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INTRODUCTION 

1.1 SCOPE OF THIS THESIS 

Chirality and Natun an closely associated. Living organisms use chiral catalysts 

(enzymes) to synthesize many of their chemical constituents. Over millions of 

years the complex compositions of enzymes have developed into efficient and 

specific catalysts for the synthesis (and breakdown) of chiral organic compounds. 

Because of the complexity of mynatic reactha, it is difficult to study the details 

of their reaction mechanisms directly from experiments. Recently several 

breakthroughs in the design and the synthesis of organic catalysts have taken 

place. With these catalysts it is possible to control the stereoselectivity of some 

reactions with efficiencies rivalling those of enzymes. In many casts th-e chiral 

organic catalysts am, like cnzymea, natclral products or their derivatives. However, 

such catalysts are much smaller than enzymes and are thus better suited to 

mechanistic studies. A recent example is given by lnouel . With the dipeptide 

cyclo-phcnyldaninc-histidine as chiral caEatyst in a reaction between beaualdehyde 



and hydrogen cyanide he obtained R-mandelonitrile (enantiomeric excess 97%) in 

almost quantitative yield (Figure 1.1). 

P i  1.1 Reaction between benzaldehyde and hydrogen cyanide, proposed model for 
h e  transition state. 

For at least two reasons such studha are in-. Firqtly, detailed howledge of 

the mechanism of catalytic 8ter~oselective syntheses is fundamental to under- 

stangling the essentials of recognition processes at a molecular level and the 

mqhauistic rules which govern these. Secondly, this mechanistic knowledge is 
essential for optimizing existing asymmetric routes or designing new ones. In 

particular, this area of endeavor has wide-ranging practical applications for the 

chemical, agmchemical, and phamaceutical industries. 

Both in our labomto$ and elsewhere3 many successful applications have been 

made of cinchona and ephedra alkaloids as chiral organic catalysts in stereo- 

selective syntheses. In contrast to the large amount of experimental data, much less 

&known about the mechanism of action of these alkaloids and their derivatives. 

Therefore, we have canicd out a detailed conformational study on cinchona and 

ephcdra alkaloids. 



In chapter one we will briefly introduce the cinchona and ephedra alkaloids, and 

we will establish some notions regarding stereoselective synthesis. In chapter two 

the results will be given of a conformational analysis using molecular mechanics 

calculations on cinchona and ephedra alkaloids. lhis knowledge of the preferred 
conformations of cinchona alkaloids in the gas phase has been used to study their 

conformational behavior in solution. These mults are obtained with a NMR study, 

and are presented in chapter three. In chapter four a study of conformational 

changes caused by cinchona alkaloid-substrate interactions is described. The 

results arc used to discuss some mechanistic aspects of the asymmetric Michael 

addition between aromatic thiols and a,()-unsaturated ketones. A quantum 

mechanical analysis on the confonnational behavior of cinchona and ephedra 

alkaloids is presented in chapter 5. An attempt is made to rationalize in detail the 
experimentally obtained conformational data Finally, m chapter 6 we will give the 

preliminary results of improved catalyst design. Comparison of results obtained 

with cinchona and ephedra alkaloids as chiral catalysts in a Michael addition 

between aromatic thiols and conjugated ketones will be used as basis for dis- 

cussion and outlook. 

1.2 CINCHONA AND EPHEDRA ALKALOIDS 

1.2.1 The Alkaloids 

The alkaloids ate a large class of naturally occurring amines4 . ~ e r t u n d  isolated 

the first alkaloid, morphine, in pure form (1805). He described morphine as basic, 
salt-forming and ammonia-like, and used the tenn 'organic alkali'. The term 

alkaloid, or 'alkali-like', was fvst proposed by ~ e i s s d  (1819). Basic organic 

nitrogen compounds of (chiefly) plant origin are in general classified as alkaloids. 

Many alkaloids are marked by a noticeable biological activity in humans. Already 

long before the isolation of the first pure compound they were used as medicines 

and poisons. The alkaloids have provided our society with some potent phanna- 



ceuticd agents, but they arc also involved in severe social problems (e.g. cocaine, 

LSD, heroin, see Figure 1.2). 

morphine cOcdne LSD 

Because of the complexity of the compounds and for historical reasons, the 

nomenclature of alkaloids has not been systematized. The two commonly used 

systems classify alkaloids either according to the plant genera in which they occur, 

or on the basis of similarity of molecular structure. On the latter basis, alkaloids 

are usually organized in families with similar types of heterocyclic rings. 

1.2.2 The Cinchona Alkaloids 

The cinchona alkaloids7 fonn the first class of alkaloids that we have studied with 

regard to the conformational behavior. In this section we will briefly introduce 

their history, use, and structures. 

The cinchona alkaloids consist of thirty members, divided into eight major 

alkaloids, nine minor alkaloids and thirteen lesser known alkaloids. The 

structures of the eight major cinchona alkaloids are depicted in Figure 1.3. The 
four best known cinchona alkaloids, quinine, cinchonidine, quinidine, and 

cinchonine are found in the bark of several species of Cinchona and Remeijia 

trees, indigenow to the eastern slopes of the Andes (South-America). Quinine and 



cinchonine were the first cinchona alkaloids to be isolated in pure form (Pelletier 

and caventou8 ,1820). It took almost another hundred years before Rabe 9 

elucidated the molecular structure (!907). The determination of the absolute 

configuration has been the subject of an intensive study. Prelog and Hafligerl0 

established the absolute configuration correctly (1950). They concluded that the 

C8 and C9 carbons of the cinchona alkaloids have an erythro arrangement. 

whereas the epi- bases exist as threo pairs. The history of classical structural 

elucidation of the cinchona alkaloids ended in 1967, when their structures were 

defmitely established with X-ray crystallography1 ' . 
The cinchona alkaloids have a rich history. The Indians of South-America were 

probably the fmt who used powdered bark of the Cinchona trees. In the beginning 

of the seventeenth century the Europeans became aware of the medicinal qualities 

of cinchona bark. Especially after the discovery of its action against malaria, the 

major component of cinchona bark, quinine, was soon to be found among the most 

used dxugsl2 . As a consequence of the importance of quinine for the treatment of 

malaria the South American Cinchona trees were threatened by extinction in the 

nineteenth century. 

The use of cinchona alkaloids as chird auxiliaries is also characterized by a long 

tradition. The first resolution ever made was carried out with quinicine and cincho- 

nicine13 , which are derivatives of quinine and cinchonine, respectively. 

Since then, about 25% of all resolutions have been carried out with these natural 

bases14 . In addition, many applications of the cinchona alkaloids have been found 

as chiral catalysts in stereoselective syntheses. 

The structures, configurations, and carbon numbering of the eight major cin- 

chona alkaloids are given in Figure 1.3. It can be seen from this Figure that the 

alkaloids consist of two relatively rigid nng structures, an aromatic quinoline ring 

and an aliphatic quinuclidiie ring. These two ring systems are connected by two 

carbcn-carbon single bonds. ~ o n i ~ s '  (1906) proposed the name quinuclidine for 

the bicyclic system 1-aza-bicyclo-[2,2,2]-octane. 

Cinchona alkaloids contain five stereocenters (C3, C4, C8, C9, and N1), but they 

differ from each other in configuration only at C8 and Cg. As a result, cinchona 



alkaloids arc pair-wise related. For example, although structurally similar, quinine 

and quinidine form a diastereomeric pair. Quinine and quinidine are sometimes 

called 'pseudo-enmitiomen' for reasons emphasized in Figare 1.3. This pseudo- 

enantiomeric relationship is also mflected in their behavior as chiral catalysts or 
resolving agents. For example, when an asymmetric maction catalyzed by quinine 

yields predominantly product with R configuration, the& product with S confi- 

guration will be formed in excess whcn quhidh is used as catalyst. However, the 

enantiomeric excesses in both reactitma will almost always ~ C t l 6 .  
The last structural aspect that will be discussed here an the two tertiary nitmgen 

atoms, N 1 and N1 9. The pKa value in water of the bridgehead quinuclidine nim- 
gmNl irabout lhrsepKal~nits largathnthat of the quin~linenitmgen ~ ~ 9 ~ ' .  

Therefore the quinuclidine nitrogen is responsible for the basic character of 

cinchona alkaloids. The quinuclidine nitrogen atso playa a key role, as we will see 

in chapter 4, when cinchona alkaloids am used as chiral ligands. 



1.2.3 The Ephedra Alkaloids 

The ephedra alkaloids form the second class of alkaloids that we have studied 

with regard to the conformational behavior. In this section we will briefly 

i n d c e  them. 

The herb called Ma Huang has been used in China for some five thousand years 

in the treatment of a variety of afflictions. Ma Huang is the best known s o w e  of 

ephedrine. Nagai19 (1887) isolated the first pure basic substance fnnn this Chinese 

herb and called it ephedrine. 

In 1924 a revolutionary renewal of the interest in ephedrine started with the 

publication of the papers of Chen and Schmidt on Ma . These authors 

recorded the similarity of the physiological action of ephedrine and adrenaline. 

Since then an enonnous volume of literature on the chemistry and pharmacology 

of ephedrine d related nshual alkaloids has accumulated2 . 
Ephedra forms the largest genus of the family Gnataceat. Plants of this genus 

contain six optically active alkaloids. Their structures are depicted in Figun 1.4, in 

which the two stereocentem, C7 and C8, are marked with an asterisk. The two 

major ephedra alkaloids, (-)-ephedrine (A) and (+)-pseudoephedrine (B), form a 

diastereoisomeric pair. They differ only in configuration with respect to the 

carbinol function (C7); (-)-ephedrine has an erythro configuration and (+)- 

pseudoephedrine a threo configuration. It has b a n  shown that (-)-norephedrine 

(C) and (-)-N-methylephedrine (D) are derived from (-)-ephedrine, whereas the 

two other naturally occurring ephedm alkaloids, (+)-norpseudoephedrine (E) and 

(+)-N-methylpsmdoqhdhe (F), are similarly related to (+)-pseud~cphedrine~~ . 
Of the many syntheses of (-)-ephedrine and (+)-pscudoephedrine, the ones shown 

in Scheme 1.1 are of commercial intenst. The synthesis depicted in Scheme 1.1A 

was developed by ~ a ~ a i ~ ~  (1929). Condensation of benzaldehyde with nitro- 

ethane in the presence of potassium carbonate yields a stereoisomeric mixture of 

nitroalcohols (1). Reduction gives a mixture of norephedrine and norpseudo- 

ephedrine (2), which can be separated by crystallhion into manic  norephedrine 



and norpseudaphedrine. Methylation of norephedrine yields ephedrine (3), which 

can be resolved into the optically antipodes without ditliculty. 

Tbe synthesis depicted in Schane 1.1B ilhutratca that interest in sphedra alkaloids 

did not stop in the early days of our century. This &on scheme was developed 

recently ( 1 W )  and involves tht action of the enzyme o x y n i t ~ i h e ~ ~  . In the first 

step benzaldehyde is converted into (R)-mandelonitrile (4) (e.e.>95%). After 

protection of the hydroxy group by ailyhtion, a Grignard reaction gives an inter- 

mediate iminium complex (5). This iminium complex can be converted to 

ephdrbw in two different ways. The first mute ia by acid hydrolysis, followed by 

a reductive amination The second involves a reduction with NaBH4. Desilylation 

taka place on reaction with HF in acetonitrile. This procedure results in formation 

of one stmoisomer (lR, 2s) in high optical purity (>95%). 



Sdmm 1.1A 

S y m k i a  of epbtdrine developed in 1929 by ~ a ~ a i ~ ~ .  

sdmma 1.16 

Syntbsia of qhcdhc developed in 1988 by van der a ~ n ~ ~ .  



1.3 CHIRALITY 

Chirality comes iRw.+-imNa~rare, ranging fcom the level of quanta end the 
parity violation in bweak. interaction (ag. the intrhtsic left--s of the 

neutrino) to an apparent excess of left-handed galaxies24 . Many organic 

compounds that occur in Nature are chiral (a term coined by Kelvin from the 

Greek word khuir, meaning hand). Chiral compounds lack reflection symmetry, 

meaning that they are not identical with their mirror images. The relationship 

between the left and right hand is the same as that shown by any molecule which 

has a nonsuperimpavmble minor imsge. Early in the nine&enth  cent^$^ (1815) it 
was discavered that many natural compounds are able to rotate the plane of 

polarization of plane polarized light. An explanation for this optical activity on a 

molecular level was provided later. ~ a s t e d ~  made the first important step by 

recognizing that the optical activity is caused by an asymmetric ordering of the 

atoms in the molecule. In 1874 this concept was mfmed by Van 't   off^^ and 

L.eIBelZs . They hdepmdently proposed a theory in which they related the optical 

activity to a tetrahedral constitution of the carbon atom. To appreciate the 

contributions of these chemists it is importsnt to rt.lize that their aaicles appucd 

in a time when even the existence of atoms and molecules was questioned openly 

by many scientists. 

Most chiral compounds occur in Nature as only (or mainly) one enantiosneg9 or 

d i i t e tb~me?~  . We have already mentioned the -on for this in section 1.1. In 
the synthesis of the majority of natural compounds enzymes arc involved, these 

are capable of producing optically pure compounds from achiral starting m a t d  

in a highly efficient and specific manner. The high specificity of enzymes is 

crucial, since in principle stereoisomers have different physical properties in a 
chiral (natural) environment. Probably one of the most cited examples to 

demonstrate the dramatic consequences of this difference in properties is 

thalidomide, better known by its commercial name softenon (Figure 1.5). As a 
mult of synthetic methods available in the early 19609 and lack of knowledge the 

two enantiomers of thalidomide were present in equal proportions (racemic 



mixntre) in the manufachlred drug. This racemic mixture of thaiidomide was nsed 

in the beginning of the sixties as a powerful tranquilliser; later it had to be 

withdrawn from the market because of association with fetal abnormalities. The 

(S)-enantiomer is now held solely responsible for the teratogenic effects of this 

drug3 , whereas the (R)-enantiomer possesses the desired therapeutic effect. 

Softenon is not an isolated case; there are many examples that show the impor- 

taaceof theuseof~ca l lyp lredrugs .  
The different behavior of enantiomem in living system8 is the great stimulus for 

current interest in s t e r co~he rn i s t r~~~  and (in particular) stereoselective synthe- 

sis. 33 

1.5 ~truchuecl d (R) md (S)-Th.lidodd~ (Sdknon). 



1.4 ROUTES TO OPTICALLY PURE COMPOUNDS 

W e s h a l l n o w d e s c r i b e ~ o e c h n i q o e r b y ~ ~ ~ c r r n b t o b C a i n c d i n  

optically pure form. The methods can be divided into three main categories: 

rtsolution, isdation* and syntlmis. 

The oldut way to achieve this aim b by resolution. The first exsmple was given 

by ~ a s t e u r ~ ~  (1848), who resolved racemic sodium ammonium tartrate by 

separPtion of enurtiomorphic uystrls. A more general app- to the resolution 

of racemates is preferential crys-on of diastelldomaric salts or covalently 

bonded ~~ derivativesU . Numemus examplea exist of separations of 

enantiomem, in particular on industrial scale, by crystallhtion of diastemomeric 

salts. Resolution via chromatographic techniques is also a well known route to 

optically pure compounds. As a recent accomplishment one could mention the 

chromatographic separation of enantiomem employing quinine and quinidine 

impxegnated supports36 . Kinetic n s ~ l u t i o n ~ ~  fonns another important route for 

separation of enantiomem. This method is based upon the difference in reaction 

rates between enantiomers with a chiral reagent. The result is enrichment in 

starting material or product. Scheme 1.2 shows an example of kinetic rmolution 

developed in our laboratory using cinchona alkaloids as the chiral reagent. The 

addition of 0.5 equivalent of thiophenol to racemic 5-mcthoxy-2(5fI)-~one in 

the presence of a catalytic amount of cinchonidine yielded butenolide A and 

( ~ S , S S ) - B ~ ~  . The thiol adduct B can easily be reconverted into butenolide. 

Butenolide A could be isolated in 4096, with an e.c. of 13%. This resolution 

experiment is still under investigation in the Feringa group, and optimizations 

havt resulted already in an incnsae of t b  ae. up to 809639. 

A serious disadvantage in obtaining pure enantiomem by resolution is that, with 

few exceptions, 50% of the d c  compound is lost as the unwanted enantiomer. 
The sccond way to obtain optically pure compounds is provided by Nature itself. 

Isolation from natural sources forms an important route to enautiomerically pure 

compounds. Well known examples are amino acids, carbohydrates, alkaloids, 



steroids, carboxylic acids, etc40 . These molecules ate often the starting materials 

in the synthesis of other chiral products41 , but ~omctimes they an used directly. 

The cinchona alkaloids are an example; they are used, in many cases without . . 
modificatKw. as h g s ,  resolving agents, and chiral catalysts. 

In principle, stereoselective synthesis is the method of choice to obtain optically 

pure compounds. Starting from achiral molecules the selective creation of the 

pnferred s t ~ ~ ~ i s o m e r  can in principle be achieved in 10096 conversion. Morrison 

and ~ o s h e r ~ ~  have provided the most generally used definition of stereoselective 

synthesis. They use the tam asymmetric synthesis and define it as: "A reaction in 

which an achiral unit in an ensemble of substrate molecules is converted by a 

reactant into a chiral unit in such a manner that the stereoisomeric products are 
produced in unequal amounts. This is to say an asymmetric synthesis is a process 

which converts a prochiral unit into a chiral unit, so that unequal amounts of 

stereoisomeric products result". Reactant in this defmition includes, besides the 

usual chemical reagents, also solvents, catalysts, and physical forces. It should be 

noted that, according to this defmition, the products of an asymmetric synthesis 



are not necessarily optically active. For instance, formation of racemic dia- 

stenoisomers in mqwl enlaunts is also called asymmetric synthesis. 

~ z n m i ~ ~  proposed to use the term stemselective synthesis inatead of asym- 

metric synthesis, because the products need not necessarily be asymmetric. 

Asymmetric means lack of all symmetry elements, whereas lack of reflection 

symmetry is a sufficient condition for chirality. "lbreforc the term s ~ e l e c t i v e  

is nowadays preferred by most authom. 
In principle, a stereuselective synthesis yields unequal amounts of stereo' ~s~m~rs. 

This is because stereoisomeric products arc fonned via different diastereomdc 

transition states. Stereoselective synthesis can be divided into diartereoselective 
and enantioselective synthesis. In a diastereoselective synthesis the starting 

molecule rhady  po~lesses a stumgenic center, as well as a prostereogenic center. 

During the reaction the prostereogenic center is converted into another stereogenic 

center. This will lead to the formation of diastercomeric products. If the atteck on 

the prostereogenic center is the rate determining step of a kinetically controlled 

process, the ratio of distribution between both diastercomers will depend on the 

diffmmc in activation energy (MG) between both transition states. 



F i  1.6 shows the hecnergy profiles for a stereoselective synthesis kading to 

diastereoisomers. An enantioselective synthesis will lead to the formation of 

enantiomeric products. This process is even more attractive, because now the 

chirality can be introduced by an external source, e.g. solvent, or ligand. A further 

advantage is that sometimes catalytic quantities of the external chiral source (a 

chiral catalyst) are sufficient to yield products in high enantiomeric excess (e.e.). 
The e.e. is usually expressed in percentage enantiomeric excess (96 e.e.) given by 

100% x (R-S)/(R+S). The free-energy profile of an enantioselective process is 

depicted in Figure 1.7. From the relationship between M G  and % e.e., shown in 

Figure 1.8, it follows that energy differences of only >2 kcaVmol are sufficient for 

high inductions* . 
But chemists are not easily satisfied. Detailed mechanistic information on 

enantioselective syntheses is rare and successful development of an enantio- 

selective process is still chiefly a matter of trial and enor. Although the practical 

virtues of the above mentiomd methods could hardly be overstated, recently even 

more appealing methods to obtain optically pun enantiomers have begun to attract 



attention, namely stereoselective autocatalysis, and what is called chiral 

amplification. Stereoselective autocatalysis is defined as a process in which a 

chiral reaction product forms the catalyst for its own formation from achiral 

reactants. The most promising method in asymmetric synthesis may be 

asymmetric amplification, which is defined as an asymmetric reaction giving in 
high e.e.'s product with c h i d  auxiliary of low e.eSs. Kagan4' dcscribcd the first 

examples, asymmetric oxidation of methyl p-tolyl sulfide and epoxidation of 

geraniol in the presence of various chiral titanium complexes. The reaction 

depicted in Scheme 1.3 has recently been developed by oguniM . Ethylation of 

benzaldehyde with diethylzinc yielded (R)-1-phenylpropanol with an e.e. of 90% 
in the plrsgmce of a chiral fl-aminoalcohol of 20% e.e. as catalyst. 



The discussion of the role of autocatalysis as initiator of chirality in Nature started 
in 1953~' , however. pertinent experiments have been described only 

. Recently Alberts and Wijnberg presented the fmt convincing 

evidence for an enantioselective autocatalytic reaction49 . They prepared the 

titanium-alkoxide of (+)-1-phenylpropanol- 1- ld and used it as catalyst in the 
reaction between diethylzinc and benzaldehyde (Scheme 1.4). This led to 1- 
phenylpqaml-l in an cnantkmeric excess of 32%. 
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1.5 INCENTIVE FOR THIS THESIS AND AIM 

As has b a n  outlined in the previous sections the synthesis of enantiomerically 

pure compounds is both a challanging and an important area of research. The 

different behavior of enantiomem ia M g  systems is one of the major nasons. 
As a result of repid developmeats in biotechnobgy, cnzymaa will become ever 

more important tools for obtaining many optically pure compounds. Notwith- 

standing this increasing use of enzymes, the number of examples of successful 

enantimesic processes, in which the chiral molecules are formed by organic 

cataIysts, is rising. Unfts-himuely, some organic- and biochemists misjudge these 
developments at3 being competitive to their own methods. In fact both bio- and 

organic chsmises, working in the field of stereoselective synthesis, examine the 

same phenarrsna, CM recognition and discrimination, merely from different 

perspectives. In Scheme 1.5 just one (of the many) examples is depicted to 

dcmonstrare how clasely the ePleymatic and organic methods are associated. 

In the W i .  p p  many successful applications of cinchona alkaloids as chiral 

catalysts have been fonnd. In scheme 1.7 charnctaristic examples are To 

exemplify the broad scope of cinchona and ephedra alkaloids as chiral catalysts 

schane 1.6 shows some examples fmn other groups5 . 



These molecules provide a particularly cogent illustration of how closely 

biochemistry and organic chemistry are allied. In the early decade8 of this ce~lbvy 
organic chemists were called upon to establish the struchuea of these complex 

molecules found in the study of plants. This structural work providad anc of the 

u a & a p i i s  of orgaaic chanisay, pmi- witb mgard to the dsv- of 

spectroscopic methods and synthetic methodology. There is m appropriate 

scientific symmetry that the applications of t h w  alkaloids be* aowb at the close 

of the twentieth century to complement independent developments fnom bio- 

chemistry, specifically the poesibilities for applications of enzymes. 

Thus cinchona and ephedra alkaloids have baPr applied successfully in carbon- 

carbon, carbon-sulfur, carbon-selenium, d carbon-phospbomw bond formation, 
as chiral phase-transfer catalysts, and as chiral ligands. Their role in macine is 
f d y  established. Faahennore, examples where cinchona alkaloids are used as 

chiral resolving agents are countless. In all these examples of the use of the 

alkaloids, their ability for intimate interaction, discrimbtion and recognition.are 

crucial to their succass. Studies of complexes (acid-base pairs) between these 

alkaloids and the molecules they interact with by crystallographic and NMR 
methods give a picture of ground state interactions. Mechanistic studies of 

catalytic asymmetric reactions should provide insight into the (subtle) steric and 

electronic interactions in the transition state. The chiral catalyst plays a key role, 

for it both activates and orients the substrate molecules. Therefore detailed 

knowledge of the canformational behavior of the catalysts is of utmost importame 
in explaining their mechanism of action in all these fundamental and interesting 

In this thesis we will present the results of a conformational study on cinchona 

and ephedra alkaloids. Because of the availability of a great number of experi- 

mental data in our laboratory on cinchona alkaloids, most attention has been 

focussed on these alkaloids. Ihe salient features of ground state codonnations of 

cinchona alkaloids, their N-protonated forms, as well as an osmium tetraoxide- 

alkaloid complex will be described in detail, using a combined molecular 

mode-, NMR and X-ray analysis. 'lb influence of different s u b s t i t u ~  at the 



benzylic carbon Cg and the influence of solvent on the c o n f d o n  wil l  also be 
described, d thus a picture of the confomathal behavior of cinchona alkaloids 
and the mlcvance to stereoselective reactions will be presented. Finally, compari- 

son of results obtained with cinchona sad ephsdra alkaloids as chiral catalysts in a 
Michael addition between aromatic thiols and conjugated cyclohsxonona will be 
used as basis for dimmion of the dbsign of chiral catalysts. 

on. amb 



8chemo1.7 E x a m p b o f d n c h o n a a W u k M ~ . r y m m r b l c n r d b n ~  
in tho Wlinberg group. 
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2 

MOLECULAR 

MECHANICS 

CALCULATIONS 

2.1 INTRODUCTION 

In this chapter we will describe a confo&onal analysis of cinchona (2.3) and 

ephedrs alkaloids (2.4). as well as a rigid fitting study between both classes of 

alkaloids (2.5). All results have been obtained using molecular mechanics cal- 
culations. Before we turn to the discussion of the outcomes we will introduce 

molecular mechanics calculations briefly (2.2). 

From a technical point of view the past forty years have ban characterized by 

order of magnitude changes in computer speed. size and cost. These developments, 
together with great chemical scientific input, are the cause of the recent birth of a 

new approach (tool) to chemical research; computer aided molecular design 



(CAMD), or molecular modelling. With high resolution workstations, often 

connected to mainframe computers, complex molecular images can be visualized, 

manipulated and analyzed in an interactive manner, and potential molecular 

conformations can be evaluated by energy ~ o n s .  In a short time molecular 
modelling has developed into au exciting area of chemistry. In a growing number 

of cases it is now possible to compete with trial and error experimental techniques. 

A major criticism on the amputatidapproash is that the calculations apply to 
hypothetical motionless molecules in vacuum. Indeed, the actual reaction medium 

is very different. It involves effects such as entropy, the population of vibrational 

energy levels, solvatian, and agpgatian. These alone am enough to determine the 

course of the reaction or to direct recognition between molecules. To attack these 

problems new computational approaches are being developed1 . Nowadays not 

only static properties of a single molecule can be studied, but also dynamical 

calculations on multiple interacting molecules are part of the scope of compu- 

tational chemistry. The p r o p s  in molecular modelling research and applications 

is described in several recent texts and reviews2. 

Energy calculations play a key role in many facets of molecular modelling. 'Ihe 

preferred conformation(s) of a molecule in solution or in the solid state can be 

determined by NMR spectroscopy and X-ray crystallography, respectively. 

However with these techniques only the most prefend molecular umformation(s) 

are determined. To identify all confomations of potential biological or chemical 

interest, a computational method must be used. Traditionally, these calculations 

rua divided into molecular mechanics (force field) and quantum-mechanical 

calcniatim. It has been amply demonstrated that force field c&uMons offcr a 

pnnni~iog method to obtain ths 3D-structures end energies of m o k ~ u l s ~ ~  . In the 

next section we will give a short introduction to force field calculations. In what 

follows a molecular mechanics study on cinchona and ephedra allcaloids will be 

presented. For the results of a quantum mechanical study on cinchona and cphcdra 

alkaloids we nf tr  the I.eader to chapter 5. 



2.2 MOLECULAR MECHANICS CALCULATIONS 

It is not our purpose to present a thorough theoretical introduction on molecular 

mechanic8, we wil l  attanpt merely to give the reader some feeliug for the subject. 

Molecular mechanic8 was desuibed by Burkcat end Allinger4 as a calculatid 
method designed to give accurate a priori structures and eneqieg for molecules. 

Alsoknownby~~fomfie~d~,moleculsrmechanicsisbcdm 
a simple classical-mechanical model of molecular structure in which atoms are 

treated as hard spheres. The interactions between the atoms in a molecule are 

described by a lot of classical-mechanical potmtml functbmS . It is impoavu to 

note that thew functions have little physical significance. They are parameterized 

to give a force field that produce satisfactory results, not neceedy  for the right 

masons. It is precisely this fact that makes the molecular mochanic8 method 'not 

v e r y p o p l l a t ' w i t h s a m e p l n l y ~ c h a n i s t s .  
Thc olsgy (molecular mechanics energy, MME) of a molecule in the force field 

tubes from deviations from the 'ideal' st~ucture, and is spptoximated by a sum of 
energy contributions (equrtion 2.1). 

in which: 

MME is the molecular mechanics energy. 

Em is the energy of a bond stretched or compressed from its natural bond 
length. 

EM is the am%y of bending bond angles fmm thei natural values. 
Eoop i s d r e ~ o f b ~ a n ~ t o f e t o m s o u t o f p l a n e .  
Eta ~ t b e t o r s i o a d ~ d u t t o t w i s ~ ~ b o n d s .  

Eydw is the energy due to van der Waals non-bonded intexactions. 

Eele is the energy due to electmtatic interactions. 



The sums extend over all bonds, bond angles, torsion angles, and non-bonded 

interactions between atom not bound to each other or to a common atom (i.e., 1.4- 

interactions and higher). The energy, MME, thus defined, is only a measun of 

intramolecular strain relative to a hypothdkal situation. By itself the MME has no 

physical meaning. As already mentioned, the force field functions contain 

adjustable parameters that arc optimized to give the best fit of calculated and 

experimental data, mch as geomdrics and heat of fonmations. The basic fonn of a 

moIecular mechanics force field is given in equation 2.1. Mom mphiaicoted force 
fields may also include 1,3-nonbonded interactions, cross-interaction tcrms, and 

hydrogen-bonding interactions. Although the exact form of the potential functions 
depend on the force field, almost all molecular mechanics force fields use 

relatively simple expressions to describe the energy dependence on bond lcngths, 

bond angles, and other t e r n  given in equation 2.1. These can be solved very 

rapidly with computers and :>us permit dculations on large molecules. However, 

in general, they an appropriate only for small changes from standard values. The 

results are less reliable for large deviations. The simpkt force fields approximate 

the distortion energies to a quadratic function (equation 2.2). 

in which: 

k is aconstant. 

x is a standard value. 

x' is the observed value. 

Just one typical example of such a function is given by equation 2.3. It describes 

the energy of a bond stretched or compressed from its natural bond length. 

Es, = Z 1/2 kdi(di-doi)*, (2.3) 

in which the summation extends over all bonds, and where: 



di is the length of the 41, bond. 

doi is the equilibrium kngth for the ith bond. 

kdi is a bond stretching force constant. 

Molecular mechanics energy minimizations involve successive iterative com- 

putations, where an initial conformation is submitted to full geometry 

o p t b i m i a  All parameters Mining thc geometry of the system are modified by 

small increments until the overall MME reaches a local minimum on the potential 
surface. A minimization algorithm will stop at the first local minimum 

encountered, without realizing that much deeper, more stable minima may be 

accessible. To circumvent this problem systematic search algorithms have been 

developed6 . These explore the complete conformational space of a molecule by 

systematic variation of all rotatable bonds. Distance geometry techniques7 and 

other random sampling approaches correspondingly attempt to locate the global 

minimum through exploration of the allowed conformations. We refer the reader 

to the stsndard literature on molecular mechanics calcuIati0~1~ for further details 

about the appeamnce of the different force fields and optimization methods, and 
we will finish this introduction with a shott historical overview. 

'Ihe early history of molecular mechanics has been reviewed several time? . 'Ihe 

two force fields most widcly used in the 1970s were Allinger's MM~" , and the 

EAS f- field, developed by Engler, Andose and schleyer1 ' . These force fields 

gave reasonably good predictions regarding the structures and energy differences 

for a wide variety of hydrocarbon molecules12 . For molecules containing hetero 

atome the results wen far less r e ~ ~ l e 1 3  . nese improved with the introduction of 

the MM2 force fieldi4 in 1977. None of these force fields could be successfully 

applied to molecules containing conjugated systems. In these cases it was 

necessary to include some type of quantum mechanical calculation on the IC- 

system. MMP1 lS , and later M M P ~ ~ ~  , have been developed to accommodate 

conjugated systems. The f h t  step in these programs is a molecular orbital (MO) 

calculation on the conjugated system only. 'Ihe resulting bond orders are used to 

modify the force field for the conjugated system. The program then takes as input 



the n o d  force field for those parts of the molecule that are not involved in the 

conjugated system, and the modified force field is used for the delacalized bonds. 

These steps are usually repeated several times during an optimization of a 

geometry. 

In the 19808 the main efforts have been optimization and extension of the force 

fields1' and also the incorporation of these force fields into 'user-friendly' 

molecular modelling software1* . Recently, the optimization efforts led to the 
introduction of the MM3 force field19 . 

* 

2.3 MOLECULAR MECHANICS ANALYSIS ON CINCHONA AL- 
KALOIDS 

2.3.1 Introduction 

Before we discuss the outcome of our molecular mechaniics analysis on cinchona 

allraloids, we wiil briefly summarize some earlier obtained conformatbd facets 

of cinchona alkaloids. 

The cinchona alkaloids are compused of two relatively rigid ring systems, an 

aromrtic quinoline ring and an aliphtic bicyclic quinuclidine ring, both comwcted 

to a hydroxyl bearing carbon atom. In the past, several studits have been addmaad 

to the conformations of quinine and qclinidine, the general result being that the C8- 
Cg and C4'-C9 bonds (see Figure 2.1) are consided the most important factors 

that detennine the overall conformation. Hiemstra and wijnberg20 have carried 

out a thonw* study on the asymmetric Michael addition, catalyzed by cinchona 

allaloida, between aromatic thiols and conjugated cyclic ketones. They proposed 

that in the mat  stable conformation of quinine the largest substituent at C9 -the 

quinuclidine ring- is oriented on one side of the quinoline ring, whereas H8 and 

the hyQoxyl group are on the other side. In this study conformation A of quinine 

( F i i  2.2) is therefore regarded as the d o m a t i o n  of lowest energy. 



However, conformation B was estimated to be about equally favorable. In pre- 
vious studies by Prelog and Mewling conformation A was also considered to be 

the most favorable21 . All six possible rotamers with respect to the C4'-C9 bond 

for the erythro alkaloids of the quinine series are depicted in Figure 2.2. 

Hiunstra and Wijnberg have also considered the confomnation with respect to the 

other carbon-carbon bond that comects both ring systems, the C9-C8 bond. The 
three Newman projections with respect to the C9-C8 bond for the erythro alkaloids 

of the quinine series are shown in Figure 2.3. Based on 3~ H8Hg coupling con- 

stants and inspection of space H l i q  models, they argued that most probably both 

conformations G and I (see Figure 2.3) occur, with c o n f d o n  1 as the p r e f d  

me. I. ue of confomatim I a 3~ H ~ H ~  of 1-3 is expected, based m a torsion 

H8C9C8$ of sba. 7 9 .  whe- for ~onf~l'Ill&i~n G a 3~ H~$ of about 

9.5 Hz is expected. The IH NMR spectrum of quinine in CDC13 revealed a 3~ 
H8H9 of 4.0 Hz. Because inspection of space filling models showed that 

conformation H is unlikely, they concluded that conformation I is the minimum 

energy conformation. 



The C4'-Cg and Cg-C8 bonds are directly connected to each other. In the 

discussion given above the preferred conformations were considered separately 

per bond. In principle,#it least six confomEatEorm with m p c t  %a-bC!9-C8 Bond 

are possible. In each of the three sotamers depicted in Figure 2.3, the quinoline 
ring can either be oriented towards the bicyclic system or away from it. Therefore, 

m ~ ~ ~ d ~ o a s c ~ n f ~ i s i n ~ c b v i ~ ~ ~ ~ ~ ~ ~ ~ d * r  

The importance of cinchona alkaloid catalyzed reactions (see chapW 1). coupled 

with our desire to understand the factors that determine the aayrmnetric induction, 

led us to extend this codonnational study of the cinchona alkaloids. In the fol- 

lowing sections the results obtained from a molecular mechanics analysis will be 
22 given . 



Flgwe 2.3 -a d quWne wlth mapad d the G-C, bond. 

23.2 Results of Molecular Mechanics Calculations on Cinchona Alkaloids 

As has been outlined above the gross conformation of the cinchona alkaloids is 

determined by the two torsions of the C9-Cg and the Cg-C4' bonds. By using the 

molecular modelling program C H E M X ~ ~  , we have investigated the con- 

formational freedom with respect to these two bonds. Firstly, suming geometries 

were made for all cinchona alkaloids and derivatives that have beca considered in 

this study. These starting geometries were constructed with the 3D-structure 

building facility of CHEMX, and optimized with the M M P ~ ~ ~  force field. The 

geometries thus obtained were used as starting points for the generation of 36x36 

(= 12%) different conformations by stepwise rotation of 10 degrees around both 
C9-Cq' and C9-C8 bonds. The molecular mechanics energies (MME) were 

calculated for each conformation. Two examples of contour plots in which these 

MME's are plotted as a function of the two dihedral angles C3'C4'CgC8 and 

C4'CgC8C7 on the x- and y-axis are given in Figures 2.4 and 2.5 for quinine and 

quinidine, respectively. The minimum energy regions are easily recognized from 

these plots. We have chosen three conformations at mdom from each minimum 



energy region, and these were optimized using the MMPZ and M M X ~ ~  force 

fields. 

As was expected, the conformations chosen from the same minimum energy 

region ended up being exactly identical after optimization. In this way three 

different minimum energy conformations with respect to the C3'C4'C9C8 and 

C4'CgC8C7 dihedral angles were obtained for quinine and four minimum energy 

confonnatiom for quinidine. 

We have used these duee optimized geometries of quinine and four of quinidine 

to investigate the orientations of the vinyl, hydroxy and methoxy substituents. For 

ertch substituent 72 orientations were generated by stepwise rotation of 5 degrees 



around the bond that holds the group in question (see Figure 2.1). The MME was 
calculated for each confomation thus generated. 

Figure 2.6 shows the resulting energy plot, in which the MME is plotted against 

the torsion angle that determines the orientation of the methoxy group for one of 

the optimized geometries of quinine. From this plot it follows that the molecular 

mechanics approach predicts two preferred orientations for the methoxy group, 

both perpendicular to the quinoline ring. For the cases of the other two con- 

fomutions of quinine we obtained almost identical energy plots with regard to the 

orientation of the methoxy group. 

Correspondingly, Figures 2.7 and 2.8 show the energy plots obtained for the 

hydroxy and vinyl group of quinine, respectively. For quinidine similar energy 

plots were obtained for the orientations of the three subtihlents. 



Some results of the calculations on quinine and quinidine arc compiled in Table 

2.1. The end result is that for quinine three minimum energy conformations have 

been found, two closed conformations, and one open conformation. These are 

depicted in Figure 2.9. The terms open and closed refer to the ability of the 

alkaloid to act as a catalyst and will be explained in chapters 4 and 5. In both 

closed conformations 1 and 2 the quinuclidine nitrogen lone pair points towards 

the quinoline ring, whereas in the open confo~n~tion 3 the quinuclidine nitrogen 

lone pair points away from the quinoline ring. The only difference between both 

closed conformations is the orientation of the quinoline ring with respect to the 

bicyclic system. In closed conformation 1 the quinoline ring is tumed away from 
the quinuclidine ring, whereas in closed conformation 2 the quinoline ring is 

oriented towards the bicyclic ring. 



-29 T h o t h E n m W m w n r n r v ~ y ~ d q u l n i r w .  

In the cam of quinidine four different minimum energy conformations have been 

fad, two c l o d  canformations and two open conform~tions. W e  an depicted 
in PillplcI 2.10. 



Exambtion of the energy differ~~lces predicted by the MMF'2 and MMX force 
field calculations between the different conformers (see Table 2.1) reveal8 that 
conformations 1,2, and 3 of both quinine and quinidine are closely spaced in 

energy, whereas for quinidine open conformation 4 is less stable. We could not 
identify the equivalent of conformation 4 for quinine as a minimum energy 
conformath. 



Since the crystal stmcttue of quinidine is known26 , it is interesting to compare 

the calculated minimam energy conformotions of quinidine with the geomeay of 

the crystal sau6ture. l h i s  aomparison betweon a known X-ray structure and a 

calculated structure givea a usefd indhtion of the accuracy of the force &Id for 

the type of canpound. We have wed a rigid-fitting algorithm of CHEMX for this 

purpose. As can be seen from Figure 2.1 1, one of the calculated conformations of 

quinidine (open conformation 3) fits almost perfectly on the geometry of the 
crystal structure. The only significant difference is the orientation of the methoxy 

group. In the crystal structure the msthoxy gmup is oriented in the same plane as 

the q u i n o k  ring, whenos in the calculat4d sam~rnn it is oriented pqmdicularly 

to the quholine ring (and ahas lowering the MME as can be seen from Figure 2.6, 

cut, howmar, ~dlnm*' aod r#~ults of our MO calcuktiom presented in chapter 

5). 

Pigue2.11 RigidfMqplaof oneofthecrlcul9t#l(MMP2)minimum~ 
confonu~~ti~~~ of quinkfme (open conformath 3) md the crystal mcture of qumidinc. 



The minimum energy conformations of some cinchona derivatives (dihydro- 

quinine, dihydroquinidine, 9-methoxyquinidine, 9-methoxydibydroquinidinb, 9- 
acetylquinidine, 9-acetyldihydroquinidine) were determined in the same way as 
described for quinine and quinidine. In the case of the quinine derivatives three 

minimum energy confommions have beca found which are very s i m h  to those 

of quinine (Figure 2.9). In the case of the quinidine derivatives four minimum 
encrgy d o d o n a  have bees found for eseh derivative, all vcry simibt to those 
of quiuidine ( F i  2.10). The moat important results of these calculations am 

compiled m Tables 2.2.2.3, and 2.4. 

This moluadar nrechanica adysis has rcvded that: 
- For qdnidine and all quinidine derivatives studied here four different minimum 

energy confo&ons exist. Thew four conformations am very similar to those 
of quinidine. In all cases one of the confonnatio~ (open conformetion 4) was 

substantially higher in arergy than the other thne. 
- For quinim and quinine derivatives three minimum a m g y  c o n f o d a t s  Wrist, 

whichamallclosely~inenergy.  
- R c s P l r s o ~ w i t h M M F 2 a n d M M X a m v e r y s ~ .  
- No si@ficant effect on the global codomation of the allcploide upon hydroge- 

nation of the vinyl group could be observed. The mglecular mechnics atudy on 
dihydroqrrinitle, dihydmquhidine, and derivatives of these gave very similu 

resub to those obtained for quinine and qainidint, ~ v e l y .  
- The energy differences between the closed conformations 1 and 2 for all 

cinchona alkaloids that were consided in this study are minimal, whereas the 

opar d d o n  3 is predicted to be slightly less stable. 

- The effect ofthe different benzylic s u ~ c a t s  on the conformatid baiavior 

of the cinchona alkaloids is not very clear at this point. We refer the reader to 

chapters 3,4, and 5, where the effects of the different benzylic aubtitnants on 

the overall codommion am fuahar investigated using NMR s ~ c q r y  and 

~laechanicalcalculat iona.  
- A rigid fitting study bcrween the X-ray structure of quinidiae and thc cakulated 

ones showed an wrcellcnt fit for one of the predicted d m m t b s .  



Table 2.1. Main results of the molecular mechanics analysis on quinine and 



Table 2.2. Main results of the molecular mechanics analysis on dihydroquinine 
and dihydquinidine. 

dihydquhhc dihyclmquhidine 
c o n f o ~  2 3 1 1 2 3 4 

dipole mamemc 

TId 

a~ Chqe&qc hmnwthu u a c d i n ~ c  potentirl, dielectric-1.5. 
b. b c q y  dBamced dative to abaolutc minimum uc given in kcal/mol 
c. Dipole mommt in Debye. 
d Tl dewtes the C3'C4'CgC8 torsional w e .  
t. T2 W tb C4'C9CgN1 torsionel m e .  
f. dielectric constanta0.5 
g. dielecaic cxmmt=l.5 
h. dielectric commt4.0  



Table 2.3. Main d t a  of the molecular mechanics analysis on mcrhoxyquinidine 
and dihydmncthoxyquinidine. 

methoxyquiaidiae dihydmmthoxyqihidh 
confwmrtlon 1 2 3 4 1 2 3 4 

dipole momeMC 
Tld 

b-Wb 
dipole d 
Tld 
T2e 

a . ~ ~ u # d i n ~ p o t a r t i r l , d i a l e a r i c c o a r t m s r l . 5 .  
b. B n e r O y ~ ~ t o  rkolpteminimumm givsninkcrVmal 
c. Dipole momon in Debye. 
d. T1 chnoaes dm C3'C4'CgC8 torsionrl q#c. 
t. T2 deolotes tb C4'C9C8N1 d o n r l  mglc. 
f. d k h f i c  ammnt4.5 
g. dielectric canstcart~1.5 
h. dicbctric cxnwmbd.0 



Table 2.4. Main results of the molecular mechanics analysis on acetylquinidine 
and dihydnxcctylquinirlinc. 

a c c t y 1 ~  dihydmacetylquiuidb 
confwmraan 1 2 3 4 1 2 3 4 

dipole momntc 

Tld 

a. cl'ieq- intendons used in elscaowatic potcntiP1, dial& c-1.5. 
b. Bnergy di&nnces relative a absolute minimum arc given in kcIUh301. 
c. Digpole rmrment in Dsbye. 
d. T1 denom the C3'C4'C()c8 torsional m e .  
t. T2 h o @ s  th C4'CgC8N1 torsional e e .  
f. diacctric m . 5  
g. diebctric comtaucnl.5 
h. dielectric cmstmt4.0 



2.4 M O L E C U L A R  M E C H A N I C S  A N A L Y S I S  O N  E P H E D R A  
ALKALOIDS 

Although thc cphedra alkaloids are smaller molecules than thc cinchona alkaloids, 
the problem of fmding the minimum energy donnations ia mom diffkult. Thers 

are three bonds (TI, Tp T3) instead of two in the case of cinchona alkaloids, 

which demmim the groes confcmwion of the ephedra alkaloids, and m addition a 
fourth bond (I) determines the orientation of the hydroxy group. The torsion 

angles TI, T2, T3, and \Y an defined in P ' i  2.12. 

We have considered only two ephedra alkaloids in this molecular mechanics 

study; (-)-cphedrinc and (-)-N-methylqbdrh. The latter wrrs included in order to 

study the d o m a t h u d  effect of alkylation on the nitrogen. 

EPHEDRINE. A starting geometry for ephedrine was constructed by a MMP2 
optinhation of the geometry obtained with the 3D-building routine of CHEMX 
Four contour plots were calculated, each being obtained by stepwbe variation of 

10 degrees of two torsion angle. In the first thra of these contour plots the MME 



is plotted as a function of the two torsion angles T1 and T2, each time with a 
different value for Tg. Figure 2.13 shows the contour plot with T1 and T2 on the 

x- and y-axis, respectively, and with ~3=18O~.  In P i s  2.14 and 2.15 we have 

plotted the same torsion angles on both axis, but now with T3=@ and T3=-60°, 
respectively. 

Prom these three contour plots it can be seen that there exists a distinct 

preference for a torsion angle TI of approximately 90 or -90' (which are identical 

for symmetry reasons). Thus the preferred conformation of ephadhe is one with 

the 'tail' approximately perpendicular to the phenyl ring. 





This perpendicula~ orientation of the chain was chosen for a fourth contour plot, in 

which only T2 and T3 were varied. The resulting contour plot is given in Figure 

2.16. 

We have followed the same procedure as described in section 2.3.2 for the 

cinchona alkaloids for further optimization, the result being that finally nine 

minimum energy confornations were identified with respect to TI, T2, and T3. 

Each of these nine conformations has three possible orientations for the hydroxy 

group (called a, b, c). Some results of the calculations are summarized in Table 

2.5. 



Table 2.5 Main results of the molecular mechanics analysis on (-)-ephedrine. 
torsion angle 

c o n f o ~ o n  T1 T 2  =3 Aeacrgya 

ephedrine -la 
-1b 
-1c 

ephedrine -2a 
-2b 
-2c 

ephsdrine -3a 
-3b 
-3c 

ephedrine 4 a  
-4b 
4 

ephedrine -5a 
-5b 
-5c 

ephedrine -6a 
4% 

-6c 
ephedrine -7a 

-7b 
-7c 

sphedrine -8a 
-8b 
-& 

sphedrine -9. 
-9b 
-9c 



The orientation around T2 determines whether the overall conformation of 

epheQine is gauche (the 'tail' folds back) or tram (extended confoxmation). Based 
on this defmition the nine minimum energy conformations can be divided into 

three gauche conformations characterized by a T2 of approximately -60°, three 
gauche conformations with T2 of approximately 50°, and three trans confor- 

mations with a T2 of approximately 180°. 

As can be seen from Tabie 2.5 each of the nine confonne~~ ia further split up into 

three other ones, depending on the orientation of the hydroxy group. These three 

possible minima arc characterized by a Y of respectively about 60°, -60'. and 
1800. It can be concluded fr;am Tabk 2.5 that the orientation of the hydroxy group 
is able to affect the total energy of the molecule significantly. In all cases the 

preferred orientation is one with a Y of about 180°. The energy differences 

relative to the neanst local minima vary from 0.4 to 1.9 kdmol .  The preference 

for Y=1800 is most distinct for the extended conformations (1.3-1.9 kcal/mol) and 

lesa for botb p u p s  of gauche confomwm (0.4-0.7 kcd/mol). 

The preferred conformation with respect to T3 depends on T2. In case of the 

'gauche -60~ '  conformers the absolute minima are found at T3 values of about 

170". while for the 'gauche 50'" conformcm the absolute minima am found at T3 

of approximately -lWO. The trans conformem attain their absolute minima at T3 

valumofabout-600. 

When we inspect the relative energy differences between the conformers it can 
be concluded that there seems to be a slight preference for the 'gauche -60' 
cafamus. 

Next we have compared the structures of all calculated minimum energy 

conformatiom with the known crystal structure of ephedrinez8 . The rigid-fitting 

algorithm of CHEMX has been used and as can be seen from Figure 2.17, one of 

the calculated minimum energy conformations (ephedrine-7) matches very well 

with the geometry of the crystal stnrcture. In case of ephedrine-8 and epbedrint-9 

only T3 differs significantly from the crystal structure. 



Earlier work of ~ n l h n a n ~ ~  , who carrid out PCIU) calculati0na30 to study the 

confornational properties of phenylethylunines, suggests that in case of 

ephedrine a small preferewe (not quantified, but less than 1 kcallmol) for the 
e x t c d d  conformation axists. In his analysis a preferred torsion angle of Y -40" 
for the hydroxy group was assumed. From the molecular mechanics calculations 

we carried oat, another abaolute minimum has been obsemed for the hydroxy 
group with a t o r s i d  angle Y of approximately 180°. When we compare the 

energy differences between y=18O0 and -60° for the 'gauche -60'' conformers 
(the absolute minima in our study) and the extended ones we see that the gauche 

c o d o m e m  an on average at least 1 kcd/mol more stabilized in case of Y=180('. 
This suggests that the results of the analysis of Pullman would be better in 

agreement with our mulb if he too had considered conformations with Y=180°. 

However, see chapter S in which additional MO calculations on ephedrine are 

P=-d 



N-METHYLEPHEDRINE. For the conformational analysis of N-methyl- 
ephedrine a similar procedure as for ephedrine was followed. In this case we have 
found seven different minimurn energy conformations. The most important results 

are summarized in Table 2.6. 

Table 2.6 Main results of the molecular mechanics analysis on (-)-N-methyl- 

ep- 
torsionangle 

c- T1 T2 T3 Y A d  

a a r c r g y ~ ~ i n k c a l / m o l .  

T141Ct#!& T f l @ 8 N 9  T3%N~110ne pair \Y3C8w1H1 1. 



The results summarized in Table 2.6 show that the preferred orientation with 

respect to T1 is the same as found for ephedrine; also a preference for a more or 

less perpendicular orientation of the chain with respect to the phenyl ring is 

observed. It should be noted, however, that the situation with respect to T2 is 
different. Four instead of six gauche conformations are found and in addition three 
extended conformations are identified. The 'gauche 60°' conformers (N- 

methyleph.4 and N-methy1eph.-5) are the absolute minima The contour plot of 
Figure 2.18 also indicates the preference for the gauche conformations. In this 

contour plot T2 and T3 are plotted on the x and the y-axis, respectively, with 

~ ~ = 9 0 ' .  r 

We can conclude from these results that the introduction of a methyl group on 

the nitrogen of ephedrine does change the conformational behavior si@icantly. 

The preference for the 'gauche -60' conformation, found for ephedrine, is turned 

into a preference for the 'gauche 60' conformers. The 'gauche 60' conformers 
resemble the closed conformation 2 of quinine. In the next section we will discuss 

the confomational similarities between ephedra and cinchona alkaloids M e r .  

Figure 2.18 Contour plot of N-methylephedrine. On the x-axis T2 (C6C7C8Ng) is 

plotted and on the y-axis T3 (CFgN9Cld). 



2 5  RIGID FITTING BETWEEN EPHEDRA AND CINCHONA ALKA- 
LOIDS 

The cinchona and ephedra alkaloids both catalyze the asymmetric Michael 

addition between aromatic thiols and a$-unsaturated akenones (see chapters 4 

and 6). The stereoselectivity of this reaction, when using quinine or (-)-ephedrine 

as chiral catalyst, is the same and opposite to that obtained with quinidine. Both 

the cinchona and ephedra catalysts are p-hydroxy amines. 'Ibis structural sirnilart- 

ty may lead to mechanistic similarities, but does not explain the identical 

stereoselectivities of the cinchona and ephedra alkaloids. Therefore,we have 

comjmred all the calculated minimum energy conformations of quinine with those 

of ephedrine and N-methylephedrine. In the 'rigid fitting' plots of Figure 2.19 
only two examples are given of the excellent similarities that exist between all 
minimum energy con€onnatiom of quinine and (N-methy1)ephedrine. 

Figure 2.19A An example of a rigid fitting between quinine in the closed confomution 2 

and N-methylephcdtinc. 



Figure 2.19B An example of a rigid fiaing between quinine in the open conformation 3 

and (-Icphedrine. 

The identical s t d e c t i v i t y  in the Michael addition of quinine and ephedrine is 

much easier to understand now; all three minimum energy conformations of 

quinine have an equivalent minhum in case of ephedrine and N-methylephedrinc. 

Thus both groups of alkaloids share the important $-hydroxyamino segment, as 

well as a very similar conformational behavior. Before we started this study we 

hoped to find, beside similarities, characteristic differences in conformational 

behavior as well. These differences might have given us helpful mechanistic 

infonnption. Because of the excellent fits between all the calculated minimum 

energy conformations of both cinchona and ephedra allcaloids, we cannot exclude 

a priori any of the possible minimum energy conformations as being important in 

the caralytic process. 
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CONFORMATIONAL 

ANALYSIS OF 

CINCHONA 

ALKALOIDS 

IN SOLUTION 



3.1 INTRODUCTION 

In this chapter we will present a detailed conformational analysis of cinchona 

alkaloids in solution1 . The results have becn obtained by using several Nuclear 
Magnetic Resonance (NMR) techniques. Firstly, we will briefly introduce NMR 
(3.1). After that, the assignments of the IH NMR spectra of various cinchona 

alkaloids are discussed (3.2.1). With dl chedcal shifts in hand we turn to the 

conformational assignments of the alkaloids in different solvents (3.2.2). The 

conformational aspects of the quinuclidinc ring are discussed separately (3.2.3). 

Results of the study presented in this chapter are used to diecuss detailed mtcha- 
nistic aspects of the asymmetric Michael addition between aromatic thiolu and 

u,b-unsaturated allrenones. 'hose mults together with additional NMR data will 

be pramted in chapta 4. 

High-resolution NMR and two-dimensional NMR spectroscopy have become 

extremely powerful tools in studies of the d o m a t h  of molecules in solution. 

The devebpment of high nsolutiaa NMR spectromatsrs started in the 1950's. The 

fast progress of NMR sina then is clear £mm Table 3.1. 

Nuclear resonances are influenced by a n u m b  of weak interactions between 

nuclei and the electrons of moleculsr, between nuclei within the molecule, and 

betwean nuclei in neigh- molecules. 'Ibese multiple NMR i n w o n 8  per- 

mit one, for example, to probe molecula~ smcturcs, or to measure proton-proton 

distances in a molecule or between different molecules. Thus conformations of 

molecules in solution can be examined, or information on interactions between 

molecules can be obtained. We refer the reader to the standard text books on 

modem NMR technicpea for theoretical derails and description of the many avail- 

able NMR methods2 . 
In recent years NMR spectroscopy has undergone a puticularly revolutionary 

change. The main reasons arc the development of accurate superconducting 

magnets and application of pulse techniques, together with the introduction of 

computers and development of special pulse sequences. These advances have 
made it possible to study intimate details of processes on a molecular level. Typi- 



cai examplcs am conformational studies on oligosachari~, p s p t k ,  pmteh, 
surfactant aggregates, or confommtional changes of m a ~ t ~ ~ y c l e r  induced by 
c O m P ~ 3 .  

TABU 3.1 SHORT HISTORICAL OVERVIEW OF N M R ~  

B ~ O C ~  arad -11 drmoasmed NMR expimentally5 . 
Nobel prize Bloc$ and m R  
First stmctud snalysia by Bloch, Anrkfson, and Amdd. 
30 HMz IH NMR qwdmm&a commercially available. 
40 HMz 'H NMR spectnrmetsr. 

1 3 ~  NMR spsctroscopy in- by h - 6 .  
60 HMz NMR spectmmter. 
100 MHz NMR spectrometer. 

220 MHz H NMR spectrometer. Field of 5.15 Tesla with a super 
conducting solenoid. 

~ o w i ~ f ~ < a m N M R ~ c e d b y E l n s t 7 .  
300 HMz 'H NMR tpmmem. 
2D NMR introduced by Ernst and Freeman. 
ExpabaNal600 MHz NMR. 
Commercially available 500 MHz NMR spectrpmetanr. 

Introduction of multipulse NMR techniquw an commercially available 

appruatus. 
3D NMR techniquts am introduced8 . 

33  NMR ANALYSIS ON CINCHONA ALKALOIDS 

The general structure of cinchona alkaloids consists of two relatively rigid ring 

structures, an d c  quinoline ring and an aliphatic quinuclib ring. In Figure 



3.1 the sbuctutss and proton numbering af the cinchonn alkaloids and derivatives 
that we haw o o n s m  in this etudy are @vat. The major ckhom alkaloids only 
differ in configuration at Cg and Cg (for carbon numbering scc F i  1.3, prrge 

6). Quinine and all quinine analogs have the R, S configudcm at Cg and C8, ns- 
pectively, w h e a s  for quinidine and quMdiDe analogs tbe c d i g u m h  at Cg and 
C8 is opposite (S. R ) ~  . T h c ~ i c m s  of the obs three stereocenten. C3, 
C4, and N1 am identical in bath series. Quinine and quinidine are sometimes 
referrsd to as pseu-. 

Most cinchona alkaloids may differ structwallf at three positions; a methoxy 
g r ~ ~ p i s ~ ~ r ~ r t ' C ~ ' o f t h Q q o i n d i n e ~ ( ~ ) ;  rtvhylorsthylgrwp 
is substitad at Cg of(bQqrrid.clidlns rlag (It1); and diffmmt substitrrsnts can be 
in td~oed  at $ (R3, Rq) (Fisatc 3.1). 



For the conformational study of the cinchona alkaloids in solution we have used 

several NMR techniques: Correlation Spectmc;opY (COSY), Nuclear Qvedmsa 

Enhancement Spectroscopy (NOESY)'~ , NOE-~ifference" , and vicinal J- 
couplings. The COSY experiments were necessary for the assignments of the 'H 
NMR spectra of the cinchona abloids. With NOESY and NOEiffemm spectra 
we were able to determine the conformation(s) of the alkaloids. These NOE 
measurements provide a way to extract information about the dipolar coupling, 

which ccm be related to interatomic distances and molecular moti0al2 . The vici- 

nal J-coupkgs provkki additional conformational infomath  

The mults of the molecular mechanics study, described in chapter 2, proved to 
be very helpful for the intapretation of the NOESY spectra. Prom this rtudy we 

already know that cinchona alkaloids can in principle adopt four different 

conformationr; two closed confomuttions in which the quinuclidine nitrogen 

points towards the quinoline ring, and two open conformations in which the 

quinuclidine nitrogen points away from the quinoline rmg. These four confor- 

mations are characterid by specX~c distances between protons of the quinoline 

ring and protons of the quinuclidine ring. In the following section we will report 
the intamtation of the 'H NMR spectra of the cinohona alkaloids in various 

s o l v ~ .  

33.1 Assignment of 'H NMR Spectra of Cinchona Alkaloids 

All cinchona alkaloids have complex 1~ NMR spectra. The spectra of the 

quinidba and quinines were very different, but, not unexpectedly, most of the 

qaiaidine spectra, as well as the quinine spectra, were mutually similar. The 

rsrigmuena for (p-chlo~yl)dihydroquinidine (p-CLBzDHQD) and deoxy- 



ciachonidine (Pigun 3.1) will save hen as a model for all quinidine and quinine 
13 derivatives, nspectively . 

(p-Chlorobenzoy1)dihydroquinidine (p-ClBzDHQD) . The chemical shift 

assignments of p-ClBzDHQD in chloroform-dl are presented in Table 3.2. The 

hydmgms in the quinoline ring could be assigned sbraightfonvdy. ?he H1 and 

H2 hydrogens arc hated as doublets at 6 7.40 end 6 8.75, nepectively, and their 
identity is verified by an ortho coupling of 4.6 Hz. The H3 proton appears as a 
doublet at 6 8.02 with an ortho coupling of 9.2 Hz to H4 at 6 7.39. In dlition, H4 

is coupled to H5 at 6 7.45 throu* a meta ampling of 2.6 Hz. The mignment of 

the protons in the quinuclidint ring was a more challenging task. The benzylic 

hydrogen H8 is appruent as a doublet at 6 6.72 with a vicinal coupling of 7.5 Hz to 

Hg at 6 3.38. The COSY spec- reveals that Hg is coupled with the vicinal 

protons H10 and Hll at 6 1.85 and 6 1.55. These two signals showed similar 

NOE effect upon imdhtion of Hg, a their relative assignment impossible 

by tbis strategy. kadiation of $ gave h e  to an additional NOE at S 2.79, which 

was assigned to the closest methylcnc proton H16. This proton yields a strong 

NOE at 6 1.56 and a weaker enhancement at 6 1.46. These two signals were 

assilpred to H14 and Hi3, respectively. The former giva the stmngat NOE due to 

its cis nlationship with H16. The H16 proton is coupled with the geminal proton 

H15 at Lt 2.70 and displays a strong vicinal coupling to H14 and a weak coupling 

to Hi3. On the other hand, HI5 has a strong coupling to both H14 and Hi3. The 

two remaining unassigned protons a to the quinuclidine nitrogen, H18 and Hi9, 

obecrvsd as nulltiplets at 6 2.68 and 6 2.85, an both coupled with H17 at S 1.45. 

The signal at 6 2.85 showed a strung NOE to H17 and was assigned to the cis pro- 

ton Hi9, thereby locating H18 at 6 2.68. The two methylene hydrogens in the 

ethyl gronp, H2@ could be assigned to the 6 1.45 absorption due to their coupling 

with the three hydrogens, HZ1, of the methyl group. The H20 protons showed a 

small NOE with the signal at 6 1.85, which then could be assigned to HlO, located 

at the same side of the quinuclidine ring. This resolves the ambiguity of the Hl0 

H1 1 assignment (vide supra). The nmaining unassigned proton in the quinuclidine 



ring, H12. is observed as a narrow multiplet at 6 1.75, with only minute couplings 

tot be or her plot^^^^. 
'H NMR spectra dp-ClBzDHQD were also recorded in CD3COCD3, CD3CN. 

C6D5CD3, and CDZCIZ. The chemical shift assignment8 in these solvents were 
obteinnd by similar reasoning as dewxibed above and are summmhi in Tabla 3.2. 

Deoxycinchonidine. Tbe 'H NMR spectra of the quinines am diff-t fmm those 
of the quinidinbs. The aromatic hydrogens, however, show close rmemblulce 
betw- the two groaps of alkaloids. Figure 3.2 shows a 300 MHz 'H NMR spec- 
tramofdecuychdKmb . . 

in c@@ 

P i  3.2 300 MHz 'H NMR spectrum of dsmycinchanidine in C e 6  



The chemical shift assignments of deoxycinchoni&e in C6D6 are presented in 

Table 3.3. We refer to P i  3.3 for the proton numbering of deoxycimhonidinc. 

The aromatic H1 and H2 hydrogens am located as doublets at 6 6.93 and 6 8.81, 

nepectively, with an ortho coupling of 4.3 Hz. The H3 protoa appem as a doublet 

at 6 8.39 with an ortho coupling of 8.5 Hz to Hq, which appm as a multiplet at 6 
7.37. As a result of a meta fine coupling of 0.9 Hz the doublet of H3 is further split 

by Hg (Hg hydrogen replaces the qaiwline methoxy group), wbbh appears as a 
multiplu at 6 7.24, H5 at 6 7.93 eppslfs as a doublet, owiq to an orrbo coupling 

0f~8.4 Hz with Hg. In addition, a fme coupling of 0.9 Hz wes o b e d ,  due to a 

mcta coupling with H4 The vinyl proton HU) appears as a multiptet at 8 5.58 and 
both vinyl protons H21 and H22 as a multiplet at 6 4.90. Thc assignments of the 

quinuclidine protons were less straightforward. The benzylic C9 carbon is 

substituted with two hydrogens. We will call the hydrogen which replaces the 

hydroxy group in Case of cinchonidine Hgb, the other ~ M c  hydrogm will bc 
cdCd H8, Both H8, and Hsb appear as mUl@lets of four l i I l88 at 6 3.15 and 6 
2.69, IVS-ely. Thc gCdlld Hga-HSb ~OUphlg is 7.8 &. In &ti011 %a and 

HSb have vicinal c0uphg8 with &J at 6 3.03 of 6.6 end 7.4 &, l'08pOCtivdly. 

The COSY pctrum reveals that Hg is coupled with the vicinal pmtm H10 and 

Hl 1 at 6 1.60 and 6 0.83. Because of the stronger NOE between Hg-H10 than 
between %-HI 1, the cis hydrogen H10 could be assigned to 6 1.60, thereby 

locating the trans hydrogen Hl at 6 0.83. Imdiation of Hg yielded a NOE at 6 
2.51, which was assigned to the nearest methylene proton H18. 'IW proton yields 

a strong NOE at 6 2.95 and a weaker enhancement at 6 1.94. These two signals 

were assigned to H19 and Hi7, respectively, the former giving the strongest NOE 

due to its geminal rehtkm&ip with H18. 'Ihc NOE betw- H18-Hm supports the 

H18 assignment. The strong NOE between Hlg-Hi7, owing to their cis 

relationship, is also in accordance with the assignmemts thus far. H17 shows two 

upfield NOE's at 6 1.48 and 6 1.18, which were assigned to H12 and Hi3, respec- 

tively. Due to the geminal Hi3-H14 relationship the strong NOE at 6 1.29 has 
been assigned to H14. Because of both cis relations hi^ H13-H15 and Hi4-H16, 

revealed by strong NOE9s, HI5 could be assigned to 6 2.46 and H16 to 6 2.89. 



The W-aqlings betwan %-Hi5 and between HlO-Hi3, revealed by the COSY 

~ , 8 1 1 p p m ~ ~ ~ Q .  

We have also recorded the IH NMR spectrum of dcoxycinchonidhe in CDC13. 

The chemical shift were obtained in a similar manner and am given in Table 3.3. 

Assignments of IH NMR Spectra of other Quinine and Quinidine Derivatives. 
The 'H NMR chemical shift assignments for quinine (Q), quinidine (QD), 
dihydroquinine (DHQ), dihydroquinidine (DHQD), methoxydihydroquinidine 
(MeDHQD), acetyldihydroquinidine (AcDHQD), (dimethylcarbamoy1)dihydro- 
quinidine (DMeCDHQD), @-chlorobenzoyl)dihydroquinine (p-ClBzDHQ), 

benzylqubh (BzQ), and chloroq- (ClQ) wars obtained in a similar mariner 
as deecribed for pClBzDHQD and deoxycinchonidine and are preseated in Tablea 
3.4.3.5. and 3.6. 

Figure 3.3 Stxucture and proton numbering of deoxycinchonidine. 



Table 3.2 NMR chemical shifts (in ppm) with a precision of 0.03 ppm for p- 

ClBzDHQD. Spectra recorded at 20°C, in the indicated solvents at an alkaloid 
concm~011 of 0.02 M. 

* auipnents may be rev&. 



Table 3.3 IH NMR chemical shifts in p p  ftom internal TMS with precision of 
0.03 ppn for d c a x y c i n c m  in C& and CDCI3 at 2O"C. 



Table 3.4 IH NMR chemical shifts (in ppn) from intend TMS with precision of 
0.03 ppm for a series of alkaloid derivatives. Spectra at 20°C, and an alkaloid 
comeatratio118 of 0.02M. 

A~Dihydmquhh @HQ) in CDC13, BrQuinine (Q) in CDC13, CIQllinine (Q) in 
C6D6 Dd&Mne (Q) in C6D5CD3, IhDihydroquinidine (DHQD) in CDC13, 
FPQuinidine (QD) in CgDg. 



Table 3.5 IH NMR chemical shifts (in ppm) from internal TMS standard with 

precision of 0.03 ppm for several alkaloids in the indicated solvents at W C .  

proton A B C D E 

A=MMhoxydihydroquinidiae (MeDHQD) in C%C12, B=Methoxydihydroquini- 
dine (MeDHQD) in CDC13, C=Acetyldihydroquinidine (AcDHQD) in CDC13, 
JkBenzylquinb (BzQ) in CD30D, E=Benzylquinine (BzQ) in -3. 



Table 3.6 IH NMR chemical shifts in ppm from internal TMS with precision of 
0.03 ppn for some aVraloide in the iadicrrted solvcats at P C .  

* Atsigmats may be reversed 



Assignments of NMR Spectra of Epicinchona Alkaloid Derivatives. The 
'H NMR chemical shift assignments for epidihydroquinidine (epiDHQD), 
epiquinidine (epiQD) and epiquinine (epiQ) were also obtained in a similar 

mannet M described above. l h ty  am presented in Table 3.7. 

Table 3.7 'H NMR chemical shifts ia pprn from internal TMS with precision of 
0.03 ppm m CDC13 for the tpi-alkaloids at W C .  



3.2.2 Conformational Assignments of Cinchona Alkaloids 

The gross conformation of the cinchona alkaloids is determined by the torsions 

about the Cg-C9 and Cg-C4' bonds. The s w  b9s been to use intar-- NOE's 
in order to establish the overall conformation. These inter-ring NOE's between 

quinoline hydrogens and quinuclidine hydrogens are important, because they 

reveal the spatial relatiomhip between both rings and thus the wedl conforma- 
tion of the alkaloid. NOESY and NOEdiffermce spectm have been recorded to 

obtain these inter-ring NOE's. A typical example of a NOESY spectrum of quini- 
dine is depicted in Figure 3.4. 

Figure 3.4 500 MHz NOESY spectrum of quinidine in C6D6 

The results of the molecular mechanics study, described in chapter two, proved to 

be very helpful for the interpretation of the spectra. Figures 3.5 and 3.6 show 

schematic drawings of the closed conformation 2 and open conformation 3 of 



quinidine and quinine derivatives, respectively, as predicted by the molecular 
mechanics analysis. In these Figures the mows mark the hydrogens between 
which inter-ring NOE's are expected for that particalar conformation. 



Conformational assignment of deoxyeinchonidine in C6D6 and CDC13 
With the complete assignments of all hydrogens of deoxycinc- in hand, we 

next investigated the conformational behavior of this alkaloid in C6D6 and 

CDC13. The existence of closed conformation 2 in C6D6 could be excluded, 

because no NOE is observed between H16-H5 (Figure 3.6). We realize that the 

absence of an Overhauser enhancement is a negative experiment aud not a strong 

structural argument. However, we know from the conformational analysis of ester 
derivatives of quinine (described in the next pamgmph) that in case of closed con- 

formation 2 a strong NOE is indad present between H16-H5. Based on the same 

argument also open conformation 4 could be excluded, because no NOE was 

found between H5 and H1 1. From the epi-cinchona alkaloids (which adopt this 

open domation 4) we know that a strong NOE is pnsent bezween H5 and H1 1 

in case of the open conformation 4. On the other hand, the NOE's observed 

betwan H1 1-H1, Hg-H5, H16-H8, Hsa-H5, and Hgb-Hl 1 (Figure 3.6) indicate 

that open conformath 3 must be present. But NOE's between Hgb-H5, Hg-H5, 

Hga-Hl1. and H16-H1 were also found. These arc all in accordance with closed 

coafomution 1. lhue both opsn conforrrrrtion 3 na well as cloeed canfonnation 1 

are present at the same time in solution. On the NMR time scale these two 

conformers exchange rapidly, because only an averaged 1~ NMR apectnun is 

recorded at 2s°C. In Figure 3.7A the trace of the NOESY spectrum, which shows 

the NOE intendom with H5, is depicted. The enhancement d e d  8A is due to 

a NOE b e e n  H5-Hg, in the a jm cudormation 3, and the one muked 8B is due 

to a NOE between H5-Hgb in the closed conformation 1. We know from the 

molecular mechanics analysis (chapter 2) that the interatomic H5-Hga distance in 

the open d#foanatioa 3 and the H5-Hgb distance in the closed ccmfofmtion 1 arc 

approximately the same (about 2.1 A). Thus iutegration of both e n h a n m t a  8A 

and 8B gives an approximate estimation of the ratio of distribution between both 

conformen. In Figures 3.7B and 3.7C the m e 8  of hydrogens Hsa and Hsb ate 

shown. In case of the Hga trace a relatively large NOE with H5 and a smaller one 

with H1 are ~ b ~ e d ,  whereas in case of the Hgb trace both Hgb-H5 and Hgb-H1 

enhancements are of the same order of magnitude. From the integration of these 



NOE traces we conclude that the ratio between open conformation 3 and closed 
C o a f o d o n  1 is ~ ~ l y  60140. 

Figure 3.7 Traces of the NOESY spectrum of d c o x y c i u c ~  in C6D6. A=H5 
trace, B=Hs, trace, and C=Hsb trace. 



'H NMR and NOESY spectra of deoxycinchonidine have also been recorded in 

CDC13. Because of complete overlap in the IH NMR of protons % aad H16 the 

presence of confonndons 2 and 4 could not been excluded, but because of NOE's 

between HI-Hga, H1-Hsb, H5-Hga, HS-Hgb. and HI-H1 1 We conclude that a180 

in CDC13 a mixture of conformers is present, which must include conformem 1 

and 3. Low temperature experiments at -20°C and -60°C in CDC13 did not alter 

the 1~ NMR s w  no line bmdening has been observed, and averaged spectra 

wen still recorded. lhus even at -60°C it was not possible to ftaze out the differ- 

ent conformers. This is indicative of a fast exchange between the different 

conformations on the NMR time scale and thus of a low energy barrier. 

Conformational assignment of p-CLBzDHQD in CDC13 
With the complete assignments of the hydrogens of p-ClBzDHQD in hand, its 

c o n f d o n  was investigated. 'Ihe presence of NOES in CDC13 betwan Hg, Hg 

and H18 suggests that these three nuclei are in close spatial proximity (see Figure 
3.5). An additional, but weaker inter-* NOE was observed between Hg aad HI. 

These interactions are only possible in an alkaloid conformation in which the 
quinuclidine nitrogen lone pair points over the quinoline ring. This suggests an 

alkaloid structure in which the C3'C4'C9C8 dihedral angle is close to -90°, and 

h a  H8C9C8Hg dibbdral angle appnwches an anti codonnation (this codonnation 

resembles closed conformation 2). The most apparent indication of the 

H8c9c8H9 dlbcdnl WtU 0buiDCd fmm the 3~ ~ 8 5  ~OUphg COnStaUt of 
7.5 Hz. By application of the ~ l tona  equation14 this angle is estimated to be 15S0. 

This is in good agreement with the conformation suggested by the NOE 
interactions. From the additional qpwance of NOE's between HI-H1 1, Hg-Hg, 

and between H16 with the ortho protons of the benzoyl moiety, we conclude that 

also the open conformation 3 occurs. Based on integration of NOE traces as 

outlined above for deoxycinchonidine we conclude that open conformation 3 
occurs to the extent of about 30% in CDC13. 



The IH NMR spectra of p-ClBzDHQD were also measured in acetone-d6. 

acetonitrile-d3, dichloromethane-d2, and toluene-d8. The chemical shifts have 

been compiled (Table 3.2). The results reveal that, with the exception of toluene- 

dg. there are only small differences in the chemical shifts. Furthermore. the cou- 
p- COllStmtS 3~ H8H9 Were in the range of 7.5-8.6 HZ, with One C X C O P ~ ~ ~  in 
toluene+, in which a coupling constant of 6.8 Hz was measured. 

These results suggest that there arc only small variations in the equilibrium 

between conformers 2 and 3 in chloroform-dl, acetone-%, acetonitrile-d3 and 

dichlo-. The 3~ coupling in toluenes implies that the quilib- 
rium between closed conformation 2 and open conformation 3 shifts slightly in 

favor of open conformation 3. From NOESY spectra of an ester derivative of qui- 

nine (benzoylquinine) in CD30D it follows that in this polar solvent the equilibri- 

um between both conformers 2 and 3 is shifted even furha in favor of the open 

conformation 3. This is also reflected by a decrease of the 3~ H ~ H ~  coupling 
constant from 7.5 Hz in CDC13 to 5.1 Hz in CD30D. 

In an attempt to substantiate further the conformation of p-ClBzDHQD, a single 

X-ray diffraction analysis has been undertaken. This X-ray analysis showed that 

the alkaloid in the solid state exists in a closed conformation (Figure 3.8). All 

essential featuns of the closed c o n f o d o n  2 in solution, as diaamed above, are 

present in the solid state. This is particularly evident for the impomant dihedral 

an&%, c3'c4'qC8 and H8$C8H9, which are approximately -86O and 170° in 

the crystal structure, closely resembling the corresponding anglcs of -WO and 

15S0, suggcstcd by the NMR expeximeata of the alkaloid in solution. Furthemrore, 

the X-ray analysis revealed that Hg, Hg, and H18, are positioned in a close spatial 
armqsmart, with internuclear distances of 2.23 (H5, Ha), 2.41 (H5, H18), and 

2.24 A (%, H18). This is in agreunent with the strong NOE observed between 

them nuclei 'Ihe weaka NOB obererved between H1 and Hg is reflected by a lon- 

ger intemuckar distance of 2.89 A. 



Pigun 3.8 X-Ray crystal stnx%mm of @&kdmmyl)dihy-. . . .  

Conforxnational Amignmehts of Other Quinidine Derivatives. The 'H NMR 

-of ( m i c r a b r a r a y l w y -  
. . md 8ccty1dhydroquMidiw am 

vary s h i k  to tht of @chlombauoyl)dihydquhMm (see Table 3.2). 'Ihe 'H 

NMR specm of quinidiw, dihydmquinidine, and methoxydihydroqahidine 
showed mvefd difkmcm #lathe to the ester derivativm. In the aster derkativas 

of quinidine and dihydmquinidine HI appeared between 6 1.50 and 6 1.55, 

whereaa h the methoxy and hydroxy substituted quinidinsa H1 sppearsd at 6 
1.13 and 6 1.06, rrgstively. FnahcQrnOn, the H& coupling constant for the 

eater derivatives in CDC13 an betwan 7.5 and 8.3 Hz, but for the methoxy and 

hydroxy substituted quhidina this coupling constant dcaeascs to 3.9 and 3.5 Hz, 



mqmtively. This suggests that the torsion angle H8C9C8% is very differmt from 
those of the quipidine esters. Application of the Altona equation gives a torsion 

angle H8CgCs% of either close to 120°, indicating an eclipsed conformation, or 

approximately 60°, indicative of a stag@ confoxmation. In order to resolve this 

ambiguity, NOESY spectra and NOE difference experiments were undertaken. 

Based on qummts  as outlined above we will only discuss the main results. 

The hydroxy cinchona alkzloids (quinine, quinidine, cinchonine, cinchonidiac) 

ptedominantly adopt the open confoxnution 3, but some confonnational freedom 
of the q u i n m w e  ring is revealed by small NOE's between %-HI and %-HI 1 

in case of quinine and cinchonidine and between %-HI and Ha-H10 in case of 

quinidine and cinchnine. 'Iheae NOE's an characteristic for closed cobformation 

2. However, a NOE between H16-H5 (quinine, cinchonidine) or H18-H5 (qui- 

nidine, cinchonine) was never &saved. It is therefore concluded that the hydroxy 

cinchona alkaloids exist at least for more than 90% in open conformation 3, 

wherein some confodonal  fraedoln of the quinuclidinc ring wrists. 

The mthoxy cinchona alkaloids predominantly adopt the open conformation 3 

and to a lesser amount the closed confommtion 2 in -13. However, in CD2C12 

the closed conformation 2 is found in excess. Thus now the distinct preference for 

the open c o n f o d o n  3, seen for the hydmxy abloids, has vanished. In solvents 

like CDC13 and CD30D the open conformer 3 is still predominant, but in the 

'm coordinatiag' solvent CD2C12 it is the closed conformer 2 which is in excess. 

These observations are also reflected in the 'H NMR spectra of the methoxy 

derivatives. In the 'H NMR of methoxydihydroquinidine in CDC13 H1 appears 

at 6 1.13, whcrcas in CD2C12 H1 is found at 6 1.50, and this change in chemical 

shift was rrrmp.nied by a substantial incmw in from 3.9 to 6.6 Hz. 
Chloroquinine adopts for at least 90% the closed conformation 2 in C6D6, 

CDC13, end CD30D. The presence of small amounts of the open conformer 3 are 

revealed, however, by a very weak NOE between HI-HI 1. This weak enhance- 

ment could only be detected by selective irradiation of hydrogen HI. 

There is still another interesting feature regarding the proton spectra of 

chloroquinine; all protons in the 'H NMR spectra of the cinchona alkaloids 



discwad so far appear as sharp -om (a typical -1e is shown in P ' i  

3.2). But in case of chloroquinbe in C& and in CDC13 the hydrogms H1, H5, 
Hg.~Hgappeerrrsbroad~,wh~d~pdonspre~d.ssharp 
absorptions. h foilows from P ' i  3.9 and 3.10 that this is caused by coales- 

cmce. Pigum 3.9 shows the almorption of the benzylic hym Hg at 20,30,40, 

a d  50% r&pedvely, in CDC13 In Figure 3.10 the rbsorptaons of both p b l i r w  
protons H1 a d  H5 are depicted at 20 and 70°C in CgDg. These obaervationa indi- 

cateth.tthsewagy~abatwecnc~ddonna2endopmdomrar3is 

iacnaredbrmcha~thatatroamtanparah.lrtav~edrpecbaanno~a 

recorded. &o note that we have observed tbese phammm ady f a  the cinchona . . dsmntrves mbathted at Cg with Cl. 

I I I I 1 

5.7 5.6 5.5 5.4 5.3 5 . 2  ppm 

P i p e  3.9 1~ NMR spectra of chloroquinine at differe~~t tcmpemhm. Absorp- 
tions dHg at 2U, 30,40, and 50°C in CDCY3. 



Figure 3.10 'H NMR ~pectra of chloroquinine at different temperatures. Ab- 

sorptians of HI and H5 at 20 and 70% in C& 



NOESY spectra of epidihydroquinidine and epiquinidine revealed inter-ring 

NOE's between H8, H18, HlO, aud H5 (see Pigun 3.11). These NOE's indicate 

that epiqubidines have an open conformation. This codomation Mas, however, 

from the open conformation 3, which was observed for the cinchona alkaloids 
discussed thus far. The open conformation of the epi derivatives resembles the 

open c o n f o d o n  4, predicted by the molecular mechanics calculations on the 

quinidiw.. Tho 3~ H8Hg coophg wn8tant of 10.1 Hz of epidihydroquinidine 

corresponds to the anti armnganent of Hg and Hg, as expected in thia conforma- 

tion. Based on the same argument9 we found that the open conformation 4 Q also 

p r s f d  by spiqubb in CDC13. In tbb case a 3 ~ ~ 8 ~ g  coupling cartant of 9.9 
Hz was found, once again cornsponding to an anti relationship between Hg and 
Hg. NOE's between Hll ,  H5, and H8 and between Hg-HI complete the 

confoxmatianal assignment. 

Figure 3.1 1 Schematic drawing of the open conformiation 4 of epi(dihydro)- 

quinidine. 



3.23, Conformation of the Quinuclidine Ring 

Them is still another confonnational feature of the cinchona ahloids that has not 

yet been discussed, namely the conformation of the quinuclidine ring. It is highly 
unlikely that the quinuclidine ring will have its inethylene p u p s  opposed to form 

an unfavourad all-cclipsed conformation. Rather, the st& strain wil l  be reduced 

by a twist in the quinuclidine ring, allowing the methylene groups to approach 

staggered conformations. This twist can take place in two different directions, 

either to fonn a right-handed or left-handed screw (viewed from the quinuclidine 

nitrogen atom along the pseudo C3 symmetry axis). We were interested to see if 

the pseudoemntiomeric relationship between the quinidjnes and quinines is also 

reflected in the dirm.ion of the twist in the *uclidinc ring. 

The twist m the quinuclidine ring gives rise to diffemacw in dihedrrrl angles of 

the vicinal hydrogens and should, hmce, be reflected in dittema% in the vicinal 

coupling constants, Because most of the signals of the quinuclidine hydrogens in 

the 'H NMR spectrum of(p-chlombenzoy1)dihydroquinine are well resolved, all 

vicinal coupling constants could be obtained, either directly from the spectrum or 

estimated by computer sirnulaths of the spin systems involved. 'Ihe magnitude of 

the twist is not necessarily the same in all bonds, and thus the C5-C6 bond was 

addressed fmt. For the proton and carbon numbering we rcfu to P i  3.12 and 

3.13, respectively. The vicinal couplings between H16 and H13 and between H16 

and H14 are 6.1 and 10.3 Hz, respectively, corresponding to dihedral angles of 

-135 and -15O. This suggests a left-handed twist of approximately 15O in the C5- 

C6 bond. The direction and size of this twist is supported by the 3~ H15H13 

coupling constant of 10.3 Hz comsponding to a dihedral angle of 15O. The 3~ 
coupling constant was harder to assess directly from the spectrum, but 

computer simulation showed that this coupling is between 3.5 and 4 Hz, which 

also is in accotdance with the left handed-twist (Figure 3.12). 

Similarly, the torsional angle of the C7-C8 bond was obtained from the 

cwplings of Hg with both H10 and H1 1. lime couplings were both 7.7 Hz, which 

corresponds to dihedral angles of 20° for the HgH10 and 140° for the HgHl 1 



dihedrals. 'Ihese anglebi show that the C7-Cg bond is twisted ztpproximatelJ' 20' in 

a left-handed screw. 
Finally, the torsional angle of the C2-C3 bond was obtained from the couplings 

between H17 and the vicinal protons H18 and Hlg, which were 3.3 (-1 159  and 

9.8 Hz (-10'). mpectiyely. Thwra couplings indicate a C2-C3 torsion of approxi- 

mately 10" to farm a laft-handed screw. 

These results clearly show that ttrt quinuclidine ring of (p-chlorobenzoyl)- 

dihy- is twisted as a left- screw (Figure 3.12) and that the twist is 
1- in the C7-C8 bond, less in tbe C5-C6 bond, and 1-t in the C2-C3 bond. A 

similar twist of the qninuclidine ring is observed with the molecular mechanics 

cahdahs of che dihychquhim (chapter 2). 

Thc twist was also investigated for (p.~hl0r0bcnzoyl)dihy~uinidine, but due 

to severe overlap of several signal8 in the 8pectnmr, not all vicinal couplings could 
be obtained. The conplinj~s available proved, however, to be sufficient to deter- 

mine the twist of the quinuclidine ring. The spectrum in toluene-% revealed that 
3~ 11 9.7 Hz, a m q m d k g  to a dihedrd qgb of 209 3~ H ~ ~ H ~ ~  is 7.8 

Hz, correspond'ig to a dihedral of 1400. The analogous vicinal couplings with 

H16 were derived by computer simulations, yielding a coupling constant of 9-10 
3 for 3~H16H14, andacouplhgconstantof 1-2 H. for JH16H13. The 

c ~ d i h e d s a l a n g l a a o b t e i w d b y t h e ~ l t o ~ ~ e q n r r t i o n w s n U ) a n d - l l ~ ,  
mpccthely, cstabliuhing a right-handed screw of the quinuclidine ring with a tor- 

8- of 20' h the c5-C6 bond (Pi- 3.12). Ths %  COUP^^^ to both 

H10 and H1 1 are 8.9 Hz, in accordance with dihedral angles of 145O for the 
Wl0 dihedral and 2 9  for the HgH1 1 dihedral, suggcating a right-handed twist 

of about 25O of the C7-C8 bond S h i h l y ,  the 3~ H ~ ~ H ~ ~  coupling of 7.7 Hz 
sumesis a t o n i d  angle of 20° in the C2-C3 bond, also in accordance with the 

right-bmded twist. 

These reah show that the qhuclidinc ring has a right-handed twist, the twist 

being largest in the C7-C8 bond, and smaller in the C2-C3 and C5-C6 bonds 

( p ' i  3.12 and 3.13). The right-handed twist in ( p d ~ y 1 ) d i h y d r o q u i n -  

idina was also obse~ed with the molecular mechanics dculatiw (chapter 2). as 



well as in the X-ray structure (pigun 3.8), where the N lC8C7C4 dihedral angle is 
22.2', the N1C6C5C4 angle is 17.6O, and the N1C2C3C4 angle is 19.6O. This is 
all in excellent agreement with the angles obtained from the NMR study. 

OHQ DHQD 

Figure 3.12 Schematic drawing of the quinuclidine ring of (left) (p-chlorobcnzoy1)- 
dihydmquhh and (right) ( p - c h l o m b u m y 1 ) d i h y ~ .  



3.3 EXPERIMENTAL PART 

The NOESY and COSY spectra wen measured as 0.05-0.1 M solutions in a 5 mm 

NMR tube. In case of the NOESY spectra the oxygen was removed by frceze- 
pump-thaw cycles and the NMR tubes were sealed under reduced pressure. All 

spectra ('H NMR, COSY, NoEdiff., and NOBSY) were recorded using a Varian 

VXR-300 and VXR-500 spectrometer at 20°c. For each NOESY spectrum 

between 512 and 1024 FID's of between 1024 and 2048 data points each wen col- 
lected. The spectral width was chosen as narrow as possible (about 3000 Hz). 
Corrections with weighting functions (mostly shifted sine bells15 ) were used 

before Fourier transformations in the t2 and t l  dimensions. All NOESY spectra 
were recorded in phase sensitive model6. 
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4.1. INTRODUCTION 

The use of cinchona alkaloids as chiral catalysts in asymmetric synthesis or as 
resolving agents is well established (see chapter 1). With detailed conformational 

infonnation in hand, forthcoming from ditect measurements in solution and in the 

solid state (see chapter 3), as well as from cahhubm (see chapter 2), we began a 

study of the conformational effects of alkaloid-substrate interactions. This 

knowledge is vital for the explanation of the function of the alkaloids in above 

mentioned areas. We have studied two cases; cinchona alkaloids used as chiral 

bases and as chiral l@mds. In the first case the main interactb with the substrate 

is protonation of the tertiary quinuclidinc nitrogen and subsequent formation of an 

ion pair between the protonated alkaloid and the depmtonat4 substmte molecule. 

In the second case cinchona alkaloids are used as chid  ligands. The main intcrac- 
tion with substrate molecules is the formation of a coordinative complex between 

the tertiary quinuclidine nitrogen and the metal atom of the substrate molecule. 

In this chapter we repon a NMR analysis of the effects of complexation (4.2) 

and protonation (4.3) on the confomation of the alkaloids in solution. Additional 

NMR data and results from a molecdp dynamics study of alkaloid-aromatic thiol 

interactions are used to propose a transition state for the asymmetric Michael 

addition between d c  thioIs and conjugated alkeamm (4.4). 

4.2. COMPLEXATION WITH OSMIUM TETRAOXIDE 

From the work of sharpless' it is well known that cinchona alkaloid derivatives 

act as excellent chiral ligands in the asymmetric dihydroxylation reaction of 

olef~ns. The general reaction scheme is depicted in Figure 4.1. Pyridine is known 

to accelerate the rate of reaction of osmium tetraoxide with olefins2 . =th3 has 
observed that tertiary alkyl bridgehead amines, such as quinuclidine, form 

complexes with osmium tetraoxide which are much more stable than the coms- 



ponding pyridine complex. Sharpless reasoned that replacement of these ligands 
with a similar chiral ligand might induce chirality in the diol product. 

Thus the qualities of various cinchom alkaloid derivatives as chiral catalyst were 

investigated. In the first experiments stochiometric amounts of these cinchona 

alkaloids wart used a d  e.e.'s up to 9096 wart achieved. Let01 the Shsrplea group 

nported that by add& the olefin slowly to the reaction mixture higher e.e.'s and a 

faster reaction resulted. As a consequc11ce, the scope of this asymmetric dihydro- 
xylation process has been grestly enlarged and includes, besides olefins with 

mmatk substituents, those with simple alkyl suktitumts. 

We have used 1-D and 2-D IH NMR techniques to study the interactions 

between osmium tetraoxide and (p-ch1orobcnzoyl)dihydroquinidine (1) and 

between osmium tetraoxide and @-ch10robenzoyl)dihydtoquinine (2). These two 

cinchona ahloid derivatives have been applied successfully am chiral catalysts in 

the asymmetric dihydroxylation reaction. To be sum that complwratioa of osmium 
tetraoxide is as complete as possible before analyzing the NMR spectra of the 

osmium-alkaloid complexes, small amounts of osmium tetraoxide were gradually 

added to the alkaloid and the chemical shifts of the ortho protons of the 

quinuclidine nitrogen were plotted against the total osmium tetraoxide concent&- 

tion. Asymptotic curves were obtained, which leveled off when maximum 
complexation had been reached. The NMR experiments were then performed at 



this point. When osmium tetraoxide is added to a solution of 1 or 2 in CDC13, a 

yellow-orange complex is formed. In the IH NMR spectnun of this complex we 

could only observe averaged signals. Even by cooling down to -8pC in dichloro- 

methane-d2 no separate signals for complexed and uncomplexed 1 or 2 could be 

detected. 

The formation of the osmium tetraoxide-alkaloid complex caused several 

changes in the 'H NMR spectrum of 1 and 2 (nee Table 4.1). These changes are 
partly due to direct shielding contributions of the heavy-metal 0x0 species. More 

3 important, however, is the reduction of the J HsH9 coupling constant, ac- 

companied by a large upfield shift of HI 1 in case of the quinidine derivative 2 (0.5 

ppm), and of H10 in case of the quinine derivative 1 (0.2 ppm). The decrease of 

the 3~ H8Hg coupling constant suggests a change of the C9-C8 torsional angle 

upon complexation from an anti orientation between Ha and % to a gauche 

orientation. This rotation results in an open dormat ion 3 (see F i  4.2 and 

4.3). In the transition from the closed coafonmth 2 to the open conformation 3, 

the quinuclidine ring of 1 rotates around the $-C8 bond causing a change 

of the positions of H10 and H1 1 relative to the quinoline ring. In the open 
conformation 3 H1 1 is positioned in the shielding cone above the quinolins ring 

d axpahces a strong upiidd shift, whereas HlO, being in the same plane as the 

quinoline ring, suffers a downfield sbift (in case of the quinine derivative 2 the 

positions of H10 and H1 1 are interchanged). Again, these obse~ations suggest 

that the binding of osmium tetraoxide imposes a confonnational change of the 

alkaloid from the closed conformation 2 to the open conformation 3. The 
conformation of @-chlorobenzoyl)dihydroquinidine (1) osmium tetraoxide 

complex was further investigsted by using NOE diffeme and NOESY spectra in 

CDC13. Tho presence of strong NOE's between Ha with both H5 and Hs, and an 

additional NOE between H10 and H1 confirms that the osmium tetraoxide- 

alLabidcomplexhastheopenconformation3. 



Table 4.1 'H NMR chemical shifts in ppm from internal TMS with precision of 

0.03 ppm of osmium tetraoxide complexes and some cinchona alkaloids at W C .  

Proton A B C 



Similar investigations of the 2D NMR spectra of the other ester derivatives of the 
alkaloids (acetyldihydroquinidine, (dimethylcarbamoyl)dihydro~uinidine, @- 



chlorobenzoy1)dihydroquinine) reveal that all these ester derivatives attain the 

open confommtion 3 upon complexation with osmium tetraoxide. Note that the 

ester derivatives in absence of osmium tetxaoxide possess a distinct preference for 

the closed conformation 2 (see chapter 3). A similar ID- and 2D NMR analysis of 

the methoxy-dihydmqmidine osmium tetraoxide complex in CDC!13 r c v d  that 
the initial equilibrium between closed conformation 2 and open conformation 3 is 
shifted completely towards the open conformer 3 upan complexaticm with osmium 
tetraoxide. 

In an attempt to elucidate the mechanism of the asymmetric dihydroxylation 

reaction of olefins the Sharpless group recently reported a X-ray study of the 

coordination complex betwan (~ylcarbmnoy1)dihydroquinidiae and osmium 

tetraoxide4 . The interest in the geometry of this complex stems from kinetic 

evidence for a 1: 1 alkaloid-osmium tetraoxide complex as the asymmetry-inducing 

oxidant in both the stochiometric and catalytic dihydroxylatim ~eactions~ . Thc X- 
ray analysis revealed the structure shown in Figure 4.4. The X-ray structure of the 

complex is in excellent agreement with our NMR results in solution. In the solid 

state the alkaloid attains the open conformation 3 and the quinuclidiw nitrogen is 

c oardinated to osmium. The geometry of the osmium tetmoxide-cinchona allreloid 

complex is that of a t r i g 4  bipyramid. Note that the confomdioaal pmfamce in 
solution and solid state of both free and complexed ester derivatives am similar. In 

ckiptex 3 (3.2.2) we have reported the X-ray of an uncomplexed ester derivative of 

qPinidint (1). It was found in the closed conformation 2 in the crystal structure, 

while a NMR analysis of 1 revealed the same conformation in solution. Now, we 

see that c o m p l d o n  with osmium tetraoxide causes a confonnational change to 

apar c c m f d m  3, both in colution and in the solid state. This knowledge of the 

geumtry of both the free alkaloid and the alkaloid-osmium tetraoxide complex 

has not yet led to mechanistic insight of how chirality is transmitted to the 

substmte. Because the c h i d  centers of the alkaloid are quite m o t e  from the 0x0 
ligands there is so far no clear picture of the cause of cnantioselectivity. This 

subject is ~ ~ d n t l y  under invstigatkm in rhe Shaxpless group. 



P ' i  4.4 Ortsp view of tha ormiam tamxi& complex of (dimethylcdmOy1)- 
-4 

Very ncantly   ore).^ has reported 'the origin of enantioselectivity in the 

dihydmxylation of olefinr by osmium tetraoxide and cinchona derivatives'. 

~ ~ c h s l t ~ ~ o f ~ v e v i c v i c i d i h y d i h y y l a t i ~ ~ ~ o f  
olefins by a c h i d  1.2-di81nina complex of osmium tetraoxide7 , they have 

nn~tbsitmodeliaauranptosncompcwtbcciechoaaalluloidpromded 
reaction#. In Corny's diunine-atdyzed reaction an octahedral C2-symmetric 

c o m p b x d o r m i P m ~ a n d c h i r a l l 3 ~ i s p t u t a t c d a n t h e r s l c t i v e  
comph  It hr been Pred to comtmct a model for a transition state assembly that 

provides a satisfactory explanation of the obscrved enantiorneric excess. The 

octahedral osmium complex is crucial in their model. Because the cinchona 
alkaloids fonn a trigonal bipymmidal complex with osmium tetraoxide (Figure 



4.4). Corey proposed a dimcrization of two such pentacoordinate species by a 

[2+2] cycloaddition of metal 0x0 linkages to an octahedral binuclear structure 

(pigure 4.6). According to Corey this chiral octahedral camplex has very favorable 

three dimensional properties for enantioselective transition state formation, 

including possible C2 symmetry and strong electronic and steric differentation 

between the three oxygens on each osmium. However, the proposed octahedral 

osmium complex is difficult to encompass in the mechanism proposed by 

Sharpless, depicted in P i  4.5. In this mechanism the key intmcdiate is an 

osmium(W) trioxoglycolate complex (C), it occupies the cuntral position at the 

junction between the two catalytic cycles. Although the details of chiral discrimi- 

nation are not clearly explained by this mechanism, it seema more probable than 

Corey's idea's. Many of the events proposed in Figure 4.5 can be replicated by 
performing the process in a stepwise manner under stochiometric conditions. 

Evidence for A has been pnsented in this section (X-ray, NMR). Intermediates B 
and D have been isolated and characterized by the Sharpless group. Momver, the 

reaction scheme presented in Figure 4.5 explains some crucial experimental 

obesrvaticms, such as the increased e.e. by adding the olefin slowly to the reaction 
mixttm, or by adding acetate ions as additive. The first catalytic cycle turns over 

faster and produces diol in high e.e., while the second cycle proceeds slower and 

exhibits low, to opposite enantiofacial selectivity. Slow addition of the olefm to 

the reaction mixture minimizes production of diol by the second cycle, thereby 

hcmmiiq the e.e. of the product. The idea is thus simply to give C sufficient time 
to hydrolyze so that the osmium catalyst dots not get trapped into the second cycle 

by reacting with olefin. Increased e.e. by adding acetate ions to the reaction 

mixture on similarly explained, they facilitate hydrolysis of the oamate esters. All 

theae drrcrr are not explained by Corey's mechanism. Also the role of the amine N- 
oxide (NMO), whidr oxidizes B into C, is obscursd in the Comy mechanirrm. 





4.3 EFFECT OF PROTONATION ON THE CONFORMATION OF 
CINCHONA ALKALOIDS 

In order to assess if similar confonnational changes occur when the alkaloids are 

protonad, @chlorobenzoyl)dihydmquinidine (1) was mated with uifluoroacetic 

aciddl. To be sure that protonation is as complete as possible before analyzing the 

NMR spectra, small amounts of the acid were gradually added to the alkaloid and 
the chemical shifts of the ortho protons of the quinuclidine nibogan were plotted 

against the total acid concentration. An asymptotic c w e  waa obtained, which 

leveled off when maximum protonation had been rrached. The NMR experiments 
were then performed at this point. The cinchona alkaloih contain two different 

basic sites, the quinoline and quinuclidine nitrogen. The quinuclidine nitrogen is 
the most basic one8 . This is also apparent from the 'H NMR spectrum of 1 in 

CDC13; it danaastrata~ that p r o d o n  of the firat protanation step taka place on 
the quinuclidine nitrogen, as revealed by extensive line broadening of the a- 

hydrogems of the quinuclidine nitrogen, %, Hi5, H16, H18, and Hlg (Table 4.2). 

Purthermole, the 'H NMR spectrum underwent several by now familiar changes: 

~ 3 ~ ~ ~ c a r p l h y r m r ~ t ~ ~ d l q p c m d , u d t h e c h ~ s ~ o f ~ 1 1  

mwed 0.47 ppm upfield, all in agrecmmt with a complete shift of the equilibrium 

betwer~ closed conformation 2 and open confom~tion 3 to the open conformation 

3 (see Figwe 4.2). 

A similar NMR study of the conformational effects upon protonation of 

dihydroquinidine in CDC13 showed that in case of this hydroxy derivative no 

conformational transition occurs. After p r o t d o n  of the quinuclidine nitrogen of 

dihydmpinidine it still attains the open conformation 3. 

We have also investigated whether the confodona l  transition from the closed 

confomtion 2 to the open conformation 3, induced by protonation, occurs in case 
of chloroquinine. NOESY spectra of chloroquinine with one equivalent DCI in 

CD30D revealed that no confonnational transition is induced. NOE's were found 

between H1 1-H8, Hl 1-H14, HI-H9, and H8-H5, but not between H1 1-H1 (see 
Figure 4.3). NOE-difference experiments with selective W t i o n  of either H1 or 



H1 also did not reveal any NOE interaction between these two nuclei. The 3~ 
H8Hg coupling constant of 9.0 Hz is also in agreement with the closed conforma- 

tion 2. However, rhcquhclidine t & o p  expdemm theprewmm of DCI, which 

follows from the apReld shifts of the wprotolls of the quiauclidine nitrogen. $ 
shifts 0.98 ppm upfield, HI6 0.88 m, and H19 0.52 upfield, all mlative to 

thechanicalshiftsoftheseprotons i n q D .  Inchapter3 wehavediscussedthe 

spectra of chi- in C& and QX113 and n o t i d  that the hydrogms HI, 

H5, H8, and Wg appmd as broad lines, whmm all 0 t h  protons were obeerved 

as sharp lines. We argued that these obsdm indicate that the meqy barrier 

between closed conformation 2 and open conformation 3 is incmmd to such a 

height that at room t- avaqged spectra arc no longer recorded. On the 

NMR time scale conformational transitions between c l d  d o m a t i o n  2 and 

open confmmtion 3 occur slowly. In CD30D, however, we do not observe this 
line broadening in the IH NMR of chloroquidw. Also after the addition of one 

equivalent DCl to the NMR tube all absorptions of chloroquiuine appeared as 
sharp lines. These observations suggest that the cneqy barrier between closed 

conformation 2 and open conformation 3 decrsasss in the polar solvents CD30D 

and CD30D/DCl. Another possibility is that only amformation 2 exists in thcse 

solvents. We have demon~tnued that after protonation all cinchona derivatives 

discussed so far are found in the open dormation 3, the only exception being 
the chloro derivative. This supports the strong prefmnce of chi- for the 

closed a m f o ~ o n  2. 



Table 4.2. 'H NMR chemical shifta in ppm from internal TMS with precision of 
0.03 ppm of free and pmtonated pClBzDHQD in CDC13 at 20°C. 
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4.4 ASYMMETRIC MICHAEL ADDITION 

4.4.1 Introduction 

With this detailed conformational information on the catalysts in hand, we Nned 

to the mechanism of the asymmetric Michael addition of aromatic thiols to 

conjugated cycle-. Tbesc rsactions ua& influawe of a catalytic amount 

of cinchona or ephedil alkaloid have been studied exteasively by Hbmatra9 . 'l'b 

general reaction scheme is depicted in Figure 4.7. On the basis of considerable 

experimental data Hiemstra has proposed a rnodel for the transition state of this 

reaction, This e-y based model was derived from thorough analysis of 

the relationship between c o n f i i o n  of the major enantiomem of the products 

obtained,as wdasaddailtde~onoftbckinaticsofthn~on.Attsnrpts 

to improve or design better alkaloid catalystsl0 revolved around this model, but 

w e n  not successful. 

ngun 4.7 A8ymmWc Mlchael addttbn bawtm vomatic Mob and cyckhoxanone. 

As shown in Figure 4.8, a conformational transition of the catalyst quinine from 

the open conformatioa 3 to the closed conformation 2 was ptulated on formation 

of an ion pair between the thiol and textiaty amine9. This conformational change 

allows the deprotonated sulfur of the benzenethiolate ion to interact with the 

electron cloud of the quinoline ring, giving a weak dispersion interaction. To reach 



the transition state of the rate-determining step the %-orbital of the carbon double 

bond in Zcyclohexenone has to approach the deprotonated sulfur. There are two 

possibilities, both of which are represented in Figure 4.9. Transition state A leads 

to product with the absolute configuration R and transition state B to product with 

S conf~guration. It was concluded that transition state A is more favorable than B 
because of severe steric interactions between the ring of cyclohexenone and the 

quinuclidine ring of quinine in transition state B. This steric npulsion is absent in 

transition state A. During the reaction product with R configuration is formed in 

excess, thus the proposed model for the transition state is in agreement with 

experimental results. 

The importance of the cinchona alkaloid catalyzed reactions (see chapter I), 
coupled with our eagerness to understand the mechanism of asymmetric 

inductions, induced us to extend this mechanistic study of cinchona alkaloid- 

substrate interactions. 

- 
t-- 

OCH, 

Figure 4.8 Postulated conformational transition of quinine, induced by thiol- 

quinine interactions on formation of an ion pair according to ~ i e m s d .  



Figure 4.9 Two postulated orientations of cyclohexenone in the transition state 

according to Hiemstrag. Left, transition state k Right transition state B. 

Moreover, baaed on our recent knowledge (see 4.3) the proposed conformational 

shift of the alkaloid by Hianstm, induced by protonation, from an open conforma- 

tion 3 to a closed conformation 2 is unexpected. This conformational transition is 

crucial m his dcsa@on of the mcchmhm of the asymmetric Michael addition. In 
the following sections we will describe the main results of an additional study of 

alkaloid-substrate interactions. The results have been obtained by molecular 

dynamics calculations (4.4.2), a molecular docking study (4.4.3), and a NMR 
study (4.4.4). 



4.4.2 Molecular Dynamics Calculations 

Molecular dynamics1 ' (MD) provides a tool for studying the motions of a 

molecular system. The forces acting on the atoms are calculated from the first 

derivatives of the potential energy of the molecular system with respect to the 

atomic positions. By integration of Newton's equations of motion these forces can 

be used to calculate the dynamical properties of the system. A wide range of 

problems have been attacked successfully by MD, mostly involving nucleic 

acids12 and proteins13 . A great advantage of the MD method compared to a 

molecular mechanics energy minimization is that the presence of motional 

freedom allows the possibility of passing energy barriers. Thus MD searches a 

larger part of the configuration space and acr a consequence generally ends up in a 

lower energy minimum than regular energy minimization techniques. A 

conventional energy minimization will stop at the first local minimum 

encountered. 

All MD calculations described here were performed with the MD module of 

SYBYL'~ with the TRIPOS force field15 . The Verlet method16 is used for 

integration of the equations of motion. All simulations were performed at a 

constant temperature of 300 K, starting velocities were taken from a Boltzmann 

disaibution and a time step of 1 fs was used To avoid systematic oscillations and 

rapid changes during the constant temperare simulations a damping function 

(equation 4.1) was applied with a coupling constant -10 fs. 

when, 
At is time step. 

To is desired temperature. 

T is actual tanperature. 
2 is coupling mutant. 



The temperature is gradually elevated from 0 K to the desired 300 K in time steps 

of 250 fs using tempcratun steps of 30 K. 

We have taken both the open conformation 3 and closed conformation 2 of 

quinidine as the starting geometries in a MD study between quinidine and 4- 

methylbenzenethiol. The starting g d e s  of the alkaloid-thiol complexes were 

f i t  opcimized17 . In these complexes we have deprotonated the thiol anlfur atom 

and protonated quinuclidine nitrogen. A fwmal negative charge is placed thereby 

on the thiol and a positive charge on quinidine. Mcr equilibration at 300 K a 50 
picosecond @s) MD run has been calculated for both complexes. Figure 4.10 

shows two resulting plots in which the distance between the thiol sulfur and the 

proton on the quiauclidine nitrogen is plotted as a function of time. It follows from 
these plots that during the simulation the thiol-alkaloid complexes cemah intact. 

After some initial fluctuations the distances vary from 2.3 to 3.5 A and from 2.3 to 

3.8 A for the closed c o n f o d o n  2 and open confonnatim 3, mpctively. 

Figure 4.10A LXstance between the thiol S and quinuclidine H (y-axis, from 0 to 10A) as 
a function of time (x-axis, from 0 to 50000 fs) for quinidine in the open confonnation 3. 



Figure 4.10B Distance between the thiol S and the proton on the quinuclidine nitrogen 
(y-axis, from 0 to 10A) as a function of time (x-axis, from 0 to 50000 fs) for quhidine in 

the closed c o n f o ~ o n  2. 

P i  4.11 gives the potential cwrgy of both system as a function of time. The 
conformation of quinidine during the simulations is followed by monitoring the 

C3'C4'CgC8 (TI) and C4'CgC8N1 (T2) torsion angles. The resulting plots ate 
given (respectively, Figure 4.12, and 4.13). During the simulation of quinidine 

with the initial open conformation 3 the average values of T1 and T2 are approxi- 
mately -100 and 180°, respectively. These are characteristic for the open 

c o n f o d o n  3. However, from Figure 4.13A, in which T2 is plotted as a function 

of time, it can be observed that conformational changes occur to unrealistic 
c o n f o d o n s  (T2 of approximately 400), but never to closed codonnation 2. 



Figwe 4.1 1A Potentid energy (y-axis, froan 0 to 100 kcaVm01) as a function of time (x- 
e x i a f n n n O t o 5 0 0 0 0 h ) b ~ m i n ~ d 0 & 3 .  

Figure 4.1 1B Potentid energy (y-axis, froma to 100 kcrVmd) M a function of time (x- 
axis, from 0 to 50000 b) for quidhe in the closed confo& 2. 



Figure 4.1% Torsion angle T1 (y-axis, from -180 to 180~) M a function of t h e  (x-axis, 

from 0 to 50000 fs) for quinidine in the apar cunfomation 3. 

Figure 4.12B Tonion angle TI (y-uis, from -180 to 1809 rs a function of time (x-uis, 
from 0 to 50000 fs) for quinidbe in tbe closed  con€^ 2. 



Figure 4.13A Torsion angle T2 (y-axis, 6rom -180 to 1809 as a function of time (x-axis, 

fmn 0 to 50000 Es) b quinidinu in the opm cabonnah 3. 

F m  4.133 ToniaR angle T2 (y-axis. from -180 to 180~) aa a function of time (x-uis. 
from 0 to 50000 fs) for quinidine in the c l o d  conformation 2. 



Figure 4.14 shows the distance between H5 of the quiwline ring of the alkaloid 

and one of the ortho phenyl protons of the thiol as a function of time during the 

simulations for the open conformation 3 and closed confonnation 2. In a following 

section we will demonstrate with a NMR study that an intemuclcar NOE between 

these two protons exists. From Figure 4.14A it follows that the interatomic 

distance between both protons during the simulatim is clearly larger when T2 
attains d t i c  values between approximately 40 and 1600 (sea F i i  4.13A). 

Figure 4.14B shows that the average distance between both pmtona is larger when 

the alkaloid attains a closed confonnation 2. 

Figure 4.14A Distance between the H5 proton (y-axis, from 0 to 11 A) of quinidine (with 

jnitial open codonnation 3) and one of the oaho phenyl protans of the thiol as a function 
of time (x-axis, from 0 to s m  fs). 



Figure 4.14B Distance between the H5 proton (y-axis, from 0 to 11 A) of qdnidhe (with 
initial closed conformation 2) and one of the onho phcnyl protons of the thiol as a 
-011 of tim (x-axis. fiuan 0 50000 fs). 

We conclude that these MD calculatim have not given us a clear description of 
the alkaloid-thiol complex, in particular they did not support a discrimination 
between a complex with either the alkaloid in a closed or open conformation. We 
decided to perform an additional docking study (4.4.3) and NMR experiments 
(4.4.4) to elucidate the geometry of the complex. 



4.4.3 Molecular Docking Study of a Quinine-Thiol Complex 

We have investigated the possible orientations of thiol towards quinine with a 
molecular docking algorithm of CHEMX~~ . With this algorithm it is possible to 

simulate the motion of a structure about specified degrees of fmdom relative 

towards another structure. We have restricted the docking study to quinine. As 

-bed rrlrsady, dua minimum energy cOnfomati01ls of quinine were pdicted 
by the molecular mechanics calculations. One of these conformations (open 
conformer 3) was consistent with the NOESY data This conformation of quinine 

was used as the starting conformation in a molecular docking study between 

quinine and 4methylbenzenethiol. 'Ihe geometry of the thiol was optimized with 

MM.2. To force both molecules to approach each other during the simulation, the 

thiol was depmtonated at the sulfur atom and quinine was protonakd at the tertiary 
nitrogen of the bicyclic system. A formal negative charge is placed thereby on the 

thiol and a positive charge on quinine. At random five different starting 

orientations were chosen of 4-methylbenzenethiol with respect to quinine. With 

the algorithm just described, a molecalar docking run was calculated for each of 

the five starting orientation. During each simulation 300 different orimtations of 

the thiol with respect to quinine were generated. In Figure 4.15 those calculated 

300 orientations of the thiol are plotted for one of the five runs. The molecular 

mechnic8 energies wem calculated for all the 300 orientations and the mults are 
summarized in Figure 4.16. On the y-axis the molecular mechanics energy is 

plotted aad on the x-axis the distance betwan the sulfur of 4 -me thy l~nc th io l  

and the proton on the tertiary nitrogen of quinine. It can be seen fnrm this plot that 

at the start of the calculation the distance between the two molecules is about 8 A. 

Duhg  the run both molecules approach; the distance dccmaes and s i m u l ~ u s -  

ly the energy decreases. The thiol tumbles into an energy well and although it still 

poeuressee much rotational and translational freedom, it no longer escapes from the 
well. By comparing the relative depths of these energy wells and examination of 

the companding structures of the quinine-thiol complexes the preferred orienta- 

tion of the thiol towards quinine in the open conformation 3 was determined (see 



Figure 4.17). As we will demonstrate in the next section, the calculated geometry 
of the allraloid-thiol complex is in good accordance with a geometry that was 
deduced from NOESY expuimants. 

In the transition state the third molecule, cyclohexenone, is also involved The 
same molecular docking approach was used to calculate the possible minimum 
energy orientations of cyclohexenone towads quinine and 4-methylbamnethiol. 

We have used the mults to propose two diastereomeric transition states, thee will 

be discussed in section 4.4.4 (see Figuns 4.18 and 4.19). 

F i  4.15 All the 300 calculated orientations between 4-rnc thy l~e th io l  and 

quinine. 



Figure 4.16 300 calculated orientations of 4-methylbenzenethiol and quinine 

plotted as a function of the MME and distance betwan the sulfur of the thiol and 

the proton an the tertiary nitrogen of quinine. 

4.4.4 NMR Study of Alkaloid-Thiol Interactions 

A confonnational transition of the catalyst from the open conformation 3 to the 

closed conformation 2 is crucial in the description of the mechanism of the 

asymmetric Michael addition by Hicmstra. In a preceding section (4.3) we have 

described in some detail the conformational effects of cinchona alkaloids upon 

protonation by trifluoroacetic acid and DC1 and concluded that, in general, the 

preference of cinchona alltaloids for the open conformation 3 increases upon 

protonation. These observations are hard to explain with the proposed 



conformational transition, induced by protonation, in the mechanism of the 

Michael addition. Nevertheless, we attempted to obtain evidence for this 

conformational transition by NMR spectroscopy. The 'H NMR and NOESY 
spectra of quinine and quinidine in the presence of Qmethylbeazenethiol, as well 

as p-tertiarybutylbemenethiol (at various thioValLaloid ratios) w m  recorded in 
CDC13 and C6D6 at room temperature. Interpretation of the spectra, along the 

lines described before, did not mcal any indication for a confommtbd tramition 

to the closed conformation 2 on formation of the ion pair. Moreover, observation 

of intermoleoular NOE's between the phenyl protons of Cmethylbenzenethiol 

with the protom of the alkaloid skeleton (marked by anom in P i  4.17) allows 

placement of the thiol relative to the alkaloid skeleton as depicted in Figure 4.17. 

This orientation in the same as f o d  with the docking study (4.4.3). 

w 4.17 Qulnlnethkl Ion pair. The obmrwd NOE Interactions are Indicated 
#tmm 



4.4.5 Discussion 

Inspired by the recent conformational i n f d o n ,  obtained by the combined MD, 
molecular docking, and NMR study, we propose two alternative diastercomeric 

transition states for the asymmetric Michael addition between aromatic thiols and 

001ljugatul saanes19 (Figwe 4.7). 'Zhese uc dqcted in P i  4.18 a d  4.19. We 

reaJize the possibility that the catalytic activity is derived solely from a minor 

species20 . However, the geometries of both diasteraomeric transition states 

depicted in Figures 4.18 and 4.19 are in good agmement with the NMR and the 

calculatibnalnedts.&wed~~,theyrrsalsoingood~with 

the experimental findings of ~ i c m s t d .  Moreover, the effect on the e.e. of the 

pmnmce or absense of a methoxy group on the quinoline ring of the alkaloids can 

be explained. In the Hicmstra model9, advanced some years ago on the basis of 

kinetic data and product studies, a transition from an open to a closed alkaloid 

conformation upon formation of an ion pair between the aromatic thiol and 

quinuclidine nitrogen was postulated. Evidence from the NMR analysis revealed 
that the open conformation 3 docs not close upon protomtion on the quinuclidine 

nitrogen, and the transition states, depicted in P i s  4.18 and 4.19, consistent 

with the newly available conformational information have bem advanced. 

Figure 4.18 shows the proposed transition state of the Michael addition between 

4-methylbenzenethiol and 2-cyclohexenone, lcading to product with S configura- 

tion. In this transition state steric repulsion exists between the ring moiety of 

cyclohexenone opposite to the double bond and the quinoline ring of the alkaloid 

(quinine). This steric hindrance is absent in the other transition state, depicted in 

Figure 4.19. This transition state leads to product with R configuration. The steric 

repulsion between cyclohexenone and quinine is not present now, because in this 

case the ring moiety of cyclohexenone, opposite to the double bond, is moved 

away from the quinoline ring of quinine. 

These proposed geometries for both transition states are consistent with the 

obsemations of ~ i a n s t r a ~  that a huger fresment on the opposite side of the double 

bond in cyclohwenone increases the amtiomuic excess of the reaction. Hiemstra 



found better results (higher e.e.'s) for the conjugated cycloheptenone, for 5,5- 
dimethyl-2-cyclohexenone, and for spiro[5.5]-undec-3-en-2-one (sea Table 4.3). 

For all these molecules it can be expected that the steric repulsion between the 

catalyst and the ring moiety oppo&a the double bard of the emma immaaea with 

respect to cyclohexenone in the case of a reaction leading to product with S 
configuration. Because this stcric repulsion is not present in the transition state 

leading to product with R cwfiguration, these o h a t i o n s  am in good agmammt 

with the obemed increase of the en. 

'Ihe tramition states depicted in Figuns 4.18 and 4.19 also explain the influaw 

of the methoxy group on the e.e. In the tight ion p a i ~  between the protonated 

catalyst and dsprotoneted thiol the sulfur atom of the ammatic thiol is negatively 

chugad. This cawes repulsive i n t d o n a  with the &y oxygen of the methoxy 

group. As a canrequencc the sulfiu is plehsd away from the -line ring which 

results in decreased discrimination between the two dicrstemomeric trrnsition 

states. 

We already mentioned that attempts to optimize the e.e. revolved around the 

prcviws model w i  4.9) of the mition state and ~ 1 0 .  ~ a s t d  oa out new 
model, we will discuss novel p o e s i b i i  to improve the succasa of this asy~mnet- 

ric Michael addition in cbaptc~ 6. 



Pigun 4.18 Proposud transition state of the Michael addition between 4- 
methyIbenaenethi01 (in -3 alld 2-cyclohxenm (&I, catalyzed by qainint 

(partly h i d & n b a b i a d t h e t h i o l ) ~ g t o p r o d u c t w i t h S c o n 6 ~  



Figure 4.19 Proposed tmnaition state of the Michael addition between 4- 

md~yl-ol (in front} and 2 - c y c k m t  ( d l ,  ca tdyd  by 

(partly hidden I d h d  the tbiol) h b g  to produd with R cm@umhor~ 



Table 4.3. Influence of the structure of the conjugated enone on the e.e of the 
asynm#tric Michael addition2 . 

4 5  EXPERIMENTAL PART 

Tbe NOESY and COSY spectra wen measured as 0.05-0.1 M solutions in a 5 mm 
NMR tube. In case of the NOESY spectra the oxygen was removed by k z e -  
pump-thaw cycles and the NMR tubes were scaled under reduced pressure. All 



spectra ('H NMR, COSY, NOEiff., and NOESY) were recorded using a Varian 

VXR-300 and VXR-500 spectrometer at 20°c. For each NOESY spectrum 

between 512 and 1024 FID's of between 1024 and 2048 data points each were 

collected. The spectral width was chosen as narrow as possible (about 3000 Hz). 

Corrections with weighting functions (mostly shifted sine bells22 ) were used 

before Fourier transformations in the t2 and t l  dimensions. All NOESY spectra 

were recorded in phase sensitive mode23 . Energy calculations were performed on 

a MicroVAX 2000, a Convex ~ 1 2 0 ~ ~  , or on a VAX 8650 computer25 . The 

calculational results were evaluated with either CHEMX or SYBYL. All 

ophkations were performed either over all internal coordinates or the Cartesian 

coordinate system was used, until the root-mean-square of the gradient of the 

energy was less than 0.5 kcal/A 
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5 

MO ANALYSIS 

ON CINCHONA AND 

EPHEDRA 

ALKALOIDS 

5.1 INTRODUCTION 

The results of the conformational study on cinchona and ephedra alkaloids 

presented in the preceding chapters have revealed valuable and unexpected infor- 

mation. We have seen that, although the quinidines and quinines display very sim- 

ilar conformational behavior, their conformations can be influenced by varying the 

substituent at the benzylic position, by changing its configuration, by protonating 



the quinuclidine nitrogen, by the nature of the solvent, or by complexation with 

osmium tetraoxide. The NMR analysis has revealed that chloro cinchona alkaloid 

derivativts (R=Cl, see Figure 5.1) attain the closed confomation 2 almost exclu- 

sively in solution. For the ester derivatives (R=OAc, p-ClBz) a definite p n f m  

was found for the closed c o n f d o n  2. But in this case the open conformation 3 

was found as well. The equilibrium between both conformem 2 and 3 is solvent 

dependent. For the methoxy derivatives (R-OMe) the distinct preferewe for the 

closed confomtion 2 has vanished. Either conformation 2 or 3 is now found in 
excess, depending on the solvent. The cinchona alkaloids themselves (R=OH) 

prefer the open conformation 3 in all solvents. The fact that epicincham alkaloids 

are found in open conformation 4 suggests that the confiiguration of the benzylic 

Cg position is impoxtant in determiniag the overall conformation. Finally, we have 

seen that complexation at, or protonation of the quinuclidine nitrogen induces 

confonnational transitions from c l o d  conformation 2 to open c o n f o d o n  3. 



In addition, we have presented a molecular mechanics analysis on @&he and 

N-methylephedrine (chapter 2) and demonstrated the similarity between their 

minimum a m g y  u m f d c m s  with those of the cinchona alkaloids. 
In thir chapter we will discuss the mults of a molcculat orbital (MO) study of 

some cinchona alkaloids as well as of model compounds of these (5.2), and of 

e p b d r k  and N-methylcpkbim (5.3). With this cakulatiod approwh we will 
t r y t o e c x p l . i n i n M m e & c a i l t h s e ~ e n ~ o b t a i n s d ~ d d b t r l .  

5.2 MO ANALYSIS ON CINCHONA ALKALOIDS AND MODEL 
COMVUNDS 

5.2.1 MO Calculations 

Quantum chemical calculations can provide detailed insight into the electronic 

nature of a molecular structure and allow one to analyze phenomena not yet 

parameterized for molecular mechanics. The Schriidinger equation of a given 

molecular system can be solved either with no approximations (ab initio) or with 

the introduction of some approximations (semiempirical). Semiempirical 

tmtmentssuchas~M3~  AM^^ ,d ,c& ,INDO~.EEFT,MIND~~, 
and PCILO~ are some of the most popular semiempirical p r o p s ,  whereas 

GAUSSIAN~ and HONDO~O are typical ab initio programs. AMPAC and 

MOPAC are QCPE packages that include the PM3, AM1, MNDO, and MIND0 

programs. We have used the MOPAC and VAMP' packages for the calculations 

described m this chapter. We have already mentioned in the introduction that the 

main objective of our calculations is to find explanations of the experimentally 

obtained conformational data. Note that such a calculational approach is 

characterized by enonnous amounts of numbers generated by the programs which 
must be interpreted with care. Therefore, we have paycd more attention to the 

variations and the trends of the various calculated molecular properties than to 
their absolute values. 



5.2.2 MO CIlleulations on Cinchona Alkaloids 

We have optimized the camplate structures of some cinchona alkaloids using the 

VAMP package. Starting conformations obtained from the molecular mechanics 

calculations (chapter 2) were used for these optimizations over all internal 
c ~.TheVAMPpackaseprovidssthreeHrrmihoniane~MNDO~AMl,and 

PM3. First, we have performed some initial calculations to decide which 

Hamiltonian is able to give the best correlation with our experimental findings. 

Therefore, the energy diffcmnes betweea the apen conformatian 3 and the closed 

conformation 2 have beem calculated for quinidine derivatives with 4 d i f fmt  ben- 

zylic substituents; chloro (CIQD), acetyl (OAcQD), methoxy (OMeQD), and 

hydroxy (QD). The Wts are summarized in Table 5.1. 

Table 5.1 Heat of formation and heat of formation differences (kcaUmo1) betwan 

the opan conformation 3 and closed conformaton 2 of sanc quinidine derivatives. 

CZ refem to closed conformation 2, -3 rdets to opctl conformation 3). 



We know from our experimental Findings (chapter 3) that the preference for the 

closed conformation 2 depends on the nature of the benzylic substituent and 

increases in the following order: hydmxy < rnethoxy < acetyl < chloro. It follows 

from the energy differences between conformations 3 and 2, given in Table 5.1, 

that this trend is perfectly refleded by the AM1 calculrrtione. Based on this know- 
ledge we decided to perform all subsequent calculations with the AM1 Hamil- 

toniaa 
At fitat sight it is diffscult to imagine why the nature of the ttenzylic substitucnt 

and its configuration are so importnnt in detamining the conformation. Examina- 

tion of molecular models results in mors confusion, for the benzylic aubstituent is 

situated in the 'free space' under the quiwline and quinuclidine ring. However, 

from Table 5.2, in which some calculated bond lengths and angles are summa- 

rized, we see that small but significant clifkmcea exiM with regad to the geome- 

f ' Y d C g .  

Table 5.2 Result of VAMP AM1 optimizations of QD, OMeQD, OAcQD, and 

ClQD in the closed confoxmation 2 and o p  confoxmation 3. 

a bond length in Angsmm. 



In the next section we will describe a detailed analysis of the influence of the bcn- 

zylic subtituents on the geometry of this position and the consoqum of it. 

5.2.3 MO Calculations on Model Compounds 

We have constructed model compounds in a calculational approach to elucidate 

the role of the benzylic position Cg. The structures of the model compounds, 

which are chamctcrized by five cliff- substitucnts R at Cg, are given in Figare 

5.2. 'Ihc substituents wen chosen such that each model compound munblse one 

of the cinchona alkaloid derivatives that we haw studied. The gemnetlids of the 
five model compounds were constructed in C H E M X ~ ~  and optimiud with 

MMP213 . Then the geometries were refined with the VAMP molecular orbital 
package using the AM1 Hamiltonian by optimkdon wer all i n t d  modhatea. 

All subsequent calculations were also performed with VAMP (using the AM1 

IbliltOnian). 



Compound A. The energy dependence on the torsion angle T1 has been computed 
by varying T1 in steps of lo0 (see Figure 5.2 for the definition of TI). In the 

opimized starting geomeq T~&.  The energy has been calculated at each point. 
The resulting plot, depicted in Figure 5.3, of the energy against T1 reveals three 

minimum energy conformations at T1=O, T1=120, and T1=2400, all three of 

which are identical because of symmetry. The minima place one of the bcnzylic 

protom in the same plane as the quinoline proton HI. The energy M e r s  of 2.3 

kcaVmol at TI&, 180, and 300° are caused by steric repulsion between one of 

the benzylic protons and the quholine proton H5. 

todoll - 1 1  

F i  5.3 Bne%y (kadbol) aa a fmcth  of T1 for model c o m p d  A. 

Compound B. Two conformations have been optimized, one called OH-0-180, 

starting with T ~ = O O  and T2=1800, and one called OH-120-180, starting with 

T1=1200 and T2=1800. In Table 5.3 some results of these optimizations are 

summarized. The AM1 calculations predict conformation OH-0- 180, with the 

hydroxy oxygen oriented in the plane of the quinoline ring and directed towards 



H1 (Figure 5.2) to be 1.3 kc-1 more stable than confiomer OH-120-180, in 
which one of the benzylic protons occupies this position. 

Next the p r e f d  orientation of the hydroxyl proton  ha^ been investigated. For 

both OH-0-180 and OH-120-180 T2 was varied in step of @ and the AM1 ener- 

gy has been cdculated~at each point. The results of these calculations are 

summubed in plots of a ~ p . g p  again8t T2 (pigum 5.4). From thest plots it follows 

thaf the oricntatim of the hydroxyl proton is able to affect the energy considerably. 

For O H 4  180 two abaolutc minimnrm cne%y cdormations exist at appmxhak- 
ly T ~ = ~ O O  and ~ ~ ~ 3 0 0 ~ .  One relative minimum is found at approximately 

T2=1800. This staggered conformation has both oxygen lone pairs oriented 

between a C-C and a C-H bond, whereas in the two absolute minima one of the 

two oxygen lone pairs is situated between two C-H bonds, which leads to leas 

electronic repulsion. In the case of OH-120-180 the staggered conformer with 

T 2 a 0  is an energy maximum, bscaust of stcric @ion between the hydroxyl 

proton and H5 of the quinoline ring. 

The geometries of both OH-0- 180 and OH- 120- 180 have been optunized again, 
but now starting with T2=3O(l0. Ihe resulting conf- are called OH-0-300 

and OH-120-300, respectively. In Table 5.3 the most important results of these 

ophhtiona an summerized It follows that the initial energy difference between 

confomers with T1dO and ~1=120O decreases from 1.3 to 0.5 kcaVmo1 upon 

changing T2 from 180' to 300°. Next all four optimized aeornetries have been 

used as starting conformers to study the energy dependence on TI. Of special 

intmst is plot B of Figure 5.5. This plot shows the energy dependence on T1 for 

OH0300. Ca&nner 0H-O-300 d f e r  the open m d m m t b  3 of quinidirac. 

In the c l o d  conformation 2 of @dine T1 changes from about 0 to 60'. Thus 

the height of the energy banicr of plot B of P i p  5.5 at T ~ P ~ ~ O  relative to TI& 
is important, because it &ts &I r m o ~ n t  of destabilizatim on going from the 

open conformation 3 to the c W  tmfomwion 2. These calcalatione predict an 
en- diffcaencc of 3.5 kco)c(mol 



Table 5.3 Results of VAMP AM1 opthidons for model ccmyound B. 

Fi#um 5.4 Energy (kd/mol) aa a frmctiar of T2 for model compoanc4r OH-0- 180 
(e) and OH- 120- 180 (0). 



P i  5.5 Eaergy Qcalhnol) m a fshctioa of TI. (A), OH-0- 180, (B), OH- 120- 

180; (C), OH-0-300., @), OH-120-300 

Compound C. Two confonnatio~u~ have been optimized, one called OMe-0-180, 

starting with T1=OO and T2= 180°, and one called OMe- 120- 180, starting with 

~ ~ = 1 2 0 ~  and ~2=18OO. Some results of these optimizations are summarized in 

Table 5.4. Confonner OMe-0-180 with the oxygen oriented in the plane of the 

quinoline ring and directed towards H1 is pdicted to be 1.2 kcalhnol more stable 

than confonner OMe- 120- 180. 

The energy dependence for OMe-0-180 as a function of T2 has b a n  calculated 

by stepwise variation of T2 in steps of lo0. The results of these calculations sug- 

gest that one absolute minimum exists at approximately T2=1800. The other two 



staggered conformations at approximately ~ 2 ~ 8 0 '  and ~ 2 ~ 2 7 0 '  are relative mini- 
ma. 

Conformation OMe-0- 180 was optimized again, this time starting with T2=800. 

The optimized geometry is called OMe-0-80 and some results are summarized in 

Table 5.4. Thus after optimization over all internal coordinates OMe-0-80 turns 

out to be 0.9 kcal&ol more stable than OMe-0- 180. Because conformer OMc-0- 

80 resembles the open conformation 3 of the methoxy derivative of quinidine the 

energy dependence on T1 was further investigated. Both in OMe-0-80 and OMe-0- 

180 TI has been varied in steps of lo0 and the AM1 energy has been computed at 

each point. The plots of Figure 5.6 summarize the results of these calculations. In 

case of OMe-0-80 the energy barrier on going from TI= lo0 to T13600 is 

estimated to be 3.1 kcal/mol. 

Table 5.4 Results of VAMP AM1 opthhtions for model compound C. 

a energy in kc-01. 
bond length in Angsmnn. 



energy 
8.5 

(Wm'J') 8 

Pigute 5.6 B n q  (kdmol)  u a fanction of TI. (A), f a  OMe-0-80; (B), for 

Compound D. The t h e  imp-t dihedrals of D an defined in F i  5.2. An 

analysis similar to that described for the other model compounds has been 

followed. Firstly, five confommtions have been optimized., OAc-0-180-0 (T1=OO, 

T2sl8OO, T3-, OAC-120-1804 (T1=1200, ~ ~ ~ l 8 O 0 ,  ~ 3 4 ' ) ;  OAc-0-180-180 

(TI&, T2=1800, T3=1800); OAC-120-180-180 (T1=1200, ~2=180' J3=1809, 

and OAc-0-60-180 (T1=OO, T2=600, T3=1800). The most important results of 

these optimizatiara are summarized in Table 5.5. 

An energy analysis of T3 showed a two-fold potential with minima at T 3 d  and 
T3=1800. From Table 5.5 it is clear that a distinct preference exists for T3=1800 

(ranging from 5.6 to 6.1 kcal/mol). Both optimized geometries OAc-0-60-180 and 

OAc-0- 180- 180 have been used to study the energy dependence on TI. Different 

conformations were generated by varying T1 in steps of lo0. From the resulting 

plots of Figure 5.7 it follows that the energy barrier of conformer OAc-0-60-180 

(resembling acetylquinidine) in going from TI& to T1400 is 2.6 kcal/mol. 



Table 5.5 Results of VAMP AM1 opthhations for model compound D. 

OAC OAC OAc OAC OAc 

0-180-0 120-1804 0-180-180 04@180 120-180-180 

Table 5.6 Results of VAMP AM1 opthhtions for model compound E. 
cl-0 c1-120 

a energy in kcalfmol. 
bond lengtb in Angstrom. 



torsion smgle T, 

Figure 5.7 Eacqy (kcrl/mol) u a function of TI. (A), for OAc-60-180, (B), for 
OAc-0- 180- 180. 

Compound E. Two c o n f d o n s  have been optimized, one starting with T1dO 

called C1-0 and one starting with T1=1200 called C1-120. Table 5.6 summarizes 

the most important results of these optimizations. This time the conformer with 

T~=OO is not found as the absolute minimum. Compound Cl-120 with Tl=1200 is 

calculated 0.5 kcal/mol more stable than C1-0. The energy dependence on T1 has 
been computed by stepwise rotation around T1 in steps of lo0. The optimized 

geometry of compound C1-0 was used as starting point. The calculated energies 
are plotted against T1 (Figure 5.8). The energy barrier in going from T ~ = O O  to 

TI=@ can be estimated to be 3.0 kcal/mol. 



Effect of C9-H Bond Length and Cq'C9H Bond Angle. The results of the 

calculations described above show that the C9-H bond length is affected by the 

nature of the benzylic substituent R. In going from R=OH, OMe, OAc, C1, H the 

Cg-H bond length decreases from 1.126 A to 1.1 18 A. In an attempt to investigate 

the influence of this bond length on the height of the energy barrier, caused by 

benzylic H-H5 repulsion, the C9-H bond length was systematically varied from 

1.1 10 A to 1.130 A in steps of 0.002 A. In these calculations the geometry of OH- 
0-180hs~usedesbasicgeometry.Aterrchbondlengththebt~tofthesncr- 
gy b d e r  has becn computed by stepwise variation of TI. No significant effect on 

the bcnzylic H-H5 repulsion could be detected. 



The C4'CgH bond angle is also affected by the nature of the benzylic 

substituent. In order to investigate the influence of this bond angle on the benzylic 

H-H5 repulsion, the height of the energy barrier has been calculated for C4'C$4 

bond angles of 109O and 1 lzO, together with C$3 bond lengths of 1.110, 1.120, 

and 1.130 A, respectively. Again the geometry of OH-0-180 has been used as 
basic geometry for these calculations. In Figure 5.9 only the results of the 

calculations with a C9H bond length of 1.120 A are given; results for the other two 

bond length were very similar. It follows that a decrease of the bond angle from 
1 l2O to 10gO causes an increase of the benzylic H-H5 repulsion of about 0.4 

kcdhml. 

F m  5.9 BnePIy -1) u 8 function of T1 for 8 model canpound with a 
C9H baDd kmgh of 1.120 A and (A) a C4'CgH of log0, (B) a C4'C9H of 112'. 



Effect of C90 Bond Length and Cq'C90 Bond Angle. In going from R d H ,  

R=OMe, R d A c  the CgO bond length increases from about 1.140 to 1.145 A, 

whereas the C4'Cg0 bond angle tends to decrease (see Tables 5.3,5.4,5.5). To 

study the effect of this bond length and angle on the interaction betwoa oxygen 

and the quinoline proton H1 four energy plots have been calculated. 'Ihe geometry 

of OH-0-180 has beem used as staaing conformation in all calculaths. The rssults 
of the calculations ate summarized in Figure 5.10 Plot A gives the energy curve 

for C4'Cg0= 10SO and CgO1l. 140 A; plot B for ~ ~ ' C g 0 1 1 0 8 ~  and -1 .I45 

A; plot c for C4'Cg011 lzO and %-I. 140 A; plot D for C ~ ' C ~ O = I  12O and 

C90=1. 145 A. From these plots it follows that the energy decreases only about 

0.03 kcal/mol when the Cg0 bond largth haease from 1.140 to 1.145 A, w k r a  

inmrsing the C4'Cg0 bond angle from 108 to 112O causes a stabilization of the 

m i r d n r m ~ m g y ~ r t T ~ d ' d a b o m t 0 . 3 ~  

-40 -20 0 20 40 60 80 - ngl, 1, 
Figure 5.10 Energy (kdlmol) or a function of TI. (A), for C4'C+1080 and 

-1.140A; (B), f a  C4'CgOr1080 m d ~ 1 . 1 4 5  A; (C), f0rC~'C+&ll2~ 

and CgCk140"; @), for C4'CgOel 12' and CgO1l. 145 A. 



Effect of the C3'C4'C9 Bond Angle. The VAMP calculations on the model 

compounds as well as on the complete cinchona alkaloids have shown that the 

C3'Cq9Cg bond angle is strongly affected by the tmzylic substimeat R (variation 
fnrm 118.8 to 123.59. Robably this is to reduce steric replaion betwam the quin- 

oline proton H1 and the benzylic substituent R. The C3'C4'C9 bond angle 

incfsrrser when the $0 bond length increases or when the C4'C90 bond angle 

dcaemws. 
Using the OW-180 basic geometry, T1 has been varied h m  0 to 130" in steps 

of 10". Thia has been done for six different C3'C4'Cg bold angles, ranging from 

118.5 to 123.5~. F ' i  5.1 1 shows the resulting sin plots of energy against TI. It 

follow8 hut there exist two differeat effects on the mgy. Firstly, decrease of the 

C3*Cq9Cg bond angle causes a destabdhtbn of tho absolute minimum at T ~ &  
( i n c d  steric intsrsctioas between 0 and HI). This is a relatively srrrpll energy 

effect (0.7 kcal/mol). Secondly, decrease of the C3'C4'C9 bond angle causes a rel- 

atively large energy effect on the benzylic H-H5 repulsion; it decmses by about 2 

kwmol. 
75  T 

F i g t ~ ~  5.11 ( k d l d )  m 8 fmrction of T1 for C3'C4'C9 u -e&, 

(A) 118.5; (B) 119.5; (C) 120.5; (D) 121.5; (E) 122.5; (F) 123.50. 



5.2.4 Alkaloid-Solute Interactions 

We know that the conformational behavior of cinchona alkaloids is influenced by 

the nature of the solvent. In case of complexation with osmium tetraoxide or 

protonation by an acid there is an obvious interaction between the solute and alka- 
loid. However, we have also discussed less obvious examples, e.g. methoxy- 

quinidine, which adopts prsdomhntly the open conformaticin 3 in CDC13 and the 

closed conformation 2 in CD2C12. Apparently the interactions between alkaloid 

and solvent differ for the closed oonfonnaticin 2 and open conformation 3. 

In chapter 4 we have demonstrated tbat methoxy and ester derivatives of c i n c h  

na~idsexis tasan~umofconformers2and3invari0~~sohrsnts . ' Ih is  
equilibrium shifts completely towards conformer 2 in methanol. This 

c o n f d o n a l  shift was not observed for ch loquhidb.  We have tried to calcu- 

late the energy gain caused by int- between chlomqdnidinc and one mole- 

cule of methanol. In the starting geometries methanol was positioned relative 

towards chloroquinidine in such a manner that a hydrogen bond between the 

hydroxyl proton of methanol and quinuclidine nitrogen of the alkaloid exists. As a 

consequence the methanol molecule mides above the quinoline ring in case of the 

closed conformation 2 (CLQDD22Met) and in free space in case of the apen &of- 

mation 3 (CIQD-3-Met). AM1 optbbtions of the complexes wen unsuccessful, 

in both cases the hydrogen bond disappeared. After optimization the distances 

between the hydroxyl proton of methanol and the quinuclidiae nitrogen hydrogen 

bond were increased to 2.65 and 2.71 A for ClQD-2-Met and ClQD-3-Met, 

respec'tively. The PM3 method is known to give better results for systems 

containing hydrogen bonds. Thus both optimizations were repeated using PM3. It 

tumed out that after a PM3 opthbtion in both complsxes methanol is hydrogen- 

bonded to the allcaloid as revealed by proton-nitrogen distaacss of 1.91 and 1.85 A 

a and 0-H-N bond angles of 162.0 and 178.0 for ClQD-2-Met and ClQD-3-Met, 

respectively. Figure 5.12 gives the PM3 optimized complex between quinidine in 

the open conformation 3 and methanol (ClQD-3,Met). PM3 optimhtiom wen 
also performed on isolated methanol, chloroquinidine in conformation 2 



(ClQD-2), and chloroquinidine in conformation 3 (ClQD-3). The results are 
summarized in Table 5.7. 

Table 5.7 R ~ u l t s  of PM3 ophiwions of chloroquinidinamethanol interadom. 



Based on the calculated energies of the isolated molecules one expects an energy 

of -38.82 kd/~101(-51.88-13.06) for ClQD,2L,Mt and -37.03 k&01(-51.88- 

14.85) for ClQD-3-Met. We found, however, -39.92 and -38.92 kcaVmo1 for 

ClQD-2-Met and ClQD-3_Met, respectively. Thus the methanol-alkaloid 

interactions cause an energy gain of 1.10 kcd/mol for chloroquinidine in the 

closed dormation 2 and 1.89 kud/mol for chloroquinidine in the open confor- 

mation 3, the initial energy difference between conformers 2 and 3 of 1.79 

kcal/mol decrcaPes to 1.00 kcal/moL 

5.25 DISCUSSION 

When we examine the data of the T1 dependence on the energy of the model 

compounds that have been studied, it is easily concluded that all plots of energy 

against T1 are very similar. Three minima are located at approximately T1=OO, 

~ ~ = 1 2 0 ~ ,  and T1=2400. In all cases, except for the chlom model compound, the 

absolute minimum is found at about T~=OO, whereas at about T1=120 and 

T1=2400 relative minima are found. I . .  all cases these three minima are 8epanUed 

by one large (>I0 kcallmol) and two relatively small (c4 kcal/mol) energy 

barriers. The two small energy baniem at approximately T1=60 and T1=3000 are 
cawed by repulsion between the bcnzylic proton and H5. The huge energy banier 

b caused by repulsion between the benzylic R substituent and Hg. 
In the apm conformation 3 of the cinchom alkaloids the benzylic subetituart is 

situated in the same plane as the quinoline ring and directed towards H1 (thus 

membling the absolute minima of the model compounds) (see P i  5.13). In the 

closed conformation 2 of the cinchona alkaloids the situation with respect to the 

benzylic substituents is different. The benzylic hydrogen is now oriented in the 

scrmc plane aa the quinoline ring, pointing towards H5, whereas the benzylic R 
substituent has turned about 600 out of thc quinoline plane (thus membling the 

relative maxima of the model compounds). In case8 adogous to the open codor- 
- mation 4 the bcnzylic substituent R is alao o r i d  in the quhmline p h ,  but now 



it points towards H5 instead of towards HI. From the c a l c u  n d t s  we have 

seen that this is very unfavourable (huge eneasy barrier) because of the relatively 

large repulsion between the benzylic R and H5. Tbe co~iguration at Cg of the 

epicinchma alkaloids is opposite to drat of the cinchona d e s ,  thus now cloed 

confornation 2 and to a lesser extend open conformation 3 are unlikely for the 

same rceson. Deoxycinchaaa alkaloids do not have a Wlic mbstituent and thus 
miss the dbchbuion caused by the coafigmPtion at Cg. b d e d ,  ~ c i n c h o l u l  
alkaloids am found both in donnation 1 and 3. 

F @ ~ 0 8 . 1 S & h w n B c ~ d ~ ~ d I h r b n @ ~ ~ C g d  
chaholwl-. 

We have rJso opimizsa some complete cinchona ddvativa. The d t a  of these 

stable than the closed conformation 2. For the methoxy derivative this energy 

diffararce dtcrsues to 0.9 kcrVmol, and for acetylquinidinc the energy difference 
&maam f\lrlhcr to 0.3 k d b o l .  AM1 predicts the chloro derivative in tbe closed 

confonDIltion 2 to be 1.8 kcpl/mol more stable then in the open confommtion 3. 
Igmxiug the precise absolute magnitudes of the energy d i f f ~ ~ ~ l c e s ,  we conclude 
that the& axirrr axctlht  agreement between these calculational results and the 

expmmead obmmtiaas in solution and in the solid state. This suggesta that the 
AM1 crlcolrrtions arc well suited to predict experimentally obaerved trends in 



energy differences between possible conformations of a certain cinchona 

derivative and between the different derivatives of cinchona alkaloids. 

However, the main object of our calculations is not to find good correlations 

between experimental observations and theoretical predictions, but to find 

explanations for the conformational behavior of the cinchona alkaloids, Let us 

return to the model c x m p m d s  and concentrate on the benzylic H-H5 and bmzylic 

R-H1 mjmlsions. The calculations on the model compounds suggest the existc11ce 

of a delicate balance between benzylic R-H1 and bcnzylic H-H5 interactions. 

haease of the CgR bond length or decrease of the C4'CgR bond angle causes a 

decrease of the benzylic R-H1 interatomic distance and thus an increased steric 

repulsion. This can be released by increasing the C3'C4'Cg bond angle, but at the 

same time this has considerable consequences for the benzylic H-H5 repulsion 

( p ' i  5.13). In going from R=OH, OMe, OAc the electron withdrawing capcity 

of the R-group increases, as a result the CgO bond length increases. In the same 

order the C4'C90 bond angle decreases. This explains why the situation resem- 

bling the open conformation 3 (TI is approximately 0°) will be destabilized in 

going from R d H ,  OMe, OAc. In the same time, for closed conformation 2 (TI is 

approximately 60'). the benzylic H-H5 repulsion can be relieved significautly by 

decreasing the C3'CqSC9 bond angle and to a lesser amount by increasing the 

C 4 * v  bond angle. Both trends are indeed present in going from RPOH, OMe, 

OAc, C1. Thus the geometry resembling the closed conformation 2 will be 

s t a b i l h d  in the same order. 

Another aspect are the solvent-alkaloid interactions. These too are able to 

Muence the conformational behavior. In this thesis several examples have been 

mcdltioned, e.g.; methoxyquinidine, which adopts pdominantly the open confor- 

mation 3 in CDC13 and closed conformation 2 in CD2C12; benzoylquinidine, 

which predominantly adopts the closed conformation 2 in all solvents except 

CD30D, in which it is found chiefly in the open conformation 3. But also 
complexation with osmium tctraoxide7 or protonation of the alkaloid are able to 

induce conformational transitions from the closed conformation 2 to the open con- 
formation 3, except for chloroquinine, where this confonnational transition could 



not be induced upon protonatioa. These examples clearly indicate that solute-alka- 
loid interaction are able to dictate the conformation only in ccrtain circumstances. 

From NMR and X-ra~ data we know that especially the quinuclidfne nitrogen is 

involved in the interactions with solvents (e.g. methanol, acetic acid) or 

electrophiles (e.g. aromatic thiols, osmium tetraoxide). We do not have much 

quantitative information about the energy gain cmed  by these interactions. but 

PM3 calculatio~ suggest the magnitude of t h e  to be in t8e order of 1-3 kcal/mol 

(and of course for these data entropy effects are not taken into account). In the 

closed conformation 2 of the cinchona alkaloids it is practical impossible, because 

of geometrical masons, for the quinuclidine nitrogen lone pair to participate in 

alkaloid-solute intemctians, whenas in casc of the open c o n f o d o n  3 the nitro- 

gen lone pair is h l y  accessible to ligmd or solute (thir explains why we have 

called the confcmnahu 'closed' or 'qnm'). 

With all this i n f d o n  in hand we tfiialr that the picture is complete enough to 

~roposeanb@- 
. . .  

f o r t b e d ~ ~ v i o r o f b r a c ~  
allcaloids. Because of reasons discussed above chloro cinchona alkaloids adopt 

closed c o n f o d o n  2 almost wtcluaively. Ihe energy diffamce between closed 

c d ~ o n 2 d o p s n ~ 0 ~ 3 i s t o o ~ t o b e c o m p c a s a t s d b y c p l e r g y  

gain as a result of interactions between open conformation 3 of the chloro 

derivative with solute or ligmd. In case of ester derivativw tbe energy difference 

between closed and open conformation is less and is probably of the same order of 

magnitude as the amount of stabilization caused by interactions with solutes, such 

as methanol or weak acids, or with strong electrophiles, such as osmium 

tetraoxide. In case of the methoxy derivatives the energy difference between 

closed dormation 2 and open c o n f d u n  3 has vanisbed In n o n - c o o ~  

solvents like CD2C12, the methoxy derivatives are still pdomhmtly found in the 
closed conformation 2, but in the presence of any electrophile the equilibrium 

shifts in favor of the open conformation 3. Quinine and quinidine (and other 

hydroxy derivatives) by themselves already possess a distinct preference for the 

open conformation 3 and thus do not depend on extra stabilization caused by 

interactions with solute. 



5 3  MO ANALYSIS ON EPHEDRINE 

In chapter 2 we have presented a molecular mechanics (mm) analysis of ephedrine 

and N - m e t h y l e p h ~ .  The minimum energy confomations were found by sys- 

tanrrtical variation of the four torsion angle TI, T2, Tg, and Y that determine the 
groes c o n f m  (see P i  5.14 for definitions of the torsion angle). 

It turned out that nine minima were found for ephedrine. With respect to TI (the 

porition of the $-hydroxyamine side chain relative to the phenyl ring) a more or 

leu perpendicular orientation was found. The orientation around T2 determines 

whether the gross conformation is gauche (the side chain folds back) or trans 

(extended conformation). We have divided the predicted minima into three 

'gauche -60' (72-0°), three 'gauche 60' (~~3600)~ and three trans c o n f o m ~ ~  

(T2=1800). Depending on the orientation of the hydroxy group (Y)  each of the 

nine conformers could be split up further into three other ones. Based on the 

relative energy diffaences we have concluded that a slight p f e m e  exits for the 

'gauche -60' conformers. In case of N-methylephedrine seven minima were 

identified. The introduction of a methyl group on the nitrogen caused a change in 



the c o n f o ~ o n a l  behavior, now a preference for the 'gauche 60' conformers was 

observed Note that these 'gauche 60' conformers resemble the closed conforma- 

tion z of quinine. 

We have optimized all conformations predicted by the molecular mechanics 

analysis of ephedrine and N-methylephedrine using the AM1 and PM3 

Hamiltonians. The results are sunmrarized in Tables 5.8 and 5.9 for ephedrine and 

in Tables 5.10 and 5.11 for N-methylephedrine. First, we will discuss the 

outcomes obtained for ephedrine. 

Ephedrine. The AM1 and PM3 calculatid results ace very s W 9  both predict 

the aans conformer ephedrine-% as the absolute minimum, trsnds in relative ma- 
gy differences are similar, as well as the optimized geometries. These results are 
consistent with a ~ ~ 1 ~ 0 3 ~ ~  mo analysis of ~ u l l m a n l ~  who also found a 

preference for the trans c o n f o ~ .  Our MO optimhtions predict the same nine 

minimum energy conformations as found by the molecular mechanics analysis, 

thne 'gauche 60'' three 'gauche -60'. and three trans conformera. Andher similar- 
ity between the MO and molecular mechanics calculations is the influence on the 

energy of the orientation of the hydroxy group. The entrgy differences between 

the thrte staggered orientations are up to 4.5 kcaljmol. However, the molecular 

mechanics analysis predicted the staggered confomwm characterized by \y=180° 

as absolute minima, whereas the MO calculations predict conformers with Y=- 

60° to be more stable. Another difference between the MO and molecular 

mcchmics calculations is the slight preference for the 'gauche -60' conformem, 

glmdidd by the molecular mechanics calculations. 
With respect to T3 for both 'gauche -60' and trans conformers a preference for 

T3=@ exist. This places the methyl groups on C8 and Ng in an anti orientation. 

In case of the 'gauche 60' conformers another preference for T3 is found of 

approximately 160°. An anti (T3=-60°) orientation of both methyl groups in a 

'gauche 60' conformer places the Ng-methyl directly above the phenyl ring, 

causing st& hindrance. 



Table 5.8 Results of AM1 calculations on (-)-ephedrine. Energy in kcaUmo1. 

conformation T1 T2 T3 Y energy relative 

enew 



Table 5.9 Results of PM3 calculations on (-)-ephedrine. Energy in kcal/mol. 

c o n f d o n  T1 T2 T3 Y energy relative 

energy 

ephedrine -la -88.8 

-1b -90.4 

- IC -86.6 
ephedrine -2a -94.8 

-2b -93.7 

- 2 ~  -91.8 

qh&ht 3 b  -89.5 

- 3 ~  -89.6 
ephdhc -4a -114.1 

4b -110.3 - 
4c -1 16.7 - 

ephdrhc -5a -109.3 

5b -108.0 - 
5~ -116.0 - 

ephedrine -6a -1 14.0 

6b -1 10.9 - 
-6c -115.4 

~ p m  -7b -88.3 
7c -84.9 - 

ephedrine -8a -89.3 

8b -85.8 - 
- 8 ~  -82.4 

ephedrine 9 a  -80.8 

-9b -87.4 
9~ -84.6 



Table 5.10 Results of AM1 calculations on (-)-N-methylephedrine. Energy in 
kcalhnol. 

conformation T1 T2 T3 Y energy relative 

==aY 



Table 5.11 Results of PM3 calculations on (-)-N-methylephedrine. Energy in 
kcal/mol. 

conformation T1 T2 T3 Y energy relative 



5.4 EXPERIMENTAL PART 

Energy calculations were either perfomed on a Convex C 120 computer with 

VAMP version 4.10, a v e c t o d  molecular orbital package based on AMPAC 1.0 

and MOPAC 4.1016 , or with a VAX 8650 computer with MOPAC 5.0" . The 
calculational results were evaluated with either CHEMX or S Y B Y L ~ ~  . All 

optimizations were performed either over all internal coordhates or the Cartesian 

coordinate system was used, until the mot-mean-square of the @ant of the arm- 

gy was less than 0.5 kcal/A. 
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6 

EXPERIMENTS 

AND 

DISCUSSION 

6.1 INTRODUCTION 

In the preceding chapters we have presented a conformational study of cinchona 
and ephtdra alkaloids. Most attation has been paid to the cinchona alkaloids. The 
results have been obtained by a combined experimental (NMR) and theoretical 
appach. Both ciuchona and ephedra alkaloids an applied in numerous interesting 
areas of chanistry and medicine. The next challenge is to match the knowledge of 
the conformational behavior of these alkaloids with their chemical and biological 



function. This is a rational approach to these appealing questions. In chapter 4 we 

have mentioned two examples of mechanistic research inspired by the recent 

conformational information; the asymmetric Michael addition between aromatic 

thioIs and cyclic ketones and the asymmetric hydmxylation of olefins. Tlae latter is 
cumntly under investigation in the Sharpless group1 . An alternative geometry for 

the transition state of the Michael addition has been proposed by us2 . In the 

Hiemstra model3 , advanced some years ago on the basis of kinetic data and 

product studies, a transition from an open to a closed alkaloid confomuuion upon 

the formation of an ion pair between aromatic thiol and quinuclidine nitrogen was 

postulated. Evidence from a NMR analysis revealed that the apsn conformation 3 

did not close upon protonation on the quinuclidine nitrogen, and a mechanism 
consistent with the newly available conformational information has been 

advanced. In this laat chapter we will pay futher attention on this reaction. The 

transition states propod for the addition of dicthylzinc to aldehydes4 , and for the 

[2+2] cycloadditi- betwan chloral and ketene5 need now to be reexami~ed on 

the basis of this newly available Confonnational i n f o d o n .  

At this time we will not address all these issues. In this last chapter we will 

direct attention again to the Michael addition and describe also initial eqdmcmts 

in which ephedra alkaloids are used as chiral catalyst. Based on these and other 

results we conclude with a discussion on possible future improvements. 

6.2 EPHEDRA DERIVATIVES AS CHIRAL CATALYSTS IN THE 
MICHAEL ADDITION 

In this thesis the cinchona alkaloids have received most attention. Codonnational 

aspects of ephedra alkaloids are described only in chapters 2 and 5. The 

consequences deserve more attention. Prom the rigid fitting plots between calcu- 

lated minimum energy conformations of cinchona and ephedra alkaloids (Figure 

2.19) we have s a n  that, despite the profound structural differences between the 

two classes of alkaloids, great similarities exist in the minimum energy con- 



formations they can adopt. Espacially the interesting p-hydroxyamino segments of 
both classes of alkaloids have virtually identical preferred conformations. It is 

known that ephcdra alkaloids, like cinchona alkaloids, catalyze the Michael addi- 

tion between aromatic thiols and conjugated cyclic alkenones6 , but the e.e.'s are 
disappointing. The best result obtained by Hiemstra was an e.e of 29% with N- 
methylephedrine in a standard reaction between p-t-butylthiophenol to 2- 

cyclohwen-1-one in benzene (Figure 6.1). Because Hiemstra had obtained an e.e. 

of 62% with cinchonidine undu the same conditions, no fuaher attention was paid 

to ephedra allraloids as catalysts for this reaction. 

FlguroSl Ae 
a r d a r ; l m F  

Michael addMon belwmn eromatlc thiob and ~ y c l o h o x ~ .  The 

Because synthetic manipulations on the structures of ephedra alkaloids are rela- 

tively simple, they are well suited for a study of the influence of their structures on 
the e.e. In this respect some ephedra derivatives have been synthesized and tested 

as chiral catalyst in the Michael addition. The reaction, developed by Hiemstra 

( F i i  6.1). has been used as a standard reaction. This makes it easier to compare 

our results obtained with ephedra catalysts with those obtained with cinchona 

alkaloids. 

The formation of a tight ion pair between catalyst and aromatic thiol in the tran- 

sition state plays a crucial role in our m e c m  of the asymmetric Michael addi- 
3 tion. From a kinetic study of Hiemstra it follows that this ion pair is most 



probably the reactive intermediate in the thiol addition reaction, when carried out 

in apolar solvents. The ion pair then reacts with the conjugated enone in the rate 

determining step. This implies that the basicity of the catalyst must be important. 

In chapter 4 we have demonsttated that the quinuclidine nitrogen of the cinchona 

alkaloids acts as the basic site of the catalyst. It is easily seen from the structure of 
the cinchona alkaloids that it is difficult to modify the basicity of the quinuclidine 
nitrogen. By replacing the hydrogen atom on the nitrogen of ephedrine with differ- 

ent substituents the structure and basicity are affected in a direct way. The 

structures of (-)-ephedrine and some derivatives which have been synthesized and 

tested in the standard reaction are depicted in Figure 6.2. In Table 6.1 the resulting 

e.e9s of these ephedra alkaloid derivatives in the standard reaction are given. 

Figwe 6.2 The -s of ephedra alkaloid derivatives that haw been synthesized and 
~cwdrkPlcatdyat .  



Initially it was difficult to reproduce the ex's in the standard reaction. This 

problem was solved by carrying out the reactions in a dry box with freshly dis- 

tilled 2-cyclohexen-lsne, p-t-butylbenzenethiol, and toluene in a nitrogen atmo- 

sphere. The catalysts had to be purified and dried carefully in order to obtain 

highest e.e's. Under these conditions the results improved immediately, and the 

e.e. obtained with N-methylephedrine increased from 29 to 36%. The chemical 

yields varied between 70-100%, and were far less sensitive to the purity of the 

reagents. This suggests that small amounts of moisture mainly effect the e.e.'s. 

Tabk 6.1 E.c's obtain& with same ephedra derivatives in the standard reaction. 

First we have investigated if a change in the conformational behavior is responsi- 

ble for the obsemed effects on the e.e. of the different ephedrine derivatives. Based 
on the conformational analysis of ephedrine and N-methylephedrinc, described in 

chapters 2 and 5, we expect that three 'gauche 60', three 'gauche -60'. and three 

trans conformers are potential energy minima. We have constructed nine starting 

conformers of N-ethylephedrine and protonated N-methylephedrine with ~ ~ = - 9 0 ~ .  

T2=-60, 60, or 180°, T3=-60, 60, or 180°, T ~ = ~ ~ O O ,  and I= -60,60, or 180' (in 

case of Ncthylephcdrine only conformem with Y=-60° were considered). These 

torsional angles are defied in Figure 6.3. All conformers have been optimized 



using MOPAC' and the PM3 ~amiltonian* . Some results of these geometry 

optimizations are summarized in Tables 6.2 and 6.3. It follows from the results 

presented in Table 6.2 that the replacement of one of the N-methyl substituents 

with an ethyl group does not change the conformatid behavior significantly. 

Again nine minimum energy conformations exist, which resemble the ones found 

for N-methylephedrine. The energy differences between the various conformers 

are somewhat less pronounced than in the parent ephedrines. This implies an 

enhanced conformational freedom of N-ethylephedrine, which is difficult to 

explain with the observed incnase of the e.e. Fixamhation of the structures of the 

minimum energy conformations of N-ethylephedrine shows that the ethyl 

substituent on nitrogen is pointing into the 'free space'. Therefore, it can be 

expected that also the introduction of larger a w l  groups than an ethyl group on 

nitrogen will not cause significant confonnational changes We conclude that it is 

unlikely that a confonnational effect is responsible for the observed effects on the 

e.e. (Table 6.1). 

In Table 6.3 the effect of protonation on the conformational behavior of N- 

methylephedrine is summarized. It follows that also protonation does not influence 

the conformational behavior significantly. Only a minor effect on the confor- 

mational freedom with respect to Y is observed. In case of the two 'gauche -60' 

conformem only Y values of about 180° are found. In case of the two 'gauche 60' 

conformers a preference for I of about -90° exists. In case of the trans 

conformem a strong preference is predicted for ~ = - 1 0 0 ~ .  



Table 6.2 Results of PM3 optinuzations on N-ethylepheche. Energy in kcal/moL 

Table 6.3 Results of Phi3 optimbtions of protonated N-methylephedrine. Energy 

in kcal/md 



Next we have investigated if the basicities of the ephedra derivatives are affected 

by the different substituents on the nitrogen atom or by the conformation of the 

catalyst. Basicity is a bulk thermodynamic property and thus not strictly comlated 

with the electron density on the nitrogen. However, because of the similarity 

between the different catalysts and the fact that they all have been tested under the 

same conditions, it can be expected that the electron densities on nitrogen before 

and after protonation will give a reasonable indication of the basicity. The partial 

charges, derived from the electron density, on nitrogen (Tables 6.2 and 6.3) have 

been computed with PM3 calculations. From the partial charges given in Table 6.2 

it follows that differences in conformations of N-ethylephedrine do not influence 

the partial charge on nitrogen significantly. Also in the case of protonated N- 
m e t h y l @ d e  (Table 6.3) there exits only a minor conformational effect on the 

partial charges of nitrogen. Therefore, we conclude that the partial charges, and 

thus the basicities of both protonated and unprotonated ephedrine derivatives are 
not influenced by the conformation. Finally, we have investigated if the different 

substituents on nitrogen are able to affect the partial charge. In this study we have 

considered the six derivatives given in Table 6.4. Because of the possibility that 

the lone pairs of the nearby oxygen of the hydroxy group affect the electron densi- 

ty on nitrogen we have optimized for each derivative three different geometries 

(basic geometry is that of conformer-7 with TI=-90, T2=160, ~ ~ = - 5 0 O ,  and 

starting with three different staggered hydroxy orientations; Y =60, -60, 1809. 

From the calculated partial charges on nitrogen, given in Table 6.4, it follows that 

the different substituents on nitrogen do not affect the partial charge, and that only 

a minor effect exists of the orientation of the hydroxy group. 

We have also optimized the protonated forms of the derivatives listed in Table 

6.4. After PM3 optimizations it turned out that only one low energy orientation of 
the hydroxy substituent occurs with a Y of about -95O. Orientations with a Y of 

about 85' are mon than 6 kcalJm01 higher in energy. The calculated (PM3) partial 

charges on nitrogen are given in Table 6.5. 



Table 6.4 Partial charge on nitrogen of some ephedra derivatives calculated with 

PM3. For each derivative 3 geometries have ban optimized ( Y= -60,60,180°). 

Table 6.5 Partial (PM3) charges on nitrogen for various protonated ephedra 

derivatives. 

In P i  6.4 we have plotted these partial charges against the e.e's obtained with 

the tmmqxma ephcdra derivatives. This plot illustrates that no clear correlation 
exists between the partial charge and e.e., maybe some trend exists between a 

lower charge on the pmtonated nitrogen and a higher e.e. 

'lbreforc, we conclude that the observed effects on the e.e of the different ephe- 

drine derivatives are difficult to explain with conformational or electronic 

arguments. Maybe the basicity of the catalysts is playing some role, but this is not 

clearly demonstrated. It is an unsatisfactory situation to admit that despite all our 



detailed information we are not able to explain the observed trend of the e.e. with 

stmightforward structural or elcctnmic argumca~. 

8.62 8.64 

putirl chcpr N 

Figure 6.4 Plot of partial a e  oa x-axia @ n e t  e.e. oa y-ut.  

6.3 DISCUSSION 

In chapter 4 we have proposed two geometries for the transition states leading to 

both enantiomeric product molecules in the Michael addition between aromatic 

thiols and allrenones (Figures 4.18 and 4.19). With these geometries in mind it is 
difficult to rationalize the e.e. of 53% obtained with N-butylephedrine or 44% with 

Ncthylephedrinc as compared to the 44% e.e. obtained with quinine. In chapter 4 

we have argued that the main difference in M G  values between both dia- 

stenorneric transition states is caused by interactions between the quinoline ring 
and the ring moiety opposite of the double bond of 2cyclohexenone. As shown in 

Figure 6.5 the part of the quinoline ring responsible for these steric interactions is 

completely absent in case of the ephedra derivatives. 



Figure 6.5 Sbuclurer, of N-- (solid Unrr) and qulnlne (dashed Ines). 

In case of cinchonidine Hiemstra obtained an e.e. of 62%. The only difference 

bctween quinine and cinchonidine is the presence of the mahony group of qdinine 

on the quinoline ring. Based on steric arguments the presence of the methoxy 

group should favor the discrimination between both diastereomeric transition 

states, because now the unfavorable interactions with the ring of cyclohexenone 

i n c m  in the case of the transition state leading to product with S configuration. 
But as already pointed out in chapter 4, the decrease in e.e. from 62 to 44% in 

going h m  cinchonidine to quinine can be explained with electronic rather than 

steric arguments. The presence of the methoxy group on the quinoline ring causes 

a less tight transition state geometry, because the partially negatively charged 

(dcprotonated) sulfur of the aromatic thiol is pushed away from the catalyst by the 

elecaon density on the methoxy oxygen atom. In this light, the mlatively high e.e. 

obtained for N-butylephedrine is more easily understood, when we indeed assume 



that steric arguments are less important. The observed trend between e.e. and 

partial charge on nitrogen of the protonated ephedrine derivatives may be another 

indication of the importance of electronic effects for the success of the reaction. 

Also indicative of the minor role of steric effects is the resulting e.e. of the quinine 

derivative shown in Figure 6.6. 

This catalyst was designed to introduce a large group under the quinoline ring of 

quinint. Based on steric arguments the discdmhwion between both diastereomeric 

transition states is expected to increase signifhntly. But an e.e. of only 13% was 

obtained with this catalyst in the standard reaction. The comparison of results 

obtained with ephedra and cinchona alkaloids in the Michael addition leads to the 

hypothesis that the electronic character of the catalyst is probably the most impor- 

tant factor that determines success of the reaction. Apparently, the chiral p- 
hydroxy amino segment is essential for obtaining discrimination between both 

possible enantiomeric products. The consequences for optimization strategies are 

readily perceived. Attention has to be focussed on the electronic aspects of the 

catalysts. These direct the affinity for the substrate molecules, but also for the 

intermediates of the reaction and the final products. If the &ty of a c h i d  cata- 

lyst for an intermediate or product is high it will have direct consequences for the 



e.e. when alternative non selective or less selective reaction path are possible as 

well (and they often are!). In our case of the chiral Michael addition both the 

intermediate, as well as the product still contain the carbonyl functionality. 

Although it can be argued that the hydrogen bond between alkaloid and 

cyclohexenone is stronger than the hydrogen bond between product and alkaloid, 

the affaty of the catalyst for the product will decrease the turn-over rate of the 

catalyst and thus favor competing reaction rout-. 

All of this is well known. However, when looking at most discussions of 

stereoselective reactions the attention is focussed on steric aspects. On these 

grounds other substrate molecules are designed and synthesized, and new 

derivativa of the chiral catalyst are developed. Catalyst design or optimhtion of 

reaction conditions entirely based on the catalytic power of the catalyst, thus on 

turn-over rate is futile. The reason is maybe that the optimization of reaction 

conditions or catalysts is mostly directed by a proposed geometry of a aansition 

state. lhese are often visualized by a 3D-picture (like we did in chapter 4). These 

pictures emphasize steric interactions and electronic effects remain hidden. 

For future research we propose two ways to optimize the e.e. in the asymmetric 

Michael addition. 

- First, a careful analysis of alternative reaction routes is needed. Based on this, 

design alternative reaction conditions such that these disfavor unwanted routes or 

favor the desired route. A fine example that attempts to disfavor non or less selec- 

tive alternative reaction paths can be very successful has recently been given by 

 harpl less^ : "We have discovered that the general procedure in our original 

communicationlo on the osmium-catalyzed asymmetric dihydroxylation of 

olefins is probably among the least effective that could be devised for running that 

process. We now report that with the trivial modification of adding the olefin 
slowly, virtually all olefins give higher e.e. and react faster than in the earlier 

method where all reactants, including the olefm, are present from the stad"' In the 

Michael addition several interfering reaction routes are possible. The most obvious 

one, reaction between thiol and alkenone without intervention of the catalyst, is 



neghgible under the reaction conditions. However, ~iemstra' ' reported that in an 
eight times more concentrated reaction mixture (without base) the addition product 

had been formed in about 70% yield after three days. The observation that even the 

uncatalyzed reaction can take place is important. What happens if only one of the 

substrate molecules is activated by the c h i d  catalyst? Other alternative less selec- 

tive routes might involve reaction between activated cyclohexenone (hydrogen 

bonded to the catalyst) and thiol or activated thiol (deprotonatcd by catalyst) and 

cyclohexe~~e. 

- Second, optimize the catalytic power of the catalyst. By this we mean: based on a 

3D-picture of the transition state, design derivatives by 'forgetting' the steric 

implications of the model and concentrate on electronic aspects (remember the 
influence of the methoxy p u p  of cinchona alkaloids on e.e.). 

'Design' of a catalyst is clearly a multBcetted proems. We restrict the question of 

'design' to homogenous reactions and to the particular case of the alkaloid 

catalyzed resctiohs discussed in this thesis. 
What do we know? First, we understand the conformational behavior of the 

catalysts quite well and we probably can predict properly the conformation of the 

aansition state. If we predict this correctly then we &re in a position to identify 

thoere steric, electronic, solvation. etc. factors that determine the edoselectivity. 

To use a simpler metaphor, we probably understand the shapes (morphologies) of 

the components in the transition state. Second, and this is a corollary of the first 

point, we know that in one reaction, the Michael addition of thiols, an ion pair is 

involved as a critical step on the way to the transition state. Charge has been 

inhodwed into the picture. 

What information is missing from the picture? Probably the most important 

piece of information reganis the number of possible reaction paths. It is quite 

probable that achkal reaction path$ may compete with the reaction path duough a 

tight ion pair that leads to cnautioselection. The simpkst formulation of such an 

achiral path involves participrrtion of water (the final traces of water are nearly 

impossible to remove). For example, suppose that at the stage of thiol addition to 



cyclohexenone the enolate generated is protonated by water. Hydroxide is formed, 

which can deprotonate thiol, which then can react with cyclohexenone via an 

achiral pathway (see Figure 6.7). The mult would be difficult to reproduce e.e.'s. 

which is indeed what is observed. Moreover, should there be competing achiral 
path-ways we would have to conclude that we do not know the intrinsic enantio- 

selectivify of the catalyst. It is even conceivable that quinine andlor quinidine have 

the capability, not realized, of absolute enanti08t1ectivity12 . 
The question posed above can be formulated differently and alternative reaction 

possibilities can be devised. The central question remains, irregardless of the 

specific chemical detail, whether the rate of formation of optically active products 

is identical to the total rate of the reaction. If not, there must be an achiral 

component. A kinetic analysis that provides an answer to this question should be 

possible. 

An aspect of 'design' becomes then also the capacity to ensure that the 

enantioselective reaction designed is, and remains, the only naction path. 

a 
OH + HSR I+@ + 'SR 

Figwe 6.7 EMU of water on the Michael addition between aromatic and cydohexenone. 



6.4 EXPERIMENTAL PART. 

1-Phenyl-2-(methy1ethylamino)propanol-(1) hydrochloride (A). A mixture of 

ephedrine (3.2 g, 19.4 mmol) and C2H51 (3.4 g, 21.8 mmol) was wanned for 1 hr 
on a water bath. Next the reaction mixture was diluted with 20 ml water and 

acidified with 10% HCl solution. The reaction mixture was washed 3 times with 

ether, to remove the unreacted substances and impurities. The aqueous layer was 

made basic with 15% NaOH and extracted 3 times with CH2C12 The combined 

organic layers were dried over MgS04. The CH2C12 was evaporated. By passing 

HCl gas through an etherel solution of the residue, the hydrochloride salt was 

obtained, which was purified by two precipitatio~u from s d  amounts of abs. 

ethanol/ether. Colorless fine needles were obtained in an overall yield of 5796, 

m.p. 175-177~. 

1-Phenyl-2-(methylpropylamino)propem,l-(1 hydrochloride (B). Ephedrhe (3.1 

g, 18.8 mmol) was heated with 1-bromopropane (2.9 g, 23.6 mmol) in an 

autoclave for 3 hrs at 130° (oil bath). The work-up procedure for A was followed 

further. The yield of N-propylephedrine was 66%, b.p. 130-135'. Hydrochloride 

salt : colorless needles, mp. 141-144O. Alternatively, a yield of 92% was obtained 

by refluxing the same amounts of ephedrine and 1-bromopropane in 25 ml bcn- 

zene for 72 hrs. 
1-Phenyl-2-(methy1butylamino)propanol-(1) hydrochloride (C). Ephedrine (3.1 

g, 18.8 mmol) was heated with 1-bromobutane (3.2 g, 23.4 mmol) in an autoclave 

for 3 hrs at 130° (oil bath). The work-up procedure for A was followed further. 

Reaction in the autoclave yielded 6396 N-butylephcdxine, b.p. 140-148'. Hydro- 

chloride salt : Colorleas d e s ,  mp. 95-97O. Reaction by refluxing 72 hrs in ben- 

zene again was more successful and provided N-butylephed~e in 95%. 
1-Phenyl-2-(methylhexylamino)propanol-(1) hydrochloride (D). A mixture of 

ephedrine (1.0 g, 6.1 mmol) , powdered KOH (0.35 g, 2.6 mmol), and hexyl bro- 
mide (1.0 g, mmol) was heated for 5 hrs at 140' in an autoclave. Work up 

procedure of A was followed Colorless plates of N-hexylephdrhe hydrochloride 

were obtained in 53% yield, m.p. 121-124'. 



Trimethylsilylmethylephedrine (E). A mixture of ephedrine (1.5 g, 9.1 -01) 

and chloromethyltrimethylsilane (1.5 g, 12.2 mmol) was refluxed for 10 hrs. The 

reaction mixture was dissolved in 2N KOH and extracted 3 times with benzene. 

The combined organic layers were evaporated and dried over MgS04. The 56% of 

crude reaction product contained unreacted ephedrine. After distillation 

trimethylsilylmethylephedrine was isolated in 25% yield as a colorless oil. 

1-Phenyl-2-(diethy1amino)propanol-(1) hydrochloride (F). A mixture of 

norephedrine (1.5 g, 9.9 mmol), 7.5 ml Et3N, 10 ml benzene, and 2 ml C2H51 was 

heated for 3 hrs at 60°. The work up procedure described for A was used. In 98% 

yield compound F was isolated. 

6'-Phenylpropylether of quinine (Figure 6.6). Quinine (1.95 g, 6.0 mmol) was 

dissolved in 100 ml dry methylene chloride. The solution was cooled to -30°C. 

Then a threefold excess of BBr3 (4.8 g, 19.5 mmol) was added dropwise and the 

temperature was kept for 2 hrs at O°C. After another 2 hrs at room temperature, 

amply sufficient water was added (careful) to destroy the excess of BBr3 and the 

boron complex by vigoroqsly shaking. The acidic solution was neutralized with 

2N NaOH to pH of about 8 and extracted several times with chloroform. Drying 

(MgS04) and evaporation of the solvent gave, after crystalkation from methanol- 

ligroin (1: I), cupreine in 49% yield. Mp 201-203~~. 

Cupreine (0.99 g, 3.2 mmol) was dissolved in 100 rnl dry methanol. Cs2C03 (1.05 

g, 3.2 rnrnol) was added to the solution. After 15 minutes (when all Cs2C03) was 

dissolved) the methanol was evaporated. The cesium salt was dissolved in 50 ml 

DMF and a solution of 1-bromo-3-phenylpropaan (0.63 g, 3.2 mmol) in 50 ml 

DMF was added dropwise at 70°C. After stirring overnight at 70°C the CsBr was 

removed by filtration and the DMF by evaporation. 100 rnl methylene chloride 

was added to the residue. The solution was washed 3 times with water and dried 

over Na2S04. Evaporation of the solvent yielded 0.50 g product. After chromatog- 

raphy (silica gel, CH2C12/MeOH 4:l) 0.06 g of the 6'-phenylpropylether of qui- 

nine was isolated as a red oil. 
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SUMMARY 

The different behavior of enantiomers in living systems is the great stimulus for 

current interest in stereoselective synthesis. Cinchona and ephedra alkaloids are 
two classes of naturally occurring bases, which have found wide application as 

chiral catalysts in stemselective synthesis. They have been applied successfully in 

carbon-carbon, carbon-sulfur, carbon-selenium, and carbon-phosphorous bond 

fonnation, as chiral phase-transfer catalysts, and as chiral ligands. Their role in 

medicine is firmly established. Furthermore, examples where cinchona akaloids 

arc used as chiral resolving agents are countless. In all these examples of the use of 

the alkaloids their ability for intimate interaction, discrimination and recognition 

are crucial to their success. In this thesis we have presented the results of a 

conformational study on cinchona and ephedra alkaloids. The salient features of 

ground state conformations of cinchona and ephedra alkaloids, the N-protonated 

fonns of cinchona alkaloids, as well as an ogmium tetraoxide-alkaloid complex 

have been described in detail, using a combined molecular modelling, NMR and 

X-ray analysis. 

In Chapter 1 the cinchona and ephedra alkaloids are introduced. Also an intro- 

duction to stercoselective synthesis, illustrated with examples from the literature, 

is given. 

In Chapter 2 a molecular mechanics analysis of cinchona and ephedm alkaloids 

is given. This conformational study has revealed that for quinidine and all quini- 

dine derivatives four different minimum energy confonnations exist, two closed 

conformations 1 and 2 and two open conformations 3 and 4. In case of quinine and 

quinine derivatives thrcc minimum energy conformations have been identified 

(closed 1, closed 2, open 3). For ephedrine nine minimum energy conformations 

have been found and in case of N-methylephedrine seven minima were identified. 

A rigid fitting study of the calculated conformations of cinchona and ephedra 

alkaloids mvealed that excellent similarities exist between all the miuimum encrgy 

conformations of quinine and (N-methy1)ephcdrine. 



In Chapter 3 a conformational analysis of cinchona allcaloids in solution is given. 

The results have been obtained by using several NMR techniques. We have 

demonstrated that the conformation of cinchona alkaloids can be influenced by 

varying the substihMnt at the benzylic position, by changing its configuration, by 

protonation of the quinuclidine nitrogen, by the nature of the solvent, or by 

complexation with osmium tetraoxide. Chloro cinchona alkaloid derivatives attain 

the closed conformation 2 almost exclusively. For the ester derivatives also a 

preference was found for the closed conformation 2. But now the equilibrium 

between closed conformation 2 and open conformation 3 is solvent dependent. For 

the methoxy derivatives the distinct preference for the closed conformation 2 has 

vanished. Either conformation 2 or 3 is now found in excess, depending on the 

solvent. The cinchona alkaloids themselves (with a hydroxy substituent at C9) 

prefer the open conformation 3 in all solvents. The fact that epicinchom alkaloids 



are found in the open conformation 4 suggests that the configuration of the benzyl- 

ic Cg position is important in determining the overall confomation. 

In Chapter 4 a study of confornational effects of cinchona alkaloid-substrate 

interactions is presented. Because we are especially interested in the use of cincho- 

na alkaloids as chiral bases and ligands we have studied effects of protonation and 

complexation on the confonnation of the alkaloids in solution. Additional NMR 

data of thiol-alkaloid interactions and results from a molecular docking study are 

used to propose a transition state for the asymmetric Michael addition between 

aromatic thiols and conjugated alkenones. 

In Chapter 5 the molecular orbital calculations on some cinchona and ephedra 

alkaloids and on model compounds are adressed. With the calculational results we 

have explained in some detail the experimentally obtained conformational data. 

In Chapter 6 further attention has been paid to the Michael addition between 

aromatic thiols and alkenones. We have described initial experiments in which 

ephedra alkaloids are used as chiral catalyst. Based on results with these catalysts 

we have concluded that steric arguments might be less important to obtain high 

e.e.'s than previously believed. 



SAMENVATTING 

Het feit dat enantimeren in princiepe verschillende eigenschappen bezitten in an 

chirale, dus natuurlijke, omgeving vormt een belangrijke reden voor de sterke 

belangstelling voor de stereoselectieve synthese. De natuurlijk voorkomende 

cinchona en ephedra alkaloiden worden v a l  tocgepast in de chunie: 
- als chirale katalysatoren in stereoselectieve synthese. Ze zijn met succes toe- 

gepast in koolstof-koolstof, koolstof-zwavel, koolstof-selenium en koolstof- 

fosfor bindingsvormende rdties.  

- als fannaceutisch werkzame v e r b i i e n .  

- als chide splitsings rniddelen. 

Het succes van de cinchona en ephedra ahloiden in a1 deze toepassingen is te 

danken aan hun vermogen om zcer specifiek en selektief interakties aan te gem. In 

dit prafschrift worden de resultaten besproken van a n  konfonnatie studie van 

cinchona en ephedra alkaloiden. Omdat we vooral geinteresseerd zijn in hun 

gebruik als chirale katalysatoren (base, ligand) zijn ook de effekten op de 

k o n f o d e  bestudeerd van protonering en van komplcxering. 

In hoofdstuk 1 worden de cinchona en ephedra alkaloiden geintroducard. Ook 

worden de verschillende routes besproken waarlangs stereoisomeren verkregen 

lrunnen worden. 

In ho~fdstuk 2 worden de resultaten bcsproken van een mohkulaim mechanics 

d y s e  van cinchona en ephedra alkaloiden. Voor quinidine en alle quinidine 

derivaten zijn vier vmchillende konfomaties gevonden, t w a  'gesloten' konfor- 

maties en twee 'open' konfonnaties. Voor quinine en alle quinine derivaten 

werden drie konformaties gevonden, twee 'gesloten' konformaties en an 'open' 

konfomatie. In hct geval van ephedrine werden negen vmchillende konfomaties 

gevonden, terwijl voor N-methylephedrine zeven konfonnatiea w d e n  gevonden. 

Met behulp van een rigid fitting programma werden alle berekende minimum 

energie konformaties van de cinchona alkaloiden vergeleken met die van de 

ephedra alkaloiden. Er werd a n  grote overeenkomst gevonden tussen de kon- 

formatids van beiden klassen van alkaloiden. 



De vkir minbnum energit3 konformlrtlee van quhidine. 

In hoofdstuk 3 wordt een konformatie analyst van cinchona alkaloiden in 

aplossing basproken. Dc realtaten werdsn v e h g e n  door g e b d  te maken van 
verschillende NMR techniekm. We hcbben aangetoond dat de konfonnatie van 

cinchana alkaloiden bsprald wordt door de aard van de benzyliache substitumt en 

oolr door de konfiguratie wm hea benzyliachc koolstof atoam. Ook het oplosmiddel 

bleek in staat te zijn de konformatie van cinchona alkaloiden te beinvloedtn. 

Cinchona alkaloiden met een chtoor atoom aan het benzylische koolstof bleken 

een sterke voorkeur te bezitten voor de gesloten konformatie 2. Voor ester 

derivaten ward welliswaar ook een voorkeur gevonden voor dc gesloten 
konformatie 2, maar nu minder uitgesproken. Ook de open konfonnatie 3 komt 

voor. De verhouding tussen & geslotm konfonnatie 2 en de open konfomatie 3 

wordt bepaald door de polariteit van het oplosrniddel. In het gcval van methoxy 



derivaten is de uitgesproken voorkeur voor de gesloten konformatie 2 geheel 

verdwenen. Open konfonnatie 3 of gesloten konformatie 2 komt nu in overmaat 

voor, afhankelijk van het oplosmiddel. De cinchona alkaloiden zelf (dus met een 

hydroxy groep aan het benzylische koolstof) worden uitsluitend in de open 

konfonnatie 3 gevonden. Het feit dat epicinchona alkaloiden gevonden worden in 

de open konfonnatie 4 geeft aan dat de konfiguratie van het benzylische koolstof 

atoom belangijk is. 

In hoofdstuk 4 wordt een konformatie studie beschreven van cinchona alkaloid- 

substraat interakties. Omdat we vooral geinteresseerd zijn in het gebruik van 

cinchona alkaloiden als chirale base en als chiraal ligand hebben we de effekten 

van protonering en komplexering op de konformatie bestudeerd. Ook wordt een 

voorstel besproken voor de geometrie van de overgangstoestand van de 

asymrnetrische Michael additie tussen aromatische thiolen en gekonjugeerde 

alkenonen. Additionele NMR data van alkaloid-aromatische thiol interakties en 

resultaten van een molekulaire docking studie zijn hieIV00r gebruikt. 

In hoofdstuk 5 worden molekulaire orbital berekeningen aan cinchona en 

ephedra alkloiden besproken. Met behulp van de resultaten van deze berckeningen 

worden vele experimentele observaties van het konformatie gedrag van cinchona 

alkaloiden verklaard. 

In hoofdstuk 6 wordt verdere aandacht besteed aan de asymrnetrische Michael 

additie van aromatische thiolen en gekonjugeerd alkenonen. De resultaten van 

rcakties waarin ephedra alkaloiden gebmikt worden als chirale katalysator dienen 

als uitgangspunt voor een discussie over de belangrijkste faktoren die bepalend 

zijn voor het succes van de reaktie. 


