange to CPS) 

[a ] D : no rotation 

IR (KBr ) . 

3660s, 3439br, 1487m, 1447w, 1157w, 1009m, 770s, 727s, 689w, 635w. 

1H-NMR ( 250 MHz, CDCI3 ) : 

7.60- 7.30 ( m, 19 arom H ); 2.85 (s, exchange with D2O). 

MS: 

336 (M+, 86), 259(96), 231(45), 181(45), 105(100), 77(67). 

1-biphenvl-2-hvdroxv-1-ethanone ( 14 ) 

O 

HOCH2 / Jj 

Yield : 0.23 g (30%) 

Rf : 0.30 (toluene: EtOAc [6:1], blue to CPS) 
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[a]D : no rotation 

IR (KBr ) : 

3423s, 3387s, 1686s, 1603m, 1234w, 1209w, 1109m, 976m, 764s. 

1H-NMR ( 250 MHz, CDCI3 ) : 

7.85 (q, J = 10.3 Hz, 4H, p-sub. arom ); 7.65 - 7.40 ( m, 5 arom H ); 4.90 (d, J = 5.5 Hz, 2H ); 

3.60 ( t, J = 5.5 Hz, exchange with D20,1-OH ). 

13C-NMR ( 62 MHz, CDCI3 ) : 

197.2 (S=O); 146.2 (C(V)); 138.8 (C(V)); 131.3 (C(4')); 128.3 (0(4")); 127.8,127.5 126.8, 

126.5(0(2^,0(2^,0(31,0(3-)0(51,0(5"), 0(61,0(6-);, 64.7 (CH2OH). 

MS: 

212 (M+, 28), 181 (100), 153 (58), 152 (70) 

1,1-bis(phenvt)-propane-1,2ffl).3-triol (15) 

OH 

JL 0H 

H a C O O C - ^ ^ / 1- LiBH4 

\ / ^sJ ™F' RT 
_ 2. HCl 

S 15 

To a 100 ml two necked dry flask equipped with dropping funnel, magnetic stirring bob and 

argon inlet / outlet, LiBH4 (0.186 g, 8.53 mmol) was added followed by 20 ml dry THF to get a 

suspension. 6 (1.0 g, 3.67 mmol) was dissolved in 27 ml dry THF and transferred to the 

dropping funnel, and then added dropwise at room temperature with vigorous stirring over 20 

minutes. Stirring was continued for 6 hr. 

An aqueous solution of 2N HCl was dropwise added to obtain pH 1. Then the reaction mixture 

was extracted with ethyl acetate (2x150 ml). The organic layer was washed with water (2x50 

ml) until acid free followed by brine solution (50 ml), dried over Na2SO4 and evaporated at 

reduced pressure to get the crude product. 
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The crude product was chromatographed over 100 g silica gel using toluene, ethyl acetate 2:1 

mixture as eluent. The polarity of the eluent was slowly increased up to (1:1) toluene : ethyl 

acetate. A white crystalline solid was obtained and recrystaliised from toluene. 

Yield : 0.67 g (77%) 

Rf : 0.1 ( toluene : EtOAc [2:1], blue to CPS) 

M.p. :114-115° C 

[a]™ : + 141 ° (c = 0.988, CHCI3) 

IR(KBr): 

3326br, 1449s, 1104m, 1046m, 754s, 698s, 667m, 639m. 

1H-NMR ( 250 MHz, CDCI3 ) : 

7.60 - 7.15 ( m,10 arom H ), 4.55 ( m, 1H, HC(2) ), 4.05 ( s.exchange with D2O, t-OH ), 

3.60 - 3.40 ( m, 2H, H2C(3)), 3.35 ( d, J = 4.0 Hz.exchange with D2O, sec-OH), 

2.80 ( bs, exchange with D2O, pri.-OH ). 

13C-NMR ( 62 MHz, COCI3 ) : 

144.5,143.1 (0(1),0(1")); 127.8,127.7 (C(3),C(5),C(3"),C(5")); 126.6,126.3(0(4),0(4")); 

125.7,124.6 (C(2),C(6),C(2"),C(6")); 79.4(0(1)); 73.4 (0(2)); 62.40 (0(3)). 

FD-MS: 

244 (M+,54), 185(100), 182(30) 

Elemental analysis : 

c 1 5 H16 ° 3 Calculated C : 73.75, H : 6.60, O : 19.65 

Found C : 74.02, H : 6.62, O : 19.51 

3-(Q-benzovn-1.1 -diPhenvl-oropane-1.2(WkIiOl (16) 

OH 
u n 1 O H 

M U \ / ^ \ y Benzoylchloride 

f/ \ \ I /) Pyridine 
X = / ^ ^ -50CCH2CI2 

15 IS 
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In a 100 ml three necked dry flask under argon atmosphere, J5 (0.976 g, 4.0 mmole) was dissolved in 

80 ml of dry CH2CIj. To the clear solution pyridine (0.484 ml, 6.0 mmole) was added by a syringe. 

The system was cooled with an salt-ice bath to - 5° C and benzoyl chloride 

(0.464 ml, 4.0 mmole) was added dropwise by a syringe. This addition was completed in 10 minutes. 

The reaction was slowly warmed to room temperature and stirred for 2 hr. 

The solvent was removed at reduced pressure and the solid obtained was dissolved in 150 ml of ethyl 

acetate. This solution was washed with aqueous 2N HCl solution until the pH of the aqueous phase 

was about 1. The organic phase was separated and washed with water (2x 50 ml) followed by 50 ml 

brine solution. The organic layer was dried over anhydrous Na2SC^ and concentrated at reduced 

pressure to afford a white solid. The white solid was purified by flash chromatography over silica gel 

using toluene as a eluent. The polarity of the eluent was slowly increased up to toluene : ethyl acetate 

(2:1). 

Yield :1.0 g (72%) 

Rf : 0.5 (toluene: EtOAc [2:1], blue to CPS) 

M.p. :90-91° C 

[a]™ : + 80.2° (c = 0.978, CHCI3) 

IR(KBr): 

3540m, 3486br, 1716s, 1698s, 1449s, 1332m, 1283s, 1178W, 1165w, 1120m, 1071m, 1026w, 984w, 

893w, 751s, 697s, 661W, 639w. 

1H-NMR ( 250 MHz, COCI3 ) : 

8.00 - 7.15 ( m, 15 arom H ), 5.00 (d x d, J = 2.7,8.9 Hz,1H, H-C(2)), 4.43 (d x d, J = 8.9,11.7 Hz,1H, 

H A - C ( 3 » , 4.27 (d x d, J = 2.7,11.7 Hz, IH , HB-C(3)), 3.30 (s, exchange with D20, HO-C(2) ), 2.95 

(brs, exchange with D2O, HO-C(I) ) 

13C-NMR ( 62 MHz, CDCI3 ) : 

164.5 (benzoyl); 145.1,142.8 (C(IXC(I")); 133.2 (C(4"'));129.7,128.6 (C(1'"),C(2'"),C(6'")); 128.5, 

128.48,128.4 (0(30,0(51,0(3^,0(5-),0(3^),0(5")); 127.3,127.2 (C(4')C(4")); 126.2,125.4 

(0(21,0(6^,0(2^),0(6°)); 79.0 (C(3)); 73.8 (0(2)); 66.6 (C(I)). 

FD-MS: 

348 ( M+, 6 ); 305 ( 42 ); 183 ( 100 ); 165 ( 38 ). 
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1.1.4-triphenvl-1,2fflklihvdroxvbutane (32) 

H21 Pd -BaSO4 

ElOAc, RT 

OH 
PhMgCI, THF 

00C9H= »• 
* -StOO0C 

31 32 

In a SO ml round bottom flask fitted with a H2 inlet / outlet and equipped with a magnetic stirrer, 4 

(1 .Og, 3.16 mmole) was dissolved in 25 ml of ethyl acetate. To this clear solution 5% Pd on BaSO4 

(0.2 g) was added. This suspension was stirred at room temperature and hydrogen was continusly 

bubbled into the reaction. After about 90 minutes the reaction had consumed 71.31 ml of hydrogen 

(theory 70.89 ml), and no further consumption was observed. The suspension was filtered and the 

filtrate was evaporated at reduced pressure. A white solid was obtained. It was recrystallized from 

ethanol. 

Yield :0.96 g (96%) 

Rf : 0.57 (toluene: EtOAc [4:1], blue to CPS) 

M.p. :122-123° C 

[a]o : + 95.3° (c = 0.937, CHCI3) 

IR (KBr ) : 

3569m, 3485m, 1494w, 1448w, 749s, 699s 
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1H-NMR ( 2SO MHz, CDCI3 ) : 

7.60 - 7.10 ( m, 15 arom. H ); 4.55 (d x d, J = 10.0, 3.5 Hz, 1H, HC(2»; 3.00 (brs, exchange with 

D2O, -OH ); 2.70 - 2.55 ( m,2H,H2C(4)); 1.90 -1.60 ( m, H2C(3), -OH ). 

13C-NMR ( 62 MHz, CDCI3 ) : 

145.6,143.5,141.8 (C(1'),C(1"),C(1")); 128.7,128.5,128.3,128.2,127.2,126.8,126.0,125.9,125.5 

(9 arom); 80.0 (C(I)); 74.8 (C2)); 32.4 (C(3)); 31.7(C(4)). 

FD-MS: 

318 ( M+ , 100 ), 183 (37), 166 (20) 

Elemental analysis : 

C2 2 H 2 2 O2 Calculated C : 82.99, H : 6.96, O : 10.05 

Found C : 82.91, H : 6.84, O : 10.07 

The same product 32 was also obtained by the reaction of PhMgCI with 3J. as follows : ( 31 was 

available from Kuraray Co., Japan in 99% ee) 

A dry 250 ml three necked round bottom flask under argon atmosphere was fitted with a 

thermometer, a dropping funnel and magnetic stirring bob. 31. ( 10.4 g, 50 mmole ) was added 

to the flask and dissolved in 100 ml dry THF. PhMgCI (23.95 g as a 25% solu. in THF, 175 

mmole) was transferred to the dropping funnel. With the help of a salt-ice bath the reaction flask 

was cooled to -10° C. The Grignard reagent was added to the vigorously stirred reaction mixture 

over 40 minutes. After the addition was complete, the reaction temperature was allowed to 

increase slowly to room temperature and stirring was continued for eight hours. The reaction 

was again cooled to 0° C and 70 ml of 10% NH4CI was dropwise added. A precipitate 

separated. The pH of the reaction was adjusted to pH 2 by adding 2N HCl, then the reaction 

mixture was extracted with ethyl acetate (2x 250 ml). The organic layer was separated and 

washed with H2O (2x 50 ml) followed by 50 ml of brine solution. The organic layer was dried 

over anhydrous Na2SO4 and the solvent was removed at reduced pressure to afford 14 g of 

crude product. The crude product was recrystallized from ethanol. All the physical data were 

exactly the same as for the product 32 . 

Yield :94% 
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2.2-Dimethvl-4.4-diphenvl-5ffl)-stvrvl-H,31dioxolone ( 17 ) : 

OH 

(CH3I2C(OCH3J2 

p-toluene sulfonic acid. H2O 
• 

THF 

4 17 

In a 250 mi round bottom flask, diol 4 (18.96 g, 60 mmole) and 2,2-dimethoxy propane 

(50 ml, excess) were dissolved in 110 ml of THF. A catalytic amount of p-toluene sulfonic acid. H2O 

(200 mg) was added to it and the reaction was stirred overnight at room temperature. 

The reaction mixture was added to 250 ml of ethyl acetate. The organic phase was washed once with 

40 ml of 10% NaHCO3 solution. The organic layer was separated, washed with water followed by 

brine solution and finally dried over anhydrous Na2SO^ The solvent was removed under reduced 

pressure to obtain 20 g of crude yellow product. The crude product was purified by flash 

chromatography over silica gel using toluene as eluant and recrystallised from n-hexane to get 

colorless needles. 

Yield :18 g (84.2%) 

Rf : 0.65 ( toluene, blue to CPS ) 

M.p.: 85-86° C 

ral2° = +185.0° (c = 0.9, CHCI ) 

IR(KBr): 

3084W, 3049W, 2990m, 2889w, 1489m, 1447m, 1369m, 1265m, 1211s,1180m, 1167m, 1086w, 

1047s, 1022s, 970s, 891s, 750s, 700s. 

1H-NMR ( 250 MHz, CDCI3 ) : 

7.60 - 7.10 (m, 15 arom. H ); 6.80 (d, J = 13.8 Hz, 1H, PhCH=CH) 5.70 ( dxd, J = 6.9,13.8 Hz, 1H, 

PhCH=CH ); 5.30 (d, J = 6.9 Hz, 1H, HC(2)); 1.80 (s, 3H); 1.40 (s, 3H ). 

13C-NMR ( 62 MHz, CDCI3 ) : 

145.5 ; 142.7, 136.3 (C(1'),C(1"),C(1 "')); 134.3 (C(I)); 128.5, 128.1, 128.0, 127.7, 127.4 

(C(3'),C(5'),C(3"),C(5"),C(3",),C(5",));127.2,127.1,126.7,126.2(C(4'),C(4"),C(4",),C(2'),C(2"),C(2");109. 

1 (C(4)); 93.5 (C(CH3J2); 87.6(C(3)); 85.9 (C(2)); 27.0 (-CH3); 25.7 (-CH3). 
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MS: 

356 (M+ ), 224 (30), 175 (40), 165 (62), 159 (48), 156 (18), 131 (22), 116 (68), 115 (80), 105 (46), 91 

(16),77(48),55(16),43(40). 

Elemental analysis: 

C 2 5 H 2 4 ° 2 Calculated 0:84.24 H :6.79 0:8.98 

Found C : 84.07 H : 6.62 0:9.00 

2.2-Dimethvl-5.5-diDhenvl-H,31dioxolane-4fS)-carboxvlic acid melhvl ester 118 ) 

1.) NaIO4, RuCI3 

CCI4, CH3CN, H2O 

2.) H+, MeOH 

H 18 

"Styryl acetonide" 17 ( 9.0 g, 25.28 mmole ) was transferred to a 500 ml four necked reactor and 

dissolved in the solvent system (CCI4| 75 ml + CH3CN, 75 ml + H2O, 110 ml [1.0:1.0:1.5) ). This 

biphasic system was vigorously stirred at room temperature. Solid NaHCO3 (21.0 g, 250.0 mmole) 

was added to it in one portion. Then NaIO4 ( 48.65 g, 227.5 mmole ) was added in small portions over 

one hour. After fifteen minutes, RuCI3. H2O (1.71 g, 8.24 mmole, 0.3 eq.) was added to the reaction 

in one portion. Stirring was continued for twelve hours, over which time the reaction color slowly 

changed to gray yellow. 100 ml of H2O was added and the reaction mixture was stirred for another 

fifteen minutes. The mixture was filtered over celite and the filtrate was extracted with 250 ml of ethyl 

acetate. The aqueous layer was separated and acidified with 2 N aqueous HCl to pH 2. The aqueous 

layer was again extracted with ethyl acetate (3 x 250 ml). The organic layer was separated, washed 

with H2O (2 x 75 ml) until free of acid followed by brine solution (50 ml) and finally was dried over 

anhydrous Na2SO4 On evaporation at reduced pressure a white crystalline mixture of the desired 

acid and benzoic acid was obtained (6.1 g). 
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The mixture of benzoic acid and the desired product was dissolved in 100 ml of methanol containing 

1.0 M (3.55 g) of HCl and stirred at room temperature overnight to convert both acids to their 

corresponding methyl esters. Then methanol was completely removed at reduced pressure. The 

residue was heated at 40° C under high vacuum (0.01 mbar) for four hours until most of the methyl 

benzoate had been removed. The remaining solid was flash chromatographed on a silica gel column 

with toluene. The polarity of the eluent was slowly increased to 10% ethyl acetate and the pure methyl 

ester was obtained as a white crystalline solid. Recrystallisation from n- hexane gave white colorless 

crystals. 

Yield : 3.0 g ( 38%) 

Bf :0.76 (toluene/EtOAc/MeOH [5:3:1], blue to CPS) 

M.p. :74-75° C 

[a ] " = + 218.2°(c = 1.14, CHCI3) 

IR(KBr) : 

2986W. 1734s, 1445m, 1383m, 1269s, 1246W, 1221s, 1184W, 1094m, 1043m, 1024m, 864W, 756m, 

698s, 609W. 

1H-NMR ( 250 MHz , CDCI3 ) : 

7.70 (d, J = 6.8 Hz, 2 arom. H ), 7.45 - 7.20 (m, 8 arom. H), 5.40 (s, 1H ), 3.25 (s, 3 H, methyl ester H 

), 1.85 (s, 3 H, methyl H ), 1.20 (s, 3H, methyl H ). 

13C-NMR ( 62 MHz, CDCI3 ) : 169.4 (ester C=O), 144.4 (C(V)); 141.7 (C(I")), 128.2, 127.7 

(C(4'),C(4")); 127.6, 127.5 (C(3'),C(5'),C(3n),C(5")); 127.2, 127.0 (C(2'),C(6'),C(2"),C(6"); 111.3 (-

£(CH3)2), 88.9 (C(3)); 84.0 (C(2)); 51.7 (ester-CH3), 26.9 (-CH3), 25.9 (CH3). 

MS: 

312 (M+), 236(22), 235(100), 217(21), 177(58), 165(24), 149(30), 130(88), 121(58), 105(56), 77(50), 

73(100), 59(28), 51(20), 43(70). 

Elemental analysis : C i g H 2 o 0 4 

Calculated C : 73.06 H : 6.45 0:20 .49 

Found C :72.76 H : 6.34 0:20.69 
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Method Il : 

The methyl esters 18 was also prepared using 3-methyl-1-(p-Tolyl) triazene [H3C-Ph-N=N-NHCH]. 

The 6.0 g acid mixture was dissolved in 100 ml of CHgCI2. Triazene ( 5.7 g, 3 equivalents) was 

dissolved in 35 ml of CHgCIg and added dropwise to the above solution over 15 minutes. Nitrogen 

evolution was observed. The reaction was stirred at room temperature overnight, then it was added to 

200 ml ethyl acetate. The organic phase was washed with 2N HCl until the mixture was free from the 

byproduct toluidine . The organic layer was washed with HgO until free of acid ( 2x100 ml ) followed 

by brine solution (50 ml). 4.0 g of crude substance was obtained on removing the solvent. It was dried 

at reduced pressure and silica gel chromatography in toluene/ ethyl acetate (9:1) gave 3.2 g 

acetonide methyl ester 18 (51.28 %). All the analytical data tallied exactly with the data of the product 

obtained by the first method. 

Bis-biDhenvl-4-vH2.2-dimethvl-5,5-diphenvl-M.31dioxolan-4(-vl)-methanol ( 19 Ì 

H3COO 
Biphenyl MgBr 

» 
O0CTHF 

IS l i 

A 350 ml four necked reactor fitted with a dropping funnel, thermometer and a magnetic stirring bob 

was dried under nitrogen atmosphere. Grignard reagent was prepared in dry THF solution using 4-

bromo-biphenyl ( 6.52 g, 28 mmole ) and Mg turnings ( 0.72 g, 30 mmole). The acetonide methyl 

ester 18 ( 1.84 g, 5.89 mmole ) was dissolved in 25 ml dry THF and transferred to the dropping 

funnel. The reactor was cooled to -10° C. The dropwise addition was completed in fifteen minutes at 

0° C. The reaction was slowly warmed to room temperature and stirring was continued for another 

hour. 10 ml of water was added dropwise while controlling the temperature below 30° C. The reaction 

mixture was stirred for ten minutes, then 10% aqueous citric acid solution was added till pH 5.5. The 

reaction mixture was extracted with ethyl acetate (2 x 20 ml). The organic layer was washed with 

water (2 x 75 ml) till neutral, followed by brine solution (50 ml). Reaction mixture was dried over 
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anhydrous Na2SC>4 and evaporated at reduced pressure to provide yellow crystalline product. The 

product was purified by flashchromatography utilizing first hexane as eluent, then the polarity of the 

eluent was increased by adding toluene until a ratio of hexane : toluene (2:3) was achieved. 

Yield: 3.1 g (89 .8%) 

Rf : 0.37 ( toluene : n-Hexane [2:3], blue to CPS ) 

M.p. : 106-1070C 

[a]ß = + 60.7° ( c = 1.0, CH2CI2 ) 

IR ( 3% in CH2CI2 ) : 

3550m , 3020m, 160Ow, 1490s, 1390s, 1215s, 1175s, 110Ow, 1050s, 1020m, 1010m, 97Ow, 900w, 

870w, 830m 

1H-NMR (250 MHz, CDCI3): 

7.60 - 6.75 (m, 28 arom H ), 6.00 ( s, 1H, H-C(2) ), 2.95 ( s, exchange with D2O, -OH ), 

1.75 ( S, 3H, -CH3 ), 1.15 ( s, 3H, -CH3 ) 

13C-NMR ( 62 MHz, CDCI3 ) : 

147.6, 144.6, 144.2, 141.3, 140.9, 140.7, 139.3, 138.9 128.7, 128.6, 128.3, 128.0, 127.2, 127.1, 

127.0,126.9,126.8,126.6,126.5,126.4,126.2 (aromatic); 108.6 (CH(CH3)2)); 88.6 (C(I)); 

86.9 (C(3)); 78.1 (C(2)); 27.0 (CH3); 26.3 (CH3). 

ESI-MS : 

611 ( 100, MNa+ ), 321 (28), 301 (35), 289 (65) 

High resolution MS : 

M+Na+=611 

Molecular formula found by High resolution MS is C42H3603 

Method : FABPKMTCH 

Instrument : VG 70-SE (Fisons Instruments, Manchester) 
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2,2-Dimethvl-4.4-dÌphenvl-5-(2.2.bÌPhenvl-vinvlM1.3ldioxolone (20) 

OH 9 

H+ 

THF 

19 20 

The above alcohol 19 ( 0.587 g, 1.0 mmol ) was dissolved in 15 ml of THF to get a colorless clear 

solution. To this 1.5 ml of 1N aqueous HCl was added and the mixture was stirred at room 

temperature for 10 hours. No reaction was observed, therefore the reaction mixture was refluxed for 8 

hours, which afforded the product in very good yield. 

Yield : 0.5 g (90%) 

M.p. : 174-175° C 

1H-NMR ( 250 MHz, CDCI3 ) : 

7.60 - 6.70 ( m, 28 arom H ), 1.50 ( s, 6H, -CH3 ) 

13C-NMR ( 62 MHz, CDCI3 ) : 

151.4, 142.3, 141.0, 140.9, 139.0, 138.7, 138.4, 136.9, 131.4, 129.4, 129.1, 128.7, 128.6, 127.4, 

127.0,126.9,126.8, 126.5,126.2 (aromatic); 113.4 (C(I)); 111.1 (C(CH3)2)); 92.4 (C(3)); 90.3 (C(2)); 

27.6 (CHg)2. 

MS: 

570 ( M+ , 72); 512 (40); 485 (38); 484 (100); 331 (32); 330 (80); 43 (38). 

2fS),3-dihvdroxv-3.3-diphenvl- propanoic acid methyl ester ( 6 ) 

H3COOO 

60'C 

MeOH 

- • • H3COOO 
+ H3COOC 

II 21 
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The acetonide methyl ester 18 ( 1.2 g, 3.84 mmole) was dissolved in methanol containing 1M HCl gas 

and heated at 500C overnight. Along with the desired product 6 the methyl ether 21 was formed. To 

avoid more sideproduct formation, the solvent was completely evaporated at this stage and the crude 

product was chromatographed on silica gel in toluene and polarity of the eluent was slowly increased 

until it reached upto toluene I ethyl acetate (6:1 ). 

Yield : 0.26 g ( 26% ) 

The recovered starting material is reacted again with fresh methanol containing 1M HCi gas. This 

time 

0. 227 g (22.7%) of product and 0.09 g (8.2%) of byproduct was isolated. 

The product was recrystallised from acetone IH2O mixture. 

Rf : 0.2 ( toluene : EtOAc [9:1]. blue to CPS ) 

M.p.:145-146°C 

[a] J = + 146.2° (C = 0.5, CHCI3 ) 

The product analytical data (M.p., 1H-NMR, 13C-NMR, MS, elemental analysis) tallied exactly with 

the analytical data of the product 6 obtained by the carbonate route. 

The byproduct was isolated and characterized to be 3,3-diphenyl-3-methoxy-2(S)-hydroxy-propionic 

acid methyl ester 2 1 , the mono methoxy derivative of the diol ester 6. 

1H-NMR ( 250 MHz, CDCI3 ) : 

7.40 - 7.20 ( m, 10 arom H ), 5.15 ( d, J = 6.8 Hz, 1H, H-C(2)), 3.60 (s, 3H, ester ), 3.10 (s, 3H, -

OCH3 ), 2.95 ( d, J = 6.8 Hz, exchange with D2O, -OH ), 

13C-NMR ( 62 MHz, CDCI3 ) : 

171.8 (ester C=O), 139.5,138.8 (C(T)1C(I")), 127.9, 127.5, 127.2, 126.8, 126.7, 126.5 (aromatic), 

83.9 (C(3)), 72.8 (C(2)), 51.4, 51.3 (OCH3) 

2ff?)-Tert.butvldimethvlsiloxv-4-phenvl-but-3-enoic acid methyl ester ( 22 ) 

OH TBDMCI O-TBDMS 
Imidazole ^ -~ I 

"COOCH3 • \ \ \ ^ ^ COOCH3 

40°C, Acetonitrile L J I 

2 22 
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The starting o-hydroxy methyl ester 2 (10.0 g, 52 mmole), 1.2 equivalent of t-butyl dimethyl 

chlorosilane (9.42 g, 62.5 mmole), and 1.5 equivalent imidazole (5.31 g, 78 mmole) were dissolved in 

220 ml acetonitrile in a 500 ml flask, it gave a clear solution, it was stirred at 40° C for 15 hours. 

After the reaction was complete, acetonitrile was completely removed at reduced pressure. The solid 

was again dissolved in 250 ml of toluene and washed with 100 ml of water followed by 50 ml brine 

solution. It was dried over anhydrous Na2SO4 and concentrated at reduced pressure to get the crude 

product. It was flash chromatographed over silica gel in toluene to get pure yellow liquid product 22 

Yield :13.6 g ( 8 5 % ) 

Rf : 0.58 ( toluene, blue to CPS ) 

[aß1 : -32° (c = 0.99, CHCI3) 

IR (KBr) : 

2953W, 293Ow, 1760s, 1225s, 1153s, 837s, 780m 

1H-NMR ( 250 MHz, CDCI3 ) : 

7.35 - 7.05 (m, 5 arom.H ), 6.70 ( d, J = 17.0 Hz, H-C(4)), 6.25 (dxd, J = 6.8,17.0 Hz, H-C(3)), 4.80 (d, 

J = 6.8 Hz, H-C(2)), 3.70 (s, 3H, ester), 0.90 (s, 9H,t-butyl ), 0.10 ( 2 s, 6H, Si-(CH3)2 ). 

2ffl)-Tert.butvldimethvteiloxv-1.1.4-triphenvl-but-3-ene-1-ol ( 23 ) 

O-TBDMS 

r ^ V ^ ^ " c O O C H 3 
I J 0°C, THF 

PhMgCI 
• 

S 23 

A 150 ml four necked reactor was fitted with a dropping funnel, a magnetic stirring bob, a 

thermometer and flame dried under nitrogen atmosphere. PhMgCI (10.94 g, 80.0 mmole, 2.0 M 

solution in THF) was transferred to the reactor. The TBDMS protected methyl ester 22 ( 8.1g, 26.47 

mmole ) was dissolved in 40 ml dry THF and transferred to the dropping funnel. The reactor was 

cooled with an ice-salt mixture to -10° C and methyl ester 22 added dropwise over 30 minutes. The 

temperature of the reaction mixture was slowly increased to room temperature and the mixture was 

stirred for 6 hours. 10% citric acid solution (80 ml) was added dropwise to the reaction mixture with 
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cooling. The pH was 4. The mixture was stirred for 15 minutes and extracted with ethyl acetate ( 2x 

150 ml ). The organic layer was washed with water (2x50 ml) followed by brine solution (50ml) and 

finally dried over anhydrous Na2S(>4. On concentration solid crude product was obtained which was 

purified by silica gel chromatography utilizing a petrol ether : toluene (3:2) mixture as eluent. 

Yield : 6.2 g (54.5 %) 

Rf : 0.7 ( toluene, blue to CPS ) 

[a ] j : + 81 ° ( c = 0.80, CHCI3 ) 

IR(KBr) : 

3535m, 2954W, 2929m, 2857w, 1448m, 1250W, 1054s, 973s, 867w, 838s, 826s, 777m, 750s, 699s 

1H-NMR ( 250 MHz, CDCI3 ) : 

7.80 -7.20 ( m, 15 arom. H ), 6.55 ( d, J = 13.0 Hz,1H, HC(4)), 6.30 (dxd, J = 6.8,13.0 Hz,1H, H-C(3)), 

5.20 (d, J = 6.8 Hz, 1H, H-C(2)), 3.50 ( s, exchange with D2O, OH ), 0.85 (s, 9H, Si-t-butyl), 0.10 (S1 

3H, Si-CH3 ), 0.00 (s, 3H, Si-CH3 ). 

2ff?)-Trimethvlsiloxv-1.1.4-triphenvl-but-3-ene-1-ol ( 24 ) 

OH O-TMS 

The diol 4(1.14 g, 3.6 mmole) was dissolved in 80 ml of dry THF under nitrogen atmosphere. Once it 

had completely dissolved , TMS-CI (0.455 ml, 3.6 mmole) was added dropwise followed by 

hexamethyldisilazane (0.75 ml, 3.6 mmole). The reaction was stirred for fifteen hours at room 

temperature. The solvent was removed, the liquid obtained redissolved in 100 ml ethyl acetate, then 

the organic mixture was washed with saturated NH4CI solution (25 ml) followed by brine (25 ml). The 

reaction mixture was dried over anhydrous Na2SÛ4 and concentrated at reduced vacuum to get a 

white crystalline product which was purified on a silica gel column utilizing toluene as eluent. Only 

mono siliated product was obtained. 

Yield :1.25 g (90%) 
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Rf : 0.64 ( toluene ) 

1H-NMR ( 250 MHz, CDCI3 ) : 

7.70 - 7.10 (m, 15 arom. H ), 6.50 ( d, J = 17.0 Hz, 1H, H-C(4)), 6.20 ( dxd, J = 6.8,17.0 Hz, 1H, H-

C(3)), 5.15 ( d, J = 6.8 Hz, 1H, H-C(2)), 3.45 ( s, exchange with D2O, OH ), 0.10 ( s, 9H1TMS ). 

13C-NMR ( 62 MHz, CDCI3 ) : 

145.6,143.3,136.4 (C(V)1C(V)1C(I"')), 132.5 (C(4)), 128.1, 127.6, 127.5, 127.2, 126.4, 126.3, 126.1, 

126.0 (aromatic), 92.1 (C(3)), 79.8 (C(I)), 78.7 (C(2)), 30.0, 0.5 

2ffl)-acetvloxv-1.1.4-triphenvl-but-3-ene-1 -ol ( 25 ) 

(OCH3J3CCH3 

p-tol.soLacid.H2O 

RT1THF 

25 

The diol 4 ( 2.0 g, 6.32 mmole), orthoacetic acid trimethylester (5.0 ml, 6.0 equivalent) and a catalytic 

amount of p-toluene sulfonic acid.^O were dissolved in THF in a 50 ml flask and stirred at room 

temperature overnight. 

The solvent was removed and the product obtained was dissolved in 100 ml of ethyl acetate. The 

organic phase was washed with water ( 50 ml ) followed by brine ( 25 ml ) and dried over anhydrous 

Na2SO^ A yellowish white solid was obtained on concentration. The product was washed with hot n-

hexane to afford a white crystalline powder. 

Yield :1.35 g (60%) 

Rf : 0.22 ( toluene, blue to CPS ) 

M.p.:181-182°C 

[o]„ : + 137° ( C = 0.649, CHCI3 ) 

IR(KBr): 

3533m, 1715s, 1449w, 1246s, 1155m, 972s, 753m, 694s. 

p-tol.soLacid.H2O
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1H-NMR (250 MHz, CDCI3 ) : 

7.45 - 7.00 (m, 15 arom. H ), 6.45 ( d, J = 17.0 Hz, 1H, H-C(4)), 6.30 (d, J = 6.8 Hz, 1H, H-

C(2)), 6.05 (dxd, J = 6.8,17.0 Hz, 1H,H-C(3)), 2.75 (s, exchange with D2O, OH); 

1.85 (s, 3H1CH3) 

13C-NMR ( 62 MHz, CDCI3 ) : 

169.8 (acetyl C=O), 144.6, 142.9, 136.2 (C(1'),C(1"),C(1"')), 135.4 (C(4)), 128.4, 128.3, 128.2, 

128.0, 127.3, 127.2, 126.6, 126.0, 125.9 (aromatic), 123.1 (C(3)), 79.8 (C(1), 62.7n (C(2)), 

21.0(CO(CH3)). 

FDMS : 

358 ( M+, 32), 299 (16), 298 (38), 184 (8), 183 (100), 175 (8), 168 (5) 

When the diol was refluxed for three hours with an excess of acetyl chloride in dichloroethane 

in the presence of cat. dimethyl amino pyridine the same mono acetylated alcohol as above 

was obtained. 

Biphenyl route : 

1,1-bis-biphenvl-4-phenvl-but-3-ene-1.2ffl)-diol ( 26 ) 

OH 
Biphenyl MgBr 

COOCH3 • 
0° C, THF 

2 26 

A 500 ml four necked reactor fitted with a dropping funnel, a thermometer, magnetic stirrer and 

nitrogen inlet/outlet was flame dried under nitrogen atmosphere. The Grignard reagent biphenyl MgBr 

was prepared in this reactor (Mg turnings 2.25 g, 93.0 mmole and 4-bromobiphenyl 19.0 g, 81.5 

mmole in 140 ml dry THF). The a-hydroxy methyl ester 2. was dissolved in 100 ml of dry THF and 

transferred to the dropping funnel. The reactor was cooled to -10° C, then the ester was added to the 

vigorously stirred reaction mixture dropwise over 30 minutes. After the addition was complete, the 
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temperature was slowly increased to room temperature and the mixture was stirred tor another three 

hours. 

The reaction mixture was then acidified with 2N HCl till pH 2 and extracted with ethyl acetate (3x400 

ml). The organic layer was separated, washed with water until free from acid followed by 50 ml brine 

solution and finally dried over anhydrous Na2SO4. On evaporating the solvent crude product was 

obtained which was then recrystallized from an ethanol-H20 mixture. 

Yield :3.4 g (32.0%) 

Rf : 0.5 ( toluene : EtOAc [5:1], blue to CPS) 

M.p. :209-210° C 

[O]" : + 129" (C = 1.0, CHCI3) 

IR (KBr) : 

3420bs, 3055w, 1487m, 831m, 762m, 746s, 694s 

1H-NMR (250 MHz, CDCI3 ) : 

7.70 - 7.15 (m, 23 arom. H), 6.65 (d, J = 17.2 Hz, 1H), 6.20 (dxd, J = 6.8,17.2 Hz, 1H), 5.25 (d, J = 

7.0 Hz, 1H), 3.10 (s, exchange with DgO, -OH), 2.10 (S, exchange with DgO, -OH) 

13C-NMR (62 MHz, CDCI3 ) : 

143.6,142.6,140.5,140.2,139.9(0(1^,0(1-),0(1^),0(117,0(127,0(11-),0(12^):136.4(0(4)); 133.7 

(0(3)); 128.8,128.7,128.5,127.8, 127.4, 127.3,127.1, 127.0, 126.9, 126.7., 126.6,126.4 (aromatic); 

79.9 (0(1)); 76.7(0(2)). 

MS : 

491.2(MNa+, 100) 
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2.2-Dimethvl-4,4-dibiphenvl-5ffl)-stvrvl-H ,31dioxolane ( 27 ) 

OH 

_^OH 

(CH^g^OCHgJg 

60° C, THF 

26 27 

The diol 26 ( 2.1 g, 4.68 mmole) and 2,2-dimethoxy propane (8 ml, in excess) were mixed in a 100 ml 

round bottom flask and dissolved in 50 ml of dry THF. A catalytic amount of p-toluene sulfonic acid. 

H2O was added to it and the mixture was heated with stirring at 60° C for 8 hr. The solvent was 

completely evaporated at reduced pressure. The solid obtained was again dissolved in 150 ml ethyl 

acetate and washed once with 30 ml water followed by 30 ml brine solution. It was separated and 

dried over anhydrous NagSO^ On concentration at reduced pressure a thick yellow viscous 

substance was obtained. It was purified by flash chromatography on silica gel using toluene as eluent 

to get a colorless solid. 

Yield :2.0 g (88%) 

Rf : 0.65 ( toluene, blue to CPS ) 

M.p. :64-65° C 

[a]],0 : + 143" (C = 1.0, CHCI3) 

IR(KBr): 

3028W, 2986W, 1486m, 1380w, 1210m, 1168m, 1039m, 1007m, 967w, 835W, 766W, 750s, 695s 

1H-NMR ( 250 MHz, CDCI3 ) : 

7.70 - 7.15 (m, 23 arom. H), 6.85 (d, J = 14.0 Hz, 1H), 5.85 (dxd, J = 10.0,14.0 Hz, 1H), 5.35 

(d, J = 10.0Hz, 1H), 1.85 (S, 3H), 1.45 (S, 3H) 

13C-NMR ( 62 MHz, CDCI3 ) : 

144.5,141.8,140.7,140.6,140.0,139.8(0(1^,0(1-),0(1^,0(11^),0(121,0(11-),0(120):136.3(0(4)); 

134.7(0(3)); 129.0,128.8,128.7,128.5,128.1, 127.9,127.3,127.2,127.0,126.9,126.8, 126.6, 126.4, 

126.0 (aromatic); 109.3 (0(5)); 87.5 (C(I)); 86.1(0(2)); 27.1, 25.8 (2 x -CH3). 

FD-MS: 
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508 (M+,100), 335 (19), 334 (22), 

Elemental analysis i C37 H32 O2 

Calculated C: 87.37 H: 6.34 0:6.29 

Found 0:87.55 H: 6.38 0:6.44 

2,2-Dimethvl-5.5-dibiphenvl-M .31-dioxolane-4('S)-cart)oxvlic acid methvl ester 128 \ 

H3COOi 

1. RuCI3, NaIO4 

CCI4, CH3CN, H2O 

2. H+, MeOH 

2Z 28 

The aoetonide 27 ( 2.0 g, 3.93 mmole) was dissolved in a solvent mixture (CCI4 [30 ml] + CH3CN [30 

ml] + H2O [44 ml] ) in a 500 ml three necked flask fitted with a thermometer and magnetic stirrer. To 

this heterogeneous system NaHCO3 ( 3.3 g, 39.3 mmole) was added in one portion followed by the 

portionwise addition of NaIO4 (7.56 g, 35.37 mmole) over 60 minutes. Then RUCI3.H2O ( 0.26 g, 1.29 

mmole) was added in one portion with vigorous stirring. The reaction was stirred at 45° C for 8 hr. 

over which time the black color changed to gray. The mixture was cooled to room temperature, 

stirring for another 15 minutes, then the suspension was filtered. The filtrate was extracted with ethyl 

acetate (3 x 50 ml). The aqueous layer was separated and acidified with 1N HCl until pH 2 and 

extracted with ethyl acetate (3 x 200 ml). The organic layer was separated, washed with water until 

acid free (2 x 50 ml) and then once with 50 ml brine solution. It was dried over anhydrous Na2SO4 

and concentrated at reduced pressure. A white solid consisting of a mixture of the desired product 

and benzoic acid was obtained ( 1.5 g ). 

When this mixture was reacted with 1N HCl in MeOH, the methyl ester of both acids were obtained. 

Methyl benzoate was removed at a reduced pressure. The residue was further purified by flash 

chromatography on silica gel using toluene as eluent, providing the pure product as a colorless oil. 

Yield :0.5 g (30%) 

Rf : 0.61 ( toluene : EtOAc [6:1], blue to CPS ) 
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M o : + 150.9° ( c = 1.0, CHCI3 ) 

IR(KBr) : 

3029w, 2989w, 2947w, 1762s, 1733m. 1435w, 1381m. 1299m, 1263m, 1210s, 1173s, 1104s, 1036m, 

1007m, 836m, 767s, 750m, 731m, 696s. 

1H-NMR ( 250 MHz, CDCI3 ) : 

7.80 - 7.25 (m, 18 arom. H), 5.40 (s, 1H ), 3.30 (s, ester 3H ), 1.85 (s, acetonid 3H ), 

1.25 (s, acetonid 3H ). 

13C-NMR (62 MHz, CDCI3): 

169.0(esterC=O);149.3,146.7,142.7,140.7,140.6,140.3,(C(1'),C(1"), C(11'),C(11"), C(12'),C(12°)); 

129.7,129.6,129.4,128.8,128.7,127.5,127.4,127.3,127.2,127.1, 127.0, 126.9, 126.3 (aromatic); 111.8 

(C(4)); 88.5 (C(3)); 83.9 (C(2)); 51.9 (ester OCH3); 26.8, 25.8 (2 x CH3). 

FDMS: 

464(M+ , 100). 

3.3-dibiphenvl-2('S).3-dihvdroxv-DroDionic acid mettivi ester ( 29 ) : 

OH 

JL 0H 
H+ H g C O O C ^ ^ ^ ^ 

600CMeOH ( J) \J> 

29 

The acetonide ester 28 (3.7 g, 8.0 mmole) was dissolved in 70 ml MeOH containing 1N HCl and 

heated at 60° C with stirring for 1 hr. The solvent was removed and the solid obtained was 

chromatographed on silica gel using toluene : ethyl acetate (6:1) mixture as eluent. The desired diol 

ester 29 was obtained as a white solid. The recovered starting material was treated again with MeOH 

containing 1N HCl. This recycling and chromatography sequence was carried out for five times in 

succession to obtain diol ester 29. 

A 
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Yield :0.8 g (23% after five cycles) 

Rf : 0.27 ( toluene : EtOAc [6:1 ), blue to CPS ) 

M.p. :161-162° C 

[a]o : + 92.5° ( C = 0.18, CHCI3 ) 

IR (KBr ) : 

3526m, 3420m, 1720s, 1486m, 1105w, 768m, 738m, 696m 

1H-NMR (250 MHz, CDCI3 ) : 

7.60 - 7.25 (m,18 arom.H), 5.05 (d, J = 6.9 Hz; 1H), 3.85 (s, exchange with D2O, ter.-OH), 3.45 (s, 

ester 3H), 3.45 (d, J = 6.9 Hz, exchange with D2O, sec.-OH) 

13C-NMR ( 62 MHz, CDCI3 ) : 

173.4(esterC=O);142.2,141.9,140.5,140.4,140.3 (C(1'),C(1"),C(11'), C(11"),C(12'),C(12")); 129.4, 

128.8,127.4,127.1,127.0,126.9,126.8,126.4 (aromatic); 79.5 (C(3)); 75.5 (C(2); 52.6 

(ester -OCH3 ). 

FAB - MS : 

447 ( MNa+, 20), 407(95), 347(45), 335(88), 319(30), 181(100), 

1.1 -Dibiphenvl-3.3-diphenvl-1.2ffi).3-propane triol ( 30 ) : 

29 30 

In a 250 ml previously dried three necked flask fitted with thermometer, dropping funnel, argon inlet / 

outlet and a magnetic stirring bar, methyl ester diol 29 (0.424 g, 1.0 mmole) was added and dissolved 

in 20 ml of dry THF. The Grignard reagent PhMgCI (2.5 ml, 4.5 mmole as a 2.0 M solution in THF) 

was transferred to the dropping funnel. 
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The assembly was cooled to - 5 to 0° C with a cooling system and the Grignard reagent added 

dropwise with stirring. The addition was completed in 10 min. After maintaining the temperature at 0° 

C for another 10 min., the cooling bath was removed and the reaction mixture stirred at room 

temperature for 3 hr. 

Then 5 ml of H2O was added without observing a rise in temperature. The reaction was extracted 

with ethyl acetate (2x 100 ml). The organic layer was washed with 50 ml water followed by 50 ml 

brine solution and was dried over anhydrous Na2SC>4 and the solvent was removed at reduced 

pressure. The solid obtained was purified over a silica gel column eliding with a mixture of toluene : 

ethyl acetate (6:1). 

Yield :0.07 g (15%) 

Rf : 0.54 ( toluene : EtOAc [6:1 ], blue to CPS ) 

[a]ß : + 9.5° ( c = 0.084, CHCI3 ) 

IR (KBr ) : 

3422s, 1486W, 763w, 746w, 697s 

1H-NMR ( 250 MHz, CDCI3 ) : 

7.65 - 6.65 (m, 28 arom. H), 5.75 (d, J = 2.0 Hz, 1H, H-C(2)), 4.85 (s, exchange with D2O, 

two -OH ), 2.75 (d, J = 2.0 Hz, exchange with D2O, sec-OH ) 

FAB - MS : 

583(M+C|-) (M + = 548.7) 

High resolution MS : 

M+Li+ = 555 

Molecular formula found by High resolution MS is C39H32O3 

Method : FABPKMTCH 

Instrument : VG 70-SE (Fisons Instruments, Manchester) 

Optical purity : 

98% ee by HPLC analysis 

HPLC analysis parameters : 

R( 24.33 min. 

HPLC column Chiralpak AD (25x 0.46 cm ) 
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Mobile phase Hexane : lsopropanol 8:2 

Flow rate 1 ml / min. 

Detection UV 220 nm 
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SharplBss Epoxidation : Typical procedure. 

OH 

Ti(O-IPr)4 

Ligand 

tBuOOH 
MS, CH2CI2 

-200C 

To a flame dried 250 ml three-necked flask equipped with magnetic stirrer, thermometer and dropping 

funnel, flushed with nitrogen and charged with the ligand diol ester [6,9,10] (0.558 mmole) and 50 ml 

of freshly dried CH2CI2 was added. After the ligand had dissolved the mixture was cooled to -200C. 

Then 0.55 g of activated, powdered 3Ä molecular sieves, 0.136 ml (0.131 g, 0.465 mmole) of Ti(0-i-

Pr)4, and 3.11 ml of a 3M solution of TBHP in isooctane (9.33 mmole) were added sequentially 

through a syringe. The mixture was stirred at - 2O0C for 1 hr and then treated with a solution of 0.625 

g (4.65 mmole) of freshly distilled ( E )-3-phenyl-2-propenol in 1.7 ml CH2CI2, added dropwise over 

25 minutes. After 3 hr at - 200C the reaction was quenched as follows : 0.4 ml of 10% NaOH solution 

saturated with NaCI was added followed by 10 ml ether. Then the cooling bath was removed. After 

warming slowly to 100C, 0.55 g of MgSO4 and 0.250 g of celite were added. The reaction was stirred 

at this temperature for 15 min., the solid was allowed to settle down and then filtered over celite. 

Azeotropic removal of the TBHP with toluene at reduced pressure gave the crude product. Rash 

chromatography on a silica gel column utilizing toluene : ethyl acetate mixture (2:1) as eluent gave 

the white crystalline epoxide in 40% yield. About 50% of the starting material was recovered. 

Yield :0.28 g (40%) 

Rf : 0.32 ( toluene : EtOAc [2:1], blue to CPS) 

M.p. :50 -51° C 

[a]™ : + 32.5° (C = 0.6, EtOH) 

1H-NMR ( 500 MHz, CDCI3 ) : 

7.40 - 7.20 ( m, 5 arom H ); 4.05 ( dxdxd , J = 2.0,5.0,13.0 Hz, 1H ); 3.93 ( d, J = 4.0 Hz,1H, HAC(1)); 

3.81 ( dxdxd, J =4.0,7.6,13.0 Hz, 1H, HBC(1)); 3.23 ( txd, J = 2.0,4.0,1H, HC(2)); 1.85 ( dxd, 

exchange with D20,1-OH) 
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Optical purity : 

( Enantiomeric excess in %ee ) was determined by two independent methods. 

a) HPLC 

b) Using NMR shift reagent TAE. 

HPLC analysis parameters : 

Rt 24.23 min.( 2R.3R ), {21.52 min. ( 2S.3R )} 

HPLC Column Chiralpak AD ( 25 x 0.46 cm ) 

Mobile phase Hexane : Ethanol ( 95:5 ) 

How rate 1.0 ml / min 

Detection UV210nm 

Pressure 30 bar 

NMR shift experiments : 

NMR shift experiments were carried out on a Varian 500 MHz instrument in CDCI3 as the solvent. 

The signals were shifted by adding 30 mg of TAE [1-(9-anthryl)-2,2,2-trifluoro-ethanol] to the original 

sample. 

The ee% was determined by comparing the signals of the proton HC(1) on the epoxide ring. First 

spectrum was obtained by running the spectrum without shift reagent and for the second spectrum the 

shift reagent was added. Under the influence of the shift reagent the protons HC(1 ) and HC(2) were 

separated for the two enantiomers. For HC(1 ) the signals for the (2R.3R) enantiomer was shifted to 

lower field whereas for HC(2) the signals of the (2H.3W) enantiomer were shifted to higher field. 

Glvoxvlate - ene reaction : 

2rS)-hvdroxv-4-phenvl-4-pentenoic acid methyl ester : 

Hexane 
Ti (OiPr)4 + TiCI4 *• 2 CI2Ti(O-JPr)2 

RT 

A. Preparation of diisopropoxytitanium (IV) dichtende : 

A 50 ml two-necked, round-bottomed flask predried under argon atmosphere equipped with a 

magnetic stirring bar and a rubber septum was charged with 5 ml of dry hexane and titanium (IV) 

isopropoxide (2.98 ml, 10 mmole) at ambient temperature and stirred for 5 minutes. To this 
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Suspension titanium (IV) chloride (1.1 ml, 10 mmole) was slowly added. An exothermic reaction was 

observed and the reaction mixture warmed to 37° C. After stirring for about 10-15 minutes, a white 

precipitate precipitated. The stirring was stopped and the precipitate was allowed to settle and then 

the solvent was removed with a syringe. The precipitate was washed with 5 ml dry hexane and 

recrystallized in 3 ml of hexane in the same flask by heating at 40" C. The flask was left at room 

temperature overnight. Again the supernatant liquid was removed by syringe and the crystalline white 

residue was dried at reduced pressure to give a highly moisture sensitive product. 

Yield: 1.1 g (46%) 

Typical procedure. 

CH3 O 

A COOCH, 

CI2Ti(O-JPr)2 

Ligand*(10moJe%) 
1 

4°AMS 
- 4O0C, CH2CI2 

COOCH3 

(Ligand* : see chapter 4.3.2) 

A 50 ml three-necked flask was dried with a hot air blower under argon atmosphere. This flask was 

equipped with a magnetic stirring bar, dropping funnel, a thermometer, and an argon inlet. The flask 

was charged with 10 ml of freshly dried CH2CI2. An appropriate amount of ligand (10 mole%) was 

added to the CH2CI2 and the resulting mixture was stirred at room temperature till completely 

dissolved (about 10 min). Freshly dried powdered molecular sieves 4Â (1.1 g) were added, (i-

PrO)2TiCI2 (0.206 g, 0.87 mmole) crystals were added to the suspension. A bloodred colored solution 

was obtained. The suspension was stirred at room temperature for one hour and then cooled to -40° 

C. To the reaction mixture was added dropwise a mixture of a-methyl styrene (1.59 g, 13.5 mmole) 

and 2 ml CH2CI2 followed by a solution of freshly distilled methyl glyoxylate (0.77 g, 8.75 mmole) in 2 

ml CH2CI2. The glyoxylate addition was completed in 20 minutes. The reaction was stirred at this 

temperature for 8 hours and left overnight. Then 10 ml of saturated NaHC03 solution was added to 

the reaction and the mixture was stirred for 10 minutes. The molecular sieves were filtered over celite 

and the solution was extracted with 200 ml of ethyl acetate washed with water dried over anhydrous 

Na2SO^ The organic mixture was concentrated at reduced pressure to afford the crude product. 



122 

The crude product was flash chromatographed over silica gel using a toluene : ethyl acetate mixture ( 

2:1 ) as eluent. 

Yield :0.33 g (19%) 

Rf : 0.48 ( toluene : EtOAc [2:1] ) 

1H-NMR ( 250 MHz, CDCI3 ) : 

7.45 - 7.25 ( m, 5 arom H ), 6.40 ( d, J = 4.0 Hz,1 alkene H ), 5.20 ( d, J = 4.0 Hz, 1 alkene H ), 4.30 ( 

m, 1H ), 3.60 ( s, 3H, -COOCH3 ), 3.10 ( dxd, J = 4.0, 6.0 Hz, 1H ); 2.85 ( dxd, J = 6.0, 8.0 Hz, 1H ); 

2.65 ( bs, exchange with DgO, -OH ). 

HPLC analysis parameters : 

Rt 8.7 min. ( 2R ), 9.7 min. ( 2S ) 

HPLC column Chiralcel AD ( P.H.Stehelin & Cie AG Basel, 25 x 0.4 cm} 

Mobile phase Hexane : lsopropanol 85:15 and 0.1 ml trifluoro acetic acid 

Row rate 0.8 ml I min. 

Detection UV210nm 

Pressure 22 bar 
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6.0 FUTURE WORK 

Our first goal to synthesize tetra aryl gylcerol in both enantiomers was achieved successfully. The 

application of these glycerols as a ligand in catalytic enantioselective reactions was not achieved 

because till now it has not been possible to obtain the tetra aryl gylcerols in larger amounts. 

We observed that with protected diol ester, the yield of second Grignard reaction is more than 90%. If 

we can find a suitable protecting group which is stable during the Grignard reaction and can be easily 

removed after that, then it may be possible to obtain glycerols in larger amounts which will make it 

possible to test them as a catalyst e.g. try some protecting groups at the diol ester stage. 

The idea behind is we can use the glycerols as a ligand e.g. 

• In enantioselective addition of CN to aldehydes with trimethyl silyl cyanide as cyanide reagent. 

• Prepare different tetra aryl glycerols containing hetero atoms in the aromatic ring e.g. 

2-anisyl, 2-pyridinyl, 2-furanyl which can further stabilize the central metal ion because of the 

additional electron pair. 

2-anisyl 2-pyridyl 2-furanyl 

Otherwise one can selectively protect the secondary OH with a suitable protecting group and use this 

protected glycerol as 

• An analog of TADDOL and can try the reactions which are carried out successfully using the 

TADDOL as a ligand. e.g. enantioselective alkyl addition to aldehydes with the help of diethyl zinc 

or enantioselective Diels-Alder reaction. 



124 

7.0 LITERATURE 

1a] J. B. Biot, Bull. Soc. Phitomath., Paris, 1815,190. 

b] L. Pasteur, C. R. Acad. Sci., 1848,26, 535-538. 

c] K. Roth and S. Hoeft-Schleeh,"Pasteur und die Weinsäure" in Chemie in unserer Zeit, 

1995, no. 6, pp 338-344. 

2a] J. H. van! Hoff, Arch. Nedrl. Sci. Exacts Nat., 1878, 9, 445-454. 

b] J . A. LeBeI, Bull. Soc. Chim. Fr., 1874, 22, 337-347. 

3a] K. C. Nicolaou and R. K. Guy, Angew. Chem. 1995,107,2247-2259. 

b] K. C. Nicolaou, R. K. Guy, Z. Yang, J.-J. Liu, H. lineo, P. G. Nantermet, C. F. Claiborne, J. 

Renaud, E. A. Cualadouros, K. Paulvannan, E. J. Sorensen, Nature (London) 1994,367,630-

634. 

4] D. Seebach,"Organic Synthesis-Where now ?" Angew. Chem. Int. Ed. 1990,1320-1367. 

5a] "Supramolecular Chemistry" by Jean-Marie Lehn VCH Publishers, 1995. 

b] "Transition metals in Supramolecular Chemistry", L. Fabbrizzi, A. Poggi, Eds. Kluwer 

Academic: Dordrecht, 1994. 

c] P. Baxter, J. -M. Lehn, A. De Cian, J. Fischer, Angew. Chem. 1993,105, 92; Angew. 

Chem. Int. Ed. Engl. 1993, 32, 69. 

d] P. Baxter, J. -M. Lehn, A. De Cian, J. Fischer, M. -T. Youinou, Angew. Chem. 1994, 

106, 2432; Angew. Chem. Int. Ed. Engl. 1994, 33, 2284. 

6] B. M. Trost "The atom economy-a search for synthetic efficiency", Science 1991, December 

6,VOl. 254, pp. 1471-1477. 

7] A. Lubineau, Chemistry & Industry, 1996, no.4,19 February, pp.123-126. 

8] "Green technology presents challenge to chemists", Chemical & Engineering News 1993, 

September 6, pp. 26-29. 

9] L. Pasteur, C R . Hebd, Séances Acad. Sd. 1848,401. 

10a] E. Fischer, Ber. Dtsch. Chem. Ges., 1894,27,2895. 

b] J. Knabe, Pharmazie in unserer Zeit, 1995, no. 6, pp.324-330. 



125 

11] R. Herrmann, "Symmetry, Chirality and Asymmetric Synthesis'ih Kontakte (Darmstadt) 1994, 

vol. 2, pp. 33-44. 

12] S. Robin, J. Zhu, H. Gâtons, C. Pham-Huy, J. R. Claude, A. Thomas, B. Viossat, 

TetrahedroniAsymmetry 1995, vol. 6, pp.1249-1252. 

13) A. G. Rauws, K. Groen, CHIRALITY, 1994, 6, 72-75. 

14a] E. J. Ariens, Chem. & Eng. News 1990, March 19, pp. 44. 

b] Chem. Week, 1990, Feb. 21, pp. 25. 

15a] "Chiral Drugs" S. C. Stinson, Chem. & Eng. News, 1995,9. October, pp. 44-74. 

b] R.A. Sheldon, "Chirotechnology, Industrial Synthesis of Optically Active Compounds", 

M.Dekker, INC., New York, 1993. 

16a] Modern Synthetic Methods, Ed. R. Scheffotd, Springer Verlag, 1989. 

b] H. U. Blaser, Tetrahedron:Asymmetry 1991, vol. 2, pp.843-866. 

c] R. Noyori, Tetrahedron, 1992, 50, pp 4259-4292. 

17a] W. Becker, U. Benthin, E. Eschenhof, E. Pfeil, Biochem. Z. 1963,337,156-166. 

b] W. Becker, E. Pfeil, Biochem. Z. 1966,346, 301-321. 

c] W. Becker, H. Freund, E. Pfeil, Angew. Chem., 1965,77,1139; Angew. Chem. Int. Ed. Engl. 

1965,4,1079. 

d] W. Becker, E. Pfeil, J. Am. Chem. Soc. 1966, 88, 4299-4300. 

e] S. Förster, J. Roos, F. Effenberger, H. Wajant, A. Sprauer, Angew. Chem. 1996,108,493. 

f] F. Effenberger, B. Hörsch, S. Förster, T. Ziegler, Tetrahedron Lett. 1990,31,1249-1252. 

g] U. Niedermeier, M.-R. KuIa, Angew. Chem., 1990,102,423-424; Angew. Chem. Int. Ed. Engl. 

1990,29,386-387. 

h] F. Effenberger, Angew. Chem., 1994,106,1609-1619. 

18] 'Chemzymeä mimic biology in miniature, Science, 1989 July 28, vol. 245, pp 354. 

19] W. A. Nugent, T. V. RajanBabu, M. J. Burk, Scfencevol. 259,22 Jan. 1993, pp 479-483. 

20] MJ.Burk, J. Am. Chem. Soc. 1991,113, 8518-8519. 

21] M. Ghosh, L. J. Lambert, P. W. Huber, M. J. Miller, Bioorganic & Medicinal Chemistry Letters 

1995, vol. 5, no. 20, pp. 2337-2340. 



126 

22a] D. Seebach, E. Hungerbühler, " Synthesis of Enantiomerically Pure Compounds " (EPC-

synthesis], Ed. R. Scheffold in Modem Synthetic Methods 1980, Salle & Sauerlünder, 

Ftankfruit. 

b] Catalytic Asymmetric Synthesis, Ed. I.Ojima; VCH: New York, 1993. 

c] A. Steinbüchel, Chemie in unserer Zeit, 1995, 29, 260. 

d] H. M. Müller, D. Seebach, Angew. Chem., 1993,105, 483-509. 

23] D. Callant, D. Stanssens and J. G. de Vries, Tetrahedron : Asymmetry 1993, vol.4, no. 2, 

pp. 185-188. 

24a] F. Toda, Top. Curr. Chem. 1988,149,211 -238. 

b] D. Seebach, A.K.Beck, B. Schmidt and Y.M. Wang, Tetrahedron 1994,vol.50,no.15, 

pp.4363 

c] B. Weber and D. Seebach, Tetrahedron 1994,vol.50, no.25, pp 7473-7484. 

d] D. Seebach, Angew. Chem. Int. Ed. Engl. 1990, 29,1320-1367. 

25a] K. Narasaka, N. Iwasawa, M. Inoue, T. Yamada, M. Nakashima, J. Sugimori, J. Am. 

Chem. Soc. 1989,111. 5340. 

b] K. Furuta, S. Shimizu, Y. Miwa, H. Yamamoto, J. Org. Chem. 1989,54,1481. 

26] C. Dreisbach, U. Kragl, C. Wandrey, Synthesis 1994, September, 911. 

27] G. Giffels, C. Dreisbach, U. Kragl, M. Weigarding, H. Waldmann, C. Wandrey, Angew. 

Chem. 1995,107,2165. 

28a] E. Schmidt, H.U. Blaser, P.F. Fauquex, G. Sedelmeier, F. Spindler, in ' Microbial 

Reagents in Organic Synthesis ' pp 377-388, Ed. S. Servi, 1992. Kluwer Academic 

Publishers, The Netherlands. 

b] R. A. Sheldon, H.J.M. Zeegers, J.P.M. Honbiers, L.A.Hubhof, Chimica oggi, 

199,pp35. 

29a] H.U.BIaser, H.P.Jallet, and G.Sedelmeier, EPA 86810255.9 (1986). 

b] H Xi B\aser,Tetrahedron: Asymmetry 2(S), 843-866 (1991). 

c] H.U.BIaser, M.Muller, in Heterogeneous Catalysis and fine chemicals II (Ed.M.Guisnet et al), 

Elsevier Science Publishers B.V., Amsterdam. 

30] F. Spindler, U. Pittelkowand H. U. Blaser, C/?//a«y1991,3, 370-375. 



127 

31] A. Schlummer, H. Yu, H. Simon, Tetrahedron 1991,47,9019. 

32a] H.Simon, Angew. Chem. Int. Ed. Engl. 1985,24, 539. 

b] O.Ghisalba, D. Gygax, R. Lattmann, H. P. Schär, E. Schmidt and G. Sedelmeier Eur. Pat. 

Appi. EP 347,374, 20 Dec. 1989. 

33] M. R. KuIa and C. Wandrey, Methodsin Enzymology 1987,136,9-21. 

34] H. U. Blaser, H. P. Jalett, and J. Wiehl, J. Molecular Catalysis 1991, 68, 215-222. 

35] M. Manohar and A. Chadha, Tetrahedron: Asymmetry 1995, vol. 6, no. 3,651 -652. 

36] M. Hayashi, Y. Miyamoto, T. Inoue and N. Ogimi, J. Org. Chem. 1993, 58,1515-1522. 

37a] J. Yaozhong, Z. Xiangge, H. Wenhao, L. Zhi and M. Aiqiao Tetrahedron : Asymmetry 1995, 

vol.6, no.12, 2915-2916. 

b] B. M. Matthews, W. R. Jackson, G. S. Jayatilake, C. Wilshire and H. A. Jacobs Aust. J. 

Chem. 1988, 41,1697-1709. 

38] K.C. Nicolaou, E. A. Couladouros, P. G. Nantermet, J. Renaud, R. K. Guy and W. 

Wrasidb, Angew. Chem. 1994,106, Nr.15/16,1669-1671. 

39] R. O. Sauer, J. Am. Chem. Soc.,1944,66,1707. 

40] E. J. Corey, and A. Venkateswarlu, J. Am. Chem. Soc., 1972,94,6190. 

41 ] Commercially available from Kuraray Company, Japan. 

42a] P. Delair, C. Einhorn, J. Einhorn, and J. L. Luche, J. Org. Chem. 1994, 59,4680-4682. 

b] M. Braun, Angew. Chem. 1996,108,565-568. 

43] P. H. J. Cartsen, T. Katsuki, V. S. Martin, K. B. Sharpless, J. Org. Chem. 1981, 46, 3936-

3938. 

44a] F. Plavac and C. H. Heathcock Tetrahedron Lett. 1979, 2115. 

b] K. Ramalingam, P. Nanjappan, D. M. Kelvin and R. W. Woodard Tetrahedron 1988,44, 

5597. 

45a] M. N. Tilichenko, J. Gen. Chem. USSR (Engl. Trans.) 1961, 31,1446. 

b] Farbwerk Hoechst AG, Ger. pat. 1 670 804, J. Synth. Method, 11, 75 050 A. 

46a] J.N. Denis, A. Correa, A. E. Green,./. Org. Chem. 1991, 56, 6939-6942. 

b] J. N. Denis, A. E. Green, A. A. Serra, J. M. Luche, J. Org. Chem. 1986, 51,46-50. 



128 

47] Protective Groups in Organic Synthesis (Second edition), Eds.Theodota W. Greene and 

Peter G. M. Wuts, John Wiley and sons. Inc. 1991. 

48] W. N. Haworth and C. R. Porter, J. Chem. Soc. 1930,151. 

49] J.P.Kutney and A.H.Ratclitfe, Synth. Commun., 1975,5,47. 

50] R. L. Letsinger and K. K. Ogilvie, J. Org. Chem. 1967,32, 296. 

51a] T. K. M. Shing, V. W.-F. Tai, E. K. W. Tarn Angew. Chem. 1994,106, 2408; Angew. Chem. 

Int. Ed. Engl. 1994, 33, 2312. 

b] T. K. M. Shing, V. W.-F. Tai, E. K. W. Tarn, I: H. F. Chung, and Q. Jiang, Chem. Eur. J. 

1996,2, No.1, pp 50-57. 

52] M. E. Evans, F. W. Parrish and L. Long,Jr., Catbohydr. Res., 1967, 3, 453. 

53] W. H. Härtung and R. Simonoff, Org. React. 1953, 7, 263-326. 

54] D.A.McGowan and G.A. Berchtold, J. Am. Chem. Soc.1982,104,7036. 

55] A. W. Hanson et al Can. J. Chem. 1986,64,1450. 

56] J. M. J. Frèchet, L. J. Nuyens, and E. Seymour, J. Am. Chem. Soc. 1979,101, 432. 

57] R.M.Ortuno, R.Mercé and J.Font, Tetrahedron Lett. 1986,27, 2519. 

58] S. J. Angyal and R. J. Beveridge, Catbohydr. Res., 1978,65,229. 

59] T. Ohgi, T. Kondo, and T Goto, Tetrahedron Lett, 1977, 4051. 

60] Y. Leblenc, B. J. Fitzsimmons, J. Adams, F. Perez, J. Rokach, J. Org. Chem. 1986,51,789. 

61] K. S. Kim, Y. H. Song, B. H. Lee and C. S. Hahn J. Org. Chem. 1986, 51,404-407. 

62] M H . Park, R. Takeda, K. Nakanishi, Tetrahedron Lett., 1987, vol 28, no. 33, 3823-3824. 

63] K. L. Ford and E. J. Roskamp, J. Org. Chem. 1993, 58, 4142-4143. 

64] T. J. Tewson and M. J. Welch, J. Org. Chem. 1978, 43,1090. 

65] P. T. Ho Tetrahedron Lett, 1978,1623. 

66] A. Ichihara, M. Ubukata, and S. Sakamura Tetrahedron Lett., 1977, 3473. 

67] R.Van Rijsbergaen, M. J. O. Anteunis, and A. De Bruyn, J. Catbohydr. Chem., 1983,2,395. 

68] B. M. Lipshutz, D. Pollar!, J. Monforte, and H. Kotsuki, Tetrahedron Lett., 1985, 26, 705. 

69] K. Tanemura, T. Suzuki, J. Chem. Soc. Chem. Commun., 1992,979. 

70a] H. Yamamoto, S. Kobayashi, S. Kanemasa, Tetrahedron .Asymmetry 1996, 7, 149-155. 



129 

b] K.C. Nicolaou, E. A. Couladouros, P. G. Nantermet, J. Renaud, R. K. Guy and W. 

Wrasidlo, Angew. Chem. 1994,106, Nr.15/16,1669-1671. 

71] H. C. Brown, S. Narasimhan, and Y. M. Choi, J. Org. Chem. 1982,47,4702-4708. 

72a] R. Scheffold, Ed., Modem Synthetic MethodsVol 5, Springer Verlag. 1989, 

b] J. D. Morrison, Ed., Asymmetrie Synthesis Vol. 5, Academic Press 1985. 

c] I. Ojima, Ed., Catalytic Asymmetric Synthesis VCH: New York, 1993. 

d] B. Bosnich, Ed, Asymmetric Catalysis, NATO ASI Series, Martinus Nijhoff Publishers 1986. 

73] D.Seebach et al Tetrahedron vol. 50, #15,4363-4384,1994. 

74a] R.O. Duthaler, A. Hafner, M. Ridiker Pure & applied chemistry vol.62,#4, pp 631 -642,1990. 

b] R.O. Duthaler, A. Hafner, M. Ridiker J.Am.Chem.Soc. 1992,114, 2321-2336. 

75a] E.J.Corey and Y.Matsumura Tetrahedron Letters 1991, 32, pp 6289-6292. 

b] H.Yamamoto et al J.Am.Chem.Soc. 1988,110, 310-312. 

c] D.Seebach et al HeW. Chem. Acta. 1987, vol.70, pp 954-974. 

d] M.Reetz et al Chemistry & Industry 1986,824. 

76] C .Chapuis et al HeIv. Chem. Acta. 1987,vol.70, pp 436-440. 

77] H. Fritschi, U. Leutenegger, A. Pfaltz, Angew. Chem., Int. Ed. Engl. 1986,25,1005. 

78] T. Hayashi, N. Kawamura, Y. Ito, J. Am. Chem. Soc. 1987,109, 7876 

79] J. Bakos, I. Toth, B. Heil, L. Marko, J.Organomet. Chem. 1985, 23, 279 

80] G.-J. Kang, W.R. Cullen, M.D. Fryzuk, B.R. James, J. P. Kutney, J. Chem. Soc.Chem. 

Commun. 1988,1466 

81a] R.Noyori, M. Ohta, Yi Hsiao, M. Kitamura, T. Ohta, H. Takaya, J. Am. Chem. Soc. 1986,108, 

7117. 

b] " Organometallic ways for the multiplication of chiralitf R. Noyori, Tetrahedron, 1992,50, pp. 

4259-4292. 

82] M. Kitamura, Yi Hsiao, R. Noyori, H. Takaya, Tetrahedron Lett. 1987,28,4829. 

83] T. Katsuki, K. B. Sharpless J. Am. Chem. Soc. 1980,102, 5974. 

84a] T. Shibata, D. G. Gilheany, B. K. Blackburn, K. B. Sharpless, Tetrahedron Lett. 1990,31, 

3817. 



130 

b] K. B. Shatpless, W. Amberg, M. Beller, H. Chen, J. Härtung, Y. Kawanami, D. Lübben, E. 

Manoury, Y. Ogino, T. Shibata, T. Ukita, J. Org. Chem. 1991,56,4585. 

85] Y. Gao, R. M. Hanson, J. M. Klunder, S. Y. Ko, H. Masamune, K. B. Sharpless, J. Am. Chem. 

Soc. 1987, 109, 5765-5780. 

86a] R. A. Johnson and K. B. Sharpless in Catalytic Asymmetric Synthesis, Ed. I. Ojima; VCH: 

New York, 1993, pp 227-272. 

b] P. W. Baurs, 0. S. Eggleston. J. R. Flisak, K. Gombatz, I. Lantos, W. Mendelson, and J. J. 

Remich, Tetrahedron Lett. 1990, 31, 6501 

87] W. Zhang, J. L. Loebach, S. R. Wilson, E. N. Jacobsen, J. Am. Chem. Soc. 1990,112, 2801. 

88] K. B. Sharpless Tetrahedron, 1994, vol.50, No.15, pp. 4235-4258. 

89a] H.B. Henbest, Chem. Soc., Spec. Pubi. 1965,19, 83. 

b] R.C. Ewins, H.B. Henbest, M.A. McKervey, J. Chem. Soc., Commun. 1967,1085 

90a] H. Mimoun, in 'Comprehensive Coordination Chemistry, ed. G. Wilkinson, Pergamon Press, 

Oxford, 1987, vol. 6, p. 317. 

b] K. A. Jorgensen Chem. Rev. 1989, 89,431. 

91] E. G. Lewars, in 'Comprehensive Heterocyclic Chemistry, ed. A. R. Katritzsy, Pergamon 

Press, Oxford, 1984, vol. 7, p. 95. 

92a] C. J. Burns, C. A. Martin, K. B. Sharpless, J. Org. Chem. 1989, 54, 2826-2834. 

b] P. R. Carlier and K. B. Sharpless, J. Org. Chem. 1989, 54,4016-4018. 

c] J. M. Hawkins and K. B. Sharpless, Tetrahedron Lett. vol. 28, #25, pp 2825-2828,1987. 

d] Linda D.-L. Lu, R. A. Johnson, M. G. Finn, K. B. Sharpless, J. Org. Chem. 1984, 49, 728-731. 

93] M. G. Finn and K. B. Sharpless in Asymmetrie Synthesis, J. D. Morrison (Ed.) ; Academic 

Press: Orlando, FL, 1985; Vol. 5, p 247-308. 

94] R. A. Johnson and K. B. Sharpless in Catalytic Asymmetrie Synthesis, Ed. I. Ojima; VCH: 

New York, 1993. 

95a] S. S. Woodard, M. G. Finn and K. B. Sharpless J. Am. Chem. Soc. 1991,113,106. 

b] M. G. Finn and K. B. Sharpless J. Am. Chem. Soc. 1991,113,113-126. 

96] I. D. Williams, S. F. Pedersen, K. B. Sharpless, S. J. Lippard, J. Am. Chem. Soc. 1984,106, 

6430. 



131 

97a] K. A. Jorgensen, R. A. Wheeler, R. Hoffmann, J. Am. Chem. Soc. 1987,109, 3240. 

b] K. A. Jorgensen Chem. Rev. 1989,89,431. 

98] E. J. Corey J. Org. Chem. 1990,55,1693. 

99a] Yun-Dong Wu and David K. W. Lai J. Org. Chem. 1995,60,673-680. 

b] Yun-Dong Wu and David K. W. Lai J. Am. Chem. Soc. 1995,117,11327-11336. 

100. Earlier examples of intramolecular versions 

a] W. Treibs, H. Schmidt, Dtsch. Chem. Ges 1927,60,2335. 

b] V. Grignard, J. C. R. Doeuvre, Acad. Sd. 1930,190,1164. 

c] T. Ikeda, K. Wakatsuki, J. Chem. Soc. Jpn. 1936, 57,425; Chem. Abstr. 1936,30, 5937. 

101a] K. Alder, F. Pascher, A. Schmitz, Ber. Dtsch. Chem. Ges. 1943,76, 27. 

b] Nobel Lectures-Chemistry, 1942-1962; Elsevier: Amsterdam, 1964; pp 253-305. 

102] N. F. Cywinski, J. Org. Chem. 1965, 30, 361. 

103] D. Kitamoto, H. Imma, and T. Nakai, Tetrahedron Lett. 1995, vol. 36, no. 11, pp. 1861-1864. 

104] R. C. Cookson, N. A. Mirza, Synth. Commun. 1981,11,299. 

105 a] B. B. Snider, D. J. Rodini, Tetrahedron Lett. 1980, 21,1815. 

b] B. B. Snider, D. J. Rodini, T. C. Kirk, R. J. Cordova, J. Am. Chem. Soc. 1982,104, 555. 

106] K. Maruoka, A. B. Concepcion, N. Hirayama, H. Yamamoto, J. Am. Chem. Soc. 1990,112, 

7422. 

107a] K. Koch, J. -M. Lin, F. T. Fowler, Tetrahedron Lett. 1983, 24,1581. 

b] K. Koch, J. -M. Lin, F. T. Fowler, J. Org. Chem. 1986, 51,167. 

108] K. Maruoka, Y. Hoshino, T. Shirasaka, H. Yamamoto, Tetrahedron Lett. 1988,29,3967. 

109a] K. Mikami, M. Terada, T. Nakai, J. Am. Chem. Soc. 1989,111,1940. 

b] K. Mikami, M. Terada, T. Nakai, Chem. Express 1989,4,589. 

c] K. Mikami, M. Terada, T. Nakai, J. Am. Chem. Soc. 1990,112,3949. 

110] ' Asymmetric Catalytic Glyoxylate-Ene Reaction : Methyl (2fl)-2-hydroxy-4-phenyl-4-

pentenoate ' K. Mikami, M. Terada, S. Narisawa, and T. Nakai in Organic Synthesis 1994, pp 

14-21. 

111] K. Mikami, M. Tarada, S. Narisawa, and T. Nakai, Synlett, April 1992,255-265. 


