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1 Introduction 

This thesis concerns the development of new small-molecule catalysts for 
use in various asymmetric transformations. The reactions span from tradi-
tional chiral-transition-metal-complex-catalyzed transfer hydrogenation (Pa-
per I) to various organocatalytic procedures (Papers II-VII). Commercially 
available derivatives of the Cinchona alkaloids quinine and quinidine were 
assessed as ligands in transition-metal-catalyzed transfer hydrogenation of 
prochiral ketones (Paper I). The next objective was to investigate the direct 
asymmetric organocatalytic aldol reaction mediated by a structurally modi-
fied L-Proline derivative and the consequent implications on reactivity and 
selectivity (Paper II). Further investigations, both by DFT calculations and 
NMR spectroscopy, were used to rationalize the reactivity enhancement 
observed with the catalyst (Paper III). Subsequently, organocatalysts were 
developed for asymmetric conjugate additions of nitroalkanes to , -
unsaturated aldehydes (Paper IV) and for enantioselective cyclopropanations 
(Papers V and VI). Finally, various catalysts were synthesized and investi-
gated in order to improve the organocatalytic enantioselective Diels-Alder 
reaction (Peper VII). 
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1.1 History of Organic Chemistry 
Chemistry is usually described as the science of matter and its changes at the 
atomic and molecular levels. It therefore deals primarily with collections of 
atoms, such as gases, molecules, crystals, and metals; describing, both the 
composition and statistical properties of such structures, as well as their 
transformations and interactions to become materials encountered in every-
day life. This scientific subject also seeks to understand the properties and 
interactions of individual atoms, with the purpose of applying that knowl-
edge at macroscopic levels.1

Chemistry is rightfully described as a “central science” as it links together 
other sciences such as material science, nanotechnology, biology, pharma-
cology, and geology.  

The application of chemistry can be traced back to such early human ac-
tivities as the use of fire to prepare food, salt to preserve food, of pigments in 
cave paintings and dyes to create beautiful clothing. The industrial activities 
of the ancient nations show that the technical arts of the Classical Period in 
Greece and Rome, which are formally treated as spontaneous expressions of 
higher civilization, are really rather decadent forms of crafts practiced many 
centuries earlier in the Bronze Age cultures of Egypt and Mesopotamia.2

The birth of organic chemistry can be attributed to the beginning of the 
nineteenth century. Chemists generally thought that compounds from living 
organisms were complicated in structure and that these compounds were 
unique in that they could self-propagate using a “vital force”. The term “or-
ganic” was coined by Jöns Jacob Berzelius in 1806 to define chemical sub-
stances characteristic of living organisms. It was some twenty years later that 
Berzelius` student, Friedrich Wöhler, proved that the theory of the vital force 
was flawed by producing urea (carbamide) from ammonium cyanate, in what 
now is called the Wöhler Synthesis.3  Though this contributed to the genesis 
organic chemistry (and the demise of vitalism), Wöhler did not claim to have 
disproved the vital force, because the ammonium cyanate he used was ob-
tained from ammonia and cyanic acid, which were derived from natural 
sources. The final blow to vitalism occurred when Herman Kolbe prepared 
acetic acid from inorganic compounds. Kolbe used several synthetic steps, 
converting iron pyrite and charcoal to carbon disulphide. After several syn-
thetic manipulations, this rendered trichloroacetic acid and finally, after elec-
trolysis, acetic acid was produced.4

The progress of organic chemistry, and of chemistry in general, was also 

1 Silberberg, M. Chemistry, The Molecular Nature of Matter and Change, WCB McGraw 
Hill, New York, 1996.
2 Parrington, J. P. A Short History of Chemistry, 3 ed., MacMillan & Co., London, 1957.
3 Wöhler, F. Ann. Phys. Chem. 1828, 12, 253. 
4 Brock, W. H. “The Chemical Tree” A History of Chemistry. W. W. Norton. & Company, 
Inc. New York, 1992.
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greatly enhanced by the interest and encouragement of the bourgeois indus-
trialists, who in the forefront of the industrial revolution, had a pronounced 
belief that development in chemistry would allow improved production 
methodology, thus reducing manufacturing costs while improving the lives 
of citizens in the society.  

The modern organic chemistry can be described as the field that deals 
with the construction of functionalized carbon-containing molecules. Al-
though the central theme of organic chemistry is still carbon-containing 
molecules, organic chemists nowadays more frequently deal with metal con-
taining reagents, which have become an integral part of the organic-
chemistry portfolio.    

1.2 History of Chirality 
In 1801 the French mineralogist René Just Haüy observed that quartz crys-
tals exhibited hemihedral phenomena, in which certain facets of the crystals 
were non-superimposable mirror images of each other. In 1812 the French 
physicist, astronomer and mathematician Jean-Baptiste Biot put forward a 
comprehensive theory showing how anisotropic crystalline solids could ro-
tate the orientation of plane-polarized light in either direction depending on 
how the quartz crystals were cut with respect to the original symmetry.5 In 
1815, Biot expanded his work to include the empirical observation that po-
larized light, when passing through an organic substance, could be rotated 
clockwise or counterclockwise, depending upon the optical axis of the mate-
rial.6

The chirality of tartaric acid was also discovered by Biot in 1832, whereas 
Eilhard Mitscherlich examined the sodium ammonium salts of tartaric and 
para-tartaric acids and found them to be identical in crystalline form, except 
that the former was optically active and the latter was not. 

Louis Pasteur, a student of Biot, made many tremendously important em-
pirical observations regarding solutions of tartaric acids obtained from tartar 
deposits in barrels of maturing wine. In 1849 Pasteur noticed, upon examina-
tion of the tiny crystals of tartaric acid, that the crystals were hemihedral, 
consistent with previous observations by Mitscherlich. Pasteur then suc-
ceeded in manually separating these crystals with a pair of tweezers, distin-
guishing the crystal shapes using a lens. Pasteur noted that separate solutions 
of tartaric acid crystals in equivalent concentrations rotated plane polarized 
light in equal amounts but opposite directions. In addition, when he com-
bined equal parts of the two tartaric acid solutions, he observed no optical 

5 (a) Biot, J. B. Mem. Cl. Sci. Math. Phys. Inst. Imp. Fr. 1812, 13, 1.  (b) Biot, J. B. Bull. Soc. 
Philomath. Paris. 1816, 125.    
6 Biot, J. B. Bull. Soc. Philomath. Paris. 1815, 190. 
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rotation. From these observations, Pasteur inferred that optically inactive 
racemic acid was composed of equal amounts of (+) and ( ) tartaric acid. 
Thereafter, the term racemate was used to describe an optically inactive 
equimolar mixture of enantiomers. Additionally Pasteur drew the important 
conclusions that the rotation of plane-polarized light caused by the different 
tartaric acid salt crystals was a property of chiral molecules, and that the two 
forms of optically active tartaric acid were three-dimensional, mirror images 
of one another.7

Thus it was Louis Pasteur who correlated the phenomenon of optical ac-
tivity with an asymmetric grouping of atoms within molecule. Friedrich Au-
gust Kekule von Stradonitz established that carbon has four valences,8 and 
Jacobus H. van´t Hoff9 and Joseph Achille Le Bel10 arranged these valences 
in a tetrahedral fashion, setting the stage for an understanding of one of the 
most profound features of organic molecules – their ability to exist in non- 
identical, mirror-image forms (enantiomers). Enantiomers of a given mole-
cule have specific rotations of the same magnitude, but in opposite direc-
tions. The phenomenon was also exemplified by Emil Fischer in his classic 
work involving a series of conversions that transformed the compound (+)-2-
isobutyl malonic acid monomamide into ( )-2-isobutyl malonic acid 
monomamide. This displayed almost the same specific optical rotation, but 
more importantly, in the opposite direction (Figure 1).11

Figure 1. Enantiomers of 2-isobutyl malonic acid monoamide, possessing opposite 
optical rotation, and the synthetic conversion of (+)-(R)-2-isobutyl malonic acid 
monoamide ([ ]D

20 = +50) to ( )-(S)-2-isobutyl malonic acid monoamide ([ ]D
20 = -

45).  

7 (a) Pasteur, L. Ann. Chim. Phys. 1853, 38, 437. (b) Pasteur, L. C. R. Acad. Sci. 1853, 37,
162. (c) Pasteur, L. C. R. Acad. Sci. 1858, 46, 615.   
8 Kekulé, A. Anals. 1858, 106, 154 
9 van’t Hoff, J. H. Bull. Soc. Chim. France. 1875, 23, 295.  
10 Le Bel, J. A. Bull. Soc. Chim. France. 1874, 22, 337.  
11 Lin, G.-Q.; Li, Y.-M.; Chan, A. S. C. Principles and Application of Asymmetric Catalysis.
John Wiley and Sons, Inc., Weinheim. 
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Although the term asymmetric synthesis was coined by Marckwald in 
1904,12 Emil Fischer demonstrated in 1890 that a “dissymmetric force” is not 
required to generate optically active molecules in living organisms. He 
showed that the asymmetry inherent in optically active molecules can con-
trol the asymmetry in subsequent reactions and made the proposal that, in the 
conversion of chiral compounds, the “lock and key” principle provides a 
mechanism for stereochemical selection in Nature.13

1.3 Enantiomerically Pure Compunds 
The important findings described in the previous section laid forth a com-
plete picture of the spatial arrangement of atoms around the tetrahedral car-
bon. As a consequence, one of the most profound features of organic mole-
cules, namely their ability to exist as non identical mirror images, was intro-
duced to the chemical community. 

Most confrontations with chirality (Greek:  (cheir) = hand) in daily 
life, such as putting on one´s shoes or shaking hands, go unnoticed. Al-
though there is no apparent direct relationship between this macroscopic 
chirality and chirality at the molecular level, it is generally accepted that 
homochirality is one of the most fundamental aspects of life on Earth.14

The impact of chirality as a fundamental feature of many organic mole-
cules is immense. The deoxyribose and ribose sugars in DNA and RNA, 
respectively, which contain and transfer genetic information, are all stereo-
chemically related. The 20 amino acids (except glycine) that form proteins, 
which are essential for structure and chemical transformations in cells, also 
share a common absolute configuration. Undoubtedly, the richness of the 
biological domain would not exist without this structural feature. Without 
uniform chirality in the monomeric units of biopolymers, in the enzymes that 
catalyze chemical conversions in organisms, and in the numerous chiral 
compounds that are involved in recognition or information processing (such 
as hormones), current life forms could not exist. 

However, chirality is not restricted to the presence of a single, configura-
tionally stable chiral center (center of chirality) in the molecule. Chiral 
molecules devoid of a center of chirality hold an important role in organic 
chemistry. These include allenes, cumulenes, alkylidenecycloalkanes, spi-
ranes, atropoisomers (biphenyls and similar compounds in which chirality is 

12 Marckwald, W. Chem. Ber. 1904, 37, 1368.
13 (a) Fischer, E. Ber. Dtsch. Chem. Ges. 1890, 23, 2611. (b) Fischer, E. Ber. Dtsch. Chem. 
Ges. 1894, 27, 2985. (c) Fischer, E.; Passamore, F. Ber. Dtsch. Chem. Ges. 1889, 22, 2728. 
(d) TheLlock andKey Principle (Ed.: J.-P. Behr), Wiley, New York, 1994.
14 Crick, F. Life Itself. McDonald, London. 1981. 
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due to restricted rotation along a single bond).15

A compound containing chiral information interacts with receptors in the 
body in a stereospecific manner. The importance of chiral recognition in vivo
is demonstrated in the amount of information available about enantiomers 
having different smell, taste and pharmacological properties (Figure 2).16

Figure 2: The two enantiomers of carvone. The (S)-enantiomer has a caraway odor, 
whereas the (R)-enantiomer smells like spearmint. 

The first report describing the difference in pharmacological actions of 
the enantiomers of a molecule was reported by Arthur Cushny almost one 
hundred years ago.17 Despite this early understanding among scientist that 
enantiomers could display different pharmacological properties, drugs pos-
sessing a chiral center, i.e. chiral drugs, were usually produced and sold as 
racemates. The underlying assumption was that one of the enantiomers 
would be pharmacologically active at relevant doses, and the other enanti-
omer would not accumulate in the body or cause any dangerous side effects. 
In the early 1990s, about 90 % of the synthetic chiral drugs on the market 
were still racemic, i.e. equimolar mixtures of both enantiomers. This statistic 
reveals the difficulty in applying asymmetric synthetic strategies to the large 
scale production of pharmaceuticals.18

In the early 1990s an American Food and Drug Administration policy 
statement19 proclaimed that drugs containing a chiral centre, e.g. drugs com-
posed of two enantiomeric forms, should be prepared in enantiomerically 
pure form, or alternatively that full toxicological and pharmacokinetic pro-
files should be presented for each of the enantiomers if the drug was to be 
sold as a racemate.20 An immediate consequence of these new guidelines was 
that the development cost for drugs introduced as racemates rose dramati-
cally, thus favoring synthetic efforts towards drugs having enantiomerically 

15 Eliel, E. L.; Wilen, S. H. Stereochemistry of Organic Compounds. John Wiley & Sons, Inc. 
New York, 1994, 1119. 
16 (a) Ohloff, G. Scent. fragr. 1994, Springer, Berlin. (b) Brenna, E.; Fuganti, C.; Serra, S. 
Tetrahedron:  Asymmetry. 2003, 14, 1. (c) Laska, M. Chem. Senses. 2004, 29, 143. 
17 (a) Cushny, A. R. Biological relations of optically isomeric substances. Bailliére, Tindal & 
Cox, London, 1926.(b) Waldeck, B. Pharmacology & Toxicology, 2003, 93, 203. 
18 Stinson, S. C. Chem. Eng. News. 1990, 68(12), 26. 
19 http://www.fda.gov/cder/guidance/stereo.htm
20 Caner, H.; Groner, E.; Levy, L.;  Agranat, I. Drug Discov Today. 2004, 9

O O
|
|
|
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pure active ingredients. As of 2001, virtually no racemic mixtures were be-
ing registered.21 Therefore, the preparation of enantiomerically pure com-
pounds and the techniques associated with these preparations have become 
cornerstones of modern organic chemistry, contributing considerably to the 
well-being of the chemical industry and of the general public.   

1.4 Methods of Obtaining Enantiomerically Pure 
Compounds

The strategies for production of nonracemic chiral organic compounds 
from achiral or racemic precursors can be divided into three subclasses, on 
the basis of the chemical methodology utilized. The three subclasses are:  

1. Resolution of racemates 
2. The “chiral pool” approach 
3. Asymmetric synthesis 

1.4.1 Resolution of Racemates 
Resolution of racemic mixtures is the oldest methodology that enables, in 
optimal cases, the isolation of highly enantiomerically enriched products 
from racemates. Despite the impressive progress in asymmetric synthesis, 
the resolution of racemates remains the predominant method for obtaining 
single enantiomers in industrial syntheses.22

The method of resolution by diastereomer formation can be divided into 
resolution by diastereomeric salt formation and by diastereomeric complex 
formation. In the both cases, the diastereomers formed have different boiling 
points, solubilities, etc., enabling their separation. Resolution by di-
astereomeric complex formation has been exploited in cases where salt for-
mation was not possible. The most important substances used in di-
astereomeric resolutions are alkaloids, synthetic amines, alcohols, and car-
boxylic acids.23

Spontaneous resolution, induced resolution and preferential crystallization 
are other options that all rely on supersaturated solutions, although crystalli-
zation is induced by different means in each of these methods.24

21 (a) Borman, S. Chem. Eng. News. 1990, 68(28), 9. (b) Stinson, S. C. Chem. Eng. News.
1992, 70(39), 46. (c) Stinson, S. C. Chem. Eng. News. 2001, 79(20), 45. (d) Farina, V.; 
Reeves, J. T.; Senanayake, C. H.; Song, J. J. Chem. Rev. 2006, 106, 2734. 
22 Wilen, S. H.; Collet, A.; Jacques, J. Tetrahedron. 1977, 33, 2725.   
23 Fogassy, E.; Nógrádi, M.; Kozma, D.; Egri, G.; Pálovics, E.; Kiss, V. Org. Biomol. Chem. 
2006, 4, 3011. 
24 Ghanem, A.; Aboul-Enein, H. Y. Chirality, 2005, 17, 1. 
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The field of resolution of racemic mixtures has evolved to the stage where 
purified enzymes like hydrolases25 and lipases26, which do not require cofac-
tors, can be utilized. The method of optical resolution using hydrolases or 
lipases falls under the category of kinetic resolution.

The method of separating enantiomers by chromatography, using a col-
umn containing a chiral stationary phase, has gained acceptance as the tech-
nique has matured.27

A drawback of diastereomer crystallization, preferential crystallization 
and kinetic resolution is the fact that the maximum yield of such resolutions 
is 50 %. However, as the methodology requires chemical manipulations, 
yields rarely amount to even 50 %. The problem of inefficient atom econ-
omy has been solved in an ingenious way using metal catalysts combined 
with enzymes that enable in situ recycling of the unwanted enantiomer, lead-
ing to a method called dynamic kinetic resolution.28

25 Kazlauskas, R. J.; Bornscheuer, U. T. Hydrolases in Organic Chemistry, 1999, (Wiley-
VCH, Weinheim, Germany).  
26 (a) Schmid, R. F.; Verger, R. Angew. Chem. Int. Ed. 1998, 37, 1608. (b) Ghanem, A.; 
Aboul-Enein, H. Y. Chirality, 2005, 17, 1. (c) Chen, C. S.; Fujimoto, Y.; Sih, C. J. J. Am. 
Chem. Soc. 1982, 104, 7294. (d) Chen, C. S.; Wu, S. H.; Girdaukas, G.; Sih, C. J. J. Am. 
Chem. Soc. 1987, 109, 2812. (e) Wang, Y. F.; Lalonde, J. J. Momongan, M.; Bergbreiter, D. 
E.; Wong, C. H.  J. Am. Chem. Soc. 1988, 110, 7200. 
27 (a) Terfloth, G. J. J. Chromatogr. A. 2001, 90, 301. (b) Phinney, K. W. Anal. Chem. 2000,
72, 204A.
28 Huerta, F. F.; Minidis, A. B. E.; Bäckvall, J. –E. Chem. Soc. Rev. 2001, 30, 321. 
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1.4.2 The Chiral Pool Approach 
The term Chiral pool refers to the domain of chiral nonracemic compounds 
from the natural realm. These include monosaccharides and fragments 
thereof, amino acids and hydroxy acids, terpenes and alkaloids (Figure 3).29

However, an ongoing debate has discussed whether the definition of chiral 
pool be broadened to include synthetic entities that are easily prepared from 
naturally occurring compounds by resolution of racemates, enantioselective 
chemical or enzymatic procedures or chemical manipulation.30

Figure 3: Examples of naturally occurring chiral molecules. 

Many important pharmaceuticals are synthesized from the chiral pool; in 
some cases biotechnological methods are also employed. One prominent 
example is the industrial preparation of Miglitol, which was developed by 
Bayer as a drug for the treatment of type II (non-insulin-dependent) diabetes 
mellitus, and is sold under the name Glyset® (USA) or Diastabol® 
(Europe). Miglitol is produced industrially using a combination of chemical 
synthesis and biotechnology.31

Figure 4: Combined biotechnological and chemical synthesis of 1-deoxynojirimycin 
and Miglitol, from D-Glucose. 

29 Blaser, H.-U. Chem. Rev. 1992, 92, 935. 
30 Gasiraghi, G.; Zanardi, F.; Rassu, G.; Spanu, P. Chem. Rev. 1995, 95, 1677.  
31 (a) Kinast, G.; Schedel, M.; Bayer, AG. DE2834122A1, 1978. (b) Kinast, G.; Schedel, M.; 
Bayer, AG. DE2853573A1, 1978 (c) Kinast, G.; Schedel, M. Angew. Chem. Int. Ed. Engl.
1981, 20, 805.    
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1.4.3 Asymmetric Synthesis 
Asymmetric synthesis has grown enormously in importance since Emil 
Fischer first noted its existence over one hundred years ago. Asymmetric 
synthesis takes advantage of the fact that the inclusion (stoichiometric, sub- 
stoichiometric or catalytic) of a chiral compound in a synthetic transforma-
tion can cause a new chiral center to be preferentially generated with high 
enantiospecificity. The field of asymmetric synthesis can be divided into 
several subclasses on the basis of the location of the chirality inducing ele-
ment, i.e. where the chirality-inducing element is situated.  

1. Substrate controlled asymmetric synthesis is defined as a method in 
which chirality on the substrate, whether close to or far apart from 
the reaction center, enables asymmetric induction in the newly 
formed chiral center. Thus the asymmetric induction is governed by 
existing chiral center. 

2. Auxiliary controlled asymmetric synthesis is a technique that relies 
on temporary covalent attachment of an enantiomerically pure com-
pound, the auxiliary, to the substrate. Upon further reaction, the aux-
iliary induces diastereoselectivity. The auxiliary is subsequently 
cleaved off, rendering a product of high enantiomeric purity. 

3. Reagent controlled asymmetric synthesis relies on the chirality pre-
sent in a reagent translating into stereoselectivity in the formation of 
a new chiral centre.

4. Asymmetric catalysis incorporates a substoichiometric amount of a 
chiral compound into a chemical reaction.  Ideally the activation en-
ergy of a single diastereomeric transition state involving the catalyst 
will be particularly low. This lower energy pathway will be favored, 
leading  to an enrichment in one of the enantiomeric products.

As this thesis concerns asymmetric catalysis, that subject will be treated 
in greater detail in the next chapter. The catalytic asymmetric reduction of 
prochiral ketones will be used as example in the discussion, because that 
reaction is used to prepare a range of chemical products.    
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2 Asymmetric Reduction of Carbon Oxygen 
Double Bonds 

2.1 Catalytic Asymmetric Reduction of Prochiral 
Ketones
Since the first study on a catalytic reaction was published by Michael Fara-
day in 1834, there has been tremendous development in the field of catalysis. 
In the beginning of the 20th century, many important contributions to the 
field were made, especially by Izumi in the late 1950s.32 In the early 1960s 
Wilkinson developed an achiral rhodium-based homogenous hydrogenation 
catalyst that was a key contribution, as it catapulted homogenous catalysis to 
the forefront of chemical research.33 The study of well defined homogenous 
catalysts, combined with fundamental advances in the understanding of 
structure and bonding enabled a vital progression from empiricism to exqui-
site levels of rational design. 

The reduction of prochiral ketones to the corresponding enantiomerically 
enriched secondary alcohols remains a pivotal transformation in synthetic 
chemistry. The secondary alcohols obtained after these reductions are found 
in numerous pharmaceutically important target molecules, and building 
blocks thereof. One of the most successful catalytic asymmetric reductions 
of prochiral ketones uses chiral oxazoborolidines.34 An efficient catalytic 
system, prepared from an aluminum triethoxide/(R)-proline derivative com-
bination, was employed in the asymmetric borane reduction of a prochiral 
ketone (Scheme 1); this is a key in the practical synthesis of uterine relaxant 
KUR-1246 (Kissei Pharmaceuticals Co Ltd/Teikoku Hormone Manufactur-
ing Co., Ltd.; Scheme 1).35

32 Izumi, Y. Adv. Catal. 1983, 32, 215 
33 Osborn, J. A.; Jardine, F. H.; Young, J. F.; Wilkinson, G. J. Chem. Soc. A. 1966, 53, 1711. 
34 Corey, E. J.; Helal, C. J.; Angew. Chem. Int. Ed. 1998, 37, 1986. 
35 Yanagi, T.; Kikuchi, K.; Takeuchi, H.; Ishikawa, T.; Nishimura, T.; Yamamoto, T. Chem. 
Pharm. Bull. 2001, 49, 1018. 
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Scheme 1: Industrial catalytic asymmetric synthesis of uterine relaxant KUR-
124618, which is performed on a 100 kg scale. 

Asymmetric hydrogenation of ketones using organometallic complexes is 
now a well-established practical process. Although BINAP complexes of 
ruthenium are excellent catalysts for the asymmetric reduction of prochiral 
ketones bearing proximal directing groups such as esters and alcohols, the 
extension to unfunctionalized ketones proved difficult. Recent work by 
Noyori, however, delivered an outstanding modified hydrogenation catalyst 
with remarkable activity and substrate compatibility.36

The Ru(II) complexes containing chiral diphosphine and diamine ligands, 
combined with hydrogen gas, have proven extremely useful in asymmetric 
ketone reductions. An interesting example shown below (Scheme 2) utilized 
the (S)-XylBINAP/(S)-DAIPEN-ruthenium-complex-mediated asymmetric 
hydrogenation of 3-(dimethylamino)-propiophenone with substrate to cata-
lyst ratio of 10000/1, and gave the corresponding (R)-amino alcohol which is 
an intermediate in the synthesis of (R)-fluoxetine, a selective seretonin-
uptake inhibitor37 in 98 % ee.38

36 A thorough review on the subject: Ohkuma, T.; Noyori, R. Angew. Chem. Int. Ed. 2001, 40,
40.
37 Robertson, D. W.; Krushinski, J. H.; Fuller, R. W.; Leander, J. D. J. Med. Chem. 1988, 31,
1412.
38 Ohkuma, T.; Ishii, D.; Takeno, H.; Noyori, R. J. Am. Chem. Soc. 2000, 122, 6510. 
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Scheme 2: Asymmetric hydrogenation of 3-(dimethylamino)-propiophenone as a 
key step in the synthesis of (R)-Fluoxetine. 

An interesting area that has received a lot of recent attention is the asym-
metric transfer hydrogenation which benefits from a unique combination of 
activity, enantioselectivity, catalyst simplicity and ease of use.39

Researchers at Mitsubushi chemical corporation found a Ru(II) / monoto-
sylated diamine complex to be a very efficient and selective catalyst for the 
asymmetric transfer hydrogenation of a prochiral aryl alkyl ketone as part of 
the asymmetric synthesis of the agricultural fungicide (S)-MA-20565 
(Scheme 3). Several sets of conditions were investigated, and the most suit-
able solvent system was found to be formic acid: triethylamine. Compared to 
isopropanol, which was used originally, this allowed the process to be exe-
cuted at higher substrate concentration, which is highly advantageous from 
an industrial point of view.40

Scheme 3: Synthesis of the agricultural fungicide (S)-MA-20565. 

39 (a) Hashiguchi, S.; Noyori, R. Acc. Chem. Res. 1997, 30, 97. (b) Ikariya, T.; Murata, K.; 
Noyori, R. Org. Biomol. Chem. 2006, 4, 393. 
40 (a) Tanaka, K.; Katsurada, M.; Ohno, F.; Shiga, Y.; Oda, M.; Miyagi, M.; Takehara, J.; 
Okano, K. J. Org. Chem. 2000, 65, 432. (b) Miyagi, M.; Takehara, J.; Collet, S.; Okano, K. 
Org. Process. Res. Dev. 2000, 4, 346. 
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2.2 Asymmetric Transfer Hydrogenation 
Transfer hydrogenation is defined as “the reduction of multiple bonds with 
the aid of a hydrogen donor in the presence of a catalyst”.41 The process in-
volves hydrogen abstraction from the donor by means of a catalyst, followed 
by (or concurrent with) hydrogen addition to the unsaturated functional 
group on the substrate.42 In hydrogen-transfer reactions, the hydrogen source 
is not dihydrogen, rather a range of different hydrogen sources are used.43

Transfer hydrogenation is conceptually related to the Meerwein-
Ponndorf-Verley reduction of ketones and aldehydes.44 Reaction in the re-
verse manner, using acetone as a hydrogen acceptor, was initially reported 
by Oppenauer.45

It is generally believed that the Meerwein-Ponndorf-Verley reduction 
proceeds via a complex in which the carbonyl compound and alcohol are 
both coordinated to the metal ion.46 The carbonyl group is activated upon 
coordination to Al3+, and this initiates a hydride transfer from the alcoholate 
to the carbonyl via a six-membered transition state. The reaction employing 
aluminium triisopropoxide was hampered by unfavorable coordination selec-
tivity and slow ligand exchange, and therefore required stoichiometric 
amounts of aluminium triisopropoxide.47 The use of catalytic amounts of 
aluminium alkoxides has lately been introduced, thus increasing the syn-
thetic utility of the reaction.48

41 Zassinovich, G.; Mestroni, G.; Gladiali, S. Chem. Rev. 1992, 92, 1051. 
42 Nestrick, T. J.; Brieger, G. Chem. Rev. 1974, 74, 567. 
43 Braude, E. A.; Linstead, R. P.; Jackman, L. M.;  Mitchell, P. W. D.; Wooldridge, K. R. H. 
Nature (London), 1952, 169, 100. 
44 (a) Meerwein, H.; Schmidt, R. Liebigs Ann. Chem. 1925, 444, 221. (b) Verley, A. Bull. Soc. 
Chim. Fr. 1925, 37, 537. (c) Ponndorf, W. Angew. Chem. 1926, 39, 138. 
45 Oppenauer, R. V. Recl. Trav. Chim. Pays-Bas. 1937, 56, 137. 
46 (a) Graauw, C, F.; Peters, J. A.; Bekkum, H.; Huskens, J. Synthesis 1994, 1107. (b) Samec, 
J. S. M.; Bäckvall, J.-E.; Andersson. P. G.; Brandt, P. Chem. Soc. Rev. 2006, 35, 237.   
47 (a) Ashby, E. C. Acc. Chem. Res. 1988, 21,  414. (b) Graauw, C, F.; Peters, J. A.; Bekkum, 
H.; Huskens, J. Synthesis 1994, 1107.   
48 (a) Akamanchi, K. G.; Noorani, V. R.; Tetrahedron Lett. 1995, 36, 5085. (b) Kow, R.; 
Nygren, R.; Rathke, M. W. J. Org. Chem. 1977, 42, 826. (c) Ko, B.; Wu, C.; Lin, C. Orga-
nometallics. 2000, 19, 1864. (d) Ooi, T.; Miura, T.; Maruoka. K. Angew. Chem. Int. Ed. 1998,
37, 2347. (e) Ooi, T.; Itakagi, Y.; Miura, T.; Maruoka. K. Tetrahedron Lett. 1999, 40, 2137. 
(f) Campbell, E. J.; Zhou, H.; Nguyen, S. T. Org. Lett, 2001, (3)15, 2391.  
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Transfer hydrogenation, and the corresponding asymmetric transfer hy-
drogenation utilizing homogenous catalysis laid dormant in the literature for 
several years. However, it was later observed that the addition of an external 
base was crucial to obtaining reasonable turnover frequencies, and this dis-
covery lead to a rebirth of the field.49 At present, asymmetric transfer hydro-
genation is synthetically useful, and complements other techniques in terms 
of reactivity, chemo- and enantioselectivity. It provides the reduced product 
in very high yields and enantioselectivities.50

Several transition metals can be utilized in asymmetric transfer hydro-
genation, among them Rh(I)51, Ru(II),52 and Ir(I).53 Numerous reports have 
highlighted the reversible nature of the transfer hydrogenation.54 Together 
with mechanistical insights,55 this has ultimately lead to the development of 
alternative hydrogen sources that give access to an irreversible and truly 
kinetic enantioselection, thus overcoming racemization due to backward 
reaction.56

Figure 6: Ligand and catalyst structures followed by representative results in the 
benchmark asymmetric reduction of acetophenone. Conversion and enantioselectiv-
ity displayed are for the asymmetric reduction of acetophenone to the corresponding 
(S)-phenylethanol. 

49 Chowdhury, R. L.; Bäckvall, J. E. Chem. Commun. 1991, 1063. 
50 (a) Yamakawa, M.; Yamada, I.; Noyori, R. Angew. Chem. Int. Ed. 2001, 40, 2818. (b) 
Palmer, M.; Walsgrove, T.; Wills, M. J. Org. Chem. 1997, 62, 5226. (c) Nordin, S. J. M.; 
Roth. P.; Tarnai, T.; Alonso, D. A.;  Brandt, P.; Andersson, P. G. Chem. Eur. J. 2001, 7, 1431. 
(d) Hayes, A. M.;  Morris, D. J.;  Clarkson, G. J.; Wills, M. J. Am. Chem. Soc. 2005, 127,
7318. (f) Baratta, W.;  Da Ros, P.;  Del Zotto, A.; Sechi, A.; Zangrando, E.; Rigo, P. Angew. 
Chem. Int. Ed. 2004, 43, 3584.         
51 (a) Yang, H.; Alvarez, M.; Lugan, N.; Mathieu, R. Chem. Commun. 1995, 1721.  
52 Hashiguchi, S.; Fujii, A.; Takehara, J.; Ikariya, T.; Noyori, R. J. Am. Chem. Soc. 1995, 117,
7562.    
53 Müller, D.; Umbricht, G.; Weber, B.; Pfaltz, A. Helv. Chim. Acta. 1991, 74, 232. 
54 (a) Adkins, H.; Elofson, R. M.; Rossow, A. G.; Robinson, C. C. J. Am. Chem. Soc. 1949,
71, 3622. (b) Noyori, R.; Yamakawa, M.;  Hashiguchi, S. J. Org. Chem. 2001, 66, 7931. (c) 
Bäckval, J. -E. J. Organomet. Chem. 2002, 652, 105. (d) Hashiguchi, S.; Noyori, R. Acc. 
Chem. Res. 1997, 30, 97.   
55 (a) Yamakawa, M.; Ito, H.; Noyori, R. J. Am. Chem. Soc. 2000, 122, 1466. (b) Samec, J. S. 
M.; Bäckvall, J.-E.; Andersson. P. G.; Brandt, P. Chem. Soc. Rev. 2006, 35, 237. (c)     
56 Fujii, A.; Hashiguchi, S.; Uematsu, N.; Ikariya, T.; Noyori, R. J. Am. Chem. Soc. 1996, 118,
2521.    
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2.3 Synthesis and Evaluation of Cinchona Alkaloid 
Derived Ligands in Catalytic Asymmetric Transfer 
Hydrogenation (Paper I) 
The naturally occurring Cinchona alkaloids quinine, quinidine, cinchoninine 
and chinconidine have been utilized extensively in the field of asymmetric 
synthesis and catalysis.57 Although several total syntheses have been reported 
in literature,58 extraction remains the privileged method for obtaining these 
alkaloids for commercial use. The extraction, however, yields over 30 alka-
loids. Quinine (1a-OH), quinidine (2a-OH), cinchonidine (1b-OH), and cin-
chonine (2b-OH) (Figure 6) account for over 50 % of the alkaloid content, 
and are separable by crystallization.  

Figure 7: Structural formulas of major Cinchona alkaloids. 

The Chincona alkaloids are composed of a quinoline core joined to a 
chiral substituted 1-azabicyclo[2.2.2]octane core. The pairs 1a-OH and 2a-
OH and (1b-OH and 2b-OH) are often referred to as pseudo-enantiomeric, 
but are formally diastereomers. 

The importance of these alkaloids as catalysts in asymmetric synthesis is 
obvious: they are commercially available, relatively inexpensive, stable, 
recoverable, and the structure can be readily modified to fulfill the structural 
needs of a particular asymmetric reaction. 

Interestingly, many efforts have been made to synthesize functionalized 
chiral 1-azabicyclo[2.2.2]octanes by different methods.59 Hoffmann et al.60

utilized a selective bond-breaking reaction of the carbon-carbon bond linking 
together quinoline and 1-azabicyclo[2.2.2]octane. The chemical operation 

57 (a) Gawronski, J.; Kacprzak, K. Synthesis. 2001, 961 (b) Frackenpohl, J.; Hoffmann, H. M. 
R. Eur. J. Org. Chem. 2004, 15, 4293. 
58 Woodward, R. B.; Doering, W. E. J. Am. Chem. Soc. 1944, 66, 849 (b)  Stork, G.; Niu, D.; 
Fujimoto, A.; Koft, E. R.; Balkovec, J. M.; Tata, J. R.;  Dake, G. R. J. Am. Chem. Soc. 2001,
123, 3239. 
59 Corey, E. J.; Yuen, P. Tetrahedron Lett. 1989, 30, 5825. (b) Ashwood, M. S.; Gibson, A. 
W.; Houghton, P. G.; Humphrey, G. R.; Roberts, D. C.; Wright, S. H. B. J. Chem. Soc. Perkin 
Trans. I. 1995, 641.
60 Hoffmann, H. M. R.; Plessner, T.; von Risen, C. Synlett 1996, 690. 

N

N

R

H
OH

N

N

R

H OH

1a-OH   R = OMe Quinine             2a-OH   R = OMe Quinidine
1b-OH   R = H      Qinchonidine     2b-OH   R = H      Cinchonine   



27

provided the amino alcohols QCI and QCD (Scheme 4) in two steps. Espe-
cially interesting are the diamine derivatives (QCI-Amine 4a) and (QCD-
Amine 4b). These contain a high degree of chiral information, which makes 
them interesting structures for use in asymmetric catalysis. The diamine 
derivatives (4a) and (4b) were synthesized via introduction of azide utilizing 
the Mitsunobu reaction,61 followed by reduction of the azide through Staud-
inger methodology.62

Scheme 4: Structural formulas for Quincorine (3a), Quincoridine QCD (3b), QCI-
Amine (4a) and QCD-Amine (4b). 

61 (a) Mitsunobu, O.; Yamada, Y. Bull. Chem. Soc. Japan 1967, 40, 2380. (b) Mitsunobu, O. 
Synthesis 1981, 1. 
62 Staudinger, H.; Meyer, J. Helv. Chim. Acta. 1919, 2, 635. 
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2.3.1 The Present Study 
The amino alcohols QCI (3a) and QCD (3b), and the diamines QCI-Amine 
(4a) and QCD-Amine (4b) were hydrogenated using Pd/C and hydrogen gas 
to give the corresponding amino alcohols QCI (5a), QCD (5b) and diamines 
QCI-Amine (6a) and QCD-Amine (6b) in quantitative yield (Figure 8). 

Figure 8: Structural formulas of dihydro (5a), (5b), (6a), and (6b) obtained after 
catalytic hydrogenation of (3a), (3b), (4a), and (4b).

The QCI-amino alcohol (5a) and QCI-diamine (6a) were investigated as 
ligands in asymmetric transfer hydrogenation using a range of different tran-
sition metal complexes. Precatalysts were formed by mixing metal com-
plexes with the ligands, and subsequently treated with potassium isopropox-
ide to give the active catalyst. The substrate was the added. Initial screening 
resulted in identification of a suitable transition-metal complex capable of 
reducing acetophenone with high enantioselectivity and activity. The combi-
nation of [IrCl(COD)]2, QCI-diamine (6a) and potassium isopropoxide re-
sulted in a chiral Ir(III) catalyst capable of reducing acetophenone to (S)-1-
phenylethanol in 80 % ee and 81 % conversion within one hour.  

In an attempt to obtain even higher ee´s monoalkylated catalysts (7a) and 
(7b) were prepared by reductive alkylation. This was accomplished by acid- 
catalyzed imine formation with acetone followed by in situ reduction by 
sodium cyanoborohydride; this procedure gave easy access to alkylated de-
rivatives. The products were purified by means of simple acid-base extrac-
tion, thus avoiding tedious chromatographic purification.  

Figure 9: Structural formulas of the prepared compounds (6a), (6b), (7a) and (7b).
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The QCD-diamines (6a) and (6b) and the alkylated QCI-diamines (7a)
and (7b) (Figure 9) were assessed as ligands for the asymmetric transfer 
hydrogenation of acetophenone (Scheme 5)  using the previously identified 
transition metal complex [IrCl(COD)]2 and potassium isopropoxide (Table 
1).

Scheme 5: Asymmetric transfer hydrogenation of acetophenone to enantiomerically 
enriched (R)-phenylethanol or (S)-phenylethanol. 

Table 1: Asymmetric transfer hydrogenation of acetophenone under standard reac-
tion conditions.a

a Metal : Ligand : Base : Substrate = 1 : 1.2 : 5 : 200. b Determined by means of GC 
analysis using chiral stationary phase.  c Determined by means of GC analysis using 
chiral stationary phase. Pure racemic phenylethanol was used as a standard. d Abso-
lute configuration of was assigned by correlation by means of retention time. 

Catalysts made from (6a) and (6b) (Table 1, entries 1and 2) furnished the 
product in high yield and fair enantiomeric excess; a slight decrease in ee 
was noted following prolonged reaction times. Catalysts based on (7a) and 
(7b) displayed reduced reactivity but sustained selectivity (Table 1, entries 3 
and 4), whereas catalysts based on (4a) and (4b) (Scheme 4) rendered prod-
ucts of both lower yield and enantiopurity (Table 2, entries 5 and 6). 

conv. (%)b ee (%)c

Entry Ligand 
1 h 10 h 1h 10 h 

Configd

1 6a 94 97 80 76 (S)

2 6b 76 96 85 84 (R)

3 7a 31 94 82 81 (S)

4 7b 28 91 81 80 (R)

5 4a 42 95 75 69 (S)

6 4b 66 95 81 74 (R)

O OH
       Ligand*
Metal Complex

i-PrOH, i-PrOK
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In order to investigate the scope of the reaction, a substrate study was per-
formed using the active catalyst formed upon mixing (6a) or (6b) with 
[IrCl(COD)]2, potassium isopropoxide and isopropanol. All of the selected 
substrates were reduced to give products in moderate-to-high enantioselec-
tivities and acceptable conversions. The notoriously difficult substrate m-
nitroacetophenone was also reduced with acceptable enantioselectivity and 
conversion (Figure 9). 

Figure 9: In a substrate study enantiomerically enriched secondary alcohols were 
obtained. The results given provide (conversion and ee´s) after five and ten hours 
respectively.

In summary, this study showed that the diamines (6a) and (6b) are suit-
able ligands for asymmetric transfer hydrogenation combined with 
[IrCl(COD)]2.

The QCI-Amine (6a) and QCD-Amine (6b) have also been used as 
ligands in chiral acylation catalysts,63 and in the asymmetric hydrogenation 
of prochiral aryl / alkyl ketones.64 Obviously, these diamines represent inter-
esting molecules available for application in transition metal catalyzed reac-
tions.

63 Dehmlow, E. V.; Duttmann, S.; Neumann, B.; Stammler, H.–G. Eur. J. Org. Chem. 2002,
2087.
64 Hedberg, C.; Källström, K.; Arvidsson, P. I.; Brandt, P.; Andersson, P. G. J. Am. Chem. 
Soc. 2005, 127, 15083. 
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3 Asymmetric Organocatalysis 

3.1 Organocatalysis in General 
Organocatalysis can be classified as lying in between traditional chiral tran-
sition-metal-facilitated reactions and enantioselective enzymatic transforma-
tions. The catalytic function can be attributed to the organic catalyst itself, as 
opposed to traditional transition metal catalysis in which chiral organic 
molecules (ligands) make up the chiral environment while the metal center 
plays an organizational role, by translating chiral information and activating 
the reagents.65

Organocatalysis has several advantages over the traditional transition-
metal catalysis. In particular, the catalysts are typically more robust, less 
expensive, and more readily available. Many of the catalysts available in the 
organocatalysis tool box are acquired from the chiral pool, so highly diverse 
structural features are available. The robustness of the catalytic systems  are 
particularly striking, as organocatalysis enables reactions to be performed in 
a manner that would lead to poor results using traditional transition-metal 
catalysis. However, organocatalysis also suffers from several drawbacks. 
These are mainly related to the high catalyst loadings applied, the long reac-
tion times necessary, and the need to have a particular starting material in 
excess to drive the reaction to completion. 

Organocatalysts exert their influence by either passive or active binding; 
where to former refers to non-covalent catalysis. The term non-covalent 
catalysis implies activation of substrates by hydrogen bonding, hydrophobic, 
van der Waals, or electrostatic interactions. Active or covalent binding refers 
to interactions between the catalysts and substrates at the reaction centers. 
Prominent examples of non-covalent organocatalysis are hydrogen bonding 
catalysis and phase-transfer catalysis.66 Examples of covalent organocatalysis 
are nucleophilic catalysis, amine catalysis via enamines, and amine catalysis 
via iminum ions.67

65 Berkessel, A.; Gröger, H. Asymmetric Organocatalysis. Wiley-VCH Verlag GmbH & Co. 
KgaA, Weinheim. 
66 (a) Huang, et al. Nature, 2003, 424, 146. (b) Unni, A. K.  J. Am. Chem. Soc. 2005, 127,
1336. (c) McDougal, N. T.  J. Am. Chem. Soc. 2003, 125, 12094.   
67 Gaunt, M. J.; Johansson, C. C. C.; McNally, A.; Vo, N. T. Drug. Discv. Today. 2007, 12, 8.   
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3.2 Direct Catalytic Asymmetric Aldol Reaction  
The aldol addition reaction is recognized as an extremely important method 
for the construction of carbon-carbon bonds with high control of both rela-
tive and absolute stereochemistry.68

The aldol reaction relies on the selective enolization of a carbonyl com-
pound. The enol subsequently reacts with an acceptor, resulting in the forma-
tion of a carbon-carbon bond and up to two chiral centers. The base-
promoted aldol reaction, under the assistance of a stoichiometric amount of a 
chiral inducer, constitutes a reliable and well-documented technique. The 
conceptually different stereocontrolled catalytic aldol reaction with pre-
formed enolates represents an equally brilliant tool for selective aldol reac-
tions. Whereas these constitute highly selective methods for aldol reactions, 
the most recent and powerful method is the direct catalytic aldol reaction.69

Shibasaki and Trost realized the first two examples of direct catalytic 
asymmetric aldol reactions utilizing bifunctional, chiral transition metal cata-
lysts that activate both the aldol donor and acceptor.  This method requires 
no prior synthetic manipulation of the reaction partners, although the sub-
strate scope is somewhat narrow.70

The direct organocatalytic asymmetric intermolecular aldol reaction71

stems from earlier studies on the equivalent intramolecular Hajos-Parrish-
Eder-Sauer-Wiechert process72 (Scheme 7) and on the ability of class I aldo-
lases and catalytic aldolase antibodies to catalyze the intermolecular reac-
tion.73

Scheme 6: The intramolecular Hajos-Parrish-Eder-Sauer-Wiechert reaction.   

The mechanism of this intramolecular aldol reaction has been debated for 
a long time. Earlier studies stressed the importance of a reaction mechanism 

68 Palomo, C.; Oiarbide, M.; Garcia, J. M. Chem. Eur. J. 2002, 8, 37. 
69 Palomo, C.; Oiarbide, M.; Garcia, J. M. Chem. Soc. Rev. 2004, 33, 65. 
70 (a) Yamada, Y. M. A.; Yoshikawa, N.; Sasai, H.; Shibasaki, M. Angew.Chem. Int. Ed. Engl. 
1997, 36, 1871. (b) Trost, B. M.; Ito, H. J. Am. Chem. Soc. 2000, 122, 12003. (c) Shibasaki, 
M.; Kanai, M.; Funabashi, K. Chem. Commun. 2002, 1989.  
71 List, B.; Lerner, R. A.; Barbas, C. F., III. J. Am. Chem. Soc. 2000, 122, 2395. 
72 (a) U. Eder, G. Sauer, R. Wiechert. Angew. Chem. Int. Ed. Engl. 1971, 10, 496. (b) Hajos, 
Z. G.; Parrish, D. R. J. Org. Chem. 1974, 39, 1615. (c) Hajos, Z. G.; Parrish, D. R. German 
Patent DE 2102623, 1971. (c) U. Eder, G. Sauer, R. Wiechert. German Patent DE 2014757, 
1971.   
73 (a) Lai, C. Y.; Nakai, N.; Chang, D. Science. 1974, 183, 1204. (b) Barbas, C. F., III.; Heine, 
A.; Zhong, G.; Hoffmann, T.; Gramatikova, S.; Björnestedt, R.; List, B.; Anderson, J.; Stura, 
E. A.; Wilson, I. A.; Lerner, R. A. Science. 1974, 183, 1204.    
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incorporating two L-Proline molecules.74 The first L-Proline was proposed to 
be responsible for enamine formation, whereas the second was believed to 
mediate the proton transfer. This mechanistic proposal was supported by 
Agami through extensive mechanistic experiments including studies of dilu-
tion effects,75 kinetic examination76 and non linearity effects.77 All of these 
suggesting that, indeed, two catalyst molecules were involved in the carbon-
carbon-bond forming transition state. However, lately the mechanistic pic-
ture has shifted dramatically towards the acceptance of a mechanism in 
which a single L-Proline entity mediates the carbon-carbon-bond formation. 
The altered mechanistic picture was proposed on the basis of kinetic analy-
sis,78 DFT calculations,79 non linearity studies,80 and NMR spectroscopic 
analysis.81

The intermolecular aldol reaction mechanism has been supported by es-
sentially the same methods as the intramolecular version, but also by means 
of an ESI-MS/MS study that identified many species involved in the cata-
lytic cycle.82 The intermolecular aldol reaction mechanism (Scheme 7) in-
volves the initial formation of an iminium cation (11) from the catalyst and 
ketone. This dramatically increases the acidity of the donor  protons, but 
the reaction remains severely hampered by the fact that, energetically ke-
tone-aldehyde aldol reactions are barely on the side of the products.83 Unfa-
vorable equilibrium constants are counterbalanced by using a large excess of 
ketone to ensure full conversion of the aldol acceptor aldehyde to product.  

The catalyst and the aldol-acceptor aldehyde are also involved in concur-
rent Seebach oxazolidinone formation,84 which may seriously affect turnover 
rates; this topic has also been under recent debate.85 The enamine (12) is 
generated by intramolecular -proton abstraction by the catalyst´s carboxy-

74 (a) Spencer, T. A.; Neel, H. S.; Flechtner, T. W.; Zayle, R. A. Tetrahedron Lett. 1965, 43,
3889. (b) Molines, H.; Wakselman, C. Tetrahedron. 1997, 278, 2085.  
75 Agami, C.; Levisalles, J.; Puchot, C. Chem. Commun 1985, 441.  
76 Agami, C.; Puchot, C. J. Mol. Catal. 1986, 38, 441. 
77 Puchot, C.; Samuel, O.; Duñach, E.; Zhau, S.; Agami, C.; Kagan, H. B. J. Am. Chem. Soc. 
1986, 108, 2353. 
78 Hoang, L.; Bahmanyar, S.; Houk, K. N.; List, B. J. Am. Chem. Soc. 2003, 125, 16.  
79 See Ref 77.   
80 Hoang, L.; Bahmanyar, S.; Houk, K. N.; List, B. J. Am. Chem. Soc. 2003, 125, 16. 
81 List, B.; Hoang, L.; Martin, H. J. Proc. Natl. Acad. Sci. U.S.A. 2004, 101, 5839. 
82 Marquez, C.; Metzger, O. J. Chem. Commun. 2006, 1339. 
83 (a) Roberts, R. D.; Ferran, H. E.; Gula, M. J.; Spencer, T. A. J. Am. Chem. Soc. 1980, 102,
7054. (b) Bender, M. L.; Williams, A. J. Am. Chem. Soc. 1966, 88, 2505. (c)  Guthrie, P.; 
Cossar, J.; Taylor, K. F. Can. J. Chem. 1984, 62, 1958. (d) Guthrie, , P.; Wang, X, -P. Can. J. 
Chem. 1992, 70, 1055.
84 (a) Seebach, D.; Boes, M.; Naef, R.; Schweizer, W. B. J. Am. Chem. Soc. 1983, 105, 5390. 
(b) Orsini, F.; Pelizzoni, F.; Forte, M.; Sisti, M.; Bombieri, G.; Benetello, F. J. Heterocyclic
Chem. 1989, 26, 837. (c) List, B.; Hoang, L.; Martin, H. J. Proc. Natl. Acad. Sci. U.S.A. 2004,
101, 5839. (d)  Hartikka, A.; Arvidsson, P. I. Eur. J. Org. Chem. 2005, 4287. 
85 Seebach, D.; Beck, A. K.; Badine, D, M.; Limbach, M.; Eschenmoser, A.; Treasurywala, A. 
M.; Hobi, R. Helv. Chim. Acta. 2007, 90, 425. 
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late group. Ketiminium formation prior to enamine formation is catalytically 
highly important, as demonstrated, by the 600-fold rate enhancements com-
pared to the uncatalyzed background reaction.86 The pyrrolidine enamine 
formed is the most reactive enamine in the enamine series, because the small 
carbocycle enforces a coplanar orientation of the N-lone pair and the  sys-
tem thereby displaying high nucleophilicity at  carbon.87 The carbon-carbon 
bond formation proceeds through a bicyclic hydrogen-bonded transition state 
(13). The role of the hydrogen bond is dual. First, it promotes the carbon-
carbon bond formation through activation of the aldehyde by charge stabili-
zation. Secondly, it induces enantiofacial discrimination of the incoming 
aldehyde. The resulting iminium aldol species (14) undergoes hydrolysis to 
give the product along with catalyst. 

Scheme 7: Proposed mechanism for L-proline catalyzed intermolecular aldol con-
densation. 

86 Bender, M. L.; Williams, A. J. Am. Chem. Soc. 1966, 88, 2508. 
87 Huisgen, R.; Feiler, L. A. Otto, P. Chem. Ber. 1969, 102, 3444. (b) Daly, W. H.; Under-
wood, J. G.; Kuo, S. C. Tetrahedron Lett. 1971, 4375. (c) Hickmott, P. W. Tetrahedron 1982,
38, 1989.  
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3.2.1 1H-Tetrazolic Acid Analogue of L-Proline in the 
Organocatalyzed Asymmetric Aldol Reaction (Papers II and III) 
Early in 2003, the field of direct asymmetric organocatalyzed aldol reactions 
was limited to the use of L-Proline and closely related analogues.88 The de-
velopment in organocatalysis was in a stage of diversification of methodol-
ogy in order to include other kinds of reactions. During this stage our group 
became interested in increasing the reactivity of substrates in organocatalytic 
reactions, and especially in the direct asymmetric organocatalyzed aldol 
reaction. The direct asymmetric organocatalyzed aldol reaction typically 
required 20 mol % of L-Proline, and less reactive required up to 48 hours to 
give acceptable yields. 

We reasoned that 1H-tetrazolic acid, which has a long tradition as a bio-
isostere89 to carboxylic acids, would increase both the catalyst solubility and 
acidity. Higher acidity would ideally increase the charge stabilization in the 
transition state, and hence the reaction rate. The new organocatalyst (20) was 
synthesized from commercially available L-Proline in five steps (Scheme 8).     

Scheme 8. Reagents and Conditions: (i) CbzCl, NaOH, 5 ºC, 5 h; (ii) Boc2O, 
NH4HCO3, CH3CN, cat. pyridine; (iii) Cyanuric chloride, DMF; (iv) NaN3, ZnBr2,
H2O/2-propanol; (v) H2O, AcOH, H2 (g), Pd/C. 

The synthesis commenced with Cbz protection of L-Proline (8) using the 
usual Schotten-Baumann conditions to give (16). This was activated using 
mixed anhydride methodology and subsequently reacted with an ammonia 
derivative to give the amide (17) in high isolated yield. Subsequent dehydra-
tion using a protocol developed by Olah et al. furnished the nitrile (18),
which was further transformed to the protected tetrazole (19) using the “click 
chemistry” protocol developed in the by Sharpless. The target compound 
(20) was obtained after catalytic hydrogenation. Synthesis furnished the de-
sired product (20) in 75% overall yield, without no detectable racemiza-
tion.90,91

88 Sakthivel, K.; Notz, W.; Bui, T.; Barbas, C. F., III. J. Am. Chem. Soc. 2001, 123, 5260. 
89 Herr, R. J. Biorg. Chem. 2002, 10, 3379. 
90 (a) Corey, E. J.; Shibata, S.; Bakshi, R. K. J. Org. Chem. 1988, 53, 2861. (b) Bergmann, 
M.; Zervas, L. Chem. Ber. 1932, 65, 1192. (c) Pozdnev, V. F. Tetrahedron Lett. 1995, 36,
7115. (d) Olah, G. A.; Narang, S.; Fung, A. P.; Gupta, G. B. Synthesis 1980, 8, 657. (e) Spero, 
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To investigate the effect of substituting the 1H-tetrazolic acid for the car-
boxylic acid, the catalyst (20) was assessed in the direct asymmetric aldol 
reaction. The reactions between acetone and three aldol acceptors were stud-
ied. A large excess of acetone was used in order to drive the equilibrium 
towards product. The results (Figure 10) clearly showed that, for less reac-
tive aldehydes, the L-Proline 1H-tetrazolic acid catalyst displayed enhanced 
reactivity compared L-Proline. The asymmetric induction was not affected. 

Figure 10: Graph showing consumption of starting material as a function of time 
during the direct organocatalyzed asymmetric aldol reaction between acetone and 
aldehydes 4-nitrobenzaldehyde (21), trimethylacetaldehyde (22), and 4-
methoxybenzaldehyde (23) using catalysts 20 (solid markers) and catalyst 8 (open 
markers). The reaction progress was monitored by NMR. 

                                                                                                                            
D. M.; Kapadia, S. R. J. Org. Chem. 1996, 61, 7398. (f) Demko, Z. P.; Sharpless, K. B. Org. 
Lett. 2002, 4, 2525. (g) Huisgen, R. Pure Appl. Chem. 1989, 61, 613. (h) Almquist, G. R.; 
Chao, W.; White-Jennings, C. J. Med. Chem. 1985, 28, 1067. 
91 It was believed that the synthetic methodology chosen would not lead to any racemization 
of chiral centre, though no conclusive evidence was available. Recently Steven Ley et al. 
(personal communication) have shown that the transformation of L-Proline (16) to 5-[(2S)-
Pyrrolidine-2-yl]-1H-tetrazole (21) proceeded without racemization.    

0

10

20

30

40

50

60

70

80

90

100

0 100 200 300 400 500 600 700 800
Time [min]

St
ar

tin
g 

m
at

er
ia

l [
%

]

21
21
22
23
23
23

99 % ee

99 % ee
63 % ee

62 % ee
73 % ee

79 % ee

O

O

O2N

O

MeO



37

Having established the greater reactivity of catalyst (20) over L-Proline,
we next investigated the substrate scope. DMSO and DMF were the solvents 
of choice. At -50 ºC, the reaction in DMF furnished the product in 77% iso-
lated yield and 86% enantiomeric excess.  

A range of aldehydes were reacted with acetone using optimized reaction 
times, and furnished the corresponding -hydroxy ketones in moderate-to- 
high yields and enantiomeric excesses (Figure 11). 

Figure 11: Substrate scope of the direct asymmetric aldol reaction catalyzed by 20 
mol % 5-[(2S)-Pyrrolidine-2-yl]-1H-tetrazole. a Reaction was performed using 5 mol 
% 5-[(2S)-Pyrrolidine-2-yl]-1H-tetrazole.  

Originally (i.e. in paper II) it was speculated that the increased reactivity 
observed for catalyst (20) was a result of the higher acidity of the tetrazolic 
acid compared to carboxylic acid, which could provide greater charge stabi-
lization in the transition state and thereby increase the reaction rate. How-
ever, in the more detailed study we failed to observe any evidence for this 
postulation by DFT calculations (paper III). Instead, a detailed NMR spec-
troscopic study of the reaction mixture demonstrated that the L-Proline (8)
and 1H-tetrazolic acid (20) catalysts caused dramatically different amounts 
of oxazolidinone formation (Figure 12).  
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Figure 12: Expansion of 1H NMR spectra of mixtures of trimethylacetaldehyde and 
(20) (a) or (8) (b) in [D6]-DMSO. The spectra show almost quantitative oxazolidi-
none formation with (20), whereas (8) does not take part in such an equilibrium. 
Spectra were recorded in [D6]-DMSO at [catalyst] = 0.196 M and [trimethylacetal-
dehyde] = 0.196 M.                                                  

L-Proline formed an oxazolidinone, as previously demonstrated by List et 
al.,92 whereas the L-Proline 1H-tetrazolic acid did not. We therefore attribute 
the majority of the rate enhancement to the absence of oxazolidinone forma-
tion under the experimental conditions. The inability of (20) to undergo oxa-
zolidinone formation was also briefly discussed in a paper dealing with an 
aldol reaction between chloral and cyclohexanone, which was assisted by 
water.93

To conclude, the substitution of a tetrazolic acid for a carboxylic acid en-
hances the amount of catalyst available to mediate the direct asymmetric 
organocatalytic aldol reaction. The L-Proline, by contrast, is extensively en-
gaged in oxazolidinone formation. Thus tetrazolic acid displays higher reac-
tivity, though it retains high asymmetric induction in the direct asymmetric 
aldol reaction. 

Since the initial discovery of catalyst (20) by Ley, Yamamoto, and our-
selves, the use of tetrazolic acid functionalized organo catalysts has found 
use in numerous asymmetric transformations, indicating the power of isos-
tere substitution methodology in catalyst development.94

92 List, B.; Hoang, L.; Martin, H. J. Proc. Natl. Acad. Sci. U.S.A. 2004, 101, 5839. 
93 Torii, H.; Nakadai, M.; Ishihara, K.; Saito, S.; Yamamoto, H. Angew. Chem. Int. Ed.  2004,
43, 1983. See footnote 10.  
94 (a) Dodda, R.; Zhao, C. –G. Org. Lett. 2006, 8( 21), 4911. (b) Kumarn, S.; Shaw, D. M.; 
Ley, S. V. Chem. Commun. 2006, 3211. (c) Chowdari, N, S.; Ahmad, M.; Albertshofer, K.; 
Tanaka, F.; Barbas, III, C. F. Org. Lett. 2006, 8, 2839. (d) Mitchell, C. E. T.; Brenner, S. E.; 
Garcia-Fortanet, J.; Ley, S. V. Org. Biomol. Chemistry, 2006, 4, 2039. (d) Samanta, S.; Zhao, 
C.-G. Tetrahedron Lett. 2006, 47, 3383. (e) Suri, J. T.; Mitsumori, S.; Albertshofer, K.; Tana-
ka, F.; Barbas, C. F., III. J. Org. Chem. 2006, 71, 3822. (f) Limbach, M. Chem. Biodiv. 2006,
3, 119. (g) Knudsen, K. R.; Mitchell, C. E. T.; Ley, S. V. Chem. Commun. 2006, 66. (h) Ku-
marn, S.; Shaw, D. M.; Longbottom, D. A.; Ley, S. V. Org. Lett. 2005, 7, 4189. 
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3.3 Asymmetric Conjugate Addition 
The asymmetric Michael addition to , -unsaturated carbonyl systems has 
become one of the most versatile transformations in organic chemistry. Tra-
ditionally, conjugate additions relied on the application of organometallic 
reagents, among which organocuprates hold a privileged position.95 Among 
the many nucleophiles that can be employed in Michael additions, nitroal-
kanes stand out as especially useful, because the nitro group can be trans-
formed to a range of different products.96

Various catalysts have been utilized for the asymmetric conjugate addi-
tion of nitroalkanes to chalcones,97 including a recently developed Al-salen 
complex98 and a system based on nanocrystalline MgO.99

Organocatalytic asymmetric conjugate additions have received much at-
tention in recent years,100 where the organocatalytic enantioselective Michael 
addition of nitroalkanes to enones has been disclosed using various cata-
lysts.101 The conjugate addition of nitroalkanes to enones has been well-
studied; however only with difficulty has the method been applied to , -
unsaturated aldehydes. The absence of representative examples is attributed 
to the fact that enals readily undergo 1,2-addition instead of the desired se-
lective 1,4-addition.  

95 Feringa, B. L.; Baddorey, R.; Peña, D.; Harutyuyan, S. R.; Minnaard, A. J. Proc. Natl. 
Acad. Sci. U.S.A. 2004, 101, 5834.  
96 Billini, R.; Bosica, G.; Fiorini, D.; Palmieri, A.; M, Petrini. Chem. Rev. 2005, 105, 933. 
97 (a) Sibi, M. P.; Manyem, S. Tetrahedron. 2000, 56, 8033. (b) Krause, N.; Haffmann-Roder, 
A. Synthesis, 2001, 171. (c) Funabashi, K.; Saida, Y.; Kanai, M.; Arai, T.; Shibasaki, M. 
Tetrahedron Lett. 1998, 39, 7557. (d) Colonna, S.; Hiemstra, H.; Wynberg, H. J. Chem. Soc., 
Chem. Commun. 1978, 238. (e) Corey, E. J. Zhang, F. Y. Org. Lett. 2000, 2, 4257.  
98 Taylor, M. S.; Zalatan, D. N.; Lerchner. D. N.; Jacobsen, E. N. J. Am. Chem. Soc. 2005,
127, 1313.  
99 Choudary, B. M.; Ranganath, K. V. S.; Pal, U.; Kantam, M. L.; Sreedhar, B. J. Am. Chem. 
Soc. 2005, 127, 13167. 
100 Almasi, D.; Alonso, D. A.; Nájera, C. Tetrahedron: Asymmetry 2007, 18, 299. 
101 (a) Yamaguchi, M.;  Shiraishi, T.; Igarashi, Y.; Mirama, V. Tetrahedron Lett. 1994, 35,
8233. (b) Yamaguchi, M.;  Shiraishi, T.; Igarashi, Y.; Mirama, V. J. Org. Chem. 1996, 61,
3520. (c) Hanessian, S.; Pham, V. Org. Lett. 2000, 2, 2975. (d) Hanessian, S.; Shao, Z.; War-
rier, J. S. Org. Lett. 2006, 8, 4787. (e) Halland, N.; Hazell, R. G.; Jørgensen, K.-A. J. Org. 
Chem. 2002, 67, 8331. (f) Prieto, A.; Halland, N.; Jørgensen, K.-A. Org. Lett. 2005, 7, 3897. 
(g) Mitchell, C. E. T.; Brenner, S. E.; Ley, S. V. Chem. Commun. 2005, 5346. (h) Hansen, H. 
M.; Longbottom. D. A.; Ley, S. V. Chem. Commun. 2006, 4838. (i) Tsogoeva, S. B.; Jagtap, 
S. B. Synlett. 2004, 2624.   
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Only a limited number of reports have disclosed catalytic asymmetric ad-
dition of nitroalkanes to , -unsaturated aldehydes. The most successful 
example, in terms of yield and selectivity, is based on a phase-transfer cata-
lyst for the addition of silyl nitronates to aldehydes (Figure 13),102 although 
two other papers report the organocatalyzed conjugate addition of nitroal-
kanes to enals with very modest enantioselectivities.103

Scheme 9: Highly enantioselective Michael addition of silyl nitronates to , -
unsaturated aldehydes catalyzed by chiral ammonium bifluorides, reported by Ma-
ruoka et al. (reference 102). 

3.3.1 Asymmetric Conjugate Addition of Nitroalkanes to , -
Unsaturated Aldehydes (Paper IV) 
Catalysts incorporating both a secondary amine and an additional basic func-
tionality are frequently encountered in the literature. The requirements of the 
reaction are such that activation of both aldehydes and nitroalkane is manda-
tory. This prompted our group to investigate the possibility of altering struc-
tural features of existing catalyst in order to develop a better catalyst for the 
enantioselective conjugate addition of nitroalkanes to , -unsaturated alde-
hydes. The catalyst structure should incorporate functionality that enables 
control of the imium ion geometry, enough steric bulk to provide facial se-
lectivity for the incoming nucleophile, and an internal base to deprotonate 
the nitroalkane. A modified MacMillan-type catalyst fulfilling the above 
criteria was envisioned (Figure 13). 

102Ooi, T.; Doda, K.; Maruoka, K. J. Am. Chem. Soc. 2003, 125, 9022.  
103 (a) Mitchell, C. E. T.; Brenner, S. E.; Ley, S. V. Chem. Commun. 2005, 5346. (b) Mitchell, 
C. E. T.; Brenner, S. E.; Garcia-Fortanet, J.  Ley, S. V. Org. Biomol. Chem. 2006, 4, 2039.  
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Figure 13: Suggested catalyst structure. Important structural features are highlighted. 

Catalyst (24) was synthesized from commercially available L-Histidine 
(25). The synthesis commenced with the preparation of the methyl ester of L-
Histidine using thionyl chloride and methanol, which furnished the product 
(methylester dihydrochloride) salt (26) in 81% yield after recrystallization. 
The hydrochloride salt was subsequently transformed using methylamine to 
the corresponding (methylamide dihydrochloride) salt (27) which, upon 
treatment with a biphasic mixture, liberated the free base. The free base was 
obtained in 89% isolated yield and converted directly to the cyclized product 
(24) by acid- catalyzed imine formation with acetone followed by cycliza-
tion. Column chromatography gave the final product (Scheme 10). 

Scheme 10. Reagents and Conditions: (i) SOCl2, MeOH, 0 ºC, then reflux 48 h; (ii)
MeNH2, rt, 24 h; (iii) MeOH, p-TsOH, acetone, reflux, 24 h. 

Catalyst (24) was evaluated in the asymmetric conjugate addition of ni-
troalkanes to an , -unsaturated aldehyde. Different solvents, (THF, DMF, 
CH2Cl2, and CH3OH) were investigated but, the reactivity was seriously 
hampered by the inclusion of solvent (Table 2, entries 2-8). Therefore should 
these reactions preferably be conducted under neat conditions, i.e., without 
solvent. The reaction between nitroethane and trans-cinnamaldehyde, cata-
lyzed by 20 mol % of (24), furnished product in 93% conversion. The prod-
uct obtained showed a 1:1 syn:anti ratio, and diastereomers had ees of 82% 
and 80% respectively (Table 2, entry 1).  
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Table 2: Evaluation of catalyst (24, 20 mol %) for the benchmark reaction 
between nitroethane and trans-cinnamaldehyde under various reaction con-
ditions.

a Determined by means of 1H NMR analysis on of the crude reaction mixture. b De-
termined by means of GC-MS analysis using a column coated with chiral stationary 
phase. c Detailed of reaction conditions are given in (Paper IV, Table 2). 

The variation of the nitroalkane structure was next investigated. The re-
sults strongly indicated that the substrate scope for the nitroalkane was rather 
narrow, with straight chain nitroalkanes such as nitroethane and nitropropane 
providing the best results.  

Studies on the enal substrate scope revealed that functionalization at the 
-position of the , -unsaturated aldehyde affected the turnover rate. In 

these cases, only 1,2-addition, the product of the unselective background 
reaction, was observed. Earlier reports have highlighted the disinclination of 

-branched substrates to undergo conjugate addition, most probably due to 
iminium ion formation being inhibited, allowing the background reaction to 
dominate. The highly reactive o- and p-nitro trans-cinnamaldehyde sub-
strates provided a large amount of unwanted 1,2-addition product. The reac-
tions of , -unsaturated aldehydes of suitable reactivity with either nitropro-
pane or nitroethane, catalyzed by (24), furnish the products in high yields 
along with moderate-to-high enantiomeric excesses (see Figure 14). 

entry solvent time [h] conversion [%]a syn:antia ee (syn:anti) [%]b

1c - 47 93 1:1 82:80 

2 c THF 48 22 1:1.2 72:68 

3  c DMF 48 39 1:1 92:20 

4 c DMF 70 79 1:1 90:86 

5 c CH2Cl2 64 14 1:1.4 90:85 

6 c CH2Cl2 64 35 1:1.2 81:76 

7 c CH3CN 48 22 1:1 50:46 

8 c CH3OH 48 44 1:1.2 65:60 
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Figure 14: Substrate scope investigated for the enantioselective organocatalyzed 
conjugate addition of nitroethane to , -unsaturated aldehydes. 

To conclude, we have demonstrated that it is possible to modify the reac-
tivity and selectivity of MacMillan catalysts by incorporation of appropriate 
functionality. The catalyst (24) mediates the asymmetric conjugate addition 
of straight-chain nitroalkanes, preferentially nitroethane or nitropropane, to 
non- -substituted aromatic , -unsaturated aldehydes of intermediate reac-
tivity.  These reactions provide access to , -functionalized saturated alde-
hydes in up to 91% isolated yield and up to 92% enantiomeric excess. 
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3.4 Enantioselective Organocatalytic Cyclopropanation 
The cyclopropane unit is an often encountered structural among natural 
products. Refinement in the synthetic methodology that allows the controlla-
ble construction of these structures has caught the attention of many research 
groups during the past decade. Early efforts focused on the method devel-
opment for synthesis of cyclopropane rings; more recent synthetic develop-
ments have focused on enantioselective construction of diversely substituted 
cyclopropane units.104

Early developments in stereospecific cyclopropanation utilized Simmons-
Smith-type reagents. Iodomethylzinc reagents allowed the stereospecific 
cyclopropanation of cis- and trans -olefins through a well ordered “butterfly 
type” transition state.105 One major advantage of this methodology is the 
excellent chemoselectivity, which enable expansion of the technique to a 
range of diversely substituted olefins. Later, enantioselective cyclopropana-
tion of structurally diverse cyclic and acyclic alkene systems could be car-
ried out using the chiral pool,106 chiral auxiliaries107 or catalytic asymmetric 
cyclopropanation using iodomethylzinc with C2-symmetric disulfonamide 
ligands108 and Ti-taddolates.109

The use of sulfur ylides to provide oxirane and cyclopropane derivatives 
was realized by Corey in the 1960s. The former was obtained from ketones 
and the latter from , -unsaturated aldehydes or ketones.110 In a sequence of 
important papers, Ley et al. disclosed a cyclpropanation reaction facilitated 
by a stoichiometric quantity of a nucleophilic tertiary amine.111

104 Lebel, H.;  Marcoux, J.-F.; Molinaro, C.; Charette, A. B. Chem. Rev. 2003, 103, 977. 
105 (a) Hennion, G. F.; Sheehan, J. J. J. Am. Chem. Soc. 1949, 71, 1964. (b) Wittig, G.; 
Wingler, F. Justus Liebigs Ann. Chem. 1961, 650, 18. (c) Wittig, G.; Schwarzenbach, K. 
Angew. Chem. 1959, 71, 652. (d) Takai, K.; Kakiuchi, T.; Utimoto, K. J. Org. Chem. 1994,
59, 2671. 
106 (a) Winstein, S.; Sonnenberg, J.; De Vries, L. J. Am. Chem. Soc. 1959, 81. 6523. (b) Win-
stein, S.; Sonnenberg, J. J. Am. Chem. Soc. 1962, 83, 3235. (c) Hoveyda, A. H.; Fu, G. C. 
Chem. Rev. 1993, 93, 1307. (d) Corey, E. J.; Virgil, S. C. J. Am. Chem. Soc. 1990, 112, 6429.  
(e) Charette, A. B.; Lebel, H. J. Org. Chem. 1995, 60, 2966. 
107 (a) Charette, A. B.; Côté. B.; Marcoux, J.-F. J. Am. Chem. Soc. 1991, 113, 8166. (b) Mash, 
F. A.; Nelson, K. A. J. Am. Chem. Soc. 1985, 107, 8256. (c) Seebach, D.; Stucky, G. Angew. 
Chem. Int. Ed. Engl. 1988, 27, 1351. 
108 (a) Imai, N.; Sakamoto, K.; Takahashi, H.; Kobayashi, S. Tetrahedron Lett. 1994, 35,
7045. (b) Imai, N.; Takahashi, H.; Kobayashi, S. Chem. Lett. 1994, 177. (c) Denmark, S. E.; 
O´Connor, S. P.; Wilson, S. R. Angew. Chem. Int. Ed. 1998, 37, 1149. (d) Denmark, S. E.; 
O´Connor, S. P.  J. Org. Chem. 1997, 62, 584. 
109 (a) Charette, A. B.; Brochu, C. J. Am. Chem. Soc. 1995, 117, 11367. (b) Charette, A. B.; 
Molinaro, C.; Brochu, C. J. Am. Chem. Soc. 2001, 123, 12168.  
110 Corey, E. J.; Chaykovsky, M. J. Am. Chem. Soc. 1962, 84, 867. (b) Corey, E. J.; Chayk-
ovsky, M. J. Am. Chem. Soc. 1965, 87, 1353. 
111 Papageorgiou, C. D.; Ley, S. V.; Gaunt, M. J. Angew. Chem. Int. Ed. 2003, 42, 828. 
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This methodology was later expanded to include an intermolecular enanti-
oselective organocatalytic cyclopropanation reaction via chiral ammonium 
ylides.112

In another seminal paper, published by MacMillan et al., it was reported 
that (S)-( )-Indoline-2-carboxylic acid functions as a catalyst for the inter-
molecular enantioselective organocatalytic cyclopropanation involving stabi-
lized sulfur ylides as nucleophiles and , -unsaturated aldehydes as Michael 
acceptors, providing cyclopropane products in enantiomeric excesses up to 
95%.113 The mechanistic postulate (Figure 15) is based upon the concept of 
directed electrostatic activation, where the pendant carboxylate in (E-30) and 
the thionium (31) engage in electrostatic association. The electrostatic asso-
ciation ensures that the ylide carbanion and iminium -carbon are in close 
proximity, which facilitates the carbon-carbon bond formation and provides 
enantiofacial selectivity for the incoming nucleophile. Importantly, the selec-
tive iminium ion geometry is achieved by an iminium ion arrangement that 
minimizes repulsive van der Waals interaction between the substrate olefin 
and the aryl hydrogen, leading to selective E-iminium ion formation, i.e. (E-
30) prevailing over (Z-30).

Figure 15. Proposed catalytic cycle for the enantioselective organocatalytic cyclo-
propanation mediated by dihydroindol carboxylic acid.  

112 Papageorgiou, C. D.;  Ley, S. V.; Gaunt, M. J. Angew. Chem. Int. Ed. 2004, 43, 4641. 
113 Kunz, R. K.; MacMillan, D. C. W. J. Am. Chem. Soc. 2005, 127, 3240. 
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3.4.1 An Improved Organocatalyst for Enantioselective 
Cyclopropanation (Paper V) 
In line with our previous work in catalyst development for organocatalyzed 
reactions we envisioned an improved catalyst for the cyclopropanation reac-
tion. The modified catalyst was designed to retain important structural fea-
tures, but more importantly to provide a means to enhance the enantiofacial 
selectivity. The principal design components are described below (Figure 
16).               

Figure 16: Rationalization of catalyst design highlighting structurally important 
parts. 

The 1H-tetrazolic acid containing catalyst (39) was synthesized from the 
corresponding carboxylic acid (28) through well-known synthetic methodol-
ogy, shown in (Scheme 11). 

Scheme 11. Reagents and conditions: (i) CbzCl, 2 M NaOH, 5ºC, 5 h; (ii) Boc2O,
NH4HCO3, MeCN, pyridine, 68 h, room temperature; (iii) Cyanuric chloride, DMF, 
24 h, rt; (iv) NaN3, ZnBr2, i-PrOH, H2O, reflux; (v) Pd/C, H2 (g), AcOH:H2O (9:1), 
60 ºC. 
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The synthesis begins with the conversion of commercially available (S)-
( )-Indoline-2-carboxylic acid (28) to the corresponding carboxybenzyloxy-
protected derivative (35) using Schotten-Baumann conditions. The product 
was obtained in high isolated yield after column chromatography. The acid 
(35) was subsequently converted to the primary amide (36) then dehydrated 
to furnish the nitrile (37) in high yield. The nitrile was converted to the cor-
responding protected tetrazole (38). The target compound (39) was obtained 
after catalytic hydrogenation and purification by a solid-phase catch-and- 
release procedure, followed by recrystallization, to give pure product. 

Catalyst (28) and 1H-tetrazolic acid containing catalyst (39), along with 
catalyst 5-(Pyrrolidine-2-yl)tetrazole (20),114 were assessed in the enantiose-
lective organocatalytic cyclopropanation shown in Scheme 12. The results 
are shown in (Table 3, entries 1-6).

Scheme 12: Catalyst and solvent screening for enantioselective organocatalytic 
cyclopropanation. 

114 (a) Cobb, A. J. A.; Shaw, D. M.; Ley, S. V. Synlett, 2004, 3, 558. (b) Torii, H.; Nakadai, 
M.; Ishihara, K.; Saito, S.; Yamamoto, H. Angew. Chem. Int. Ed. 2004, 43, 1983. (c)  Har-
tikka, A.; Arvidsson, P. I. Tetrahedron. Asymmetry. 2004, 15, 1831.     
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Table 3: Solvent and catalyst screening for the enantioselective organocatalytic 
cyclopropanation reaction shown in Scheme 12. 

entrya solvent catalyst yield %b de %c ee %d

1 CHCl3 39 82 96 99 

2 CHCl3 28 74 95 89 

3 CHCl3 20 84 88 43 

4 DMF 39 34 75 -38 

5 DMSO 39 32 80 -32 

6 THF 39 69 93 83 

a The reaction was conducted at 4 ºC. b Isolated yield after column chromatography.  
c Determined by 1H NMR analysis of crude reaction mixture. d Determined by 
means of GLC analysis. 

Chloroform stands out as solvent, furnishing the products in high yields, 
de´s, and ee´s (Table 3, entries 1-3). Importantly, chloroform is a non-
participating solvent in the directed electrostatic association mechanistic 
postulate. The mechanistic postulate describes the importance of the sub-
strate activation and -facial delivery that are accelerated by ionic interac-
tions between the ylide and catalyst carboxylate. Therefore a solvent with 
low dielectric constant, which does not contribute to charge stabilization of 
the intermediates in the catalytic cycle, is important to the success of the 
reaction.

Following initial studies of catalyst performance, an expanded substrate 
scope study was performed. The , -unsaturated structures was altered to 
probe how steric and electronic properties affect the outcome of the reaction. 
The substituents on the aromatic ring of the stabilized sulfur ylide were also 
altered. The substrate study was performed for both catalysts (28) and (39) in 
order to enable accurate determination of enantioselectivity and, more im-
portantly, to enable assignment of the relative stereochemistry of the prod-
ucts obtained with catalyst (39) through either GLC or HPLC retention time 
correlation. The results (Figure 17) proved that products of the same relative 
stereochemistry were obtained with both catalysts; however, the 1H-
tetrazolic acid containing catalyst (39) displayed higher enantioselectivity 
for all reacted , -unsaturated aldehydes and sulfur ylides, giving over 99% 
ee in all cases. Catalyst (28) provides products in the ee range reported ear-
lier. Catalyst (39) provided slightly higher isolated yields. 
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Figure 17: Substrate scope of the enantioselective organocatalyzed cyclopropana-
tion. 

In conclusion, the novel catalyst (39), containing a dihydroindol frame-
work coupled to a tetrazolic acid was synthesized through well-established 
methods. The incorporated structural features provide the functionality nec-
essary to selectively catalyze the enantioselective cyclopropanation in excel-
lent enantiomeric excesses (> 99%) for all reacted , -unsaturated aldehydes 
and sulfur ylides. At the same time, the catalyst furnishes the products in 
acceptable-to-high yields, with diastereoselectivities comparable to those 
obtained with the known catalyst (28).
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3.4.2 Enantioselective Organocatalytic Cyclopropanation 
Facilitated by Aryl Sulfonamides (Paper VI) 
In order to study the effect of carboxylic acid substitution on reactivity and 
selectivity of enantioselective organocatalyzed cyclopropanation, the catalyst 
structure was altered by substitution of aryl sulfonamides for the carboxylic 
acid . Electronic and steric tuning of the catalyst was achieved through varia-
tion of substituents on the phenyl ring (see Figure 18). 

Sulfonamides have successfully been used in various enantioselective or-
ganocatalytic transformations.115 The structural features of dihydroindol aryl 
sulfonamides make them highly interesting as catalysts for the enantioselec-
tive organocatalytic cyclopropanation.     

Figure 18: General molecular structure of dihydroindol aryl sulfonamides, where R 
indicates possible substitution on phenyl ring.  

Dihydroindol aryl sulfonamides (40), (41) and (42), which have varying 
substitution on the phenyl ring were synthesized (Figure 19), varying the 
substitution on phenyl ring, were synthesized. Catalyst (40) bears a nitro 
group in the para position, which enhances the acidity of the amide proton. 
Catalysts (41) and (42) have para-methyl and 2,4,6-tris(isopropyl) groups 
respectively. Catalyst (42) therefore has considerable steric bulk on the aryl 
sulfonamide moiety.   

Figure 19: Molecular structures of aryl sulfonamide dihydroindol catalysts (40), 
(41), and (42). 

115 (a) Berkessel, A.; Koch, B.; Lex, J. Adv. Synth. Catal. 2004, 346, 1141. (b) Cobb, A. J. A.; 
Shaw, D. M.; Longbottom, D. A.; Gold, J. B.; Ley, S. V. Org. Biomol. Chem. 2005, 3, 84. (c) 
Wang, W.; Wang, J.; Li, H.; Liao, L. Tetrahedron Lett. 2004, 45, 7235. (d) Wang, W.; Wang, 
J.; Li, H. Tetrahedron Lett. 2004, 45, 7243. (e) Sundén, H.; Dahlin, N.; Ibrahem, I.; 
Adolfsson, H.; Córdova, A. Tetrahedron Lett. 2005, 46, 3385. (f) Dahlin, N.; Bogevig, A.;  
Adolfsson, H. Adv. Synth. Catal. 2004, 346, 1101.   
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Catalyst (40) was synthesized from (28) (Scheme 13) by first preparing the 
Boc-protected derivative (43). Next, DMAP and EDCI were used to facilate 
coupling of (43) with 4-nitrobenzenesulfonamide in a mixture of 1,2-
dichloroethane and tert-butanol, providing the Boc-protected sulfonamide 
(44) in 63% isolated yield after column chromatography. The Boc deprotec-
tion was performed using standard conditions to furnish (40) in 84% isolated 
yield. Catalysts (41) and (42) were prepared by first synthesizing the active 
ester (45) from (43) in 85% isolated yield. The active ester (45) was then 
coupled with 4-toluenesulfonamide or 2,4,6-
tris(isopropylbenzene)sulfonamide under basic conditions to provide (46)
and (47), respectively. The Boc-protected derivatives (46) and (47) were 
treated with TFA in DCM to provide catalysts (41) and (42) (Scheme 13). 

Scheme 13. Reagents and Conditions: (i) Boc2O, Na2CO3, H2O, t-BuOH, rt, 12 h; 
(ii) DMAP, EDCI, 4-nitrobenzenesulfonamide, t-BuOH:1,2-DCE (1:1), 12 h; (iii)
TFA:DCM (1:1), 1 h; (iv) p-Nitrophenol, DIPCDI, pyridine, 12 h; (v) NaH, p-
toluenesulfonamide, DMF, 10 h; (vi) NaH, 2,4,6-tris(isopropylbenzene) sulfona-
mide, DMF, 10 h; (vii) TFA:DCM (1:1), 1 h.  
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The catalysts (40), (41) and (42) were assessed in the enantioselective or-
ganocatalytic cyclopropanation. The yields and enantioselectivities were 
investigated after 19, 38 and 72 hours reaction time, and no erosion of enan-
tioselectivity was observed as the reaction time was increased.  Overall, the 
cyclopropane adducts were obtained in modest yields and high enantioselec-
tivities (Figure 20). Although (40) and (41) were highly selective catalysts, 
catalyst (42) furnished the cyclopropane product in lower ee and in signifi-
cantly lower yield; catalyst (42) was therefore excluded from further investi-
gation.

Figure 20: Initial screening of catalysts (40), (41) and (42) in the enantioselective 
organocatalytic cyclopropanation reaction.  

Following the initial screening of catalysts (40) and (41), the substrate 
scope was investigated (Figure 21). The products were obtained in accept-
able yields and high enantiomeric excesses. The synthesized catalysts (40)
and (41) provided the products in enantiomeric excesses comparable to those 
furnished by the commercially available catalyst (28), albeit in lower yields.  
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Figure 21: Substrate scope investigation for the enantioselective organocatalytic 
cyclopropanation reaction utilizing catalysts (40) and (41).

Substitution of the carboxylic acid to various substituted aryl sulfona-
mides provided catalysts capable of facilitating the enantioselective organo-
catalytic cyclopropanation reaction. Catalyst (41) gave the higher enantiose-
lectivities among these catalysts for investigated substrates. The products 
were obtained in high de and ee, and the isolated yields were fair. Still, the 
catalysts constitute a collection of novel structures that may be applicable in 
various enantioselective organocatalytic transformations.    
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3.5.1 Synthesis and Application of Imidazole and 1H-tetrazolic
acid Containing Catalysts in the Asymmetric Organocatalyzed 
Diels-Alder Reaction (Paper VII) 
The enantioselective Diels-Alder reaction has attracted immense interest 
during the past twenty years.116 The asymmetric catalysis of Diels-Alder 
reactions mediated by chiral Lewis acids, including early transition metals, 
dominated this field at the outset. However, the enantioselective organocata-
lytic Diels-Alder reaction recently discovered by MacMillan117 has changed 
the way chemists think about conducting asymmetric catalysis. 

The concept of organocatalytic enantioselective Diels-Alder reactions 
catalyzed by chiral-secondary-amine-containing molecules relies on the re-
versible covalent attachment of the catalyst to the , -unsaturated aldehydes, 
leading to iminium ions. This in turn leads to LUMO-lowering activation 
(Figure 22), and significantly increases the reactivity of the parent dienophile 
towards reaction with the diene. That of , -unsaturated iminium ions show 
increased reactivity in Diels-Alder reactions was first reported some thirty 
years ago.118       

Figure 22: Comparison between Lewis acid and organocatalytic LUMO activation 
of  , -unsaturated aldehydes. 

Important aspects of MacMillan´s catalyst design include control of imin-
ium-ion geometry and enantiofacial discrimination with respect to the in-
coming diene. Catalyst (43) (Figure 23), has proven to be a highly active and 
selective catalyst for the enatioselective organocatalytic Diels-Alder reac-
tion. In this case, the stereocontrolling elements include selective formation 
of (E)-iminium isomers to avoid non-bonding interactions between the sub-
strate olefin and geminal methyl substituents, and the benzyl group on the 
catalyst that effectively shields the Re face of the dienophile, leaving the Si
face exposed (Figure 23). 

Figure 23: Catalyst (5S)-5-benzyl-2,2,3-trimethylimidazolidin-4-one (43), developed 
by MacMillan et al. for the enantioselective Diels-Alder reaction 

116 (a) Kagan, H. B.; Riant, O. Chem. Rev. 1992, 92, 1007. (b) Oh, T.; Reilly, M. Org. Prep. 
Proc. Int. 1994, 26, 129.  
117 Ahrendt, K. A.; Borths, C. J.;  MacMillan, D. W. C. J. Am. Chem. Soc. 2000, 122, 4243.
118 Baum, J. S.; Viehe, H. G. J. Org. Chem. 1976, 41, 183. 
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Our group developed catalyst (24) for the asymmetric conjugate addition 
of nitroalkanes to , -unsaturated aldehydes. The catalyst closely resembles 
catalyst (43). The structural similarity between catalysts (24) and (43)
prompted us to evaluate catalyst (24) in the enantioselective organocatalytic 
Diels-Alder reaction (Scheme 14).  

Scheme 14: Enantioselective Diels-Alder reaction between trans-hexenal and 
cyclopentadiene, catalyzed by 24*2HCl or 24*2TFA 

Table 4: Results from Catalyst and Solvent Screening (see Scheme 14)  

entry catalyst solvent time (h) yield (%)a endo:exob exo ee %c

1 24*2HCl a 24 51 1:1.1 67 (2S)

2 24*2HCl b 24 45 1:1.2 55 (2S)

3 24*2TFA a 24 54 1:1.05 63 (2S)

4 24*2TFA b 24 60 1:1.1 80 (2S)

a Isolated yield after column chromatography. b The product ratios were determined 
by correlation of retention times in GC analysis to product mixtures obtained from 
reaction with catalyst 43. c Absolute and relative configurations were determined by 
correlation of GC retention times. The absolute and relative configurations were 
initially determined by chemical correlation to known compounds, see ref 117 (Sup-
porting Information). 

The best catalyst was 24*2TFA, which furnished the product in 60% 
yield, 10% diastereomeric excess and 80% ee (Table 4, entry 4). The reac-
tion was preferentially performed in an acetonitrile:water mixture. This 
greatly simplified the workup, as no dimethyl-acetal hydrolysis was needed. 

N

N
H

O

N
NH

N

N
H

O

N
NH

n-Pr O

n-Pr
CHO

CHO
n-Pr

*2HCl *2TFA

24*2HCl                 24*2TFA

+
5 mol % 24*HCl or 24*TFA

a) CH3OH:H2O or
b) CH3CN:H2O

(2S)-endo-44      (2S)-exo-44

+



56

Scheme 15: Enantioselective organocatalyzed Diels-Alder cycloadditions.  

Table 5: Organocatalyzed Diels-Alder Cycloadditions between Cyclopentadiene and 
Representative Dienophiles Utilizing Catalysts 24*2HCl or 24*2TFA (Scheme 15).

a Reaction performed at 23 ºC b Solvent c Isolated yield after column chromatogra-
phy. d The product ratios were determined by correlation of GC retention times to 
product mixtures obtained from reaction with catalyst 43. e Absolute and relative 
configurations were determined by correlation of GC retention times. The absolute 
and relative configurations were initially determined by chemical correlation to 
known compound, see reference 117 (Supporting Information).

The TFA salt of catalyst 24 gave the best results using acetonitrile and 
water mixture as solvent (Table 5, entries 1-6). The Diels-Alder adducts 
were obtained in fair yields and moderate-to-high enantiomeric excesses. 
The exo isomers were generally obtained in higher enantiomeric excess (Ta-
ble 5, entries 4-6). 

The present study showed that side-chain modification of catalyst (43) to 
include an imidazole function rather then a phenyl group does not seriously 
affect the stereoselectivity of the Diels-Alder reaction. The catalyst origi-
nally designed for use in the asymmetric conjugate addition of nitroalkanes 
to enals can thus successfully be employed in the enantioselective organo-
catalytic Diels-Alder reaction.  

entrya R sb catalyst yieldc exo:endod exo ee %e endo ee %e

1 Me a 24*2HCl 45 1.1:1 66 (2S) 57 (2S)

2 n-Pr a 24*2HCl 49 1.2:1 69 (2S) 58 (2S)

3 Ph a 24*2HCl 52 1.2:1 68 (2S) 60 (2S)

4 Me b 24*2TFA 72 1.25:1 89 (2S) 83 (2S)

5 n-Pr b 24*2TFA 61 1:1 72 (2S) 45 (2S)

6 Ph b 24*2TFA 75 1.1:1 84 (2S) 58 (2S)
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 Tetrazolic acid containing catalysts have been described in this thesis. 
The catalysts have been employed in the direct catalytic asymmetric aldol 
reaction and enantioselective organocatalytic cyclopropanations, enabling 
elaboration of reactivity and selectivity for the catalytic system. 

As part of our catalyst screening efforts in search for a suitable catalyst 
for the enantioselective organocatalytic Diels-Alder reactions, we realized 
that 5-[(2S)-pyrrolidine-2-yl]-1H-tetrazole (20) offered very high reactivity, 
in most cases matching the reactivity of catalyst (5S)-5-benzyl-2,2,3-
trimethylimidazolidin-4-one (43), but provided Diels-Alder adducts in low 
enantiomeric excesses. The low enantioselectivity of the reaction can be 
explained by the fact that catalyst (20) lacks two methyl groups at  position 
with respect to the secondary amine; these are necessary for controlling the 
iminium-ion geometry. The selective (E)-iminium isomer formation plays an 
integral role in determining the degree of enantioselective induction. 

Redesign of catalyst (20) to more closely match catalyst (43) lead to the 
following catalyst structure (Figure 24) 

Figure 24: Catalysts (43) and (20) provide the basis for proposed catalyst structure 
(45). 

Catalyst (45) was synthesized (Scheme 16) from commercially available 
Boc-L-asparagine. The synthesis involved initial transformation of acid (46)
to the corresponding methyl amide (47). This was achieved by in situ activa-
tion of the acid to the corresponding mixed anhydride, after which nucleo-
philic addition of methylamine furnished (47) in 50 % isolated yield. Dia-
mide (47) was subsequently Boc deprotected using 2 M HCl in methanol to 
quantitatively furnish the HCl salt (48). This material was subjected to acid-
catalyzed imine formation with acetone, followed by in situ cyclization, to 
give (49) in low yield. The cyclization reaction proved to be very sluggish, 
and reproducibility was low. When the cyclization reaction was performed 
on a larger scale, almost no product was isolated, despite several attempts.  
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The product (49) was then subjected to several different reaction condi-
tions for carboxybenzyloxy protection of the secondary amine with benzyl-
chlorformate. However, the usual Schotten-Baumann conditions failed to 
provide any product as did the method introduced by Berkowitz et al., which 
makes use of CbzCl, TEA, DMAP, DMSO.119 The reaction was also unsuc-
cessful and with CbzCl in pyridine. The product (49) was therefore subjected 
to direct dehydration using cyanuric chloride in dimethyl formamide, which 
provided nitrile (50) in 60% isolated yield. The nitrile was subsequently 
transformed into the tetrazolic acid (45) in 70% yield (Scheme 16). 

Scheme 16. Reagents and Conditions: (i) Isobutyl Chloroformate, NMM, Methyl-
amine, THF, -20 ºC, 12 h; (ii) 2 M HCl , 1 h; (iii) Acetone, p-TsOH, MeOH, and 4 
Å MS, reflux, 12 h; (iv) Cyanuric Chloride, DMF, 100 ºC, 24 h; (v) NaN3, NH4Cl,
DMF, 95 ºC, 12 h. 

As can be seen in Scheme 16, the yields for several steps of the synthesis 
of (45) were unacceptable low. There was therefore a need to develop an 
alternative synthesis, in which the reactivity of the different building blocks 
was controlled in such a way as to maximize the synthetic efficiency in the 
different steps. The modified synthesis involved controlled reactivity of the 
L-Asparagine by utilizing orthogonal protecting groups. The synthesis 
(Scheme 17) started from commercially available N -(9-
fluorenylmethoxycarbonyl)-N -trityl-L-asparagine (51), which has an Fmoc- 
protected amine functionality and a bulky Trityl protecting group at the am-
ide. Reactivity at the amide is significantly reduced. Staring material (51)
was converted to methyl amide (52) in 88% isolated yield using a method 
introduced by Baláspiri and Rocchi.120 The Fmoc group was selectively 
cleaved using 20% piperidine in DMF to furnish the free amine (53) in high 
yield after column chromatography. The next step involved acid catalyzed 
imine formation with acetone, followed by cyclization, which proceeded 
beautifully to give cyclized product (54) in 95% isolated yield. This should 
be compared to the previous synthesis, which gave cyclized product in only 

119 Berkowitz, D. B.; Pedersen, M. L. J. Org. Chem. 1994, 59, 5476. 
120 (a) Somlai, C.; Szókan, G.; Baláspiri, L. Synthesis 1992, 36, 285. (b) Biondi, L.; Filira, F.; 
Gobbo, M.; Rocchi, R. J. Peptide Sci. 2002, 7, 80.  
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25% isolated yield. The trityl group of (53) seems to have an important ef-
fect on the reaction by firstly preventing cyclization involving the amide, 
and secondly by modify the overall reactivity in favor of cyclized product 
(54). The trityl group was then cleaved off refluxing TFA to give (49). Diffi-
culty in deprotecting the Trt-group in certain substrates has been de-
scribed.121 Carboxybenzyloxy protection of the secondary amine using ben-
zylchlorformate proved very difficult, so a direct dehydration was per-
formed. Dehydration using the standard procedure as in previous syntheses 
furnished the product in only 63% isolated yield.  A method introduced by 
Shia et al.122 also proved to be less suitable for conversion of amide (49) to 
corresponding nitrile (50), providing product in only 55% yield. Straightfor-
ward dehydration using POCl3 or SOCl5 also failed; both provided only 
starting material. However, using a modified procedure including 4 Å MS in 
DMF and 1.5 equivalents of cyanuric chloride provided nitrile (50) in 85% 
isolated yield. The nitrile (50) was converted to the tetrazolic acid using the 
same procedure as in the previous synthesis.  

Scheme 17. Reagents and Conditions: (i) HOBT*MeNH2, EDC, DMF, rt, 24 h; (ii)
20% piperdine in DMF, rt (iii) Acetone, p-TsOH, MeOH, reflux, 12 h; (iv) 100% 
TFA, reflux, 1 h; (v) Cyanuric Chloride, 4 Å MS, DMF, 100º C, 24 h; (vi) NaN3,
NH4Cl, DMF, 95 ºC, 12 h. 

121 (a) Sieber, P.; Riniker, B. Tetrahedron Lett. 1991, 32, 739. (b) Friede, M.; Denery, S.; 
Neimark, J.; Kieffer, S.; Gausepohl, H.; Briand, J. -P. Pept. Res. 1992, 5, 145. (c) Quesnel, 
A.; Briand, J.-P. J. Peptide. Res. 1998, 52, 107.    
122 Kuo, C. -W.; Zhu, J. -L.; Wu, J. -D.; Chu, C. -M.; Yao, C. -F.; Shia, K. -S. Chem. Com-
mun. 2007, 301. 
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The synthesized catalyst (45) was assessed in the enantioselective or-
ganocatalytic Diels-Alder reaction of various dienophiles with cyclopentadi-
ene (Scheme 18). 

Scheme 18: Organocatalyzed Diels-Alder Cycloadditions of cyclopentadiene with 
representative dienophiles using catalyst (45).

Table 6: Results from the Organocatalyzed Diels-Alder Cycloadditions utilizing 
catalyst (45)*HCl (Scheme 18).   

a Reaction performed at 23 ºC b Isolated yield after column chromatography. c The 
product ratios were determined by correlation of GC retention time to product mix-
tures obtained from reaction with catalyst 43. d Absolute and relative configurations 
were determined by correlation of GC retention time. The absolute and relative 
configurations were initially determined by chemical correlation to known com-
pound, see ref 117 (Supporting Information). 

It can be seen in Table 6, that catalyst (45) facilitates the enantioselective 
organocatalytic Diels-Alder cycloaddition reaction in a highly stereoselec-
tive manner. The Diels-Alder adducts were obtained in high yields and enan-
tioselectivities (Table 6, entries 1-4). Further studies are however needed to 
assess if catalyst (45) has additional advantages over catalyst (43) such as 
increased reactivity. 

In conclusion, a highly potent and selective catalyst was developed for the 
enantioselective organocatalytic Diels-Alder reaction. The catalyst possesses 
favorable structural features, making it highly interesting in other enantiose-
lective organocatalytic reactions. 

entrya R yieldb exo:endoc exo ee %d endo ee %d

1 Me 86 1.3:1 90 (2S) 95 (2S)

2 n-Pr 83 1.5:1 85 (2S) 93 (2S)

3 i-Pr 92 1:1 92 (2S) 92 (2S)

4 Ph 89 1.5:1 89 (2S) 90 (2S)
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5 Summary and Outlook 

In the course of these investigations, highly selective catalysts for various 
enantioselective transformations have been synthesized. Catalyst design has 
been performed utilizing available knowledge of aspects controlling reactiv-
ity and stereoselectivity. The obtained results are summarized below: 

Cheap, readily available QCI-Amine (6a) and QCD-Amine (6b)
were found to be good ligands in iridium catalyzed asymmetric 
transfer hydrogenation. Acetophenone and several of its derivatives 
were reduced, resulting in enantiomerically enriched secondary al-
cohols. The ligands proved to be highly selective, providing alcohols 
with up to 95% enantiomeric excess. 

Synthesis and application of 5-[(2S)-pyrrolidine-2-yl]-1H-tetrazole
(20) in the direct asymmetric aldol reaction resulted in the finding of 
a highly active catalyst. The reactivity enhancement could finally be 
explained by the fact that catalyst catalyst (20) did not take part in 
any oxazolidinone formation thereby ensuring that a higher amount 
of catalyst was present in the reaction mixture. Catalyst (20) has 
since its discovery been utilized in several enantioselective organo-
catalytic reactions. 

Imidazole containing catalyst (24) enabled conjugate addition of ni-
troalkanes to , -unsaturated aldehydes. Although, substrate scope 
turned out to be limited, (24) still represent the best catalyst for the 
particular reaction.

Dihydroindol 1H-tetrazolic acid was synthesized and applied in the 
enantioselective organocatalytic cyclopropanation. Catalyst (39)
proved to be the most selective catalyst developed to date for this re-
action, providing products in enantiomeric excesses (> 99%) for all 
reacted substrates. 

In order investigate possible means of bringing about a reactivity 
enhancement in the enantioselective organocatalyzed cyclopropana-
tion, a series of dihydroindol aryl sulfonamides were synthesized. 
Aryl sulfonamides in contrast to 1H-tetrazolic acid, allow steric and 
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electronic tuning of the catalyst. Three different dihydroindol aryl 
sulfonamides were synthesized, i.e. 40, 41 and 42. Although these 
catalysts did not show any positive effect on the reactivity in this re-
action, the results still demonstrated that chiral dihydroindol aryl 
sulfonamides represent a novel kind of modular catalysts for or-
ganocatalytic reactions.

 Finally a new 1H-tetrazolic acid containing catalyst, i.e. (45), was 
synthesized. Catalysts (24) and (45) were assessed in the enantiose-
lective organocatalytic Diels-Alder reaction. While catalyst 
(24)*TFA salt proved to be a relatively selective catalyst for the re-
action, catalyst (45)*HCl proved to be as selective as catalyst (24)
providing products in high yields and enantiomeric excesses. More 
work is needed to assess the full potential of this catalyst.      
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7 Swedish Summary 

Populärvetenskaplig Sammanfattning på Svenska 
Kemin har alltid haft en central betydelse i människors liv. Sedan urminnes 
tider har människan lärt sig att bemästra delar av naturen för att på så sätt 
överleva.  Ur ett tidigt skede kunde det handla om användandet av eld för att 
tillaga mat samt användandet av salt för konservering. I och med att utveck-
lingen gick framåt så kom kemin mer och mer att särskilja sig och bli ett eget 
vetenskapligt ämne varifrån de specifika delarna inom kemin utvecklades. 

Begreppet organiska ämnen infördes på 1780-talet av Uppsalaprofessorn 
Torbern Bergman medan uttrycket organisk kemi myntades av Jöns Jacob 
Berzelius år 1806 för att beskriva föreningar som är karakteristiska för le-
vande organismer. Vid denna tidpunkt var den naturfilosofiska åskådningen 
”vitalismen” förhärskande, vilken argumenterade för att det fanns en grund-
läggande skillnad mellan organiska och oorganiska föreningar samt att orga-
niska ämnen inte kunde uppstå ur oorganiska föreningar. Under senare delen 
av 1800-talet kom organisk kemi att definieras som kolföreningarnas kemi 
och ”vitalismen” kom att allt mer förlora i betydelse. 

Den organiska kemin har under det senaste seklet genomgått en häpnads-
väckande utveckling. Den organiska kemin kan idag bidra till mycket värde-
full kunskap inom så vitt skilda områden som bland annat nanoteknologi, 
biologi, fysik och medicin. 

En viktig egenskap hos vissa föreningar som innehåller kol är att de upp-
visar kiralitet, spegelbildsisomeri (Figur 1). 

Figur 1: Spegelbilder av en schematisk molekyl. 

Organiska föreningar som innehåller detta element förekommer därför i näs-
tan identiska former, så kallade enantiomerer. Dessa  har precis samma fysi-
kaliska egenskaper då de befinner sig i en icke kiral miljö. Om man däremot 
placerar enantiomererna i en kiral miljö så kommer de att interagera med sin 
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omgivning på olika sätt beroende på den egna kiraliteten.  
Proteiner är uppbyggda av små kirala byggstenar, aminosyror, där ena 

enantiomeren av aminosyran förekommer naturligt. Detta får till följd att 
biologiska system uppvisar en viss preferens i interaktionen med kirala 
kroppsfrämmande substanser. Det är därför mycket viktigt att den organiska 
kemin möjliggör framställandet av enantiomert rena eller anrikade produk-
ter.

Denna avhandling syftar till att utveckla kirala föreningar som har förmå-
gan att styra specifika reaktioner till att endast eller i hög grad generera en 
enantiomer när två eller flera enantiomerer är möjliga att erhålla, dvs. funge-
ra som kirala katalysatorer. I denna avhandling berörs två konceptuellt olika 
tillvägagångssätt där delarbete I berör traditionell kiral övergångsmetall-
komplex katalyserad syntes metodik varefter delarbete II-VII behandlar ka-
talysatorer som utövar stereokontroll utan inblandning av övergångsmetaller, 
så kallad organokatalys.    

I delarbete I beskrivs framtagandet av kirala molekyler som efter inbind-
ning till övergångsmetallen iridium genererar en katalysator som har förmå-
gan att stereoselektivt reducera ketoner till kirala alkoholer. Den erhållna 
katalysatorn uppvisade hög enantioselektivitet i reduktionen av ketonen.  

I delarbete II syntetiseras en kiral organisk molekyl för att sedan andvän-
das som katalysator. Den syntetiska modifikationen gav en katalysator som 
uppvisade en förhöjd reaktivitet. Delarbete III beskriver till stor del de studi-
er som gjordes för att ge en rimlig förklaring till den uppkomna reaktivitets-
ökningen. 

I delarbete IV framställs en ny kiral katalysator. Den framställda katalysa-
torn uppvisade en modifierad reaktivitet samtidigt som selektiviteten bibe-
hölls på en hög nivå. Den aktuella kirala katalysatorn inkorporerar funktio-
nalitet som möjligör utförandet av en selektiv reaktion på annars dokumente-
rat besvärliga föreningar. 

I delarbete V syntetiseras en ny katalysator som används i enantioselekti-
va organokatalyserade cyklopropaneringar. Den syntetiska modifikationen 
möjliggjorde erhållandet av en katalysator som katalyserade den aktuella 
reaktionen för att ge en produkt som i väldigt hög grad var enantiomert ren. 

I delarbete VI och VII fortsatte derivatiseringen av existerande strukturer 
för att på så sätt erhålla katalysatorstrukturer som påvisade modifierad reak-
tivitet och selektivitet.
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