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1
INTRODUCTION

1.1 SCOPE OF THIS THESIS

Chirality and Nature are 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 enzymatic reactions, 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 cases these chiral
organic catalysts are, like enzymes, natural 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 Inoue! . With the dipeptide
cyclo-phenylalanine-histidine as chiral catalyst in a reaction between benzaldehyde
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and hydrogen cyanide he obtained R-mandelonitrile (enantiomeric excess 97%) in
almost quantitative yield (Figure 1.1).

Ph . “
|
Ph——C~— CN
H II‘_II H LH
O
©.0. 97%.

Figure 1.1 Reaction between benzaldehyde and hydrogen cyanide, proposed model for
the transition state.

‘For at least two reasons such studies are intriguing. Firstly, detailed knowledge of

the mechanism of catalytic stergoselective syntheses is fundamental to under-
standing the essentials of recognition processes at a molecular level and the
mechanistic rules which govem 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, agrochemical, and pharmaceutical industries,

Both in our labox',atory2 and elsewhere> 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
is known about the mechanism of action of these alkaloids and their derivatives.
Therefore, we have carried out a detailed conformational study on cinchona and
ephedra 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. This knowledge of the preferred
conformations of cinchona alkaloids in the gas phase has been used to study their
conformational behavior in solution. These results 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 are used to discuss some mechanistic aspects of the asymmetric Michael
addition between aromatic thiols and o,f-unsaturated ketones. A quantum
mechanical analysis on the conformational 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, in 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 are a large class of naturally occurring amines? . Sertuner” isolated
the first alkaloid, morphine, in pure form (1805). He described morphine as basic,
salt-forming and ammonia-like, and used the term ’organic alkali’. The term
alkaloid, or 'alkali-like’, was first proposed by Meissner® (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 pharma-



ceutical agents, but they are also involved in severe social problems (e.g. cocaine,
LSD, heroin, see Figure 1.2).

°"‘- 0
~ /
!.l. ocH, ﬂ N
N 7 ~.H C,H;
—CH, o—c— N
H L
cocaine LSD

Figure 1.2 The structures of the alkaloids morphine, cocaine, and LSD.

Because of the complexity of the compouxids 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 alkaloids” form 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, indigenous to the eastern slopes of the Andes (South-America). Quinine and
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cinchonine were the first cinchona alkaloids to be isolated in pure form (Pelletier
and Caventou® ,1820). It took almost another hundred years before Rabe’
elucidated the molecular structure (1907). The determination of the absolute
configuration has been the subject of an intensive study. Prelog and Haﬂigerlo
established the absolute configuration correctly (1950). They concluded that the
Cg and Cg 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
definitely established with X-ray crystallography!1 .

The cinchona alkaloids have a rich history. The Indians of South-America were
probably the first 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 drugs12 . 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 chiral 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
bases!4 . 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 ring structures, an aromatic quinoline ring
and an aliphatic quinuclidine ring. These two ring systems are connected by two
carben-carbon single bonds. Konigs15 (1906) proposed the name quinuclidine for
the bicyclic system 1-aza-bicyclo-[2,2,2]-octane.

Cinchona alkaloids contain five stereocenters (C3, Cy4, Cg, C9, and Nl‘), but they
differ from each other in configuration only at Cg and C9. As a result, cinchona



alkaloids are pair-wise related. For example, although structurally similar, quinine
and quinidine form a diastereomeric pair. Quinine and quinidine are sometimes
called *psendo-enantiomers’ for reasons emphasized in Figure 1.3. This pseudo-
enantiomeric relationship is also reflected in their behavior as chiral catalysts or
resolving agents. For example, when an asymmetric reaction catalyzed by quinine
yields predominantly product with R configuration, then product with S confi-
guration will be formed in excess when guinidine is used as catalyst. However, the
enantiomeric excesses in both reactions will almost always differ16 .

The last structural aspect that will be discussed here are the two tertiary nitrogen
atoms, Nj and N{». The pKa value in water of the bridgehead quinuclidine nitro-
gen N is-about three pKa units larger than that of the quinoline nitrogen Ny»17 .
Therefore the quinuclidine nitrogen is responsible for the basic character of
cinchona alkaloids. The quinuclidine nitrogen also plays a key role, as we will see
in chapter 4, when cinchona alkaloids are used as chiral ligands.
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1.2.3 The Ephedra Alkaloids

The ephedra alkaloids 8 form the second class of alkaloids that we have studied
with regard to the conformational behavior. In this section we will briefly
introduce 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 source of
ephedrine. Nagai19 (1887) isolated the first pure basic substance from 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 Huang20 . These authors
recorded the similarity of the physiological action of ephedrine and adrenaline.
Since then an enormous volume of literature on the chemistry and pharmacology
of ephedrine and related natural alkaloids has accumulated?!

Ephedra forms the largest genus of the family Gnetaceae. Plants of this genus
contain gix optically active alkaloids. Their structures are depicted in Figure 1.4, in
which the two stereocenters, C+ and Cg, 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 (C-,); (-)-ephedrine has an erythro configuration and (+)-
pseudoephedrine a threo configuration. It has been shown that (-)-norephedrine
(C) and (-)-N-methylephedrine (D) are derived from (-)-ephedrine, whereas the
two other naturally occurring ephedra alkaloids, (+)-norpseudoephedrine (E) and
(+)-N-methylpseudoephedrine (F), are similarly related to (+)-pseudoephedrine?2 .
Of the many syntheses of (-)-ephedrine and (+)-pseudoephedrine, the ones shown
in Scheme 1.1 are of commercial interest. The synthesis depicted in Scheme 1.1A
was developed by Nagai22 (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 crystallization into racemic norephedrine



and norpseudoephedrine. Methylation of norephedrine yields ephedrine (3), which
can be resolved into the optically antipodes without difficulty.

CH, CH; CHI
H—{— NHCH, H—%— NHCH, H—2— NH,
H— OH Ho—4— H H—— OH

/ Z

X | _ | X l

A B c

CH, ‘|>Ha CH, CH, f“e
H—=—f— NCH, H—t— NH, H—1— NCH,
H—2— OH HO ~2e H HO—4—H

& Z Z
N I x I N |
D E F

Figure 1.4. The six mww ) A-(-ml
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The synthesis depicted in Scheme 1.1B illustrates that interest in ephedra alkaloids
did not stop in the early days of our century. This reaction scheme was developed
recently (1988) and involves the action of the enzyme oxynitrilase?> . In the first
step benzaldehyde is converted into (R)-mandelonitrile (4) (e..>95%). After
protection of the hydroxy group by silylation, a Grignard reaction gives an inter-
mediate iminium complex (5). This iminium complex can be converted to
ephedrine in two different ways. The first route is by acid hydrolysis, followed by
a reductive amination. The second involves a reduction with NaBH,4. Desilylation
takes place on reaction with HF in acetonitrile. This procedure results in formation
of one stereoisomer (1R, 2S) in high optical purity (>95%).
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o o CRW
— —_—

NHy NHCH,
2 3

1

Scheme 1.1A
Synthesis of ephedrine developed in 1929 by NagaiZZ2.

Scheme 1.1B
Synthesis of_ ephedrine developed in 1988 by van der Gen23.
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1.3 CHIRALITY

Chirality comes in-magy guises in-Nature, ranging from the level of quanta and the
parity violation in theweak. interaction (e.g. the intrinsic left-handedness of the
neutrino) to an apparent excess of left-handed ga’laxie824 . Many organic
compounds that occur in Nature are chiral (a term coined by Kelvin from the
Greek word khair, 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 nonsuperimposable mirror image. Early in the nineteenth century2> (1815) it
was discovered 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. Pasteur2 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 refined by Van ’t Hoff2/ and
LeBel?8 . They independently 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 important to realize that their articles appeared
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 enantiomer2? or
dnastereomer” . We have already mentioned the reason for this in section 1.1. In
the synthesis of the majority of natural compounds enzymes are involved; these
are capable of producing optically pure compounds from achiral starting materials
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
result of synthetic methods available in the early 1960s and lack of knowledge the
two enantiomers of thalidomide were present in equal proportions (racemic
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mixture) in the manufactured drug. This racemic mixture of thalidomide was used
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
drug?’1 » whereas the (R)-enantiomer possesses the desired therapeutic effect.
Softenon is not an isolated case; there are many examples that show the impor-
tance of the use of enantiomerically pure drugs.

The different behavior of enantiomers in living systems is the great stimulus for

current interest in stereochemistry32 and (in particular) stereoselective synthe-
.33
sis.

e el

(S)-Thalidomide (teratogenic) (R)-Thalidomide (therapeutic)

Figure 1.5 The structures of (R) and (S)-Thalldomide (Softenon).
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1.4 ROUTES TO OPTICALLY PURE COMPOUNDS

We shall now describe some techniques by which stereoisomers can be obtained in
optically pure form. The methods can be divided into three main categones
resolution, isolation, and stereoselective synthesis.

The oldest way to achieve this aim is by resolution. The first example was given
by Pasteur34 (1848), who resolved racemic sodium ammonium tartrate by
separation of enantiomorphic crystals. A more general approach to the resolution
of racemates is preferential crystallization of diastereomeric salts or covalently-
bonded diastereomeric derivatives>> . Numerous examples exist of separations of
enantiomers, in particular on industrial scale, by crystallization of diastereomeric
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 enantiomers employing quinine and quinidine
impregnated supports36 . Kinetic resolution3’ forms another important route for
separation of enantiomers. 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 resolution
developed in our laboratory using cinchona alkaloids as the chiral reagent. The
addition of 0.5 equivalent of thiophenol to racemic 5-methoxy-2(SH)-furanone in
the presence of a catalytic amount of cinchonidine yielded butenolide A and
(4S..')S)-B38 . The thiol adduct B can easily be reconverted into butenolide.
Butenolide A could be isolated in 40%, with an e.¢. of 13%. This resolution
experiment is still under investigation in the Feringa group, and optimizations
have resulted already in an increase of the e.e. up to 80%3° .

A serious disadvantage in obtaining pure enantiomers by resolution is that, with
few exceptions, 50% of the racemic compound is lost as the unwanted enantiomer.

The second way to obtain optically pure compounds is provided by Nature itself.
Isolation from natural sources forms an important route to enantiomerically pure
compounds. Well known examples are amino acids, carbohydrates, alkaloids,
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steroids, carboxylic acids, etc?0 . These molecules are often the starting materials
in the synthesis of other chiral products‘u , but sometimes they are used directly.
The cinchona alkaloids are an example; they are used, in many cases without
modification, as drugs, resolving agents, and chiral catalysts.

(o]
/0@ )]

. H,CO
— 0.5 EQUIV. @—lﬂ
H,CO AA/Q o _w m————
ToLueNE
| O
 meo” o

Scheme 1.2,

In principle, stereoselective synthesis is the method of choice to obtain optically
pure compounds. Starting from achiral molecules the selective creation of the
preferred stereoisomer can in principle be achieved in 100% conversion. Morrison
and Mosher?2 have provided the most generally used definition of stereoselective
synthesis. They use the term 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 definition includes, besides the
usual chemical reagents, also solvents, catalysts, and physical forces. It should be
noted that, according to this definition, the products of an asymmetric synthesis
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are not necessarily optically active. For instance, formation of racemic dia-
stereoisomers in unequal amounts is also called asymmetric synthesis.

Izumi*3 proposed to use the term stereoselective synthesis instead of asym-
metric synthesis, because the products need not necessarily be asymmetric.
Asymmetric means lack of a/l symmetry elements, whereas lack of reflection
symmetry is a sufficient condition for chirality. Therefore the term stereoselective
is nowadays preferred by most authors.

In principle, a stereoselective synthesis yields unequal amounts of stereoisomers.
This is because sterecisomeric products are formed via different diastereomeric
transition states. Stereoselective synthesis can be divided into diastereoselective
and enantioselective synthesis. In a diastereoselective synthesis the starting
molecule already possesses a stereogenic 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 diastereomeric products. If the attack on
the prostereogenic center is the rate determining step of a kinetically controlled
process, the ratio of distribution between both diastereomers will depend on the
difference in activation energy (AAG) between both transition states.

| j/l \\’“‘"

Figure 1.6 Gibbe free energy profiles for a diastereoselective process.
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G jfi

Figure 1.7 Qibbs free energy profile for an enantiomeric process.

Figure 1.6 shows the free-energy profiles for a stereoselective synthesis leading 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 (% e.e.) given by
100% x (R-S)/(R+8). The free-energy profile of an enantioselective process is
depicted in Figure 1.7. From the relationship between AAG and % e.e., shown in
Figure 1.8, it follows that energy differences of only >2 kcal/mol 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 error. Although the practical
virtues of the above mentioned methods could hardly be overstated, recently even
more appealing methods to obtain optically pure enantiomers have begun to attract
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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 chiral auxiliary of low e.e’s. Kagan> described 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 Oguni46 . Ethylation of
benzaldehyde with diethylzinc yielded (R)-1-phenylpropanol with an e.e. of 90%
in the presence of a chiral B-aminoalcohol of 20% e.e. as catalyst.

8.0. (%)

Figure 1.8  The relationship between % e. e. and Gibbs free energy at 20°C.
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The discussion of the role of autocatalysis as initiator of chirality in Nature started
in 195347 , however, pertinent experiments have been described only
sporadically48 . Recently Alberts and Wijnberg presented the first convincing
evidence for an enantioselective autocatalytic reaction?? . They prepared the
titanium-alkoxide of (+)-1-phenylpropanol-1-1d and used it as catalyst in the
reaction between diethylzinc and benzaldehyde (Scheme 1.4). This led to 1-
phenylpropanol-1 in an enantiomeric excess of 32%.

EteZn + Pncuom PhC*D(OH)Et + PhC*H(OH)E!

2. HO*
o 0.0. 32%.
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1.5 INCENTIVE FOR THIS THESIS AND AIM

As has been outlined in the previous sections the synthesis of enantiomerically
pure compounds is both a challenging and an important area of research. The
different behavior of enantiomers in living systems is one of the major reasons.

As a result of rapid developments in biotechnology, enzymes 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
enantiomeric processes, in which the chiral molecules are formed by organic
catalysts, is rising. Unfortunately, some organic- and biochemists misjudge these
developments as being competitive to their own methods. In fact both bio- and
~ organic chemists, working in the field of stereoselective synthesis, examine the
same ph'enomem'\.' chiral recognitioh and discrimination, merely from different
'persp'ectives‘. In Scheme 1.5 just one (6f' the many) ’examplés is depicted to

demonstrate how closely the enzymatic and organic methods are associated.

o ’ v 7 ‘éN
H

H

catalyst » enzyme D-hydroxynitrilase : e.e 94%.
= cyclo-(S)-phenytalanyl-(S)-histidine : ¢.6 97%

mandelonitrile can be obtained in high e.e using an organic chiral

Scheme 1.5. Commbndbomudohydemmmm.wm:‘wve
" or
an enzyme. - )

In the Wijnberg group many successful applications of cinchona alkaloids as chiral
catalysts have been found. In scheme 1.7 characteristic examples are giveno? . To
exemplify the broad scope of cinchona and ephedra alkaloids as chiral catalysts
scheme 1.6 shows some examples from other groups51 .
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‘These molecules provide a particularly cogent illustration of how closely
biochemistry and organic chemistry are allied. In the early decades of this century
organic chemists were called upon to establish the structures of these complex
molecules found in the study of plants. This structural work provided one of the .
underpinnings of organic chemistry, particularly with regard to the development of
spectroscopic methods and synthetic methodology. There is:an appropriate .
scientific symmetry that the applications of these alkaloids begins now: at the close
of the twentieth century to complement independent developments from bio-
chemistry, specifically the possibilities for applications of enzymes. : :

Thus cinchona and ephedra alkaloids have been applied successfully in carbon-
carbon, carbon-sulfur, carbon-selenium, and carbon-phosphorous bond formation,
as chiral phase-transfer catalysts, and as chiral ligands. Their role in medicine is
firmly established. Furthermore, 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, discrimination and recognition.are
crucial to their success. 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 conformational behavior of the catalysts is of utmost importance
in explaining their mechanism of action in all these fundamental and interesting
phenomena. ‘

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. The salient features of ground state conformations of
cinchona alkaloids, their N-protonated forms, as well as an osmium tetraoxide-
alkaloid complex will be described in detail, using a combined molecular
modelling, NMR and X-ray analysis. The influence of different substituents at the
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benzylic carbon Cg and the influence of solvent on the conformation will also be
described, and thus a picture of the conformational behavior of cinchona alkaloids
and the relevance to stereoselective reactions will be presented. Finally, compari-
son of results obtained with cinchona and ephedra alkaloids as chiral catalysts in a
Michael addition between aromatic thiols and conjugated cyclohexenone will be
used as basig for discussion of the design of chiral catalysts.
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2

MOLECULAR
MECHANICS
CALCULATIONS

2.1 INTRODUCTION

In this chapter we will describe a conformational analysis of cinchona (2.3) and
ephedra 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 been 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
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(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 optimizations. In a short time molecular
modelling has developed into an 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 computational approach 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, solvation, and aggregation. These alone are 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 progress in molecular modelling research and applications
is described in several recent texts and reviews? .

Energy calculations play a key role in many facets of molecular modelling. The
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 preferred molecular conformation(s)
are determined. To identify all conformations of potential biological or chemical
interest, a computatibnal method must be used. Traditionally, these calculations
are divided into molecular mechanics (force field) and quantum-mechanical
calculations. It has been amply demonstrated that force field calculations offer a
promising method to obtain the 3D-structures and energies of molecules> . 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 alkaloids will be

presented. For the results of a quantum mechanical study on cinchona and ephedra
- alkaloids we refer the reader to chapter 5.
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2.2 MOLECULAR MECHANICS CALCULATIONS

It is not our purpose to present a thorough theoretical introduction on molecular
mechanics, we will attempt merely to give the reader some feeling for the subject.

Molecular mechanics was described by Burkent and Allinger” as a calculational
method designed to give accurate a priori structures and energies for molecules.
Also known by the term force field calculations, molecular mechanics is based on
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 set of classical-mechanical potential functions . It is important to
note that these functions have little physical significance. They are parameterized
to give a force field that produce satisfactory results, not necessarily for the right
reasons. It is precisely this fact that makes the molecular mechanics method 'not
very popular’ with some purely theoretical chemists.

The energy (molecular mechanics energy, MME) of a molecule in the force field
arises from deviations from the *ideal’ structure, and is approximated by a sum of
energy contributions (equation 2.1).

MME = By, + By g + SEoop + TBy + IB g0 + TB e, (21)

in which:

MME is the molecular mechanics energy. )

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

Epend is the energy of bending bond angles from their natural values.

Eoop is the energy of bending an arrangement of atoms out of plane.

E,,; is the torsional energy due to twisting around bonds.

E, qw is the energy due to van der Waals non-bonded interactions.

E e is the energy due to electrostatic interactions.
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The sums extend over all bonds, bond angles, torsion angles, and non-bonded
interactions between atoms 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 measure of
intramolecular strain relative to a hypothetical situation. By itself the MME has no
physical meaning. As already mentioned, the force field functions contain
adjustable parameters that are optimized to give the best fit of calculated and
experimental data, such as geometries and heat of formations. The basic form of a
molecular mechanics force field is given in equation 2.1. More sophisticated force
fields may also include 1,3-nonbonded interactions, cross-interaction terms, 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 lengths,
" bond angles, and other terms given in equation 2.1. These can be solved very
rapidly with computers and :hus permit calculations on large molecules. However,
in general, they are appropriate only for small changes from standard values. The
results are less reliable for large deviations. The simplest force fields approximate
the distortion energies to a quadratic function (equation 2.2).

K(x’ - x)2, 22
in which:
k is a constant.

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.

Egy = I 12 kgi(d;-d°p2, 2.3)

in which the summation extends over all bonds, and where:
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d; is the length of the iy, bond.
d®; is the equilibrium length for the iy, bond.
k4i is abond stretching force constant.

Molecular mechanics energy minimizations involve successive iterative com-
putations, where an initial conformation is submitted to full geometry
optimization. All parameters defining the 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 standard literature on molecular mechanics calculations® for further details
about the appearance of the different force fields and optimization methods, and
we will finish this introduction with a short historical overview.

The early history of molecular mechanics has been reviewed several times® . The
two force fields most widely used in the 1970s were Allinger’s Mm110 , and the
EAS force field, developed by Engler, Andose and Schleyer1 1 These force fields
gave reasonably good predictions regarding the structures and energy differences
for a wide variety of hydrocarbon molecules!2 . For molecules containing hetero
atoms the results were far less reliable! . These improved with the introduction of
the MM2 force field14 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 n-
system. MMP1 15 , and later MMP216 , have been developed to accommodate
conjugated systems. The first step in these programs is a molecular orbital (MO)
calculation on the conjugated system only. The resulting bond orders are used to
modify the force field for the conjugated system. The program then takes as input
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the normal 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 delocalized bonds.
These steps are usually repeated several times during an optimization of a
geometry.

In the 1980s the main efforts have been optimization and extension of the force
fields17 and also the incorporation of these force fields into 'user-friendly’

molecular modelling softwarel8 . 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 mechanics analysis on cinchona
alkaloids, we will briefly summarize some earlier obtained conformational facets
of cinchona alkaloids.

The cinchona alkaloids are composed of two relatively rigid ring systems, an
aromatic quinoline ring and an aliphatic bicyclic quinuclidine ring, both connected
to a hydroxyl bearing carbon atom. In the past, several studies have been addressed
to the conformations of quinine and quinidine, the general result being that the Cg-
C9 and C4'-C9 bonds (see Figure 2.1) are considered the most important factors
that determine the overall conformation. Hiemstra and Wijnberg2? have carried
out a thorough sﬁdy’ on the asymmetric Michael addition, catalyzed by cinchona
alkaloids, between aromatic thiols and conjugated cyclic ketones. They proposed
that in the most stable conformation of quinine the largest substituent at Cg -the
quinuclidine ring- is oriented on one side of the quinoline ring, whereas Hg and
the hydroxyl group are on the other side. In this stady conformation A of quinine
(Figure 2.2) is therefore regarded as the conformation of lowest energy.
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2.1 The structures of ine (left) and quinidine (right). The five rotatable bonds
zowdr:ﬂmd by the arrows (aﬁt)*r\d th(o dz:m mwnnbmm. u\ov.oorrupondlng
torsions are given (right).

However, conformation B was estimated to be about equally favorable. In pre-
vious studies by Prelog and Meurling conformation A was also considered to be
the most favorable?} . 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.

Hiemstra and Wijnberg have also considered the conformation with respect to the
other carbon-carbon bond that connects both ring systems, the Cg-Cg bond. The
three Newman projections with respect to the Cg-Cg bond for the erythro alkaloids
of the quinine series are shown in Figure 2.3. Based on 3 HgHg coupling con-
stants and inspection of space filling models, they argued that most probably both
conformations G and I (see Figure 2.3) occur, with conformation I as the preferred
one. In case of conformation I a 37 HgHy of 1-3 Hz is expected, based on a torsion
angle HgCgCgHg of about 75°, whereas for conformation G a 3 HgHg of about
9.5 Hz is expected. The IH NMR spectrum of quinine in CDClj revealed a 3
HgHg 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,
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The C4’-Cg and Cgy-Cg 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 conformations with respect t0-the Cg-Cg bond
are possible. In each of the three rotamers depicted in Figure 2.3, the quinoline
ring can either be oriented towards the bicyclic system or away from it. Therefore,
more than only one conformation s in accordance with the 37 HgH data.

The importance of cinchona alkaloid catalyzed reactions (see chapter 1), coupled
with our desire to understand the factors that determine the asymmetric induction,
led us to extend this conformational study of the cinchona alkaloids. In the fol-

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

given2 .

Figure 2.2 The six possible rotamers of quinine with respect to the C,- C, bond.
mmmmmmmﬁ.’mnmmomu:m‘f?»
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Figure 2.3 Conformations of quinine with respect of the C,-C, bond.

2.3.2 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 Cg-Cg and the Cg-C4’ bonds. By using the
molecular modelling program CHEMX?3 , we have investigated the con-
formational freedom with respect to these two bonds. Firstly, starting geometries
were made for all cinchona alkaloids and derivatives that have been considered in
this study. These starting geometries were constructed with the 3D-structure
building facility of CHEMX, and optimized with the MMP224 force field. The
geometries thus obtained were used as starting points for the generation of 36x36
(= 1296) different conformations by stepwise rotation of 10 degrees around both
Cg-C4’ and Cy-Cg 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’CgCg and
C4'CgCgCs 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 random from each minimum
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energy region, and these were optimized using the MMP2 and MMX25 force
fields.

C3 C4 C9 C8

'Hmm.%xrazxmmxgxggghokﬁg%::nﬁlxib¥g:ﬁnlmwhn
the contours is 2 keal/mol.

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'CoCg and
C4'CgCgC dihedral angles were obtained for quinine and four minimum energy
conformations for quinidine.

We have used these three optimized geometries of quinine and four of quinidine
to investigate the orientations of the vinyl, hydroxy and methoxy substituents. For
each substituent 72 orientations were generated by stepwise rotation of 5 degrees
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around the bond that holds the group in question (see Figure 2.1). The MME was
calculated for each conformation thus generated.

C7 o
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ce
Cs o
%0 @ \
, J)
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C3¥ C4 Co C8

Figure 2.5 Contour piot of the MME as a function of the torsion
angles C3'C4'C9C8 and C4'COC8C7 of quinidine. The energy
spacing between the contours is 2 keal/mol.

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-
formations 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 substituents.
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Some results of the calculations on quinine and quinidine are 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 conformation 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 turned away from
the quinuclidine ring, whereas in closed conformation 2 the quinoline ring is
oriented towards the bicyclic ring.
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closed conformation 2

Figure 29 The three minimum energy conformations. of quinine.

In the case of quinidine four different minimum energy conformations have been
- found, two closed conformations and two open conformations. These are depicted
in Figure 2.10.
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closed conformation 1 closed conformation 2

open conformation 3 open conformation 4

Figure 2.10 The four minimum energy conformations of quinidine.

Examination of the energy differences predicted by the MMP2 and MMX force
field calculations between the different conformers (see Table 2.1) reveals 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
conformation.
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Since the crystal structure of quinidine is known26 , it ig interesting to compare
the calculated minimum energy conformations of quinidine with the geometry of
the crystal structure. This comparison between a known X-ray structure and a
calculated structure gives-a useful indication of the accuracy of the force field for
the type of compound. We have used a rigid-fitting algorithm of CHEMX for this
purpose. As can be seen from Figure 2.11, one of the calculated conformations of
quinidiné (open conformation 3) fits almost perfectly on the geometry of the
crystal structure. The only significant differexice is the orientation of the methoxy
group. In the crystal structure the methaxy group is oriented in the same plane as
the quinoline ring, whereas in the calculated structure it is oriented perpendicularly
to the quinoline ring (and thus lowering the MME as can be seen from Figure 2.6,
see, however, Kollman27 and results of our MO calculations presented in chapter
5). :

Figure 2.11 Rigid firting plot of one of the calculated (MMP2) minimum energy
conformations of quinidine (open conformation 3) and the crystal structure of quinidine.
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The minimum energy conformations of some cinchona derivatives (dihydro-
quinine, dihydroquinidine, 9-methoxyquinidine, 9-methoxydihydroquinidine, 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 conformations have been found which are very similar to those .-
of quinine (Figure 2.9). In the case of the quinidine derivatives four minimum
energy conformations have been found for each derivative, all very similar to those
of quinidine (Figure 2.10). The most important results of these calculations are .
compiled in Tables 2.2, 2.3, and 2.4. :

This molecular mechanics analysis has revealed that:

For quinidine and all quinidine derivatives studied here four dxfferent minimum
energy conformations exist. These four conformations are very similar to those
of quinidine. In all cases one of the conformations (open conformation 4) was
substantially higher in energy than the other three.

For quinine and quinine derivatives three minimum energy conformations exist,
which are all closely spaced in energy.

Results obtained with MMP2 and MMX are very similar.

No significant effect on the global conformation of the alkaloids upon hydroge-
nation of the vinyl group could be observed. The molecular mechanics study on
dihydroquinine, dihydroquinidine, and derivatives of these gave very similar
results to those obtained for quinine and quinidine, respectively.

The energy differences between the closed conformations 1 and 2 for all
cinchona alkaloids that were considered in this study are minimal, whereas the
open conformation 3 is predicted to be slightly less stable.

The effect of the different benzylic substituents on the conformational behiavior
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 substituents on
the overall conformation are further investigated using NMR spectroscopy and
quantum mechanical calculations.

A rigid fitting study between the X-ray structure of quinidine and the calculated
ones showed an excellent fit for one of the predicted conformations.
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Table 2.1. Main results of the molecular mechanics analysis on quinine and

inidi
conformation 2 3 1 1 2 3 4
MMP2? 25.5 26.6 25.2 25.6 258 252 29.2
A energy® 03 1.4 0 0.4 06 O 40
dipole moment® 34 3.5 3.0 42 42 30 43
T4 739 972 -1080 1045 717 -938 844
T,® 595 1596 480 -534  -565 -1564 178.6
mmxt 245 258 246 279 285 29.1 290
A energy? 0 13 0.1 0 06 1.2 1.1
dipole moment® 2.1 1.6 23 42 45 26 43
T4 7.0 983 -1114 1042 718 930 850
T,® 592 1597 463 532  -57.6 -1554 -1679
MMXS 426 437 425 437 440 447 457
A energy 0.1 1.2 0 0 03 10 20
dipole moment® 22 1.7 2.3 43 45 25 43
T4 722 988 1111 1045 717 934 851
T,® 596 1595 458 532  -57.5 -1558 -167.8
Mmxh 489 499 488 492 495 S02 516
A energy® 0.1 1.1 0 0 03 10 24
dipole moment® 22 1.7 24 43 44 23 43
T4 725 990 -1109 1045 714 922 852
T,® 598 1598 460 -540 -57.3 -1558 -167.9

a. Charge-charge interactions used in electrostatic potential, dielectric constant=1.5.
b. Energy differences relative to absolute minimum are given in kcal/mol

¢. Dipole moment in Debye.

d. Ty denotes the C3°C4’CgCg torsional angle.
eﬂthklulethe(24'C%ﬁ38bi1tondonallnchm

f. dielectric constant=0.5

g. dielectric constant=1.5

h. dielectric constant=5.0
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Table 2.2. Main results of the molecular mechanics analysis on dihydroquinine
and dihydroquinidine.

dihydroquinine dihydroquinidine

conformation 2 3 1 1 2 3 4

MMP2* 265 275 261 265 266 217 318
A energy?® 0.4 14 0 0 01 12 53
dipole moment® 33 33 31 4.4 45 3.2 4.4
T4 729 995 -1086 1049 -TLS 926 848
T,® 594 1604 477 534 564 -1487 -1724
mmxf 348 358 348 277 280 294 302
Aenergy? 0 1.0 0 0 03 17 2.5
dipole moment® 2.8 22 33 45 45 26 41
9 709 981 -1089 1048 703 -924 859
T,® 591 1594 489 519  -555 -1534 1773
MMX8 466 415 464 443 M4 455 413
A energy® 0.2 1.1 0 0 01 12 3.0
dipole moment® 27 19 3.1 45 4.6 23 4.1
T4 717 983 -1093 1047 -708 -926  86.0
T,® 596 1602 487 -51.8  -555 -1539 -177.2
MMxh 507 515 505 500 501 510 521
A energy® 0.2 1.0 0 (i} 0 1.0 2.1
dipole moment® 26 1.8 29 44 4.6 2.3 4.5
T4 716 983 -1096 1048 709 -93.1 847
T,® 598 1606 488 517  -557 -1546 -169.6

a. Charge-charge interactions used in electrostatic potential, dielectric constant=1.5.
b. Energy differences relative to absolute minimum are given in kcal/mol

c. Dipole moment in Debye.

d. T denotes the C3’C,4’CqyCg torsional angle.
eﬂTz(k:unzsthe(:4’(kﬂ38riltonﬁonmﬂangde.

f. dielectric constant=0.5

8. dielectric constant=1.5

h. dielectric constant=5.0
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Table 2.3. Main results of the molecular mechanics analysis on methoxyquinidine
and dihydromethoxyquinidine.

methoxyquinidine ' dihydromethoxyquinidine
conformation 1 2 3 4 1 2 3 4
MMP22 271 274 291 307 281 283 300 314
A energy® 0 03 20 36 O 02 19 33
dipolemoment® 30 31 34 33 32 33 33 38
T4 1045 -705 926 851 1046 -698 -928 851
T,® : 530 -56.5 -1564 -179.4 -515 -548 -1556 -1769
Mmxft - - - - 247 248 265 292
energy® - - - - 0 01 18 45
dipole moment® - - - - 31 34 27 2.1
T4 . . . - 1065 694 907 817
To® . . - - - 505 549 -152.7 -1740
MMX8 447 447 461 488 452 449 467 493
~ Aenergy® 0 0 14 41 03 0 18 44
dipolemoment® 30 32 26 18 30 33 26 20
T4 1053 -699 909 880 1062 -689 -909 87.5
T,® 529 565 -1543 -171.6 -504 -544 -1528 -176.8
MMxh 251 252 262 292 247 248 265 292
Aenergy® 0 00 11 41 0 01 18 45
dipolemoment 30 31 26 19 31 34 27 21
T4 1057 -689 907 882 1065 -6941 -907 877
T,° 529 556 -1540 -166.5 -50.5 . -549 -152.7 -174.0

a. Charge-charge interactions used in electrostatic potential, dielectric constant=1.5.
b. Energy differences relative to absolute minimum are given in kcal/mol

¢. Dipole moment in Debye.

d. Ty denotes the C3°C4’CqCg torsional angle.

e. Ty denotes the C4’CgCgN) torsional angle.

f. dielectric constant=0.5

g. dielectric constant=1.5

h. dielectric constant=5.0
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Table 2.4. Main results of the molecular mechanics analysis on acetylquinidine
and dihydroacetylquinidine.

acetylquinidine dihydroacetylquinidine
conformation. 1 2 3 4 1 2 3 4
MMP2* 267 271 211 292 215 278 280 299
A energy® 0 04 04 25 0 03 05 24
dipolemoment® 32 27 60 25 30 26 60 26
T4 1057 -652 916 859 1062 -646 919 ~ 837
T,° 436 427 -1567 -1774 421 411 -1555 -1728
mmxf 428 401 421 457 426 398 415 453
energy? 27 0 20 S6 28 0 17 55
dipolemoment® 47 51 47 59 39 53 50 60
T4 107.5 633 901 870 1074 -607 -897 879
To® 498 -50.6 -1590 -176.1 -469 498 -1584 -1767
MMXS 476 460 471 502 481 464 413 507
A energy® 16 0 1.1 42 17 0 09 43
dipolemoment® 47 52 47 60 44 34 50 59
T4 107.5 637 -898 875 1077 -649 903 877
T,® 498 -512 -1588 -1766 474 -463 -158.5 -176.7
Mmxh 493 480 489 516 SO0 486 494 519
Aenergy® 13 0 09 36 14 0 08 33
dipolemoment® 47 53 48 60 46 54 S50 63
T,d 1076 636 899 870 1082 -632 -90.1 87.0
T,® 500 -51.5 -158.7 -1763 483 -504 -1574 -1753

a. Charge-charge interactions used in electrostatic potential, dielectric constant=1.5.
b. Energy differences relative to absolute minimum are glven in kcal/mol.
¢. Dipole moment in Debye.
d.T]_delKnBsthe(:3’(L‘(:gﬂ:stOI!ﬁlﬂﬂllmmﬂ!L
e. T, denotes the C4'CyCgN) torsionsl angle.
f. dielectric constant=0.5
g. dielectric constant=1.5
. dielectric constant=5.0
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2.4 MOLECULAR MECHANICS ANALYSIS ON EPHEDRA
ALKALOIDS

Although the ephedra alkaloids are smaller molecules than the cinchona alkaloids,
the problem of finding the minimum energy conformations is more difficult. There
are three bonds (T, T, Tj) instead of two in the case of cinchona alkaloids,
which determine the gross conformation of the ephedra alkaloids, and in addition a
fourth bond (W) determines the orientation of the hydroxy group. The torsion
angles Ty, Ty, T, and ‘¥ are defined in Figure 2.12.

H CH,
¢
H‘\‘T} ‘~k£ 13 C
H11O) .): C,’k" ‘({ N 7 ot

g

Ce
Z 6

)

Figure 2.12 The siructure and
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We have considered only two ephedra alkaloids in this molecular mechanics
study; (-)-ephedrine and (-)-N-methylephedrine. The latter was included in order to
study the conformational effect of alkylation on the nitrogen.

EPHEDRINE. A starting geometry for ephedrine was constructed by a MMP2
optimization of the geometry obtained with the 3D-building routine of CHEMX.
Four contour plots were calculated, each being obtained by stepwise variation of
10 degrees of two torsion angles. In the first three of these contour plots the MME
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is plotted as a function of the two torsion angles T and T,, each time with a
different value for T3. Figure 2.13 shows the contour plot with T and T, on the
x- and y-axis, respectively, and with T3=180°. In Figures 2.14 and 2.15 we have
plotted the same torsion angles on both axis, but now with T;=60° and T=-60°,
respectively.

From these three contour plots it can be seen that there exists a distinct
preference for a torsion angle T; of approximately 90 or -90° (which are identical
for symmetry reasons). Thus the preferred conformation of ephedrine is one with
the 'tail’ approximately perpendicular to the phenyl ring.
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Figure 2.15 Contour piot of the MME as a function of the torsion
angles C1C8C7C8 (T,) and CBC7C8NS (T,) of ephedrine (Ty=-80°).
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This perpendicular orientation of the chain was chosen for a fourth contour plot, in
which only T, and T4 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 conformations were identified with respect to Ty, T, 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
25.
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Table 2.5 Main results of the molecular mechanics analysis on (-)-ephedrine.

torsion angle
conformation T, T, Ty ¥  Aenergy®
ephedrine -l1a 958 -64.1 172.1 62.1 04
-1b 97.0 -65.6 1721 179.5 0
-1¢c -103.0 -61.0 167.3 -66.6 28
ephedrine -2a 91.1 616 7174 60.1 0.9
-2b 921 -61.7 -17.7 178.4 0.5
-2C 95.7 -57.0 -83.1 -63.1 34
ephedrine -3a 919 642 103.3 62.5 1.6
-3b 921 -649 101.7 177.9 0.9
-3¢ M5 -599 100.6 -57.9 35
ephedrine -4a -107.3 423 75.1 63.3 1.9

-4b -1040 473 750 -178.8 1.2
“4c -1200 424 68.3 -62.6 1.9
ephedrine -5a -1024 528 -100.1 64.3 2.0

5b  -103.1 564 983 -179.6 1.0
Sc  -1185 586 851  -61.8 1.7
ephedrine 6a  -1048 497 1652  66.0 39
6b  -1052 580 1708 1796 2.2
6c  -1175 570 1721 617 28
ephedrine -7a 763 1762 1764 624 2.1
-Tb 810 -1762 1740 1778 0.6
Te 599 -1745 1741 621 2.2
ephodrine -8a 828 1513 525 618 45
-8b 845 1665 530 178.1 2.1
8¢ 792 1653 532  -58.7 3.9
ephedrine -9a 792 1782 617  64.0 1.6
% 827 -1733 690 178.1 03
9c 622 -1713 652  -60.7 1.8

2 energy difference in kcal/mol.

T =C;C¢CyCs, T2=CC7CgNg, T3=C7CgNgCyq, ¥=CgC;0 Hy;.
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The orientation around T, determines whether the overall conformation of
ephedrine is gauche (the 'tail’ folds back) or trans (extended conformation). Based
on this definition the nine minimum energy conformations can be divided into
three gauche conformations characterized by a T, of approximately -60°, three
gauche conformations with T, of approximately 50°, and three trans confor-
mations with a T, of approximately 180°.

As can be seen from Table 2.5 each of the nine conformers is further split up into

three other ones, depending on the orientation of the hydroxy group. These three
possible minima are characterized by a ¥ of respectively about 60°, -60°, and
180°. It can be concluded from Table 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 ¥ of about 180°. The energy differences
relative to the nearest local minima vary from 0.4 to 1.9 kcal/mol. The preference
for ¥=180° is most distinct for the extended conformations (1.3-1.9 kcal/mol) and
less for both groups of gauche conformers (0.4-0.7 kcal/mol).
The preferred conformation with respect to T3 depends on T,. In case of the
*gauche -60°" conformers the absolute minima are found at Tj values of about
'170°, while for the *gauche 50°° conformers the absolute minima are found at T3
of approximately -100°. The trans conformers attain their absolute minima at T
“values of about -60°.

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

Next we have compared the structures of all calculated minimum energy
conformations with the known crystal structure of ephedrine28 . 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 structure. In case of ephedrine-8 and ephedrine-9
only T3 differs significantly from the crystal structure.
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Figure 2.17 Rigid fitting between the crystal structure of ephedrine and ephedrine_7

Earlier work of Pullman2® , who carried out PCILO calculations30 to study the
conformational properties of phenylethylamines, suggests that in case of
ephedrine a small preference (not quantified, but less than 1 kcal/mol) for the
extended conformation exists. In his analysis a preferred torsion angle of ‘¥'=-60°
for the hydroxy group was assumed. From the molecular mechanics calculations
we carried out, another absolute minimum has been observed for the hydroxy
~ group with a torsional angle ¥ of approximately 180°. When we compare the
energy differences between ¥=180° and -60° for the 'gauche -60°’ conformers
(the absolute minima in our study) and the extended ones we see that the gauche
conformers are on average at least 1 kcal/mol more stabilized in case of ¥=180°.
This suggests that the results of the analysis of Pullman would be better in
agreement with our results if he too had considered conformations with ¥=180°.
However, see chapter 5 in which additional MO calculations on ephedrine are
presented. -
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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 minimum 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-

ephedrine
N-methyleph. -1a -93.7 -60.0
-1b -96.4 -56.9
-1c 969  -588
N-methyleph. -2a -88.6  -61.5
-2 -876 -65.5
2 154 690
N-methyleph. 4a -97.1  48.0
4b 964 512
“4c -120.7 57.2
N-methyleph. -5a -114.5 56.4
-5b -114.1 58.5
-5¢ -120.6 57.2
N-methyleph. -7a -778  172.5
-Tb -86.0 164.8
-7c  -86.6 162.8
N-methyleph. -8a -73.3 177.3
8¢ -608 -173.0
N-methyleph. -9a -78.6 174.8
9 857 1674
9c -821 1658
3 energy difference in kcal/mol.

torsion angle
Ts k4

-10.3 60.1
69 1799
-11.9 -57.4
-179.1 59.1
-168.0 1776
152.3 -59.4
-29.9 64.8
-31.2  -178.7
-28.3 -63.3
163.4 65.0
161.6 -179.8
161.9 -63.3
19.1 38.6
-304 1782
-28.9 -62.1
52.8 58.4
594 -56.9
-158.0 65.4
161.2 1782
162.9 -59.6

A energy®

21
14
23
3.0
2.1
4.5
1.0
0.1
0.5
1.2
0.0
0.5
25
1.6
3.6
29
4.1
26
0.8
29

T1=C1C6CrCs» T2=C6CrCeNg: T3=C7CgNgNione pair ¥=CgC701Hy -
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The results summarized in Table 2.6 show that the preferred orientation with
respect to T 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 T, 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-methyleph.-5) are the absolute minima. The contour plot of
Figure 2.18 also indicates the preference for the gauche conformations. In this
contour plot T, and T are plotted on the x and the y-axis, respectively, with
T1=90°. o » ,

We can conclude from these results that the introduction of a methyl group on
the nitrogen of ephedrine does change the conformational behavior gignificantly.
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 conformational similarities between ephedra and cinchona alkaloids further.

190

g -
[

-9

-180

Figure 2.18 Contour plot of N-methylephedrine. On the x-axis T, (CC7CgNg) is
plotted and on the y-axis T3 (C7CgNgC1()-
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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 o,B-unsaturated alkenones (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 B-hydroxy amines. This structural similari-
ty may lead to mechanistic similarities, but does not explain the identical
stereoselectivities of the cinchona and ephedra alkaloids. Therefore,we have
compared 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 conformations of quinine and (N-methyl)ephedrine.

Figure 2.19A An example of a rigid fitting between quinine in the closed conformation 2
and N-methylephedrine.
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Figure 2.19B An example of a rigid fitting between quinine in the open conformation 3
and (-)-ephedrine.

The identical stereoselectivity in the Michael addition of quinine and ephedrine is
much easier to understand now; all three minimum energy conformations of
quinine have an equivalent minimum in case of ephedrine and N-methylephedrine.
Thus both groups of alkaloids share the important B-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
information. Because of the excellent fits between all the calculated minimum
energy conformations of both cinchona and ephedra alkaloids, we cannot exclude
a priori any of the possible minimum energy conformations as being important in
the catalytic process.
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3.1 INTRODUCTION

In this chapter we will present a detailed conformational analysis of cinchona
alkaloids in solution! . The results have been obtained by using several Nuclear
Magnetic Resonance (NMR) techniques. Firstly, we will briefly introduce NMR
(3.1). After that, the assignments of the 1y NMR spectra of various cinchona
alkaloids are discussed (3.2.1). With all chemical shifts in hand we turn to the
conformational assignments of the alkaloids in different solvents (3.2.2). The
conformational aspects of the quinuclidine ring are discussed separately (3.2.3).
Results of the study presented in this chapter are used to discuss detailed mecha-
nistic aspects of the asymmetric Michael addition between aromatic thiols and
o.,B-unsaturated alkenones. These results together with additional NMR data will
be presented in chapter 4.

High-resolution NMR and two-dimensional NMR spectroscopy have become
extremely powerful tools in studies of the conformation of molecules in solution.
The development of high resolution NMR spectrometers started in the 1950's. The
fast progress of NMR since then is clear from Table 3.1.

Nuclear resonances are influenced by a number of weak interactions between
nuclei and the electrons of molecules, between nuclei within the molecule, and
between nuclei in neighbouring molecules. These multiple NMR interactions per-
mit one, for example, to probe molecular structures, 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
modemn NMR techniques for theoretical details and description of the many avail-
able NMR methods? .

In recent years NMR spectroscopy has undergone a particularly revolutionary
change. The main reasons are 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-



-5

cal examples are conformational studies on oligosacharides, peptides, proteins,

surfactant aggregates, or conformational changes of macrocycles induced by
complention3 .

TABLE 3.1 SHORT HISTORICAL OVERVIEW OF NMR.4

1946
1952

1953

1954
1957
1958
1961
1966

1967
1971
1976
1978
1979

1988

Bloch and Purcell demonstrated NMR expe:rimaltallys )

Nobel prize Bloch and Purcell.

First structural analysis by Bloch, Anderson, and Amold.

30 HMz 'H NMR spectrometer commercially available.

40 HMz 'H NMR spectrometer.

13C NMR spectroscopy introduced by Lauterbur® .

60 HMz NMR spectrometer.

100 MHz NMR spectrometer.

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

Fourier transform NMR introduced by Emst’ .

300 HMz H NMR spectrometer.

2D NMR introduced by Emst and Freeman.

Experimental 600 MHz NMR.

Commercially available 500 MHz NMR spectrometers,

Introduction of multipulse NMR techniques on commercially available
apparatus.

3D NMR techniques are introduced$ .

3.2 NMR ANALYSIS ON CINCHONA ALKALOIDS

The general structure of cinchona alkaloids consists of two relatively rigid ring
structures, an aromatic quinoline ring and an aliphatic quinuclidine ring. In Figure
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3.1 the structures and proton numbering of the cinchona alkaloids and derivatives
that we have considered in this study are given. The major cinchona alkaloids only
differ in configuration at Cg and Cg (for carbon numbering see Figure 1:3, page
6). Quinine and all quinine analogs have the R, S configuration at Cg and Cg, res-
~ pectively, whereas for quinidine and quinidine analogs the configuration at Cg and
Cg is opposite (S, R) . The configurations of the other thres stereocenters, Cs,
C4, and N are identical in both series. Quinine and quinidine are sometimes
referred to as psendoenantiomers.
Most cinchona alkaloids may dxffer structurally at three positions; a methoxy
group is present or absent at Cg’ of the quinoline ring (R,); a vinyl or ethyl group
manm;dmC3ddu(plmchdurhg(Rl),mddiﬁMsubmmenucanbe
introduced at Cg (R3, R4)(Flgure3 l)

rrTIQrIxI|p
SRERRRRRES
N

Figure 3.1, mmmmmdﬂn cinchona sikaloids that have been
considered in the NMF study.

TITTQOITIT 2
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For the conformational study of the cinchona alkaloids in solution we have used
several NMR techniques: COrrelation SpectroscopY (COSY), Nuclear Qverhauser
Enhancement Spectroscopy (NOESY)!0 | NOE-Differencell , and vicinal J-
couplings. The COSY experiments were necessary for the assignments of the g
NMR spectra of the cinchona alkaloids. With NOESY and NOE-difference 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 can be related to interatomic distances and molecular motion12 . The vici-
nal J-couplings provided additional conformational information.

The results of the molecular mechanics study, described in chapter 2, proved to
be very helpful for the interpretation of the NOESY spectra. From this study we
already know that cinchona alkaloids can in principle adopt four different
conformations; two closed conformations in which the quinuclidine nitrogen
points towards the quinoline ring, and two open conformations in which the
quinuclidine nitrogen points away from the quinoline ring. These four confor-
mations are characterized by specific distances between protons of the quinoline
ring and protons of the quinuclidine ring. In the following section we will report
the interpretation of the IH NMR spectra of the cinchona alkaloids in various
solvents.

3.2.1 Assignment of LH NMR Spectra of Cinchona Alkaloids

All cinchona alkaloids have complex 1 NMR spectra. The spectra of the
quinidines and quinines were very different, but, not unexpectedly, most of the
quinidine spectra, as well as the quinine spectra, were mutually similar. The
assignments for (p-chlorobenzoyl)dihydroquinidine (p-C1BzDHQD) and deoxy-
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cinchonidine. (Figure 3.1) will serve here as a model for all quinidine and quinine
derivatives, respectively 13

(p-Chlorobenzoyl)dihydroquinidine (p-C1BzDHQD) . The chemical shift
assignments of p-CIBzDHQD in chloroform-d; are presented in Table 3.2. The
hydrogens in the quinoline ring could be assigned straightforwardly. The H; and
H, hydrogens are located as doublets at 8 7.40 and d 8.75, respectively, and their
identity is verified by an ortho coupling of 4.6 Hz. The Hy proton appears as a
doublet at § 8.02 with an ortho coupling of 9.2 Hz to Hy at § 7.39. In addition, Hy
is coupled to Hg at & 7.45 through a meta coupling of 2.6 Hz. The assignment of
the protons in the quinuclidine ring was a more challenging task. The benzylic
hydrogen Hg is apparent as a doublet at § 6.72 with a vicinal coupling of 7.5 Hz to
Hg at § 3.38. The COSY spectrum reveals that Hgy is coupled with the vicinal
protons Hyn and Hy; at 8 1.85 and § 1.55. These two signals showed similar
NOE effect upon irradiation of Hg, rendering their relative assignment impossible
by this strategy. Irradiation of Hg gave rise to an additional NOE at § 2.79, which
“was assigned to the closest methylene proton H; ¢. This proton yields a strong
NOE at § 1.56 and a weaker enhancement at § 1.46. These two signals were
assigned to H; 4 and H; 3, respectively. The former gives the strongest NOE due to
its cis relationship with H; . The Hy ¢ proton is coupled with the geminal proton
Hyq at 3 2.70 and displays a strong vicinal coupling to H; 4 and a weak coupling
to Hy 3. On the other hand, H 5 has a strong coupling to both Hy4 and H;3. The
two remaining unassigned protons o to the quinuclidine nitrogen, Hyg and Hyg,
.observed as multiplets at § 2.68 and 5 2.85, are both coupled with H; at § 1.45.
The signal at § 2.85 showed a strong NOE to H; 7 and was assigned to the cis pro-
ton H g, thereby locating H ¢ at § 2.68. The two methylene hydrogens in the
ethyl group, Hy), could be assigned to the 5 1.45 absorption due to their coupling
with the three hydrogens, Hy, of the methyl group. The Hy( protons showed a
small NOE with the signal at § 1.85, which then could be assigned to H; (), located
at the same side of the quinuclidine ring. This resolves the ambiguity of the Hy,
H, | assignment (vide supra). The remaining unassigned proton in the quinuclidine
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ring, Hy,, is observed as a narrow multiplet at § 1.75, with only minute couplings
to the other protons. :
1H NMR spectra of p-CIBzDHQD were also recorded in CD3COCD3, CD5CN,
CgDsCDj3, and CD,Cly. The chemical shift assignments in these solvents were
obtained by similar reasoning as described above and are summarized in Table 3.2,

Deoxycinchonidine. The 14 NMR spectra of the quinines are different from those
of the quinidines. The aromatic hydrogens, however, show close resemblance
between the two groups of alkaloids. Figure 3.2 shows a 300 MHz 1H NMR spec-
trum of deoxycinchonidine in CgDg.

Figure 3.2 300 MHz 15 NMR spectrum of deoxycinchonidine in CgDyg.
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The chemical shift assignments of deoxycinchonidine in CgDg are presented in
- Table 3.3. We refer to Figure 3.3 for the proton numbering of deoxycinchonidine.
The aromatic H; and H, hydrogens are located as doublets at § 6.93 and 5 8.81,
respectively, with an ortho coupling of 4.3 Hz. The Hj proton appears as a doublet
at § 8.39 with an ortho coupling of 8.5 Hz to Hy, which appears as a multiplet at 5
7.37. As a result of a meta fine coupling of 0.9 Hz the doublet of Hj is further split
by Hg (Hg hydrogen replaces the quinoline methoxy group), which appears as a
multiplet at § 7.24. Hg at 8 7.93 appears as a doublet, owing to-an ortho coupling
of 8.4 Hz with Hg. In addition, a fine coupling of 0.9 Hz was observed, due to a
meta coupling with H,. The vinyl proton Hy() appears as a multiplet at § 5.58 and
both vinyl protons Hy; and H,, as a multiplet at 5 4.90. The assignments of the
quinuclidine protons were less straightforward. The benzylic Cg carbon is
substituted with two hydrogens. We will call the hydrogen which replaces the
hydroxy group in case of cinchonidine Hgy,, the other benzylic hydrogen will be
called Hg,. Both Hg, and Hg;, appear as multiplets of four lines at § 3.15 and §
2.69, respectively. The geminal Hg,-Hgy, coupling is 7.8 Hz. In addition Hg, and
Hgy, have vicinal couplings with Hy at § 3.03 of 6.6 Hz and 7.4 Hz, respectively.
The COSY spectrum reveals that Hg is coupled with the vicinal protons H; and
Hy; at § 1.60 and 8 0.83. Because of the stronger NOE between Hg-H{ ) than
between Hg-H ;, the cis hydrogen H; could be assigned to 8 1.60, thereby
locating the trans hydrogen Hj ; at § 0.83. Irradiation of Hg yielded a NOE at 3
2.51, which was assigned to the nearest methylene proton H; g. This proton yields
a strong NOE at § 2.95 and a weaker enhancement at § 1.94. These two signals
were assigned to Hy g and Hy 4, respectively, the former giving the strongest NOE
due to its geminal relationship with H; g. The NOE between H; g-H,) supports the
Hyg assignment. The. strong NOE between H;g-H7, owing to their cis
relationship, is also in accordance with the assignments thus far. H; 5 shows two
upfield NOE’s at & 1.48 and § 1.18, which were assigned to Hy 5 and H, 3, respec-
tively. Due to the geminal H,3-Hj 4 relationship the strong NOE at § 1.29 has
been assigned to Hy 4. Because of both cis relationships H13-H1 5 and Hy 4'H16'
revealed by strong NOE's, H; 5 could be assigned to § 2.46 and H;4 to § 2.89.



-71-

The W-couplings between Hg-H 5 and between H;(-Hy 3, revealed by the COSY
spectrum, support the assignments. E

We have also recorded the 1H NMR spectrum of deoxycinchonidine in CDClj.
The chemical shift were obtained in a similar manner and are given in Table 3.3.

Assignments of 1H NMR Spectra of other Quinine and Quinidine Derivatives.
The 1H NMR chemical shift assignments for quinine (Q), quinidine (QD),
dihydroquinine (DHQ), dihydroquinidine (DHQD), methoxydihydroquinidine
(MeDHQD), acetyldihydroquinidine (AcDHQD). (dimethylcarbamoyl)dihydro-
quinidine (DMeCDHQD), (p-chlorobenzoyl)dihydroquinine (p-C1BzDHQ),
benzylquinine (BzQ), and chloroquinine (C1Q) were obtained in a similar manner
as described for pCIBzDHQD and deoxycinchonidine and are presented in Tables
3.4,3.5, and 3.6. | | |

Hai H22
Hao Hir
Hip :ls
: 12 H
Hy 13
H
HS \W’N 1%
Cel |
I Hy His

Figure 3.3 Structure and proton numbering of deoxycinchonidine.
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Table 3.2° |H NMR chemical shifts (in ppm) with a precision of 0.03 ppm for p-
CIBzDHQD. Spectra recorded at 20°C, in the indicated solvents at an alkaloid
concentration of 0.02 M.

Proton CDC[3 CD3COCD3 CD3CN C6D5CD3 CDzClz

1 740 159 7.48 1.24 142

2 875 = 868 - 8.6S 8.73 8.69

3 802 - 79 .19 8.15 7.9

4 739 . 139 737 7.20 7.36

5 7.45 7.66 7.58 7.64 7.51

8 6.72 6.73 6.59 699 = 661

9 3.38 3.56 3.48 3.27 343

10 1.85 1.90 1.80 1.82 1.82

11 1.55 1.5-16 1.4-17 1.3-14 1.45-1.75

12 1.75 1.73 1.7 1.33 174

13 1.46 1.5-1.6 1.4-17 1.18" 1.45-1.75

14 1.56 1.5-16 14-17 1.28* 1.45-1.75

15 . 2.70 2.69* 2529 242 2.60-2.80

16 2.79 2.85 2529 258 2.60-2.80

17 1.45 1516 1417 1.10 1.45-175

18 2.68 2.60" 2529 2627 2.60-2.80

19 2.85 2.85 2529 2627 290

20 1.45 1.5-16 1417 1.32 1.47

21 0.92 0.87 111 077 0.95

OMe 3.95 4.00 3.96 3.57 3.90

R-gr 7.46 7.59 7.51 6.98 7.46
8.05 8.14 8.04 7.85 8.02

* assignments may be reversed.
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Table 3.3 'H NMR chemical shifts in ppm from internal TMS with precision of
0.03 ppm for deoxycinchonidine in C¢Dg and CDClj; at 20°C.

proton (:61)6 (31)(33
1 6.93 7.27
2 8.81 8.80
3 8.39 8.11
4 1.37 7.69
5 1.93 8.05
6 . 1.24 7.56
8a 3.15 3.40
8b 2.69 3.07
9 3.03 3.20
10 1.60 1.81
11 0.83 1.16
12 " 148 1.75
13 118 1.65
14 1.29 1.58
15 2.46 2.78
16 289 3.20
17 1.94 2.26
18 2.51 2.67
19 12,95 3.20
20 5.58 5.78

21 4.9 4.90
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Table 3.4 1H NMR chemical shifts (in ppm) from internal TMS with precision of
0.03 ppm for a series of alkaloid derivatives. Spectra at 20°C, and an alkaloid
concentrations of 0.02M.

proton A "B c D E F

1 7.48 7.50 7.37 734 1.26 7.31
2 8.54 8.70 8.58 8.48 8.50 8.71
3 7.89 8.00 8.17 8.07 7.90 8.24
4 7.24 7.35 7.18 7.14 7.26 7.22
s 7.20 7.24 7.45 7.39 7.17 7.32
[ - - - - - -

8 5.60 5.50 5.48 5.43 5.52 5.08
9 3.06 3.09 3.15 3.09 3.04 2.89
10 1.30-1.45 1.66 1.85 1.82 1.96 0.96
11 1.62-1.80 1.60 1.54 1.42 1.06 2.11
12 1.62-1.80 1.80 1.63 1.60 1.66 1.54
13 1.62-1.80 1.52 1.68 1.68 1.3-1.55 1.12
14 1.30-1.45 1.66 1.22 1.23 1.3-1.55 1.12
15 2,61 2.64 2.50 248 2.65-3.05 2.46
16 3.53 3.38 3.48 3.48 2.65-3.05 2.60
17 1.30-1.45 2.26 1.98 1.96 1.3-1.55 1.98
18 235 3.16 2.54 2.50 2.65-3.05 3.37
19 3.03 2.69 2.89 2.88 2.65-3.05 2.79
20 1.19 5.77 5.52 5.48 1.43 6.14
21 0.77 4.93 4.83 481 0.85 5.05
OMe 383 3.85 3.54 3.57 381 3.52
Rgr 496 5.02 4.27 4.55 5.15 5.44

A=Dihydroquinine (DHQ) in CDCl;, B=Quinine (Q) in CDCl3, C=Quinine (Q) in
C¢Dg, D=Quinine (Q) in C¢DsCD3, E=Dihydroquinidine (DHQD) in CDCl3,
F=Quinidine (QD) in C¢D.
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Table 3.5 1H NMR chemical shifts (in ppm) from internal TMS standard with
precision of 0.03 ppm for several alkaloids in the indicated solvents at 20°C.’

proton A B C D E

1 7.38 7.43 7.43 7.55 7.43
2 8.62 8.76 8.83 8.62 8.72
3 7.98 8.04 8.13 7.96 8.02
4 735 137 7.47 742 7.38
5 7.44 7.30 7.54 7.60 7.53
8 4.86 5.01 6.42 6.79 6.75
9 3.05 2.7-3.1 3.38 345 149
10 1.88 1.97 2.00 1.84 1.95
11 1.35-1.60 1.13 1.50 1.84 1.73
12 1.69 1.68 1.89 1.84 1.89
13 1.35-1.60 1.35-1.55 1.55-1.75 1.58 1.58
14 1.35-1.60 1.35-1.55 1.55-1.75 184 1.80
15 26-29 2.7-3.1 28-30 264 272
16 2.6-2.9 2.7-3.1 2830 323 32
17 1.35-1.60 1.35-1.55 1.55-1.75 231 230
18 26-29 2.7-3.1 2830 27 2.66
19 2.6-29 2.7-3.1 3.10 3.04 3.09
20 1.35-1.60 1.47 1.64 5.80 5.84
21 0.92 0.91 1.06 4.90 5.00
OMe 3.96 3.94 4.10 4.00 3.98
R-gr 3.26 3.31 2.30 8.12 8.10

7.62 7.59

7.45 7.51

A=Methoxydihydroquinidine (MeDHQD) in CD,Cl,, B=Methoxydihydro-quini-
dine (MeDHQD) in CDCly, C=Acetyldihydroquinidine (AcDHQD) in CDClj,
D=Benzylquinine (BzQ) in CD30D, E=Benzylquinine (BzQ) in CDCl;.
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Table 3.6 'H NMR chemical shifts in ppm from internal TMS with precision of
0.03 ppm for some alkaloids in the indicated solvents at 20°C.

proton A B C D
1 7.20-7.58 6.95-7.12 7.34 7.40
2 8.77 8.70 8.74 8.72
3 8.06 8.26 8.00 8.02
4 7.41 7.21 7.35 7.38
5 7.20-7.58 7.40-7.60 746 7.49
8 5.30-5.60 5.26-5.56 6.43 6.72
9 3.42-3.70 3.40-3.60 3.29 3.47
10 1.55 1.27 1.81 1.63
11 0.70 0.43 1.55 1.88
12 1.66 1.27 1.73 1.85
13 1.55 1.08 1.45 1.76
14 1.55 1.08 1.50° 1.51
15 2.90 2.57 2.70° 2.67
16 3.22 3.02 2.70* 3.17
17 2.30 1.92 1.50" 1.50
18 2.90 2.38 2.10° 237
19 3.39 3.10 2.90 3.06
20 5.80 5.59 1.38 1.35
21 5.00 4.90 0.90 0.85
OMe 3.97 3.36 3.95 3.97
R-gr 2.89 7.44
3.03 8.03

A=Chloroquinine (CIQ) in CDCl;, B=chloroquinine (C1Q) in CesDe¢:
C=Dimethylcarba-moyldihydroquinidine (DMeCDHQD) in CDCl;, D=p-
Chlorobenzoyldihydro-quinine (p-C1BzDHQ) in CDCl3.

* Assignments may be reversed.
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Assignments of 14 NMR Spectra of Epicinchona Alkaloid Derivatives. The
1H NMR chemical shift assignments for epidihydroquinidine (epiDHQD),
epiquinidine (epiQD) and epiquinine (epiQ) were also obtained in a similar
manner as described above. They are presented in Table 3.7.

Table 3.7 'H NMR chemical shifts in ppm from internal TMS with precision of
0.03 ppm in CDClj for the epi-alkaloids at 20°C.

proton A B C

1 7.40 7.42 7.27

2 8.69 8.70 8.60

3 7.98 7.98 7.92

4 7.32 7.31 7.25

5 7.59 7.53 7.56

8 5.02 5.08 492

9 2.8-3.0 29 2.95-3.05
10 1.20 1.27 0.79

11 0.95 0.95 1.29

12 1.54 1.63 1.54

13 1.28-1.50 1.5 14

14 1.28-1.50 1.5 14

15 2.8-3.0 29 2.61-2.67
16 28-3.0 29 2.95-3.15
17 1.28-1.50 2.28 2.15

18 257 29 2.61-2.67
19 2.8-3.0 29 2.95-3.15
20 1.28-1.50 5.86 5.58

21 0.84 5.05 4.83
OMe 3.88 387 .77

OH 478 477 48

A=Epidihydroquinidine (epiDHQD), B=Epiquinidine (epiQD), C=Epiquinine (¢piQ).
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3.2.2 Conformational Assignments of Cinchona Alkaloids

The gross conformation of the cinchona alkaloids is determined by the torsions
about the Cg-Cg and Cy-C4’ bonds. The strategy has been to use inter-ring 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 relationship between both rings and thus the overall conforma-
tion of the alkaloid. NOESY and NOE-difference spectra 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.
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Figure 3.4 500 MHz NOESY spectrum of quinidine in CgDyg.

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
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quinidine and quinine derivatives, respectively, as predicted by the molecular
mechanics analysis. In these Figures the arrows mark the hydrogens between
which inter-ring NOE’s are expected for that particular conformation.
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Conformational assignment of deoxycinchonidine in C4Dg and CDCl,

With the complete assignments of all hydrogens of deoxycinchonidine in hand, we
next investigated the conformational behavior of this alkaloid in CgDg and
CDCl;. The existence of closed conformation 2 in CgDg could be excluded,
because no NOE is observed between H; ¢-Hg (Figure 3.6). We realize that the
absence of an Overhauser enhancement is a negative experiment and not a strong
structural argument. However, we know from the conformational analysis of ester
derivatives of quinine (described in the next paragraph) that in case of closed con-
formation 2 a strong NOE is indeed present between H;¢-Hg. Based on the same
argument also open conformation 4 could be excluded, because no NOE was
found between Hg and H; 1- From the epi-cinchona alkaloids (which adopt this
open conformation 4) we know that a strong NOE is present between Hg and Hy ;
in case of the open conformation 4. On the other hand, the NOE's observed
between H; -H;, Hy-Hg, H, c-Hg,, Hg -Hg, and Hgy-H, ; (Figure 3.6) indicate
that open conformation 3 must be present. But NOE’s between Hgy,-Hg, Hg-Hs,
Hgg-Hj 1, and Hyg-H; were also found. These are all in accordance with closed
conformation 1. Thus both open conformation 3 as well as closed conformation 1
are present at the same time in solution. On the NMR time scale these two
conformers exchange rapidly, because only an averaged lg NMR spectrum is
recorded at 25°C. In Figure 3.7A the trace of the NOESY spectrum, which shows
the NOE interactions with Hyg, is depicted. The enhancement marked 8A is due to
a NOE between Hg-Hg, in the open conformation 3, and the one marked 8B is due
to a NOE between Hg-Hgy, in the closed conformation 1. We know from the
molecular mechanics analysis (chapter 2) that the interatomic Hg-Hg, distance in
the open conformation 3 and the Hg-Hg,, distance in the closed conformation 1 are
approximately the same (about 2.1 A). Thus integration of both enhancements 8A
and 8B gives an approximate estimation of the ratio of distribution between both
conformers. In Figures 3.7B and 3.7C the traces of hydrogens Hg, and Hg;, are
shown. In case of the Hg,, trace a relatively large NOE with Hg and a smaller one
with Hl are observed, whereas in case of the H8b trace both Hsb-Hs and Hsb-Hl
enhancements are of the same order of magnitude. From the integration of these
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NOE traces we conclude that the ratio between open conformation 3 and closed
conformation 1 is approximately 60/40.

' N s " s N " ..
9 8 7 6 ] 3 3 2 1 0 ppm

Figure 3.7 Traces of the NOESY spectrum of deoxycinchonidine in CgDg. A=Hg
trace, B-Hsa trace, and C=H8b trace.
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1H NMR and NOESY ‘spectra of deoxycinchonidine have also been recorded in
CDClj. Because of complete overlap in the 14 NMR of protons Hg and H; ¢ the
presence of conformations 2 and 4 could not been excluded, but because of NOE’s
between H,-Hg,, H;-Hgy,, H5-Hg,, Hs-Hgy,, and Hy-H; ; we conclude that also
in CDCl; a mixture of conformers is present, which must include conformers 1
and 3. Low temperature experiments at -20°C and -60°C in CDCl; did not alter
the 'H NMR spectra; no line broadening has been observed, and averaged spectra
were still recorded. Thus even at -60°C it was not possible to freeze 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 CDCl,

With the complete assignments of the hydrogens of p-CIBzDHQD in hand, its
conformation was investigated. The presence of NOE’s in CDCl3 between Hg, Hg
and Hy g suggests that these three nuclei are in close spatial proximity (see Figure
3.5). An additional, but weaker inter-ring NOE was observed between Hg and H;.
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’CgCg dihedral angle is close to -90°, and
the HgCoCgHg dihedral angle approaches an anti conformation (this conformation
resembles closed conformation 2). The most apparent indication of the
HgCoCgHg dihedral angle was obtained from the 37 HgHg coupling constant of
7.5 Hz. By application of the Altona equation!4 this angle is estimated to be 155°,
This is in good agreement with the conformation suggested by the NOE
interactions. From the additional appearance of NOE’s between H,-H, , Hg-Hg,
and between H; ¢ 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 CDCl5.
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The IH NMR spectra of p-CIBzDHQD were also measured in acetone-dg,
acetonitrile-ds, dichloromethane-d,, and toluene-dg. 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-
pling constants 37 HgHgq were in the range of 7.5-8.6 Hz, with one exception, in
toluene-dg, in which a coupling constant of 6.8 Hz was measured.

These results suggest that there are only small variations in the equilibrium
between conformers 2 and 3 in chloroform-d;, acetone-dg, acetonitrile-d; and
dichloromethane-d,. The 37 HgHg coupling in toluene-dg implies that the equilib-
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 further in favor of the open
conformation 3. This is also reflected by a decrease of the 3y HgHg coupling
constant from 7.5 Hz in CDClj to 5.1 Hz in CD;0D.

In an attempt to substantiate further the conformation of p-C1BzDHQD, 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 features of the closed conformation 2 in solution, as discussed above, are
present in the solid state. This is particularly evident for the important dihedral
angles, C3’C4’CoCg and HgCoCgHg, which are approximately -86° and 170° in
the crystal structure, closely resembling the corresponding angles of -90° and
1559, suggested by the NMR experiments of the alkaloid in solution. Furthermore,
the X-ray analysis revealed that Hg, Hg, and H;g, are positioned in a close spatial
arrangement, with internuclear distances of 2.23 (Hg, Hg), 2.41 (Hg, Hyg), and
2.24 A (Hg, Hyg). This is in agreement with the strong NOE observed between
these nuclei. The weaker NOE observed between H; and Hy is reflected by a lon-

ger internuclear distance of 2.89 A.
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Figure 3.8 X-Ray crystal structure of (p-chlorobenzoyl)dihydroquinidine.

Conformational Assignments of Other Quinidine Derivatives. The 1y NMR
spectra of (dimethylcarbamoyl)dihydroquinidine and acetyldihydroquinidine are
very similar to that of (pchilorobenzoyl)dihydroquinidine (see Table 3.2). The 1H
NMR spectra of quinidine, dihydroquinidine, and methoxydihydroquinidine
showed several differences relative to the ester derivatives. In the ester derivatives
of quinidine and dihydroquinidine H, ; appeared between § 1.50 and § 1.55,
whereas in the methoxy and hydroxy substituted quinidines H,{ appeared at §
1.13and § 1.06, respectively. Furthermore, the 37 HgHg coupling constant for the
ester derivatives in CDCl; are between 7.5 and 8.3 Hz, but for the methoxy and
hydroxy substituted quinidines this coupling constant decreases to 3.9 and 3.5 Hz,
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respectively. This suggests that the torsion angle HgCoCgHy is very different from
those of the quinidine esters. Application of the Altona equation gives a torsion
angle H8C9C8H9 of either close to 120°, indicating an eclipsed conformation, or
approximately 60°, indicative of a staggered conformation. In order to resolve this
ambiguity, NOESY spectra and NOE difference experiments were undertaken.
Based on arguments as outlined above we will only discuss the main results.

The hydroxy cinchona alkaloids (quinine, quinidine, cinchonine, cinchonidine).
predominantly adopt the open conformation 3, but some conformational freedom
of the quinuclidine ring is revealed by small NOE’s between Hg-H; and Hg-H;
in case of quinine and cinchonidine and between Hg-H and Hg-Hj ) in case of
quinidine and cinchonine. These NOE's are characteristic for closed conformation
2. However, a NOE between H) c-Hg (quinine, cinchonidine) or H;g-Hg (qui-
nidine, cinchonine) was never observed. It is therefore concluded that the hydroxy
cinchona alkaloids exist at least for more than 90% in open conformation 3,
wherein some conformational freedom of the quinuclidine ring exists.

The methoxy cinchona alkaloids predominantly adopt the open conformation 3
and to a lesser amount the closed conformation 2 in CDCl;. However, in CD,Cl,
the closed conformation 2 is found in excess. Thus now the distinct preference for
the open conformation 3, seen for the hydroxy alkaloids, has vanished. In solvents
like CDCl3 and CD30D the open conformer 3 is still predominant, but in the
"non-coordinating’ solvent CD,Cl, 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 1H NMR of methoxydihydroquinidine in CDCl; H; ; appears
at § 1.13, whereas in CD,Cl, H, ; is found at & 1.50, and this change in chemical
shift was accompanied by a substantial increase in 3/HgHg from 3.9 t0 6.6 Hz.

Chloroquinine adopts for at least 90% the closed conformation 2 in CgDy,
CDClj, and CD30D. The presence of small amounts of the open conformer 3 are
revealed, however, by a very weak NOE between H;-H ;. This weak enhance-
ment could only be detected by selective irradiation of hydrogen H;.

There is still another interesting feature regarding the proton spectra of
chloroquinine; all protons in the 1y NMR spectra of the cinchona alkaloids
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discussed so far appear as sharp absorptions (a typical example is shown in Figure
3.2). But in case of chloroquinine in C¢D¢ and in CDClj the hydrogens H;, Hg,
Hg, and Hq appear as broad lines, whereas all other protons are observed as sharp
absorptions. It follows from Figures 3.9 and 3.10 that this is caused by coales-
cence. Figure 3.9 shows the absorption of the benzylic hydrogen Hg at 20, 30, 40,
and 50°C; respectively, in CDCly. In Figure 3.10 the absorptions of both quinoline
protons H; and Hg are depicted at 20 and 70°C in CgDg. These observations indi-
cate that the energy barrier between closed conformer 2 and open conformer 3 is
increased to such a height that at room temperature averaged spectra are no longer
recorded. Also note that we have observed these phenomena only for the cinchona
derivatives substituted at Cg with Cl.

T=50°C
T=40°C

T=30°C

T-20

1 X i 1 i 1

5.7 5.6 5.5 5.4 53 §.2 ppm

Figure 3.9 14 NMR spectra of chloroquinine at different temperatures. Absorp-
tions of H at 20, 30.40,and50°CmCDCl3
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1=70°C
./ i
T=20°C
1 1 A 1 H A
7.8 7.6 7.4 7.2 7.0 6.8 ppm

Figure 3.10 1y NMR spectra of chloroquinine at different temperatures. Ab-
sorptions of H and Hy at 20 and 70°C in CgDy.
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NOESY spectra of epidihydroquinidine and epiquinidine revealed inter-ring
NOE's between Hg, Hyg, H(), and Hg (see Figure 3.11). These NOE’s indicate
that epiquinidines have an open conformation. This conformation differs, 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 conformation 4, predicted by the molecular mechanics calculations on the
quinidines. The 3 HgHg coupling constant of 10.1 Hz of epidihydroquinidine
corresponds to the anti arrangement of Hg and Hg, as expected in this conforma-
tion. Based on the same arguments, we found that the open conformation 4 is also
preferred by epiquinine in CDCl3. In this case a 37 HgHg coupling constant of 9.9
Hz was found, once again corresponding to an anti relationship between Hg and
Hg. NOE’s between H; |, Hg, and Hg and between Hg-H; complete the
conformational assignment.

IH“;”m‘\
7

OMe

Figure 3.11 Schematic drawing of the open conformation 4 of epi(dihydro)-
inidine.
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3.2.3. Conformation of the Quinuclidine Ring

There is still another conformational feature of the cinchona alkaloids that has not
yet been discussed, namely the conformation of the quinuclidine ring. It is highly
unlikely that the quinuclidine ring will have its methylene groups opposed to form
an unfavoured all-eclipsed conformation. Rather, the steric strain will 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 form 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 pseudoenantiomeric relationship between the quinidines and quinines is also
reflected in the direction of the twist in the quinuclidine ring.

The twist in the quinuclidine ring gives rise to differences in dihedral angles of
the vicinal hydrogens and should, hence, be reflected in differences in the vicinal
.coupling constants. Because most of the signals of the quinuclidine hydrogens in
the 1H NMR spectrum of(p-chlorobenzoyl)dihydroquinine are well resolved, all
vicinal coupling constants could be obtained, either directly from the spectrum or
estimated by computer simulations of the spin gystems involved. The magnitude of
the twist is not necessarily the same in all bonds, and thus the C5-C6 bond was
addressed first. For the proton and carbon numbering we refer to Figures 3.12 and
3.13, respectively. The vicinal couplings between H{ ¢ and H; 3 and between H, ¢
and Hy,4 are 6.1 and 10.3 Hz, respectively, corresponding to dihedral angles of
-135 and -15°, This suggests a left-handed twist of approximately 15° in the Cs-
Cg bond. The direction and size of this twist is supported by the 3y HysHy3
coupling constant of 10.3 Hz corresponding to a dihedral angle of 15°. The 3
Hj gH 14 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 accordance with the left handed-twist (Figure 3.12).

Similarly, the torsional angle of the C-Cg bond was obtained from the
couplings of Hg with both H;( and H; ;. These couplings were both 7.7 Hz, which
corresponds to dihedral angles of 20° for the HgH ) and 140° for the HgH



-90-

dihedrals. These angles show that the C7-Cg bond is twisted approximately 20° in
a left-handed screw.

Finally, the torsional angle of the. C-C3 bond was obtained from the couplings
between H 7 and the vicinal protons Hg and H;g, which were 3.3 (-115%) and
9.8 Hz (-10°), respectively. These couplings indicate a C,-C; torsion of approxi-
mately 10° to form a left-handed screw.

These results clearly show that the quinuclidine ring of (p-chlorobenzoyl)-
dihydroquinine is twisted as a left-handed screw (Figure 3.12) and that the twist is
largest in the C;-Cg bond, less in the C5-Cg bond, and least in the Co-C3 bond. A
similar twist of the quinuclidine ring is observed with the molecular mechanics
calculations of the dihydroquinines (chapter 2).

The twist was also investigated for (p-chlorobenzoyl)dihydroquinidine, but due
to severe overlap of several signals in the spectrum, not all vicinal couplings could
be obtained. The couplings available proved, however, to be sufficient to deter-
mine the twist of the quinuclidine ring. The spectrum in toluene-dg revealed that
37 H gH,3 is 9.7 Hz, corresponding to a dihedral angle of 20°. 37 HsH 4 is 7.8
Hz, corresponding to a dihedral of 140°. The analogous vicinal couplings with
H; ¢ were derived by computer simulations, yielding a coupling constant of 9-10
Hz for 37 H; gH, 4, and a coupling constant of 1-2 Hz for 37 H{gH 3. The
corresponding dihedral angles obtained by the Altona equation were 20 and -110°,
respectively, establishing a right-handed screw of the quinuclidine ring with a tor-
sional angle of 20° in the C5-Cg bond (Figure 3.12). The Hg couplings to both
Hyoand Hy; are 8.9 Hz, in accordance with dihedral angles of 1459 for the
 HgH) ) dihedral and 25° for the HgH, y dihedral, suggesting a right-handed twist
of about 25° of the C7-Cg bond. Similarly, the 3y Hy4Hg coupling of 7.7 Hz
suggests a torsional angle of 20° in the C5-C3 bond, also in accordance with the
right-handed twist. :

These results show that the quinuclidine ring has a right-handed twist, the twist
being largest in the C5-Cg bond, and smaller in the C,-C3 and C4-Cg bonds
(Figures 3.12 and 3.13). The right-handed twist in (p-chlorobenzoyl)dihydro-quin-
idine was also observed with the molecular mechanics calculations (chapter 2), as
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well as in the X-ray structure (Figure 3.8), where the N{CgC+C4 dihedral angle is
22.2°, the N{CCsCy angle is 17.6, and the N;CC4Cy4 angle is 19.6°. This is
all in excellent agreement with the angles obtained from the NMR study.

DHa

OHGD

Figure 3.12 Schematic drawing of the quinuclidine ring of (left) (p-chlorobenzoyl)-
dihydroquinine and (right) (p-chlorobenzoyl)dihydroquinidine.

Figure 3.13 The structures and carbon numbering of quinine and quinidine derivatives.



-92-
3.3 EXPERIMENTAL PART

The NOESY and COSY spectra were 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 freeze-
pump-thaw cycles and the NMR tubes were sealed under reduced pressure. All
spectra (1H NMR, COSY, NOE-diff., 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 col-
lected. The spectral width was chosen as narrow as possible (about 3000 Hz).
Corrections with weighting functions (mostly shifted sine bells! ) were used
before Fourier transformations in the t, and t; 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
information in hand, forthcoming from direct measurements in solution and in the
solid state (see chapter 3), as well as from calculations (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 ligands. In the first case the main interaction with the substrate
is protonation of the tertiary quinuclidine nitrogen and subsequent formation of an
ion pair between the protonated alkaloid and the deprotonated substrate molecule.
In the second case cinchona alkaloids are used as chiral ligands. The main interac-
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 report a NMR analysis of the effects of complexation (4.2)
and protonation (4.3) on the conformation of the alkaloids in solution. Additional
NMR data and results from a molecular dynamics study of alkaloid-aromatic thiol
interactions are used to propose a transition state for the asymmetric Michael
addition between aromatic thiols and conjugated alkenones (4.4).

4.2, COMPLEXATION WITH OSMIUM TETRAOXIDE

From the work of Sharpless1 it is well known that cinchona alkaloid derivatives
act as excellent chiral ligands in the asymmetric dihydroxylation reaction of
olefins. The general reaction scheme is depicted in Figure 4.1. Pyridine is known
to accelerate the rate of reaction of osmium tetraoxide with olefins? . Griffith> has
observed that tertiary alkyl bridgehead amines, such as quinuclidine, form
complexes with osmium tetraoxide which are much more stable than the corres-
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ponding pyridine complex. Sharpless reasoned that replacement of these ligands
with a similar chiral ligand might induce chirality in the diol product.

R, Ry a0stone QH OH
>=< > R,. =~ Ry
R, R, HyO, (NMO)
o}
20-08% yiold
20-00% 0.0,

Figure 4.1 Asymmetric dihydroxytation of olefins with OsO, In the presence of cinchona alkaloids’.

Thus the qualities of various cinchona alkaloid derivatives as chiral catalyst were
investigated. In the first experiments stochiometric amounts of these cinchona
alkaloids were used and e.e.’s up to 90% were achieved. Later the Sharpless group
reported that by adding the olefin slowly to the reaction mixture higher e.e.’s and a
faster reaction resulted. As a consequence, the scope of this asymmetric’ dihydro-
xylation process has been greatly enlarged and includes, besides olefins with
aromatic substituents, those with simple alkyl substituents.
~ We have used 1-D and 2-D 1y NMR techniques to study the interactions
between osmium tetraoxide and (p-chlorobenzoyl)dihydroquinidine (1) and
between osmium tetraoxide and (p-chlorobenzoyl)dihydroquinine (2). These two
cinchona alkaloid derivatives have been applied successfully as chiral catalysts in
the asymmetric dihydroxylation reaction. To be sure that complexation 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 concentra-
tion. Asymptotic curves were obtained, which leveled off when maximum
complexation had been reached. The NMR experiments were then performed at
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this point. When osmium tetraoxide is added to a solution of 1 or 2 in CDCl3, a
yellow-orange complex is formed. In the 1y NMR spectrum of this complex we
could only observe averaged signals. Even by cooling down to -80°C in dichloro-
methane-d, 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 1H NMR spectrum of 1 and 2 (see Table 4.1). These changes are
partly due to direct shielding contributions of the heavy-metal oxo species. More
important, however, is the reduction of the 3y HgHg coupling constant, ac-
companied by a large upfield shift of Hy ; in case of the quinidine derivative 2 (0.5
ppm), and of H; () in case of the quinine derivative 1 (0.2 ppm). The decrease of
the 37 HgHg coupling constant suggests a change of the Cg-Cg torsional angle
upon complexation from an anti orientation between Hg and Hg to a gauche
orientation. This rotation results in an open conformation 3 (see Figures 4.2 and
4.3). In the transition from the closed conformation 2 to the open conformation 3,
the quinuclidine ring of 1 rotates around the Cy-Cg bond thereby causing a change
of the positions of H;) and H; relative to the quinoline ring. In the open
conformation 3 H;, is positioned in the shielding cone above the quinoline ring
and experiences a strong upfield shift, whereas H ), being in the same plane as the
quinoline ring, suffers a downfield shift (in case of the quinine derivative 2 the
positions of H; ) and H; , are interchanged). Again, these observations suggest
that the binding of osmium tetraoxide imposes a conformational change of the
alkaloid from the closed conformation 2 to the open conformation 3. The
conformation of (p-chlorobenzoyl)dihydroquinidine (1) osmium tetraoxide
complex was further investigated by using NOE difference and NOESY spectra in
CDCl;. The presence of strong NOE's between Hg with both Hg and Hg and an
additional NOE between H; ) and Hy confirms that the osmium tetraoxide-
alkaloid complex has the open conformation 3.
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Table 4.1 IH NMR chemical shifts in ppm from internal TMS with precision of
0.03 ppm of osmium tetraoxide complexes and some cinchona alkaloids at 20°C.

proton A B C D
1 7.29 7.40 7.28 7.40
2 8.66 8.75 8.66 8.72
3 8.06 8.02 8.08 8.02
4 7.42 7.39 743 7.38
5 7.74 745 7.72 7.49
8 7.07 6.72 7.05 6.72
9 3.17 3.38 3.25 347
10 2.16 1.85 1.41 1.63
11 ©1.08 1.55 1.92 1.88
12 1.85 1.75 2.00 1.85
13 1.45-1.55 1.46 1.65 1.76
14 1.45-1.55 1.56 1.95 1.51
15 2.93 2.70 2.82 2.67
16 2.93 2.79 3.49 3.17
17 1.59 1.45 1.61 1.50
18 3.09 2.68 242 2.37
19 3.09 2.85 3.30 3.06
20 1.63 1.45 1.17 1.35
21 1.00 0.92 0.78 0.85
OMe 4.00 3.95 4.00 3.97
R-gr 7.49 7.46 7.51 7.44
8.09 8.05 8.06 8.03

A=(p-chlorobenzoyl)dihydroquinidine + OsO4 in CDCl;.
B=(p-chlorobenzoyl)dihydroquinidine in CDCl5.
Ca=(p-chlorobenzoyl)dihydroquinine + OsO4 in CDCl3.
D=(p-chlorobenzoyl)dihydroquinine in CDCl5.
R-gr=p-chlorobenzoyl group.
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Fi 4.2 Schematic drawing howing the conformation 2 and (B) the
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Figure 4.3 Schematic showing (A) the closed conformation 2 and (B) the
oponoorﬂonmﬂonaof d.ﬂvdvo(R-OH OMe, p-CiBz, Ci).

Similar investigations of the 2D NMR spectra of the other ester derivatives of the
alkaloids (acetyldihydroquinidine, (dimethylcarbamoyl)dihydroquinidine, (p-
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chlorobenzoyl)dihydroquinine) reveal that all these ester derivatives attain the
open conformation 3 upon complexation with osmium tetraoxide. Note that the
ester derivatives in absence of osmium tetraoxide possess a distinct preference for
the closed corformation 2 (see chapter 3). A similar 1D- and 2D NMR analysis of
the methoxy-dihydroquinidine osmium tetraoxide complex in CDCl3 revealed that
the initial equilibrium between closed conformation 2 and open conformation 3 is
shifted completely towards the open conformer 3 upon complexation 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 between (dimethylcarbamoyl)dihydroquinidine and osmium
tetraoxide? . 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 dihydroxylation reactions . The 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 quinuclidine nitrogen is
coordinated to osmium. The geometry of the osmium tetraoxide-cinchona alkaloid
complex is that of a trigonal bipyramid. Note that the conformational preference in
solution and solid state of both free and complexed ester derivatives are similar. In
chapter 3 (3.2.2) we have reported the X-ray of an uncomplexed ester derivative of
quinidine (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 complexation with osmium tetraoxide causes a conformational change to
open conformation 3, both in solution and in the solid state. This knowledge of the
geometry 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
substrate. Because the chiral centers of the alkaloid are quite remote from the oxo
ligands there is so far no clear picture of the cause of enantioselectivity. This
subject is currently under investigation in the Sharpless group.
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Figure 4.4 Ontep view of the osmium tetraoxide complex of (dimethylcarbamoyl)-
. a4
dihydroquinidine ™.

Very recently Corey6 has reported ’the origin of enantioselectivity in the
dihydroxylation of olefins by osmium tetraoxide and cinchona derivatives’.
Inspired by their mechanistic study of enantioselective vicinal dihydroxylations of
.olefins by a chiral 1,2-diamine complex of osmium tetraoxide’ , they have
extended their model in an attempt to encompass the cinchona alkaloid promoted
reactions. In Corey’s diamine-catalyzed reaction an octahedral C,-symmetric
complex of osmium tetraoxide and chiral 1,2-diamine is postulated as the reactive
complex. It has been used to construct a model for a transition state assembly that
provides a satisfactory explanation of the observed enantiomeric excess. The
octahedral osmium complex is crucial in their model. Because the cinchona
alkaloids form a trigonal bipyramidal complex with osmium tetraoxide (Figure
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4.4), Corey proposed a dimerization of two such pentacoordinate species by a
[2+2] cycloaddition of metal oxo linkages to an octahedral binuclear structure
(Figure 4.6). According to Corey this chiral octahedral complex has very favorable
three dimensional properties for enantioselective transition state formation,
including possible Cy 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 Figure 4.5. In this mechanism the key intermediate is an
osmium(VIll) trioxoglycolate complex (C), it occupies the central position at the
junction between the two catalytic cycles. Although the details of chiral discrimi-
nation are not clearly explained by this mechanism, it seems 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 presented in this section (X-ray, NMR). Intermediates B
and D have been isolated and characterized by the Sharpless group. Moreover, the
reaction scheme presented in Figure 4.5 explains some crucial experimental
observations, such as the increased e.e. by adding the olefin slowly to the reaction
mixture, 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 olefin to
the reaction mixture minimizes production of diol by the second cycle, thereby
increasing the e.e. of the product. The idea is thus simply to give C sufficient time
to hydrolyze so that the osmium catalyst does not get trapped into the second cycle
by reacting with olefin. Increased e.e. by adding acetate ions to the reaction
mixture are similarly explained, they facilitate hydrolysis of the osmate esters. All
these facts are not explained by Corey’s mechanism. Also the role of the amine N-
oxide (NMO), which oxidizes B into C, is obscured in the Corey mechanism.
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4.3 EFFECT OF PROTONATION ON THE CONFORMATION OF
CINCHONA ALKALOIDS

In order to assess if similar conformational changes occur when the alkaloids are
protonated, (p-chlorobenzoyl)dihydroquinidine (1) was treated with trifluoroacetic
acid-d,. 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 nitrogen were plotted
against the total acid concentration. An asymptotic curve was obtained, which
leveled off when maximum protonation had been reached. The NMR experiments
were then performed at this point. The cinchona alkaloids contain two different
basic sites, the quinoline and quinuclidine nitrogen. The quinuclidine nitrogen is
the most basic one3 . This is also apparent from the 1y NMR spectrum of 1 in
CDCly; it demonstrates that protonation of the first protonation step takes place on
the quinuclidine nitrogen, as revealed by extensive line broadening of the a-
hydrogens of the quinuclidine nitrogen, Hg, H; 5, Hy 6, H; g, and H,g (Table 4.2).
Furthermore, the LH NMR spectrum underwent several by now familiar changes:
the 37 HgHg coupling constant almost disappeared, and the chemical shift of H ;
moved 0.47 ppm upfield, all in agreement with a complete shift of the equilibrium
between closed conformation 2 and open conformation 3 to the open conformation
3 (see Figure 4.2).

A similar NMR study of the conformational effects upon protonation of
dihydroquinidine in CDCl3 showed that in case of this hydroxy derivative no
conformational transition occurs. After protonation of the quinuclidine nitrogen of
dihydroquinidine it still attains the open conformation 3.

We have also investigated whether the conformational transition from the closed
conformation 2 to the open conformation 3, induced by protonation, occurs in case
of chloroquinine. NOESY spectra of chloroquinine with one equivalent DCl in
CD30D revealed that no conformational transition is induced. NOE’s were found
between H; {-Hg, H; ;-H, 4, H;-Hg, and Hg-Hg, but not between Hy {-H; (see
Figure 4.3). NOE-difference experiments with selective irradition of either H; or



-106~

Hj; also did not reveal any NOE interaction between these two nuclei. The 37
HgHy coupling constant of 9.0 Hz is also in agreement with the closed conforma-
tion 2. However, themuinuclidine nitrogen experiences the presence of DCIl, which
follows from the upfield shifts of the a-protons of the quinuclidine nitrogen. Hg
shifts 0.98 ppm upfield, H ¢ 0.88 ppm, and H;g 0.52 ppm upfield, all relative to
the chemical shifts of these protons in CD30D. In chapter 3 we have discussed the -
spectra of chloroquinine in CgDg and CDCl5 and noticed that the hydrogens Hy,
Hg, Hg, and Hg appeared as broad lines, whereas all other protons were observed
as sharp lines. We argued that these observations indicate that the energy barrier
between closed conformation 2 and open conformation 3 is increased to such a
height that at room temperature averaged spectra are no longer recorded. On the
NMR time scale conformational transitions between closed conformation 2 and
open conformation 3 occur slowly. In CD30D, however, we do not observe this
line broadening in the 1H NMR of chloroquinine. Also after the addition of one
equivalent DCI to the NMR tube all absorptions of chloroquinine appeared as
sharp lines. These observations suggest that the energy barrier between closed
conformation 2 and open conformation 3 decreages in the polar solvents CD;0D
and CD;0D/DCL. Another possibility is that only conformation 2 exists in these
solvents. We have demonstrated that after protonation all cinchona derivatives
discussed so far are found in the open conformation 3, the only exception being
the chloro derivative. This supports the strong preference of chloroquinine for the
closed conformation 2.
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~ Table 4.2. 1H NMR chemical shifts in ppm from internal TMS with precision of
0.03 ppm of free and protonated pCIBzDHQD in CDCl; at 20°C.

proton A B
1 7.23 7.40
2 858 875
3 1.93 8.02
4 7.33 7.49
5 7.49 7.45
8 7.22 6.72
9 3.48 3.38
10 - 2.36 1.85
11 1.42 1.55
12 1.94 1.75
13 1.65-1.80  1.46
14 1.65-1.80  1.56
15 295340 270
16 295340 279
17 1.65-1.80  1.45
18 295340  2.68
19 295340 285
20 1.56 145
21 0.86 0.92
OMe 3.98 3.95
R-gr 7.40 7.46
7.95 8.05

A=(p-chlorobenzoyl)dihydroquinidine + trifluoroacetic acid-d; in CDCl3.
- B=(p-chlorobenzoyl)dihydroquinidine in CDClj.
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4.4 ASYMMETRIC MICHAEL ADDITION

4.4.1 Introduction

With this detailed conformational information on the catalysts in hand, we turned
to the mechanism of the asymmetric Michael addition of aromatic thiols to
conjugated cycloalkenones. These reactions under influence of a catalytic amount
of cinchona or ephedra alkaloid have been studied extensively by Hiemstra® . The
general reaction scheme is depicted in Figure 4.7. On the basis of considerable
experimental data Hiemstra has proposed a model for the transition state of this
reaction. This experimentally based model was derived from thorough analysis of
the relationship between configuration of the major enantiomers of the products
obtained, as well as a detailed examination of the kinetics of the reaction. Attempts

to improve or design better alkaloid catalystslo revolved around this model, but
were not successful.

o 6= 0

0.0. < 67%

chem. yleld > 08%

Flm4.7‘AlyMcMW addition between aromatic thiols and cyclohexenone.

As shown in Figure 4.8, a conformational transition of the catalyst quinine from
the open conformation 3 to the closed conformation 2 was postulated on formation
of an ion pair between the thiol and tertiary amine”. 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
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the transition state of the rate-determining step the n-orbital of the carbon double
bond in 2-cyclohexenone 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 configuration. 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 repulsion 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 1),
coupled with our eagerness to understand the mechanism of asymmetric
inductions, induced us to extend this mechanistic study of cinchona alkaloid-
substrate interactions.

Figure 4.8 Postulated conformational transition of quinine, induced by thiol-
quinine interactions on formation of an ion pair according to Hiemstra®.
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Figure 4.9 Two postulated orientations of cyclohexenone in the transition state
according to Hiemstra®. Left, transition state A. Right transition state B.

Moreover, based on our recent knowledge (see 4.3) the proposed conformational
shift of the alkaloid by Hiemstra, induced by protonation, from an open conforma-
tion 3 to a closed conformation 2 is unexpected. This conformational transition is
crucial in his description of the mechanism 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).
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4.4.2 Molecular Dynamics Calculations

Molecular dynarnics11 (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 integmtibn of Newton’s equations of motion these forces can
be used to calculate the dynamical prop'ertiespf the system. A wide range of
problems have been attacked successfully by MD, mostly involving nucleic
acids!? 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 as 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!4 with the TRIPOS force field!5 . The Verlet method 9 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
distribution and a time step of 1 fs was used. To avoid systematic oscillations and
rapid changes during the constant temperature simulations a damping function
(equation 4.1) was applied with a coupling constant T=10 fs.

A=1+A(T/T- 1)/2x 41

where,

At is time step.

T,  is desired temperature.
is actual temperature.

T is coupling constant.
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The temperature is gradually elevated from 0 K to the desired 300 K in time steps
of 250 fs using temperature 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 geometries of the alkaloid-thiol complexes were
first optimized” . In these complexes we have deprotonated the thiol sulfur atom
and protonated quinuclidine nitrogen. A formal negative charge is placed thereby
on the thiol and a positive charge on quinidine. After equilibration at 300 K a 50
picosecond (ps) 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 quinuclidine nitrogen is plotted as a function of time. It follows from
these plots that during the simulation the thiol-alkaloid complexes remain 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 conformation 2 and open conformation 3, respectively.

L 1 1 1 1 1 1 1 [TINE (0.0 /30000.8)

Figure 4.10A Distance 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 conformation 3.
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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 quinidine in
the closed conformation 2.

Figure 4.11 gives the potential energy of both systems as a function of time. The
conformation of quinidine during the simulations is followed by monitoring the
C3'C4’CgCg (T1) and C4’CoCgNy (T,) torsion angles. The resulting plots are
given (respectively, Figure 4.12, and 4.13). During the simulation of quinidine
with the initial open conformation 3 the average values of Ty and T, are approxi-
mately -100 and 1809, respectively. These are characteristic for the open
conformation 3. However, from Figure 4.13A, in which T, is plotted as a function
of time, it can be observed that conformational changes occur to unrealistic
conformations (T, of approximately 40°), but never to closed conformation 2.
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Figure 4.11A Potential energy (y-axis, from 0 1o 100 kcal/mol) as a function of time (x-
axis, from 0 to 50000 fs) for quinidine in the open conformation 3.

PRE.9 /409-9

Figure 4.11B Potential energy (y-axis, from 0 to 100 kcal/mol) as a function of time (x-
axis, from 0 to 50000 fs) for quinidine in the closed conformation 2.
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Figure 4.12A Torsion angle T, (y-axis, from -180 to 180°) as a function of time (x-axis,
from 0 to 50000 fs) for quinidine in the open conformation 3.

[ SN SR N SN TR W o TDE .0 /80000.00

Figure 4,12B Torsion angle T, (y-axis, from -180 to 180°) as a function of time (x-axis,
from 0 to 50000 fs) for quinidine in the closed conformation 2.
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Figure 4.13A Torsion angle T, (y-axis, from -180 to 180°) as a function of time (x-axis,
from O to 50000 fs) for quinidine in the open conformation 3.

1 L A L s U | Tom 0.0 /80000.8

Figure 4.13B Torsion angle T, (y-axis, from -180 to 180°) as a function of time (x-axis,
from 0 to 50000 fs) for quinidine in the closed conformation 2.
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Figure 4.14 shows the distance between Hg of the quinoline 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 conformation 2. In a following
section we will demonstrate with a NMR study that an intemuclear NOE between '
these two protons exists. From Figure 4.14A it follows that the interatomic
distance between both protons during the simulations is clearly larger when T,
attains unrealistic values between approximately 40 and 160° (see Figure 4.13A).
Figure 4.14B shows that the average distance between both protons is larger when
the alkaloid attains a closed conformation 2,

Figure 4.14A Distance between the Hg proton (y-axis, from 0 to 11 A) of quinidine (with
initial open conformation 3) and one of the ortho phenyl protons of the thiol as a function
of time (x-axis, from 0 to 50000 fs).
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Figure 4.14B Distance between the Hg proton (y-axis, from 0 to 11 A) of quinidine (with
initial closed conformation 2) and one of the ortho phenyl protons of the thiol as a
function of time (x-axis, from 0 to 50000 fs).

We conclude that these MD calculations 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 expenments
(4.4.4) to elucidate the geometry of the complex.
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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!8 . With this algorithm it is possible to
simulate the motion of a structure about specified degrees of freedom relative
towards another structure. We have restricted the docking study to quinine. As
described already, three minimum energy conformations of quinine were predicted
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 4-methylbenzenethiol. The geometry of the thiol was optimized with
MMP2. To force both molecules to approach each other during the simulation, the
thiol was deprotonated at the sulfur atom and quinine was protonated 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 molecular docking run was calculated for each of
the five starting orientation. During each simulation 300 different orientations 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
mechanics energies were calculated for all the 300 orientations and the results are
summarized in Figure 4.16. On the y-axis the molecular mechanics energy is
plotted and on the x-axis the distance between the sulfur of 4-methylbenzenethiol
and the proton on the tertiary nitrogen of quinine. It can be seen from this plot that
at the start of the calculation the distance between the two molecules is about 8 A.
During the run both molecules approach; the distance decreases and simuitaneous-
ly the energy decreases. The thiol tumbles into an energy well and although it still
possesses 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 corresponding structures of the quinine-thiol complexes the preferred orienta-
tion of the thiol towards quinine in the open conformation 3 was determined (see
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Figure 4.17). As we will demonstrate in the next section, the caiculated geometry
of the alkaloid-thiol complex is in good accordance with a geometry that was
deduced from NOESY experiments.

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 towards quinine and 4-methylbenzenethiol.
We have used the results to propose two diastereomeric transition states, these will
be discussed in section 4.4.4 (see Figures 4.18 and 4.19).

Figure 4.15 All the 300 calculated orientations between 4-methylbenzenethiol and
quinine.
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Figure 4.16 300 calculated orientations of 4-methylbenzenethiol and quinine
plotted as a function of the MME and distance between the sulfur of the thiol and
the proton on the tertiary nitrogen of quinine.

4.4.4 NMR Study of Alkaloid-Thiol Interactions

A conformational 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 Hiemstra. In a preceding section (4.3) we have
described in some detail the conformational effects of cinchona alkaloids upon
protonation by trifluoroacetic acid and DC! and concluded that, in general, the
preference of cinchona alkaloids for the open conformation 3 increases upon
protonation. These observations are hard to explain with the proposed
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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 14 NMR and NOESY
spectra of quinine and quinidine in the presence of 4-methylbenzenethiol, as well
as p-tertiarybutylbenzenethiol (at various thiol/alkaloid ratios) were recorded in
CDCl; and CgDg at room temperature. Interpretation of the spectra, along the
lines described before, did not reveal any indication for a conformational transition
to the closed conformation 2 on formation of the ion pair. Moreover, observation
of intermolecular NOE’s between the phenyl protons of 4-methylbenzenethiol
with the protons of the alkaloid skeleton (marked by arrows in Figure 4.17) allows
placement of the thiol relative to the alkaloid skeleton as depicted in Figure 4.17.
This orientation is the same as found with the docking study (4.4.3).

w&ﬂ Quinine-thiol lon pair. The observed NOE interactions are indicated
amows.
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4.4.5 Discussion

Inspired by the recent conformational information, obtained by the combined MD,
molecular docking, and NMR study, we propose two alternative diastereomeric
transition states for the asymmetric Michael addition between aromatic thiols and
conjugated enones!? (Figure 4.7). These are depicted in Figures 4.18 and 4.19. We
realize the possibility that the catalytic activity is derived solely from a minor
specieszo . However, the geometries of both diastereomeric transition states
depicted in Figures 4.18 and 4.19 are in good agreement with the NMR and the
calculational results. As we will demonstrate, they are also in good agreement with
the experimental findings of Hiemstra®. Moreover, the effect on the e.e. of the
presence or absense of a methoxy group on the quinoline ring of the alkaloids can
be explained. In the Hiemstra 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 does not close upon protonation on the quinuclidine
nitrogen, and the transition states, depicted in Figures 4.18 and 4.19, consistent
with the newly available conformational information have been advanced.

Figure 4.18 shows the proposed transition state of the Michael addition between
4-methylbenzenethiol and 2-cyclohexenone, leading 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
observations of Hiemstra? that a larger fragment on the opposite side of the double
bond in cyclohexenone increases the enantiomeric excess of the reaction. Hiemstra



-124-

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 (see Table 4.3).
For all these molecules it can be expected that the steric repulsion between the
catalyst and the ring moiety opposite the double bond of the enones increases with
respect to cyclohexenone in the case of a reaction leading to product with S
configuration. Because this steric repulsion is not present in the transition state
leading to product with R configuration, these observations are in good agreement
with the observed increase of the e.e.

The transition states depicted in Figures 4.18 and 4.19 also explain the influence
of the methoxy group on the e.e. In the tight ion pair between the protonated
catalyst and deprotonated thiol the sulfur atom of the aromatic thiol is negatively
charged. This causes repulsive interactions with the nearby oxygen of the methoxy
group. As a consequence the sulfur is pushed away from the quinoline ring which
results in decreased discrimination between the two diastereomeric transition
states. _

We already mentioned that attempts to optimize the e.e. revolved around the
previous model (Figure 4.9) of the transition state and failed10. Based on our new
model, we will discuss novel possibilities to improve the success of this asymmet-
ric Michael addition in chapter 6.
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Figure 4.18 Proposed transition state of the Michael addition between 4-
methylbenzenethiol (in front) and 2-cyclohexenone (under), catalyzed by quinine
(partly hidden behind the thiol) leading to product with S configuration.
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Figure 4.19 Proposed transition state of the Michael addition between 4-
methylbenzenethiol (in front) and 2-cyclohexenone (under), catalyzed by quinine
(partly hidden behind the thiol) leading to product with R configuration.
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Table 4.3, Influence of the structure of the conjugated enone on the e.e of the
asymmetric Michael addition?! .

m product 0.0, (%)
-+

S |0 |-
O | el |
& | =L |-

T&b43hﬂmdﬂnmdﬂweommmonm
course of the asymmetric thiol addition.

4.5 EXPERIMENTAL PART

The NOESY and COSY spectra were 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 freeze-
pump-thaw cycles and the NMR tubes were sealed under reduced pressure. All
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spectra (\H NMR, COSY, NOE-diff., 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 bells?2 ) were used
before Fourier transformations in the t, and t; dimensions. All NOESY spectra
were recorded in phase sensitive mode?3 . Energy calculations were performed on
a MicroVAX 2000, a Convex C12024 ,orona VAX 8650 computer25 . The
calculational results were evaluated with either CHEMX or SYBYL. All
optimizations 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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S

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
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the quinuclidine nitrogen, by the nature of the solvent, or by complexation with
osmium tetraoxide. The NMR analysis has revealed that chloro cinchona alkaloid
derivatives (R=Cl, see Figure 5.1) attain the closed conformation 2 almost exclu-
sively in solution. For the ester derivatives (R=OAc, p-CIBz) a definite preference
was found for the closed conformation 2. But in this case the open conformation 3
was found as well. The equilibrium between both conformers 2 and 3 is solvent
dependent. For the methoxy derivatives (R=OMe) 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 (R=OH)
prefer the open conformation 3 in all solvents. The fact that epicinchona alkaloids
are found in open conformation 4 suggests that the configuration of the benzylic
Cg position is important in determining the overall conformation. Finally, we have
seen that complexation at, or protonation of the quinuclidine nitrogen induces
conformational transitions from closed conformation 2 to open conformation 3.

] D
Flouu51 A) the closed conformation 2 and (B) the
oson 3ola Mmm)m(c)ummmgm
(D) the open conformation 3 of a quiniiine derivative(R=0H, OMe, p-CiBz, OAc, CI)
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In addition, we have presented a molecular mechanics analysis on ephedrine and
N-methylephedrine (chapter 2) and demonstrated the similarity between their
- minimum energy conformations with those of the cinchona alkaloids.

In this chapter we will discuss the results of a molecular orbital (MO) study of
some cinchona alkaloids as well as of model compounds of these (5.2), and of
ephedrine and N-methylephedrine (5.3). With this caiculational approach we will
try to explain in some detail the experimentally obtained conformational datal .

52 MO ANALYSIS ON CINCHONA ALKALOIDS AND MODEL
COMPOUNDS

§.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 Schr8dinger equation of a given
molecular system can be solved either with no approximations (ab initio) or with
the introduction of some approximations (semiempirical). Semiempirical
treatments such as PM32 , AM13 , MNDO* , CNDO , INDOS , EHT, MINDO'
and PCILOB are some of the most popular semiempirical programs, whereas
GAUSSIAN? and HONDO!0 are typical ab initio programs. AMPAC and
MOPAC are QCPE packages that include the PM3, AM1, MNDO, and MINDO
programs. We have used the MOPAC and vAampl! packages for the calculations
described in 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 enormous amounts of numbers generated by the programs which
must be interpreted with care. Therefore, we have payed more attention to the

variations and the trends of the various calculated molecular properties than to
their absolute values.
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5.2.2 MO Calculations on Cinchona Alkaloids

We have optimized the complete 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
coordinates. The VAMP package provides three Hamiltonians; MNDO, AM1, 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 differences between the open conformation 3 and the closed
conformation: 2 have been calculated for quinidine derivatives with 4 different ben-
zylic substituents; chloro (CI1QD), acetyl (OAcQD), methoxy (OMeQD), and
hydroxy (QD). The results are summarized in Table 5.1.

Table 5.1 Heat of formation and heat of formation differences (kcal/mol) between
the open conformation 3 and closed conformation 2 of some quinidine derivatives.
(_2 refers to closed conformation 2, _3 refers to open conformation 3).

MNDO AMI PM3 AEMNDO AEAM1 AEPM3

CIQD_2 3515 2750 13.06 1.8 1.8 2.6
CIQD_3 3770 2931 14385
OAcQD_2 -30.34 458 -58.13 09 03 07
OAcQD_3 -31.04 461  -57.28
OMeQD_2 007  -38 1546 2.5 0.9 1.1
OMeQD_3 099  -47 -12.92
QD_2 007 946 -2083 23 -19 0.9

QD3 0.99 -11.40 -18.58
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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: hydroxy < methoxy < acetyl < chloro. It follows
from the energy differences between conformations 3 and 2, given in Table 5.1,
that this trend is perfectly reflected by the AM1 calculations. Based on this know-
ledge we decided to perform all subsequent calculations with the AM1 Hamil-
tonian. .

At first sight it is difficult to imagine why the nature of the benzylic substituent
and its configuration are so important in determining the conformation. Examina-
tion of molecular models results in more confusion, for the benzylic substituent is
situated in the 'free space’ under the quinoline 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 differences exist with regard to the geome-

Table 5.2 Result of VAMP AM1 optimizations of QD, OMeQD, OAcQD, and
CIQD in the closed conformation 2 and open conformation 3.

benzylic  CqCo® CoR* CgH® C3C4Co C4CR  C4CoCy
substituent

QD2 1.504 1.428 1.125 118.6 110.5 1119
QD3 1.506 1.423 1.130 120.3 111.1 110.3
OMe 2 1.504 1.436 1.124 118.8 1104 111.5
OMe 3 1.506 1.431 1.129 120.7 110.9 110.1

OAcQD2 1.502 1.447 1.124 118.9 106.4 112.3
OAcQD3 1.504 1.439 1.130 121.1 1094 110.0
ClQD2 1.492 1.779 1.120 119.7 109.1 112.8
ClQD 3 1.498 1.775 1.124 121.2 109.9 110.2

8 bond length in Angstrom.



In the next section we will describe a detailed analysis of the influence of the ben-
zylic substituents on the geometry of this position and the consequences 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 characterized by five different substituents R at Cg, are given in Figure
5.2. The substituents were chosen such that each model compound resembles one
of the cinchona alkaloid derivatives that we have studied. The geometries of the
five model compounds were constructed in CHEMX12 and optimized with
MMP213 . Then the geometries were refined with the VAMP molecular orbital
package using the AM1 Hamiltonian by optimization over all internal coordinates.
All subsequent calculations were also performed with VAMP (using the AM1

Hamiltonian).

5.2 Structures of the model
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compounds that have been considered.
!l:’?u =C3'C4'COX, T »C4'CIXY, and in case of compomd D: Ty=C90C(O)C(H,).
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Compound A. The energy dependence on the torsion angle T has been computed
by varying T in steps of 10° (see Figure 5.2 for the definition of T1). In the
optimized starting geometry T;=0°. The energy has been calculated at each point.
The resulting plot, depicted in Figure 5.3, of the energy against T reveals three
minimum energy conformations at T{=0, T=120, and T l-240°, all three of
which are identical because of symmetry. The minima place one of the benzylic
protons in the same plane as the quinoline proton H. The energy barriers of 2.3
kcal/mol at T1=60, 180, and 300° are caused by steric repulsion between one of
the benzylic protons and the quinoline proton Hg.

2.5

energy (kcalmol)

a.3

v 1 M T U U

T i ¥
-118 -~ - -50 ~38 -18 10 k) 5 b 90
‘ torsion angle T,

Figure 5.3 Energy (kcal/mol) as a function of T for model compound A.

Compound B. Two conformations have been optimized, one called OH-0-180,
starting with T;=0° and T,=180°, and one called OH-120-180, starting with
T1=120° and T2=180°. 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
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H; (Figure 5.2) to.be 1.3 kcal/mol more stable than conformer OH-120-180, in
which one of the benzylic protons occupies this position.

Next the preferred orientation of the hydroxyl proton has been investigated. For
both OH-0-180 and OH-120-180 T, was varied in steps of 20° and the AM1 ener-
gy has been calculated at each point. The results of these calculations are
summarized in plots of energy against T, (Figure 5.4). From these plots it follows
that the orientation of the hydroxyl proton is able to affect the energy considerably.
For OH-0-180 two absolute minimum energy conformations exist at approximate-
ly T,=60° and T,=300°. One relative minimum is found at approximately
T2=180°. 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 less
electronic repulsion. In the case of OH-120-180 the staggered conformer with
T,=60° is an energy maximum, because of steric repulsion between the hydroxy!
proton and Hg of the quinoline ring.

The geometries of both OH-0-180 and OH-120-180 have been optimized again,
but now starting with T)=300°. The resulting conformations are called OH-0-300
and OH-120-300, respectively. In Table 5.3 the most important results of these
optimizations are summarized. It follows that the initial energy difference between
conformers with T;=0° and T;=120° decreases from 1.3 to 0.5 kcal/mol upon
changing T, from 180° to 300°. Next all four optimized geometries have been
used as starting conformers to study the energy dependence on T . Of special
interest is plot B of Figure 5.5. This plot shows the energy dependence on T for
OH-0-300. Conformer OH-0-300 resembles the open conformation 3 of quinidine.
In the closed conformation 2 of quinidine T; changes from about 0 to 60°. Thus
the height of the energy barrier of plot B of Figure 5.5 at T{=60° relative to T =0°
is important, because it reflects the amount of destabilization on going from the
open conformation 3 to the closed conformation 2. These calculations predict an
energy difference of 3.5 kcal/mol.
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Table 5.3 Results of VAMP AM1 optimizations for model compound B.

OH-0-180 OH-120-180  OH-0-300 OH-120-300
energy® 26 39 0.3 0.9

T 0.1 121.5 7.0 1258

T, 180.0 170.5 -62.2 -53.1 -
Cg0P 1.421 1.421 1413 1415
CoH® 1.126 1.126 1.126 1.126
C4'Cy 1.494 1.497 1.495 1.497
C4'Cg0 109.3 109.2 1136 1138
C4'CoH 109.7 1099 1099 110.1
C3'C4'Cy 121.9 1198 121.6 120.0

1 + + t ¢ t 4 |
] 50 100 150 200 250 300 350
torsion angle T,

Figure 5.4 Energy (kcal/mol) as a function of T, for model compounds OH-0-180
(e) and OH-120-180 (o).
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forsion angle T,

Figure 5.5 Energy (kcal/mol) as a function of T . (A), OH-0-180; (B), OH-120-
180; (C), OH-0-300; (D), OH-120-300

Compound C. Two conformations have been optimized, one called OMe-0-180,
starting with T=0° and T»=180°, and one called OMe-120-180, starting with
T1=120° and T=180°. Some results of these optimizations are summarized in
Table 5.4. Conformer OMe-0-180 with the oxygen oriented in the plane of the
quinoline ring and directed towards H; is predicted to be 1.2 kcal/mol more stable
than conformer OMe-120-180.

The energy dependence for OMe-0-180 as a function of T, has been calculated
by stepwise variation of T, in steps of 10°. The results of these calculations sug-
gest that one absolute minimum exists at approximately T2=180°. The other two
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staggered conformations at approximately T,=80° and T,=270° are relative mini-
ma.

Conformation OMe-0-180 was optimized again, this time starting with T2=80°.
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/mol more stable than OMe-0-180. Because conformer OMe-0-
80 resembles the open conformation 3 of the methoxy derivative of quinidine the
energy dependence on T was further investigated. Both in OMe-0-80 and OMe-0-
180 T has been varied in steps of 10° 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 T=10° to T;=60° is
estimated to be 3.1 kcal/mol.

Table 5.4 Results of VAMP AM1 optimizations for model compound C.

OMe-0-180 OMe-120-180  OMe-0-80

energy? 6.6 7.8 5.7

T 24 120.3 6.7

T, 174.0 180.1 81.9
Cg0P 1429 1.429 1.421
CoHP 1.125 1.125 1.125
C4'Co 1.493 1.495 1.495
C4'CgO 109.1 108.8 113.5
C4'CoH 110.1 110.4 109.8
C3'C4'Cy 122.1 119.8 121.8

8 energy in kcal/mol.
Y bond length in Angstrom.
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Figure 5.6 Energy (kcal/mol) as a function of Ty. (A), for OMe-0-80; (B), for
OMe-0-180

Compound D. The three important dihedrals of D are defined in Figure 5.2. An
analysis similar to that described for the other model compounds has been
followed. Firstly, five conformations have been optimized; OAc-0-180-0 (T=0°,
T2=180°, T3-0°); 0OAc-120-180-0 (Tl-120°. T2-180°, T3-0°); OAc-0-180-180
(T=0°, T,=180°, T3=180°); OAc-120-180-180 (Tl=l20°. T2-l80°,T3-l80°),
and OAc-0-60-180 (Ty=0°, T7=60°, T3=180°). The most important results of
these optimizations are summarized in Table 5.5.

An energy analysis of T3 showed a two-fold potential with minima at T;=0° and
T3-180°. From Table 5.5 it is clear that a distinct preference exists for T3=l80°
(ranging from 5.6 to 6.1 kcal/mol). Both optimized geometries OAc-0-60-180 and
OACc-0-180-180 have been used to study the energy dependence on T. Different
conformations were generated by varying T in steps of 10°. 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 T =0° to T;=60° is 2.6 kcal/mol.
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Table 5.5 Results of VAMP AM1 optimizations for model compound D.

OAc OAc OAc OAc OAc
0-180-0 120-180-0 0-180-180 0-60-180 120-180-180

energy® 308 -29.1 364 -36.2 354
T 0.0 119.6 0.1 2.0 116.4
T, 179.9 182.8 180.5 104.7 198.1
T, 0.1 1.7 179.8 181.2 179.0
cgo® 1.432 1.432 1.439 1.431 1.439
CoH® 1.125 1.125 1.124 1.125 1.124
C4'Cy 1.493 1.495 1.491 1.494 1.494
C4'Co0 108.5 108.6 108.7 1115 107.9
C4CgH 110.1 1102 111.0 1102 111.2
CyCyCy 1222 119.6 1227 1223 119.7
2 energy in kcal/mol.

% bond length in Angstrom.

Table 5.6 Results of VAMP AM1 optimizations for model compound E.

C1-0 C1-120
energy? 39.5 39.0
T, - 18 102.6
CyCIP 1.754 1.758
CoHP 1.120 1.118
C4'Cy 1.486 1484
C4'CoCl 1153 112.0
C4'CoH 110.0 1112
C3'C4'Cy 123.6 119.8

2 energy in kcal/mol.
® bond length in Angstrom.
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Figure 5.7 Energy (kcal/mol) as a function of Ty. (A), for OAc-60-180; (B), for
OAc-0-180-180.

Compound E. Two conformations have been optimized, one starting with T;=0°
called C1-0 and one starting with T1=120° called C1-120. Table 5.6 summarizes
the most important results of these optimizations. This time the conformer with
Tl==0° is not found as the absolute minimum. Compound Cl-120 with T1==120° is
calculated 0.5 kcal/mol more stable than C1-0. The energy dependence on Ty has
been computed by stepwise rotation around T in steps of 10°. The optimized
geometry of compound C1-0 was used as starting point. The calculated energies
are plotted against T; (Figure 5.8). The energy barrier in going from T;=0° to
T=60° can be estimated to be 3.0 kcal/mol.
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Figure 5.8 Energy (kcal/mol) as a function of T for compound C1-0.

Effect of Cy-H Bond Length and C4’CgH Bond Angle. The results of the
calculations described above show that the Co-H bond length is affected by the
nature of the benzylic substituent R. In going from R=0H, OMe, OAc, C1, H the
Cog-H bond length decreases from 1.126 A to 1.118 A. In an attempt to investigate
the influence of this bond length on the height of the energy barrier, caused by
benzylic H-Hg repulsion, the Cg-H bond length was systematically varied from
1.110 A to 1.130 A in steps of 0.002 A. In these calculations the geometry of OH-
0-180 has been used as basic geometry. At each bond length the height of the ener-
gy barrier has been computed by stepwise variation of T). No significant effect on
the benzylic H-Hg repulsion could be detected.
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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-Hjg repulsion, the height of the energy barrier has been calculated for C4’CoH
bond angles of 109° and 1129, together with CgH 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 CgH 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

112° to 109° causes an increase of the benzylic H-Hg repulsion of about 0.4
kcal/mol.
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Figure 5.9 Energy (kcal/mol) as a function of Ty for a model compound with a
CoH bond length of 1.120 A and (A) a C4’CgH of 109°, (B) a C4'CgH of 1120,
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Effect of CgO Bond Length and C4’CgO Bond Angle. In going from R=0OH,
R=0Me, R=OAc the CgO bond length increases from about 1.140 to 1.145 A,
whereas the C,’CqO 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 between oxygen
and the quinoline proton H; four energy plots have been calculated. The geometry
of OH-0-180 has been used as starting conformation in all calculations. The results
of the calculations are summarized in Figure 5.10 Plot A gives the energy curve
for C4'CqO= 108° and CgO=1.140 A; plot B for C4'C90-108° and CgO=1.145
A; plot C for C4’CgO=1 12° and CgO=1.140 A; plot D for C4'CgO=1 12° and
Cg0O=1.145 A. From these plots it follows that the energy decreases only about
0.03 kcal/mol when the CgO bond length increase from 1.140 to 1.145 A, whereas
increasing the C4’CqO bond angle from 108 to 1 12° causes a stabilization of the
minimem energy conformation at T1=0° of about 0.3 kcalimol.

forsion angle T,
Figure 5.10 Energy (kcal/mol) as a function of T;. (A), for C4'CqO=108° and
CgO=1.140 A; (B), for C4"CqO=108° and CgOm1.145 A; (C), for C4'CqO=112°
and CgO=140%; (D), for C4'CqO=112° and CgO=1.145 A.
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Effect of the C4°C4’Cg Bond Angle. The VAMP calculations on the model
compounds as well as on the complete cinchona alkaloids have shown that the
C3'C4’Cg bond angle is strongly affected by the benzylic substituent R (variation
from 118.8 to 123.5°). Probably this is to reduce steric repulsion between the quin-
oline proton H; and the benzylic substituent R. The C4’C4'Cg bond angle
increases when the CyO bond length increases or when the C4’CgO bond angle
decreases.

Using the OH-0-180 basic geometry, T has been varied from 0 to 130° in steps
of 10°. This has been done for six different C3°C4’Cg bond angles, ranging from
118.5 to 123.5°. Figure 5.11 shows the resulting six plots of energy against T. It
follows that there exist two different effects on the energy. Firstly, decrease of the
C3°C4’Cg bond angle causes a destabilization of the absolute minimum at T=0°
(increased steric interactions between O and H,). This is a relatively small energy
effect (0.7 kcal/mol). Secondly, decrease of the C3’C4’Cg bond angle causes a rel-
atively large energy effect on the benzylic H-Hg repulsion; it decreases by about 2
kcal/mol.

(kcal/mof)

+ t 4
] 2 4 (] 90 100 120 140

torsion angle T4

Figure 5.11 Energy (kcal/mol) as a function of Ty for C3’C,4’Cy is respectively,
(A) 118.5; (B) 119.5; (C) 120.5; (D) 121.5; (E) 122.5; (F) 123.5°.
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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 predominantly the open conformation 3 in CDCl; and the
closed conformation 2 in CD,Cl,. Apparently the interactions between alkaloid
and solvent differ for the closed conformation 2 and open conformation 3.

In chapter 4 we have demonstrated that methoxy and ester derivatives of cincho-
na alkaloids exist as an equilibrium of conformers 2 and 3 in various solvents. This
equilibrium shifts completely towards conformer 2 in methanol. This
conformational shift was not observed for chloroquinidine. We have tried to calcu-
late the energy gain caused by interactions between chloroquinidine 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 resides above the quinoline ring in case of the
closed conformation 2 (CIQD_2_Met) and in free space in case of the open confor-
mation 3 (CIQD_3_Met). AM1 optimizations of the complexes were unsuccessful,
in both cases the hydrogen bond disappeared. After optimization the distances
between the hydroxyl proton of methanol and the quinuclidine nitrogen hydrogen
bond were increased to 2.65 and 2.71 A for CIQD 2 Met and CIQD_3_Met,
respectively. The PM3 method is known to give better results for systems
containing hydrogen bonds. Thus both optimizations were repeated using PM3. It
turned out that after a PM3 optimization in both complexes methanol is hydrogen-
bonded to the alkaloid as revealed by proton-nitrogen distances of 1.91 and 1.85 A

" and O-H-N bond angles of 162.0 and 178.0 for CIQD_2 Met and CIQD_3 Met,
respectively. Figure 5.12 gives the PM3 optimized complex between quinidine in
the open conformation 3 and methanol (CIQD_3_Met). PM3 optimizations were
also performed on isolated methanol, chloroquinidine in conformation 2
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(CI1QD_2), and chloroquinidine in conformation 3 (C1QD_3). The results are
summarized in Table 5.7,

.....

Figure 5.12 PM3 optimized complex between quinidine in the open conformedion 3 and methanol.

Table 5.7 Results of PM3 optimizations of chloroquinidine-methanol interactions.

Energy (kcal/mol)
CIQD_2 13.06
C1QD_3 14.85
CIQD_2_Met -39.92
CIQD_3_Met -38.92

Methanol -51.88
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Based on the calculated energies of the isolated molecules one expects an energy
of -38.82 kcal/mol (-51.88-13.06) for CIQD_2_Met and -37.03 kcal/mol (-51.88-
14.85) for CIQD_3_Met. We found, however, -39.92 and -38.92 kcal/mol for
CIQD_2_Met and CIQD_3_Met, respectively. Thus the methanol-alkaloid
interactions cause an energy gain of 1.10 kcal/mol for chloroqliinidine in the
closed conformation 2 and 1.89 kcal/mol for chloroquinidine in the open confor-
mation 3, the initial energy difference between conformers 2 and 3 of 1.79
kcal/mol decreases to 1.00 kcal/mol.

5.2.5 DISCUSSION

When we examine the data of the T dependence on the energy of the model
compounds that have been studied, it is easily concluded that all plots of energy
against T, are very similar. Three minima are located at approximately T{=0°,
Ty=120°, and T;=240°. In all cases, except for the chloro model compound, the
absolute minimum is found at about T1=0°, whereas at about Ty=120 and
T1=240° relative minima are found. In all cases these three minima are separated
by one large (>10 kcal/mol) and two relatively small (<4 kcal/mol) energy
barriers. The two small energy barriers at approximately T =60 and T=300° are
caused by repulsion between the benzylic proton and Hg. The huge energy barrier
is cansed by repulsion between the benzylic R substituent and Hg.

In the open conformation 3 of the cinchona alkaloids the benzylic substituent is
situated in the same plane as the quinoline ring and directed towards H; (thus
resembling the absolute minima of the model compounds) (see Figure 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
same plane as the quinoline ring, pointing towards Hg, whereas the benzylic R
substituent has turned about 60° out of the quinoline plane (thus resembling the
relative maxima of the model compounds). In cases analogous to the open confor-
mation 4 the benzylic substituent R is also oriented in the quinoline plane, but now
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it points towards Hg instead of towards H;. From the calculational results we have
seen that this is very unfavourable (huge energy barrier) because of the relatively
large repulsion between the benzylic R and Hg. The configuration at Cg of the
epicinchona alkaloids is opposite to that of the cinchona series, thus now closed
conformation 2 and toa lesser extend open conformation 3 are unlikely for the
same reason. Deoxycinchona alkaloids do not have a benzylic substituent and thus
miss the discrimination cansed by the configuration at Cg. Indeed, deoxycinchona
alkaloids are found both in conformation 1 and 3.

Figure 5.13 Schamalic drawing of the substition of the benzylic carbon C, ot
cinchona alkaloids. , &

We have also optimized some complete cinchona derivatives. The results of these
calculations for quinidine predict the open conformation 3 to be 2.0 kcal/mol more
stable than the closed conformation 2. For the methoxy derivative this energy
difference decreases to 0.9 kcal/mol, and for acetylquinidine the energy difference
decreases further to 0.3 keal/mol. AMI predicts the chloro derivative in the closed
conformation 2 to be 1.8 kcal/mol more stable than in the open conformation 3.
Ignoring the precise absolute magnitudes of the energy differences, we conclude
that theré exists excellent agreement between these calculational results and the
experimental observations in solution and in the solid state. This suggests that the
AMI1 calculations are well suited to predict experimentally observed trends in
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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
retum to the model compounds and concentrate on the benzylic H-Hg and benzylic
R-H; repulsions. The calculations on the model compounds suggest the existence
of a delicate balance between benzylic R-H; and benzylic H-Hg interactions.
Increase of the CgR bond length or decrease of the C4’CgR bond angle causes a
decrease of the benzylic R-H 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-Hg repulsion
(Figure 5.13). In going from R=0OH, OMe, OAc the electron withdrawing capacity
of the R-group increases, as a result the CgO bond length increases. In the same
order the C4'CqO bond angle decreases. This explains why the situation resem-
bling the open conformation 3 (T is approximately 0°) will be destabilized in
going from R=0H, OMe, OAc. In the same time, for closed conformation 2 (T is
approximately 60°), the benzylic H-Hg repulsion can be relieved significantly by
decreasing the C3'C,4’Cg bond angle and to a lesser amount by increasing the
C4'CgH bond angle. Both trends are indeed present in going from R=OH, OMe,
OAc, Cl. Thus the geometry resembling the closed conformation 2 will be
stabilized in the same order.

Another aspect are the solvent-alkaloid interactions. These too are able to
influence the conformational behavior. In this thesis several examples have been
mentioned, e.g.; methoxyquinidine, which adopts predominantly 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 tetraoxide’ 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 conformational transition could
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not be induced upon protonation. These examples clearly indicate that solute-alka-
loid interaction are able to dictate the conformation only in certain circumstances.
From NMR and X-ray data we know that especially the quinuclidine nitrogen is
involved in the interactions with solvents (¢.g. methanol, acetic acid) or
electrophiles (e.g. aromatic thiols, osmium tetraoxide). We do not have much
quantitative information about the energy gain caused by these interactions, but
PM3 calculations suggest the magnitude of these to be in the 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 reasons, for the quinuclidine nitrogen lone pair to participate in
alkaloid-solute interactions, whereas in case of the open conformation 3 the nitro-
gen lone pair is freely accessible to ligand or solute (this explains why we have
called the conformations 'closed’ or 'open’):

With all this information in hand we think that the picture is complete enough to
propose an integral rationalization for the conformational behavior of the cinchona
alkaloids. Because of reasons discussed above chloro cinchona alkaloids adopt
closed conformation 2 almost exclusively. The energy difference between closed
conformation 2 and open conformation 3 is too large to be compensated by energy
gain as a result of interactions between open conformation 3 of the chloro
derivative with solute or ligand. In case of ester derivatives the energy difference
between closed and open conformation is less and is probably of the same order of
magnitude as the amount of stabilization cansed 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 conformation 2 and open conformation 3 has vanished. In non-coordinating
solvents like CD,Cl,, the methoxy derivatives are still predominantly 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.
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5.3 MO ANALYSIS ON EPHEDRINE

In chapter 2 we have presented a molecular mechanics (mm) analysis of ephedrine
and N-methylephedrine. The minimum energy conformations were found by sys-
tematical variation of the four torsion angles T{, T, T3, and '¥ that determine the
gross conformation (see Figure 5.14 for definitions of the torsion angle).

H CH,
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v \'J'

F 5.14 The structure and of (-)-ephedrine
SV o i ok A

It turned out that nine minima were found for ephedrine. With respect to T (the
position of the B-hydroxyamine side chain relative to the phenyl ring) a more or
less perpendicular orientation was found. The orientation around T, 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’ (T=-60°), three "gauche 60’ (T,=60°), and three trans conformers
(T2-l80°). Depending on the orientation of the hydroxy group (¥) each of the
nine conformers could be split up further into three other ones. Based on the
relative energy differences we have concluded that a slight preference 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
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the conformational behavior, now a preference for the 'gauche 60’ conformers was
observed. Note that these 'gauche 60’ conformers resemble the closed conforma-
tion 2 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 summarized 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 calculational results are very similar; both predict
the trans conformer ephedrine_9c as the absolute minimum, trends in relative ener-
gy differences are similar, as well as the optimized geometries. These results are
consistent with a PCILO314 mo analysis of Puliman!3 who also found a
preference for the trans conformers. Our MO optimizations predict the same nine
minimum energy conformations as found by the molecular mechanics analysis,
three 'gauche 60’, three ’gauche -60’, and three trans conformers. Another similar-
ity between the MO and molecular mechanics calculations is the influence on the
energy of the orientation of the hydroxy group. The energy differences between
the three staggered orientations are up to 4.5 kcal/mol. However, the molecular
mechanics analysis predicted the staggered conformers characterized by ¥=180°
as absolute minima, whereas the MO calculations predict conformers with ¥'=-
60° to be more stable. Another difference between the MO and molecular
mechanics calculations is the slight preference for the 'gauche -60° conformers,
predicted by the molecular mechanics calculations.

With respect to T for both 'gauche -60’ and trans conformers a preference for
T3=-60° exist. This places the methyl groups on Cg and Ng in an anti orientation.
In case of the 'gauche 60’ conformers another preference for T is found of
approximately 160°. An anti (T=-60°) orientation of both methyl groups in a
"gauche 60’ conformer places the Ng-methyl directly above the phenyl ring,
causing steric hindrance.
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Table 5.8 Results of AM1 calculations on (-)-ephedrine. Energy in kcal/mol.

conformation Ty T, T3 ¥  energy relative
energy

cphedrine _la -88.7 -56.8 -1482 664 -29.4 3.5
_lb 906 -569 -1567 -1733  -309 2.0

_lc 922 -60.0 -1768 -806 -30.1 2.7
cphedrine _2a -90.9 -56.1 -780 590 -30.9 19
2b 937 -533 -824 -1708 -326 0.3

2c 975 -502 -80.5 -73.0 -32.2 0.7
ephedrine _3b -929 -53.7 950 -157.5 -28.1 48
3¢ -89.1 610 909 -59.7 -31.3 1.6
cphedrine _4a -1102 465 662 746 -28.1 48
_4b -1056 510 693 -1614 -29.7 32

_4c -118.7 473 617 685 -30.8 2.1
ephedrine _Sa -101.2 530 918 740 -293 3.6
_S5b -1009 555 914 -1759 -304 2.5

Sc -1145 625 861 660 -309 19
ephedrine _6a -988 551 -157.6 763 -29.8 3.1
_6b -982 553 -1688 -1749  -30.8 2.1

_6c -1132 569 -1616 -658 -31.5 14
ephedrine _7b -86.1 1644 -139.6 -1752  -28.3 4.5
e -750-179.8 -1444 460 -30.7 2.2
ephedrine _8a -824 1490 719 567 294 34
8b 827 1546 663 -1773  -30.8 2.1

8c 818 1547 641 596 -316 12
ephedrine 9a -79.9 1763 -57.1 781  -29.8 3.1
9 858 1778 -64.1 -1757 -32.0 09

9c 8381697 -71.7 622 -329 0.0
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Table 5.9 Results of PM3 calculations on (-)-ephedrine. Energy in kcal/mol.

conformation Ty T, T; ¥ energy relative
energy

cphedrine _la -88.8 -54.5 -147.5 617 -27.1 438
_Ib -904 551 -155.5 -169.7 -28.4 3.5

_lc 866 -59.1 -175.6 -88.0 -28.7 32
cphedrine 2a -948 -54.1 -79.7 546 -28.5 34
© 2b 937 -533 824 -1708 -29.6 23

2c 918 -522 -748 610 -313 0.6
ephedrine _3b -89.5 -580 900 -1656 -25.9 6.0
3c 896 -616 907 726 -292 27
cphedrine _4a -114.1 489 661 458 -27.7 42
4b-1103 509 692 -1542 -28.1 38
_4c-1167 452 656 125 -29.6 2.3
ephedrine _5a -109.3 574 980 423  -29.1 2.8
_5b-108.0 587 -943 -169.6 -28.5 34
_5¢c-1160 635 -862 -667  -30.0 19
ephedrine _6a -114.0 594 -1594 440 -292 2.7
_6b-1109 576 -167.4 -170.5 -28.5 34
_6c-1154 579 -1604 635 -303 1.6
ephedrine _7b -88.3 165.1 -1409 -1708 -269 5.0
_7c -849 1656 -150.0 -4L1  -29.9 2.0
ephedrine _8a -89.3 1507 720 570 -288 3.1
_8b -858 1538 683 -173.8 -28.1 38

8c 824 1544 657 751  -30.0 19
cphedrine 92 -80.8 1769 -566 732 -27.4 4.5
9b -874 1782 -613 -1692 -292 2.7

9c -846 1693 -676 -776 -319 0.0
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Table 5.10 Results of AMI calculations on (-)-N-methylephedrine. Energy in
kcal/mol.

conformation Ty Ty T; k4 energy relative
energy
N-methyleph _1b -92.6 451 -200 -1644 -234 34
_lc -875 -616 -234 -60.1 --263 0.5
N-methyleph _3a -83.7 -61.6 -168.5 434 -231 37
3b 846 -598 -169.1 1795  -24.6 23
3c -846 -507 -171.5 -67.1 -245 23
N-methyleph _4a -88.3 635 -35.8 750 -23.8 30
4 918 587 -360 -169.7 -25.0 1.8
_4c -113.0 556 -399 690 -25.7 1.1
N-methyleph _6a -1068 66.7 163.6 747  -233 3.5
_6b -107.1 649 1639 -171.1 -244 24
_6¢c -1167 626 1603 -664  -25.2 1.6
N-methyleph _7a -749 168.1 -20.8 771 247 21
T -828 1533 424 -1786 -259 09
Jc -704 1528 469 -592 -268 0.0
N-methyleph _8a -742 1644 285 546 -243 25
8 679 1738 909 472 -243 25
N-methyleph _9b -824 1625 -1746 -1751  -25.6 13

9c -663 1632 1704 -57.1 -264 0.5
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Table 5.11 Results of PM3 calculations on (-)-N-methylephedrine. Energy in
kcal/mol.

conformation Ty Ty Ta k4 energy relative
energy
N-methyleph _1c -86.7 -63.5 -26.0 -73.2 -31.3 1.7
N-methyleph _3a -752 49.2 -174.1 342 273 5.7
3 -759 483 -1763 17196  -28.3 47
3¢ -7144 -503 -175.7 -740 -303 27
N-methyleph _4a -111.6 629 -495 419 -30.1 29
_4b -109.1 656 475 -161.7 -303 27
4c -1141 670 -483 -670 -32.0 1.0
N-methyleph _6a -113.2 622 166.7 448 -299 31
_6b -1141 608 161.7 -170.5 -29.2 38
_6¢c -116.1 664 1618 -63.0 -31.0 2.0
N-methyleph _7a -89.0 153.0 -339 s45  -309 2.1
T 901 1466 400 -1734 -300 3.0
Jc -84 1463 412 -735 -320 1.0
N-methyleph _8a -82.7 1647 470 423 298 32
8 -1092 1500 487 -1763 -284 46
8 -820 1653 616 -394 -31.1 19
N-methyleph _9a -84.5 1719 -137.5 65.1 -259 7.1
96 -865 1546 -1753 -169.0 -304 2.6

9c -1141 149.1 -176.1 -667 -33.0 0.0
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5.4 EXPERIMENTAL PART

Energy calculations were either performed on a Convex C120 computer with
VAMP version 4.10, a vectorized molecular orbital package based on AMPAC 1.0
and MOPAC 4.1016 , or with a VAX 8650 computer with MOPAC 5.017 . The
calculational results were evaluated with either CHEMX or SYBYL18 . A1l
optimizations were performed either over all internal coordinates or the cartesian
coordinate system was used, until the root-mean-square of the gradient of the ener-
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 ephedra alkaloids. Most attention has been paid to the cinchona alkaloids. The
results have been obtained by a combined experimental (NMR) and theoretical
approach. Both cinchona and ephedra alkaloids are applied in numerous interesting
areas of chemistry and medicine. The next challenge is to match the knowledge of
the conformational behavior of these alkaloids with their chemical and biological
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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
thiols and cyclic ketones and the asymmetric hydroxylation of olefins. The latter is
currently under investigation in the Sharpless group1 . An alternative geometry for
the transition state of the Michael addition has been proposed by us? . 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 conformation upon
the formation of an ion pair between aromatic thiol and quinuclidine nitrogen was
postulated. Evidence from a NMR analysis revealed that the open 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 last chapter we will pay further attention on this reaction. The
transition states proposed for the addition of diethylzinc to aldehydes4 , and for the
[242] cycloadditions between chloral and ketened need now to be reexamined on
the basis of this newly available conformational information.

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 experiments
in which ephedra alkaloids are used as chiral catalyst. Based on these and other
resuits 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. Conformational
aspects of ephedra alkaloids are described only in chapters 2 and 5. The
consequences deserve more attention. From the ﬁgid fitting plots between calcu-
lated minimum energy conformations of cinchona and ephedra alkaloids (Figure
2.19) we have seen that, despite the profound structural differences between the
two classes of alkaloids, great similarities exist in the minimum energy con-
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formations they can adopt. Especially the interesting f-hydroxyamino segments of
both classes of alkaloids have virtually identical preferred conformations. It is
known that ephedra alkaloids, like cinchona alkaloids, catalyze the Michael addi-
tion between aromatic thiols and conjugated cyclic alkenones® , 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-
cyclohexen-1-one in benzene (Figure 6.1). Because Hiemstra had obtained an e.e.
of 62% with cinchonidine under the same conditions, no further attention was paid
to ephedra alkaloids as catalysts for this reaction.

-8 B o

0.0, < 87%
chem. yleld » 95%

Figuwre 6.1 As Michael addition between aromatic thiols and cyciohexenone. The
standard rea

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
(Figure 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 mechanism of the asymmetric Michael addi-
tion. From a kinetic study of Hiemstra3 it follows that this ion pair is most
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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 demonstrated 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.e's of these ephedra alkaloid derivatives in the standard reaction are given.

H‘ Rz

ephedrine H CH,

N-methylephedrine CH, CH,

T‘ N-sthylephedrine CeHs CH,

=\ " N—R,  Npropyiephedine Gy oty
<\ /> |/ N-butytephedrine CH CHy
H CH, N-pentylephedrine CiHy, CH,
N-hexylephedrine CoHs CHy

N,N-diethyinorephedrine CeHy CeHy

N-trimethylsilyimethylephedrine  (CH,),SICH,  CH,

Figure 6.2 The structures of ephedra alkaloid derivatives that have been synthesized and
tested as chiral catalyst.
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Initially it was difficult to reproduce the e.¢’s in the standard reaction. This
problem was solved by carrying out the reactions in a dry box with freshly dis-
tilled 2-cyclohexen-1-one, 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.c. 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.

Table 6.1 E.e.’s obtained with some ephedra derivatives in the standard reaction.

e.e. (%)
N-methylephedrine 36
N-ethylephedrine 44
N-propylephedrine 36
N-butylephedrine 53
N-pentylephedrine 36
N-hexylephedrine 47
N-trimethylsilylmethylephedrine 53

First we have investigated if a change in the conformational behavior is responsi-
ble for the observed effects on the e.e. of the different ephedrine derivatives. Based
on the conformational analysis of ephedrine and N-methylephedrine, 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 T1==-90°,
T,=-60, 60, or 180°, T3=-60, 60, or 180°, T,=180°, and ¥= -60, 60, or 180° (in
case of N-ethylephedrine only conformers with ¥=-60° were considered). These
torsional angles are defined in Figure 6.3. All conformers have been optimized
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using MOPAC” and the PM3 Hamiltonian® . 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 conformational 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 increase of the e.e. Examination 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 alkyl groups than an ethyl group on
nitrogen will not cause significant conformational changes. We conclude that it is
unlikely that a conformational effect is responsible for the observed effects on the
able 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 ¥ is observed. In case of the two "gauche -60’
conformers only ¥ values of about 180° are found. In case of the two *gauche 60’
conformers a preference for ¥ of about -90° exists. In case of the trans
conformers a strong preference is predicted for ¥=-100°.

H CHs
R
T,

n O ™ N CHz — CHy
1

H CH,

Flou‘b 6.3 Definition of the torsion GI?OG that define the conformation of
W T =CyCeC7Cs, TamTyCrCaNy, Ty=CrCsNgNione pain T4=CoNgC10C14,
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Table 6.2 Results of PM3 optimizations on N-ethylephedrine. Energy in kcal/mol.

T, T, T3 T, ¥ enctgy  Nepgrge
ethyl_1 -87.8 651 -267 -1623 -720 -365  -0.08
ethyl 2 814 577 -1760 -1638 -746 -348  -0.08
ethyl_3 907 490 533 -1636 -776 351 007
ethyl_4 947 597 588 -169.0 -745 365  -0.07
ethyl S -1158 660 1633 -1591 -629 -359 007
ethyl 6 -1398 83.1 707 -1627 656 339 007
ethyl 7 933 1475 -504 -1683 458 364  -0.07
ethyl_8 -823 1644 617 1638 391 360  -0.07
ethyl 9 -884 1530 -1736 -170.7 453 366  -0.07

Table 6.3 Results of PM3 optimizations of protonated N-methylephedrine. Energy
in kcal/mol.

Tl T2 T3 b4 energy Ncharge

methylh _1b  -89.0 -61.3 -27.7 1797 1219  0.66
methylh 3b -75.1 494 -1741 170.1 1248  0.68
methylh_4b  -112.7 60.7 -519 -1458 1236 0.64
methylh_ 4c  -115.7 63.0 -524 924 123.3 0.65
methylh 6a  -116.0 638 1625 106.7 1282  0.67
methylh 6b  -1164 620 1674 -157.6 1263 0.66
methylh 6c  -120.8 61.0 159.0 -90.8 1254  0.67
methylh 7a 921 1523 499 90.0 1304 - 0.65
methylh 7¢  -90.0 160.5 -34.1 -98.2 1232  0.66
methylh 8¢ -824 1746 604 -1056 121.1 0.66
methylh 9 -920 1594 -1779 -1504 1234  0.65
methylh 9c  -845 1553 -1783 -974 1227  0.66
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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 correlated
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 partiaf charge on nitrogen significantly. Also in the case of protonated N-
methylephedrine (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
congidered the six derivatives given in Table 6.4. Because of thé 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 T=-90, T,=160, T3=-50°, and
starting with three different staggered hydroxy orientations; ¥=60, -60, 180°).
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 ‘¥ of about -95°. Orientations with a ‘¥ of
about 859 are more than 6 kcal/mol higher in energy. The calculated (PM3) partial
charges on nitrogen are given in Table 6.5.
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Table 6.4 Partial charge on nitrogen of some ephedra derivatives calculated with
PM3, For each derivative 3 geometries have been optimized ( ¥= -60, 60, 180°).

P=600 P=-60° ¥=180°
methyl_7 -0.08 -0.07 -0.08
ethyl_7 0.08 -0.07 -0.08
propyl_7 -0.08 -0.07 -0.08
butyl_7 -0.08 -0.07 -0.08
pentyl_7 -0.08 -0.07 0.08
hexyl_7 -0.08 -0.07 -0.08

Table 6.5 Partial (PM3) charges on nitrogen for various protonated ephedra
derivatives.

partial charge
methyl 7 0.66
ethyl 7 0.63
propyl_7 0.64
butyl 7 0.63
pentyl_7 0.64
hexyl 7 0.63

In Figure 6.4 we have plotted these partial charges against the e.e’s obtained with
the corresponding ephedra 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 protonated nitrogen and a higher e.e.

Therefore, 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



-174-

detailed information we are not able to explain the observed trend of the e.e. with
straightforward structural or electronic arguments.

b

45
ee e

8.62 6.‘64 8,66
partial charge N
Figure 6.4 Plot of partial charge on x-axis against e.e. on y-axis.

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 alkenones (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
N-ethylephedrine as compared to the 44% e.e. obtained with quinine. In chapter 4
we have argued that the main difference in AAG values between both dia-
stereomeric transition states is caused by interactions between the quinoline ring
and the ring moiety opposite of the double bond of 2-cyclohexenone. 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.
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Figure 6.5 Structures of N-butylephedrine (solid lines) and quinine (dashed lines).

In case of cinchonidine Hiemstra obtained an e.e. of 62%. The only difference
between quinine and cinchonidine is the presence of the methoxy group of quinine
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
increase 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 from 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
(deprotonated) sulfur of the aromatic thiol is pushed away from the catalyst by the
electron density on the methoxy oxygen atom. In this light, the relatively high e.c.
obtained for N-butylephedrine is more easily understood, when we indeed assume
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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.

Flnuree.Q Quinine derivative designed to introduce a large group under the quinoline ring.

This catalyst was designed to introduce a large group under the quinoline ring of
quinine. Based on steric arguments the discrimination between both diastereomeric
transition states is expected to increase significantly. 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 B-
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 affinity of a chiral cata-
lyst for an intermediate or product is high it will have direct consequences for the



-177-

e.c. 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 affinity of the catalyst for the product will decrease the turn-over rate of the
catalyst and thus favor competing reaction routes.

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
derivatives of the chiral catalyst are developed. Catalyst design or optimization of
reaction conditions entirely based on the catalytic power of the catalyst, thus on
turmn-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 transition
state. These 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.c. in the asymmetric
Michael addition.

- First, a careful analysis of altemative 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
Sharpless9 : "We have discovered that the general procedure in our original
10 o 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 olefin, are present from the start”. 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

communication
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negligible under the reaction conditions. However, Hiemstral! 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 chiral catalyst? Other alternative less selec-
tive routes might involve reaction between activated cyclohexenone (hydrogen
bonded to the catalyst) and thiol or activated thiol (deprotonated by catalyst) and
cyclohexenone.

- 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 group of cinchona alkaloids on e.e.).

"Design’ of a catalyst is clearly a multifacetted process. We restrict the question of
'design’ to homogenous reactions and to the particular case of the alkaloid
catalyzed reactions 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
transition state. If we predict this correctly then we are in a position to identify
those steric, electronic, solvation. etc. factors that determine the enantioselectivity.
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 trangition state. Charge has been
introduced into the picture. ‘

What information is missing from the picture? Probably the most important
piece of information regards the number of possible reaction paths. It is quite
probable that achiral reaction paths may compete with the reaction path through a
tight ion pair that leads to enantioselection. The simplest formulation of such an
achiral path involves participation of water (the final traces of water are nearly
impossible to remove). For example, suppose that at the stage of thiol addition to
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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 result 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-
selectivity of the catalyst. It is even conceivable that quinine and/or quinidine have
the capability, not realized, of absolute emmtioselec:tivity12 .
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 angwer 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 reaction path.

) o*
quinineH*, BR + b ’ —_— e,.....".../6)
RS
OH
quinine 4+ /é + .OH
RS

®OH + HSR — H,0 + °SR

. o] O.
0= O
RS

Figure 6.7 Effect of water on the Michae! addition between aromatic thiols and cyciohexenone.
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6.4 EXPERIMENTAL PART.

1-Phenyl-2-(methylethylamino)propanol-(1) hydrochloride (A). A mixture of
ephedrine (3.2 g, 19.4 mmol) and CyHsl (3.4 g, 21.8 mmol) was warmed for 1 hr
on a water bath. Next the reaction mixture was diluted with 20 ml water and
acidified with 10% HCI 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 CH,Cl,. The combined
organic layers were dried over MgSOy4. The CH,Cl, was evaporated. By passing
HCI1 gas through an etherel solution of the residue, the hydrochloride salt was
obtained, which was purified by two precipitations from small amounts of abs.
ethanol/ether. Colorless fine needles were obtained in an overall yield of 57%,
m.p. 175-177°.

1-Phenyl-2-(methylpropylamino)propanol-(1) hydrochloride (B). Ephedrine (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, m.p. 141-144°, Altematively, a yield of 92% was obtained
by refluxing the same amounts of ephedrine and 1-bromopropane in 25 ml ben-
zene for 72 hrs,

1-Phenyl-2-(methylbutylamino)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 63% N -butylephedrine, b.p. 140-148°, Hydro-
chloride salt : Colorless needles, m.p. 95-97°. Reaction by refluxing 72 hrs in ben-
Zene again was more successful and provided N-butylephedrine 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-hexylephedrine hydrochloride
were obtained in 53% yield, m.p. 121-124°.
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Trimethylsilylmethylephedrine (E). A mixture of ephedrine (1.5 g, 9.1 mmol)
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 MgSOy4. The 56% of
crude reaction product contained unreacted ephedrine. After distillation
trimethylsilylmethylephedrine was isolated in 25% yield as a colorless oil.

1-Phenyl-2-(diethylamino)propanol-(1) hydrochloride (F). A mixture of
norephedrine (1.5 g, 9.9 mmol), 7.5 ml Et3N, 10 ml benzene, and 2ml C2HSI 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 0°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 vigorously shaking. The acidic solution was neutralized with
2N NaOH to pH of about 8 and extracted several times with chloroform. Drying
(MgSO,) and evaporation of the solvent gave, after crystallization from methanol-
ligroin (1:1), cupreine in 49% yield. Mp 201-2030C.
Cupreine (0.99 g, 3.2 mmol) was dissolved in 100 ml dry methanol. Cs,CO3 (1.05
8, 3.2 mmol) 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 ml methylene chloride
was added to the residue. The solution was washed 3 times with water and dried
over NaySO,. Evaporation of the solvent yielded 0.50 g product. After chromatog-
raphy (silica gel, CH,Cl,/MeOH 4:1) 0.06 g of the 6’-phenylpropylether of qui-
nine was isolated as a red oil.
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12. At this moment, we have some indications that the intrinsic enantioselectivity
of the cinchona alkaloids has not yet been reached in the Michael addition
(Figure 6.1). These indications are based on preliminary results which have
been obtained by performing this Michael addition in an ultrasone bath. In all
cases cinchonidine is used as catalyst and about 40 experiments have been
carried out. The chemical yields are almost quantitative after 20 minutes of
reaction time and the ¢.e.’s vary from about 40% to almost the quantitative
formation of one enantiomer. Because we have not been able to reproduce

these recent results satisfactorily, we will not discuss these and recommend
further investigation.
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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 stereoselective synthesis. They have been applied successfully in
carbon-carbon, carbon-sulfur, carbon-selenium, and carbon-phosphorous bond
formation, as chiral phase-transfer catalysts, and as chiral ligands. Their role in
medicine is firmly established. Furthermore, 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, 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
forms of cinchona alkaloids, as well as an osmium 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 stereoselective synthesis, illustrated with examples from the literature,
is given.

In Chapter 2 a molecular mechanics analysis of cinchona and ephedra alkaloids
is given. This conformational study has revealed that for quinidine and all quini-
dine derivatives four different minimum energy conformations exist, two closed
conformations 1 and 2 and two open conformations 3 and 4. In case of quinine and
quinine derivatives three 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 revealed that excellent similarities exist between all the minimum energy
conformations of quinine and (N-methyl)ephedrine.
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In Chapter 3 a conformational analysis of cinchona alkaloids 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 substituent 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 Cg)
prefer the open conformation 3 in all solvents. The fact that epicinchona alkaloids
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are found in the open conformation 4 suggests that the configuration of the benzyl-
ic Cg position is important in determining the overall conformation.

In Chapter 4 a study of conformational 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 conformation 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.
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SAMENVATTING

Het feit dat enantiomeren in princiepe verschillende eigenschappen bezitten in een

chirale, dus natuurlijke, omgeving vormt een belangrijke reden voor de sterke

belangstelling voor de stereoselectieve synthese. De natuurlijk voorkomende
cinchona en ephedra alkaloiden worden veel toegepast in de chemie:

- als chirale katalysatoren in stereoselectieve synthese. Ze zijn met succes toe-
gepast in koolstof-koolstof, koolstof-zwavel, koolstof-selenium en koolstof-
fosfor bindingsvormende reakties.

- als farmaceutisch werkzame verbindingen.
- als chirale splitsings middelen.
Het succes van de cinchona en ephedra alkaloiden in al deze toepassingen is te
danken aan hun vermogen om zeer specifiek en selektief interakties aan te gaan. In
dit proefschrift worden de resultaten besproken van een konformatie 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
konformatie bestudeerd van protonering en van komplexering.

In hoofdstuk 1 worden de cinchona en ephedra alkaloiden geintroduceerd. Ook
worden de verschillende routes besproken waarlangs stereoisomeren verkregen
kunnen worden.

In hoofdstuk 2 worden de resultaten besproken van een molekulaire mechanica
analyse van cinchona en ephedra alkaloiden. Voor quinidine en alle quinidine
derivaten zijn vier verschillende konformaties gevonden, twee ’gesloten’ konfor-
maties en twee ’open’ konformaties. Voor quinine en alle quinine derivaten
werden drie konformaties gevonden, twee 'gesloten’ konformaties en een 'open’
konformatie. In het geval van ephedrine werden negen verschillende konformaties
gevonden, terwijl voor N-methylephedrine zeven konformaties werden 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 een grote overeenkomst gevonden tussen de kon-
formaties van beiden klassen van alkaloiden.
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opon conformation 4

De vier minimum energie konformaties van quinidine.

In hoofdstuk 3 wordt een konformatie analyse van cinchona alkaloiden in
oplossing besproken. De resultaten werden verkregen door gebruik te maken van
verschillende NMR technieken. We hebben aangetoond dat de konformatie van
cinchona alkaloiden bepaald wordt door de aard van de benzylische substituent en
ook door de konfiguratie van het benzylische koolstof atoom. Ook het oplosmiddel
bleek in staat te zijn de konformatie van cinchona alkaloiden te beinvlioeden.
Cinchona alkaloiden met een chloor atoom aan het benzylische koolstof bleken
een sterke voorkeur te bezitten voor de gesloten konformatie 2. Voor ester
derivaten werd welliswaar ook een voorkeur gevonden voor de gesloten
konformatie 2, maar nu minder uitgesproken. Ook de open konformatie 3 komt
voor. De verhouding tussen de gesloten konformatie 2 en de open konformatie 3
wordt bepaald door de polariteit van het oplosmiddel. In het geval van methoxy
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derivaten is de uitgesproken voorkeur voor de gesloten konformatie 2 geheel
verdwenen. Open konformatie 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
konformatie 3 gevonden. Het feit dat epicinchona alkaloiden gevonden worden in
de open konformatie 4 geeft aan dat de konfiguratie van het benzylische koolstof
atoom belangrijk 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
asymmetrische Michael additie tussen aromatische thiolen en gekonjugeerde
alkenonen. Additionele NMR data van alkaloid-aromatische thiol interakties en
resultaten van een molekulaire docking studie zijn hiervoor gebruikt.

In hoofdstuk 5 worden molekulaire orbital berekeningen aan cinchona en
ephedra alkloiden besproken. Met behulp van de resultaten van deze berekeningen
worden vele experimentele observaties van het konformatie gedrag van cinchona
alkaloiden verklaard.

In hoofdstuk 6 wordt verdere aandacht besteed aan de asymmetrische Michael
additie van aromatische thiolen en gekonjugeerd alkenonen. De resultaten van
reakties waarin ephedra alkaloiden gebruikt worden als chirale katalysator dienen
als uitgangspunt voor een discussie over de belangrijkste faktoren die bepalend
zijn voor het succes van de reaktie.



