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Introduction

1

A  Introduction

This chapter gives an introduction on racemic compounds and the available methods 

fo r  their separation into enantiomers. Both well-established methods and recent 

developments are discussed. Finally the aim o f the research described in this thesis 

and its outline are explained.
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Chapter 1

1.1 General introduction

1.1.1 C hira lity

The word “chiral” is derived from the Greek word cheir, meaning hand, and refers to the 
“handedness” o f m olecules1. All objects in our environment have mirror images. Some objects are 
identical to and can be superimposed on their mirror images, e.g. a bowl or a cube, and are therefore 
called achiral. Objects which are non-superimposable on their mirror image are chiral e.g. a hand or 
a screw. According to group theory an object or a molecule is chiral, if  it possesses no rotation- 
reflection axis o f symmetry Sn. A chiral object and its mirror image, like the left and right hand, are 
enantiomers (Figure 1.1). The 1:1 mixture o f two enantiomers is a racemate.

F igure  1.1: N on-superim posable m irro r  images of hands and  a ch ira l am ino acid

The first great breakthrough towards chirality was achieved by Louis Pasteur2 in 1848, when he 
separated the (+)- and (-)-sodium-ammonium salts o f tartaric acid. The concept o f chirality has ever 
since been further developed. In the past two decades the requirement for the development of 
enantiopure drugs has driven research concerning chirality. Its importance is nowadays fully 
accepted in the pharmaceutical industry and has led to legislation by the governments in Europe and 
the USA3. Especially the American food and drug administration (FDA) enforces a rational 
development o f chiral drugs and has defined strict requirements to introduce new racemic drugs, 
demanding a full documentation o f the separate pharmacological and pharmacokinetic profiles of 
the individual enantiomers, as well as their combination.
M ost o f the drugs derived from natural sources are chiral and are almost always obtained as a single 
enantiomer rather than as a racemic mixture. This is different for many chiral drugs which are 
completely synthetic. Such substances are often prepared, sold and administered as racemic 
mixtures, even though commonly only one enantiomer is the therapeutically active one. Nowadays, 
it is known that most biological processes are based on a high degree o f chiral recognition and it is, 
therefore, unlikely that both enantiomers o f a chiral drug will reach the same level, or even the same 
kind o f effect. The different physiological effects o f some compounds are shown in Table 1.110.
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C om pound E nan tiom eric  form Physiological effect

(S) anti Parkinson

(R) toxic

(S) tastes bitter
À- 3L.Î5 I J < 1 1  ¿ l i l i l í

(R) tastes sweet

(R) lemon smell

(S) orange smell
DARVON
NOVRAD

(RS) analgesic

(SR) antitussive

Ibupro fen (R) inactive

(S) anti-inflammatory/analgesic

Table 1.1: Physiological differences of enantiom ers

A new market strategy has been opened by the debate “racemate versus enantiomer” , the so-called 
racemic switch. This means the development o f the single enantiomeric form o f a drug that was first 
approved as a racemate which results in the opportunity to obtain a new patent on the single 
enantiomer and extent patent protection. An example is racemic omeprazole (Prilosec®, produced 
by AstraZeneca) 4 (Figure 1.2) which is successfully used against acid-related diseases and acts as 
an inhibitor o f the gastric H+, K+-ATPase, the gastric acid pump. A t the time o f invention and 
registration good quality enantiomerically pure omeprazole was not available.

O N o c h 3

H

Rac. omeprazole (Prilosec)

F igure  1.2: S tru c tu re  of racem ic om eprazole (Prilosec® ) p roduced  by A straZ eneca

Prilosec® was launched in 19886 and lost its patent protection in 2001. To extend the patent 
protection, AstraZeneca developed the synthesis o f esomeprazole, the (S)-enantiomer of 
omeprazole, via  an asymmetric oxidation o f the prochirale sulphide precursor (Scheme 1.1). 
Subsequently, esomeprazole was FDA approved and first launched in 2000 under the market name 
Nexium®. Its effectiveness was found to be twice as good as the racemic omeprazole i.e. the other 
enantiomer is inactive. The new patent will give the company several additional years o f market 
exclusivity. Taking this into consideration one can have serious doubts about companies’ statement 
that “there is not y e t an efficient process fo r  the preparation o f  the single enantiom ers”5.
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Chapter 1

OCH

OCH3 CHP
(S,S)-DET
Ti(O-/Pr)4 

Huenig's base

OCH3

esomeprazole

CHP = Cumene hydroperoxide 
(S,S)-DET = (S,S)-Diethyl tartrate 
Huenig's base = [(CH3)2CHhNC2H5

Schem e 1.1: A sym m etric oxidation of a sulphide to esom eprazole

Stimulated by a number o f aspects varying from safety and efficacy to synthetic methodology and 
economics, the application o f racemic drugs is decreasing rapidly as more and more chiral synthetic 
drugs become available in their optically pure form. The present trend is clearly shown in Graphic 
1 .16.

100%

80%

60%

40%

20%

0%

-20%

-40%

________ Racemic
1980 1990 1995 2000

2010 Achiralestimated A C n ird l

No. of products
Homochiral (synthetic) 

Homochiral (nat. + semisynthetic) 

Racemic

G raph ic  1.1: C h ira lity  and  p h arm a

This development will be enforced, due to legislation and the racemic switch. O f course, newer and 
more effective drugs and dosage forms have also had an important impact.
It should be stated that this development has not only taken place in the pharmaceutical industry, 
but is also present in the herbicide and pesticide industry, which develops more specialised
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compounds considering chiral recognition in nature. For example, the development o f a large-scale 
enantioselective catalytic process allowed the market introduction o f the herbicide (S)-metolachlor 
in 1997 in the USA.

1.2 Routes to chiral compounds

The general methods used to obtain enantiomerically pure compounds are shown in Scheme 1.2. 
The focus in this thesis lies on the resolution o f racemates, which is still one o f the most commonly 
applied methods in industry and in the laboratory.

Schem e 1.2: C om m on m ethods to produce o r obtain  enan tiopure  com pounds

The ease o f experimental operation, access to a large number o f resolving agents and the 
overwhelming availability o f past experience and examples make resolution still quite often the 
method o f choice. Once this choice has been made, more difficult process optimisation, 
development o f racemisation methods and difficulties to reach reproducible recycling at production 
scale are taken for granted. Recent developments in biocatalysts, in particular, the increasing 
availability o f suitable enzymes, make this method a serious and attractive alternative to arrive at 
chiral products.

1.2.1 E stablished  m ethods

a) Chiral pool
The chiral p o o l is the natural store or industrial source (fermentation products, semi-synthetic 
products or large-scale synthetic products) o f chiral precursors for the synthesis o f the desired chiral 
compound. As starting material, natural occurring amino acids are available, which possess in 
almost all cases the L-configuration. Sugars also belong into this group, because they are optically 
pure and available in large quantities. They are inexpensive starting materials and therefore suitable 
for industrial purposes. Large-scale compounds like glutamic acid, tartaric acid and lactic acid also 
fit into the wide range o f optically pure precursors. Also fully synthetic products such as D-(-)-
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phenylglycine and D-(-)-p-hydroxyphenylglycine and derivatives or terpenes acting as starting 
materials are being placed in this category.

b) Biosynthesis (Fermentation)
Biosynthesis, as the name already expresses, uses micro-organisms to synthesise only one o f the 
possible enantiomers. The D- and L-form o f lactic acid are synthesised in this way and they are 
obtained in e.e.’s o f >98%. Penicillins and cephalosporins are other examples o f great industrial 
importance. By the use o f special fermentation technology and modern developments in genomics, 
the biosynthesis gains more and more importance in industry.

c) Biocatalysis/Biotransformations
A guiding principle o f molecular biology is that the structure o f a biomolecule defines its function. 
This principle is especially true in the case o f the protein molecules known as enzymes, which serve 
as highly specific and extraordinarily efficient catalysts o f biochemical reactions. Despite the 
growing availability o f the atomic structures o f enzymes, details o f the chemical mechanisms 
employed by enzymes to achieve their catalytic prowess remain elusive. Biocatalysis is an area that 
is continuing to progress rapidly. Developments in many areas o f biological research are providing 
new approaches to the identification and improvement o f biocatalysis with novel properties of 
potential use to industry. Dramatic improvements in biocatalyst performance are claimed for some 
o f the new screening and biocatalyst improvement technologies.

O

Decarbamoylase

COOH
h o — ([ \  , 

s=J _,n h 2
+ CO2 + n h 3

ö-(-)-p-Hydroxyphenylglycine

Schem e 1.3: C om bined biocatalysis and  asym m etric tran sfo rm atio n  to synthesise 

D -(-)-p-hydroxyphenylglyrine
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An interesting example o f biocatalysis is the synthesis o f optically pure D-p-hydroxyphenylglycine 
(Scheme 1.3)7. As racemic precursor DL-hydantoin is used and with the help o f the enzyme 
hydantoinase, only the D-form is converted into the carbamide acid salt. The L-enantiomer remains 
unchanged, but is racemised in situ under the applied reaction conditions. Thus, a 100% yield o f the 
optically pure carbamide salt is obtained. The use o f another enzyme, decarbamoylase, yields then 
the desired enantiomerically pure D-p-hydroxyphenylglycine. The described example combines 
biocatalysis with in-situ racemisation, thus allowing an asymmetric transformation, which is of 
great industrial interest. These processes are also referred to as dynamic kinetic resolutions.

d) Asymmetric synthesis
In asymmetric syntheses chiral auxiliaries or chiral catalysts are used to produce chiral molecules 
from prochiral precursors. W ell-known examples are the Sharpless-Epoxidation and the Sharpless- 
Dihydroxylation. Due to the costs (catalysts, chiral auxiliaries and reaction time) and efficiency 
(enantiomeric excess and yield) the asymmetric synthesis is still not the most favourable method for 
industrial purposes. However, it is becoming o f a growing relevance in industry, especially in the 
synthesis o f pharmaceuticals, due to the increasing need for optically pure drugs.

e) Selective crystallisations
In general, crystalline racemates can be classified into three categories8:

A) Racemic compounds; both enantiomers are present in equal quantities in a well-defined 
arrangement within the crystal lattice

B) Conglomerates; a mechanical mixture o f crystals o f both pure enantiomers
C) Pseudoracemates; two enantiomers coexist in a disordered manner in the crystal lattice in 

any portion, or in a specified concentration range
Conglomerates and pseudoracemates are less common among racemates, which mostly crystallise 
as racemic compounds.

The separation o f crystalline racemates can be achieved through selective crystallisation methods. 
Three commonly used methods are:
-Entrainment o f enantiomers (only conglomerates)
-Resolution o f covalent diastereomers 
-Resolution o f diastereomeric salts

The simplest method to resolve a racemate is the entrainment method. The crystallisation o f one 
enantiomer can be induced through the addition o f a mother crystal o f one enatiomerically pure 
form (Scheme 1.4) to a supersaturated solution o f the racemate. However, this method is restricted 
to racemates, which crystallise as conglomerates. In most cases, racemic compounds are observed 
and the entrainment method o f course fails.
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[ R  + S  ] supersa tu ra ted !

+ Rcrystals (E n tra inm en t)
Filtration

Addition of fresh
[R + S] [ R  + S  ] and excess R ! 

A

R crystalline

[ R  + S  ] and excess S!

Addition of fresh
[R + S]

S crystalline
+ S crystals (E n tra inm en t)

Filtration

[ R  + S  ] supersa tu ra ted !

Schem e 1.4: E n tra in m en t of enantiom ers

Thus, most approaches to optical resolution o f enantiomers are based on the strategy o f temporarily 
converting the enantiomers into diastereomeric derivatives (Scheme 1.59). The racemate is 
combined with a chiral auxiliary R ’ (resolving agent), which can bind covalently or ionicaly to a 
functional group o f the (R)- and (S)- enantiomers.

[ R + S  ] + 2 R ' 
Racemate Chiral 

auxiliary

RR' + R S  
Mixture of diastereomers

Separation

V \r

R R ' R S

R 2 R ' S
pure chiral pure

(R)-Enantiomer auxiliary (S)-Enantiomer

Schem e 1.5: O ptical resolution via  d iasterom eric  derivatives

The obtained products are diastereomers, which can be separated easily e.g. by crystallisation due to 
their different physical properties. Removal o f the resolving agent R ’ liberates the pure (R)- and (S)- 
enantiomers. In this method one equivalent o f resolving agent R ’ is used. For the diastereomeric salt 
formation the use o f ju st 0.5eq can be more favourable which is called the m ethod o f  h a lf quantities. 
Optimisation o f classical resolution approaches showed that the use o f 0.7eq o f resolving agent 
often gives the best resolution results. Another approach is the Pope and Peachey method, which 
uses 0.5-0.7eq o f the corresponding chiral acid or base resolving agent and 0.3-0.5eq o f a simple 
inorganic achiral acid or base, such as HCl or KOH, to perform the resolution process in a pH 
neutral environment (Scheme 1.6)10.
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A) 2 (+/-)-A + (+)-B + KOH --------► (+)-A--(+)-B + (-)-A'-K +
(rac acid) (chiral (achiral (crystalline) (in solution)

base) base)

H2O

B) 2 (+/-)-B 
(rac base)

(+)-A
(chiral
acid)

HCl - 
(achiral 
acid)

(+)-B+-(+)-A-
(crystalline)

(-)-BH+-Cl- 
(in solution)

Schem e 1.6: C lassical resolution according to the Pope and  Peachey m ethod fo r A) a rac 

acid and  B) a rac base

In order to optimise a resolution it is necessary to quantify its efficiency. As this efficiency depends 
on the chemical yield and the e.e. o f the obtained materials both must be taken into account. The 
equation 1 .1  can be used to describe the effectiveness o f a resolution.

k p — k r
S  = k  • t = p

0.5 • c0
E quation  1 .1

K  is the chemical yield based on a single enantiomer (k = 2 for 100% yield), t is the optical purity 
(t = 1 for 1 0 0 % e.e.), kp and kn represent the solubility o f thep -sa lt and n-salt respectively and c0 is 
the initial concentration o f the substrate in solution.

++

1.2.2 New developm ents

In general, all new methods as well as the classical resolution have a racemic mixture as starting 
point. Resolution as such, i.e. separation o f enantiomers, can only lead to a maximum yield o f 50%. 
The other 50%, the undesired enantiomer, represents ju st waste and possibly an environmental 
problem. Therefore, there exists a need to recycle this enantiomer in a cost effective way. The 
preferable solution is a simultaneously occuring in situ  racemisation, while the resolution process is 
accomplished. This process is called asymmetric transformation and can lead to 100% e.e. and 
100% yield. An example was already given in Scheme 1.3 for a resolution using biocatalysis. 
Scheme 1.7 describes the system o f the asymmetric transformation combined with the formation of 
inclusion crystals (see also page 1 2 ) in which only one enantiomer o f a racemate is included in a 
chiral host and the other enantiomer is racemised in situ.

Racemate

R-enantiomer ^-enantiomer |

^  4

R-enantiomer ^s^K esolving agent Resolving agent'""-.. ^-enantiomer
+ ^  (Host compound) I (Host compound) +

Resolving agent 1 Resolving agent

more soluble
1

Racemisation leads to less soluble
complex asymmetric transformation complex 

Yield up to 100%
is possible

Schem e 1.7: Inclusion resolution com bined w ith  asym m etric transfo rm ation
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The elegant in situ  racemisation o f an amine, which has the amine functionality directly bound to
the chiral center, is possible via the formation o f a Schiff base10,11 (Scheme 1.8).

N  H  C H 3 C O O H  " N  ' HH x * X

R ' I  C O O H  
H

R 1 C H O

c h 3c o o h

n h 2

R ' I  C O O H  
H

R  C O O H  
H

C H 3 C O O 0

^ N X hNq

R ^ ^ C O O H

C H 3 C O O H

R i

H C H 3 C O O H

R  C O O H  
H

C H 3 C O O 0

n  hX
R  C O O H

+

C H 3 C O O 0

Schem e 1.8: R acem isation of an  am ine via Schiff base form ation

R ^ I ^ C O O H
H

R 1C H O

C H 3C O O H

N H 2

R ^ l ^ C O O H
H

H

+

M any important industrially relevant amino acids and, in general, amines with an acidic a-proton 
can be racemised in this way.
However, the Schiff base racemisation requires some additional reactants and sometimes high 
temperatures, which can interfere with the resolution process. Many other known racemisation 
methods show the same disadvantages. Spontaneous racemisation is often a difficult problem. 
Combining it with a simultaneous resolution severely limits the conditions that can be used. Thus, 
asymmetric transformation is still a major challenge in resolution processes.

a) Dutch Resolution12
Dutch Resolution is a new, major, improvement in classical resolution approaches. A higher 
efficiency is obtained by the application o f mixtures o f closely related resolving agents, called a 
fam ily  o f resolving agents. A family is defined, so far, as agents which bear strong structural 
similarity and are stereochemically homogeneous (homochirality among family members and 
enantiomeric purity o f the components). The simultaneous application o f a family mix o f resolving 
agents has already resulted in fast crystallisation o f a diastereomeric salt, in good to high yield and 
enantiomeric purity, o f several hundreds o f racemic compounds.
A general feature o f Dutch Resolution experiments is that the composition o f the diastereomeric 
salts is often non-stoichiometric with respect to resolving agents and remains so even after several 
crystallisations. Compared with the classical resolution experiments in which only one single 
resolving agent is used, the S  factor (see equation 1 .1 ) and e.e.’s in the family approach were as 
good or better. Although a lot o f progress has been made some aspects o f Dutch Resolution still 
remain unclear13. Nevertheless, it has been proven beyond doubt that it allows resolution o f nearly 
all compounds tested so far with just a limited number o f mixes in a very short time. Currently, 
there are strong indications that nucleation inhibition is an important factor14. The formation o f a 
solid solutions in the crystals may also have an influence. For some more details see chapter 5 of 
this thesis.
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b) Inclusion resolution
A relatively new and unexplored concept was investigated by F. Toda15 and E. W eber16 amongst 
others. They expanded the racemate resolutions to uncharged molecules by using neutral host-guest 
inclusion complexes. The separation o f compound mixtures via  inclusion complexes has been 
known for a long time. In particular, the inclusion complexes o f urea are well-known examples. 
However, these inclusion complexes were not able to resolve racemates. The new technique, which 
has received relatively little attention until recently, seems more promising and is named Inclusion 
Resolution. It is based on chiral discrimination and recognition in forming the crystal lattice o f the 
inclusion complex. In principle, two types o f crystal lattices are possible (Figure 1.3).

v>v>v>v>v>
U v X X X /

vXXXX>
Host ( ) Guest

A
Figure  1.3: D ifferent types of inclusion lattices

o u o o o
u u u u uuuuuuuuuuu
u Host ( ) Guest 

B

In crystal lattice type A several host molecules form together a cavity in which a guest molecule 
fits. In this case, a well defined host/guest stoichiometry can be expected. In type B the host 
molecule itself is large enough and possesses a cavity to include a guest molecule. The host/guest 
ratio  is therefore random. Typical representatives o f hosts forming crystal lattices o f type B are the 
a -, ß- and y-cyclodextrins and the crown ethers. A major part o f this thesis is focused on host 
compounds leading to inclusion crystals o f type A. This is discussed in more detail in the chapters 2 
and 3. M olecular interaction between host and guest can be the formation o f hydrogen bonds or 
other weak bonding interactions. I f  an enantiopure host compound is used or when the host 
crystallises in a chiral space group, the selective inclusion o f one enantiomer into the chiral cavity 
might be preferred, resulting in resolution. The best studied potential chiral host compounds in 
literature (Figure 1.4) are the tartaric acid derived Taddols (Toda et al.15) and the diphenyl-carbinol 
derivative o f lactic acid (W eber et al.16).

Taddol (S)-(-)-1,1-diphenylpropane-1,2-diol

F igure  1.4: R epresen tative and  capable hosts based on ta r ta r ic  acid and  lactic acid

11
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In the literature, several hundred inclusion complexes are known. However, only few o f them give 
resolution in high enantiomeric excesses and high yields (Figure 1.5).

e.e. 100% , y = 29%  
S = 0.58

O

e.e. 100% , y = 40%  
S = 0.8

F igure  1.5: Exam ples of com pounds resolved w ith p a ren t T addol in 100%  e.e. and  

high yield

These bicyclic compounds were resolved by the parent Taddol and the quality o f the resolution is 
indicated by the high S  values o f 0.58 and 0.8. The application o f Dutch Resolution in inclusion 
resolution12 (i.e. mixes o f hosts) has so far only been described in a single patent example and 
deserves further exploration.
Inclusion resolution also offers a path for asymmetric transformation as proven by Tsunoda et al.17 
The 1:1 inclusion complex o f a Taddol derivative and 2-benzylcyclohexanone was studied (Figure 
1.6). The Taddol preferably includes the (R)-enantiomer o f the ketone (y = 37%, e.e. = 64%).

O
CH2Ph

O
CH2Ph

racemic optically active 
R-enantiomer

F igure  1.6: Successful exam ple of inclusion resolution com bined w ith 

asym m etric tran sfo rm atio n

A thermodynamically controlled deracemisation o f the ketone carried out in the presence o f the 
Taddol in a basic suspension, affords a slightly higher e.e. o f the ketone, but in a much higher yield 
(y = 90%, e.e. = 70%).
Another interesting example o f the use o f inclusion to shift an equilibrium is the synthesis of 
optically pure cefadroxil starting from racemic p-hydroxyphenylglycine (Scheme 1.9). The 
formation o f an inclusion complex with naphthol is in principle applicable on large scale6. Both 
routes lead, via  achiral intermediates, to optically pure cefadroxil, because only one o f the 
synthesised cefadroxil diastereomers crystallises as an inclusion complex with naphthol, effectively 
removing this diastereomer from the equilibrium. The other diastereomer in situ  epimerises via  the 
Schiff base trick10.
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Process for Cefadroxil

Interestingly, the naphthol present is not the host, but the cefadroxil. Cefadroxil is forming the host 
lattice in which naphthol is included . 18 This example shows that in inclusion complexes o f type A 
(Figure 1.3) it is sometimes difficult to distinguish between the host and the guest molecule.

c) Sim ulated moving bed chromatography (SMB)19’20
Technical equipment including GC, HPLC and capillary electrophoresis (CE) has been used to 
determine enantiomeric purities o f chiral compounds. However, only a few applications are known 
for the use o f these tools on a preparative scale or, in particular, on industrial large-scale 
resolutions. This is due to several requirements o f the chiral stationary phase (CSP) namely an 
appropriate enantioselectivity, a high loading capacity, robustness, chemical inertness and thermal 
stability, and also o f the racemates to be resolved. Moreover, the chiral selectors must be readily 
available in order to compete in economic aspects with already applied resolution methods. 
Nevertheless, this will continue to change by the development o f more sophisticated techniques and 
materials. Thus, the simulated moving bed (SMB) technology has attracted more and more attention 
in the 1990’s for the separation o f fine chemicals and pharmaceuticals, particularly for the 
resolution o f racemic chiral compounds. This technique simulates movement o f the 
chromatographic material, or bed, against the solvent stream and allows for continuous recovery of 
the desired compound (Scheme 1.10).
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Section 4

i  Section 3 
a  
l  o 

Section 2

Section 1

E luent S

Schem e 1.10: A fou r section tru e  m oving bed (TM B) un it for the b in a ry  separation  of a 

m ore re ta ined  species A and  a less re ta ined  one B

Disadvantages like the recycling o f the unwanted enantiomer, the efficient handling o f solvent 
recycling and the unpredictability o f development costs are still challenging factors. However, there 
is no doubt about the increasing industrial relevance o f the SMB method.

d) Ultrafiltration21
A new enantiomer separation system based on the ultrafiltration (UF) o f enantioselective micelles 
containing chiral selector-molecules, was developed by the food and bioprocess engineering group of 
Wageningen University (NL)22.
In principle, a racemate, picture I  (Figure 1.7), is mixed in solution with an appropiate chiral 
selector, picture II. Only one enantiomer o f the racemate preferentially binds to the selector and 
forms micelles, picture III. The other enantiomer remains unbound and in the ultrafiltration passes 
through the filter membrane, while the micelles are retained (IV). The system must be optimised to 
a cascade system containing several UF stages, as up to now, complete separation has not been 
achieved from one single stage. High operational enantioselectivity was found for phenylglycine 
using cholesteryl L-glutamate copper (II) complex as selector reagent. The hydrophobicity o f the 
racemate and the stability o f the formed diastereomeric micelle complex determine the effectiveness 
o f the UF system. A continuous system containing a four section separating compartment has been 
tested successfully for the resolution o f DL-Trp in the presence o f a-cyclodextrin as chiral selector.

R affinate
B, S

l  i

lo
^  Feed

A, B, S

1
B

Î I
B A

E xtract
A, S

Î i 
B A
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Membrane Membrane

III IV

Figure  1.7: E nan tiom er separation  by UF in the presence of ch ira l selector molecules

This promising system offers, in principle, the application o f the UF method for industrial large- 
scale resolutions. However, the in situ racemisation and asymmetric transformation opportunities 
are only present, if  the chiral selector molecules and their complexing capabilities are resistant 
enough to the use o f stronger racemisation reagents. The UF method is still in an embryonic stage 
and the future prospects are not clear yet.
A more broadly applicable membrane system than the UF-filtration was developed at the Akzo- 
Nobel research laboratories Arnhem (NL)6. Scheme 1.11 shows the enantiomer separation system, 
in which two chiral solutions 3a and 3b (L- and D-tartrate esters in a solvent) flow countercurrently 
through the columns 5 .

2b
3b

Schem e 1.11: M em brane technology for racem ate  resolution

II
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They are kept separate by the membrane 4. The inlet for the racemate 1 is between the two columns. 
The molecules are preferably complexed by one o f the tartrate ester enantiomers (chiral 
discrimination). The non-complexed racemate molecules can easily pass the membrane and thus, a 
resolution is achieved. The resolved enantiomers are recovered in 2a and 2b from the circulation 
loops o f the chiral liquids.

e)Chiral membranes6
In Scheme 1.12 the general idea o f racemate resolution with the help o f a chiral membrane is 
depicted. Only one enantiomer o f a dissolved racemic compound can permeate the chiral 
membrane, which is formed from either poly-lactates or poly-peptides. The remaining enantiomer is 
racemised and an asymmetric transformation can take place finally affording 1 0 0 % yield o f the 
desired L-enantiomer.

Schem e 1.12: R esolution via ch ira l m em brane com bined w ith asym m etric tran sfo rm atio n

In general, performing racemate resolutions in a continuous way enables a process to become a 
potential industrial application. The membrane technology particularly facilitates a continuous 
operating mode, an easy adaptation to different production-relevant process configurations, 
convenient up-scaling and often ambient temperature processing. Two different types o f membrane 
separation can be distinguished. First, an enantioselective membrane made from a chiral compound 
separates a racemate directly by allowing only one enantiomer to pass through it. M embranes based 
on modified poly-[(S)-glutamates] derivatised with (n-nonylphenoxy)-oligo(oxyethylene) side 
chains were able to resolve tryptophan23.

Racemisation L

3

0 1000
Time / h

Figure  1.8: P erm eation  behav iour of (R )- and  (S )-tryp tophan  from  a racem ic 

m ix tu re  a t 34°C
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The membrane possesses helical channel structures and is being selectively permeable for amino 
acids. Secondly, a non-selective membrane assists an enantioselective process. As in the UF, chiral 
selector molecules bind preferably to one enantiomer o f a racemate forming larger sized complexes 
in solution, which cannot pass through the membrane.
A major drawback, in general, is the low mass transport through membranes, if  no additional 
external driving force like pressure is present. However, the application o f pressure leads to a 
significant reduction in enantioselectivity. Solubility problems o f membrane components and 
emulsifi cation phenomena are still major problems in membrane resolution, but these limitations 
may be overcome in the future, due to improved membrane materials and engineering efforts. The 
scientific and economic relevance o f chiral substances has favoured the outstanding developments 
in separation techniques in the past two decades.

1.2.3 A sym m etric tran sfo rm atio n

In general all resolution methods have the disadvantage that from a racemic mixture the maximum 
yield o f the desired enantiomer is only 50%. The undesired enantiomer must be treated as expensive 
waste or it is racemised and used again in the resolution process. I f  the racemisation is possible in 
situ  the resolution process can theoretically result in 100% e.e. and 100% yield. Some examples 
were already shown in Scheme 1.8, Figure 1.6, Figure 1.7 or Scheme 1.9. An elegant example 
(Scheme 1.13), combining chiral pool synthesis and selective crystallisation from an equilibrium of 
diastereomers, was recently described by DSM 7, 24

D-(-)-phenylglycine amide was used as a source for the amine function in an asymmetric Strecker 
synthesis for (S)-tert-Leucine.

H2 / Pd

NH2 HCl

V
O

n h 2

n h 2

Y H
O

(S)-tert-Leucine 
93% yield / 99% d.e.

Schem e 1.13: A sym m etric tran sfo rm atio n  in S trecker synthesis
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1.3 Aim and outline of the research

As stated, the major disadvantage o f all classical resolution methods is the maximum yield o f 50% 
of the desired enantiomer. The undesired enantiomer remains as an economical and environmental 
problem. Recycling and waste disposal are cost-intensive and for industrial purposes not favourable. 
Thus, the combined processes o f resolution and in situ  racemisation, the so-called asymmetric 
transformation, could be the solution for this drawback. However, not all established and newly 
developed resolution methods offer this opportunity. The table below gives an overview o f their 
possibilities and opportunities.

C h a r a c t e r i s t i c s

M e t h o d s Scope Status In situ 
racemisation

Asymmetric
transformation

Dynamic
resolution

Industrial
relevance

Chiral pool Medium M ature - - - High
Biosynthesis

(Fermentation) Medium Advancing No - Yes High

Biocatalysis/
Biotransformations

Broad Advfa" ci"S Yes
fast

Yes Yes High

Asymmetric
catalysis Broad Developing - - - Embryonic

Selective
crystallisations Broad M ature Yes Yes No High

Dutch Resolution Broad Advancing Yes Yes No High
Inclusion
resolution ? E m bryonic Yes Yes Yes Low

SMB Broad Embryonic No No No Embryonic
Ultrafiltration Small Embryonic Yes No No Low

Chiral membranes Small Embryonic Yes Yes Yes Low

Table 1.2: O verview  of resolution m ethods and  th e ir  characteristics

At the present time only biocatalysis, inclusion resolution and chiral membranes are offering the 
opportunity to combine in situ  racemisation (asymmetric transformation or dynamic resolution) 
with the resolution process. The scopes o f the described methods greatly differ from broad 
(biocatalysis) to yet unknown (inclusion resolution). Inclusion resolution as a rather new and rarely 
investigated method could show a wide scope, in particular with asymmetric transformation. From 
an industrial point o f view it is the most promising, but less understood method. Still little is known 
about the prediction o f host guest inclusion crystallisation and the development o f tailor-made host 
molecules represents a great challenge for the future. Also asymmetric transformations through 
inclusion resolutions have been hardly investigated.

This ch ap te r 1 gave an introduction on chiral compounds and on their physiological and 
biological as well as their economical importance. Additionally, an overview o f the most commonly 
used methods and new developments to achieve racemate resolutions was described.
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C h ap te r 2 describes the synthesis and development o f new promising host compounds 
based on readily available, inexpensive, optically pure precursors like lactic acid, pantolactone and 
malic acid. Given the preference to inexpensive and readily available starting materials, also large- 
scale amino acids such as L-alanine, L-phenylalanine, L-phenylglycine and L-proline were used to 
develop new potential molecules for inclusion as well as classical resolution processes.

In ch ap te r 3 the inclusion capabilities o f many newly prepared host compounds were tested. 
A wide-range o f suitable guest compounds, namely racemic alcohols, organic acids, organic amines 
and ketones have been tested in a large number o f inclusion resolution experiments. Pure hosts as 
well as host-mixes have been applied in a large number o f inclusion resolution experiments. 
Interactions between hosts and guests in solution have been studied through Nuclear M agnetic 
Resonance-Spectroscopy (NMR) as a potential tool to predict inclusion complexation.

In ch ap te r 4 crystal studies have been performed with new and literature-known host and 
inclusion complexes with the aim to set up general principles o f potential host and o f guest 
molecules to be resolved. M olecular as well as supra-molecular properties o f host and inclusion 
complex have been analysed and compared.

In ch ap te r 5 the resolution capabilities o f a matrix o f amino acid based resolving agents 
were investigated to learn more about the theoretical background o f the Dutch Resolution process 
and its family concept. Besides the comparison o f the application o f mixes o f resolving agents with 
the single application, different methods and ratios o f the experimental set-up were studied. One 
successful classical resolution example was intensively studied with respect to its physical-chemical 
properties.
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2 Choice and Synthesis of New Host 

Compounds

T h is  c h a p te r  d e s c r ib e s  th e  d e s ig n  a n d  s y n th e s is  o f  n e w  c o m p o u n d s  w h ic h  a re  

p o te n t ia l  h o s ts  f o r  in c lu s io n  re so lu tio n s . T h e se  c o m p o u n d s  a re  b a s e d  on  r e a d ily  

a v a ila b le , in e x p e n s iv e  a n d  o p tic a lly  p u r e  p r e c u r s o r s  lik e  L - la c tic  acid , 

D -p a n to la c to n e , L -m a lic  a c id  a n d  a lso  la r g e -s c a le  a m in o  a c id s  s u c h  a s  L -a la n in e , 

L -p h e n y la la n in e , L -p h e n y lg ly c in e  a n d  L -p ro lin e .
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2.1 Introduction

In the last three decades asymmetric syntheses have achieved great successes in the preparation of 
enantiomerically pure compounds. Nevertheless, the resolution o f enantiomers from a racemic 
mixture remains one o f the most important tools used to obtain enantiopure compounds. From an 
industrial point o f view classical resolution  using diastereomeric salts represents a favourable 
technique, because o f its economic advantages and robustness compared to the usually more 
expensive and subtle asymmetric syntheses. Nowadays biocatalysis and fermentations are becoming 
attractive alternative routes to enantiomerically pure compounds. However, these promising 
methods find their restrictions in the number o f optically pure compounds, which can be 
synthesised in this way. The classical resolution method is restricted to the use o f organic acids and 
bases, whose recovery in general brings about large amounts o f inorganic or organic waste salts 
causing an environmental problem of increasing magnitude. The application o f the asymmetric 
transformation, which means to obtain 1 0 0 % e.e. and 1 0 0 % yield in the resolution process o f the 
desired compound, finds its restrictions in that many compounds can only be racemised under 
strongly acidic or basic conditions. This leads to interference with the resolution process, which 
constitutes a serious problem. Thus, the need for new approaches to racemate resolutions is still of 
current interest. A  relatively new and unexplored concept was investigated by F. Toda1 and E. 
W eber2. They expanded the racemate resolutions to uncharged molecules by using neutral host- 
guest inclusion complexes. This technique, which has received relatively little attention until 
recently, is named inclusion resolution and is based on chiral discrimination and recognition in 
forming the crystal lattice o f the inclusion complex. M olecular interaction between host and guest 
can be the formation o f hydrogen bonds or other weak bonding interactions. In many cases, one-to- 
one or two-to-one host-guest inclusion complexes are obtained. The formation o f inclusion 
complexes is possible, if  the host compound can form a crystal lattice containing cavities large 
enough to accommodate the guest compound. Ideally the pure host compound is difficult to 
crystallise on its own and additives (solvent, inclusions) are needed to reach a stable crystal 
structure. If  an enantiopure host compound is used or when the host crystallises in a chiral space 
group, the inclusion o f one enantiomer o f a racemate into the chiral cavity might be preferred 
resulting in racemate resolution. The most studied potential chiral host compounds in literature1 are 
the Taddols, see Figure 2.1.

H3C CH3

Figure  2.1: R epresen tative host; the paren t T addol
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These Taddols have a rigid structure or backbone, with a bent-, scissors-like or cup shape. Although 
the compounds themselves are fairly rigid the X-ray structures o f their inclusion complexes show 
that this class o f molecules is very flexible in its intermolecular arrangement. This is an effect that 
probably must be attributed to the diphenylcarbinol units. The relative positions o f the aromatic 
rings allow many stable intermolecular configurations which all lead to suitable backbones for the 
formation o f a crystal lattice.
It is remarkable that the parent Taddol shown in Figure 2.1 does not easily crystallise by itself 
without a guest. It is likely that more flexible molecules can more easily attain a conformation, 
which allows the formation o f a stable crystal lattice without inclusion o f a guest. To develop new 
potential host molecules it, therefore, seemed advisable to focus on fairly rigid, bent or cup-shaped 
molecules with terminal diaryl groups. An important lead was provided by the work o f W eber et 
al.3 on diphenylcarbinol derivatives o f lactic acid. Although, at first sight, these molecules appear to 
be flexible and not very suitable as inclusion hosts, the X-ray analysis o f inclusion complexes 
formed by them shows that in the crystalline state sometimes dimers are formed (see chapter 3, 
Figure 3.3). The dimeric host unit has a remarkable similarity with the Taddols. The use o f such 
simple molecules, which can be easily obtained from inexpensive and readily available starting 
materials, is obviously very attractive, especially from an industrial point o f view. To further 
explore the potential and limitations o f the lactic acid derivatives and related compounds a large 
number o f them were prepared and tested in inclusion crystallisation.
Thus, next to lactic acid derivatives also the optically active D-pantolactone 
and L-malic acid were explored as potential host molecules. Given the preference o f inexpensive 
and readily available starting material, commercially available amino acids such as L-alanine, L- 
phenylalanine, L-phenylglycine and L-proline as host precursors were also tested. Conversion to 
amino-alcohols through arylation o f the carboxyl functions gives access to host compounds with 
sufficient structural resemblance to the Taddols and lactic acid derivatives for comparative studies.

The syntheses o f the host compounds are, in principle, simple two-step reactions. The 
enantiomerically pure acid ester obtained in an esterification o f the corresponding acid undergoes a 
Grignard reaction (Scheme 2.1). The first aryl addition step leads to an unstable ketone intermediate 
that is transformed by the second aryl addition, and the following hydrolysis, into the desired host 
compound.

O R '  R '

R ' M g ^  R _ C — R '  H20 ,  R _ C — R '

OMgX O

r _ C ^  R 'M g X

SO —R'
► R —C—R '

O
Ester +

MgX OH
tert. Alcohol 

R O M gX

Schem e 2.1: G rig n a rd  reaction  resu lting  in b is-aryl alcohol

As it was assumed that small structural differences can greatly influence the selectivity o f the 
inclusion complex, the preparation o f many similar host molecules would be o f interest. Simple 
variations in R  and R ’’ allow a wide range o f potential hosts. W ith the invention o f Dutch 
Resolution4, as a new division in classical resolution approaches, a higher efficiency can be reached 
by the application o f mixtures o f structurally closely related resolving agents. Thus, the availability
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o f a wide range o f similar host molecules offers the additional advantage o f investigation o f Dutch 
Resolution in Inclusion Resolution.

2.2 Design and synthesis of new host compounds based on (S)-lactic acid

The successful work o f Weber et a l 2 with the host compound (Figure 2.1) was the logical start of 
this research. To investigate the inclusion capabilities o f compounds o f similar structural pattern 
and their potential application in Dutch Resolution4 experiments, the diversity o f possible host 
molecules was increased. The aryl group as well as the secondary alcohol functionality were varied. 
The resulting 14 structures o f potential new host compounds are shown in Figure 2.2.

R = H Ar = phenyl (1)
o, m, p-tolyl (2, 3, 4)
o, m, p-anisyl (5, 6 , 7)
o, m, p-(trifluoromethyl)phenyl (8 , 9, 10) 
p- Cl-phenyl (11)

R = phenyl (12) Ar = phenyl
o-anisyl (13) 
methyl (14)

F igure  2.2: S truc tu res of po ten tial host com pounds

The methyl substituted bis-(o,m,p)-tolyl carbinol derivatives (2-4) will influence the aromatic 
interactions and consequently alter the cavities in the crystal lattice. The impact o f the bis-(o,m,p)- 
anisyl, bis-(o,m,p)-(trifluoromethyl)benzene5 and bis-chlorophenylcarbinol derivatives will be 
similar, but they also offer an extra functionality in the host molecule thereby increasing the number 
o f possible host-guest interactions.
The synthesis o f the lactic acid based hosts was readily done via esterification o f the pure acid to 
form its ethyl ester followed by a Grignard reaction (Scheme 2.2) or by a butyllithium-halogen 
exchange reaction (Scheme 2.3).

OH O A M  B OH OH•=: X, ArM gBr -- /

/  \  Et2 O or THF *  / “^ f " A r
C H 3  OEt C H 3  Ar

Schem e 2.2: Sim ple G rig n ard  reaction  to b is-ary lcarb ino l derivatives

The use o f the butyllithium-halogen exchange reaction6,7,8 proved to be an attractive alternative way 
to synthesise the lactic acid derivatives in a usually higher purity and yield (Scheme 2.3). In fact, 
the preparation o f some compounds (2, 3, 5-11) was only possible via this type o f reaction. Yields 
o f 60-80% after crystallisation were obtained. In this type o f reaction the temperature and the
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reaction time used are o f great importance, whereas the Grignard reaction in ether is generally not 
that sensitive to temperature and reaction time.

OH

C H / ■

O

OEt

n-Butyllithium
ArBr

Et2 O or THF

Schem e 2.3: B utyllith ium -halogen exchange reaction

OH

CH 3

OH

Ar
Ar

Interestingly, the use o f ortho halogen-aryl compounds showed a different behaviour in the organo- 
lithium-reactions. In the latter cases these reagents are stable for a limited time (15-20 minutes) and 
only at temperatures o f between ~ -50 and -120°C, depending on the o-Li-halogen-benzene reagent 
used. Unfortunately, the reaction with the lactic acid ester does not take place at such a low 
temperature. H igher temperatures favour the Li-halogen elimination, producing benzyne, which 
undergoes many unwanted side reactions, such as dimerisation or polymerisation reactions. The 
corresponding Grignard reaction also gave only unidentified products. Thus, the synthesis o f the 
bis-o-fluorophenylcarbinol or the bis-o-chlorophenylcarbinol derivative failed, because o f Li- 
halogen elimination9.

.O CH 3

5  Li8+

F igure  2.3: In te rn a l stabilisation of o-Li-anisyl reagen t

The preparation o f the bis-o-anisylcarbinol derivative, however, proved to be possible, due to the 
well-known stabilisation6 o f the anisyllithium reagent as shown in Figure 2.3.

2.3 Design and synthesis of host ethers based on lactic acid derivatives

Another attempt to evaluate the inclusion capabilities o f these host compounds, was the partial 
removal o f the hydrogen-bonding capability o f the secondary alcohol o f the diol by transforming it 
into an ether alcohol. This should prove or disprove the necessity o f the formation o f a dimer for the 
capability to form inclusion crystals. A useful tool in the preparation o f such ethers, i.e. the phenyl 
ether and the o-anisyl ether from the lactic acid ester was the M itsunobu reaction70 (Scheme 2.4) 
followed by reaction with an aryllithium substrate.

HO H

OEt

DEAD, PPh3 
ROH, THF, rt

Inversion

RO H O PhLi
RO H

OEt

Ar
Ar

OH

Ar = phenyl

R = phenyl (12) 
o-anisyl (13)

Schem e 2.4: Synthesis of host ethers via M itsunobu reaction  and  inversion of 

the  ch ira l cen ter
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As shown, the M itsunobu reaction results in inversion o f configuration at the a-carbon atom. 
Simple methylation with methyl iodide in the presence o f sodium hydride affords the
O-methyl ethers with unchanged configuration (Scheme 2.5).

PhLi
H 3CO H

Ph

Ph
OH

14

Schem e 2.5: Synthesis of O -m ethyl e ther w ith reten tion  of configuration

For the application in inclusion experiments, the inversion o f the chiral centre o f the host 
compounds has no effect on the resolving capabilities as long as the optical purity remains 
unaffected. The distilled ether esters from the M itsunobu reaction and the O-methylated ether ester 
were used in lithium aryl reactions to give the desired host compounds. Reasonable yields of 
29-51% were obtained but no attempts were made to further optimise them.

C om pound Yield in % M p in °C Ref. X -ray  d a ta
1 85 91.7° 14, 15 -
2 40 75.8° This thesis -
3 72 65° 16 Yes
4 79 92° 17 Yes
5 73 98° This thesis Yes
6 45 84.4° This thesis Yes
7 79 58° This thesis -
8 51 Oil This thesis -
9 39 Oil This thesis -

1 0 46 Oil This thesis -
1 1 41 80.8° 18 -
1 2 51 136.4° This thesis Yes
13 29 111.3° This thesis Yes
14 35 75° This thesis Yes

Table 2.1: O verview  of yields and  m elting points of com pounds 1-14 

2.4 New hosts based on other optically pure hydroxy acids

Other chiral acids similar to lactic acid could also be used as starting materials in the preparation of 
bis-arylcarbinols suitable as inclusion hosts. The most desirable candidates are compounds with low 
molecular weight, which are inexpensive and readily available in optically pure form. Several 
natural products meet these requirements and some o f them were used in this study.
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H osts derived f from D-(-)-pantolactone
D-(-)-pantolactone is an important intermediate in the synthesis o f pantothenic acid (vitamin B3). It 
is easily accessible in high optical purity and allows the immediate transformation via  a Grignard 
reaction, or other organo-metal reactions, into a diarylcarbinol derivative.
This potential host possesses two alcohol functions in addition to the diphenylcarbinol group, 
allowing more complex hydrogen bonds. An increase o f the host’s complexation properties may 
result in an increase o f inclusion complexes stabilised by hydrogen bonds. The one-step reaction 
allows a quick and simple preparation. The yield was 80% in the case o f phenyllithium, by far 
higher than in the Grignard reaction which yielded only 45% of product. Compound 15 with its 
three alcohol functions, also offered the opportunity o f acetalisation o f the molecule (Scheme 2.6). 
The desired acetal structure 16B is similar to part o f the structure o f many Taddols and may have 
similar inclusion abilities, due to the increased rigidity compared to 15.

D-Pantolactone

PhLi 
THF :

Ph

OH OH

15

Ph
OH

Schem e 2.6: Synthesis of D -pantolactone derived trio l host and  its acetalisation

The acetalisation reaction was achieved in dimethoxypropane (DMP) with a catalytic amount of 
TosOH*H2O at rt and gave, within two hours, a quantitative yield o f a single compound according 
to GC and TLC. Surprisingly, one o f the diastereotopic methyl proton signals in the 'H -N M R was 
shifted upfield to -0.05ppm . In principle, the structures 16A-C can be obtained. According to semi- 
empirical MOPAC calculations on these structures, molecule A obviously has the lowest energy. As 
it is an equilibrium reaction, it is likely that only the molecule with the lowest energy is obtained. 
M olecule A (Figure 2.4) has a rigid frame, which means that one methyl group lies in one plane 
with a phenyl group and the other is directly above a phenyl and therefore, it is shielded. This 
arrangement explains the upfield shifting o f one o f the methyl signals. However, the performance of 
NOESY or long range 13C-H NM R could additionally confirm the structure.
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New host derived from L-malic acid

Hosts derived from optically pure malic acid possess two diphenylcarbinol groups (Scheme 2.7) and 
are therefore similar to the Taddols.

•-OH -"OH h Ph/ ------ \  SOCl2 / ------ \  PhLi \  /  N C/
HOOC COOH MeOH *  H3COOC COOCH3 “t H ^  P h ^ C  / ^ Ph

OH HO
L-Malic acid

17

Schem e 2.7: T ran sfo rm ation  of L-m alic acid into a Taddol-like diphenyl- 

carb inol derivative

The presence o f the alcohol group at the chiral carbon may increase the ability o f complex 
formation with possible guests as in the case o f the Taddols. This compound may also provide an 
idea on which parts o f the Taddols are essential for their high inclusion capability. However, due to 
the absence o f the acetonide ring the compound may be more flexible than the Taddols, which 
could hamper formation o f inclusion complexes. After esterification and purification o f the diester, 
the desired compound was prepared by reaction with phenyllithium in THF resulting in a 50% 
yield. The very similar compound citramalic acid ester, which is a tertiary alcohol, did not lead to 
the corresponding compound, but underwent extensive degradation. The acidic work-up o f the 
reaction might be the reason for that, due to the loss o f the tertiary alcohol group and the formation 
o f a reactive carbonium ion intermediate.
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2.5 Amino acid derivatives

New hosts based on optically _pure, large-scale amino acids
A new class o f hosts was developed by the use o f optically pure amino acids. Estérification 
followed by arylation will afford amino alcohols with structural similarities to the hosts derived 
from lactic acid. Acylation o f the amino function allows further structural variations. A large variety 
o f amino acids is conveniently accessible and they are therefore interesting starting compounds. As 
representatives o f this class o f compounds the optically pure L-alanine, L-phenylalanine and L- 
phenylglycine were chosen as host precursors (Figure 2.5). Additionally, L-proline, with its five- 
membered pyrrolidine ring, showing increased rigidity, was selected. After esterification, the HCl 
salt o f the amino acid ester was transformed via Grignard reactions into the bis-arylcarbinol 
derivative. The prepared compounds are shown in Scheme 2.8. Although most o f the compounds 
are known in the literature22-24 they have not yet been applied in inclusion experiments. These 
amines offer also the opportunity for application in classical resolution and Dutch Resolution 
approaches as will be discussed in chapter 5 o f the thesis.

NH2 h  n H2^h  n h 2 h

c h ^ — COOH P h - C H - ^ - C O O H  P h - C- COOH

L-Alanine L-Phenylalanine L-Phenylglycine

Figure  2.5: L arge-scale am ino acids used as host p recurso rs

The yields o f the syntheses o f the amino ester salts were almost quantitative, whereas the Grignard 
reaction gave yields ranging from 20-58%. Some losses can be attributed to the crystallisation used 
as the preferred purification technique.

SOCl2 C?N H s H N H 2 H OH
M e°H ^  c o o M e  ArMgBr »  > Z - ^ A r

R ^  R \
Ester salt Ar

Ar = phenyl 
p-tolyl 
p-anisyl 
p-Cl-phenyl

A r=
R  = phenyl p-tolyl p-anisyl p-C l-phenyl

Methyl 19 (58%)* 20 (45%) 2 1  (2 1 %) 22 (30%)
Benzyl 23 (25%) 24 (25%) 25 (35%) 26 (55%)
Phenyl 27 (35%) 28 (42%) 29 (20%) 30 (31%)

*
Yields are given in brackets

Schem e 2.8: Synthesis of a series of am ino acid based poten tial hosts

NH2 H

R
COOH

R = methyl 
benzyl 
phenyl

H
N COOH 

L-Proline
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The preparation o f the diphenylcarbinol derivative 31 o f L-proline required the protection o f the 
secondary amine function by carboxylation (Scheme 2.9). Protection and esterification could 
conveniently be done in one step using ethylchloroformate in methanol. The protected proline was 
isolated in 80% yield.

H COOEt / C° ° Et° H H °Hn  c H o c o c l D U Í ..D . H i
N„ ^COOH C2H5°CO N,, . COOMe GlllMgE!d / N .  ^ ^ Ph K°H N  C—Ph/  -------K2C°3 „  /  Grignard „  /  \  Ph MeOH y  "-■ /C Ph

\ _ _ / h  Me°H \ ___ /  H \ ___ I  H Ph reflux \  A H Ph

L-Proline 31

Schem e 2.9: Synthesis of d iphenylcarb inol derivative of L-proline

The Grignard reaction, followed by deprotection o f the amine group, delivered the desired 
compound in a modest yield o f 20%. An additional series o f new possible host compounds, based 
on the diarylcarbinol derivatives prepared from optically pure alanine, phenylalanine, phenylglycine 
and proline, was obtained by acylation o f the amino function (Figure 2.6). Schotten-Baumann 
reactions were suitable for these conversions. No acylation o f the free OH-group was encountered, 
due to its less acidic and sterically hindered tertiary alcohol proton.

R

NH2 H OH

Ar
Ar

R 2

O

Cl
NaOH

0°C, ether/water

O
R

N H H 
\  /

r / -

2

OH

Ar 
Ar

R 1 = methyl R2 = phenyl 
benzyl p-tolyl
phenyl p-anisyl

(Ph)2HC

R 1 = m ethyl
R 2 =

A r = phenyl p-tolyl p-anisyl (Ph)2HC
phenyl 32 33 34 35
p-tolyl 36 37 38 39

Ar = phenyl 
p -tolyl

R 1 = benzyl
R 2 =

A r = phenyl p-tolyl p-anisyl (Ph)2HC
phenyl 40 41 42 43
p-tolyl 44 45 46 47

continued
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R i = phenyl
R 2 =

A r = phenyl p-tolyl p-anisyl (Ph)2HC
phenyl 48 49 50 51
p-tolyl 52 53 54 55

Schem e 2.10: Synthesis of a series of am ide hosts based on am ino acids

The reactions produced the amides in almost quantitative yield and high purity. Due to their low 
solubility, these amides precipitated almost quantitatively from the reaction mixture. It was hoped 
that these urea type derivatives, like urea itself, would lead to efficient inclusion hosts. However, 
their low solubility in most solvents might hamper the formation o f inclusion complexes. Only 
DMSO and CHCl3 proved to be adequate solvents.

R  = phenyl (56)
Ph p -t°\y \ (57)

p-anisyl (58)

F igure  2.6: A m ide hosts derived from  L -pro line

The amides could provide information about the effect o f additional complexing sites, enabling the 
host to give stronger interactions with a guest compound via hydrogen bonds. The amine group as 
well as the amide- and carbonyl function offer this possibility. The amide bond with its hindered 
rotation results in a more rigid structure o f the molecule.

2.6 Conclusions

It has been shown that the Grignard or aryllithium reaction o f various optically pure esters means a 
large variety o f potential host compounds can be easily obtained. Although yields are sometimes 
low and purification is sometimes a problem, no serious obstacles were encountered and most 
reactions probably can be optimised if  required. In total 58 compounds were prepared which are all 
suitable for testing in inclusion experiments. The amines obtained from amino acids can also be 
applied in the Dutch Resolution variant o f classical resolution.

2.7 Experimental section

General Remarks

'H-NMR spectra were recorded on a Bruker AC-100 or on a Bruker AC-300 (300MHz, FT) spectrometer 
with tetramethylsilane as internal standard and the software WinNMR. IR spectra were run on a Perkin 
Elmer 298, Perkin Elmer FTIR 1720-X or ATI Mattson Genesis series FTIR spectrophotometer using
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Winfirst as software. Elemental analyses were performed with a Carlo Erba instruments CHNSO 1108 
elemental analyser. For mass spectroscopy, a double focussing VG 7070E was used. For the chemical 
ionisation (CI) technique, methane was used as reacting gas. GC-separation was carried out on a fused silica- 
capillary column (DB-5, 30m x 0.25mm, film thickness 0.25^,m). Melting points were measured on a 
Reichert Thermopan microscope (uncorrected), a Büchi Melting Point B545 instrument or on a Perkin Elmer 
DSC7 instrument. Optical rotations were determined on a Perkin Elmer 241 polarimeter at 589nm, equipped 
with a quartz cell of 1.00dm path length. The polarimeter was connected with a thermostat for exact 
temperature control and a recorder for continuous optical rotation measurements. GC was performed on a 
Hewlett-Packard 5890 or 5890 Series II instrument, equipped with a capillary HP crosslinked methyl silicone 
(25m x 0.31mm) column, connected to a HP 5890 calculating integrator. Chiral GC was performed using a 
chiral B-DEX 120 capillary column (Supelco) or a WCOT Fused Silica 25mX0.25mm, CP Chirasil-Dex CB 
DF 25m, Varian with H2 as carriergas on a HP 6890 instrument. DSC thermograms were recorded using a 
Perkin Elmer DSC7 instrument. Calibration was performed with In and Zn, Sn or Pb depending on the 
temperature range. Samples were prepared by the method described by Jaques, Collet and Wilen11. Samples 
were measured in stainless steel large volume pans (75^l) or aluminium pans (30^l) at a rate of 10°C/min. 
HPLC was performed on a Shimadzu 10A VP liquid chromatograph equipped with a reverse phase column 
by Alltech (Econosphere, C8 , 5u, 0.46cm 0  x 25cm), a chiral Daicel Chiralcel OD-H column (25 x 0.46cm, 
particle size: 5^,m) or a chiral Daicel Chiralcel OB column (25 x 0.46cm, particle size: 5^,m) with filtered 
hexane/2-propanol mixtures as mobile phase. Detection was at 254 nm and 222 nm and the flow rate was 
0.5ml/min at ambient temperature. Class VP 5.0 was the software used. Capillary Electrophoresis was 
performed on a HP 3D CE with the software HP 3D CE-Chemstation. For column chromatography, the flash 
technique was used with silicagel 60H (Merck) as stationary phase and a pressure of approx. 1.5bar. Thin 
layer chromatograms were run on glass supported silicagel 60 plates (0.25-layer, F254, Merck). Compounds 
were detected using UV and oxidizing reagents, i.e. 5% H2SO4 in ethanol or a mixture of 
(NH4)6Mo7O24*4H2O (21g), ( N H ^ C e tS O ^ ^ O  (1.8g), water (469ml) and 97% H2SO4 (31ml). Dry 
solvents were obtained as follows: dichloromethane was distilled from phosphorous pentoxide. diethyl ether 
was pre-dried on calcium chloride and distilled from calcium hydride, hexane and benzene were distilled 
from calcium hydride, triethylamine and phenylethylamine were distilled from potassium hydroxide, 
tetrahydrofuran was distilled from lithium aluminium hydride and ethyl acetate from potassium hydrogen 
carbonate. All other solvents and reagents were either p.a. or technical quality and used as obtained from the 
supplier.

General procedure for Grignard reactions
The Grignard reagents were prepared from magnesium turnings (21.6g, 0.9mol) in Et2O (100ml) and the 
respective bromoaryl compound (0.9mol) in Et2O (200ml). The cooled Grignard solution was diluted with 
dry Et2O (200ml) and the ethyl L-lactate (35.4g, 0.3mol) added in etheral solution. The mixture was refluxed 
for 2h and then stirred overnight at room temperature. Work-up of the reaction mixture, including hydrolysis 
(saturated NH4O  solution), extraction with Et2O, washing, drying (MgSO4), and evaporation of the solvent 
under reduced pressure yielded the crude product. Purification was effected by recrystallisation from light 
petroleum (b.p. 60-90°C) or Et2O.

General procedure for BuLi reaction12
THF (100ml) was added to a solution of 0.11mol of butyllithium in 77ml of hexane with cooling to below 
0°C. The mixture was cooled (occasionally cooling in a bath with liquid nitrogen) to ca. -105°C. A mixture 
of 0.1mol of the bromoaryl compound in 30ml of Et2O was added dropwise over 10min, while keeping the 
temperature between -100 and -105°C. A white suspension was formed. After an additional 10min, 0.03mol 
(3.54g) of ethyl lactate was added over 10min with vigorous stirring while keeping the temperature below 
-80°C. During the addition, the suspension became a clear solution. The temperature was allowed to rise to 
20°C. NH4Cl-solution (100ml) was added, after which the product was isolated in the usual way.

General procedure for esterification
A suspension of the amino acid (0.07mol) in methanol (150ml) was cooled to 0°C. While vigorously stirring, 
thionylchloride (39.4g, 0.33mol) was added dropwise over 30 minutes. The temperature was allowed to rise 
to room temperature. After stirring overnight, the excess of thionylchloride and methanol was evaporated. 
The resultant white solid was washed 3 x 200ml of dry Et2O and dried under reduced pressure.
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Mitsunobu reaction
Synthesis o f  O-Arylated Lactic Acid derivatives13
The reaction was performed under Argon atmosphere. A solution of DEAD (110mmol) in dry THF (75ml) 
was added dropwise during 1h to a mixture of (S)-ethyl lactate (100mmol), the substituted phenol 
(100mmol), and triphenylphosphine (100mmol) in THF (150ml). The reaction mixture was subsequently 
stirred at ambient temperature overnight. The THF was evaporated and diethyl ether was added in order to 
precipitate the triphenylphosphine oxide formed, which was filtered off. This procedure was repeated several 
times.

Synthesis o f (S)-(-)-1,1-diphenyl-1,2-propanediol (1)
In the Grignard reaction bromobenzene was used. Yield 85%. Mp: 91.7°C; AH=99.15J/g; (Lit14. M.p. 91- 
93°C); [a ] 0 = -141 (c 2.6, Benzene) [Lit15. [a]00 = +149 (R) (c 2.4, Benzene)]; 1H-NMR (100MHz, CDC^): 
ô 7.62-7.21 (m, 10H, arom.), ô 4.84-4.74 (q, 1H, CH3-CH, J = 3.9 Hz), ô 3.05 (s, 1H, tert. OH), ô 1.94-1.90 
(d, 1H, sec. OH, J = 3.8 Hz), ô 1.11-1.05 (d, 3H, -CH3, J = 6.2 Hz); IR (film) v 3567 (m, free OH), 3503 
(broad, s, OH), 3050-3090 (v, C-H, arom.) cm"1, EA Found: C, 78.07; H, 7.16; C15H 6O2 requires C, 78.92;
H, 7.06%

Synthesis o f (S)-(-)-1,1-bis-o-tolyl-1,2-propanediol (2)
In the butyllithium-halogen-reaction o-bromotoluene was used. Yield 40%. Mp: 75.8°C; AH=80.54J/g; 
[a]D°= -150 (c 2, MeOH); 1H-NMR (100MHz, CDC^): ô 7.76-6.80 (m, 8H, arom.), ô 4.95-4.84 (dq, 1H, 
CH3-CH, J = 5.3 Hz), ô 3.01 (s, 1H, tert. OH), ô 2.11-2.06 (d, 1H, sec. OH, J = 5.2 Hz), ô 2.01-1.96 (d, 6 H, 
phenyl-CHs, J = 5.0 Hz), ô 1.04-0.98 (d, 3H, -CH3, J = 6.3 Hz); IR (KBr) v 3553 (m, free OH), 3387 (broad, 
s, OH), 3103-3060 (v, C-H, arom.) cm'1; EA Found: C, 79.70; H, 7.84; C ^ H ^  requires C, 79.65; H, 
7.86%; GC-MS m/z calcd for Ci7H20O2 (M+) 256, found 255 (M-1H), 239 (M-1OH), (X-ray structure see 
chapter 4)

Synthesis o f  (S)-(-)-1,1-bis-m-tolyl-1,2-propanediol (3)
In the butyllithium-halogen-exchange reaction m-bromotoluene was used. Yield 72%. Mp: 65°C (Lit16. 
M.p. 63°C); [ a ]20 = -93 (c=2, MeOH); 1H-NMR (100MHz, CDC^): ô 7.43-7.02 (m, 8H, arom.), ô 4.85-4.76 
(dq, 1H, CH3-CH, J = 2.6 Hz), ô 2.93 (s, 1H, tert. OH), ô 2.34-2.31 (d, 6 H, phenyl-CH3, J = 2.7 Hz); ô 1.85
1.82 (d, 1H, sec. OH, J = 3.4 Hz), ô 1.13-1.07 (d, 3H, -CH3, J = 6.2 Hz); IR (KBr) v 3500 (broad, s, OH), 
3056-3032 (v, C-H, arom.) cm-1; GC-MS m/z calcd for C17H20O2 (M+) 256, found 255 (M-1H), 239 
(M-1OH), (X-ray structure see chapter 4)

Synthesis o f (S)-(-)-1,1-bis-p-tolyl-1,2-propanediol (4)
In the Grignard reaction p-bromotoluene was used. Yield 79%. Mp: 92°C; AH=85.48J/g; (Lit17) M.p. 91- 
93°C); [a]D° = -82 (c 2, MeOH) [Lit.17 [a]20 = -85 (c 2, MeOH)]; 1H-NMR (100MHz, CDC^): ô 7.51-7.03 
(m, 8H, arom.), ô 4.86-4.63 (dq, 1H, CH3-CH, J = 2.4 Hz), ô 2.92 (s, 1H, tert. OH), ô 2.30-2.28 (d, 6 H, 
phenyl-CHs, J = 2.4 Hz); ô 1.90-1.87 (d, 1H, sec. OH, J = 3.8 Hz), ô 1.12-1.06 (d, 3H, -CH3, J = 6.2 Hz); 
IR (film) v 3548 (m, free OH), 3435 (broad, s, OH), 3027-3096 (v, C-H, arom.) cm-1; GC-MS m/z calcd for 
Ci7H20O2 (M+) 256, found 255 (M-1H), 239 (M-1OH); (X-ray structure see chapter 4)

Synthesis o f (S)-(-)-1,1-bis-o-anisyl-1,2-propanediol (5)
In the butyllithium-halogen-exchange reaction o-bromoanisol was used. Yield 73%. Mp: 98°C; 
AH=88.09J/g; [ a ] 0 = -83 (c 2, MeOH); 1H-NMR (100 MHz, CDCl3): ô 7.79-6.68 (m, 8H, arom.), ô 5.07 (s, 
1H, OH), ô 5.21-5.06 (dq, 1H, CH3-CH, J = 3.4 Hz), ô 3.58-3.46 (d, 6 H, OCH3, J = 12.3 Hz); ô 2.76-2.06 (d, 
1H, sec. OH, J = 9.9 Hz), ô 1.05-0.99 (d, 3H, -CH3, J = 6.3 Hz); IR (film) v 3541 (m, free OH), 3474 (br, s, 
OH), 3066 (v, C-H, arom.), 2834 (s, -OCH3) cm-1; EA Found: C, 71.18; H, 7.17; C17H20O4 requires C, 70.81;
H, 6.99%; MS (EI) m/z calcd for C17H20O4 (M+) 288, found 270 (M-1H2O), 243 [M-CHìC(OH)H], 181 
(M-anisyl); (X-ray structure see chapter 4)
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Synthesis o f  (S)-(-)-1,1-bis-m-anisyl-1,2-propanediol (6)
In the butyllithium-halogen-exchange reaction m-bromoanisol was used. Yield 45%. Mp: 84.4°C; 
AH=115.85J/g; [ a ] 00 = -91 (c 2, MeOH); 'H-NMR (100MHz, CDCl3): ô 7.43-6.55 (m, 8H, arom.), ô 4.86
4.67 (q, 1H, CH3-CH, J = 6.2 Hz), ô 3.77 (s, 6 H, OCH3), ô 3.90 (br, 1H, OH), ô 1.90 (br, 1H, OH), ô 1.13
1.07 (d, 3H, -CH3, J = 6.3 Hz); IR (CHC^) v 3550-3400 (br, OH), 2990-2800 (v, C-H, arom.), 2840 (s, 
-OCH3) cm“1; MS (CI) m/z calcd for C:tH20O4 (M+) 288, found 289 (M+1H), 271 (M-OH), 243 
[M-CH3C(OH)H]; (X-ray structure see chapter 4)

Synthesis o f (S)-(-)-1,1-bis-p-anisyl-1,2-propanediol (7)
In the butyllithium-halogen-exchange reaction p-bromoanisol was used. Yield 79%. Mp: 58°C; [a]°D° = -82 
(c 2, MeOH); 'H-NMR (100MHz, CDCl3): ô 7.51-7.03 (m, 8H, arom.), ô 4.86-4.63 (dq, 1H, CH3-CH, 
J = 2.4 Hz), ô 2.92 (s, 1H, tert. OH), ô 2.30-2.28 (d, 6 H, phenyl-CH3, J = 2.4 Hz); ô ô 1.90-1.87 (d, 1H, sec. 
OH, J = 3.8 Hz), ô 1.12-1.06 (d, 3H, -CH3, J = 6.2 Hz); IR (film) v 3548 (m, free OH), 3435 (broad, s, OH), 
3027-3096 (v, C-H, arom.) cm-1; MS (EI) m/z calcd for C:tH20O4 (M+) 288, found 287 (M-1H), 271 
(M-1OH)

Synthesis o f  (S)-(-)-1,1-bis-o-trifluoromethylbenzene-1,2-propanediol (8)
In the butyllithium-halogen-exchange reaction o-trifluoromethylbromobenzene was used. Yield 51% (oil);
[a]00 = -33 (c 1.2, CHCl3); 'H-NMR (100MHz, CDCl3): ô 8.02-7.25 (m, 8H, arom.), ô 5.02-4.84 (q, 1H,
CH3-CH, J = 5.8 Hz), ô 3.60 (s, 1H, tert. OH), ô 2.29 (br, 1H, sec. OH), ô 1.04-0.97 (d, 3H, -CH3, 
J = 6.3 Hz); IR (film) v 3361 (br, OH), 2975-2866 (v, C-H, arom.), 1307 (s, C-F) cm-1; MS (CI) m/z calcd 
for C17HJ4F6O2 (M++H) 365, found 365 (M+1H),

Synthesis o f  (S)-(-)-1,1-bis-m-trifluoromethylbenzene-1,2-propanediol (9)
In the butyllithium-halogen-exchange reaction m-trifluoromethylbromobenzene was used. Yield 39% (oil);
[a]D° = -47 (c 1.1, CHCl3); 'H-NMR (100MHz, CDCl3): ô 7.9-7.26 (m, 8H, arom.), ô 4.95-4.78 (q, 1H,
CH3-CH, J = 6  Hz), ô 3.20 (s, 1H, tert. OH), ô 1.8 (s, 1H, sec. OH), ô 1.12-1.06 (d, 3H, -CH3, J = 6.2 Hz); 
IR (film) v 3372 (br, OH), 2963-2891 (v, C-H, arom.), 1326 (s, C-F) cm-1; MS (CI) m/z calcd for 
CJ7HJ4F6O2 (M+) 364, CI+ found 345, 320 (M-CH3C(OH)H),

Synthesis o f (S)-(-)-1,1-bis-p-trifluoromethylbenzene-1,2-propanediol (10)
In butyllithium-halogen-exchange reaction p-trifluoromethylbromobenzene was used. Yield 46% (oil).
[a]D°= -50 (c 1.6, CHCl3); 'H-NMR (100MHz, CDCl3): ô 7.79-7.08 (m, 8H, arom.), ô 4.89-4.60 (q, 1H,
CH3-CH, J = 6.1 Hz), ô 3.2 (s, 1H, tert. OH); ô 1.83-1.80 (d, 1H, sec. OH, J = 3.0 Hz), ô 1.13-1.07 (d, 3H, 
-CH3, J = 6.0 Hz); IR (film) v 3382 (br, OH), 2931-2870 (v, C-H, arom.), 1323 (s, C-F) cm-1; MS (CI) m/z 
calcd for C17HJ4F6O2 (M+) 364, found 347 (M-1OH), 319, 301

Synthesis o f  (S)-(-)-1,1-bis-p-chlorobenzene-1,2-propanediol (11)
In the butyllithium-halogen-exchange reaction p-bromochlorobenzene was used. Yield 41%. Mp: 80.8°C;
AH=75.52J/g; (Lit18 M.p. 95°C); [ a ] 0 = -95 (c 1, CHC^); 'H-NMR (100MHz, CDC^): ô 7.54-7.18 (m, 8H,
arom.), ô 4.80-4.61 (q, 1H, CH3-CH, J = 6.3 Hz), ô 3.09 (br, 1H, tert. OH), ô 1.89 (br, 1H, sec. OH), ô 1.09
1.03 (d, 3H, -CH3, J = 6.2 Hz); IR (film) v 3623 (m, free OH), 3468 (broad, s, OH), 3083-2920 (v, C-H, 
arom.), 1089 (s, arom. C-Cl) cm-1; MS (CI) m/z calcd for C ^ H ^ O ^ ^  (M+) 296, found 297 (M+1H), 
279 (M-OH), 251

Synthesis o f  (S)-(-)-2-phenoxy-1,1-diphenyl-1-propanol (12)
The O-phenylether of (R)-lactic acid ester was obtained according to the general Mitsunobu reaction 
procedure. The obtained oil was purified by vacuum distillation (90°C, 3mm Hg). Yield 78%. [a  ] °0 = +47 
(c 2.2, MeOH); 'H-NMR (100MHz, CDCl3): ô 7.34-6.82 (m, 5H, arom.), ô 4.84-4.63 (q, 1H, phenoxy-CH, 
J = 6.7 Hz), ô 4.31-4.09 (q, 2H, OCH2, J = 7.1Hz), ô 1.64-1.57 (d, 3H, CH3-CH(O), J = 6.7Hz), ô 1.3-1.16 (t, 
3H, CH2-CH3, J = 6.2 Hz). In the following phenyllithium-reaction a yield of 65% was obtained.
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Mp: 136.4°C; AH=85.29J/g; [a]20 = +144 (c 1, MeOH); 'H-NMR (300MHz, CDCl3): ô 7.17-6.88 (m, 15H,
arom.), ô 5.34-5.28 (q, 1H, CH3-CH, J = 6.0 Hz), ô 3.15 (s, 1H, tert. OH), ô 1.18-1.16 (d, 3H, -CH3, 
J = 6.1 Hz); IR (C^Cfe) v 3840 (m, free OH), 3530 (broad, s, OH), 3080-2900 (v, C-H, arom.) cm-1; 
MS (CI) m/z calcd for C0lH00O0 (M+) 304, found 304 (M+), 287 (M+-OH); (X-ray structure see chapter 4)

Synthesis o f  (S)-(-)-2-(2-methoxyphenoxy)-1,1-diphenyl-1-propanol (13)
The O-anisylether of R-lactic acid ester was obtained according to the general Mitsunobu reaction procedure. 
The obtained oil was purified by vacuum distillation (115°C, 1.5mm Hg). Yield 83%. [a]°°=  +46 (c 2.3, 
MeOH); ’H-NMR (100MHz, CDCl3): ô 7.27-6.81 (m, 4H, arom.), ô 4.85-4.64 (q, 1H, anisyl-O-CH, 
J = 6.7Hz), ô 4.31-4.09 (q, 2H, OCHa, J = 7.1Hz), ô 3.85 (s, 3H, OCH3), ô 1.67-1.61 (d, 3H, CH3-CH(O), 
J = 6 .8Hz), ô 1.31-1.17 (t, 3H, CH2-CH3, J = 7.1 Hz). In the following phenyllithium-reaction a yield of 35%
was obtained. Mp: 111.3°C; AH=90.80J/g; [ a ] 0 = +151 (c 1.1, MeOH), 1H-NMR (100MHz, CDCl3): ô 7.6
6.85 (m, 14H, arom.), ô 5.46-5.27 (q, 1H, CH3-CH, J = 6.2Hz), ô 3.77 (s, 1H, tert. OH), ô 3.70 (s, 3H, 
OCH3); ô 1.15-1.08 (d, 3H, J = 6.1Hz), IR (film) v 3491 (broad, OH), 3063-3006 (v, C-H, arom.) cm-1; 
EA Found: C, 79.53; H, 6.01; Q 7H20O4 requires C, 79.02; H, 6.63%; MS (CI) m/z calcd for CooHooO3 
(M+) 334, found 334 (M+), 352 (M++NH4)(X-ray structure see chapter 4)

Synthesis o f  (S)-(-)-2-methoxy-1,1-diphenyl-1-propanol (14)
In a three-necked flask (250ml) NaH (4g dispersion 60%, 0.1mol) was placed, washed with hexane (2 x 
50ml) and dry THF (50ml) was added. The mixture was cooled to -78°C. Then a solution of (S)-ethylactate 
(11.8g, 0.1mol) in THF (20ml) was added dropwise over 2 hr while vigorous stirring and let come the 
reaction to 0°C. Then methyl iodide (15.5g, 0.1mol) in THF (20ml) was added dropwise (Lit.19). After two 
hours without working-up and isolation of the ether the phenyllithium-reaction followed and yielded after 
purification with column chromatography (Heptane/EtOAc 9:2) and crystallization in ether 35% of the
desired compound. Mp: 75°C; [a]20 = -56 (c 2.4, MeOH); 'H-NMR (300MHz, CDC^): ô 7.25-7.16 (m, 
10H, arom.), ô 4.32-4.26 (q, 1H, CH3-CH, J = 6.15 Hz), ô 3.37 (s, 3H, OCH3), ô 3.04 (s, 1H,tert. OH), 
ô 1.04-1.02 (d, 3H, -CH3, J = 6.0 Hz); IR (film) v 3548 (m, free OH), 3435 (broad, s, OH), 3027-3096 (v, 
C-H, arom.) cm-1; MS (CI) m/z calcd for C ^ H i ^  (M+) 242, found 211 (M+-OCH3), 225 (M+-1OH), (X-ray 
structure see chapter 4)

Synthesis o f  (2R)-3,3-dimethyl-1,1-diphenylbutane-1,2,4-triol (15)
The reaction was performed according the general procedure for the BuLi reaction but D-pantolactone 
(0.03mol, 3.9g) was used instead of ethyl lactate. In the phenyllithium-reaction a yield of 80% was obtained.
The Grignard reaction gave only 45% yield. Mp: 151°C; AH=99.90J/g; (Lit.20 Mp: 154°C); [a]°°=  +123 
(c 1, MeOH); 1H-NMR (100MHz, CDC^): ô 7.7-7.13 (m, 10H, arom.), ô 4.81 (s, 1H, OH), ô 4.61 (s, 1H, 
C2H), ô 3.71-3.59 and 3.32-3.21 (dd, 2H, diasterotopic C H , 11Hz), ô 0.75-0.61 (d, 6 H, diastereotopic CH3, 
J = 13.5Hz); IR (film) v 3501 (broad, OH), 3084-3000 (v, C-H, arom.) cm-1; MS (CI) m/z calcd for 
(M+) 286, found 301 (M+CH3+)

Synthesis o f  2-(2,2-dimethyl-5,5-diphenyl-1,3-dioxolan-4-yl)-2-methyl-1-propanol (16a)
Compound 15 (0.5g, 1.74mmol) was dissolved in DMP and a catalytic amount of TosOH*H2O was added. 
After stirring the reaction for 12hr at RT 0.3g K2CO3 were added and stirred for further 2hr. After filtration 
the solvent was evaporated and a white solid was obtained in a yield of almost 100%. Mp: 150°C;
AH=111.45J/g; [ a ] 0 = +148 (c 1.1, MeOH); 1H-NMR (300MHz, CDCl3): ô 7.51-7.1 (m, 10H, arom.), 
ô 4.66 (s, 1H, C3H), ô 3.67-3.63 and 3.05-3.01 (dd, 2H, diastereotopic CH2, 4 Hz), ô 3.32 (s, 1H, OH); ô 1.57 
(s, 3H, CH3), ô 1.35 (s, 3H, CH3), ô 1.24 (s, 3H, CH3), ô -0.06 (s, 3H, CH3), 13C-NMR (300MHz, CDC^): 
ô 143-126 (m, 12C, arom.), ô 99.1 (1C, (C^^-C-OCO)-), ô 79.6 (1C, (PhV Q , ô 78.63 (1C, (PhVC-Q; 
ô 73.9 (1C, C-OH), ô 34.30 (1C, CHC^K), ô 29.53 and 23.18 (2C, (£H3)2-C-O(O)), ô 23.18 and 20.04 (2C, 
(CH3)2-C), IR (film) v 3563 (m, free OH), 3060-2870 (v, C-H, arom.) cm-1; MS (CI) m/z calcd for 
(M+) 326, found 327 (M++H)
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Synthesis o f  (S)-(-)-1,1,4,4-tetraphenyl-1,2,4-butanetriol (17)21
The reaction was performed according the general procedure for the BuLi reaction but L-malic acid dimethyl 
ester (0.015mol, 2.45g) was used instead of ethyl lactate. In the phenyllithium-reaction a yield of 55% was
obtained. Mp: 156.1°C; AH=78.47J/g; [ a ] °  = -60 (c 1, MeOH); 1H-NMR (100MHz, CDCl3): ô 7.38-7.13 
(m, 20H, arom.), ô 4.86-4.63 (q, 1H, CH-OH, J = 6.0 Hz), ô 3.96 (s, 1H, OH), ô 3.33 (s, 1H, OH), ô 3.17 (s, 
1H, OH), ô 2.35 (s, 2H, CH ); IR (film) v 3545 (m, free OH), 3391 (broad, s, OH), 3086-2907 (v, C-H, 
arom.) cm-1; MS (CI) m/z calcd for Co8Ho6O3 (M+) 410, found 393 (M H +^O ); 375 (M H + ^ O )  (X-ray 
structure see chapter 4)

Synthesis o f (S)-(-)-2-amino-1,1-diphenyl-1-propanol (19)
In the Grignard reaction bromobenzene and L-alanine methyl ester were used. Yield 58%. Mp: 101°C; 
AH=105.50J/g; (Lit.22 M.p. 100-102°C); [a] 20 = -83 (c 1, CHC^) [Lit.23 [a]20 = -82 (c 0,8 CHC^)]; 
1H-NMR (100MHz, CDCl3): ô 7.66-7.13 (m, 10H, arom.), ô 4.23-4.04 (q, 1H, N ^-C H , J = 6.2 Hz), ô 0.97
0.91 (d, 3H, -CHb, J = 6.3 Hz); IR (film) v 3433 (broad, s, OH or NH), 3083-2985 (v, C-H, arom.) cm-1, 
MS (CI) m/z calcd for C15H17NO (M+) 227, found 228 (M++H)

Synthesis o f  (S)-(-)-2-amino-1,1-di(4-methylphenyl)-1-propanol (20)
In the Grignard reaction p-bromotoluene and L-alanine methyl ester were used. Yield 45%. Mp (HCl-salt): 
235-238°C (Lit.22 Mp (HCl-salt): 243°C dec.); [ a ] °  = +49 ((HCl-salt) c 4.3, MeOH) [Lit.22 [a]20= +48 
(c 4.28, MeOH)]; 1H-NMR (100 MHz, CDCl3): ô 7.57-7.08 (m, 8H, arom.), ô 4.45-4.37 (q, 1H, CH3-CH, 
J = 6 .6  Hz), ô 2.25 (s, 6 H, phenyl-CH3), ô 1.28-1.21 (d, 3H, -CH3, J = 6 .6  Hz); IR (film) v 3403 (broad, s, 
OH or NH), 3022-2872 (v, C-H, arom.) cm-1, MS (CI) m/z calcd for C ^ N O  (M+) 255, found 256 (M++H)

Synthesis o f (S)-(-)-2-amino-1,1-di(4-methoxyphenyl)-1-propanol (21)
In the Grignard reaction p-bromoanisol and L-alanine methyl ester were used. Yield 21%. Mp: 89°C; 
[a]20 = 61 (c 1, CHCl3); 1H-NMR (100MHz, CDC^): ô 7.54-6.76 (m, 8H, arom.), ô 4.12-3.94 (q, 1H, 
CH3-CH, J = 6.3 Hz), ô 3.75 (s, 6 H, OCH3), ô 0.96-0.90 (d, 3H, -CH3, J = 6.3 Hz); IR (film) v 3403 (broad, 
s, OH or NH), 2934 (v, C-H, arom.) cm-1; MS (CI) m/z calcd for Cl7HolNOo (M+) 287, found 288 (M++H)

Synthesis o f (S)-(-)-2-amino-1,1-di(4-chlorophenyl)-1-propanol (22)
In the Grignard reaction p -bromochlorobenzene and L-alanine methyl ester were used. Yield 30%. 
Mp: 135°C (Lit.22 M.p. 106-109°C); [ a ] “  = -76 (c 3, CHC^) [Lit.22 [a]20= -82 (c 3, CHC^)]; 1H-NMR 
(100MHz, CDCl3): ô 7.56-7.18 (m, 8H, arom.), ô 4.16-3.97 (q, 1H, CH3-CH, J = 6.3 Hz), ô 2.4 (br, 3H, tert. 
OH_and N H ), ô 0.95-0.88 (d, 3H, -CH3, J = 6.3 Hz); IR (film) v 3380 (broad, s, OH or NH), 2974-2875 (v, 
C-H, arom.) cm-1, MS (CI) m/z calcd for C15H15Cl2NO (M+) 295, found 296(M++H)

Synthesis o f S-(-)-2-amino-1,1,3-triphenyl-1-propanol (23)
In the Grignard reaction bromobenzene and L-Ph-alanine methyl ester were used. Yield 25%. Mp: 144- 
146°C; AH=114.43J/g; (Lit.22 M.p. 140-143°C); [a]20 = -84 (c 3, CHCl3) [Lit.22 [a]20= -83 (c 3, CHC^)]; 
1H-NMR (100MHz, DMSO-d6): ô 7,55-7,46 (d, J = 8 Hz, 4 H, arom.); ô 7,23-7,00 (m, 11 H, arom.); ô 3,95
3,85 (dd, J1 = 2,6 Hz, J2 = 3,15 Hz, 1 H, N ^C H ); ô 2,45-2,02 (m, 2H, diastereotopic phenyl-CH); ô 1,03
0,97 (b, 3H, OH and NH^); IR (CHC^) v 3460-3400 (broad, s, OH or NH), 3080-3020 (v, C-H, arom.) cm-1; 
MS (CI) m/z calcd for ColHolNlOl (M+) 303, found 304(M++H)

Synthesis o f (S)-(-)-2-amino-1,1-di(4-methylphenyl)-3-phenyl-1-propanol (24)
In the Grignard reaction p -bromotoluene and L-Ph-alanine methyl ester were used. Yield 25%. Mp: 109°C;
[a]20 = -60 (c 1, CHCl3); 1H-NMR (300MHz, CDCl3): ô 7.51-7.19 (m, 13H, arom.), ô 4.16-4.05 (dd, 1H,
NH2-CH, J = 3 Hz), ô 2.62-2.4 (m, 2H, phenyl-CH2), ô 2.28 (s, 6 H, phenyl-CH3); ô 1.3 (br, 3H, OH_and 
NH¿), IR (film) v 3462 (m, free OH), 3402 (broad, s, OH), 3058-2918 (v, C-H, arom.) cm-1; MS (CI) m/z 
calcd for ^ b ^ N A  (M+) 331, found 332(M++H)
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Synthesis o f  (S)-(-)-2-amino-1,1-di(4-methoxyphenyl)-3-phenyl-1-propanol (25)
In the Grignard reaction p -bromoanisol and L-Ph-alanine methyl ester were used. Yield 35%. Mp: 109°C; 
AH=36.07J/g; [ a ] ° =  -57 (c 1, CHCl3); 1H-NMR (100MHz, CDCl3): ô 7.35-6.66 (m, 13H, arom.), ô 4.28
4.16 (dd, 1H, NH2-CH, J = 2.6 Hz), ô 3.55 (s, 6 H, OCH3), ô 2.60-2.45 (m, 2H, phenyl-CH), IR (film) 
v 3403 (broad, s, OH), 3024-2950 (v, C-H, arom.) cm-1; MS (CI) m/z calcd for C ^ H ^ N A  (M+) 363, found 
364(M++H)

Synthesis o f (S)-(-)-2-amino-1,1-di(4-chlorophenyl)-3-phenyl-1-propanol (26)
In the Grignard reaction p -bromochlorobenzene and L-Ph-alanine methyl ester were used. Yield 55%.
Mp: 137°C; [ a ] °  = - 6 6  (c 3, CHCl3); 1H-NMR (100MHz, CDCl3): ô 7.59-7.11 (m, 13H, arom.), ô 4.59 (br,
1H, tert. OH), ô 4.14-4.01 (dd, 1H, NH2-CH, J = 3.4 Hz), ô 2.64-2.4 (m, 2H, phenyl-CH2); ô 1.15 (br, 2H, 
NH2), IR (film) v 3240 (broad, s, OH), 3025-2950 (v, C-H, arom.) cm-1; MS (CI) m/z calcd for 
ColHl9CloNlOl (M ) 372, found 372

Synthesis o f (S)-(-)-2-amino-1,1,2-triphenyl-1-ethanol (27)
In the Grignard reaction bromobenzene and L-Ph-Glycine methyl ester were used. Yield 35%. Mp: 126°C;
AH=91.71J/g; (Lit.24 M.p. 125°C); [a]D° = +246 (c 1.8, CHC^) [Lit.24 [a]20= -217 (c 1.85, CHC^)];
1H-NMR (100MHz, CDCl3): ô 7.78-6.90 (m, 15H, arom.), ô 5.00 (s, 1H, N ^-C H ), ô 2.35 (br, 3H, tert. OH 
and NH2), IR (film) v 3432 (m, free OH), 3382 (broad, s, OH and NH), 3082-2964 (v, C-H, arom.) cm-1; 
MS(CI) m/z calcd for ^ H ^ N A  (M+) 290, found 290

Synthesis o f (S)-(-)-2-amino-1,1-di(4-methylphenyl)-2-phenyl-1-ethanol (28)
In the Grignard reaction p -bromotoluene and L-Ph-Glycine methyl ester were used. Yield 42 %. Mp: 100°C; 
AH=35.84J/g; [a]20= +105 (c 4.3, MeOH); 1H-NMR (100MHz, CDCl3): ô 7.65-6.78 (m, 13H, arom.), 
ô 4.95 (s, 1H, NH2-CH), ô 2.33 (3H, phenyl-CH3), ô 2.16 (3H, phenyl-CH3); ô 1.59 (br, 3H, tert. OH and 
NH2); IR (film) v 3419 (broad, s, OH and NH), 3026-2917 (v, C-H, arom.) cm-1; MS (CI) m/z calcd for 
C ^ H ^ N A  (M ) 317, found 318 (M++H), 300 (M+-OH)

Synthesis o f (S)-(-)-2-amino-1,1-di(4-methoxyphenyl)-2-phenyl-1-ethanol (29)
In the Grignard reaction p -bromoanisol and L-Ph-Glycine methyl ester were used. Yield 20%. Mp: 77.6°C; 
AH=31.72J/g; [a]20= -156 (c 1, CHCl3); 1H-NMR of HCl-salt (100MHz, MeOH-d4): ô 7.44-6.68 (m, 13H, 
arom.), ô 4.95 (s, 1H, N ^-C H ), ô 3.54 (s, 3H, OCH3), ô 3.38 (s, 3H, OCH3), IR (film) v 3383 (broad, s, OH 
and NH), 3020-2883 (v, C-H, arom.) cm-1; MS (CI) m/z calcd for ^ H N A  (M+) 349, found 350 (M++H), 
332 (M+-OH

Synthesis o f (S)-(-)-2-amino-1,1-di(4-chlorophenyl)-2-phenyl-1-ethanol (30)
In the Grignard reaction p-bromochlorobenzene and L-Ph-Glycine methyl ester were used. Yield 31%. Mp: 
133.5°C; [a]D0 = -192 (c 3, CHCl3); 1H-NMR (100MHz, CDCl3): ô 7.70-7.00 (m, 13H, arom.), ô 4.86 (s, 1H, 
NH2-CH), ô 1.27 (br, 3H, tert. OH and N H ), IR (film) v 3403 (broad, s, OH and NH), 3083-2971 (v, C-H, 
arom.) cm-1; MS (CI) m/z calcd for CooHl7CloNlOl (M+) 358, found 358 (M+), 340 (M+-HO)

Synthesis o f (S)-(-)-diphenyl(tetrahydro-1H-2-pyrrolyl)methanol (31)
The commercially available title compound was synthesised by the following procedure. (S)-Proline (5.75g, 
50mmol) was suspended in dry MeOH (100ml). K2CO3 (6.9g, 50mmol) was added and then 
ethylchloroformate (11.93g, 110mmol) was added dropwise within 5min. at 25°C. The reaction was cooled 
down to 0°C and stirred for 12hr. The solvent was evaporated under reduced pressure and the residue was 
dissolved in CHCl3 and water and then extracted. The organic layer was dried (MgSO4) and the solvent 
evaporated. The ^-protected proline ester was obtained in yield of 98%. 1H-NMR (100MHz, CDCl3): 
ô 4.32- (d, 2 H,CH2-CH3.), ô 3.73 (s, 3H, OCH3), ô 3.53-3.47 (m, 3 H,CH2-N-CH), ): ô 2.02-1.95 (m, 4H, 
NCH^CH^CH^), ô 1.33-1.12 (q, 3H, CHCH3 , J = 7 Hz). In the following Grignard reaction in THF 
p-bromobenzene was used. After the reaction and working-up the ^-protected diphenyl carbinol derivative 
of (S)-proline was obtained in yield of 45%. 1H-NMR (100MHz, CDCl3): ô 7.73-6.96 (m, 10H, arom.),
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ô 4.89 (m, 1H, NCH), ô 3.67-3.59 (d, 2H, OCH2, J = 8Hz), ô 3.46-3.35 (m, 2H, N-CH2), ô 2.09-1.77 (m, 4H, 
N C H -C H -C H ), ô 1.29-1.10 (d, 3H, CH2CH3, J = 6 Hz). Then the compound is dissolved in dry MeOH and 
KOH (13.44g, 0.24mol) are added. The mixture is refluxed for 4hr. After removing the solvent the residue is 
dissolved in CHCl3 and water and extracted. The dried organic layer is evaporated under reduced pressure 
and an oil is obtained. After crystallisation from ether the desired compound is obtained in a yield of 15%.
Mp: 75°C; AH=61.25J/g; (Lit.25 M.p. 74-74.8°C); [ a ] ”  = -56 (c 1.3, MeOH) [Lit. [ a ] °  = -59,8 (c 1.3, 
MeOH)]; 1H-NMR (100 MHz, CDC^): ô 7.62-7.03 (m, 10H, arom.), ô 4.32-4.17 (t, 1H, NCH, J = 7.2Hz), 
ô 2.99-2.94 (m, 2H, N CH), ô 1.67-1.57 (m, 4H, N-CH)

General procedure for Schotten Baumann reaction
The diarylcarbinol derivative (6 .6  mmol) is dissolved in ether (100ml). Then sodium hydroxide solution 
(0.1g in 10ml water) is added and the mixture is cooled to 0°C. While vigorously stirring 
arylcarbonylchloride (6 .6 mmol) and an aqueous sodium hydroxide solution (0.22g in 30ml) are added to the 
reaction. The mixture must always be basic. After 30 min the reaction is allowed to warm up to rt. The white 
precipitate is filtered off and washed with water (3 x 25ml) and with ether (2 x 25ml).

Synthesis o f  (S)-(-)-N1-(2-hydroxy-1-methyl-2,2-diphenylethyl)benzamide (32)
In the Schotten-Baumann reaction benzoylchloride and compound 19 were used. Yield 95%. Mp: 224°C
(Lit.26 M.p. 190.5-191.5°C); [a]D0 = -76 (c 0.25, CHCl3); 1H-NMR (100MHz, MeOH-d4): ô ô 7.57-7.13 (m,
15H, arom.), ô 3.31-3.68 (q, 1H, CH3-CH, J = 7.1 Hz), ô 0.93-0.86 (d, 3H, -CH3, J = 6 .8  Hz); IR (film) 
v 3450 (broad, s, OH), 3310 (v, s, NH amid), 3016-3081 (v, C-H, arom.) cm-1; MS (CI) m/z calcd for 
C00H01NO0 (M ) 331, found 332 (M++H], 314 (M+-OH])

Synthesis o f  S-(-)-N1-(2-hydroxy-1-methyl-2,2-diphenylethyl)-4-methylbenzamide (33)
In the Schotten-Baumann reaction 4-methyl-benzoyl chloride and compound 19 were used. Yield 95%. Mp:
229.9°C; [ a ] 0 = -60 (c 0.25, CHCl3); 1H-NMR (100MHz, DMSO-d6): ô 7.41-7.14 (m, 14H, arom.), ô 4.13
4.00 (q, 1H, CH3-CH, J = 1.3 Hz), ô 2.4 (s, 3H, Ph-CH¡), ô 0.92-0.87 (d, 3H, -CH3, J = 5.0 Hz); IR (film) 
v 3465 (broad, s, OH), 3330 (v, s, NH), 3027-3096 (v, C-H, arom.) cm-1; MS (EI) m/z calcd for ^ ^ 3 ^ 2  

(M ) 345, found 328 (M+-1OH)

Synthesis o f (S)-(-)-N1-(2-hydroxy-1-methyl-2,2-diphenylethyl)-4-methoxybenzamide (34)
In the Schotten-Baumann reaction 4-methyl-benzoyl chloride and compound 19 were used. Yield 95%. Mp:
194°C; [a]D  = -64 (c 0.25, CHCl3); 1H-NMR (100MHz, DMSO-d6): ô 7.59-7.19 (m, 14H, arom.), ô 5.1-5.28 
(q, 1H, NH-CH, J = 6.0 Hz), ô 3.79 (s, 3H, -OCH3), ô 1.21-1.16 (d, 3H, -CH3, J = 5.1 Hz); IR (film) v 3490 
(broad, s, OH or NH), 3025-2961 (v, C-H, arom.) cm-1; MS (EI) m/z calcd for C03H03NO3 (M+) 361, found 
3 4 4  (M-1OH)

Synthesis o f  S-(-)-N1-(2-hydroxy-1-methyl-2,2-diphenylethyl)-2,2-diphenylacetamide (35)
In the Schotten-Baumann reaction 2,2-diphenylethanoyl chloride27 and compound 19 were used. Yield 95%.
Mp: 140°C; [a]D°= -58 (c 0.25, CHCl3); 1H-NMR (100MHz, DMSO-d6): ô 7.39-7.21 (m, 20H, arom.), 
ô 5.12-5.03 (q, 1H, NH-CH, J = 6.0 Hz), ô 1.12-0.98 (d, 3H, -CH3, J = 4.6 Hz); IR (film) v 3532 (broad, s, 
OH or NH), 3010-2939 (v, C-H, arom.) cm-1; MS (CI) m/z calcd for ^ ^ 7 ^ 2  (M+) 421, 
found 422 (M++1H), 404 (M+-1OH)

Synthesis o f  (S)-(-)-N1-[2-hydroxy-1-methyl-2,2-di(4-methylphenyl)ethyl]benzamide (36)
In the Schotten-Baumann reaction benzoyl chloride and compound 20 were used. Yield 95%. Mp: 208.6°C;
AH=121.65J/g; [a]D0 = -58 (c 0.25, CHCl3); 1H-NMR (100 MHz, DMSO-d6): ô 7.47-7.00 (m, 13H, arom.), 
ô 5.34-5.1 (q, 1H, CH3-CH, J = 8.0 Hz), ô 2.29 (s, 6 H, phenyl-CH3), ô 1.21-1.14 (d, 3H, -CH3, J = 6 .6  Hz); 
IR (film) v 3440 (broad, s, OH or NH), 3085-2970 (v, C-H, arom.) cm-1; MS (CI) m/z calcd for C04H05NO0 

(M ) 359, found 359 (M+), 342 (M+-1OH)
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Synthesis o f  (S)-(-)-N1-[2-hydroxy-1-methyl-2,2-di(4-methylphenyl)ethyl]-4methyl-benzamide (37)
In the Schotten-Baumann reaction 4-methyl-benzoyl chloride and compound 20 were used. Yield 95%. Mp:
190°C; [ a ] 20 = -52 (c 0.25, CHCl3); 1H-NMR (100MHz, DMSO-d6): ô 7.49-7.01 (m, 12H, arom.), ô 4.10
4.05 (q, 1H, CH3-CH, J = 5.0 Hz), ô 2.33 and 2.23 (2 x s, 9H, phenyl-CH), ô 0.97-0.91 (d, 3H, -CH3, 
J = 6.0Hz); IR (film) v 3443 (broad, s, OH or NH), 3079-2910 (v, C-H, arom.) cm-1; MS (CI) m/z calcd for 
^ ^ 7 ^ 2  (M ) 373, found 372 (M+-1H), 356 (M+-1OH)

Synthesis o f  (S)-(-)-N1-[2-hydroxy-1-methyl-2,2-di(4-methylphenyl)ethyl]-4-methoxy-benzamide (38)
In the Schotten-Baumann 4-methoxy-benzoyl chloride and compound 20 were used. Yield 95%. Mp: 182°C;
[ a ] 20 = -48 (c 0.25, CHCl3); 1H-NMR (100MHz, DMSO-d6): ô 7.58-7.10 (m, 12H, arom.), ô 4.35-4.10 (q, 
1H, CH3-CH, J = 6.1 Hz), ô 3.8 (s, OCH^), ô 2.3 (s, 6 H, phenyl-CH3), ô ô 1.21-1.13 (d, 3H, -CH3, J = 8.0Hz); 
IR (film) v 3430 (broad, s, OH or NH), 2980-2820 (v, C-H, arom.) cm-1; MS (CI) m/z calcd for C05H07NO3 

(M ) 389, found 372 (M+-1OH)

Synthesis o f (S)-(-)N1-[2-hydroxy-1-methyl-2,2-di(4-methylphenyl)ethyl]-2,2-diphenylacet-amide (39)
In the Schotten-Baumann reaction 2,2-diphenylethanoyl chloride27 and compound 20 were used. Yield 95%.
Mp: 137.7°C; [a]D°= -36 (c 0.25, CHCl3); 1H-NMR (100MHz, DMSO-d6): ô 7.52-6.92 (m, 18H, arom.),
ô 5.24-5.07 (q, 1H, CH3-CH, J = 5.6 Hz), ô 4.76 (s, 1H, P^-CH), ô 2.33 (s, 6 H, phenyl-CHa), ô 1.04-1.11 (d, 
3H, -CH3, J = 7.0 Hz); IR (film) v 3423 (broad, s, OH or NH), 3122-2920 (v, C-H, arom.) cm-1; MS (CI) m/z 
calcd for C31H31NO2 (M+) 449, found 449 (M+), 432 (M+-1OH)

Synthesis o f  (S)-(-)-N1-(1-benzyl-2-hydroxy-2,2-diphenylethyl)benzamide28 (40)
In the Schotten-Baumann reaction benzoyl chloride and compound 23 were used. Yield 95%. Mp: 238°C 
(Lit28. M.p. 219°C); AH=127.28J/g; [a]D°= -6 6  (c 0.25, CHCl3); 1H-NMR (100MHz, DMSO-d6): ô 7,62
7,18 (m, 20 H, arom.); ô 5.25-5.05 (dd, J1 = 2,6 Hz, J2 = 3,15 Hz, 1H, NHCH); ô 3,12-3,04 (m, 2H, 
diastereotopic phenyl-CH); IR (film) v 3450-3350 (broad, s, OH or NH), 2980-3020 (v, C-H, arom.) cm-1; 
MS (EI) m/z calcd for ^ ^ 5 ^ 2  (M+) 407, found 390 (M+-1OH)

Synthesis o f  (S)-(-)-N1-(1-benzyl-2-hydroxy-2,2-diphenylethyl)-4-methylbenzamide (41)
In the Schotten-Baumann reaction 4-methyl-benzoyl chloride and compound 23 were used. Yield 95%.
Mp: 201°C; AH=97.01J/g; [a]D°= -80 (c 0.25, CHCl3); 1H-NMR (100MHz, DMSO-d6): ô 7,62-7,18 (m,
19 H, arom.); ô 5.25-5.05 (dd, J1 = 2,6 Hz, J2 = 3,15 Hz, 1H, NHCH); ô 3,12-3,04 (m, 2H, diastereotopic 
phenyl-CH); ô 2.3 (s, 3H, Ph-CH3), IR (film) v 3510-3450 (broad, s, OH or NH), 3040-3020 (v, C-H, 
arom.) cm-1; MS (EI) m/z calcd for C09H07NO0 (M+) 421, found 404 (M+-1OH)

Synthesis o f  (S)-(-)-N1-(1-benzyl-2-hydroxy-2,2-diphenylethyl)-4-methoxybenzamide (42)
In the Schotten-Baumann reaction 4-methoxy-benzoyl chloride and compound 23 were used. Yield 95%.
Mp: 205.3°C; [a]D0= -72 (c 0.25, CHCl3); 1H-NMR (100 MHz, DMSO-d6): ô 7,71-7,08 (m, 19H, arom.); 
ô 4.92-5.10 (q, J= 6  Hz, 1H, NHCH), ô 3.77 (s, 3H, Ph-CH3), ô 3,05-3,01 (d, J1 = 2,6 Hz); IR (CHCl3) 
v 3510-3420 (broad, s, OH or NH), 3010-2980 (v, C-H, arom.) cm-1; MS (CI) m/z calcd for ^ ^ 7 ^ 3  (M+) 
437, found 420 (M+-1OH)

Synthesis o f  (S)-(-)-N1-(1-benzyl-2-hydroxy-2,2-diphenylethyl)-2,2-diphenylacetamide (43)
In the Schotten-Baumann reaction 2,2-diphenylethanoyl chloride27 and compound 23 were used. Yield 95%.
Mp: 207.6°C; [a]20= 34 (c 0.25, CHCl3); 1H-NMR (100MHz, DMSO-d6): ô 7,57-6,98 (m, 25 H, arom.); 
ô 4.60 (s, 1H, Ph2-CH), ô 5.10-4,91 (q, J = 6.3 Hz, 1H, NHCH); ô 2,85-2,68 (m, 2H, 
diastereotopic phenyl-CH); ô 1,03-0,97 (b, 3H, OH and NH2); IR (CHCl3) v 3430-3390 (broad, s, OH or 
NH), 3100-3035 (v, C-H, arom.) cm-1; MS (CI) m/z calcd for C35H31NO2 (M+) 497, found 498 (M++1H), 
480 (M-1OH)
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Synthesis o f  (S)-(-)-N1-[1-benzyl-2-hydroxy-2,2-di(4-methylphenyl)ethyl]benzamide (44)
In the Schotten-Baumann reaction benzoyl chloride and compound 24 were used. Yield 95%. Mp: 206°C;
[ a ] 20 = -48 (c 0.25, CHCl3); 1H-NMR (100MHz, DMSO-d6): ô 7.54-7.06 (m, 18H, arom.), ô 5.10-4.85 (q,
J = 8Hz, 1H, NH-CH), ô 3.05-2.98 (d, J= 7Hz, 2H, CH ), ô 2.33-2.21 (d, J = 12Hz, 6 H, Ph-CH), IR (film) 
v 3390 (m, free OH), 3350 (broad, s, OH and NH), 3010-2970 (v, C-H, arom.) cm-1; MS (CI) m/z calcd for 
C30H29NO2 (M+) 435, found 434 (M+-1H), 418 (M+-1OH)

Synthesis o f  (S)-(-)-N1-[1-benzyl-2-hydroxy-2,2-di(4-methylphenyl)ethyl]-4-methyl-benzamide (45)
In the Schotten-Baumann reaction 4-methyl-benzoyl chloride and compound 24 were used. Yield 95%.
Mp: 206.7°C; [a]D°= -48 (c 0.25, CHC^); 1H-NMR (100MHz, DMSO-d6): ô 7.55-7.05 (m, 17H, arom.), 
ô 5.00-4.8 (q, J = 5Hz, 1H, NH-CH), ô 3.05-2.98 (d, J= 7Hz, 2H, CH2), ô 2.32 and 2.20 (2 x s, 3H and 6 H, 
Ph-CH), IR (film) v 3422 (m, free OH), 3368 (broad, s, OH and NH), 3120-2940 (v, C-H, arom.) cm-1; 
MS (CI) m/z calcd for C31H 1NO2 (M+) 449, found 448 (M+-1H), 432 (M+-1OH)

Synthesis o f  (S)-(-)-N1-[1 -benzyl-2-hydroxy-2,2-di(4-methylphenyl)ethyl]-4-methoxy-benzamide (46)
In the Schotten-Baumann reaction 4-methoxy-benzoyl chloride and compound 24 were used. Yield 95%.
Mp: 220.9°C; AH=41.03J/g; [a]D0 = -55 (c 0.25, CHCl3); 1H-NMR (100MHz, DMSO-d6): ô 7.56-6.62 (m, 
17H, arom.), ô ô 5.2-5.0 (q, J = 5Hz, 1H, NH-CH), ô 3.76 (s, 3H, Ph-OCH), ô 3.06-2.99 (d, J= 7Hz, 2H, 
CH), ô 2.33 and 2.19 (2 x s, 6 H, Ph-CH3), IR (film) v 3480 (m, free OH), 3290 (broad, s, OH and NH), 
3110-2950 (v, C-H, arom.) cm-1; MS (CI) m/z calcd for C31H31NO3 (M+) 465, found 464 (M+-1H),
448 (M-1OH)

Synthesis o f  (S)-(-)-N1-[1 -benzyl-2-hydroxy-2,2-di(4-methylphenyl)ethyl]-2,2-diphenylacet-amide (47)
In the Schotten-Baumann reaction 2,2-diphenylethanoyl chloride27 and compound 24 were used. Yield 95%.
Mp: 206.4°C; [a]D° = -24 (c 0.25, CHCl3); 1H-NMR (100MHz, DMSO-d6): ô 7.70-6.69 (m, 23H, arom.),
ô 5.1-4.8 (q, J = 7Hz, 1H, NH-CH), ô 3.06-2.99 (d, J= 7Hz, 2 H, CH2), ô 2.35 and 2.25 (2  x s, 2  x 3H, 
Ph-CH), IR (film) v 3450 (m, free OH), 3410 (broad, s, OH and NH),’ 3140-3000 (v, C-H, arom.) cm-1; 
MS (CI) m/z calcd for C37H 5NO2 (M+) 525, found 508 (M+-1OH)

Synthesis o f  (S)-(-)-N1-(2-hydroxy-1,2,2-triphenylethyl)benzamide (48)
In the Schotten-Baumann reaction benzoyl chloride and compound 27 were used. Yield 79%. Mp: 241°C; 
[ a ] 20 = -280 (c 0.1, CHCl3); 1H-NMR (100MHz, DMSO-d6): ô 7.69-7.15 (m, 20H, arom.), ô 5.50 (s, 1H, 
NH-CH), IR (film) v 3450 (m, free OH), 3300 (broad, s, OH and NH), 3150-3050 (v, C-H, arom.) cm-1; 
MS (CI) m/z calcd for ^ ^ 3 ^ 2  (M+) 393, found 376 (M+-1OH)

Synthesis o f  (S)-(-)-N1-(2-hydroxy-1,2,2-triphenylethyl)-4-methylbenzamide (49)
In the Schotten-Baumann reaction 4-4-methyl-benzoyl chloride and compound 27 were used. Yield 95%. 
Mp: 257.8°C; AH=100.39J/g; [a]D0 = 288 (c 0.25, CHCl3); 1H-NMR (100MHz, DMSO-d6): ô 7.78-6.90 (m, 
15H, arom.), ô 6.16 (b, 1H, NH-CH), ô 4.15 (s, 3H, CH ), IR (film) v 3500 (m, free OH), 3350 (broad, s, OH 
and NH), 3122-2010 (v, C-H, arom.) cm-1; MS (EI) m/z calcd for ^ ^ 5 ^ 2  (M+) 407, found 390 (M-1OH)

Synthesis o f  (S)-(-)-N1-(2-hydroxy-1,2,2-triphenylethyl)-4-methoxybenzamide (50)
In the Schotten-Baumann reaction 4-methoxy-benzoyl chloride and compound 27 were used. Yield 95%. 
Mp: 259.3°C; [a]D°= 300 (c 0.25, CHCl3); 1H-NMR (100MHz, DMSO-d6): ô 7.52-6.94 (m, 19H, arom.), 
ô 6.14 (s, 1H, NH-CH), ô 3.67 (s, 3H, OCH), IR (film) v 3390 (m, free OH), 3300 (broad, s, OH and NH), 
3075-2990 (v, C-H, arom.) cm-1; MS (EI) m/z calcd for C08H05NO3 (M+) 423, found 406 (M-1OH)

Synthesis o f  (S)-(-)-N1-(2-hydroxy-1,2,2-triphenylethyl)-2,2-diphenylacetamide (51)
In the Schotten-Baumann reaction 2,2-diphenylethanoyl chloride27 and compound 27 were used. Yield 95%. 
Mp: 177.2°C; [a]D°= 168 (c 0.25, CHCl3); 1H-NMR (100MHz, DMSO-d6): ô 7.46-6.89 (m, 25H, arom.), 
ô 6.1 (s, 1H, Ph2-CH), ô 4.81 (s, 1H, NH-CH), IR (film) v 3420 (m, free OH), 3410 (broad, s, OH and NH),
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3110-3060 (v, C-H, arom.) cm-1; MS (CI) m/z calcd for C34H 9NO2 (M+) 483, found 484 (M++1H), 466 
(M-1OH)

Synthesis o f (S)-(-)-N1-[2-hydroxy-2,2-di(4-methylphenyl)-1-phenylethyl]benzamide (52)
In the Schotten-Baumann reaction benzoyl chloride and compound 28 were used. Yield 95%. Mp: 207.9°C;
AH=87.61J/g; [a]D0= -228 (c 0.25, CHCl3); 1H-NMR (100MHz, DMSO-d6): ô 7.52-6.99 (m, 18H, arom.), 
ô 4.95 (s, 1H, NH-CH), ô 2.28 and 2.23 (2 x s, 2 x 3H, phenyl-CH3), IR (film) v 3390 (broad, s, OH and 
NH), 3076-3010 (v, C-H, arom.) cm-1; MS (CI) m/z calcd for ^ ^ 7 ^ 2  (M+) 421, found 404 (M+-1OH)

Synthesis o f (S)-(-)-N1-[2-hydroxy-2,2-di(4-methylphenyl)-1-phenylethyl]-4-methylbenzamide(53)
In the Schotten-Baumann reaction 4-methyl-benzoyl chloride and compound 28 were used. Yield 95%. Mp:
261.4°C; [a]D0 = 234 (c 0.25, CHCl3); 1H-NMR (100MHz, DMSO-d6): ô 7.67-7.04 (m, 17H, arom.), ô 6.78 
(s, 1H, NH-CH), ô 2.42 and 2.32 and 2.26 (3 x s, 3 x 3H, phenyl-CH); IR (film) v 3390 (broad, s, OH and 
NH), 3010-2880 (v, C-H, arom.) cm-1; MS (CI) m/z calcd for C30H N O 2 (M+) 435, found 435 (M+-1OH)

Synthesis o f (S)-(-)-N1-[2-hydroxy-2,2-di(4-methylphenyl)-1-phenylethyl]-4-methoxybenz-amide (54)
In the Schotten-Baumann reaction 4-methoxy-benzoyl chloride and compound 28 were used. Yield 95%.
Mp: 281.7°C; [a]D°= 264 (c 0.25, CHCl3); 1H-NMR (100MHz, DMSO-d6): ô 7.71-7.00 (m, 17H, arom.), 
ô 6 .1  (b, 1H, NH-CH), ô 3.84 (s, 3H, OCH3); ô 2.28 and 2.26 ( 2  x s, 2  x 3H, phenyl-C H ; IR (film) v 3380 
(broad, s, OH and NH), 3010-2959 (v, C-H, arom.) cm-1; MS (CI) m/z calcd for C30H29NO3 (M+) 451, found 
434 (M-1OH)

Synthesis o f (S)-(-)-N1-[2-hydroxy-2,2-di(4-methylphenyl)-1-phenylethyl]-2,2-diphenylacet-amide (55)
In the Schotten-Baumann reaction 2,2-diphenylethanoyl chloride27 and compound 28 were used. Yield 95%.
Mp: 211.8°C; [a]D0= -126 (c 0.25, CHCl3); 1H-NMR (100MHz, DMSO-d6): ô 7.65-6.78 (m, 13H, arom.),
ô 4.95 (s, 1H, NH-CH), ô 2.33 (3H, phenyl-CH), ô 2.16 (3H, phenyl-CH); ô 1.59 (br, 3H, tert. OH and 
NH2); IR (film) v 3419 (broad, s, OH and NH), 3026-2917 (v, C-H, arom.) cm-1; MS m/z calcd for 
C36H33NO2 (M+) 512, found 255 (M-1H), 239 (M-1OH)

Synthesis o f (S)-(-)- 2-[hydroxy(diphenyl)methyl]tetrahydro-1H-1-pyrrolyl(phenyl)-Methanone (56)
In the Schotten-Baumann reaction benzoyl chloride and compound 31 were used. Yield 95%. Mp: 180.3°C;
[ a ] 20 = -106 (c 0.25, CHCl3); 1H-NMR (100MHz, CDCl3): ô 7.67-6.88 (m, 15H, arom.), ô 5.44-5.29 (t, 1H,
NCH, J = 8Hz), ô 3.27-3.20 (m, 2 H, NCH), ô 2.16-1.92 (m, 4H, N-CH2); IR (film) v 3440 (broad, s, OH), 
3290 (v, s, NH), 2980-3070 (v, C-H, arom.) cm-1; MS (CI) m/z calcd for ^ ^ 3 ^ 2  (M+) 357, found 240 
(M-1OH)

Synthesis o f (S)-(-)-2-[hydroxy(diphenyl)methyl]tetrahydro-1H-1-pyrrolyl(4-methylphenyl)-methanone (57) 
In the Schotten-Baumann reaction 4-methyl-benzoyl chloride and compound 31 were used. Yield 95%.
Mp: 183°C; [a]D°= -81 (c 0.25, CHCl3); 1H-NMR (100MHz, CDCl3): ô 7.83-6.78 (m, 14H, arom.), ô 5.50
5.31 (t, 1H, NCH, J = 8Hz), ô 3.35-3.31 (m, 2H, N CH), ô 2.35 (s, 3H, Ph-CH); ô 2.28-1.99 (m, 4H, 
N-CH); IR (film) v 3410 (broad, s, OH), 2950 (v, s, NH), 3127-3010 (v, C-H, arom.) cm-1; MS (CI) m/z 
calcd for C25H 5NO2 (M+) 371, found 354 (M+-1OH)

Synthesis o f (S)-(-)-2-[hydroxy(diphenyl)methyl]tetrahydro-1H-1-pyrrolyl(4-methoxyphenyl)-methanone (58) 
In the Schotten-Baumann reaction 4-methoxy-benzoyl chloride and compound 31 were used. Yield 95%.
Mp: 190°C; AH=111.68J/g; [a]D  = -76 (c 0.25, CHCl3); 1H-NMR (100MHz, CDCl3): ô 7.77-6.98 (m, 14H,
arom.), ô 5.24-5.09 (t, 1H, NCH, J = 7Hz), ô 3.81 (s, 3h, OCH); ô 3.19-3.09 (m, 2H, NCH), ô 2.10-1.90 (m, 
4H, N-CH2); IR (film) v 3445 (broad, s, OH), 3290 (v, s, NH), 3010-3075 (v, C-H, arom.) cm-1; MS (CI) m/z 
calcd for ^ H N O !  (M+) 387, found 370 (M+-1OH)
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3 Inclusion Resolutions

In this chapter the testing o f the inclusion capabilities o f a large number ofpotential 

host compounds is described. A wide-range o f suitable guest compounds, like 

racemic alcohols, organic acids, organic amines and ketones were investigated in a 

great number o f inclusion resolution experiments. Pure hosts as well as host-mixes 

were applied. Interactions between hosts and guests in solution were studied through 

Nuclear Magnetic Resonance Spectroscopy (NMR) as a potential tool to predict 

inclusion crystallisation.
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3.1 Introduction

The inclusion capabilities o f a large number o f newly designed host compounds derived from 
optically hydroxy acids as L-lactic acid, D-(-)-pantolactone, L-malic acid and amino acids such as 
L-alanine, L-phenylalanine, L-phenylglycine and L-proline (for their synthesis see chapter 2) will be 
described in this chapter. A wide-range o f possible guest compounds, namely racemic alcohols, 
organic acids, organic amines and ketones has been used. Pure hosts as well as host-mixes have 
been applied in a large number o f inclusion resolution experiments. Interactions between hosts and 
guests in solution have been studied by Nuclear M agnetic Resonance Spectroscopy (NMR) as a 
potential tool to allow the prediction o f inclusion crystallisation . 1,2

3.2 General methods for inclusion resolution experiments

Several standard methods for the execution o f inclusion resolution experiments have been 
described .3 The first and most common one is the combination o f a host and a guest compound 
dissolved in a solvent, followed by crystallisation from solution. Since the optimal combination 
ratio  is not known, the use o f excess host as well as high excesses o f guest is possible. The 
formation o f the inclusion crystal in a well-defined host-guest ratio  does not depend on the host- 
guest ratio  in solution, but on the stability o f the inclusion crystal. The inclusion crystal is formed, 
due to its increased thermodynamic stability compared to that o f each o f the host or guest crystal 
lattices. The resolution process is simple to execute and the inclusion complex can be separated 
easily from the solution. Either liquid or solid guest compounds can be employed. However, the 
solvent itself may also be a suitable guest and might eventually become a competitor for the actual 
guest compound.
The second method uses a solvent in which host, guest or both are poorly soluble and a slurry is 
obtained. In this case the inclusion complex is formed by direct absorption. The separation o f the 
inclusion complex from the slurry involves additional solvent to wash the inclusion crystals.
The third method applied does not involve the use o f any solvent. In this case either host or guest 
must be a liquid in which the other compound is dissolved or suspended. The manner in which 
inclusion crystals are formed is analogous to that in a solvent, again leading to the more stable 
inclusion crystals. However, the separation o f the solid inclusion complex from the excess o f liquid 
guest can be more difficult. The major disadvantage o f this technique is the restriction to the use of 
liquid hosts or guests. Finally, the fourth method used in inclusion experiments is the sorption 
technique. In this method the gaseous guest compound is allowed to flow over the solid host 
compound and can be absorbed into the host crystal lattice. However, this technique is restricted to 
compounds, which are stable enough to be transferred into the gaseous phase without 
decomposition at a relatively low temperature. Thus, only small sized molecules with low boiling 
points are suitable for this approach. The need o f special technical equipment makes the vapour 
sorption method the least favourable one. For the inclusion resolution experiments described in this 
thesis, potential host compounds known from literature4,5, as well as newly designed ones (see 
chapter 2 ), have been tested with a large variety o f racemic guest compounds both with and without
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the use o f solvents. Gas-phase sorption techniques were not applied, due to the disadvantages 
mentioned above.
W eber et al. tested especially the following lactic acid derivatives (Figure 3.1) in an extensive series 
o f inclusion experiments, using mainly two methods: the solution o f the pure host in an excess of 
the liquid guest without the use o f any solvent and the gas-phase sorption technique.

Ar = Phenyl (1) 
p-tolyl
p-tert-butylphenyl 
biphenyl-4-yl 
naphthyl-1 -yl

F igure  3.1: S tru c tu re  of po tential host com pounds applied  by W eber et al.

The results o f W eber et al. 4,5 can be summarised as follows: the five hosts were tested on 25 
different guest compounds including ketones, ethers, alcohols, amines, nitriles and aromatic or 
heteroaromatic molecules. Apparently, in the experiments the hosts were dissolved in the pure guest 
compound. [This could not be totally evaluated, because only the experimental set-up for the 
inclusion o f 3-methylcyclohexanone into host 1 was briefly described. No reply was received upon 
requests for further information]. All o f the applied lactic acid derived hosts, except for the p-tolyl 
derivative, showed inclusion capabilities. Host 1 gave, in almost all o f the 25 published cases 
inclusion, but only in a few experiments was inclusion resolution with high enantiomeric excesses 
obtained. The most encouraging resolutions are with 3-methylcyclohexanone and 5-methyltetra- 
hydro-2#-2-pyranone (both e.e.’s > 99% (R)) (Figure 3.2) in 2:1 host-guest inclusion crystals.

F igure  3.2: Resolved guest com pounds by host 1

The crystal structure o f host 1 and (R)-3-methylcyclohexanone (Figure 3.3) shows that two host 
molecules form via hydrogen bonding a dimer in which the guest molecule is trapped, again bound 
via  an external host-guest hydrogen bond. The dimeric host unit shows a remarkable similarity with 
the Taddols.

OH

OH
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F igure  3.3: PLU TO N  draw ing  of the  X -ray  s tru c tu re  of the 2:1 inclusion com plex of 

host 1 and  (K )-3-m ethylcyclohexanone

However, many inclusions o f 1 showed only low e.e.’s (<< 50%), whereas the other applied hosts 
(Figure 3.1), in more than 80% of the cases, did not show any inclusion at all. The applied sorption 
technique delivered inclusion in only very few cases.
W ith respect to the interesting, but reasonable, results reported so far, we expanded the inclusion 
resolution method to the application o f a much higher diversity o f host and guest compounds taking 
seriously Prof. W eber’s statement: Since the chiral discrimination is high, the experimental 
methods are simple and easy to carry out on preparative scale, this should encourage the synthesis 
o f  more examples o f  lactic acid  derived hosts and  also o f  other optically active natural product- 
analogous inclusion hosts” (1993)4. So far no other groups have taken on this challenge and no new 
inclusion resolutions based on lactic acid derivatives have been published. The availability, in our 
hands, o f a manifold o f structurally similar hosts opened the way to answer this challenge, including 
application o f Dutch Resolution approaches in inclusion resolution.

3.3 Selection of guest compounds

The guest compounds used in this study were selected based on certain criteria:

i) They preferably should be o f industrial relevance, i.e. precursors for pharmaceuticals or 
other fine chemicals.

ii) They should, at least in principle, offer the possibility for asymmetric transformation, 
leading to a preference o f molecules bearing a proton at the chiral centre.

iii) Their resolution by conventional techniques should be difficult.
iv) Their racemates should be readily available.
v) The determination o f their enantiomeric excess should be easy.
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M ost o f the inclusion complexes reported in the literature1 show the inclusion o f small sized 
molecules, whereas the expansion o f this method and its application in industry also requires the 
resolution o f larger sized molecules. The host compounds were tested on sets o f aromatic-, longer 
chain aliphatic- and small ring guest molecules. In the following tables all structures o f the 
compounds used are shown and grouped according to functional groups. It should be noted that also 
amines and carboxylic acids are included in this list (Table 3.1 to Table 3.5). Although these could 
be resolved via  classical resolution they are also suitable guests for inclusion resolution as they 
readily form strong hydrogen bonds.

Alcohols
O H

O C H 3

trans-2 -methoxy- 
cyclohexanol (G1)

O H

1 -phenylethyl- 
alcohol (G5)

O H

1,2-propanediol (G 9)

O H O H

c h 3 c h 3

cis-2 -methyl- 
cyclohexanol (G 2)

N O 2

A

trans-2 -methyl- 
cyclohexanol (G 3)

O H

O H

;
3-nitro-2-pentanol (G 6) sec. butanol (G 7)

O O
O H O H

1 -t-butoxy- 
2-propanol (G 1p)

1 -phenoxy- 
2-propanol (G 11)

O H

C H 3

trans-3-methyl- 
cyclohexanol (G4)

O  X H 2 O H

o r

2 -tetrahydrofur-
furyl alcohol (G 8)

O H

N ^
N O 2

3-nitro-
2-butanol (G 12)

Table 3.1: S truc tu res of alcohols used in inclusion experim ents

Amino alcohols

n h 2

o ^ O H

N H 2 ^ ^

O H

c h 3

N H 2 HO
^

/
-

v

2 -amino- 1 -amino- 2-amino-3-methyl- pyrrolidin-3-ol (G 16)
1-butanol (G 13) 2-propanol (G14) 1-butanol (G 15)

Table 3.2: S truc tu res of am ino alcohols used in inclusion experim ents
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Organic acids
C lH 2C O H

2  /
C H — C 

/  \
H 3C  O

ß-Cl-i-butyric acid (G 17)

O H  

* 1
C O O H  

lactic acid (G 18)

C H 3  

H C  C H 2  

CH3

CH3

M h -

ibuprofen (G19)

C O O H

Table 3.3: S truc tu res of organic acids used in inclusion experim ents

Nitriles

Table 3.4: S truc tu res of n itriles used in inclusion experim ents

Various

Table 3.5: S truc tu res of various guests used in inclusion experim ents

3.4 Inclusion experiments with single hosts
Inclusion experiments with lactic acid derived compounds and other naturally occurring 
compound derivatives

3.4.1 P rep a ra tio n  of inclusion complexes w ith hosts 1-5

In the first series o f experiments, the racemic guest compounds were mixed with the hosts 1-5 in 
toluene/hexane (1:1) mixtures. One equivalent o f host and guest were dissolved and allowed to 
crystallise at room temperature.
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OH
7Oh  Ar = phenyl (1)

• Ar o, m, p -  toloyl (2, 3, 4)
Ar o-anisyl (5)

F igure  3.4: Lactic acid based host com pounds

Concentration ranges o f 0.2mol/L to 0.1mol/L were applied. All experiments (Table 3.6) were 
executed in small glass test tubes. The solvent was allowed to evaporate very slowly.

Hosts

G uests 1 2 3 4 5

trans-2-methoxycyclohexanol (G i) x- x- • x- x-
cis-2-methylcyclohexanol (G2) x- x- • x- x-
trans-2-methylcyclohexanol (G3) x- - • x- x-
pyrrolidin-3-ol (G 16) • •  • • x-

ß-chloro-i-butyric acid (G 17) © x- • x- x-
ibuprofen (G 19) x- •  • x- x-
lactonitrile (G 2o) x- - • x- x-
phenylethylamine (G23) x- x- • x- x-
solketal (G24) x- x- • x- x-
propylenoxide (G25) x- x- • x- x-
trans-2-methoxycyclohexanone (G27) x- - • x- x-

© inclusion crystals •  gel-type
x- host crystal only - no crystallisation

Table 3.6: H ost-guest inclusion experim ents w ith hosts 1-5 and  a series of 11 guests

M ost o f the host-guest combinations did not lead to the formation o f crystalline inclusion 
complexes. The only exception found was compound 1 which gave an inclusion complex with 
ß-chloro-i-butyric acid (G i7).

OH

ClH2C O 

OH

ß-chloro-i-butyric acid (G17)

F igure  3.5: Inclusion com plex of lactic acid based host 1 and  ß-chloro-i-butyric-acid  (G i7)
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The host-guest ratio  was 5:4 in the inclusion complex (determined with 1H-NMR-300M Hz), and 
was independent o f the initial ratio  after recrystallisation. The crystals obtained immediately after 
combining the two compounds in solution, were small thin needles with a melting point o f 68-70°C. 
Determination o f the e.e. o f the included guest was difficult as it was impossible to obtain sufficient 
separation for the enantiomers o f racemic ß-chloro-i-butyric acid (G 17) using chiral GC. Several 
columns (a-cyclodextrine, ß-cyclodex. and y-cyclodex.) have been tried at temperatures ranging 
from 60-200°C. By distillation o f the guest out o f the host by bulb-to-bulb distillation, the guest was 
obtained in good yield. Unfortunately, the measured optical rotation o f this acid was zero, meaning 
that rac ß -chloro-i-butyric acid (G 17) was included and host 1 was not able to resolve it. However, 
the inclusion o f the acid in compound 1 could be applied to extract and purify the guest compound. 
X-ray data showed the inclusion o f racemic G 17 into the crystal lattice and therefore, solid solution 
behaviour was present.
In this series the inclusion experiments o f host 1 with phenylethylamine (G23), cis-2-methyl- 
cyclohexanol (G 2), trans-2-methylcyclohexanol (G 3) and propylene oxide (G 25) were attempts to 
reproduce the results o f inclusion experiments already executed by W eber et al.4,5 In all cases they 
reported inclusion resolution. However, a successful reproduction o f these experiments could be 
achieved only in a few cases, e.g. propylene oxide (G25) and methyl phenyl sulphoxide (G26) (see 
section 3.4.2 and 3.5.3). The failure to reproduce the results o f W eber is puzzling and a cause is not 
directly apparent, mainly due to the lack o f experimental details in the literature5. Experience 
revealed that obtaining a first batch o f crystals is often extremely difficult in the preparation of 
inclusion complexes and this may explain this unexpected negative result.
It is remarkable that host 3 only produced gels. This indicates the presence o f strong interactions 
(hydrogen bonds) between host and guest molecules, which should be advantageous for the 
formation o f inclusion complexes. However, after formation o f a gel, crystallisation becomes 
severely hindered to the limited mobility o f the molecules. Attempts to induce crystallisation by 
repetitive heating and cooling or applying ultrasound were not successful.

3.4.2 P rep a ra tio n  of inclusion complexes w ith hosts 12-15

The hosts 12-15 (Figure 3.6) were mixed with the guest compounds in a 1:1 ratio  and dissolved in 
toluene. Concentration ranges o f 0.1mol/L to 0.2mol/L were applied. The application o f hosts 12-14 
should deliver information about the inclusion capabilities o f the different etheric forms o f host 1 . 
In this case, the ability to form hydrogen bonds is decreased in comparison with the diols 1-5, while 
compound 15, which is a triol, has an increased capability o f complexing or binding guest 
molecules.

F igure  3.6: L-lactic acid and  D -pantolactone based alcohol ethers and  trio l

The results o f the 1:1 host-guest experiments are given in Table 3.7.
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H osts

G uests
1 2 13 14 15

trans-2-methoxycyclohexanol (G i) • x- • -
cis-2-methylcyclohexanol (G2) •  - • -
trans-2-methylcyclohexanol (G3) • x- • -
3-nitro-2-pentanol (G 6) •  - • -
3-nitro-2-butanol (G 12) • - • x-
1-amino-2-propanol (G 14) •  - • -
pyrrolidine-3-ol (G 16) • x- • x-

ß-chloro-i-butyric acid (G 17) •  x- • -
ibuprofen (G 19) • - • -
lactonitrile (G20) •  © •  -
solketal (G24) • - • -
phenylethylamine (G23) •  - • x-
propylene oxide (G25) • x- • x-
2-methoxycyclohexanone (G27) •  - • -

© inclusion crystals 
x" host crystal only

gel-type
no crystallisation

Table 3.7: Inclusion experim ents w ith hosts 12-15 and  a series of 14 guest com pounds

The host-guest combinations only led to a single crystalline inclusion complex o f lactonitrile (G 2o) 
and host 13, but unfortunately to no resolution. The determination o f the enantiomeric purity o f the 
included lactonitrile (G20) succeeded by the splitting o f lactonitrile signals in the 'H-N M R in the 
presence o f host 13 (see 3.6 'H -N M R exp.). Obviously, neither the ether alcohols 12-14 nor the triol
15 possess a high capability to include guest molecules. However, these results should be seen as 
preliminary, due to problems in obtaining the first batch o f crystals, which may occur only after a 
prolonged period (months or even years). Although no final statement about the inclusion 
capabilities o f these host compounds can be made to date, it is unlikely that there will be a wide 
scope o f applicability. All combinations o f host, guest and solvent were kept for several months 
under varying conditions (temperature, slow evaporation etc.). All the usual methods to induce 
crystallisation were tried, but were unsuccessful so far.

3.4.3 C om binato ria l app roach  to solvent selection

The formation o f an inclusion complex depends on an increased stability o f the inclusion lattice 
compared to that o f the pure host. In many cases this can only be achieved by a combination of 
guest molecules. In these cases a second, usually small, compound is also included which fills the 
gaps in the crystal lattice and leads to enhanced stability. Often this involves the inclusion of 
solvents used in the crystallisation, i.e. the formation o f solvates and hydrates. In fact, 
recrystallisations o f several host molecules from mixtures o f solvents produced inclusion crystals. 
Compound 16a crystallised with CH2Cl2 and M eOH in a 2:1:1 ratio, compound 12 included CH2Cl2 

and M eOH in a 2:1:1 ratio  and 23 crystallised with EtOH in a 2:1 ratio. As such, the formation of 
crystalline solvates should be promising for obtaining inclusion complexes. The use o f a mix of
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possible solvents allows a kind of combinatorial approach. A homogeneous solvent mixture was 
prepared, consisting of MeOH (100ml), EtOH (100ml), CH2Cl2 (100ml), Et2O (100ml), toluene 
(100ml), EtOAc (100ml), glycol (20ml), CHCl3 (100ml), t-butyl methyl ether (100ml), xylol (90ml) 
and water (10ml). This should allow the crystallisation of the most stable mixture of host-, guest 
and solvent. The 17 hosts used in this approach are illustrated in Figure 3.7.

OR OH

•Ar
Ar

R = H Ar = phenyl (1)
o, m, p-tolyl (2, 3, 4)
o, m, p-anisyl (5, 6 , 7)
o, m, p-(trifluoromethyl)benzene (8, 9, 10) 
p- Cl-phenyl (11)

R = phenyl (12) Ar = phenyl 
o-anisyl (13) 
methyl (14)

Ph
Ph

OH
OH OH

15

OH
Ph Ph

Phx^xOH HO

17

Ph
Ph

H2N H

OH

Ph
Ph

h 2n  h

W / /
OH

Ph
Ph

h 2n  h

OH

19 23 27

Figure 3.7: Series of host compounds used in com binatorial solvent approach

Each of the hosts was dissolved in the solvent mixture followed by the addition of approximately 
10mg of the guest compound, listed below. An excess of host compound was used in all 
experiments. The amino alcohols (19, 23 and 27) were only mixed with the 14 non-acidic guest 
compounds in order to prevent salt formation.

Hosts
Guests 1-5; 8-10; 12

G 1-G3; G5-G7; G 16-G24; G27, G28 •
•  gel-type

Table 3.8: Inclusion experiments with host 1-5, 8-10 and 12 and a series of 17 guests
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Hosts
Guests 13-17; 19, 23, 27

G 1-G3; G5-G7; G 16; G20-G24; G27, G28 • •
1G 7 1 1 9 • -

•  gel-type 
- no crystallisation

Table 3.9: Inclusion experiments with host 13-17, 19, 23 and 27 and series of 17 guests

The use of mixed solvents did not result in the desired increase in inclusion complex formation. 
Almost all of the experiments gave gel-type mixtures. All of the customary methods to induce 
crystallisation were tried without success. Although the experimental set-up did lend itself to a 
combinatorial approach in developing inclusion resolution, this method was not further pursued due 
to the lack of success in the initial experiments.

3.4.4 A pproach without the use of any solvent

Many experiments described in literature are performed without the addition of a solvent, wherbye 
the host compound is simply dissolved in the guest compound. In this way the host should be more 
likely to form an inclusion crystal. The most promising new hosts (Figure 3.8) as well as the known 
compound 1, were applied in inclusion experiments with pure guest as solvent.

C H

OH Ar = phenyl (1)
o, m, p-tolyl (2, 3, 4) 
o, m, p-anisyl (5, 6, 7)

Ar p - Cl-phenyl (11)

Figure 3.8: Lactic acid based hosts used in inclusion experiments without any solvent

OH

Ar

The results of the 1:1 host-guest inclusion experiments are shown in Table 3.10.

Hosts
Guests 1 2 3 4 5 6 11

tra«s-2-methoxycyclohexanol (G1) x" • • x- x- • •
cis-2- methylcyclohexanol (G2) x" x- x- x- - x- •
trans-2-methylcyclohexanol (G3) x- - • x- x- x- •
3-nitro-2-pentanol (G6) - - - - x- - -
sec-butanol (G7) - - - - - - -
2-tetrahydrofurfuryl alcohol (G8) - - - - - - -

1,2-propanediol (G9) - - x- x- x- - x-
1-tert-butoxy-2-propanol (G10) - •  x- x- x- x- x-
1-phenoxy-2-propanol (G11) - • x- x- x- x- x-
3-nitro-2-butanol (G12) - - - - x- - -
2-amino-1-butanol (G13) • - - - - - •

continued
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Hosts
Guests 1 2 3 4 5 6 11

1-amino-2-propanol (G14) - - - x- - - -
2-amino-3-methyl-1-butanol (G15) - x- - - x- - x-
pyrrolidine-3-ol (G16) • • • • • • •
ß-chloro-i-butyric acid (G17) © - - •  x- - -
lactic acid (G18) x- x- - - - - x-
lactonitrile (G20) - x- x- x- - x- -
phenylethylamine (G23) x- x- x- x- - x- x-
solketal (G24) - - - - x- - -
propylene oxide (G25) 1© - • • x- x- -
2-methoxycyclohexanone (G27) x- - •  •  x- •  •
3-methylcyclohexanone (G28) x- x- • - - • x-

© inclusion crystals •  gel-type
x- host crystal only - no crystallisation

Table 3.10: Host-guest inclusion experiments w ithout the use of any extra solvent

Unfortunately, these experiments also did not lead to an increase in the occurrence of inclusion 
crystallisation. Many mixtures did not crystallise at all and remained in solution. The already known 
inclusion resolutions of trans-2-methoxycyclohexanol (G1), cis-methylcyclohexanol (G2), trans-2- 
methylcyclohexanol (G3), phenylethylamine (G23) and 2-methoxycyclohexanone (G27), with host 1 
could not be reproduced. The inclusion of propylene oxide (G25) and host 1 was found to be only 
possible in the solvent-free executed experiment. The inclusion complex was analysed with 1H- 
NMR confirming Weber’s et al.4’5 results. Like in the case of inclusion complexes from a solvent, 
obtaining the first batch of crystals is difficult and this could explain the failure to reproduce 
Weber’s results. The use of guest as the solvent apparently does not increase the likelihood for 
formation of an inclusion complex.

3.4.5 Inclusion experiments with amino acid derived amides

Amides, when derived from amino alcohols, offer several complexation sites for potential guest 
compounds, e.g. alcohol-, nitrogen- and carbonyl functionalities. The formation of hydrogen 
bridges to guest compounds leading to inclusion crystallisation in general is essential. The amides 
35, 39, 43, 47, 51 and 55 show, with their diphenylamide and diphenylcarbinol functionalities, an 
interesting similarity to the well-known Taddols. The 27 optical active amide hosts shown in Figure
3.9 and Figure 3.10 were applied in inclusion experiments. Readily available amino acids were used 
as starting materials.
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O
R2

NH H 
\  /

r / C

OH

Ar
Ar

R i = methyl 
benzyl 
phenyl

R2 = phenyl 
p-tolyl 
p-anisyl 
(Ph)2HC

Ar = phenyl 
p-tolyl

R2=
A r = phenyl p-tolyl p-anisyl (Ph)2HC
phenyl 32 33 34 35
p-tolyl 36 37 38 39

R i = benzyl
R2 =

A r = phenyl p-tolyl p-anisyl (Ph)2HC
phenyl 40 41 42 43
p-tolyl 44 45 46 47

R i = phenyl
R2 =

A r = phenyl p-tolyl p-anisyl (Ph)2HC
phenyl 48 49 50 51
p-tolyl 52 53 54 55

Figure 3.9: Series of 24 host amides derived from optical pure large-scale amino acids

O R R = phenyl (56)
^ c '  OH p -tolyl (57)

N  C - Ph p-anisyl (58) 
■ '■ " \

Ph

Figure 3.10: Host amides derived from L-proline

Finding a good solvent proved to be an additional problem, because almost all of the amides have a 
low solubility in most common solvents. The capability of hydrogen bond formation leads, 
probably, to strong intra- and intermolecular interactions favouring immediate crystallisation. 
DMSO as solvent proved to be effective, although, it is known to be included in many inclusion 
complexes. The six compounds where R = (Ph)2HC (35, 39, 43, 47, 51 and 55) are well soluble in
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CHCI3 and therefore, the inclusion experiments of these hosts were performed in this solvent. Test 
tubes containing 1ml of host solution (c = 0.02g/ml, DMSO or CHCl3), approximately 10mg of 
guest compounds were added.
The results of the inclusion experiments are given in the tables below.

Hosts
Guests 32, 33, 36-38, 40 35, 39 34

G 1-G3, G5, G6-G20° G23-G25° G27° G28 x- • -

Table 3.11: Inclusion experiments of 9 amide hosts and 24 guest compounds

Hosts
Guests 41, 42, 44-46, 49 43, 47 48

G 1-G3, Gs, G6-G20, G23-G25, G27, G28 x- • -

Table 3.12: Inclusion experiments of 9 amide hosts and 24 guest compounds

Hosts
Guests 50, 52-54 51, 55 56-58

G 1-G3o G5° G6-G20° G23-G25° G27° G28 x- • -
© inclusion crystals x" host crystal only
•  gel-type - no crystallisation

Table 3.13: Inclusion experiments of 9 amide hosts and 24 guest compounds

Crystallisation, if  at all, started very slowly within weeks in all experiments and in many cases 
white powders were obtained. After months, pure host precipitated in the majority of test tubes. 
Exceptions were compound 34, 48, 56-58, which stayed in solution. 1H-NMR analyses proved 
neither the presence of included guest nor the inclusion of solvent molecules in all of the 
precipitations. The major drawback of the amides is the low solubility in most solvents, making the 
formation of even less soluble inclusion complexes rather unlikely.

3.5 Host-Guest experiments with mixtures

3.5.1 Introduction

With the invention of Dutch Resolution6 (DR) as a new pathway in classical resolution approaches, 
a higher efficiency is obtained by the application of mixtures of closely related resolving agents. 
Several mixes of acids or bases have been shown to be efficient agents for the resolution of 
enantiomers. One of these mixes is obtained from the three phosphoric acids shown in Figure 3.11.
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P(-)-mix:

phencyphos

O x / O  
*  \

O OH

chlocyphos

Figure 3.11: Example of one mix of resolving agents (P-mix) used in Dutch Resolution

Each of the individual phosphoric acids is a capable resolving agent7. However, in the application 
of mixes of resolving agents the ¿'-factor (see chapter 1 equation 1.1) and e.e.’s are as good or better 
than the single application. Although a lot of progress has been made, some aspects of Dutch 
Resolution still remain unclear. Nevertheless, it has been proven beyond doubt that it allows 
resolution of nearly all compounds tested so far with just a limited number of mixes in a very short 
time. This is typical for results in Dutch Resolution and the use of mixes of closely related resolving 
agents, so-called families, has been proven to be highly successful. At this moment the exact cause 
of this remarkable effect is not completely understood, but solid solution of the resolving agents as

8 9well as nucleation inhibition ’ is believed to be at least a part of the explanation. Differences 
between family members must be small, and are usually limited to differences in substituents. The 
limits for these differences, however, are also not fully explored yet. For some more details see 
chapter 5 of this thesis.
The remarkable success of this approach in classical resolution led to the desire to explore it also in 
inclusion resolution. Especially important is the fast onset of crystallisation (i.e. fast nucleation), 
which was observed in classical resolution. Obtaining a first batch of crystals appears to be one of 
the major hurdles in inclusion resolution, and it was hoped that the use of mixes could alleviate this 
problem. The availability of a wide range of similar host molecules offers the possibility to apply 
host mixtures in inclusion resolution. The used mixtures and ratios were chosen according to the 
standard procedures known from the Dutch Resolution approaches for classical acid-base 
resolutions.

3.5.2 Mixes of (S)-lactic acid derived compounds

OH
OH Ar = phenyl (1)

Ar o, m, p-tolyl (2, 3, 4)
Ar

Figure 3.12: Lactic acid derived hosts applied in inclusion experiments of host mixtures
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A r =
phenyl (1) o-tolyl (2 ) m-tolyl (3) p-tolyl (4)

ratio 1 1 1 1 Mix I
1 1 0 1 Mix II
0 1 0 1 Mix III

Table 3.14: M ixtures of (S)-lactic acid derivatives 1-4

The following racemic guest compounds were combined with the different mixes.
A mixture of toluene-hexane (1:1) was used as solvent.
The results of the inclusion experiments with the host mixtures I-III are given below.

Mixes
Guest I II  III

G 1-G3; G 16, G 17, G 19, G20, G23-G25; G28, G29 • •  •
© inclusion crystals 
x" host crystal only

• gel-type 
- no crystallisation

Table 3.15: Dutch Resolution approach of host mixes I, II  and III

Unfortunately, the application of host mixtures based on (S)-lactic acid derivatives did not result in 
improved inclusion crystallisation. It is remarkable, that in all experiments performed only gels 
were obtained. In fact there appeared to be a negative effect as the complex of host 1 with guest G i7 
(see Table 3.10), which was formed from the pure compounds, was not formed from a mixture. 
Also no crystallisation of pure hosts occurred. It seemed, that the inclusion found with host 1 and 
guest G i7 could not crystallise from the mixes. Even the pure hosts, which crystallised in the 1:1 
host-guest experiments did not crystallise from the host-mixture experiments. Obviously the 
crystallisation even of the pure hosts was hindered. Probably the phenomenon of nucleation 
inhibition, which was found in Dutch Resolution, was also responsible for the lack of formed 
crystals in this experiment series.

3.5.3 Target molecule methyl phenyl sulphoxide

Methyl phenyl sulphoxide was resolved by Weber et a l 4’5 in a 1:1 ratio host-guest inclusion 
complex with host 1 and afforded an e.e. of 32.8% of the (S)-enantiomer in 72% yield (Figure 3.13).

OH
OH

O
II
S
\

Methyl phenyl 
sulphoxide (G2 6 )

Figure 3.13: Inclusion complex of host 1 and methyl phenyl sulphoxide
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Using this known inclusion resolution the effect of the use of mixtures of resolving agents was 
further studied (see 3.5.1). To investigate and compare the probable increased resolving capabilities 
of mixes of hosts in inclusion resolution, the mixes IV and V (see Table 3.16 and Table 3.17) were 
applied in resolutions of methyl phenyl sulphoxide. One equivalent of sulphoxide and one 
equivalent of each of the hosts from the mixes were dissolved in 4 ml of ether. It proved to be 
possible to reproduce the Weber et al. single host-guest experiment. The 1:1 inclusion complex was 
obtained with an enantiomeric excess of 50% of the (S)-enantiomer, which is already higher 
compared to the literature. Thus, by a single reproduction approach, the enantiomeric purity was 
already increased; once more an indication of the tricky character of inclusion resolutions. Another 
attempt even yielded crystals with an e.e. of 87%, but in lower yield (Daicel OD-H, UV 222nm, 2- 
Propanol/hexane 30:70, flow 0.5, t=15.5min and 25min). It should be mentioned, that the exact 
conditions of the experiment were not described by Weber et al.. Nevertheless, inclusion of methyl 
phenyl sulphoxide occurs in the presence as well as in the absence of a solvent. However, the yield 
was 30% and therefore lower than the yield of 72% described in the literature. The poor 
reproducibility of inclusion resolution from the literature and the great difficulties in getting initial 
crystallisation might be characteristic for this type of resolution. With these results in hand, the 
possibility to reach e.e.’s of 50% or higher was tested by the application of host mixtures.

A r =
phenyl (1) p-tolyl (4) p-Cl-phenyl (11)

ratio 1 1 1 Mix IV

Table 3.16: Mix IV consisting of lactic acid derivatives 1, 4 and 11

A r =

phenyl (1) o-tolyl (2 ) o-anisyl (5)
ratio 1 1 1 Mix V

Table 3.17 : Mix V consisting of lactic acid derivatives 1, 2 and 5

Each of the hosts was dissolved in ether and one equivalent of the racemic sulphoxide was added. 
The mixes were applied. All experiments were performed twice in order to collect reproducible 
information about the speed of crystallisation. Once again the application of host mixes did not 
result in inclusion crystallisation. All applied mixes stayed in solution or formed a gel-type state and 
stayed like this for several months, whereas host 5 crystallised purely from the 1:1 host-guest 
experiment. All known methods to induce crystallisation e.g. evaporation of solvent (increasing 
concentration), heating and cooling down of the mixes, scratching, ultrasonic treatment etc. did not 
succeed in the desired crystal formation.

3.5.4 Mix of amino acid derived compounds

The availability of a variety of optically pure amino acid derivatives offered the opportunity to 
apply the family approach. The hosts of the mixtures I-V are lactic acid derivatives, whereas mix 
VI is derived from amino acids. In that way, two different compound classes could be tested in the 
family approach. As shown before, the family approach, or Dutch Resolution approach, does not
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always give the desired and optimal resolution. The organic phosphoric acid mixtures, for example, 
are not capable of resolving all racemic amines (success rate ~90%).10,11 In that respect family 
behaviour is also depending on the substrate to be resolved. Therefore, the testing of several 
compound classes is advisable. The lactic acid derivatives possess different aryl groups and the 
difference between two derivatives can be seen as large. Synchronic changes at two parts of the 
molecule, as can be realised in the amino acid series, might extremely affect the nature of the 
compounds. In the first series derived from amino acids only the parent amino acid, i.e. R = methyl, 
benzyl or phenyl (Figure 3.14:) was changed.

NHV H / OH R = methyl
C- fPh benzyl

R ph phenyl

Figure 3.14: Diphenylcarbinol derivatives of large-scale amino acids

The mixture VI was dissolved with each of the guest compounds in toluene in a host guest ratio  of 
3:1.

R  =
Methyl (19) Benzyl (23) Phenyl (27)

ratio 1 1 1 Mix VI

Table 3.18: Mix VI consisting of amino acid derivatives 19, 23 and 27

Non-acidic guests used: trans-2-methoxycyclohexanol (Gi), trans-2-methylcyclohexanol (G3), 
phenyl ethyl alcohol (G5), 3-nitro-2-pentanol (G6), sec. butanol (G7), 3-nitro-2-butanol (G12), 
1-amino-2-propanol (G14), pyrrolidine-3-ol (G16), ibuprof en (G19), lactonitrile (G2o), 
phenylglycinonitrile (G21), mandelic acid nitrile (G22), phenylethylamine (G23), solketal (G24), 
propylene oxide (G25).
Once again, only gels were obtained in all experiments. All the usual methods to induce 
crystallisation were unsuccessful. Even treatment of the gels in an ultrasonic bath for a week did not 
induce crystallisation.

3.5.5 Conclusion

Surprisingly, the use of mixes in inclusion resolution did not lead to improvements as in the case 
with classical resolution via  diastereomeric salts. In fact, the use of mixes apparently leads to worse 
results. It is difficult to explain this observation as the causes of the positive effect in classical 
resolution are not completely understood yet. The role of nucleation inhibition in optical resolutions 
with fam ilies of resolving agents might also be the cause for the crystallisation inhibition in the 
inclusion resolution experiments. However, it is clear that in diastereomeric salts the interactions 
between the components in the crystal lattice are much stronger due to the strong electrostatic 
interactions. In inclusion complexes only hydrogen bonds and/or the even weaker van der Waals 
interactions form the binding forces. This will lead to less tightly packed crystals. If solid solution is 
indeed a key factor in the Dutch Resolution process, it will be obvious that its occurrence, and
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therefore the occurrence of DR, will be strongly influenced by the tightness of the packing in the 
crystal lattice. An exact explanation of this relationship, however, has to wait until a total 
understanding of Dutch Resolution is achieved.

3.6 1H-NMR shift experiments

3.6.1 Introduction

Since it is known from crystal structure analyses of Taddol1 clathrates that these chiral diols form 
H-bonds with O-atoms of carbonyl groups and with N-atoms of amines in the crystal lattice, e.g. 
phenylethylamine, studies were executed to investigate if  these interactions are also detectable in 
solution by NMR spectroscopy. It was found that mixtures of two equivalents of Taddol ( a ,a ,a ’,a ’- 
tetraphenyl-1,3-dioxolane-4,5-dimethanol) and one equivalent of the racemic alcohol 1,1,1- 
trifluoro-2-hydroxy-3-bromopropanol in CDCl3 showed non-equivalence in 1H-, 13C- and 19F-NMR 
signals of the enantiomers2. Taddols preferentially form an internal hydrogen bond between their 
hydroxy groups, and so they have one proton left to donate, which allows them to form bonds with 
all kinds of hydrogen acceptors. While interacting, the guest enters automatically the part of the 
Taddol molecule, which is in close proximity to the aromatic moiety. The influence of the ring
current effect on the specific protons of the guest may cause a shielding or deshielding effect and 
thus, in the chiral environment close to the Taddol the two enantiomers of a host may experience 
different shifts. The resulting differences in chemical shifts, Aô, if sufficiently large, allow the 
determination of the ratio of enantiomers. Taddols can thus be used as chiral shift reagents in NMR 
spectroscopy to determine the enantiomeric excess of a variety of compounds. Examples are known 
for alcohols, amines, amino acid esters, phosphine oxides, cyanohydrins and fluoro alcohols.1,2 A 
similar behaviour may be expected for the lactic acid derivatives, since they also contain a 
diarylcarbinol group in a chiral environment.

Figure 3.15: P aren t Taddol as a potent shift reagent for a rac. fluoro alcohol caused 
by strong interactions in solution

This analytical method might also open a way to predict host-guest inclusion crystallisation since 
strong interaction in solution may be an indication for strong interactions in the solid phase, leading 
to inclusion. Thus, three series of “shift-experiments“ were carried out in which the possible host 
and guest compound were dissolved in CDCl3 and analysed with proton NMR (100MHz). The 
tested host compounds were a subset arbitrarily chosen from the collection of compounds available 
(see chapter 2). The shifting or splitting of signals should not only give a clue about the strength of

h 3c CH3

Taddol rac. alcohol
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interaction between host and guest (and therefore of the possible formation of an inclusion 
complex), but may also assist in the later determination of the enantiomeric excess of the included 
guest.

3.6.2 F irst series of 1H-NM R shift experiments: diols from lactic acid

The first series of four hosts, diols 1, 2, 4 and 5, derived from lactic acid, each were mixed in a 2:1 
host-guest ratio with the selected guest compound and analysed.

OH OH
Ar = phenyl(1)

Ar o, p-tolyl (2, 4)
Ar o-anisyl (5)

Figure 3.16: Lactic acid derived hosts applied in 1H-NM R shift experiments

The experiments performed and results obtained are summarised in the following table.

Hosts

Guests 1 2 4 5

0.023ppm
(OCH3)trans-2-methoxycyclohexanol (G1) 0 0 0

cis-2-methylcyclohexanol (G2) 0 0 0 0

trans-2-methylcyclohexanol (G3) 0 0 0 0

Pyrrolidine-3-ol (G16) 0 0 0 0

ß-chloro-i-butyric-acid (G17) 0 0 0 0

ibuprofen (G19) 0 0 0 0

0 .02ppm
(OCH)

0.024ppm
(OCH)

0.023ppm
(OCH)

0.034ppm
(OCH)lactonitrile (G20)

0.028ppm
(NCH)

0 .0 21ppm
(NCH)

0.038ppm
(NCH)phenylethylamine (G23) 0

solketal (24) 0 0 0 0

propylenoxide (25) 0 0 0 0

0 .0 21ppm
(OCH3)2-methoxycyclohexanone (27) 0 0 0

o= no visible shifting or splitting of signals 
Aô = shifting or splitting

Table 3.19: F irst series of 1H-NM R-shift experiments with lactic acid derived diols

62



Inclusion Resolutions

OH
o c h 3

G3

CH3'

OH

4 ^ c n

G20

O

Figure 3.17: Compounds showing shifted signals in the 1H-NM R in the presence of hosts 1, 2,
4 and 5.

All hosts showed shift effects, although each only with a limited number of guest molecules (Figure 
3.17). The compounds 1, 4 and 5 gave enantioselective shift effects and caused the splitting of the 
NH2-C-H signal of phenylethylamine (G23). Higher host concentrations increased the splitting of 
signals to a certain extent. The rac. phenylethylamine (PEA) without host possesses only one 
quartet for this hydrogen at 4.25ppm, whereas the amine in the mixture shows two signals for this 
proton, corresponding to the two different enantiomers, at 4.25ppm and 4.26ppm. Similar results 
were also found by Toda1, when he analysed the inclusion complex of Taddol and 
phenylethylamine. Based on this apparently strong interaction in solution, the formation of 
inclusion crystals could be expected and was indeed found by Toda. The combination of NMR 
signal shifts and formation of an inclusion resolution have been observed, however, for only a few 
examples. No correlation between shifting behaviour and formation of inclusion complexes was 
observed. As shown in chapter 3.4.1 (Table 3.6) it was not possible to obtain inclusion crystals of 
phenylethylamine with hosts 1-5. Compound 2 caused the splitting of the O-CH3 signals of both 
trans-2-methoxycyclohexanol (G1) and 2-methoxycyclohexanone (G27) in the 1H-NMR. The pure 
compounds show one singlet for the methoxy hydrogens at 3.4ppm while the mixtures with 2 leads 
to two singlets at 3.4ppm. The lactonitrile HO-C-H- signal of guest compound G20 appears as a 
quartet and in the presence of compounds 1, 2, 4 and 5 as two quartets at 4.5ppm. Compared to the 
results obtained in crystallisation experiments, the NMR shift experiments give more positive 
results. Although it is tempting to speculate on a correlation between NMR shifts and the formation 
of inclusion crystals, as phenylethylamine (G23), 2-methoxycyclohexanone (G27) and trans-2- 
methoxycyclohexanol (G3) are often occurring in successful inclusion resolutions, it is far too 
preliminary for such conclusions. The results with lactonitrile, showing NMR shifts with all hosts, 
while never detected in an inclusion crystal in any e.e., already make clear that it is still far too early 
for hypotheses or explanations.

3.6.3 Second series of 1H-NM R shift experiments: alcohol ethers and a triol

In the second series the four chosen hosts 12, 13, 14 and 15 (Figure 3.18) were mixed in a 2:1 host- 
guest ratio with the guest compound of interest. The results of the experiments are collected in 
Table 3.20.
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OR Ph

Ph

OH 

Ph

R = phenyl(12) 
o-anisyl (13)
methyl (14)

Ph

OH
OH OH 

15

Figure 3.18: Lactic acid derived alcohol ethers and a pantolactone derived triol applied 

in 1H-NM R shift experiments

Hosts
Guests 12 13 14 15
trans-2-methoxycyclohexanol (G1)

0
0.027ppm

0 0(OCH3)
cis-2-methylcyclohexanol (G2) 0 0 0 0

trans-2-methylcyclohexanol (G3) 0 0 0 0

3-nitro-2-pentanol (G6) 0 0 0 0

3-nitro-2-butanol (G12) 0 0 0 0

1-amino-2-propanol (G14) 0 0 0 0

pyrrolidin-3-ol (G16) 0 0 0 0
ß-chloro-i-butyric-acid (G17) 0 0 0 0
ibuprofen (G19) 0 0 0 0
lactonitrile (G20) 0 0.038ppm 0 0

(NCH)
phenylethylamine (G23) 0 0 0 0
solketal (G24) 0 0 0 0
propylene oxide (G25) 0 0 0 0
2-methoxycyclohexanone (G27) 0 0 0 0

0 = no shifting or splitting of signals 
AS = shifting or splitting

Table 3.20: Second series of 1H-NM R shift experiments with alcohol ethers and a triol

Compound 13 causes the splitting of the O-CH3 signal of racemic trans-2-methoxycyclohexanol 
(G1) in the 1H-NMR spectrum. The pure compound shows a singlet for the methoxy hydrogens at 
3.4ppm; the mixture shows a doublet at 3.3ppm. The lactonitrile HO-C-H- signal appears as a 
quartet and in the mixture as two quartets at 4.5ppm. Once more, a general pattern cannot be seen, 
but at least in two cases the lactic acid derived host 13 can be used as 1H-NMR shift reagents, like 
the Taddols. Results from inclusion resolution experiments are, however, not linked to the results 
from shift experiments. Thus, host 13 showed shift effects with trans-2-methoxycyclohexanol (G1) 
and lactonitrile (G20), while only the latter did form inclusion crystals, but no resolution. On the 
other hand host 1 forms inclusion crystals with cis- and trans-2-methylcyclohexanol (G1) and 
propylene oxide (G23) (according to the literature, we were only able to reproduce the results with 
propylene oxide), while no shift effects in 1H-NMR could be detected.

64



Inclusion Resolutions

3.6.4 Third  series of 1H-NM R shift experiments:

Testing o f  host mixes in 1H-NMR shift experiments
In the previously performed two series of shift experiments, four host compounds 1, 2, 4 and 5 were 
found to be shift reagents. They cause the splitting of the lactonitrile HO-C-H- quartet in the 
1H-NMR into two quartets at 4.5ppm. To study possible co-operative interactions between these 
host compounds, mixes were used in 1H-NMR shift experiments with lactonitrile.

OH
OH

Ar
Ar

Ar = phenyl(1)
o, p-tolyl (2, 4) 
o-anisyl (5)

Figure 3.19: Lactic acid derived hosts applied in 1H-NM R shift experiments with 

host mixtures

The following host mixes were applied in the following host-guest ratios (Table 3.21):

Hosts
1 2  4 5 lactonitrile mix
1 1 1 1 1 I
1 1 1 1 4 II
1 1 1 - 1 III
1 1 1 - 3 IV

Table 3.21: Host-mixes I-IV  applied in 1H-NM R shift experiments with rac. lactonitrile

The experiments were investigated with 200MHz 1H-NMR in CDCl3.
Both host mixtures, I and II caused the splitting of the lactonitrile HO-C-H- signal in the 
1H-NMR. As splitting of the lactonitrile signal requires at least a host-guest ratio of 2:1 in the case 
of separate application of the hosts 1, 2 and 4, respectively (see section 3.6.2), the presence of host
5 in a host-guest ratio of 1:1 is sufficient to split the proton signal. Additionally, using a pure host- 
guest ratio of 1:4, a splitting of the proton peak is still observed. Therefore, host 5 is believed to be 
a very effective shift reagent. Since 5 seems to be the most effective shift reagent among the four 
host compounds (see Table 3.19), it might be responsible for the shifting of the signal in mix I and 
II. To prove this presumption, two mixes III and IV without compound 5, were tested. The mixes 
III and IV indeed did not give an increase in splitting compared to applying these compounds 
separately. Furthermore, the higher concentrated (with respect to lactonitrile) host mix III  caused 
the same shifting of the lactonitrile HO-C-H- signal as the less concentrated mix IV. If the host’s 
concentration is increased in the single host-guest shift experiments, a better splitting is observed. 
However, an increase of the concentration in mixes of the compounds 1, 2 and 4 in the shift 
experiments has no effect. The different hosts might disturb each other in their complexation 
capabilities towards lactonitrile molecules and there is obviously no co-operative effect. Thus, a 
connection with the results obtained in single inclusion resolution experiments (section 3.4) 
compared to the Dutch Resolution approaches (section 3.5) might be supposed.
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Since the parent Taddol is known to be an effective shift reagent and host compound, it might be 
interesting to apply mixes of different Taddols in shift experiments. The known splitting of 
phenylethylamine signals, when mixed with the parent Taddol, was chosen as lead example. Three 
different Taddols (Figure 3.20) were used each as individually and in mixes with the amine in 
CDCl3 and their 1H-NMR’s were recorded.

R
R = - H(1 ) 

-CH3 ( 2 ) 
-OCH3 ( 3 )

Figure 3.20: Taddol hosts applied in 1H-NM R shift experiments

Several host mixes (Table 3.22) were applied in the following host-guest ratios.

Hosts
phenylethylamine

2 - - 1 I
- 2 - 1 II
- - 2 1 III
4 - - 1 IV
2 2 2 1 V
2 2 - 1 VI

exp

Table 3.22: 1H-NM R shift experiments with phenylethylamine

1 2 3

The experiments were investigated with 200MHz 1H-NMR in CDCl3 at ambient temperatures.
Both hosts, 1 and 2 caused the splitting (0.02ppm) and the shifting (0.35ppm) of the 
phenylethylamine NH2-C-H- signal in the 1H-NMR, whereas exp III showed no splitting. The use 
of 4eq of host 1 did not cause increased splitting of the PEA signal, but an increased shift 
(0.74ppm). The application of host mixes (exp V and VI) did not show any increased shifting or 
splitting compared to the single application of host 1. Thus, an increase of the concentration in 
mixes of the compounds 1, 2 and 3 in the experiments has neither a real positive impact, nor a 
negative co-operative effect as observed in the lactonitrile case.
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3.7 Discussions and conclusions

Substantial efforts were put into obtaining host-guest complexes from known and newly prepared 
potential host compounds. The results of these efforts, however, were far below the expectations 
based on the published work of Weber et al. and other authors.1,3,4,5 Only in a limited number of 
host-guest combinations crystalline inclusion complexes could be obtained. Even the known 
literature examples were only in a few cases reproducible. In the literature the exact experimental 
set-up and conditions are not given appropriately and the reason for the selection of guest 
compounds is also not described. It appears that a screening method was applied in which the 
success rate is not published. A major obstacle appears to be the preparation of a first batch of 
crystalline material. Once a first batch was obtained, inclusion crystallisation was always found to 
be reproducible in our laboratory. The large number of gels that is obtained from various 
combinations points to rather strong interactions between host and guest molecules, as does the 
observation of 1H-NMR shift effects in solution. From these observations it can be concluded that 
in many cases sufficient interactions exist, but that it is very difficult to spontaneously reach the 
required lattice order necessary to obtain a crystalline structure. In fact, the formation of rigid gel 
type structures will probably effectively hinder the formation of a crystalline state.
It was hoped that the use of mixes of hosts in a way similar to Dutch Resolution would improve the 
chances of obtaining crystalline inclusion complexes. Unfortunately, this gave no improvement and 
apparently even diminished the rate of success. Even though the origin and limitations of the DR 
effect have recently become clearer,8,9 it is difficult to give an explanation. The aspect of nucleation 
inhibition can be a reason for the lack of crystallisation in the mix experiments. It can be assumed 
that the use of a large number of resolving agents gives always a high probability of hindering the 
formation of inclusion crystal nuclei. Due to the weak host-guest interactions in inclusion 
complexes it is likely that nucleation inhibition could have a greater impact on the crystal formation 
than in the diastereomeric salt resolutions. The large difference in the strength of interactions of 
diastereomeric salts vs. inclusion complexes is likely to be a controlling factor. From the work 
described in this chapter it has become clear that first a solution must be found for the nucleation 
problem before inclusion resolution can be practically applied.
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4
Crystal Structure Analysis of Host and 

Inclusion Complexes

This chapter describes the analysis o f  several crystal structures o f pure inclusion 

hosts and o f the inclusion complexes form ed by them. The aim o f this analysis is to 

derive some general principles, which may aid in the identification or design o f  

potential inclusion hosts, i.e. molecules that are capable o f including a large variety 

o f guest molecules.

Crystal structures o f host and inclusion complexes known from literature, as well as 

newly developed ones have been used, and molecular as well as supra-molecular 

properties o f hosts and inclusion complexes were analysed and compared
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4.1 Introduction

Naturally occurring (R,R)-tartaric acid and (S)-lactic acid are useful precursors for the preparation 
of effective host compounds (Figure 4.1). Many examples of successful achiral and racemic 
inclusions but also resolutions are reported for hosts derived from these acids1.

Taddol 1,1-diphenylpropane- 1,2-diol

Figure 4.1: Structures of host compounds based on (Æ,Æ)-tartaric acid and (S)-lactic acid

Some attempts have been made to elucidate why especially these hosts possess such a high 
inclusion efficiency. However, up to now, little is known about the basic principles which will lead 
to efficient host compounds. Trial and error attempts are still state of the art and illustrate the lack 
of a systematic and scientific approach to the rational design of new host compounds. The 
increasing need for tailor-made resolving agents necessitates a detailed analysis of available host 
and inclusion crystal structures. Only this approach can reveal the essentials behind phenomena 
occurring in selective crystallisation of inclusion complexes.
So far, it is assumed that the introduction of bulky and rigid substituents, “clathratogenic groups”2, 
is essential for a host, because then crystallisation is difficult unless a suitable guest, a space filler, 
is included in the crystal lattice. In other words, only the inclusion of guests allows the host to 
crystallise in a lattice without voids and a reasonable density and stability. (Density optimisation is 
seen as a general tendency in crystallisation3). Since we are mainly interested in chiral guests that 
often have hydrogen bonding sites (see section 3.3), the match between host and guest compounds 
is also determined by the possibility to form intermolecular hydrogen bonds that further stabilise the 
host-guest complex in the crystal lattice. Thus, certain design principles exist, but these are rather 
vague and inaccurate and do not explain the failure of many hosts to fulfil the required properties 
(see chapter 3).
In order to understand the inclusion behaviour and chiral discrimination of lactic-acid derived host 
compounds in more detail, a broad series of these derivatives (Figure 4.2, see chapter 2 for their 
synthesis) was designed, prepared and analysed. Systematic modifications of the parent molecule 
(S)-(-)-1,1-diphenylpropane-1,2-diol (Figure 4.1) could give insight into the essential properties of 
these hosts and could possibly lead to a more rational design of new and improved hosts.
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lactic acid derivatives: OR
OH

Ar Ar

R = H Ar = phenyl
o,m,p-tolyl
o,m,p-anisyl
o,m,p- (trifluoromethyl)phenyl 
p-Cl-phenyl

malic acid derivative:

Ph
Ph

OH
Ph
Ph

OH HO

R = phenyl Ar = phenyl
o-anisyl 
methyl

Figure 4.2: Host structures based on (S)-lactic acid and on L-malic acid

The convenient situation that X-ray structures exist for several pure hosts and inclusion complexes 
allows a systematic investigation of the general structural principles. For the investigation of the 
crystal structures of host and inclusion complexes a strategy was followed which is outlined in the 
next section.

4.2 Strategy for the analysis of host and inclusion complexes

The strategy for the investigation of the potential of host compounds and the development of initial 
principles for designing new host molecules is based on two levels, i.e.:

M olecular level: Examination of molecular similarities/differences with the focus on properties of 
the single host molecule. The focal point lies on compounds with the general structural formula as 
shown in Figure 4.3. Properties of importance are molecular shape, rigidity and the number of 
complexation sites to form internal and external hydrogen bonds. The results of the study on this 
level should give a first indication about the molecular properties that are relevant for successful 
inclusion. With these results in hands, general molecular principles for the design of potential hosts 
based on (S)-lactic acid could be set up.

Figure 4.3: General structure of compounds studied
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Supramolecular level: This level involves information about the actual shape, rigidity, molecular 
interactions and symmetry as found in the crystal structures of host and inclusion complexes in 
combination with experimental data about lattice stability. This study provides additional 
information that can be used to prove or disprove the hypotheses developed at the initial molecular 
level. At this level the pure host and host-guest inclusion structures, that show successful inclusion 
and for which crystallographic data are available, will be studied and compared with the related 
compounds, for which no clear inclusion phenomena were found. Supramolecular as well as 
molecular properties are derived from single-crystal X-ray diffraction data. DSC measurements 
were performed to study the lattice stability of some inclusion and pure host compounds. The 
following table gives an overview of the 24 structurally related compounds studied (Table 4.1).

Compound R1 R2 Ar Ref.
4,5,6

1 CH3 H phenyl this thesis
2 CH3 H 4-t-Bu-ph 5,6,7

3 CH3 H 1-naphtyl 6,7

4 CH3 H 4-biphenyl 6

5 CH3 H o-tolyl this thesis
6 CH3 H m-tolyl this thesis
7 CH3 H p-tolyl 5,7

8 CH3 H o-anisyl this thesis
9 CH3 H m-anisyl this thesis
10 CH3 H p-anisyl this thesis
11 CH3 H o-CF3-phenyl this thesis
12 CH3 H m-CF3-phenyl this thesis
13 CH3 H p-CF3-phenyl this thesis
14 CH3 H p-Cl-phenyl this thesis
15 CH3 methyl phenyl this thesis
16 CH3 phenyl phenyl this thesis
17 CH3 o-Anisyl phenyl this thesis
18 CH3 O-SO-t-Bu phenyl 13

r\19 CH3 -""NA
/  Ph

phenyl 14

20 Phenyl H phenyl 8,9

21 Phenyl H 4-t-Bu-ph 10

22 p-Tolyl H phenyl 11

23 p-Tolyl H 4-t-Bu-ph 10,11
12

24 C(OH)Ph2CH2 H phenyl this thesis

Table 4.1: Structures of host compounds (see Figure 4.3)

Three pure host crystal structures, viz 1, 20 and 24, as well as a number of their inclusion crystal 
structures have been published in the literature. For hosts 2, 3, 21 and 23 crystal structures of 
inclusion complexes are available. Other related crystal structures, viz 5, 6 , 8 , 9, 15, 16 and 17, have
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been determined, and a number of potential host structures, viz 7, 18, 19 and 22, found in the 
Cambridge Structural Data base (CSD), are also included in this investigation. An overview of the 
known crystal structures of hosts and their inclusion complexes is given in Table 4.2. The available 
host and inclusion crystal structures are named after their CSD reference codes or internally used 
codes.

C rystal structures

Inclusion
complexesCompound Pure host Guest

1
POSMIT**3 (rac) 

POSMOZ**3

POSMUF**3
k u c j a t **4

sfe

AFRAZ1
sfe

AFRA1S

3-Picoline
(R)-3-Methylcyclohexanone

/?-Chloro-i-butyric-acid
Methylphenylsulphoxide

2 - YUYWUK**5 3-Picoline
3 YUYXEV 5 V Several 6,7

4 - V Several6
5 AFRAZ3* - -
6

sfe

AFRAZ4 - -
7 YUYXAR**5 - -

sfe

AFRZ2A
sfe

AFR13E8 - -

9 AFRA14* - -
10-14 No data available

15 AFRA22* - -
16

sfe

AFR20I - -
17 AFRA24* - -
18 SONVAS**13 - -
19 y i l c i f **14 - -

20
ZOTCAM**6 (rac) 

ZOTBUF**6

z o t c e q **6
GEPROI**7

sfe sfe *7

g e p r i c  7

Methanol 
N-Methylformamide 

Acetic acid
21 - NEDYUQ(01)8 ** DMF
22 XAPVAL**9 - -

NEDZEB(01) 8 ** 
XAPVEP* 9

DMF
23 - DMSO

XAPVIT**9 (rac) DMSO
sfe

AFRA30
c o q l u p **10

24 COQMAW**10 (rac) Ethanol

- no data available
V = inclusion reported, but no crystal structure data are available 
* KUN code 
** CSD refcode

Table 4.2: Overview of host and inclusion complexes
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The survey of X-ray structures gives a slightly misleading picture of the inclusion capabilities of 
several hosts since the number of available crystal structures does not match with the actual number 
of inclusions reported (see Table 4.3).

Hosts
1 2 3 4 20 21 23 24

Number of reported inclusions 15 6 2 3 3 1 2 1

Number of available inclusion X-ray structures 4 1 0 0 3 1 2 1

Table 4.3: M ismatch between inclusions reported and X-ray data available

The molecular properties of the host molecules like shape, rigidity, and number of complexation 
sites are discussed in the next section (4.3).

4.3 Comparison of the molecular properties

4.3.1 M olecular shape

Taking the best and most efficient host compound 1 as a reference point for comparison, the 
available potential host compounds (Table 4.1) can be divided into four sub-groups to study the 
influence of one specific substituent:

i) Variation of the aryl groups
ii) Variation of Ri
iii) Variation of R2

iv) R 1 variation with Ar = t-Bu-phenyl

With respect to molecular shape the compounds 1-14 can be selected as the first sub-group. They all 
possess the same R 1 = CH3 and R2 = H but different aryl-functionalities. When the aryl-group is 
phenyl (1), 4-t-Bu-phenyl (2), 1-naphtyl (3) or 4-biphenyl (4) the compound is known to give 
inclusion. However, a change in the aryl function from 1 to 5-14 in which steric modifications are 
made, comparable to changes from 1 to the proven hosts 2, 3 and 4, does not lead to successful host 
compounds. The second sub-group consists of the structures 1 and 20, 22 and 24, where R 1 varies, 
R2 = H and Ar = phenyl. 20 (R1 = phenyl) and 24 (R1 = C(OH)Ph2CH2) are capable hosts whereas 
for 22 (R1 = p-tolyl) no inclusion is reported. The change from structure 1 to 22 is similar to the 
change from 1 to 20 but small compared to the change from 1 to 24. The third sub-group is based 
on the structures where R 1 = CH3 and Ar = phenyl. Also 1 and 15-19 belong to this sub-group and 
except for 1 none of them shows any inclusion capability. Little changes in the molecular shape 
(e.g. as in compound 15) as well as large ones, compared to host 1, can lead to unsuccessful hosts. 
The fourth sub-group of potential hosts involves the compounds 2, 21 and 23 where R2=H and 
Ar = 4-t-Bu-phenyl. Interestingly, all of them give inclusions with 2 (R1 = CH3) showing the most 
positive results although less efficient than inclusions with 1. Thus, in general the Ar1 = 4-t-Bu- 
phenyl seems to be an effective substituent especially when R 1 is a methyl group. However, no
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trend can be observed since a size increase in R 1 from 2 (R1 = methyl) to 21 (R1 = phenyl) causes a 
decrease in inclusion capability, while an increase in R 1 from 21 to 23 (R1 = p-tolyl) leads to an 
increase in inclusion capability.
In summary, a qualitative analysis of the influence of several substituents, considering shape does 
not lead to a better understanding of the role of molecular shape. It can be concluded that variation 
of the R 1, R2 or the Ar-groups does not give a clear picture of the role of shape or steric factors. It 
is, however, obvious that the presence of more bulky substituents compared to the parent host 
structure 1 does not necessarily improve the inclusion capabilities of a potential host. The assumed 
need for bulky and rigid substituents in a host is not verifiable for the compounds studied, with the 
structural pattern of Figure 4.3. The actual impact of the different substituents will be evaluated 
within the supramolecular level of the investigation, where the focus lies on the crystal lattice and 
interactions within its framework.

4.3.2 M olecular rigidity:

Rigidity in the compounds studied is mainly determined via the rotational freedom of three bonds, 
as is shown in Figure 4.4.

H OH OH

Figure 4.4: M olecular rigidity determ ined by rotation around the a , b and c bonds

It can be assumed that the size of the aryl groups and its substituents will influence the possible 
rotation around the bonds b and c. Especially ortho and meta aryl substituents should affect the 
rotary motion at this position, thus decreasing the flexibility of the molecule, whereas para- 
substituted aryl groups probably do not. Sterical hindrance is obvious for host 3 with its very large
1-naphtyl group. A possible internal hydrogen bond between the secondary alcohol function and an 
o-anisyl oxygen or an o-CF3-phenyl may also result in a hindered rotation of these bonds. This can 
be the case for compounds 8 and 11. For all hosts it is likely that there is no real free rotation around 
the bond a, due to the forming of an internal hydrogen bond between the secondary oxygen and the 
tertiary alcohol function. This is probably the most important factor for rigidity in these molecules. 
Thus, it can be expected that the presence of highly bulky, and therefore rigid, aryl groups (3), and 
the presence of an internal hydrogen bond will impose molecular rigidity. A great influence of the 
R 1 group on the molecular rigidity is not expected in the series studied here because the methyl as 
well as the phenyl and p-tolyl substituents seem to be too small to cause significant sterical 
hindrance.
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4.3.3 Complexation sites

All of the known inclusions and especially inclusion resolutions performed with the Taddols and 
the lactic acid derivatives involve guest molecules with the ability to form hydrogen bonds. 
Hydrogen bond donors as well as acceptors are successfully resolved with a preference towards H- 
bond acceptors. Thus, it was assumed and proven by Weber and Toda1,2 that intermolecular 
complexation between host and guest molecules plays an essential role during inclusion.
The present molecular analysis of the impact of hydrogen bonding sites on the inclusion capabilities 
leads to the following simple picture: two free alcohol functions seem to be essential to give 
inclusion of the target guest molecules; a tertiary diarylcarbinol functionality next to a secondary 
alcohol is present in the hosts 1-14 and 20-24.

4.4 Comparison at the supramolecular level

4.4.1 M olecular shape and chirality

The molecular shape of the compounds with the general structure as shown in Figure 4.5 can be 
described by the torsion angles a  (O1-C1-C2-O2), ß1 (C1-C2-C10-C11) and ß2 (C1-C2-C20-C21). These 
angles determine the conformation or molecular folding of the host structure.

H O1R2 o 2h

X CL.°Clgi|0 ^ C .
R /  f c l ^ -  10C *  
Rl C20

C^ C 21

X

X

Figure 4.5: M olecular folding defined by torsion angles a ,  ß1 and ß2

Large differences in conformation between the parent host 1, the most effective host, and the other 
potential hosts might reveal the importance of the molecular folding. Examination of the torsion 
angles of the hosts in the pure host crystal and inclusion crystal provides the following data (Table
4.4 and Table 4.5). In some cases two, non-symmetrical, related molecules belong to a unit cell and 
thus, two sets of values are given for each angle.

Torsion angles
Host a  (O1-C1-C2-O2) ß1 (C1-C2-C10-C11) ß2 (C1-C2-C20-C21)
1 rac -59.34° 5.62° -71.64°

1 -64.27° 53.85° -45.28°
3 -57.00°* 1.52°* -72.61°*
5 -56.91° 1.70° -76.31°
6 -69.98° -61.50° 29.9° 41.17° -56.6° -54.91°
7 -63.83° -61.17° 28.22° 43.95° -58.09° -68.07
8 -58.28° -56.83° 14.64° 15.82° -61.62° -59.20°

continued
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Torsion angles
Host a  (O1-C1-C2-O2) ß1 (C1-C2-C10-C11) ß2 (C1-C2-C20-C21)

9 -69.17° -59.62° 23.23° 11.62° -59.73° -55.89°
15 -60.08° 32.85° -63.15°
16 -59.89°* 17.26°* -73.11°*
17 -52.16°* 42.17°* -47.67°*
18 -61.18° 65.75° -23.71°
19 -52.93° 38.82° -67.23°

20 rac -62.53°* 17.16°* -70.67°*
20 -64.19°* 174.74°* 10.05°* 70.23°* -65.0°* 6 .68°*
22 -62.92°* 16.09°* -74.74°*
24 -49.98° 40.49° -80.60°

* corrected to other enantiomeric form

Table 4.4: Torsion angles of pure host compounds

Torsion angles
Host Guest a  (O1-C1-C2-O2) ß1 (C1-C2-C10-C11) ß2 (C1-C2-C20-C21)

1 - -64.27° 53.85° -45.28°
1 3-Picoline -59.2° -60.84° 47.28° 55.08° -51.63° -49.26°

1 (R)-3-Methylcyclo-
hexanone -59.61° -54.13° 14.29° 14.19° -69.37° -68.43°

Rac ß-Chloro-i- 
butyric acid1 -64.10° 60.11° -47.66°

(iS)-Methylphenyl-
sulphoxide1 -54.90° 12.39° -71.61°

2 3-Picoline -62.40° -62.82° 29.96° 46.21° -41.58° -51.18°
20 - -64.19°* 174.74°* 10.05°* 70.23°* -65.0°* 6 .68°*+
20 Methanol -62.27°* 15.47°* -75.96°*

A-Methyl-
formamide20 -64.04° 18.68° -64.35°

20 Acetic acid -64.18°* 18.88°* -67.15°*
21 DMF -61.08°* -60.62°* 28.92°* 35.73°* -68.18°* -64.42°*
23 DMF -58.40°* -56.61°* 27.44°* 24.1°* -68.18°* -64.42°*
23 DMSO -60.91°* 26.67°* -61.37°*
23 DMSO -64.05°* 26.00°* -60.81°*
24 - -49.98° 40.49° -80.60°
24 Ethanol -68.98°* -66.30° 19.57°* 20.10° -70.19°* -90.00°

corrected to other enantiomeric form 
+ Exception due to disturbance of the hydrogen bondings which is restored in the inclusion complexes with

methanol, N-methylformamide and acetic acid. It can be assumed that host 20 includes a guest molecule 20
(self-inclusion or auto-inclusion ?)

Table 4.5: Torsion angles of inclusion complex and pure host when available

Interestingly, the torsion angles of pure hosts as well as inclusion compounds show in almost all 
cases similar values. The conformations of hosts in pure form compared to those in inclusion 
complexes do not show very large differences indicating that the conformation of the host 
molecules remains similar in most cases. The a  angle is in all cases between -50° and -70°. An a
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angle around -60° seems to be an optimum torsion angle for the hydrogen bond between the two 
alcohol functions. In all molecules, with one exception (20), the alcohol groups are very close to 
each other. The value of the ß 2 torsion angle varies around -40° to -90°, which is normally expected 
for this type of structures. The variation of ß i is larger than ß 2 due to more rotational freedom of the 
corresponding aryl group, which will rotate to optimise phenyl-phenyl interaction. The 
predominance of the internal hydrogen bond, that forces the molecules into a specific shape, is also 
responsible for a high degree of dissymmetry. The higher the dissymmetry in the host, the higher 
the enantioselectivity might be expected to be. Thus, the presence of the strong internal H-bond is in 
fact favourable for resolution processes. Due to the observed similarities in the conformation of the 
host structures it must be concluded that on grounds of conformation alone the compounds cannot 
be discriminated as bad  or good  hosts.

4.4.2 M olecular rigidity

The investigation of the torsion angles a, ß 1 and ß 2 shows that all molecules studied possess a 
certain degree of rigidity. However, the comparison of pure host structures with their inclusion 
structures provides some interesting results. Host 1, for example, has in the inclusion crystals the 
same a  angles as in the pure host lattice, but shows changes in ß 1 and slighter changes in ß 2 (Table 
4.6).

Table 4.6: Torsion angles of host 1 and its inclusion complexes

Obviously, the host molecule is flexible enough to adapt its structure somewhat to the included 
guest. The guest induces, within the limits of the molecular folding, a certain shape for the host 
structure (Induced Fit). Host 2 (another good host with 6 reported inclusion complexes), which is 
structurally very similar to 1, will have the same degree of flexibility as 1 .
However, comparison of the host and inclusion structures of 20, 21 and 23 reveals that in these 
cases the angles a, ß 1 and ß 2 remain almost the same which is expressed by the small deviation 
values (Table 4.7) compared to the values of host 1 inclusion complexes (Table 4.6). This may 
indicate that these hosts have a higher molecular rigidity with a diminished possibility to adapt their 
structure to a guest molecule. If a guest is included in these hosts, it must fit into a more rigid 
framework (lock and key principle). This would put stricter limits on the range of compounds that 
can be included. Small molecules, which hardly disturb the formation of the host lattice, can be 
included. The same behaviour may be assumed for the structurally related compound 22. 
Obviously, a potential host which could be applied for the resolution of various guest compounds 
with a broad range of structural differences must possess a definite grade of rigidity/dissymmetry to 
perform inclusion resolution as well as a certain degree of flexibility to allow an induced fit of a 
guest molecule.15
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Inclusions of hosts 20, 21 and 23 
(mean value) Deviation (inclusion) max min

a i -61.97° 2.44° -64.18° -57.51°

ß i
ß2

23.40° 5.89° 32.32° 15.47°
-66.03° 5.03° -75.96° -60.81°

Table 4.7: Torsion angles of inclusion complexes of the hosts 20, 21 and 23 

4.4.3 Im pact of hydrogen bonds on inclusion resolution capabilities

X-ray structure analysis shows that the direction or the presence of internal hydrogen bonds in the 
pure host crystal does not lead to predictable inclusion or inclusion resolution capabilities. The 
direction of the internal hydrogen bonds is arbitrary in all host structures. However, the direction of 
the hydrogen bonds is of great importance in the inclusion crystals. This will be discussed later. 
Assuming that a hydrogen bond between host and guest is required, with the host as proton donor, it 
is unlikely that the compounds 8 , 11 and 15-19 can act as potential hosts since all hydroxy functions 
are involved in internal hydrogen bonds. This is apparent from the X-ray structures of these 
compounds as shown in Figure 4.6, Figure 4.7 and Figure 4.8. In the case of compound 8 (Figure 
4.6), the o-methoxy of the aryl function and the methoxy grouping are responsible for the presence 
of two internal H-bonds making this molecule unsuitable to complex guest compounds via 
hydrogen bond formation. The o-CF3-phenyl group of 11 probably leads to the same disadvantage.

Figure 4.6: PLUTON16 drawing of the X-ray structure of host 8 showing two internal 

hydrogen bonds
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Figure 4.7: PLUTON16 drawings of the X-ray structures of hosts 15 and 16 showing one 

internal hydrogen bond

Figure 4.8: PLUTON16 drawing of the X-ray structure of host 17 showing a shared 

internal hydrogen bond

In general, the molecules with the pure aromatic diarylcarbinol function, viz 1, 3, 4, 20 and 24, and 
the p-alkyl substituted aryl compounds, viz 2, 21 and 23, show the best inclusion capabilities 
compared to the other aryl derivatives. However, inclusion is possible if  the aryl group does not 
disturb the H-bond complexing sites of the host molecules. Thus, the compounds 5-7, 9, 10 and 12
14, where the alcohol functions are not influenced, should be potential hosts. Variation in the R 1- 
group, viz 20-24, will probably not impose any restrictions on the inclusion capabilities of the host 
molecules if  it does not interfere with the two essential secondary and tertiary alcohol functions.
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It can be concluded that the possible variation in the general structure is simply very limited. 
Whereas R 1 offers different variation opportunities, R2 and the diarylcarbinol should remain OH 
and purely aromatic without hydrogen acceptor sites, respectively.
The analysis of the inclusion crystals with preferential inclusion of one enantiomer of a racemate 
gave a very remarkable finding which shows that in these cases an internal hydrogen bond must be 
present in the host, directed from the tertiary alcohol to the secondary one. Host 1 (Table 4.2) 
includes a range of chiral and achiral guest compounds. Four of them have been analysed by X-ray 
diffraction, so far. However, one of them concerns an achiral guest, leaving three structures for 
comparison (see Table 4.2). The comparison of these three structures proves the necessity for 
internal as well as external hydrogen bonds. The direction of the H-bonds seems to be essential for 
resolution*. The tertiary alcohol is donating its hydrogen to the secondary one which in turn acts as 
donor to complex the guest molecule. Figure 4.9 shows the X-ray structure of the 1:1 inclusion 
complex of host 1 and (S)-methyl phenyl sulphoxide and Figure 4.10 shows the X-ray structure of 
the 2:1 inclusion complex of host 1 and (R)-3-methylcyclohexanone.

Figure 4.9: PLUTON16 drawing of the X-ray structure of the 1:1 inclusion complex of host 1 

and (S)-methyl phenyl sulphoxide

Both the secondary OH and the tertiary OH of the host are H-bond donors or acceptors, forming the 
external hydrogen bond to an included guest compound. Depending on the nature of the hydrogen 
bond system, the shape of host 1 in the inclusion crystal is distorted. The principle of inclusion 
resolution is: if an enantiopure host compound is used or if  the host crystallises in a chiral space 
group, the inclusion of one enantiomer of a racemate into the chiral cavity might be preferred, 
resulting in racemate resolution.

* Even though the hydrogen bond framework is present, the guest compound can be included in its racemic 
form. The inclusion of ß-chloro-i-butyric-acid into host 1 is an example of that.
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Figure 4.10: PLUTON16 drawing of the X-ray structure of the 2:1 inclusion complex of 

host 1 and (K)-3-methylcyclohexanone

The internal H-bond system gives a host molecule with less symmetry compared to the host without 
such a H-bond system. The internal H-bond, directed from the tertiary alcohol to the secondary one, 
changes the three-dimensional structure of the host and increases its rigidity. In trying to implement 
a mirror plane, it is almost impossible to superimpose structural units of the molecule, whereas the 
host without the H-bond system shows structural superimposable features. Thus, the higher degree 
of rigidity and the higher degree of dissymmetry make it more likely to preferentially include one 
enantiomer of a racemate.
For host 1 and some of its inclusion complexes, DSC data indicate that the stability of an inclusion 
crystal is higher than that of the pure host crystal, and secondly that the inclusion crystal with an 
optically enriched guest is more stable than a crystal which includes a racemic guest. All of these 
inclusion complexes show a similar H-bond system. Host 1 has a heat of fusion of 
AH = 22.6kJ/mol. From this value and the melting temperature the Gibbs energy at room 
temperature can be easily calculated: AGKT = 4.43kJ/mol. This calculated AGKT gives an impression 
of the stability of the crystal lattice at room temperature. The inclusion complexes show 
substantially higher heats of melting than the pure host, but more important, the values of the AGKT 
show that the inclusion compound crystals are more stable than the pure host and that the crystals 
with the highest stability gives the highest e.e. (see Table 4.8).
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Chiral
Guests Host-guest ratio e.e. (% )

H eat of fusion 
AH (kJ/mol)

Free enthalpy 
AGRT(kJ/mol)

O

None N.A. N.A. 22.6 4.43
N.A. Not applicable

Table 4.8: Available inclusion crystal structures of host 1 and stability data

It becomes clear that the presence of hydrogen bonds, with the already discussed orientation, can 
result in inclusion resolution (see Figure 4.9 and Figure 4.10). The X-ray data of the inclusion 
complex of host 1 and /?-chloro-/-butyric-acid show that in this complex the H-bond is directed 
from the acid to the secondary alcohol and the hydrogen of the secondary alcohol is directed to the 
tertiary alcohol function.
It is clear that a prediction of good inclusion resolution with the studied compounds is impossible, 
but some general features must be present in the guests for a reasonable chance on success. A good 
resolution is only possible if the guest compound is acting as a good hydrogen bond acceptor. Any 
distortion of the intramolecular H-bond of the host may cause a reduction of rigidity and chirality in 
the host. O f course, the size and shape of the guest play also an important role. It must allow the 
formation of an inclusion crystal lattice with an energetic favourable state. If this is not the case 
even the “best” host molecule will not afford inclusion or inclusion resolution.
So far, it is not clear why 5-7, 9, 10 and 12-14 do not act as effective hosts. This can only be 
understood by studying their crystal lattice structures.
In contrast to the o-anisyl substituted host 8 , where an internal hydrogen bond is directed to the 
anisyl, blocking an external H-bond, in host 9 the tertiary alcohol forms a hydrogen bond to the 
anisyl of a neighbouring molecule (Figure 4.11).
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Figure 4.11: PLUTON16 drawing of the X-ray structure of host 9

This has in fact the same impact on the inclusion capability as in 8 , leading to a stabilisation of the 
crystal structure of the pure host and the extra hydrogen binding site is not free for complexing 
possible guest molecules. The compounds 10 and 12-14 may show the same behaviour due to their 
hydrogen acceptor functions in the aromatic part. Consequently, there is no driving force for these 
hosts to form a complex with other guest molecules as there is no real energy gain. In the case of 
host 7 a fascinating crystal structure shows that four molecules of 7 form a tetramer (Figure 4.12).

Figure 4.12: PLUTON16 drawing of the X-ray structure  of host 7 forming a te tram er
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Figure 4.13: PLUTON16 space-filled drawing of the host 7 te tram er

The hydrophilic alcohol groups are forming a complex with each other in the centre of the tetramer 
and the hydrophobic p-tolyl groups are directed outside. If this is already present in solution, 
interaction with other guest molecules could be minimal and no inclusion will appear. Weber’s 
failure of obtaining inclusions with 7 also supports this hypothesis. In our series of experiments, 
often just pure host crystallises (see chapter 3). Host 22, where R 1 = p-tolyl, shows a similar 
structure as compound 7, but now two molecules form a dimer (Figure 4.14), leading to a 
comparable situation.

Figure 4.14: PLUTON16 drawing of the X-ray structure of host 22 form ing a dim er

The hydrogen bonds are encapsulated in a polar region between two host molecules. Although in 
compound 22  there is still a hydroxyl available for complexation to a guest, the formation of a
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dimer makes this site sterically inaccessible. Dimerisation probably leads to a more stable structure 
and again no driving force is present to induce a host-guest complex.
Compounds 5 and 6 are still potential hosts. So far no explanation as to why they do not give any 
inclusion could be derived from their X-ray structures (Figure 4.15).

Figure 4.15: PLUTON16 drawing of the X-ray structure of host 5 and 6

However, the inclusion experiments showed that in many cases these hosts do not crystallise at all. 
Often the formation of gels was observed indicating a strong interaction between host and guest. 
However, after the formation of a gel, crystallisation will be very difficult to induce (see chapter 3). 
It is suggested that these hosts be further tested, because considering all results they still seem to be 
promising host compounds.

4.4.4 Im pact of crystal stability on inclusion capabilities

The main driving force leading to crystallisation of inclusion complexes is the higher stability of the 
crystalline complex compared to that of the pure host. It may therefore be expected that hosts with a 
crystal structure of low stability will generally be better hosts. The crystal stability of the hosts can 
be determined using differential scanning calorimetry (DSC). If the enthalpy of melting is lower or 
similar to the one of known capable hosts, like host 1, inclusion capabilities may be expected. 
However, if  the enthalpy is relatively high it is unlikely that more stable inclusion complexes can be 
obtained. Some measured heat of fusion values of pure hosts (Figure 4.2) are given in Table 4.9. 
From the heat of fusion values and the melting points the determination of AG at room temperature 
in approximation is possible according to the equations below:
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AG(T) = AHm -  TASm Equation 4.1

A H
with A G (Tm ) = 0 (in the melt ) ^  AH m = Tm A S m o  A S m = ----- — Equation 4.2

m

To compare the stabilities of the crystals the AG(298) can be used.

Hosts
1 5 6 7 8 9 16 17

AH in kJ/mol 22.6 20 .6 22.4 21.9 25.4 33.4 25.9 30.3
Mp in K 364.9 348.9 353.9 365.1 371.1 357.6 409.5 384.4

AS in kJ/mol*K 0.062 0.059 0.063 0.060 0.068 0.093 0.063 0.079
AG(298) in kJ/mol 4.425 3.304 3.932 4.31 5.466 6.137 7.432 7.141

Table 4.9: H eat of fusion and free heat of fusion values of some pure host compounds

From the data in Table 4.9 it is clear that hosts 9, 16 and 17 have a highly stable crystal structure 
and are therefore unlikely to be capable hosts. Compound 8 is also more stable than 1. This higher 
stability is likely to be a consequence of the additional hydrogen bonding in 8 , 9 and 17 and 
stronger aromatic interactions in 16. Compounds 5, 6 and to a lesser degree 7, however, are less 
stable than 1. Consequently, these compounds should be better hosts than 1. As mentioned 
previously, the formation of gels and difficult nucleation may have prevented the formation of 
crystalline inclusion complexes and it is worth continuing research in that direction.

4.5 Conclusions

The crystal studies of host and inclusion complexes proved to be a useful tool in understanding the 
structure of potential hosts and guests and has led to a better understanding of the very complicated 
molecular host-host and host-guest interactions. The general principles of a potential host with the 
structural pattern like in Figure 4.16 are:

H OR2 OH

Figure 4.16: General pattern  of investigated host compounds

1. The Ar-group must remain purely aromatic or must be aryl substituted with aliphatic groups 
with the exception p-methyl. No hydrogen bond acceptor or donor sites should be present in 
the aryl function.

2. R 1 is relatively unrestricted or unlimited so long that it does not contain any hydrogen bond 
acceptors or donors. Aliphatic as well as aromatic groups can be used.
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3. A potential host must possess a definite grade of rigidity, necessary for inclusion and 
inclusion resolution, but a certain degree of flexibility allowing an induced f i t  of a guest is 
beneficial.

4. R2 must be hydrogen due to the essential secondary alcohol function next to the tertiary 
alcohol. The secondary OH is, in most cases, acting as external complexation site for a 
potential guest molecule. Thus, this is essential for the hydrogen donor-acceptor properties 
of the host. The direction of the hydrogen bond is especially important for inclusion 
resolution.

5. A low stability of pure host crystals will be beneficial. This stability can be determined by 
DSC, using the AG corrected to room temperature.

Racemic guest compounds should possess a hydrogen bond complexation site (acceptor sites are 
recommended). Analysing all literature examples of inclusion resolution published by Toda et a l.1

2 4 8  11and Weber et al. ’ ' ’ it becomes clear that about 80% of the guests, resolved in high enantiomeric 
excess, act as hydrogen bond acceptors like ketones, sulphoxides or amines. A certain degree of 
dissymmetry is required to allow the formation of two different inclusion structures with sufficient 
differences in stability. Then only one crystal structure will actually be obtained as stable crystal. 
Experience showed that the use of liquid guests acting as solvent, increases the chance of inclusion 
crystallisation. With these parameters it should be possible to design or evaluate the potential of 
proposed hosts and guest compounds with a somewhat higher success rate than is shown in this 
work. Relevant variations in compounds of Figure 4.16 with a better chance of improved host 
properties might be replacement of R 1 by a somewhat more flexible group like ethyl (R1 = C2H5). 
This might hamper crystallisation of the pure hosts and therefore enhance the likelihood of 
inclusion crystallisation. Other variations might be replacement of the alcohol functions (one or 
both) by other groups facilitating hydrogen bond formations, i.e. amino, thiol etc. (see, however, the 
results with the amino-alcohols described in chapter 3). Further research might confirm these 
suggestions.
It should be realised, however, that these guidelines are be limited to variations in the structure 
shown in Figure 4.16 i.e. for lactic acid derivatives. The formulated guidelines can only partly be 
transferred to the successful inclusion results with the Taddols derived from tartaric acid (see Table
4.10 and Table 4.11).

R = CH3 R = (CH2)4 r  = (CH2)5
Ar = phenyl (A) Ar = phenyl (D) Ar = phenyl (E)

o-tolyl (B) 
p-tolyl (C)

Figure 4.17: Toda’s Taddols used in inclusion experiments

Taddol A B C D E
No. of inclusion resolution 39 5 0 39 39

Table 4.10: Toda’s Taddols and inclusion resolutions

R R

0 X 0

r
Ar

Ar k TT TT̂  Ar
Ar

OH HO
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R R2X
rr

Ar
Ar ^TT TT̂ ' 'ArOH HO

Ar

R = CH3
Ar = phenyl (1) 

o-tolyl (2) 
m-tolyl (3) 
p -tolyl (4) 
o-anisyl (5) 
m-anisyl (6) 
p -anisyl (7) 
p-Cl-phenyl (8)

R 1 , R2  = (CH2)5 
Ar = phenyl (9) 

p-tolyl (10)

Ar = p -tolyl 
R 1 , R2 = phenyl (11) 

R 1 = H, R2  = phenyl (12)

Figure 4.18: Taddols synthesised and studied in our group 17

Taddol 1 2 3 4 5 6 7 8 9 10 11 12

No. of inclusions 3 4 2 9 1 0 3 0 7  5 4 0
No. of inclusion resolutions 0 1 0 2 0 0 0 0 1 1 0 0

17Table 4.11: Inclusions and inclusion resolutions developed in our group

Although it is known that also in the Taddols hydrogen bonds play a pivotal role, they are, however, 
of a different type. Whereas in the lactic acid derivatives the direction and nature (tertiary vs. 
secondary alcohol) of the hydrogen bond is of great importance, in the Taddols the alcohol 
functions are both tertiary and, due to the C2-symmetry, directional effects cannot be of importance. 
Also the effect of aryl substituents works out differently in the Taddols. Whereas in both series 
(Taddols and lactic acid derived hosts) best inclusions are obtained with Ar = phenyl, in the Taddols 
series also the p-tolyl group gives useful results. Hydrogen bond accepting substituents, however, 
should be avoided in both series in order to obtain successful inclusions and resolutions. 
Comparison of the effect of the R 1 and R2 substituents in both series is not very useful, given the 
differences in molecular structure.
A low stability of the pure host crystal is beneficial in both series. In fact, most Taddols do not 
crystallise easily and have a relatively unstable crystal lattice (confirmed by a low heat of fusion 
and low AG at room temperature) without a guest included. Most Taddols crystallise as solvates, i.e. 
with methanol, which show a higher stability and a higher heat of fusion. These phenomena are 
more common in Taddols than in the lactic acid derivatives and could very well be an explanation 
for the higher success rate in inclusions with Taddols. In all cases, however, an internal/external 
hydrogen bond network governed by the 1,2 -diol function is indispensable.
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4.6 Crystal structure data

Crystals of 8 suitable for X-ray diffraction studies were obtained from fra«s-2-methylcyclohexanol by slow 
cooling and evaporation of the solvent. A single crystal was mounted in air on a glass fibre. Intensity data 
were collected at room temperature. An Enraf-Nonius CAD4 single-crystal diffractometer was used, Mo-Ka 
radiation, a  scan mode. Unit cell dimensions were determined from the angular setting of 24 reflections. 
Intensity data were corrected for Lorentz and polarisation effects. Semi-empirical absorption, correction (y- 
scans)18 was applied. The structure was solved by the program CRUNCH19 and was refined with standard 
methods (refinement against F2 of all reflections with SHELXL9720 with anisotropic parameters for the 
nonhydrogen atoms. The hydrogen atoms of the methyl and hydroxy groups were refined as rigid rotors to 
match maximum electron density in a difference Fourier map. The other hydrogens were placed at calculated 
positions and were refined riding on the parent atoms. A structure determination summary is given in 
Table 4.12. A PLUTON16 drawing of compound 8 is shown in Figure 4.6.

Identification code AFR13E
Crystal colour transparent colourless
Crystal shape rough fragment

Crystal size [mm] 0.28 x 0.28 x 0.24 mm
Empirical formula C17 H2 0  O4

Formula weight 288.33 g/mol
Temperature 293(2) K

Radiation / Wavelength MoKa (graphite mon.) / 0.71073 Â
Crystal system Triclinic

Space group P1
a=8.1033(17) Â, a=96.242(18)° 

b=8.1607(17) Â, ß=102.840(15)° 
c=11.8424(19) Â, y=97.430(15)°

Unit cell dimensions 
(24 reflections 10.359<0<16.610)

Volume 749.4(3) Â3

Calculated density 1.278 Mg/m3

Z 2

Absorption coefficient 0.090 mm-1

Diffractometer / scan Enraf-Nonius CAD4 / a
F(000) 308

0  range for data collection 3.50 - 27.46 °
Index ranges -10 < h < 0, -10 < k < 10, -14 < l < 15

Reflections collected / unique 3673 / 3673
Reflections observed 1131 ([Io>2a(Io)])
Absorption correction Semi-empirical from y-scans

Range of relat. transm. factors 1.234 and 0.808
Refinement method Full-matrix least-squares on F2

Computing SHELXL-97 (Sheldrick, 1997)
Data / restraints / parameters 3673 / 3 /389

Goodness-of-fit on F2 1 1.007
SHELXL-97 weight parameters 0.126400 0.000000

Final R indices [I>2c(I)] 1 Rj = 0.1016, wR2  = 0.2126
R indices (all data) Rj = 0.2954, wR2  = 0.3026

Largest diff. peak and hole 0.281 and -0.302 e.Â -3

Table 4.12: Crystal data and structure refinement for compound 8 (AFR13E)
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Crystals of 15 suitable for X-ray diffraction studies were obtained from toluene by slow cooling and 
evaporation of the solvent. A single crystal was mounted in air on a glass fibre. Intensity data were collected 
at room temperature. An Enraf-Nonius CAD4 single-crystal diffractometer was used, Mo-Ka radiation, a 
scan mode. Unit cell dimensions were determined from the angular setting of 24 reflections. Intensity data 
were corrected for Lorentz and polarisation effects. Semi-empirical absorption, correction (y-scans)18 was 
applied. The structure was solved by the program CRUNCH19 and was refined with standard methods 
(refinement against F2 of all reflections with SHELXL9720 with anisotropic parameters for the nonhydrogen 
atoms. The hydrogen atoms of the methyl and hydroxy groups were refined as rigid rotors to match 
maximum electron density in a difference Fourier map. The other hydrogens were placed at calculated 
positions and were refined riding on the parent atoms. A structure determination summary is given in Table 
4.13. A PLUTON16 drawing of compound 15 is shown in Figure 4.7.

Identification code AFRA22
Crystal colour transparent colourless
Crystal shape II irregular fragment

Crystal size [mm] 0.22 x 0.18 x 0.15 mm
Empirical formula II C16 H18 O2

Formula weight 242.3 g/mol
Temperature 293(2) K

Radiation / Wavelength MoKa (graphite mon.) / 0.71073 Â
Crystal system Orthorhombic

Space group P2j2i2i
a=8.4797(8) Â, a=90° 
b=8.9355(6) Â, ß=90° 

c=18.0006(11) Â, y=90°

Unit cell dimensions 
(25 reflections 7.970<0<11.364)

Volume 1363.91(18) Â3
Calculated density 1.180 Mg/m3

Z 4
Absorption coefficient 0.076 mm-1
Diffractometer / scan Enraf-Nonius CAD4 / a

F(000) 520
0 range for data collection 2.54 - 27.48 °

Index ranges 0 < h < 11, -11 < k < 0, 0 < l < 23
Reflections collected / unique 1797 / 1797

Reflections observed 551 ([Io>2a(Io)])
Absorption correction Semi-empirical from y-scans

Range of relat. transm. factors 1.207 and 0.919
Refinement method Full-matrix least-squares on F2

Computing SHELXL-97 (Sheldrick, 1997)
Data / restraints / parameters 1797 / 0 / 166

Goodness-of-fit on F2 0.986
SHELXL-97 weight parameters 0.034500 0.000000

Final R indices [I>2c(I)] Rj = 0.0811, wR2 = 0.0960
R indices (all data) Rj = 0.2798, wR2 = 0.1399

Largest diff. peak and hole 0.164 and -0.139 e.Â-3

Table 4.13: Crystal data and structure refinement for compound 15 (AFRA22)
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Crystals of 16 suitable for X-ray diffraction studies were obtained from toluene/hexane by slow cooling and 
evaporation of the solvent. A single crystal was mounted in air on a glass fibre. Intensity data were collected 
at room temperature. An Enraf-Nonius CAD4 single-crystal diffractometer was used, Mo-Ka radiation, a 
2a scan mode. Unit cell dimensions were determined from the angular setting of 25 reflections. Intensity 
data were corrected for Lorentz and polarisation effects. Semi-empirical absorption, correction (y-scans)18 
was applied. The structure was solved by the program CRUNCH19 and was refined with standard methods 
(refinement against F2 of all reflections with SHELXL9720 with anisotropic parameters for the nonhydrogen 
atoms. The hydrogens were initially placed at calculated positions and were freely refined subsequently. A 
structure determination summary is given in Table 4.14. A PLUTON16 drawing of compound 16 is shown in 
Figure 4.7.

Identification code AFR20I
Crystal colour transparent colourless
Crystal shape rough fragment

Crystal size [mm] 0.39 x 0.31 x 0.19 mm
Empirical formula 2C to H tO o o tO

Formula weight 304.37 g/mol
Temperature 293(2) K

Radiation / Wavelength MoKa (graphite mon.) / 0.71073 Â
Crystal system Orthorhombic

Space group P212121
a=5.9975(4) Â, a=90° 

b=15.2721(12) Â, ß=90° 
c=18.1508(14) Â, y=90°

Unit cell dimensions 
(25 reflections 11.298<0<14.895))

Volume 1662.5(2) Â3
Calculated density II 1.216 Mg/m3

Z 4
Absorption coefficient 0.077 mm-1
Diffractometer / scan Enraf-Nonius CAD4 / a -20

F(000) 648
0 range for data collection 2.61 - 27.47 °

Index ranges II 0 < h < 7, 0 < k < 19, 0 < l < 2
Reflections collected / unique 2205 / 2205

Reflections observed 1454 ([Io>2a(Io)])
Absorption correction Semi-empirical from y-scans

Range of relat. transm. factors 1.074 and 0.943
Refinement method Full-matrix least-squares on F2

Computing SHELXL-97 (Sheldrick, 1997)
Data / restraints / parameters 2205 / 0 /2 8 9

Goodness-of-fit on F2 II 1.058
SHELXL-97 weight parameters 0.030400 0.151400

Final R indices [I>2ct(I)] R1 = 0.0436, wR2 = 0.0775
R indices (all data) R1 = 0.0835, wR2 = 0.0899

Extinction coefficient II 0.0146(14)
Largest diff. peak and hole 0.122 and -0.122 e.Â-3

Table 4.14: Crystal data and structure refinement for compound 16 (AFR20I)
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Crystals of 17 suitable for X-ray diffraction studies were obtained from toluene by slow cooling and 
evaporation of the solvent. A single crystal was mounted in air on a glass fibre. Intensity data were collected 
at room temperature. An Enraf-Nonius CAD4 single-crystal diffractometer was used, Mo-Ka radiation, a 
2a scan mode. Unit cell dimensions were determined from the angular setting of 25 reflections. Intensity 
data were corrected for Lorentz and polarisation effects. Semi-empirical absorption, correction (y-scans)18 
was applied. The structure was solved by the program CRUNCH19 and was refined with standard methods 
(refinement against F2 of all reflections with SHELXL9720 with anisotropic parameters for the nonhydrogen 
atoms. The hydrogens were initially placed at calculated positions and were freely refined subsequently. A 
structure determination summary is given in Table 4.15. A PLUTON16 drawing of compound 17 is shown in 
Figure 4.8.

Identification code AFRA24
Crystal colour transparent colourless
Crystal shape 1 irregular fragment

Crystal size [mm] 0.33 x 0.32 x 0.23 mm
Empirical formula C22  H22  O3

Formula weight 334.40 g/mol
Temperature 293(2) K

Radiation / Wavelength MoKa (graphite mon.) / 0.71073 Â
Crystal system Orthorhombic

Space group P212 12 1

a=8.6144(13) Â, a=90° 
b=10.3110(10) Â, ß=90° 
c=20.1441(15) Â, y=90°

Unit cell dimensions 
(25 reflections 10.632<0<13.262)

Volume 1789.4(3) Â 3

Calculated density 1 1.241 Mg/m3

Z 4
Absorption coefficient 0.090 mm-1

Diffractometer / scan Enraf-Nonius CAD4 / a -20
F(000) 712

0  range for data collection 2.57 - 27.47 °
Index ranges 1 -11 < h < 0 , -13 < k < 0 , -26 < l < 0

Reflections collected / unique 2350 / 2350
Reflections observed 1507 ([Io>2a(Io)])
Absorption correction Semi-empirical from y-scans

Range of relat. transm. factors 1.062 and 0.954
Refinement method Full-matrix least-squares on F2

Computing SHELXL-97 (Sheldrick, 1997)
Data / restraints / parameters 2350 / 0 / 314

Goodness-of-fit on F2 1 1.084
SHELXL-97 weight parameters 0.036100 0.252300

Final R indices [I>2ct(I)] R1 = 0.0480, wR2 = 0.0894
R indices (all data) R1 = 0.0930, wR2 = 0.1039

Largest d iff peak and hole 0.130 and -0.149 e.Â -3

Table 4.15: Crystal data and structure refinement for compound 17 (AFRA24)
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Crystals of 1 suitable for X-ray diffraction studies were obtained from methyl phenyl sulphoxide by slow
cooling and evaporation of the solvent. A single crystal was mounted in air on a glass fibre. Intensity data
were collected at room temperature. An Enraf-Nonius CAD4 single-crystal diffractometer was used, Mo-Ka
radiation, a-2a scan mode. Unit cell dimensions were determined from the angular setting of 24 reflections.
Intensity data were corrected for Lorentz and polarisation effects. Semi-empirical absorption, correction (y- 

18 21 22 scans) was applied. The structure was solved by the system DIRDIF using the PATTY option and was
refined with standard methods (refinement against F2 of all reflections with SHELXL9720 with anisotropic
parameters for the non-hydrogen atoms. The hydrogen atoms of the methyl and hydroxy were refined as
rigid rotors to match maximum electron density in a difference Fourier map. The other hydrogens were
placed at calculated positions and were refined riding on the parent atoms. A structure determination
summary is given in Table 4.16. A PLUTON16 drawing of the inclusion complex of host 1 and (Sj-methyl
phenyl sulphoxide is shown in Figure 4.9.

Identification code AFRA1S
Crystal colour transparent colourless
Crystal shape II rough lump

Crystal size [mm] 0.35 x 0.22 x 0.20 mm
Empirical formula II C2 2  H24 O3 S

Formula weight 368.47 g/mol
Temperature 293(2) K

Radiation / Wavelength MoKa (graphite mon.) / 0.71073 Â
Crystal system Orthorhombic

Space group P212 12 1

a=5.7450(9) Â, a=90° 
b=16.085(2) Â, ß=90° 
c=21.310(3) Â, y=90°

Unit cell dimensions 
(24 reflections 8.609<0<12.763)

Volume 1969.3(5) Â3

Calculated density 1.243 Mg/m3

Z 4
Absorption coefficient 0.182 mm-1

Diffractometer / scan Enraf-Nonius CAD4 / a
F(000) 784

0  range for data collection 3.14 - 27.49 °
Index ranges II -7 < h < 0, -20 < k < 0, 0 < l < 27

Reflections collected / unique 2617 / 2617
Reflections observed 1093 ([Io>2a(Io)])
Absorption correction Semi-empirical from y-scans

Range of relat. transm. factors 1.306 and 0.763
Refinement method Full-matrix least-squares on F2

Computing SHELXL-97 (Sheldrick, 1997)
Data / restraints / parameters 2617 / 0 /2 3 9

Goodness-of-fit on F2 II 1.0567
SHELXL-97 weight parameters 0.144200

Final R indices [I>2ct(I)] R1 = 0.1062, wR2 = 0.2316
R indices (all data) R1 = 0.2383, wR2 = 0.2997

Largest diff. peak and hole 0.493 and -0.435 e.Â -3

Table 4.16: Crystal data and structure refinement for the inclusion complex of host 1 

and (^-methyl phenyl sulphoxide (AFRA1S)
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Crystals of 9 suitable for X-ray diffraction studies were obtained from ether/ethylacetate mixture by slow 
cooling and evaporation of the solvent. A single crystal was mounted in air on a glass fibre. Intensity data 
were collected at room temperature. An Enraf-Nonius CAD4 single-crystal diffractometer was used, Mo-Ka 
radiation, a  scan mode. Unit cell dimensions were determined from the angular setting of 25 reflections. 
Intensity data were corrected for Lorentz and polarisation effects. Semi-empirical absorption, correction (y- 
scans)18 was applied. The structure was solved by the program CRUNCH19 and was refined with standard 
methods (refinement against F2 of all reflections with SHELXL9720 with anisotropic parameters for the non
hydrogen atoms. The hydrogen atoms of the methyl and hydroxy groups were refined as rigid rotors to match 
maximum electron density in a difference Fourier map. The other hydrogens were initially placed at 
calculated positions and were freely refined subsequently. A structure determination summary is given in 
Table 4.17. A PLUTON16 drawing of compound 9 is shown in Figure 4.11.

Identification code AFRA14
Crystal colour transparent colourless
Crystal shape 1 rough fragment

Crystal size [mm] 0.24 x 0.23 x 0.14 mm
Empirical formula C17 H20 O4

Formula weight 288.33 g/mol
Temperature 293(2) K

Radiation / Wavelength MoKa (graphite mon.) / 0.71073 Â
Crystal system Monoclinic

Space group P21
a=6.5323(12) Â, a=90° 

b=25.591(5) Â, ß=92.774(14)° 
c=9.0817(13) Â, y=90°

Unit cell dimensions 
(25 reflections 10.277<0<12.943)

Volume 1516.4(5) Â3
Calculated density 1.263 Mg/m3

Z 4
Absorption coefficient 0.089 mm-1
Diffractometer / scan Enraf-Nonius CAD4 / a

F(000) 616
0 range for data collection 2.75 - 27.46 °

Index ranges 0 < h < 8, -33 < k < 0, -11 < l < 11
Reflections collected / unique 3847 / 3553 [R(int)=0.0369]

Reflections observed 1660 ([Io>2a(Io)])
Absorption correction Semi-empirical from y-scans

Range of relat. transm. factors 1.014 and 0.988
Refinement method Full-matrix least-squares on F2

Computing SHELXL-97 (Sheldrick, 1997)
Data / restraints / parameters 3553 / 1 / 461

Goodness-of-fit on F2 1 1.052
SHELXL-97 weight parameters 0.034100 0.071400

Final R indices [I>2ct(I)] R1 = 0.0595, wR2 = 0.0843
R indices (all data) R1 = 0.1726, wR2 = 0.1092

Largest diff. peak and hole 0.15481 and -0.184 e.Â-3

Table 4.17: Crystal data and structure refinement for compound 9 (AFRA14)
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Crystals of 5 suitable for X-ray diffraction studies were obtained from toluene/hexane mixture by slow 
cooling and evaporation of the solvent. A single crystal was mounted in air on a glass fibre. Intensity data 
were collected at room temperature. An Enraf-Nonius CAD4 single-crystal diffractometer was used, Mo-Ka 
radiation, a  scan mode. Unit cell dimensions were determined from the angular setting of 25 reflections. 
Intensity data were corrected for Lorentz and polarisation effects. Semi-empirical absorption, correction (y- 
scans)18 was applied. The structure was solved by the program CRUNCH19 and was refined with standard 
methods (refinement against F2 of all reflections with SHELXL9720 with anisotropic parameters for the non
hydrogen atoms. The hydrogens were initially placed at calculated positions and were freely refined 
subsequently. A structure determination summary is given in Table 4.18. A PLUTON16 drawing of 
compound 5 is shown in Figure 4.15.

Identification code AFRAZ3
Crystal colour transparent colourless
Crystal shape II rough fragment

Crystal size [mm] 0.40 x 0.24 x 0.22 mm
Empirical formula C17 H20 O2

Formula weight 256.33 g/mol
Temperature 293(2) K

Radiation / Wavelength MoKa (graphite mon.) / 0.71073 Â
Crystal system Monoclinic

Space group P2 1

a=7.7706(10) Â, a=90° 
b=7.7453(10) Â, ß=107.048(9)° 

c=12.4729(12) Â, y=90°

Unit cell dimensions 
(25 reflections 10.277<0<14.100)

Volume 717.70(15) Â3

Calculated density II 1.186 Mg/m3

Z 2

Absorption coefficient 0.076 mm-1

Diffractometer / scan Enraf-Nonius CAD4 / a
F(000) 276

0  range for data collection 3.14 - 27.48 °
Index ranges II -9 < h < 10, 0 < k < 10, -16 < l < 0

Reflections collected / unique 1839 / 1765 [R(int)=0.0372]
Reflections observed 1047 ([Io>2a(Io)])
Absorption correction Semi-empirical from y-scans

Range of relat. transm. factors 1.015 and 0.985
Refinement method Full-matrix least-squares on F2

Computing SHELXL-97 (Sheldrick, 1997)
Data / restraints / parameters 1765 / 1 /252

Goodness-of-fit on F2 II 1.091
SHELXL-97 weight parameters 0.069100 0.000000

Final R indices [I>2ct(I)] R1 = 0.0547, wR2  = 0.1133
R indices (all data) R1 = 0.1108, wR2  = 0.1370

Largest diff. peak and hole 0.146 and -0.222 e.Â -3

Table 4.18: Crystal data and structure refinement for compound 5 (AFRAZ3)
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Crystals of 6 suitable for X-ray diffraction studies were obtained from toluene/hexane mixture by slow 
cooling and evaporation of the solvent. A single crystal was mounted in air on a glass fibre. Intensity data 
were collected at room temperature. An Enraf-Nonius CAD4 single-crystal diffractometer was used, Mo-Ka 
radiation, a  scan mode. Unit cell dimensions were determined from the angular setting of 25 reflections. 
Intensity data were corrected for Lorentz and polarisation effects. Semi-empirical absorption, correction (y- 
scans)18 was applied. The structure was solved by the program CRUNCH19 and was refined with standard 
methods (refinement against F2 of all reflections with SHELXL9720 with anisotropic parameters for the non
hydrogen atoms. The hydrogen atoms of the methyl and hydroxy groups were refined as rigid rotors to match 
maximum electron density in a difference Fourier map. The other hydrogens were initially placed at 
calculated positions and were freely refined subsequently. A structure determination summary is given in 
Table 4.19. A PLUTON16 drawing of compound 6 is shown in Figure 4.15.

Identification code AFRAZ4
Crystal colour transparent colourless
Crystal shape 1 Irregular fragment

Crystal size [mm] 0 . 2 2  x 0 . 2 0  x 0 . 2 0  mm
Empirical formula C17 H20 O2

Formula weight 256.33 g/mol
Temperature 293(2) K

Radiation / Wavelength MoKa (graphite mon.) / 0.71073 Â
Crystal system Monoclinic

Space group C2
a=27.311(3) Â, a=90° 

b=9.1941(12) Â, ß=110.129(9)° 
c=12.6526(14) Â, y=90°

Unit cell dimensions 
(25 reflections 10.276<0<16.164)

Volume 2983.0(6) Â3

Calculated density 1.142 Mg/m3

Z 8

Absorption coefficient 0.073 mm-1

Diffractometer / scan Enraf-Nonius CAD4 / a
F(000) 1104

9 range for data collection 2.71 - 27.50 °
Index ranges -33 < h < 35, -11 < k < 0, -16 < l < 0

Reflections collected / unique 3801 / 3642 [R(int)=0.0556]
Reflections observed 1877 ([Io>2a(Io)])
Absorption correction Semi-empirical from y-scans

Range of relat. transm. factors 1.282 and 0.897
Refinement method Full-matrix least-squares on F2

Computing SHELXL-97 (Sheldrick, 1997)
Data / restraints / parameters 3642 / 1 /425

Goodness-of-fit on F2 1 1.068
SHELXL-97 weight parameters 0.058300 0.261500

Final R indices [I>2ct(I)] R1 = 0.0577, wR2 = 0.1143
R indices (all data) R1 = 0.1370, wR2 = 0.1416

Largest diff. peak and hole 0.197 and -0.154 e.Â -3

Table 4.19: Crystal data and structure refinement for compound 6 (AFRAZ4)
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Diastereomeric Salt Resolutions

^ 5  Diastereomeric Salt Resolutions

In this chapter the resolution capabilities o f a matrix o f amino alcohols derived 

from amino acids are investigated with the aim o f obtaining a better understanding 

o f the theoretical background o f the Dutch Resolution method and the family 

concept which is at the heart o f this method.

99



Chapter 5

5 .1  In t r o d u c t io n

In the 150 years since Pasteur’s1,2 resolution of racemic tartaric acid with the aid of an optically 
pure amine, classical resolution has remained essential for the preparation of a huge range of 
non-racemic chiral compounds3. Despite many attempts, neither computer assisted modelling, 
detailed examination of the crystal structure data of diastereomeric salts, studies of the energy 
differences of diastereomeric salts, nor empirical correlations have led to a reliable method for 
predicting success or failure of resolution processes. Practical experience, as well as trial and 
error are the “state of the art” guidelines for developing economically viable resolution 
procedures4. The need for faster and more reliable protocols may be met by a promising and 
successful combinatorial approach called Dutch Resolution (DR)5. DR has substantially 
enhanced the success rate of resolutions. Practical development and speed of performance have 
been improved.6

5.1.1 Classical resolution

Classical approaches to optical resolution of racemates are based on the strategy of temporarily 
converting both enantiomers into their diastereomeric derivatives. The racemate is combined 
with a chiral auxiliary R ’ (resolving agent), which can bind covalently or ionically to a 
functional group of the (R)- and (S)-enantiomers (Scheme 5.17). The diastereomeric products 
have different physicochemical properties such as solubility, melting point, boiling point, 
adsorption and phase distribution. Due to these differences, separation of the diastereomers is in 
principle possible. Crystallisation is an especially interesting separation technique. Removal of 
the resolving agent R ’ liberates the enriched (R)- and (S)-enantiomers.

[ R  + S  ]
Racemate

+ 2 R '
Chiral
auxiliary

-► RR' + R 'S  
Mixture of diastereomers

Separation

R
pure

(R)-Enantiomer

2 R' 
chiral 
auxiliary

S
pure

(S)-Enantiomer

Scheme 5.1: Optical resolution of racem ates via diastereom eric derivatives
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The most commonly applied method for diastereomeric salt formation involves the use of one 
equivalent of resolving agent R ’. Not only for economical reasons, the use of only 0.5eq of 
resolving agent has proven to be more favourable for the resolution process. This is called the 
method o f  half quantities. The enantiomer, that forms the least soluble diastereomeric salt with 
the resolving agent precipitates as diastereomeric salt while the other enantiomer remains as free 
base or acid in the mother liquor. Optimisation of classical resolution found by Marckwald8 

showed that in many cases the practical optimum conditions required the use of 0.7eq. of 
resolving agent. Another approach is the Pope and Peachey method,9 where 0.5-0.9eq. of the 
corresponding chiral acid or base resolving agent and 0.1-0.5eq. of an achiral neutralising 
additive, like simple acids (HCl, acetic acid) or bases (KOH, triethylamine) are used in order to 
perform the resolution process in a pH neutral aqueous environment (Scheme 5.2). Generally this 
method increases the solubility of the remaining enantiomer as its salt with an achiral acid/base.

A )  2 (+/-)-A + (+)-B + KOH -------- ► (+)-A--(+)-B+ + (-)-A--K+ + H2O
'  (rac acid) (chiral (achiral (crystalline) (in solution)

base) base)

B )  2 (+/-)-B + (+)-A + HCl -------- ► (+)-B+-(+)-A- + (-)-BH+-Cr
(rac base) (chiral (achiral (crystalline) (in solution)

acid) acid)

Scheme 5.2: Classical resolution according to the Pope and Peachey method for A) a 
racemic acid and B) a racemic base

In order to quantify the efficiency of a resolution process, the resolvability S, also called 
Fogassy’s parameter, can be used10.

k -  k
S = k • t = —------  Equation 5.1

0.5 • c0

The equation characterises numerically the effectiveness of a resolution where the parameter k is 
related to the chemical yield (k = 2 for 100% chemical yield) and t to the optical purity (t = 1 for 
100% e.e.). The parameters kp and kn are related to the solubility of the p- and n-salt respectively 
and c0 to the initial concentration of the substrate in the solution. S  depends on the conditions 
used (amount of solvent, temperature etc.). Thus, Sexp only provides information about the 
efficiency of a practical performance of the resolution experiment. What is really required is 
Smax; the S  value under optimal conditions which is the maximum possible efficiency of a 
resolution. It can be shown that Smax is determined by the equation of the eutectic solution and 
the parameter xeu is related to the molar fraction of the eutectic (Equation 5.2).

1 -  2 • x
Smax = —-------“  E quation 5 .2

1 -  xeu
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5.1.2 Dutch Resolution

A higher efficiency of the resolution process is obtained in Dutch Resolution by the application 
of mixtures of structurally related resolving agents; a so-called family-mix of resolving agents. 
Family members have strong structural similarity and are stereochemically homogeneous 
(homochirality among family members and enantiopurity of the components). The simultaneous 
application of a family mix of resolving agents unexpectedly resulted in fast crystallisation of a 
diastereomeric salt in reasonable yield and high enantiomeric purity for about 200  racemic 
compounds. Some commonly used mixes of resolving agents are shown in Figure 5.1. The 
composition of the obtained diastereomeric salts is, in general, non-stoichiometric with respect to 
the resolving agents and is not constant after recrystallisation. This solid solution behaviour is 
found in almost all DR experiments. Compared to the classical resolution experiments, in which 
only one single resolving agent is used, the yields and e.e.’s in the family approach were as good 
or better in many cases. The great advantage of Dutch Resolution lies in the discovery that with 
just a limited number of mixes nearly every compound tested could be resolved in a short time.

Acids
X

X=H,Me,Br X=H,Me,OME

Amines

PE-II NH2

X2 X 1

X - X - H ; X - N O 2,X2=H
X 1=H,X2=NO2

Figure 5.1: Acid and amine m ixture of resolving agents used in Dutch Resolution

The resolution of the DL-threo-amide with the P-mix is a good example of this relatively new 
and promising approach.11 The results, which are typical for the DR procedure, are shown below 
(Figure 5.2 and Table 5.1).
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phencyphos

P
\O OH 

chlocyphos

Cl

Racemate:

OH O

NH2
NH2

h 3c s '

DL-threo-(4-methylthiophenyl)serine amide

Figure 5.2: Resolution of DL-tÄreo-(4-methylthiophenyl) serine amide w ith the P-mix

Resolving agent Yield (% ) e.e. (% )

(-)-phencyphos (PP) 47 52 (2R,3S)
(-)-chlocyphos (CP) 55 17 (2R,3S)
(-)-anicyphos (AP) 41 67 (2S,3R)

mix-ratio 
in salt S

(-)-P-mix (1:1:1) 25 98.8 (2S,3R) 12:35:53 
(P : C : A)

0.49
0.19
0.55

0.49

Table 5.1: Resolution of DL-tÄreo-(4-methylthiophenyl) serine amide

Each of the individual phosphoric acids resolves the amide and affords moderate enantiomeric 
purities. Whereas anicyphos (2-hydroxy-4-(2-methoxyphenyl)-5,5-dimethyl-2-oxo-1,3,2- 
dioxaphosphorinane) forms a salt with the (2S,3R)-enantiomer, phencyphos (c) and chlocyphos 
(4-(2-chlorophenyl)-2-hydroxy-5,5-dimethyl-2-oxo-1,3,2-dioxaphosphorinane) give a salt with 
the (2R,3S)-enantiomer. The application of the P-mix yielded a very high e.e. of 98.8% of the 
(2S,3R)-enantiomer. It must be stated that actually 1eq. of each resolving agent was used to 
resolve 3eq. of racemate in a neutral environment. This procedure is the standard method applied 
in DR which is, however, not the only possible set-up for this experiment. Alternatives are 
discussed in section 5.2. This typical example of results in Dutch Resolution and the use of 
mixes of closely related resolving agents (families) shows the effect of the application of 
mixtures. It should be noted that the quality of the resolution, defined as S = k * t (see above, 
Table 5.1) is not the best in the case of the application of the mix. However, as these are not 
optimised Smax values they cannot be used to compare resolutions. It must also be emphasised 
that little is known about the real cause of the family effect. Very recently, it has been discovered 
that nucleation inhibition72 may occur and that the presence of related resolving agents in a DR 
process inhibits the crystallisation of one of the two possible diastereomeric salts. The observed 
nucleation inhibition is often much stronger for the more soluble diastereomer, which results in a 
more efficient resolution.6

103



Chapter 5

5 .2  P o ss ib le  a c id -b a s e  r a tio s  in  c la s s ic a l re s o lu t io n  a n d  D u tc h  R e s o lu tio n  
e x p e r im e n ts

Systematic investigation of the DR concept requires that one deals with the general problem of 
the experimental set-up of the resolution experiment itself. A manifold of acid/base ratios in a 
resolution experiment is possible. In practice, each resolution requires individual optimisation to 
reach the best results. In that respect DR is a screening protocol for a fast identification of 
successful resolutions. The choice of the solvent constitutes another challenge, because the 
solubilities of diastereomeric salts differ enormously depending on the type of solvent used. Also 
different acid/base ratios have a large effect on solubilities of the involved diastereomeric salts.
In Table 5.2, some possible acid base ratios in resolution experiments are given and their 
advantages and disadvantages are briefly discussed.

Entry
Additional

achiral
base

C hiral 
amine A

Chiral 
amine B

Chiral 
amine C

(+)-
Acid

(-)-
Acid

Additional
achiral

acid
I 0 1 0.5 0.5
II 1 1 1 1
III 1 1 1 0.5 0.5 0
IV 1 1 1 1.5 1.5 0
V 1 1 1 0.5 0.5 2
VI 1 1 1 1 1 1

Table 5.2: Possible acid/base ratios in resolution experiments

Entries I  and II  present the classical approaches where only a single resolving agent is applied. 
Entry II  is called the Pope-Peachey method, where a second, achiral, base is added.
In entry III  one equivalent of the racemate is treated with one equivalent of each of the resolving 
agents. This has the disadvantage that free amine base remains which can precipitate if  its 
solubility is lower than that of the salts.
Entry IV  represents the usually applied approach in Dutch Resolution, where 1 equivalent of 
racemate is used for each equivalent of base. However, this has the disadvantage that an excess 
of one of the enantiomers of the racemate is present. At yields above 33% this will always result 
in the precipitation of mixes.
Entry V  uses an additional achiral acid to convert all resolving agent into a salt form. With this 
approach the racemic acid is able to freely select one amine from the mixture, which will result 
in the precipitation of the least soluble salt. This method is comparable to entry I.
Entry VI is a variant of entry V  that could be considered to be the Pope-Peachey variant of 
Dutch Resolution.

5.2.1 Resolution of 1-phenylethylamine with DR mixes

Entry V was chosen as the standard method to examine the family concept in the matrix of the 
twelve amino acid derivatives since it seems to be the most useful and correct technique allowing
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free selection of resolving agent at all yields. However, to learn more about the impact of the 
applied method and to examine the differences or similarities between entry IV (standard DR 
method), and entry V, the resolution of 1-phenylethylamine (PEA) was performed with the 
P-mix of cyclic phosphoric acids (Figure 5.3). Methanol was used as the solvent and 
triethylamine (TEA) was the neutralising achiral base. The enantiomeric excess of 
phenylethylamine was determined by Capillary Electrophoresis (CE). The composition of the 
salts was also determined by CE.

P(+)-mix:
NH 2

X= H (Phencyphos (PP)) 
Cl (Chlocyphos (CP)) 
OCH3 (Anicyphos (AP))

rac. 1-phenylethylamine (PEA)

Figure 5.3: Resolution of 1-phenylethylamine with the P-m ix

The initial ratios of the experiments on the bases of entry IV (mix 1) and V (mix 2, Table 5.2) 
are given in Table 5.3. The experiments were carried out on a small scale. One eq of PEA 
(2.18mmol) and the corresponding amounts of resolving agent and achiral base were used.

Exp. (+)-PP (+)-c p (+)-AP PEA TEA
1 1 1 1 3
2 1 1 1 1 2

Table 5.3: Initial ratios of the resolution of 1-phenylethylamine with the (+)-P-mix

The composition of the obtained 1:1 salts and the enantiomeric excesses of 1-phenylethylamine 
of both experiments are shown in Table 5.4.

Exp. (+)-PP (+)-c p (+)-AP e.e. (PEA) in % yield (PEA) in % S
1 0.22 0.51 0.26 53 (L) 37 0.39
2 0.21 0.52 0.27 45 (L) 42 0.38

Table 5.4: Salt composition of PEA resolution

Surprisingly both experiments give almost identical results. However, it must be stated that 
crystallisation appeared to be much faster in the typical DR approach (mix 1), due to its higher 
relative concentration of racemate and the absence of the added achiral base. The outcome of 
both experiments proves that the compositions of the salts obtained are independent of the initial 
composition in solution at least in this example. The application of the kind of mixes of entry V 
is therefore of preferable choice giving the racemic compound the possibility to form the least 
soluble salt with the best resolving agent(s) from the mix of resolving agents. To investigate the 
influence of the applied mixes vs. the 1:1 classical resolution approaches the following
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experiments were performed (Table 5.5). In experiment 6 , the role of CP in the resolution 
process should be examined.

Initial composition
Exp (+) PP (+) CP (+) AP PEA TEA

3 1 1

4 1 1

5 1 1

6 1 1 1 1

Table 5.5: Single resolution and alternative mix experiments

The results of these experiments are listed in Table 5.6.

Exp e.e. (PEA) in % yield (solid) in % S Solvent (g)*
3 22 (L) 37 0.16 2.5
4 64 (L) 38 0.49 2.1

5 No crystallisation (oil/glass)
6 17 (L) 39 0.13 1

Composition of exp. PP AP
6 57 0.43

* Total amount of solvent (MeOH) used.
Table 5.6: Results of resolutions and salt composition in experim ental set-up 6

Conclusions

The experimental set-ups 1 and 2 lead to almost identical results, suggesting that Dutch 
Resolution effects are essentially independent of the initial starting composition. The single 
resolution experiments showed CP to be the best single resolving agent, and, moreover, to be 
even somewhat better than the mix in the DR approaches (exp 1 and exp 2). Although 
phenylethylamine can form the least soluble diastereomeric salt combination with a single acid, 
mixed salts are obtained. However, it is not clear whether the mix of resolving agents from exp.
1 and 2 results from the crystallisation of several pure salts or from the formation of solid 
solutions of the acids in the crystals. It is also conceivable that the initially formed crystals of CP 
act as a template, initiating the crystallisation of the two other salts. PP is only a reasonable 
resolving agent whereas AP does not crystallise within a reasonable time but is present in the 
mix, which is a typical DR phenomenon and indicates solid solution behaviour. With the PP-AP 
mix (exp 6) only a low resolution was obtained. It can be assumed that CP forms the required 
backbone of the obtained DR salt.
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5 .3  T h e  fa m ily  m a tr ix

The basic theory of Dutch Resolution and the family concept are not well understood. The 
definition of a family of resolving agents is so far only based on empirical rules and needs 
further investigation. To explore further the DR concept, a matrix (Figure 5.4) of twelve amino 
acid derivatives was developed. The readily available amino acids L-alanine, L-phenylglycine 
and L-phenylalanine have been chosen as optically pure and inexpensive precursors to synthesise 
a number of derivatives which still possess the amine function, but also the magic diarylcarbinol 
moiety (for synthesis see chapter 2, compounds 19-30). Obviously, these reagents have strong 
structural similarities and are stereochemically homogeneous and should, thus, represent 
families.

NH2

R
OH

Ar

Ar

Ar

Ph

p-Tol

p-Anisyl

p-Cl-Ph

Me

10

R:

Ph-CH2

11

Ph

12

► Potential 
Families

Potential
Families

Figure 5.4: Columns and rows could represent molecule families

The general characteristics of an ideal resolving agent for industrial and large scale 
purposes are13:
- precursors readily available and inexpensive,
- strong acid or base to form stable salts with weakly basic or acidic racemates,
- the centre of chirality should be close to the functional group which is involved in 

the salt formation,
- the resolving agent should be conformationally rigid (H-binding sites and aromatic groups are 

recommended),
- chemically stable and no racemisation under resolution conditions,
- readily recoverable,
-non-toxic.

The resolving agents shown in the matrix of Figure 5.4 meet these criteria for the greater part.
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This matrix of resolving agents, columns and rows especially, represents potential resolution 
families according to the previously given definition. They possess structural similarities and 
differ only in the R- or aryl-group. The chiral centre is unaltered and has an identical 
configuration. However, the molecules in the diagonals as well as those randomly chosen from 
the matrix might also show family behaviour. At this stage no family feature can be excluded 
and the study should be absolutely unbiassed.

5 .4  E x p lo ita t io n  o f  th e  fa m ily  m a tr ix  w ith  a m in o  a c id  d e r iv a tiv e s

To investigate the potential of the amino acid derivatives as resolving agents and to further study 
the family concept, five structurally different racemic acids were chosen as target compounds:

1. Phencyphos (PP)
2. Hydratropic acid (HTA)
3. Mandelic acid (MA)
4. Phenylsuccinic acid (PSA)
5. Phenylbutyric acid (PBA)

5.4.1 Phencyphos (PP)

The matrix of amines derived from L-alanine, L-phenylalanine and L-phenylglycine (Figure 5.4), 
was applied in classical resolution and Dutch Resolution approaches of phencyphos (Figure 5.3). 
Resolutions with the separate amines (entry I) and with mixtures according to entry II I  and V 
(Table 5.2) have been performed and the eutectic composition for these resolutions has been 
determined in order to obtain information about the quality of the resolution. All experiments 
were carried out using methanol as solvent. The enantiomeric excess of phencyphos was 
determined by capillary electrophoreses and the composition of the salts was determined by 1H- 
NMR (200MHz) or chiral HPLC. In all series, the solid and the filtrate have been examined. The 
results are shown in the tables below. The enantiomeric composition of the filtrate was assumed 
to constitute the eutectic composition since enough material had crystallised. From this eutectic 
composition a maximum S  value could be calculated using Equation 5.3:

~ 1 2 xeu , „ „ ^ 1 4  -_
S max = - (Smax= 0 - 1) Equation 5.3

1 -  xeu

The actual experimental S  value was determined on the basis of the precipitated material using 
Equation 5.4:

S = k • t Equation 5.4

All molar fractions x were calculated on the basis of the least soluble diastereomer, xeu is the 
eutectic composition, k is the optical yield (= 2 x chemical yield; k = 0 -2 ) and t is the optical 
purity (t = 1 for 100% e.e.).
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5.4.1.1 F irst series of classical resolution and Dutch Resolution experiments

In the first series, the first row of the matrix of amino acid derivatives was investigated 
(Figure 5.5). The difference in only the R-group allows the presumption that the molecules of 
each row belong to a molecular family and show therefore co-operative crystallisation behaviour.

NH2

R

OH

Ph
Ph

R = methyl (1) 
benzy l(2 ) 
phenyl(3)

Figure 5.5: Optically active amino acid derivatives used for resolutions

Exp Amine e.e.
(solid)%

A 1 (-)3
B 2 (-)70
C 3 (+)72
D Mix (+ )2
E

_ __ , ****
Mix+TFA (+)79

yield
(solid)%

48
33
32

20(PP)

e.e.
(filtr)%

(+)3
(+)27
(-)32
(-)3

(-)16

Xeu S Smax Solvent (g)*

0.51 0.03 0.06
0.63 0.46 0.43 3
0.34 0.46 0.48 4.4

** 3
0.42 0.32 0.27 2.5

Initial composition Results
1 2 3 PP TFA 1 2 3 PP

D 1 1 1 1 0 Salt 1*** 8.5*** 0.3*** 1

2

E 1 1 1 1  2 Salt - - 1 1
* Total amount of solvent (MeOH) used 
** Not determined; also crystallisation of amines as free base 
*** Simultaneous crystallisation of free base 
****Trifluoro acetic acid as neutralising agent

Table 5.7: Resolution of phencyphos with amines from Figure 5.5

The amines 2 and 3 showed reasonable resolving capabilities but with the reversed 
enantioselectivity (S = 0.46), whereas amine 1 did not resolve. The application of mixes did not 
substantially improve the resolution. The mix with TFA gave a 1:1 salt with a lower S  value (S = 
0.27), but a slightly higher e.e. compared to the classical resolution experiment (exp C, S  = 0.46). 
The application of the mix without additional neutralising acid TFA yielded the crystallisation of 
amines as free bases making the salt analysis very complicated or even impossible. The 
crystallisation of free base was observed in all experiments which used an excess of basic 
resolving agents without addition of an achiral acid.

5.4.1.2 Second series of classical resolution and Dutch Resolution experiments

In the second series the second row of the matrix of amino acid derivatives was investigated 
(Figure 5.6).
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NH2

R

OH

p-tolyl 
p-tolyl

R = methyl (4) 
benzyl (5) 
phenyl(6)

Figure 5.6: Optically active amino acid derivatives used for resolutions

Exp Amine

F

e.e. Yield 
(solid)% (solid)%

(+)5 73
(+)9 72

(+)73 42
(+)52 **

J Mix+TFA (+)85 23(PP)

G
H
I Mix

e.e.
(filtr)%

(-)4 
(-)25 
(-)57 
(-)55
(-)29 0.35 0.39 0.45

Xeu S Smax Solvent (g)*

0.48 0.07 0.08 1

0.37 0.13 0.4 1.8

0.21 0.61 0.73 6.4

5.8

Initial composition Results
4 5 6 PP TFA 4 5 6 PP

I 1 1 1 1 0 Salt 0.07*** 0.56*** 0.7*** 1

J 1 1 1 1 2 Salt - - 1 1
* Total amount of solvent (MeOH) used
** Not determined; also crystallisation of amines as free base
*** Simultaneous crystallisation of free base

Table 5.8: Resolution of phencyphos with amines from Figure 5.6

Whereas amine 6 showed good resolving capabilities (S = 0.61), amine 4 and 5 did not. The 
application of mixes lead to a higher e.e., but did not improve the resolution based on S  values. 
The mix with TFA gave a 1:1 salt of amine 6 and PP with a lower resolution (S = 0.39) 
compared to the classical resolution experiment (exp H, S  = 0.61).
Better resolutions may be obtained at higher temperatures, as the solubility of the (S)-6 -(S)-PP 
salt was determined to be 1g per 7.9g (c = 0.1g/ml) of boiling methanol, whereas 1g of the (S)-6- 
(tf)-PP salt dissolved in 71g of boiling methanol (c = 0.01g/ml). This was almost a 10-fold 
difference in solubility that was substantially larger than at room temperature.

5.4.1.3 Third series of classical resolution and Dutch Resolution experiments

In the third series, the third row of the matrix of amino acid derivatives was investigated 
(Figure 5.7).

NH2 OH
OH R = methyl (7)
-p-anisyl benzyl (8)

p-anisyl phen^  (9)
R

Figure 5.7: Optically active amino acid derivatives used for resolutions

4
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Exp Amine

K
L
M
N Mix
O Mix+TFA

e.e.
(solid)%

0

(+)19
(+)91
(+)70
(+)93

yield
(solid)%

55
63
19

26 (PP)

e.e.
(filtr)%

0

(-)23
(-)27
(-)20

(-)39

Xeu S Smax Solvent (g)*

0.5 0 0 2.5
0.38 0.23 0.37 1.9
0.36 0.35 0.43 4

** 3.5
0.3 0.48 0.57 4

Initial composition Results
7 8 9 PP TFA 7 8 9 PP

N 1 1 1 1 0 Salt 0.3*** 0 2 *** 1

O 1 1 1 1 2 Salt - - 1 1
* Total amount of solvent (MeOH) used
** Not determined; also crystallisation of amines as free base
*** Simultaneous crystallisation of free base

Table 5.9: Resolution of phencyphos with amines from Figure 5.7

Amines 8 and 9 showed reasonable resolving capabilities (S = 0.23 and S  = 0.35), whereas amine
7 did not give any resolution. It is interesting that in this case, the application of the mix with 
TFA (exp O) gave a 1:1 salt of amine 9 and PP with a better resolution (S = 0.48) compared to 
the classical resolution experiment (exp M, S  = 0.35).

5.4.1.4 Fourth  series of classical resolution and Dutch Resolution experiments

In the fourth series, the fourth row of the matrix of amino acid derivatives was investigated 
(Figure 5.8).

NH2

R

OH

p-Cl-phenyl 

p-Cl-phenyl

R = methyl (10) 
benzyl (11) 
phenyl(12)

Figure 5.8: Optically active amino acid derivatives used for resolutions

Exp Amine

%%
« 

"O
.-s

s %
 

ld 
)%

 
•a 

-1 
"©s

e.e.
(filtr)% Xeu S Smax Solvent (g)*

P 10 (-)3 90 (+)2 0.51 0.05 0.04 1.6

Q 11 (+)54 39 (-)28 0.36 0.42 0.44 2.46
R 12 (+ )10 42 (-)8 0.38 0.08 0.15 4.1
S Mix (+)29

**
(-)20

** 4
T Mix+TFA (+)67 15 (PP) (-)11 0.44 0.2 0.2 2.6

continued

7
8

9
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Initial composition Results
10 11 12 PP TFA 10 11 12 PP

Mix 1 1 1 1 0 Salt 0.07*** 2 .4 *** 1.2 *** 1

Mix 1 1 1 1 2 Salt - 1 - 1
* Total amount of solvent (MeOH) used 
** Not determined; also crystallisation of amines as free base 
*** Simultaneous crystallisation of free base

Table 5.10: Resolution of phencyphos with amines from Figure 5.8

Amine 11 showed reasonable resolving capabilities (S = 0.42), whereas amines 10 and 12 did not 
show good resolution capabilities. The application of the mix with TFA (exp T) gave a 1:1 salt 
of amine 11 and PP with a lower resolution (S = 0.2) compared to the classical resolution 
experiment (exp Q, S  = 0.42). Remarkable is, that the amine 12 salt which possesses the lowest 
solubility in the classical experiment did not crystallise at all in the mix experiment (T).

5.4.1.5 Fifth series of classical resolution and Dutch Resolution experiments

In the fifth series, the first column of the matrix of amino acid derivatives was investigated 
(Figure 5.9).

Ar = phenyl(1) 
p-tolyl (4) 
p-anisyl (7) 
p-Cl-phenyl (10)

Figure 5.9: Optically active amino acid derivatives used for resolutions

Exp Amine e.e.
(solid)%

yield
(solid)%

e.e.
(filtr)% Xeu S Smax Solvent (g)*

A 1 (-)3 48 (+)3 0.51 0.03 0.06 2
F 4 (+)5 73 (-)4 0.48 0.07 0.08 1

K 7 0 55 0 0.5 0 0 2.5
P 10 (-)3 50 (+ )2 0.51 0.03 0.04 1.6

U Mix 0 * * 0  ** 1
V Mix+TFA No crystallisation

Initial composition Results
1 4 7 10 PP TFA 1 4 7 10 PP

Mix 1 1 1 1 1  0 Salt 0.019*** 0.65*** 0.307*** 0.028*** ?
Mix 1 1 1 1  1 3 Salt No crystallisation
Total amount of solvent (MeOH) used 

** Not determined; also crystallisation of amines as free base 
*** Simultaneous crystallisation of free base

Table 5.11: Resolution of phencyphos with amines from Figure 5.9
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The amines 1, 4, 7 and 10 do not show any resolving capabilities (S = 0). In the application of the 
mix with TFA (exp V) no crystals were obtained.

5.4.1.6 Sixth series of classical resolution and Dutch Resolution experiments

In the sixth series, the second column of the matrix of amino acid derivatives was investigated 
(Figure 5.10).

NH2

Bz

OH

Ar

Ar

Ar = phenyl(2) 
p-tolyl (5) 
p-anisyl (8) 
p-Cl-phenyl (11)

Figure 5.10: Optically active amino acid derivatives used for resolutions

Exp Amine e.e.
(solid)%

Yield
(solid)%

e.e.
(filtr)% Xeu S Smax Solvent (g)*

B 2 (-)70 33 (+)27 0.63 0.46 0.43 3
G 5 (+)9 73 (-)25 0.37 0.13 0.4 1.8
L 8 (+)19 63 (-)23 0.38 0.24 0.37 1.9

Q 11 (+)54 39 (-)28 0.36 0.42 0.44 2.46
W Mix (+)5 ** (-)5 ** 6
X Mix+TFA No crystallisation

Initial composition Results
2 5 8 11 PP TFA 2 5 8/11**** PP

Mix 1 1 1 1 1  0 Salt 0.52*** 0.43*** 0.05*** ?
Mix 1 1 1 1  1 3 Salt No crystallisation

* Total amount of solvent (MeOH) used 
** Not determined; also crystallisation of amines as free base 
*** Simultaneous crystallisation of free base 
****Unable to separate with HPLC

Table 5.12: Resolution of phencyphos with amines from Figure 5.10

The amines 2 and 11 show reasonable resolving capabilities (S = 0.46 and S  = 0.42), whereas the 
application of the mixes fails totally. It has a negative impact on the resolution process or does 
not yield crystals at all. Similar to the first series (Table 5.7) a reversal of enantioselectivity is 
observed for one of the amines, i.e. amine 2.

5.4.1.7 Seventh series of classical resolution and Dutch Resolution experiments

In the seventh series, the third column of the matrix of amino acid derivatives was investigated 
(Figure 5.11).
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Ar = phenyl(3) 
p-tolyl (6) 
p-anisyl (9) 
p-Cl-phenyl (12)

Figure 5.11: Optically active amino acid derivatives used for resolutions

Exp Amine

%%
Ú 

"O
«

'S
s

Yield
(solid)%

e.e.
(filtr)% Xeu S Smax Solvent (g)*

C 3 (+)72 31 (-)32 0.34 0.45 0.48 4.4
H 6 (+)73 42 (-)57 0.21 0.61 0.73 6.4
M 9 (+)91 19 (-)27 0.36 0.35 0.43 4
R 12 (+)10 42 (-)8 0.38 0.08 0.15 4.1
Y Mix (+)71

**
(-)73

** 4.3
Z Mix+TFA (+)66 38(PP) (-)35 0.32 0.5 0.52 7

Initial composition Results
3 6 9 12 PP TFA 3 6 9 12 PP

Mix 1 1 1 1 1 0 Salt 0.89*** 0.11*** - - ?
Mix 1 1 1 1 1 3 Salt - 1 - - 1
Total amount of solvent (MeOH) used 

** Not determined; also crystallisation of amines as free base 
*** Simultaneous crystallisation of free base

Table 5.13: Resolution of phencyphos with amines from Figure 5.11

Amines 3 and 9 gave reasonable resolutions (S = 0.45 and S  = 0.35) and amine 6 showed good 
resolving capabilities (S = 0.61). The application of the mix with TFA (exp Z) gave a 1:1 salt of 
amine 6 and PP with a lower resolution (S = 0.5) compared to the classical resolution experiment 
(exp H, S  = 0.61).

Summary and conclusions
To obtain a better overview of the results presented in Table 5.7 to Table 5.13 selected results 
have been summarised in matrix form. Table 5.14 summarises the e.e.’s obtained in the 
resolutions of phencyphos with separate and with mixes of resolving agents. In brackets also the 
yield is given. From Table 5.14 it is apparent that the amines derived from alanine are poor 
resolving agents for phencyphos. Horizontal mixes gave somewhat higher e.e.’s than the best 
single agents, but at the expense of a lower yield. Remarkably the diphenyl derivative of 
phenylalanine (R = CH2Ph, Ar = Ph) shows an opposite enantioselectivity. Vertical mixes are 
less efficient or even unpractical.

NH2

Ph

OH

Ar

Ar
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Ar:
Me CH2Ph Ph Mix 1 Mix 2

Phenyl -3 (48%) -70 (33%) +72 (32%) +2 +79 (20%)
p-Tolyl +5 (73%) +9 (72%) +73 (42%) +52 +85 (23%)

p-Anisyl 0 (55%) +19 (63%) +91 (19%) +70 +93 (26%)
p-Cl-phenyl -3 (90%) +54 (39%) +10 (42%) +29 +67 (15%)

Mix 1 0 +5 +71
Mix 2 No cryst. No cryst. +66 (38%)

e.e. determined (isolated yield based on racemate) 
Mix 1 = 1:1:1:1
Mix 2 = 1:1:1:1 + 2 TFA

Table 5.14: Resolution of PP; overview of e.e.’s and yields

Table 5.15 gives an overview of the experimentally determined ¿'-values and the ¿'max values 
calculated from the experimentally determined eutectic composition. This table clearly shows 
that the use of mixes only in one example leads to an improved efficiency of resolution. The use 
of the Ar = p-anisyl mix shows a higher Smax than for the best single agent. In all other cases the 
mix results in lower selectivity or problems with crystallisation.

R:
Ar:

Me CH2Ph Ph Mix 2 Comp.
Phenyl -0.03 / 0.06 -0.46 / 0.43 +0.46 / 0.48 +0.32 / 0.27 100% R=Ph
p-Tolyl +0.07 / 0.08 +0.13 / 0.40 +0.61 / 0.73 +0.39 / 0.45 100% R=Ph

p-Anisyl 0.00 / 0.00 +0.23 / 0.37 +0.35 / 0.43 +0.48 / 0.57 100% R=Ph

p-Cl-phenyl +0.05 / 0.04 +0.42 / 0.44 +0.08 / 0.15 +0.20 / 0.20 1W/0 
D — T>Ujv n

Mi x 2 No cryst. No cryst. +0.50 / 0.52

Comp. 100%
R=p-Tol

S  values: experimental (e.e. x optical yield) / theoretical maximum (calculated from xeu)

Table 5.15: Overview of resolution efficiencies for phencyphos

Table 5.16 shows the yield of crystalline material and the amount of solvent (methanol) used. All 
experiments were performed on the same scale of 0.88mmol. From this it can easily be 
calculated how much material is still in solution in the mother liquor. As the enantiomeric 
composition of the mother liquor is also known it is possible to calculate the approximate 
solubilities of both diastereomers. The approximately solubilities of salts with (+)-phencyphos 
and (-)-phencyphos in mol/kg are given in Table 5.17. For the mixes the calculations are based 
on the amount of phencyphos which precipitated from the solution.
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Ar:
R:

Me CH iPh Ph Mix 2
Phenyl 48% / 2g 33% / 3g 32% / 4.4g 20% / 2.5g
p-Tolyl 73% / 1g 72% / 1.8g 42% / 6.4g 23% / 5.8g

p-Anisyl 55% / 2.5g 63% / 1.9g 19% / 4g 26% / 4g
p-Cl-phenyl 90% / 1.6g 39% / 2.5g 42% / 4.1g 15% / 2.6g

Mix 2 No cryst. No cryst. 38% / 7g

Table 5.16: Overview of yield and approxim ate am ount of solvent

R:
Ar:

Me CH2Ph Ph Mix 2
Phenyl 0.12 / 0.11 0.12 / 0.07 0.05 / 0.09 0.12 / 0.16 100% R=Ph
p-Tolyl 0.11 / 0.12 0.05 / 0.09 0.02 / 0.06 0.04 / 0.08 100% R=Ph

p-Anisyl 0.08 / 0.08 0.07 / 0.11 0.06 / 0.11 0.05 / 0.11 100% R=Ph
p-Cl-phenyl 0.03 / 0.03 0.08 / 0.14 0.05 / 0.08 0.13 / 0.16 100% R=Bz

Mix 2 No cryst. No cryst. 0.02 / 0.05 100% Ar=Tol

Table 5.17: Overview of solubilities of diastereom ers (solubility salt of (+)-PP / solubility of 
salt of (-)-PP)

Table 5.17 reveals some remarkable but difficult to explain phenomena. First, in the mix with 
Ar = Ph only one amine is present in the crystals (Ar = Ph, R = Ph) but the solubility is higher 
than with the single agent. What is more remarkable is that from the mixes only two 
diastereomeric salts (RR and RS) crystallise, despite the fact that in some cases some of the other 
salts from a single resolving agent have lower solubilities. The crystallisation of mixed salts is 
never observed. Based on the solubilities determined with single agents it would be expected that 
the mixes should also lead to the crystallisation of mixtures It should also be pointed out that 
from the Ar = p-chloro-phenyl mix only the salt with R = CH2Ph crystallises, which is the most 
soluble one in the single agent experiments. In the solutions with mixes of amines many acid- 
base and association equilibria are involved which mutually influence each other and the 
solubilities of the salts involved. This may be causing some of these puzzling observations. 
Family effects, however, can hardly be defined in this extensive series of experiments. The 
application of the matrix to other racemic acids, especially to acids which are less efficiently 
resolved than phencyphos could provide additional information. In this case more pronounced 
family effects might be expected. Four other acids were therefore tested, however, in a more 
limited experimental set-up.
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5.4.2 H ydratropic acid (HTA)

Hydratropic acid was chosen as a second model compound.

CH3' COOH

HTA 

Figure 5.12: S tructure of rac. 2-phenylpropionic acid (H ydratropic acid)

Hydratropic acid is a much weaker acid than the organic phosphoric acid phencyphos used in the 
first resolution screening experiments (section 5.4.1). To focus on the family approach, only 
mixes of resolving agents were applied (Table 5.18). All experiments were carried out using 
methanol as solvent. The enantiomeric excess of hydratropic acid was determined by HPLC and 
the composition of the salts was determined by 1H-NMR (200 MHz) or chiral HPLC.

Initial composition Results
Exp. Amines HTA TFA e.e. (solid)% S

I 1,4,7,10 (1:1:1:1) 1 3 No crystallisation -
II 2,5,8,11 (1:1:1:1) 1 3 0 (only 2-HTA salt crystallised) 0
III 3,6,9,12 (1:1:1:1) 1 3 No crystallisation -
IV 1,2,3 (1:1:1) 1 2 No crystallisation -
V 4,5,6 (1:1:1) 1 2 65 (only 6-HTA salt crystallised) 0.27
VI 7,8,9 (1:1:1) 1 2 No crystallisation -
VII 10,11,12 (1:1:1) 1 2 No crystallisation -
VIII 6 (1) 1 0 31 0.29

Table 5.18: DR and single résolu ion experiments with HTA

From the mixes II  and V, only a 6-HTA salt precipitated. In mix II, a amine 2 salt precipitated 
with almost no e.e.. All the other mixes provided gel-type phases in which no further 
crystallisation was observed. The application of the typical Dutch Resolution approach was also 
tested for mix I. Thus, four equivalents of HTA were mixed with one equivalent of each of the 
amines 1, 4, 7 and 10. However, this test mix also did not crystallise and again a gel was formed. 
For comparison also a classical 1:1 resolution with amine 6 was performed. The 1:1 classical 
approach (exp VIII) afforded a 31% e.e. of HTA and 48% yield. The S  value for this experiment 
was slightly higher than obtained with the mix (S = 0.29 vs S = 0.27). The application of 
mixtures of resolving agents again did not show any improvements associated with Dutch 
Resolution behaviour. Also no indication of solid solution or crystallisation of mixes was 
observed.
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Ar:
R:

Me CH2Ph Ph 1:1:1:1 + 2 TFA
Phenyl No cryst.
p-Tolyl 0.29 0.27

p-Anisyl No cryst.
p-Chlorophenyl No cryst.

1:1:1:1:1 + 
3 TFA No cryst. 0 No cryst.

Table 5.19: Overview of resolution efficiencies for hydratropic acid

5.4.3 M andelic acid (MA)

Mandelic acid, a well-known and well-studied example for resolutions, was chosen as the next 
target compound to test the classical resolution and DR capabilities of the matrix of amino acid 
derivatives.

OH

Figure 5.13: S tructure of rac. mandelic acid

In this test series the focus lies on the classical resolution experiments and on the DR 
experiments of the amines of the columns of the matrix. The classical resolution experiments 
were carried out according to entry I (Table 5.2) and the DR experiments according to entry V 
(Table 5.2). All experiments were carried out using methanol as solvent. The enantiomeric 
excess of mandelic acid was determined by capillary electrophoresis and the composition of the 
salts was determined by 1H-NMR (200MHz) or HPLC.

5.4.3.1 F irst series of classical resolution and Dutch Resolution experiments

In the first series, the first column of the matrix of amino acid derivatives was investigated 
(Figure 5.14).

NH 2 OHOH Ar = phenyl (1)
Ar p -tolyl (4)

p-anisyl (7) 
p-Cl-phenyl (10)

Figure 5.14 Optically active amino acid derivatives used for resolutions
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Exp Amine e.e.
(solid)%

Yield
(solid)% S Solvent (g)

A
F
K
P
X

10
Mix+TFA

0

(S) 46 
(S) 36 
(R) 7

35.7
39.5
45

58.2

0.37
0.32
0.08

No crystallisation

1.55
1.38
3.4
2.7

01
4
7

Initial composition Results
1 4 7 10 MA TFA 1 4 7 10 MA

Mix 1 1 1 1  1 3 No crystals
* Total amount of solvent (MeOH) used

Table 5.20: Resolution of mandelic acid with amines from Figure 5.14

Amines 4 and 7 gave reasonable resolutions (S = 0.37 and S  = 0.32) and amines 1 and 10 showed 
no resolving capabilities at all (S = 0). The application of the mix (exp X) gave no crystals and 
thus, no positive result.

5.4.3.2 Second series of classical resolution and Dutch Resolution experiments

In the second series, the second column of the matrix of amino acid derivatives was investigated 
(Figure 5.15).

Ar = phenyl (3) 
p-tolyl (6) 
p-anisyl (9) 
p-Cl-phenyl (12)

Figure 5.15: Optically active amino acid derivatives used for resolutions

Exp Amine e.e.
(solid)%

Yield
(solid)% S Solvent (g)

C
H
M
R
Y

12
Mix+TFA

(R) 7 
(S) 6 

0
(S) 7 

0

54.7
65
66
66

45 (MA)

0.07
0.07

0.09

8.3
5.2
6.4

5.6

3
6
9 0

0

Initial composition Results
3 6 9 12 MA TFA 3 6 9 12 MA

Mix 1 1 1 1 1 3 0.5 0.05 0.29 0.16 1
* Total amount of solvent (MeOH) used

Table 5.21: Resolution of mandelic acid with amines from Figure 5.15
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Amines 3, 6, 9 and 12 gave low resolution-efficiencies. One of the amines (3) showed a reversed 
selectivity. The application of the mix (exp Y) gave at least crystals in a 1:1 amine-acid ratio , but 
no resolution. In this case crystallisation of a mixture or solid solution is observed in which all 
resolving agents of the original mix were present.

5.4.3.3 Third series of classical resolution and Dutch Resolution experiments

In the third series, the third column of the matrix of amino acid derivatives was investigated 
(Figure 5.16).

NH2 OH' OH Ar = phenyl (2)
Ar p -tolyl (5)

p -anisyl (8) 
p-Cl-phenyl (11)

Bz

Figure 5.16: Optically active amino acid derivatives used for resolutions

Exp Amine e.e.
(solid)%

Yield
(solid)0/« S Solvent (g)

B
G
L

Q
Z

11
Mix+TFA

(S) 74 
(S) 90 

0
(R) 13 
(R) 9

58.3
48

40.8
68.6

60 (MA)

0.86
0.86

0.17
0.1

4.5
5.È
3.8
5.7
2.8

2
5
8 0

Initial composition Results
2 5 8 11 MA TFA 2 5 8/11* MA

Mix 1 1 1 1 1 3 0.78 0.17 0.05 1
* Total amount of solvent (MeOH) used 
’"unable to separate with HPLC

Table 5.22: Resolution of mandelic acid with amines from Figure 5.16

Amines 2 and 5 gave very good resolutions (S = 0.86), whereas amines 8 and 11 showed no 
resolving capabilities (S = 0) or were only low (S = 0.17). Here again the effect was that one of 
the amines had a reversed selectivity (11). The application of the mix (exp Z) resulted in a 1:1 
amine-acid salt in which amine 2 was the major component. Surprisingly, the product from the 
mix had a reversed selectivity although 11 was only a minor component. One explanation could 
be that the amine 2 salt can crystallise in a different crystal structure (Polymorphism). In the 
classical experiment with 2 and 5 a diastereomeric salt is formed preferably containing the 
(Sj-enantiomer of mandelic acid. In the mix experiment the presence of the other amines induces 
the formation of another diastereomeric amine 2 salt with no preference or only a slight 
preference for the (Rj-enantiomer of MA. It is also possible that the presence of the other amines
i.e. 11 just promotes the crystallisation of amine 2 with the (R)-enantiomer of mandelic acid.

12This phenomenon could be called induced crystallisation in contrast to nucleation inhibition.
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5.4.3.4 Fourth  series of classical resolution and Dutch Resolution experiments

Due to the lack of a Dutch Resolution effect within the columns, one of the rows (Figure 5.17) of 
the matrix of amino acid derivatives was tested. Two of the single experiments showed no 
resolution effect (amine 8 and 9), whereas amine 7 showed a reasonable result (S = 0.32).

NH2

R

OH

p-anisyl 
p-anisyl

R = methyl (7) 
benzyl (8) 
phenyl(9)

Figure 5.17: Optically active amino acid derivatives used for resolutions

Exp Amine e.e.
(solid)%

Yield
(solid)% S Solvent (g)*

K (S) 36 45 0.32 3.4
L 40.8 3.8
M
N Mix+TFA

66 
71 (MA)

6.4

Mix 1 1 1 
Total amount of solvent (MeOH) used

Initial composition Results
7 8 9 MA TFA 7 8 9 MA

Table 5.23: Resolution of mandelic acid with amines from Figure 5.17

7
8 0 0
9 0 0

0 0 4

1 2 1 1

Once more the mix of resolving agents yielded only a 1:1 amine-acid salt in zero e.e.. No DR 
effect was observed. The major component in the mix was not the one which gave the best 
resolution. Clearly, the solubilities of both the diastereomers from alanine derivative 7 and 8 
were higher than that of 9. In all former experiments described, the mixes afforded the salt 
formed by the amine which had the highest enantiomeric excess of the resolved acid in the 
classical approach. This diastereomeric salt must possess a much lower solubility than its other 
diastereomer. However, this is not obligatory compared to other diastereomeric salts formed in 
the mix. Apparently, the two (n and p) diastereomeric salts formed by amine 9 and MA have a 
very low solubility, and these are actually lower than the solubility of the amine 7-(S)-MA salt. 
This explains the preferred crystallisation of the amine 9 salt in the mix experiment.

Additional mix experiment:

Until now, the family concept was only tested within rows and columns. Since the term fam ily  is 
not yet defined, diagonals as well as amines randomly chosen from the matrix could represent a 
family. Thus, the mixes of 2, 5, 7 (Figure 5.18) and 2, 5 (Figure 5.18) were tested. All showed
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very good to reasonable resolving capabilities in the classical resolution experiments and, more 
importantly, all yielded the (S)-enantiomer of mandelic acid.

5.4.3.5 Fifth series of classical resolution and Dutch Resolution experiments

NH2

Bz

OH

Ar

NH2

H3
Ar

Ar = phenyl(2) 
p-tolyl (5)

OH

p-anisyl 
p-anisyl

7

Figure 5.18: Optically active amino acid derivatives used for resolutions

e.e.
(solid)%

Yield
(solid)%Exp Amine S Solvent (g)*

B 2 (S) 74 58.3 0.86 4.5
G 5 (S) 90 48 0.86 5.8
K 7 (S) 36 45 0.32 3.4
I (2,5,7) No crystallisation
II (2,5) (S) 67.5 60 (MA) 0.8 2.86

Initial composition Results
Exp. Amines MA TFA e.e. (solid)% S

I 2,5,7 (1:1:1) 1 2 No crystallisation
II 2,5 (1:1) 1 1 (S) 67.5** 0.8

* Total amount of solvent (MeOH) used 
**Only amine 2 in salt

Table 5.24: Resolution of mandelic acid with amines from Figure 5.18

The (2,5,7)-mix surprisingly gave no crystallisation but a gel. The (2,5)-mix yielded crystals in 
2.86g solvent, but only amine 2 was present in the formed salt. The e.e. was similar to the 
classical experiment. A tentative explanation could be that 7 is a strong nucleation inhibitor. 
Apparently also 2 and/or 5 have such an effect, given the small amount of solvent in exp II 
needed to reach crystallisation. Additionally, the amount of TFA will have an influence.

Summary and conclusions
Table 5.25 gives an overview of the resolution efficiencies (Sexp) obtained from the resolution 
experiments of mandelic acid.
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Ar:
R:

Me CH2Ph Ph 1:1:1:1 + 2 TFA
Phenyl 0.00 0.86 (S) 0.07 (R)
p-Tolyl 0.37 (S) 0.86 (S) 0.07 (S)

p-Anisyl 0.32 (S) 0.00 0.00 0.00
p-Cl-phenyl 0.08 (R) 0.17 (R) 0.09 (S)
1:1:1:1:1 + 

3 TFA No cryst. 0.10 (R) 0.00

Table 5.25: Overview of resolution efficiencies for mandelic acid

Some amino acid derivatives taken from the matrix show good resolving capabilities towards 
racemic mandelic acid. However, a family effect was not observed. Neither rows, nor columns, 
nor randomly chosen amines from the matrix showed obviously family behaviour. In the second 
and third series tested, at least co-crystallisation or solid solution was observed, though yielding 
lower resolutions compared to the successful classical resolution experiments. With R = benzyl 
mix a very strange effect appeared (see Table 5.16). The obtained MA had an e.e. of 9% (R) and 
the composition of the crystals contained 78% of amine 2 with Ar = phenyl which by itself gave 
74% (S).

5.4.4 Phenylsuccinic acid (PSA)

So far only the resolution of mono acids has been studied. In this section the resolution of the di
acid phenylsuccinic acid is described.

PSA 

Figure 5.19: S tructure of rac. phenylsuccinic acid

It might be interesting to study the impact of two acid functions of the racemate in the resolution 
process and in the application of mixes of resolving agents. The crystallisation might be enforced 
through additional H-bond interactions or by the probable formation of double salts, in which 
two amines are precipitating with one acid molecule.
All experiments were performed in methanol as solvent. The enantiomeric excess of 
phenylsuccinic acid was determined by capillary electrophoreses and the composition of the salts 
was determined by 1H-NMR (200MHz) or HPLC.

5.4.4.1 Test mix series-DR approach

Three test mixes were applied, representing each of the columns of the amine matrix.
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NH2

H

OH

Ar

Ar

Ar = phenyl (1) 
p -tolyl (4) 
p-anisyl (7) 
p-Cl-phenyl (10)

NH2

Bz

OH

Ar

Ar

Ar = phenyl (2) 
p -tolyl (5) 
p-anisyl (8) 
p-Cl-phenyl (11)

NH2

Ph

OH

Ar

Ar

Ar = phenyl(3) 
p-tolyl (6) 
p-anisyl (9) 
p-Cl-phenyl (12)

Mix I Mix II Mix III

Figure 5.20: Optically active amino acid derivatives used for resolutions

Exp e.e.
(solid)%

Yield
(solid)% S Solvent (g)

Mix I No crystallisation

Mix II (A) 26
Mix III (B) 48

65 (PSA) 
54 (PSA)*

0.34
0.52

3.7
6.2

Mix I

Mix II

Initial composition Results

Mix III 1 1 1 1  
Total amount of solvent (MeOH) used 

* (A) and (B) represent the two enantiomers 
** Yield based on isolated PSA

0. 5 0.6 0.26 0.02 0.1

1 4 7 10 PSA TFA 1 4 7 10 PSA
1 1 1 1 0.5 3 No crystallisation
2 5 8 11 PSA TFA 2 5 8/11** PSA
1 1 1 1 0.5 3 0.8 0.14 0.07 0.5
3 6 9 12 PSA TFA 3 6 9 12 PSA

0.5

Table 5.26: Resolution of phenylsuccinic acid (PSA) with amines from Figure 5.20

3

Results and conclusion
Test mixes II and III resulted in the crystallisation of a 2:1 amine-acid salt with two different 
enantiomers of phenylsuccinic acid. The alanine derivatives of mix I have a much higher 
solubility and do not crystallise easily. Considering the relative yields of the acid obtained, it is 
not clear if  solid solution behaviour appeared or just the formation of mixed salts. However, the 
results do not show resolutions with high efficiencies which would be expected in a co-operative 
DR effect. Recrystallisation yielded an enrichment of the main amine component with similar S 
values compared to the former mixes.
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5.4.5 Phenylbutyric acid (PBA)

In this test series the focus again lies on the classical resolution experiments and on the DR 
experiments using the amines of the columns of the matrix, because they are the most promising 
members of a molecule family according to experiences from the known DR mixes. The Dutch 
Resolution attempts were carried out with equivalent amounts of each resolving agent and an 
additional amount of achiral acid according to entry V (Table 5.2).

Figure 5.21: S tructure of rac. 2-phenylbutyric acid

All experiments were performed using methanol as solvent. The enantiomeric excess of 
phenylbutyric acid was determined by capillary electrophoreses and the composition of the salts 
was determined by 1H-NMR (200MHz) or HPLC.

5.4.5.1 F irst series of classical resolution and Dutch Resolution experiments

In the first series, the first column of the matrix of amino acid derivatives was investigated 
(Figure 5.22)

NH 2 OHOH Ar = phenyl (1)
Ar p -tolyl (4)H3C , • 1 ™3 A  p -anisyl (7)

p-Cl-phenyl (10)

Figure 5.22: Optically active amino acid derivatives used for resolutions

However, all amines used in the classical resolution experiment, as well as the mix in the DR 
approach, did not result in any crystallisation.

5.4.5.2 Second series of classical resolution and Dutch Resolution experiments

In the second series, the second column of the matrix of amino acid derivatives was investigated 
(Figure 5.23).

NH2 o h
OH Ar = phenyl (3)

Ar p -tolyl (6)
Ph i , ^Ar p -anisyl (9)

p-Cl-phenyl (12)

Figure 5.23: Optically active amino acid derivatives used for resolutions
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e.e.
(solid)%

Yield
(solid)%Exp Amine S Solvent (g)*

C 3 (S) 50 25 0.25 1.0
H 6 (R) 67 57 0.76 3.12
M 9 (R) 39 42.7 0.33 4.47
R 12 (R) 62 35 0.44 2
Y Mix+TFA (S) 13

$ *
59 (PBA) 0.15 1.4

Initial composition Results

3 6 9 12 PBA TFA 3 6 9 12 PBA

Mix 1 1 1 1 1 3 0.65 0.25 0.04 0.07 1
* Total amount of solvent (MeOH) used 
** Yield based on isolated PBA

Table 5.27: Resolution of phenylbutyric acid with amines from Figure 5.23

All amines showed resolving capabilities in the single resolution experiments. Amine 6 is an 
effective resolving agent (S = 0.76) and the amines 3, 9 and 12 gave reasonable resolutions. The 
performing of larger scale experiments with amine 6 (1.6mmol) and PBA (1.6mmol) afforded 
the salt in 56% yield and a PBA e.e. of the enantiomer with ^-configuration of 72% (S = 0.8). 
Thus, the small scale (0.8mmol) as well as the larger scale experiment gave comparable results. 
Recrystallisation yielded the salt in 49% and the (R)-enantiomer of PBA in an e.e. of 93% (2.4g 
MeOH). The mix experiment showed a surprising result. The mixed salt obtained afforded a low 
e.e. (13%) of the opposite enantiomer with amine 3 as the main resolving agent (65%). Thus, 
clearly a co-crystallisation of the different amine-acid salts had occurred. Taking into account the 
solubilities, it would be far more likely to obtain the amine 6 salt or the amine 9 salt and an e.e. 
of the enantiomer with the ^-configuration. The only reasonable explanation for this strange 
result would be a strong inhibition of the crystal growth of the 6 and 9 salts by compound 3. The 
large increase in solubilities, as seen in several mix experiments, is once more shown.

5.4.5.3 Third series of classical resolution and Dutch Resolution experiments

In the third series, the third column of the matrix of amino acid derivatives was investigated 
(Figure 5.24)

NH2
OH Ar = phenyl (2)

Ar p -tolyl (5)
p -anisyl (8) 
p-Cl-phenyl (11)

Bz

Figure 5.24: Optically active amino acid derivatives used for resolutions
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Exp Amine e.e.
(solid)%

Yield
(solid)% S Solvent (g)

B
G

11
L

Q
Z Mix+TFA

Total amount of solvent (MeOH) used 
* Yield based on isolated PBA

(S) 37 
(S) 80 
(S) 76

55 0.41
54 0.86

61.3 0.92
No crystals
No crystals

3.0
3.2
3.8

Table 5.28: Resolution of phenylbutyric acid with amines shown in Figure 5.24

2
5

The amines 5 and 8 showed very good resolving capabilities in the classical resolution 
experiments (S = 0.86 and S  = 0.92). Amine 2 was a reasonable resolving agent (S = 0.41). 
Although two effective resolving agents for the identical PBA enantiomer with the S- 
configuration were present in the DR mix, no crystallisation was obtained. In order to prove 
whether this may be due to an inhibitory effect of 11 (itself a not effective resolving agent) a 
resolution with a mix of 2, 5 and 8 was performed. Again no crystals were obtained.

Physico-chemical studies of the resolution of PBA with amine 5, 6 and 8

Entries G, H, L where amines 5, 6 and 8 (Table 5.27 and Table 5.28) resolved PBA in a high 
efficiency (S = 0.8-0.9) were chosen for further physico-chemical studies. In a larger scale 
experiment PBA (2.38g; 14.5mmol) and amine 8 (5.26g; 14.5mmol) were dissolved in hot 
methanol. The crystallisation yielded the results shown in Table 5.29.

Solid Solid (filtrate) F iltrate
e.e. (B) % Yield % e.e. (A) Yield % Solvent (g)* I I  Xeu (S) Smax. S exp.

86 48 74 52 12 0.13 0.85 0.82
* Total amount of solvent (MeOH) used

Table 5.29: Resolution of PBA with amine 8

Recrystallisation generated the amine 8 salt in 58% yield and a PBA e.e. (S)15,16=100% (in 11.7g 
solvent). In this first resolution experiment the theoretical and experimental S  values are almost 
the same, indicating almost ideal conditions.
According to Ebbers et a l.14, based on earlier work by Kozma17, it is possible to estimate the Smax 
using a single DSC measurement of a mixture of enantiomeric salts with known composition, 
provided the mixture behaves more or less ideally. This was tested on the mixture obtained from 
the resolution above.
Kozma et al.17 showed that for resolutions the eutectic composition in a binary phase diagram 
(melting point diagram) is a good approximation for the eutectic of a ternary phase diagram 
(solubility diagram). The binary eutectic can be calculated approximately. This is possible if in a 
resolution process a salt precipitates with a composition different from the eutectic one. The
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Differential Scanning Calorimetry (DSC) thermogram then shows two peaks, the eutectic and 
mixture peak (Figure 5.25).

Figure 5.25: Calculation of a binary phase diagram  based on one single DSC m easurem ent

From the DSC spectra the following parameters can be determined: melting point of the eutectic 
(Teu) and the mixture peak (Ty), heat of fusion (AH) of the eutectic (Qeu) and remaining mixture

(Qp).
This method was applied to the mixture obtained in the resolution of PBA with amine 8. 
However, the DSC spectra of the amine 8-PBA salt did not give the shape of the curve in Figure 
5.25, which is essential to calculate the eutectic composition according to the method described. 
It is assumed that polymorphism was present in the salt and thus, the calculation method failed in 
this case (Figure 5.26).

DSC spectrum of the amine 8-PBA salt

temperature (°C)

Figure 5.26: DSC spectrum  of the amine 8-PBA salt

Fortunately, the DSC spectra of experiments H and G showed a typical curve similar to Figure 
5.25 and the determination of xeu gave the results shown in Table 5.30. The eutectic composition 
was determined graphically18. Good agreement between experiment and calculation was found.
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The high value for xeu confirms the high resolving ability of reagents 5 and 6. In fact, compared 
to literature19 results (Slit. = 0.6), these resolving agents are by far the best for a-phenylbutyric 
acid.

Entry Ntot 
(10-6 mol) Teu (K) Ty (K) Qp (J) x y xeu (exp.) x eu (calc.)

H 6.353 417.13 451.52 0.179 0.835 0.93 0.968
G 6.537 386.41 495.15 0.265 0.9 0.95 0.95

Table 5.30: Com parison of experim ental determ ined and calculated eutectics

Summary and conclusions

Ar:
R:

Me CH2Ph Ph 1:1:1:1 + 2 TFA
Phenyl No cryst. 0.41 (S) 0.25 (S)
p-Tolyl No cryst 0.86 (S) 0.76 (R)

p-Anisyl No cryst 0.92 (S) 0.33 (R)
p-Cl-phenyl No cryst No cryst. 0.44 (R)
1:1:1:1:1 + 

3 TFA No cryst No cryst. 0.15 (S)

Table 5.31: Overview of resolution efficiencies for phenylbutyric acid

The amino acid derivatives proved once more to be highly efficient resolving agents. The 
application of mixes again showed no improved resolution effects. Instead, worse results or no 
crystallisations were observed at all. With the R = Ph mix a strange effect was observed: crystals 
from the mix contained 65% Ar = phenyl. However, the salt with Ar = phenyl alone is the most 
soluble one.

5 .5  C o n c lu d in g  r e m a r k s

5.5.1 Classical resolutions

The studied diaryl-carbinol derivatives of amino acids have been proven to be generally good to 
excellent resolving agents. This can be deduced from the fact that several resolutions with S 
values of up to 0.9 were observed and many with S  values higher than 0.5, in spite of the fact no 
variations of solvent or pH-value have been tested to improve the resolution process. 
Particularly, the phenylalanine and phenylglycine derivatives showed good resolving 
capabilities. Excellent resolving agents for a-phenylbutyric acid were found in these series. 
Crystallisation in the alanine series was generally much slower. In fact, the alanine derivatives 
are rather poor resolving agents. The very high solubilities of the corresponding salts might have 
a negative effect.
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5.5.2 Dutch Resolution

Typical Dutch Resolution behaviour was not found in the series studied, which casts some 
doubts on the general applicability of this resolution method. Application of presumed families 
with R = constant and varying Ar substituents (columns in Figure 5.4), in particular showed no 
DR behaviour at all. Often no crystallisation was observed whereas in cases with crystallisation 
e.e.’s and efficiencies were less than in related classical resolutions. A few examples with mixed 
crystals were found, but no conclusions with respect to DR-effects can be drawn. The application 
of presumed families with R = Me, Bz or Ph and Ar = constant gave slightly more promising 
results, although again typical DR-effects were not detected. In most cases the application of 
mixes gave resolutions with higher e.e.’s, a lower yield and a slightly lower overall efficiency. 
These observations are in line with DR observations. Contradicting DR behaviour, however, is 
the fact that only diastereomeric salts, containing a single resolving agent were obtained. A 
highly interesting observation is the great and unpredictable changes in solubilities of 
diastereomeric salts in going from 1:1 systems to mixes. Not only the several acid/base equilibria 
do play a role here, also interactions in solution (clustering, H-bonded complexes) can vary from 
composition to composition. All these interactions in solution will have an effect on 
crystallisation behaviour sometimes resulting in precipitation of unexpected diastereomers (both 
with respect to composition or e.e.) or no crystallisation at all. Nucleation inhibition12, has been 
shown in related work to play an important role in DR. The mixes used in the columns of the 
matrix of amino alcohols might give their poor resolution results for the same reason. The large 
increase in solubilities of the mixes will also play a role. The results in this chapter neither 
confirm nor deny the phenomena of DR. Although the amino-alcohol families studied here might 
be an exception compared to other DR families, it is probably more realistic to conclude that 
resolutions through diastereomeric salts are still far away from fundamental understanding and 
rational design.

5 .6  E x p e r im e n ta l  S ec tio n

For general remarks, see section 2.7.

General performance o f the classical resolution and Dutch Resolution experiments:
The resolution experiments were all carried out in methanol as solvent. In the commonly applied small- 
scale experiments one equivalent of the racemic acid targets (PP, HTA, MA, PSA and PBA) (0.88mmol) 
and the corresponding amounts of resolving agents (amines 1-12) and additional achiral acid (TFA) were 
dissolved in hot methanol. The solutions were not stirred. Crystallisation appeared after slow evaporation 
of the solvent at room temperature and normal pressure in open 25 ml flasks. With some exceptions all 
crystallisations took several days. The salt composition was determined with 'H-NMR, HPLC and CE. 
The methods for the e.e. and ratio determination of the investigated acids and amines are given in Table 
5.32. The amine (1-12) and the phosphoric acids (AP, CP and PP) composition ratios were determined 
according to the recorded calibration lines.
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Compounds Apparatus Method
“(+)-Anicyphos” CE U = 30kV, T = 9°C, buffer pH = 9.3, t = 29min
“(+)-Chlocyphos” CE U = 30kV, T = 9°C, buffer pH = 9.3, t = 30min
“(+)-Phencyphos” CE U = 30kV, T = 9°C, buffer pH = 9.3, t = 31 min

“Phencyphos”
(racemic) CE* Hydroxypropylated ß-Cyclodextrine, c = 25 mg/ml, U = 30kV, 

T = 10°C, buffer pH = 9.3, t = 35 min
Hydratropic acid 

(racemic) HPLC Daicel OD-H, UV 254nm Isopropanol/hexane 5:95 (0.1% 
TFA), flow 0.5, t = 10.8 min

Mandelic acid 
(racemic) CE* Hydroxypropylated ß-Cyclodextrine, c = 250mg/ml, U = 

30kV, T = 10°C, buffer pH = 9.3, t = 35 min
Phenylsuccinic acid 

(racemic) CE* Hydroxypropylated ß-Cyclodextrine, c = 250 mg/ml, U = 
30kV, T = 10°C, buffer pH = 9.3, t = 62 min

Phenylbutyric acid 
(racemic) CE* Hydroxypropylated y-Cyclodextrine, c = 250 mg/ml, U = 

30kV, T = 10°C, buffer pH = 9.3, t = 31 min

Amines 1-12 HPLC* Daicel OD-H, UV 254nm Isopropanol/hexane 5:95, flow 0.4, t 
= 8min-15min

Phenylethylamine
(racemic) CE*

Hydroxypropylated ß-Cyclodextrine sulfated, c = 100mg/ml, 
U = 30kV, T = 15°C, buffer pH = 9.3, t = 22min (L) and 

23min (D)
new methods developed by us

Table 5.32: HPLC and CE methods for e.e. and ratio determination of acids and amines 

DSC
DSC thermograms were determined using a Perkin Elmer DSC 7 instrument, calibrated with In and Zn or 
Sn. Samples (2-10mg) were weighted with an accuracy of 0.01mg and encapsulated in aluminium large 
volume pans (75 .̂l). Thermograms were recorded at a scanning rate of 10°C/min, a data rate of 0.4- 
0.8sec/point and with an empty pan as reference under a nitrogen atmosphere. Melting points are given as 
the top of the peaks because of broad peaks.
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Summary

The focus of this thesis is on the resolution of racemates, which is still the most convenient and 
commonly applied method to obtain optically pure products, both in the fine-chemical industry 
(which supplies the materials for the pharmaceutical industry) and in the laboratory. From an 
industrial point of view classical resolution using diastereomeric salts still represents a viable 
technique because of its simplicity and robustness. However, due to inherent limitations of classical 
resolution, the need for new approaches to racemate resolutions is still concrete. A relatively new 
and unexplored concept is the racemate resolutions of uncharged molecules by using neutral host- 
guest inclusion complexes, the inclusion resolution. This technique is based on chiral discrimination 
and recognition in the crystal lattice of the inclusion compound. This lattice, being held together by 
hydrogen bonds and weak van der Waals interactions, is much weaker than in comparable 
diastereomeric salts.
An important lead was provided by the work of Toda et al. on the Taddols and by Weber et al. on 
diphenylcarbinol derivatives of lactic acid. Inspired by the interesting results reported by these and 
other authors, inclusion resolution was studied with the aim of expanding the scope and determining 
the limitations of this method, especially in view of possible industrial applicability. The results of 
this work are presented in the first part of this thesis.
To further explore the potential and limitations various new diarylcarbinol derivatives of lactic acid 
and of related compounds such as D-pantolactone and L-malic acid were prepared and tested in

R = H Ar = phenyl
o,m,p-tolyl 
o,m,p-anisyl
o,m,p-(trifluoromethyl)pheny] 
p-Cl-phenyl

R = phenyl Ar = phenyl 
o-anisyl 
methyl

inclusion crystallisation (Figure 1). 

lactic acid derivatives: OR

pant.olact.one derivative:
Ph Ph

OH

malic acid derivative:
OH

Ph^ ^ A ^ Ph 
Ph Ph

OH HO
OH OH

Figure 1: Overview of synthesised lactic acid-, pantolactone and malic acid derivatives

Given the preference for inexpensive and readily available starting materials, also diaryl-carbinol 
derivatives of amino acids such as L-alanine, L-phenylalanine, L-phenylglycine and L-proline as 
host precursors were prepared and tested (Figure 2). The syntheses of these host compounds are 
described in chapter 2. In principle, these syntheses are simple two-step reactions.
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/
NH

R2

OH

Ar
Ar

Ri = methyl 
benzyl 
phenyl

R2 = H
C(O)phenyl
C(O)-p-tolyl
C(O)-p-anisyl
C(O)(Ph)2HC

Ar = phenyl 
p-tolyl

OH

Ph
Ph

R = H
C(O)Ph
C(O)-p-tolyl
C(O)-p-anisyl

Figure 2: Overview of synthesised amino acid derivatives

The enantiomerically pure acid ester obtained in an esterification of the corresponding acid 
undergoes a Grignard reaction or an aryllithium addition reaction. Acylation of the amino function 
allows further structural variations.
Although purification was sometimes a problem, no serious obstacles were encountered and most 
compounds were easily obtained in satisfactory to good yields. In total 58 compounds were 
prepared which were all suitable for testing in inclusion experiments.
Chapter 3 describes the efforts towards preparation of inclusion complexes with these new potential 
host compounds. A wide-range of racemic guest compounds, i.e. alcohols, organic acids and amines 
and ketones have been used. A number of potential host compounds known from literature have 
been tested as well. Inclusion experiments were done using various methods. This resulted in a 
large number of inclusion resolution experiments (>1,200 exp.). The results of these efforts, 
however, were far below the expectations based on the published work of Weber et al. and other 
authors. Only in a very limited number of host-guest combinations could crystalline inclusion 
complexes be obtained. Even the known literature examples were difficult to reproduce. A major 
obstacle appeared to be the preparation of a first batch of crystalline material. A serious obstacle 
Toda and co-workers also had to deal with, as he expressed in personal discussions with us 
(Chirality Congress 2002, Hamburg).
In order to obtain a better understanding of the strength of interactions between host and guest 
molecules this has been studied in solution using nuclear magnetic resonance-spectroscopy. It was 
hoped that strong interactions in solution would indicate good host guest pairs, thus leading to a 
potential tool to predict inclusion crystallisation. However, no reliable correlation between strength 
of interaction in solution and inclusion behaviour was found (>110 exp.).
The invention of Dutch Resolution (DR), which is a new approach to classical resolution via 
diastereomeric salts with a higher success rate, constitutes a new tool. DR applies mixtures of 
structurally closely related resolving agents instead of a single agent. It was hoped that a similar 
approach in inclusion resolution would also improve the success rate. The availability of a wide 
range of structurally similar inclusion host molecules offered the opportunity to test Dutch 
Resolution in inclusion resolution. Unfortunately, this did not lead to any improvement, and 
apparently even diminished the rate of success. As the exact nature and limitations of the DR effect 
are still unclear, it is difficult to give an explanation, but the large difference in the strength of 
interactions of diastereomeric salts vs. inclusion complexes is likely to be an important factor.
Unlike in classical resolution, where due to the ionogenic character the resolving agent and the 
racemate are forced to crystallise in one lattice, inclusion only occurs when the inclusion crystal is
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more stable than crystals of either of the separate compounds. Apparently inclusion and inclusion 
resolution are relatively rare and unpredictable phenomena, which contrasts the impression obtained 
from a study of the literature. Due to this it must be concluded that inclusion resolution has low 
practical industrial viability.
Chapter 4 describes the attempts to identify important structural factors for inclusion host 
behaviour. The method used is a detailed analysis of the crystal structure of several lactic acid 
derived hosts, potential hosts and inclusion compounds. The availability of 27 X-ray structures (18 
from the Cambridge Structural Database and 8 newly determined) of hosts and inclusion 
compounds, and the availability of several DSC (Differential Scanning Calorimetry) measurements, 
allowed a systematic investigation of general principles in both host and guest structure. Properties 
like shape and chirality, rigidity, torsion angles and number of complexation sites to form internal 
and external hydrogen bonds of the single host molecules were examined and compared. The results 
made it possible to get a better insight in the host structure and led to some tentative design

The Ar-group should not contain hydrogen bond acceptor or donor sites.

R 1 is relatively unrestricted but should also not contain any hydrogen bond 
acceptors or donors. Aliphatic as well as aromatic groups can be used.

A potential host should have a rigid backbone, but also some flexibility in 
the terminal substituents allowing an induced fit of a guest.

4. R2 must be hydrogen. This secondary OH is, in most cases, acting as external complexation site 
for a potential guest molecule. The tertiary OH forms an internal H-bond to the secondary OH. 
This H-bond network is the most crucial condition for successful inclusion.

5. A low stability of pure host crystals will be beneficial. This stability can be estimated by DSC, 
using the AG corrected to room temperature.

The second part of this thesis focuses on classical resolution and its recently developed Dutch 
Resolution variant.
The term family is provisionally defined as resolving agents bearing strong structural similarity and 
being stereochemically homogenous (homochirality among family members and enantiopurity of 
the components). However, the exact boundaries of what constitute a family of resolving agents, 
and which properties should be similar is still unclear. Chapter 5 describes the efforts to examine 
and explore the family concept using a matrix of twelve amino acid derivatives (Figure 4). These 
compounds are derived from the amino acids L-alanine, L-phenylglycine and L-phenylalanine and 
can be readily prepared on mole scale. Obviously, these 12 compounds bear strong structural 
similarities, are stereochemically homogenous and should, thus, represent families of molecules. In 
the matrix of resolving agents shown in Figure 4 columns and rows constitute potential families 
according to the above given definition.

principles (Figure 3):

0 R2 1 
OH

R1 Ar 2.
Ar

Figure 3
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Potential
Families

Figure 4: Columns and rows could represent molecule families

In this study the matrix of resolving agents was applied to the separation of a number of racemic 
acids. Phencyphos (2-hydroxy-5,5-dimethyl-2-oxo-4-phenyl-1,3,2-dioxaphosphorinane), hydra- 
tropic acid, mandelic acid, phenylsuccinic acid and phenylbutyric acid were resolved in more than 
80 fully analysed classical resolution and DR experiments.

Amines
Acids e.e. Yield S

R Ar

Phencyphos Ph p-tolyl 73 42 % 0.73

Mandelic acid Bz phenyl 74 58 % 0.86

Mandelic acid Bz p-tolyl 90 48 % 0.86

Phenylbutyric acid Ph p-tolyl 67 57 % 0.76

Phenylbutyric acid Bz phenyl 80 54 % 0.86

Phenylbutyric acid Bz p-anisyl 76 61 % 0.92

Table 1: Best classical resolution results

The DR approaches did give some puzzling results, and it is still unclear whether the tested mixes 
constitute families fitting in the DR concept. Most mixes gave lower efficiencies compared to the 
classical approach. Mixed salts, common in DR, were exceptional. A striking difference in 
solubilities of diastereomeric salts in mixes vs. 1:1 experiments was observed. A number of 
unexpected results could be explained in this way. The amino-alcohols studied have, however, 
neither widened the scope of DR nor the understanding of this phenomenon. Taken as single, 
standard classical resolution agents, the amines from the matrix proved to be new and highly 
effective resolving agents. Resolutions with efficiency values S  as high as 0.9 (1.0 being a perfect 
resolution) confirm this. Since these compounds can be easily prepared on large scale, from 
inexpensive and readily available amino acids, they form a valuable addition to the arsenal of basic 
resolving agents. Introduction of diarylcarbinol functionalities has been shown to lead to some 
efficient inclusion hosts. Apparently these functionalities also lead to efficient classical resolving 
agents.
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Het zwaartepunt van dit proefschrift ligt op de scheiding (resolutie) van racemaaten; op dit moment 
nog steeds de eenvoudigste en algemeen toegepaste methode om optisch zuivere producten te 
maken, zowel in de fijn-chemische industrie (welke de grondstoffen levert voor de farmaceutische 
industrie) als in het laboratorium. Vanuit een industrieel standpunt is de klassieke resolutie gebruik 
makend van diastereomere zouten nog steeds een levensvatbare techniek op grond van de eenvoud 
en robuustheid. Omdat deze methode echter ook een aantal inherente nadelen bezit, bestaat er ook 
een concrete noodzaak voor de ontwikkeling van nieuwe benaderingen tot racemaatscheiding. Een 
relatief nieuwe en nog weinig onderzochte benadering is de scheiding van ongeladen moleculen met 
behulp van neutrale gastheer-gast insluit verbindingen; de zogenaamde inclusie resolutie. Deze 
techniek is gebaseerd op chirale discriminatie en herkenning in het kristalrooster van de inclusie 
verbinding. Dit rooster, bijeengehouden door waterstof bruggen en van der Waals interacties, is veel 
zwakker dan in vergelijkbare diastereomere zouten.
Het werk van Toda et al., aan Taddolen, en van Weber et al. aan difenylcarbinol derivaten van 
melkzuur, vormde een belangrijke leidraad voor dit onderzoek. Geïnspireerd door de interessante 
resultaten beschreven door deze en andere auteurs werd inclusie resolutie verder bestudeerd met als 
doelstellingen het uitbreiden van de toepasbaarheid en het bepalen van toepassingsbreedte en 
beperkingen, met name met het oog op mogelijke industriële toepasbaarheid. De resultaten van dit 
werk zijn beschreven in het eerste deel van dit proefschrift.
Om deze mogelijkheden en beperkingen verder te exploreren werden diverse nieuwe diaryl carbinol 
derivaten van melkzuur en van verwante verbindingen zoals D-pantolacton en L-Appelzuur bereid 
en getest in inclusie kristallisaties (figuur 1).

R = H Ar = phenyl
o,m,p-tolyl 
o,m,p-anisyl
o,m,p-(trifluoromethyl)pheny] 
p-Cl-phenyl

R = phenyl Ar = phenyl 
o-anisyl 
methyl

melkzuur derivaten: OR

pantolacton derivaat:
Ph Ph

OH

appelzuur derivaat:

Ph
Ph

OH
Ph
Ph

OH HOOH OH

Figuur 1: Diaryl-carbinol derivaten van melkzuur, pantolacton en appelzuur

Uitgaande van de voorkeur voor goedkope en makkelijk verkrijgbare grondstoffen werden ook 
diaryl carbinol derivaten van aminozuren zoals L-alanine, L-fenylalanine, L-fenylglycine en L- 
proline gesynthetiseerd en getest (figuur 2).
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/
NH

,R2

R
OH

Ar
Ar

Ri = methyl R2 = H Ar = phenyl
benzyl C(O)phenyl p-tolyl
phenyl c(o)-p-tolyl

C(O)-p-anisyl 
C(O)(Ph)2HC

R
N

OH

O
Ph

R = H 
C(O)Ph 
C(O)-p-tolyl 
C(O)-p-anisyl

Figuur 2: Diaryl-carbinol derivaten van aminozuren en daarvan afgeleide verbindingen

De synthese van al deze potentiële gastheer verbindingen is beschreven in hoofdstuk 2. In principe 
zijn deze syntheses eenvoudige twee-staps reacties. De enantiomeer zuivere ester, verkregen door 
verestering van het corresponderende zuur, ondergaat een Grignard reactie, of een aryllithium 
additie reactie. Acylering van de aminogroep kan tot verder structurele variatie leiden.
Hoewel zuivering van de producten soms wat problemen gaf, werden bij deze syntheses geen 
serieuze problemen ondervonden. De meeste verbindingen werden op eenvoudig wijze verkregen in 
bevredigende tot goede opbrengsten. In totaal werden 58 verbindingen bereid welke allen geschikt 
waren voor tests in inclusie experimenten.
Hoofdstuk 3 beschrijft de inspanningen gericht op de bereiding van inclusie verbindingen met deze 
potentiële nieuwe gastheer verbindingen. Een breed scala van racemische gastverbindingen, zoals 
alcoholen, organische zuren, amines en ketonen werd hierbij toegepast. Voor de inclusie 
experimenten beschreven in dit hoofdstuk werden zowel uit de literatuur reeds bekende gastheer 
verbindingen als de nieuw gesynthetiseerde verbindingen getest, gebruik makend van diverse 
methodes. Dit resulteerde in een groot aantal inclusie resolutie experimenten (>1200 experimenten). 
De resultaten van deze inspanningen waren echter ver beneden de verwachtingen, gebaseerd op de 
gepubliceerde resultaten van het werk van Weber et al. en andere onderzoekers. Slechts in een zeer 
beperkt aantal gastheer-gast combinaties konden kristallijne insluitcomplexen geïsoleerd worden. 
Zelfs bekende voorbeelden uit de literatuur konden maar met moeite gereproduceerd worden. Met 
name de bereiding van de allereerste portie kristallijn materiaal blijkt hierbij een groot obstakel te 
vormen. Een obstakel waarmee ook Toda en zijn medewerkers hebben geworsteld zoals hij in een 
persoonlijk gesprek bevestigde (Chirality Congress 2002, Hamburg).
Teneinde een beter begrip te krijgen van de sterkte van interacties tussen gast en gastheer moleculen 
werden deze bestudeerd in oplossing met behulp van NMR spectroscopie. Hierbij werd gehoopt dat 
een sterke interactie in oplossing een indicatie zou zijn voor een goed gastheer-gast paar en dat dit 
gebruikt zou kunnen worden als instrument voor het voorspellen van goede combinaties. Helaas 
werd echter geen duidelijke correlatie gevonden tussen sterkte van interacties in oplossing en 
gedrag in de inclusie resolutie experimenten (> 110 experimenten).
Met de ontdekking van Dutch Resolution (DR), die een nieuwe benadering in klassieke resolutie via 
diastereomere zouten met een hoger succes percentage is, was een nieuw wapen voorhanden. Bij 
DR wordt in plaats van een enkelvoudig splitsingsmiddel een mengsel van meerdere, structureel 
sterk verwante, splitsingsmiddelen toegepast. Het succes van deze benadering in klassieke resolutie
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wekte de hoop dat toepassing ervan in inclusie resolutie eveneens het percentage succesvolle 
splitsingen zou kunnen verhogen. De beschikbaarheid van een groot aantal structureel verwante 
inclusie gastheren opende de mogelijkheid om deze Dutch Resolution benadering toe te passen op 
inclusie resolutie. Helaas bleek dit echter niet tot enige verbetering te leiden en blijkbaar zelfs een 
verlaagde kans op succes tot gevolg te hebben. Daar de exacte oorzaak en de beperkingen van het 
DR fenomeen nog steeds onduidelijk zijn, is het moeilijk om voor dit gedrag een verklaring te 
geven, maar het grote verschil in de sterkte van interacties in diastereomere zouten vergeleken met 
die in inclusie complexen zal waarschijnlijk een belangrijke factor zijn.
In tegenstelling tot de klassieke resolutie, waar door het ionogene karakter het splitsingsmiddel en 
het racemaat gedwongen worden om samen in één kristalrooster uit te kristalliseren, zal inclusie 
alleen plaatsvinden wanneer de kristallen van het inclusie complex stabieler zijn dan de kristallen 
van zowel de zuivere gastheer als die van de zuivere gast. Blijkbaar zijn als gevolg hiervan inclusie 
en inclusie resolutie toch tamelijk zeldzame en onvoorspelbare fenomenen. Dit staat in duidelijke 
tegenstelling met de indruk die verkregen zou kunnen worden bij bestudering van de relevante 
literatuur. Gezien de in dit onderzoek verkregen resultaten moet geconcludeerd worden dat inclusie 
resolutie slechts een zeer gering potentieel heeft voor praktische industriële toepassingen.
Hoofdstuk 4 beschrijft de pogingen om te bepalen welke structurele factoren van belang zijn voor 
het gedrag van moleculen als inclusie gastheer. Hiervoor is uitgegaan van een gedetailleerde 
analyse van de kristalstructuren van diverse gastheren, potentiele gastheren en inclusiecomplexen, 
allen diaryl-carbinol derivaten van melkzuur. De beschikbaarheid van 27 met Röntgenanalyse 
bepaalde kristalstructuren (18 uit de Cambridge Structural Database en 8 nieuw gemeten) van 
gastheren en inclusie verbindingen, alsmede de beschikbaarheid van diverse DSC (Differential 
Scanning Calorimetry) smeltwarmte metingen, maakte de systematische bestudering mogelijk van 
de invloed van de moleculaire structuur van zowel gastheer als gast. Eigenschappen zoals vorm, 
chiraliteit, starheid, torsiehoeken en aantal complexatie plaatsen voor in- en externe 
waterstofbruggen van de zuivere gastheren werden bestudeerd en met elkaar vergeleken. Met 
behulp van de verkregen resultaten werd een beter inzicht verkregen in de structuur van de 
gastheren en konden enkele voorlopige ontwerp principes vastgesteld worden.

De volgende regels werden vastgesteld voor de in figuur 3 weergegeven 
verbindingen:

1. De Ar-groep mag geen waterstofbrug vormende donor- of acceptorgroepen 
bevatten.

Ar
2. Voor R 1 gelden relatief weinig restricties, maar ook hierin geen 

Figuur 3 waterstofbrug vormende donor- of acceptorgroepen. Zowel alifatische als
aromatische groepen kunnen gebruikt worden.

3. Een potentiële gastheer moet een relatief starre basisstructuur hebben, maar ook een zekere 
flexibiliteit in de eindstandige substituenten om een geinduceerde fit met het gastmolecuul 
mogelijk te maken.

4. R2 moet waterstof zijn. Deze secondaire hydroxyfunctie doet dienst als waterstofbrug donor 
voor complexatie met het gastmolecuul. De tertiaire OH vormt een intramoleculaire H-brug met
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de secundaire OH. Dit H-brug netwerk is de belangrijkste voorwaarde voor succesvolle 
insluiting.

5. Een lage stabiliteit van het kristalrooster van de zuivere gastheer is gunstig. Deze stabiliteit kan 
bij benadering bepaald worden door meting van de smeltwarmte (DSC), gevolgd door 
berekening van de AG bij kamertemperatuur.

Het tweede deel van dit proefschrift richt zich op klassieke resolutie en de recentelijk ontwikkelde 
Dutch Resolution variant ervan.
Het begrip familie van verbindingen is vooralsnog gedefinieerd als splitsingsmiddelen welke 
onderling structureel een grote gelijkenis hebben en sterochemisch homogeen zijn (homochiraal 
tussen de verschillende familieleden en optisch zuiver in de verschillende componenten). De exacte 
grenzen van wat een familie van splitsingsmiddelen vormt en welke eigenschappen overeen moeten 
komen is echter op dit moment nog onduidelijk.
In hoofdstuk 5 worden de pogingen beschreven om het familie concept nader te bestuderen en te 
exploreren met behulp van een matrix van 12 amines verkregen uit aminozuren (figuur 4). Deze 
verbindingen zijn derivaten van de aminozuren L-alanine, L-fenylglycine en L-fenylalanine en 
kunnen eenvoudig bereid worden op molschaal. Het is duidelijk dat deze 12 verbindingen onderling 
een sterke structurele gelijkenis hebben, stereochemisch homogeen zijn en dus families van 
splitsingsmiddelen kunnen vormen. In de matrix van verbindingen in figuur 4 kunnen zowel de 
rijen als de kolommen potentiële families vormen overeenkomstig de eerder genoemde definities.

Potentiële 
^  families

Potentiële
families

Figuur 4: Matrix van amines en potentiële families van splitsingsmiddelen

De matrix van basische splitsingsmiddelen is in dit onderzoek toegepast bij de splitsing van een 
aantal racemische zuren. Phencyphos (een afkorting voor 2-hydroxy-5,5-dimethyl-2-oxo-4-phenyl- 
1,3,2-dioxaphosphorinane), hydratoopzuur, amandelzuur, fenylbarnsteenzuur en fenylboterzuur 
werden alle gesplitst in meer dan 80 volledig geanalyseerde klassieke- en Dutch Resolution 
experimenten.

Ar
Ph

p-Tol

p-Anisyl

p-Cl-Ph

Me

R:

Ph-CH2 Ph

10 11 12
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Amine
Opbrengst S

R Ar
Phencyphos Ph p-tolyl 73 42 % 0.73

Amandelzuur Bz phenyl 74 58 % 0.86
Amandelzuur Bz p-tolyl 90 48 % 0.86

Fenylboterzuur Ph p-tolyl 67 57 % 0.76
Fenylboterzuur Bz phenyl 80 54 % 0.86
Fenylboterzuur Bz p-anisyl 76 61 % 0.92

Tabel 1: Beste resultaten van klassieke resoluties met enkelvoudige amines

De Dutch Resolution benadering in deze experimenten gaf een aantal verrassende, moeilijk te 
interpreteren resultaten, en het is momenteel nog onduidelijk of de geteste mengsels families 
vormen in de zin van het Dutch Resolution concept. De meeste mengsels gaven slechtere resultaten 
dan de klassieke benadering. De vorming van gemengde zouten, algemeen in DR experimenten, 
was in dit geval een uitzondering. Een opvallend verschil in oplosbaarheid van diastereomere 
zouten in meng-experimenten ten opzichte van klassieke 1:1 samenstellingen werd vastgesteld. Een 
aantal van de onverwachte resultaten kon hiermee worden geduid. De amino-alcoholen hebben de 
toepasbaarheid van DR echter niet verder verbreed en evenmin het begrijpen van dit verschijnsel. 
Het gebruik van de amines uit de matrix als enkelvoudige splitsingsmiddelen in normale klassieke 
resoluties liet echter wel zien dat deze nieuwe verbindingen in het algemeen zeer efficiënte 
splitsingsmiddelen zijn (Tabel 1 geeft een overzicht van de beste resultaten bij de splitsingen van de 
diverse zuren). Resoluties met efficiëntie waardes S  tot maximaal 0.9 (waarbij S  = 1.0 een perfecte 
splitsing beschrijft) bevestigen dit. Daar deze amines eenvoudig op grote schaal bereid kunnen 
worden uit goedkope en goed toegankelijke aminozuren vormen zij een waardevolle toevoeging aan 
het arsenaal van basische splitsingsmiddelen. Het is al eerder aangetoond dat de introductie van 
diaryl carbinol functies in het algemeen leidt tot meer efficiënte inclusie gastheren. Blijkbaar leiden 
deze functionaliteiten ook tot goede splitsingsmiddelen voor klassieke resolutie.
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