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Abstract  

 

 

During the last fifteen years organocatalysis emerged as a powerful tool for the 
enantioselective functionalization of the most different organic molecules. Both C-C and C-
heteroatom bonds can be formed in an enantioselective fashion using many types of 
catalyst and the field is always growing. Many kind of chiral catalysts have emerged as 
privileged, but among them Proline, cinchona alkaloids, BINOL, and their derivatives 
showed to be particularly useful chiral scaffolds. 
This thesis, after a short presentation of many organocatalysts and activation modes, 
focuses mainly on cinchona alkaloid derived primary amines and BINOL derived chiral 
Brønsted acids, describing their properties and applications. 
Then, in the experimental part these compounds are used for the catalysis of new 
transformations. 
The enantioselective Friedel-Crafts alkylation of cyclic enones with naphthols using 
cinchona alkaloid derived primary amines as catalysts is presented and discussed. The 
results of this work were very good and this resulted also in a publication. 
The same catalysts are then used to accomplish the enantioselective addition of indoles to 
cyclic enones. Many catalysts in combination with many acids as co-catalysts were tried 
and the reaction was fully studied. Selective N-alkylation was obtained  in many cases, in 
combination with quite good to good enantioselectivities.  Also other kind of catalysis were 
tried for this reaction, and considered all, the results obtained are interesting. 
Another aza-Michael reaction between OH-free hydroxylamines and nitrostyrene using 
cinchona alkaloid derived thioureas is briefly discussed. 
Then our attention focused on Brønsted acid catalyzed transformations. 
With this regard, the Prins cyclization, a reaction never accomplished in an 
enantioselective fashion up to date, is presented and developed. The results obtained are 
promising. 
In the last part of this thesis the work carried out abroad is presented.  
In Prof. Rueping laboratories, an enantioselective Nazarov cyclization using cooperative 
catalysis and the enantioselective desymmetrization of meso-hydrobenzoin catalyzed by 
Brønsted acid were studied. 
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Foreword  

 
 
Nature is almost perfect. It took billions of years, but in the end life grew up not only 
effective and strong, but also elegant, complex, fascinating. And itôs somehow surprising 
how the existence of complex creatures like living beings is fundamentally based on 
chemistry, made of chemistry. The functioning of living beings (or Life) is in the end 
nothing else than an ensemble of complex and intricate network of chemical interactions 
and reactions between more or less complex molecules. All of these complex chemical 
mechanisms are expressed by following the instructions encoded in a molecular manual, 
DNA, made with a surprisingly low Basis Set: four nitrogen bases derived from 
enantiopure deoxyribose. These bases combine to give two long molecules, which as well 
are paired, due to complementary interactions, to give a double helix. This double helix is 
screwed on itself, in a clockwise direction. The reason why the helix is forced to screw only 
in one direction lays basically on the enantiopurity of deoxyribose. Helicity is a kind of 
chirality, and DNA is enantiopure. Since that, the information encoded and expressed by 
DNA is chiral, and every molecule, every process, every interaction occurring in organisms 
is therefore chiral, enantiopure. So, Nature is chiral. The reason why it happened, and 
how, is nowadays object of big debate, but actually, despite the huge amount of work on it, 
itôs still not known, and perhaps it will never be. But thatôs a fact we have to deal with: 
Nature is chiral, and complex, and elegant. As I told, almost perfect. 
 
Driven by the need of making progress, grow and create welfare, humans developed, 
especially in the last two centuries, a fairly good expertise in the production of many types 
of chemicals, useful for their needs. Many of these chemicals are available in nature, but 
not in enough amount, and many others are unavailable, so their synthesis is necessary. 
Some of these molecules are not chiral, but many others are, and we have to consider this 
fact, especially in the synthesis of molecules that have to interact directly with our body, 
which, as seen, is chiral. Specifically, this is the case of pharmaceuticals, which have to 
improve our health conditions, and pesticides, which have to be toxic for pests, but not for 
everything else. While an enantiomer could have a good (or no) effect on our body or on 
the environment, the other could be just useless, or harmful, and so it must not be 
produced, or at least is must not be released in the environment or introduced in our 
bodies. 
 
Hence, the importance for humans of producing enantiomerically pure molecules. 
Unfortunately, our technology is far away from Natureôs perfection and the synthetic 
methodologies we developed are mostly scarcely effective and not enantioselective. So 
how can we do? 
 

¶ Since Nature is chiral, the most conceptually simple way to produce 
enantioenriched compounds is starting from natural molecules, the so-called Chiral 
Pool. There are a lot these molecules readily available, but unfortunately most of 
the times it's difficult to obtain the products that we need directly from them. Often, 
what we need is fairly different from the structures available in Nature, and thus the 
synthetic elaboration becomes long, complicated, and there is always the possibility 
that we, with one of ours clumsy, not enantiospecific, achiral reaction, destroy the 
chirality created by nature. 

¶ The second most conceptually simple way to produce enantioenriched compounds 
is the direct use of Natureôs catalysts to perform our reactions. The use of enzymes, 
or directly microorganisms for industrial application is sometimes possible, and due 
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to the high activity and specificity of these catalysts it would be the best way to 
obtain a transformation. Unfortunately, enzymes are expensive, they require 
particular conditions to work well without degradation (water, relatively low 
temperature), but most importantly they are engineered by Nature to catalyze very 
specific transformations, and so they cannot be employed for all our purposes. 

¶ Otherwise, we could think to perform our imperfect racemic synthesis and later try 
to obtain the separation of the two enantiomers somehow. Since the physical 
properties of two enantiomers are the same, we need chirality for this purpose, or 
with a solvent-consuming and expensive separation via chromatography on chiral 
columns, or, more easily, with chemical resolution of racemic mixtures. Here we 
take from the chiral pool enantiopure molecules which are reacted or interact with a 
racemic mixture. This allows the formation of diastereoisomers, which, being 
entities with different physical properties, can be separated with physical methods. 
The racemic resolution is currently widely used as a method to obtain 
enantiomerically pure compounds. A typical example is the selective crystallization 
of a diastereoisomer, leaving the other in solution. This process is often an acid-
base reaction, reacting 0.5 eq. of a chiral base to crystallize a salt enantioenriched 
in the acidic component, or the opposite. The crystals are collected and the 
resolving agent removed, to give the title compound. Anyway, the other enantiomer 
which was produced in the synthesis, is in this way wasted, if not useful for 
something else, lowering the maximum yield of the process to 50%. For this reason 
many efforts are done to try to convert the ñwrongò enantiomer into the desired one, 
and in order to save also more time and materials, if possible, this is performed 
directly in the same pot. This process is called dynamic kinetic resolution. Many 
dynamic kinetic resolutions are not just simple acid-base reactions, but more 
complex reactions, so they are more difficult to optimize. Anyway, simple optical 
resolution with a resolving agent provides in average reasonable yields and is 
nowadays the most widely used method to obtain enantiopure materials in industry. 

¶ The fourth, and always more sophisticated method to obtain enantioselective 
synthesis, is to introduce at some point of the synthetic sequence a ñpiece of 
natureò as an enantiomerically pure chiral auxiliary. This is covalently introduced 
into the desired product structure, exploited to create a chiral center 
enantiospecifically, and then removed. With respect to optical resolution this 
method allows in principle a 100% yield, but it is more time- and material-
consuming (two additional steps are required to introduce and remove the 
auxiliary), and chirality-wasting, because only sometimes the auxiliary can be 
recovered and used again, while often is destroyed in the removing step. 

¶ The last and more sophisticated method to produce enantioenriched compounds is 
enantioselective catalysis. With this, humans try to mimic Nature, producing directly 
chiral molecules using chiral catalysts. Itôs impossible for humans to produce such 
complex and efficient catalysts as enzymes, so our attention is focused on the use 
of smaller molecules, coming anyway from the chiral pool, used as they are or with 
some changes. The good catalytic activity of metals drove the humans to focus 
firstly on them massively. Complexes between certain metals and appropriate 
enantiopure organic ligands are formed, the latter creating the chiral environment 
necessary for the enantioselective transformation occurring at the metallic center. 
Metals are very useful catalysts: they are highly active and efficient, they give often 
good yields and enantiomeric excesses, and since many metals and ligands are 
available, a lot of their combination can be tried in the optimization of a reaction. 
Despite this effectiveness and versatility of metal complexes as enantioselective 
catalyst, some drawbacks have to be taken into account. Many useful metals are 
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expensive and/or toxic (Pd, Ru, Rh, Ni, Ir, é), and this limits their use in medicinal 
chemistry, since trace amounts of these metals can remain in the final product, thus 
adding risk to its use. Disposal of wastes containing these metals is therefore 
difficult and expensive, because they also can be pollutants. Then, metal based 
catalysts often require anhydrous and/or oxygen free conditions to work, 
complicating their use in terms of operational ease. Enantioselective 
transformations promoted by metal based catalysts are anyway object of 
tremendous studies in the academic community, and they are also applied in a 
growing number of industrial applications. But in the last 15 years academic 
research, for a combination of factors that weôll examine later, got interested and 
focused its attention on a different class of catalysts: organocatalysts. These are 
small organic molecules, in some cases the same or derived from the ones 
classically employed as ligands in metal catalysis, which can catalyze reactions on 
their own. Many achiral organic molecules such for instance organic bases or acids 
are used since a long time as catalysts, but recently the development of chiral 
organic molecules that can be used to obtain enantioselective transformation grew 
up tremendously, also with the discovery and development of many kind of new 
catalysts and activation modes. These catalysts are generally required in relatively 
high amount and require longer reaction times respect to metals. Nevertheless the 
number of transformations that they can catalyze is increasing every day, 
enantiomeric excesses can be very good, they are water and oxygen stable, and 
usually non-toxic. Since during the years a lot of improvements have been made, 
and a huge number of research groups got involved in this field, with a constantly 
growing number of publications, itôs easy to expect further important developments 
and successes in this field during the following years. 

 
The beautiful and fascinating phenomena occurring naturally, always pushed humans to 
try to mimic Nature, to try to reproduce these phenomena. In chemistry, enantioselective 
organocatalysis is probably the essence of this will. Building enantiopure molecules using 
small organic molecules is the attempt to reproduce, albeit in much smaller scale, the 
building of complex, harmonic and living architectures that Nature assembles using a 
sophisticated combination of DNA, enzymes, cofactors, neurotransmitters, and much 
more. Organocatalysis is only 15 years old: the challenge is only at the beginning. 
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1)  Asymmetric organocatalysis
1

 

 
 
 
The origin of asymmetric organocatalysis is much older than what we are used to think. 
The first known report about was out in 19122. After his use in 19083 for trials to mimic 
enzymatic decarboxylation of camphocarboxylic acid, the German chemist Breding used 
cinchona alkaloids quinine 3 and quinidine 4 to catalyze the enantioselective addition of 
HCN to benzaldehyde, albeit in very low enantiomeric excess (Figure 1.1, A). Bredig 
observed that the products were optically active, but, with the methods known at that time, 
it was impossible to determine accurately the enantiomeric excess; anyway, it was 
esteemed to be lower than 10%. Even if the concept was new, enantioselective synthesis 
in general at that time was not yet considered central for chemical research, and so this 
paper didnôt capture much the attention of the academic world. Anyway, sporadic reports 
on the field were out. For example in 19294 and 19325 kinetic resolution of carboxylic acids 
and alcohols, was reported respectively by a French and German chemist. 
Organocatalysis was studied also in its non-asymmetric variant, despite employing chiral 
catalysts, for example in Knoevenagel condensation or aldol reaction, and such literature 
was also summarized in a book as early as 19496. Then, in 19547 Prelog re-exhamined 
HCN addition to aldehydes, improving especially the understanding of the mechanism 
(Figure 1.1, A). A great breakthrough was made by Pracejus in 19608, in his acetylquinine 
7 catalyzed synthesis of optically active methyl esters 8 from ketenes 6 and methanol 
(Figure 1.1, B). Here, an enantiomeric excess of 74% was obtained, showing for the first 
time that organocatalysis could be useful in enantioselective synthesis, and not only a 
curiosity. Another milestone in organocatalysis is the reaction that today is called the 
Hajos-Parrish-Eder-Sauer-Wieckert reaction (Figure 1.1, C). It is reported in 1971 in two 
different patents by scientist working at Hoffmann-La Roche9 and Schering AG10. In this 
reaction proline 10 is used to catalyze an enantioselective intramolecular aldol reaction. 
While Hajos and Parrish use 3% of catalyst in DMF at r.t. obtaining the corresponding 
bicyclic aldol in 93% ee, Eder Sauer and Wieckert use higher loading and temperature, in 
combination with an acid, to obtain the dehydrated product with 71% ee. This was a high 
improvement in enantioselective organocatalysis, being all together the first report of an ee 
higher than 90%, the first proline catalyzed reaction (which, as weôll see later, will become 
widely used, together with its derivatives) and the first application of organocatalysis: in  

                                                 
1
 For this introduction, as well as for the rest of the document, three books as leading references were followed. (a) A. 

Berkessel, H. Groger. (2005). Asymmetric Organocatalysis. Weinheim: WILEY-VCH. (b) P. Dalko. (2007). 
Enantioselective Organocatalysis. Weinheim: WILEY-VCH. c) R. R. Torres. (2013). Stereoselective organocatalysis: bond 
formation methodologies and activation modes. JohnWiley & Sons, Inc., Hoboken, New Jersey. Please see them for 
further details. 
2
 G. Breding, P.S. Fiske, Biochem. Z., 1912, 46, 7. 

3
 G. Breding, K. Fajans, Ber. Deutsch. Chem. Ges., 1908, 41, 752ς763. 

4
 M.M. Vavon, P. Peignier, Bull Soc. Fr., 1929, 45, 293. 

5
 R. Wegler, Liebigs Ann. Chem., 1932, 498, 62. 

6
 W. Langenbeck, (1949), Die Organische Katalysatoren und ihre Beziehungen zu den Fermenten, 2. Aufl. Springer- 

Verlag. 
7
 V. Prelog, M. Wilhelm, Helv. Chim. Acta, 1954, 37, 1634-1660. 

8
 H. Pracejus, Justus Liebigs Ann. Chem., 1960, 634, 9ς22. 

9
 (a) Hajos, Z. G. and Parrish, D. R., Ger. Pat., July 29, 1971, DE 2102623. (b) Z.G. Hajos, D.R. Parrish, J. Org. Chem., 

1974, 39, 1615-1621. 
10

 (a) U. Eder, G. Sauer, R. Wiechert, Ger. Pat., Oct 7, 1971, DE 2014757. (b) U. Eder, G. Sauer, R. Wiechert, Angew. 
Chem. Int. Ed. Engl., 1971, 10, 496. 

http://en.wikipedia.org/wiki/Hoffmann-La_Roche
http://en.wikipedia.org/wiki/Schering_AG
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Figure 1.1: early milestones of enantioselective organocatalysis. A: Addition of HCN to benzaldehyde attempted by 
Bredig and Prelog, and finally achieved by Inoue was the first test and success in organocatalysis. B: For the first time, 
good enantioselectivity levels were achieved in this 1960 synthesis of enantioenriched ester by Pracejus. C: Hajos-
Parrish-Eder-Sauer-Wieckert reaction, the milestone in proline-catalyzed aldolizations. 

 
 
fact the reaction allows the enantioselective synthesis of the WielandïMiescher ketone. An 
early application of this reaction in total synthesis is used by Woodward in his 1981 
erythromycin synthesis11. In the same year a Japanese research group examined again 
the HCN addition to aldehydes, finally rising the eel to 97%, using a cyclic catalyst derived 
from histidine and phenylalanine12 (Figure 1.1, A). 
One year before the enantioselective Julia epoxydation of chalcones catalyzed by a 
polypeptide was published13 (Figure 1.2, A). In 1984 alpha alkylation of alpha branched 
indanones was reported in the first example of enantioselective phase transfer catalysis 
using cinchona alkaloid ammonium quaternary salts14, while in 1989 Kagan reported the 
first organocatalytic diels alder reaction15: reacting anthrone with maleimide, using quinine 
as catalyst, 61% of ee could be achieved in the product. At the same time that these really 
few reports on enantioselective organocatalysis were reported, metal-catalyzed 
enantioselective transformation grew up tremendously. A whole world made of many metal 
precursors, ligands and transformation had been developed and was still growing. 
Thinking about this, Peter Dalko, in one of his reviews, states: 
 
 

ȰThus the concept of asymmetric catalysis has become almost 

synonymous with the use of metals in a chiral environmentȢȱ16 

 
 
By the way, the times were almost ready for organocatalysis, as again Peter Dalko says a 
few years later:  
 

                                                 
11

 R. B. Woodward et al., J. Am. Chem. Soc., 1981, 103, 3210-3213. 
12

 J. Oku, S. Inoue, J. Chem. Soc., Chem. Commun., 1981, 229ς230. 
13

 S. Julià, J. Masana, J. C. Vega, Angew. Chem., 1980, 92, 968ς969; Angew. Chem. Int. Ed. Engl., 1980, 19, 929. 
14

 U.-H. Dolling, P. Davis, E.J.J. Grabowski, J. Am. Chem. Soc., 1984, 106, 446-447 
15

 O. Riant, H. B. Kagan, Tetrahedron Lett., 1989, 30, 7403. 
16

 In: P. I. Dalko, L. Moisan, Angew. Chem. Int. Ed., 2001, 40, 3726-3748. 
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ȰPrincipally, asymmetric organocatalytic reactions were, for a long time, considered 
to be inefficient and limited in scope. In parallel, organometallic catalysts 

provided a flexible ground for all types of reaction, and thus received disproportionate 
emphasis. Although today the vast majority of reactions in asymmetric catalysis 

continue to rely on organometallic complexes, this picture is changingȣȱ17 
 
 
As we saw before, at this time, isolated but several examples of enantioselective 
organocatalytic reactions had been reported. Actually, many activation modes and 
reactions were developed, representing single discrete examples without a general 
background, like many little ñblack swan eventsò18. But in the end of 1990s something 
began to change. After the pollution prevention act in 1990, and the definition of atom 
economy and environmental impact factor in 199119 and 199220, in 1998 Anastas and 
Werner gave a big contribution to ñgreen chemistryò with the definition of its 12 principles21. 
These are guidelines for the construction of more sustainable and eco-compatible 
chemical processes. Catalysis is expressively mentioned as one of the principles22, as well 
as the selectivity of the process (including enantioselectivity). The design of reagents and 
catalysts less hazardous and toxic is another one.  
 

 
 
Figure 1.2: late milestones of organocatalysis. A: the first pioneering work by Julià on chalcone epoxidation, and the 
alkene epoxidation developed by Shi, which found many applications. B: HCN addition to allylimines developed by 
WŀŎƻōǎŜƴΩǎ ƎǊƻǳǇ ǿƘƛŎƘ ŀŦǘŜǊ Ƴŀƴȅ ŜŦfort found this thiourea-shiff base to be efficient. C: Chemo- and 
enantioselective cross-aldol reaction found by List in 2000. DΥ aŀŎaƛƭƭŀƴΩǎ ƻȄŀȊƻƭƛŘƛƴƻƴŜ ŎŀǘŀƭȅȊŜǎ ƘƛƎƘƭȅ ŘƛŀǎǘŜǊŜƻ- 
and enantioselective diels alder on enals. 

                                                 
17

 In: P. Dalko. (2007). Enantioselective Organocatalysis. Weinheim: WILEY-VCH. Page 1. 
18

 For the definition of the concept, but most of all for an illuminating reading see: W. A. Nugent, Angew. Chem. Int. 
Ed., 2012, 51, 8936ς8949. 
19

 B. M. Trost, Science, 1991, 254, 1471ς1477. 
20

 (a) R. A. Sheldon, Chem. Ind. (London), 1992, 903-906; (b) R. A. Sheldon, Chemtech, 1994, 38-47; (c) R. A. Sheldon, 
Green Chem., 2007, 9, 1273-1283. 
21

 tΦ ¢Φ !ƴŀǎǘŀǎΣ WΦ /Φ ²ŀǊƴŜǊΣ άDǊŜŜƴ /ƘŜƳƛǎǘǊȅΥ ¢ƘŜƻǊȅ ŀƴŘ tǊŀŎǘƛŎŜέΣ ό1998), Oxford University Press: New York. 
22

 R. A. Sheldon, I. Arends, U. Hanefeld, Green Chemistry and Catalysis, (2007), WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim, Germany. 
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While many metals are toxic and difficult to dispose, as mentioned before, organocatalysts 
are less toxic and easier to dispose. So, in principle, if equal in efficiency, organocatalysts 
are ñgreenerò than metals. To this was added the fact that anyway in literature were 
present a number of examples that couldnôt be ignored and that at the end of 1990s some 
of the currently major contributors to the field were at the beginning of their career, full of 
new ideas, and ready to embark in this new promising area. So, after a new 
organocatalytic epoxydation reaction reported by Shi23 (Figure 1.2, A), in 1996 Enders 
reported for the first time the use of a chiral N-Heterocyclic Carbene (NHC) in an 
organocatalytic enantioselective transformation24. And in 1998 Eric Jacobsen performed 
again enantioselective HCN addition, but this time to aldimines, and with a new kind of 
catalysts, thioureas25, which later became very popular (Figure 1.2, B). And then in the 
year 2000, the two current major contributors of aminocatalysis published their first papers 
on the topic. Benjamin List, together with Barbas and Lerner26, made general the proline 
catalyzed aldolization pioneered by Hajos-Parrish-Eder-Sauer and Wieckert expanding the 
scope to many intermolecular reactions (Figure 2, C). David MacMillan (who coined the 
word ñorganocatalysisò27) designed the imidazolidinone catalysts that today bear his name, 
employing them in enantioselective Diels-Alder reaction on enals28 (Figure 2, D). 
Starting from this point organocatalysis gained much attention, and these seminal works 
prompted many others. In fact, this time for the first time, somebody looked for and found 
catalysts relied on general principles and activation modes, rather than single 
disconnected catalytic examples, discovering reactions with broad scope. The 
conventional wisdom that wanted organometallic catalysis to be the only one efficient in 
asymmetric synthesis was broken18, and the door was open for a new ñgolden ageò of 
organocatalysis29. 
 

                                                 
23

 Z.-X. Wang, Y. Tu, M. Frohn, Y. Shi, J. Org. Chem., 1997, 62, 2328-2329. (b) Z.-X. Wang, Y. Shi, J. Org. Chem., 1997, 62, 
8622-8623. (c) Z.-X. Wang, Y. Tu, M. Frohn, J.-R. Zhang, Y. Shi, J. Am. Chem. Soc., 1997, 119, 11224-11235. 
24

 D. Enders, K. Breuer, J. H. Teles, Helv. Chim. Acta, 1996, 79, 1217-1221. 
25

 M. S. Sigman, E. N. Jacobsen, J. Am. Chem. Soc., 1998, 120, 4901-4902. 
26

 B. List, R. A. Lerner, C. F. Barbas III, J. Am. Chem. Soc., 2000, 122, 2395ς2396. 
27

 In: A. Berkessel, H. Groger. (2005). Asymmetric Organocatalysis. Weinheim: WILEY-VCH. Page XIII. 
28

 K. A. Ahrendt, C. J. Borths, D. W. C. MacMillan, J. Am. Chem. Soc., 2000, 122, 4243ς4244. 
29

 P. I. Dalko, L. Moisan, Angew. Chem. Int. Ed., 2004, 43, 5138 ς 5175. 
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2) Activation modes and privileged catalysts  

 
 
 
At the end of the last chapter we saw three examples where a thiourea, proline 10, and an 
imidazolidinone were used as catalysts. Quickly, they and their derivatives became widely 
used for a great number of transformations. Thioureas, proline derivatives and 
imidazolidinones are nowadays families of catalysts, together with other ones appeared 
shortly after, like cinchona alkaloid derivatives, BINOL derivatives and chiral N-
Heterocyclic Carbenes (NHCôs). For each one of this classes, some particular catalysts 
have emerged as the ones giving better performance among the others. These are called 
privileged organocatalysts. Here below, each class of catalysts and some privileged 
catalysts are presented, divided by activation modes, and typical mechanisms are shortly 
discussed. Many organocatalysts are nucleophilic Lewis basic catalysts, and bind 
covalently the substrates in order to activate them. These are primary and secondary 
amine derivatives, phosphines and NHCôs, and they are presented in the same section. 
Other catalysts do not bind covalently the substrates, like acidic or H-bonding catalysts as 
for example chiral Brønsted acids and thioureas. Also some other kinds of catalysts do not 
bind covalently the substrates: pure Brønsted basic catalysts and phase transfer catalysts 
(PTCôs), and they are also grouped together. Finally, cooperative and bifunctional catalysis 
are presented. 
 

 
2.1) Covalent catalysis  

 

2.1.1) Primary and secondary amines  

 
 
Primary and secondary amines are so much used in organocatalysis that their activation 
mose is one whole branch of organocatalysis, named aminocatalysis. The two examples 
reported by List and MacMillan (Figure 1.2 C and D) are representative of two of the most 
widespread mechanisms in aminocatalysis. Listôs proline catalyzed aldolization proceeds 
via enamine, while MacMillanôs organocatalysts works via iminium ion. These are the two 
key intermediates in the two mechanisms. 
In enamine catalysis, the first step is the condensation of the catalyst (proline, or one of its 
derivatives in the figure) on the carbonyl compound SM, to give an iminium ion (Scheme 
2.1, I I ), which is deprotonated to give the corresponding enamine (Scheme 2.1, I I I ). The 
enamine I II  is the real nucleophile in the reaction and attacks the electrophile E, giving the 
iminium ion intermediate (Scheme 2.1, IV) that furnish the product and restores back the 
catalyst via hydrolysis. 
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Scheme 2.1: general mechanism of enamine catalysis. 

 
 
So, enamine catalysis works via activation of the nucleophile and sometimes this kind of 
catalysis is called HOMO rising activation, watching it from a quantomechanical point of 
view. The catalystôs nitrogen donates electronic charge, allowing an easier reaction. 
Actually, the concept of the reaction is not new at all, lying basically in the Stork 
enamminic synthesis30, and in many other old achiral reaction like the Knoevenagel 
condensation31. Until 2000, nothing was done to obtain enantiomeric control, except in the 
Hajos-Parrish-Eder-Sauer-Wieckert reaction. The substituent R on the chiral center both 
controls the enamine geometry and causes steric hindrance, allowing the approach to the 
electrophile only by one side, creating enantiomeric excess. The enamine is a synthetic 
equivalent of the enolate. In enolate chemistry a stoichiometric amount of a strong base is 
generally required, and, typically, low temperatures are used to control enolate geometry. 
Since a net negative charge is present, metal enolates are formed and enantioselectivity 
must be achieved using chiral ligands on metal. Using chiral enamines as reaction 
intermediates allows the use of mild reaction conditions, room temperature operations and 
wet solvents, and achieving enantiocontrol. Proline 10 is a useful catalyst, but not 
satisfying for all the transformations. Its derivatives began to appear soon, like  

                                                 
30

 For the original paper see:  G. Stork, S. R. Dowd, J. Am. Chem. Soc., 1963, 85, 2178ς2180. This reaction became a 
ŎƭŀǎǎƛŎ ƛƴ ƻǊƎŀƴƛŎ ǎȅƴǘƘŜǎƛǎ ŀƴŘ ƛǘΩǎ ƴƻǿŀŘŀȅǎ ǊŜǇƻǊǘŜŘ ƛƴ ŜǾŜǊȅ ƻǊƎŀƴƛŎ ŎƘŜƳƛǎǘǊȅ ǘŜȄǘōƻƻƪΦ 
31

 For the original paper see: E. Knoevenagel, Ber. Dtsch. Chem. Ges., 1896, 29, 172; for an essay on the links between 
YƴƻŜǾŜƴŀƎŜƭΩǎ ŀƴŘ ƻǘƘŜǊ ƻƭŘ ǎŎƛŜƴǘƛǎǘΩǎ ǿƻǊƪ ŀƴŘ ƳƻŘŜǊƴ ŀƳƛƴƻŎŀǘŀƭȅǎƛǎ ǎŜŜΥ .Φ [ƛǎǘΣ Angew. Chem. Int. Ed., 2010, 49, 
1730 ς 1734. Moreover also this reaction became a classic in ƻǊƎŀƴƛŎ ǎȅƴǘƘŜǎƛǎ ŀƴŘ ƛǘΩǎ ƴƻǿŀŘŀȅǎ ǊŜǇƻǊǘŜŘ ƛƴ ŜǾŜǊȅ 
organic chemistry textbook. 
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Figure 2.1: privileged enamine organocatalysts and activation modes. 

 
 
diphenylprolinol 30 (Fig. 2.1), in which the carboxylic acid function is doubly alkylated to 
give a sterically hindered aminoalcohol. Another popular proline derivative is Hayashi- 
Jorgensen catalyst 31 (Fig. 2.1), the TMS-protected diphenylprolinol32. Developed in 2005 
independently by the two researchers of which bears the name, this catalyst works in a 
different manner respect to proline 10 and diphenylprolinol 30. In fact, while these two 
catalysts have a hydrogen bonding unit that can coordinate substrates (Fig. 2.1, A), 
enantioselectivity of Hayashi-Jorgensen 31 catalyst is given only by steric interactions (Fig. 
2.1, B)33. Importantly, products arising from TS A and B possess opposite absolute 
configurations, as it is often experimentally reported33. Although these two 
enantiodetermining activation modes are widely reported an well explain the absolute 
configurations obtained for many products, the detailed mechanism of the enamine 
catalysis is still controversial, especially for proline. Whilst steric control together with 
defined E enamine geometry is generally accepted for diarylprolinol silyl ethers, activation 
modes in proline catalysis are still object of debate. Activation mode A was proposed for 
the first time by List in his first paper, who anyway was also reports that the only 
detectable intermediate in the reaction mixture is the corresponding oxazolidinone II , 
formed from the iminium ion I , thus before the enantiodetermining step (see scheme 
2.2)26. In Listôs model by the way this is a parasitic specie, with the only role to sequestrate 
the enamine, lowering the reaction rate. This model was confirmed by some computational 
studies by Houk who later collaborated also with List, to develop a mechanistic model and 
a transition state for the reaction34. Anyway, Seebach and co-workers suggested that this 
specie could be involved into the catalytic cycle otherwise35. This might be supported by 
the fact that oxazolidinones themselves are effective catalysts for aldolizations, giving the 
clue that they might be more than spectators in the process36. In fact not only hydrogen 
bonding control model A explains the observed absolute configurations of products. We 
said that the oxazolidinone is more stable, so the catalytic enamine could be formed 
starting from this one. Its opening should give the formation again of the zwitterion III  
(Scheme 2.2) and an intramolecular deprotonation might occur, giving rise to the Z 
enamine (IV  in Scheme 2.2). Further carboxylate deprotonation by an external base would  

                                                 
32

 a) J. Franzèn, M. Marigo, D. Fielenbach, T. C. Wabnitz, A. Kjærsgaard, K. A. Jørgensen, J. Am. Chem. Soc., 2005, 127, 
18296-18304. b) Y. Hayashi, H. Gotoh, T. Hayashi, M. Shoji, Angew. Chem. Int. Ed., 2005, 44, 4212 ς4215. 
33

 C. Palomo, A. Mielgo, Angew. Chem. Int. Ed., 2006, 45, 7876 ς 7880. 
34

 a) S. Bahmanyar, K. N. Houk, J. Am. Chem. Soc., 2001, 123, 11273-11283. b) S. Bahmanyar, K. N. Houk, J. Am. Chem. 
Soc., 2001, 123, 12911ς12912. c) S. Bahmanyar, K. N. Houk, H. J. Martin, B. List, J. Am. Chem. Soc., 2003, 125, 16-17. d) 
S. Bahmanyar, K. N. Houk, H. J. Martin, B. List, J. Am. Chem. Soc., 2003, 125, 2475ς2479. e) B. List, L. Hoang, H. J. 
Martin, Proc. Natl. Acad. Sci. USA, 2004, 101, 5839; f) F. R. Clemente, K. N. Houk, Angew. Chem. Int. Ed., 2004, 43, 
5766-5768. g) D. A. Bock, C. W. Lehmann, B. List, Proc, Nat. Acad. Sci. USA, 2010, 107, 20636-20641. 
35

 D. Seebach, A. K. Beck, M. D. Badine, M. Limbach, A. Eschenmoser, A. M. Treasurywala, R. Hobi, W. Prikoszovich, B. 
Linder, Helv. Chim. Acta, 2007, 90, 425. 
36

 C. Isart, J. Bures, J. Vilarrasa, Tetrahedron Letters, 2008, 49, 5414ς5418. 
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Scheme 2.2: comparison between List-Houk and Seebach-Eschenmoser model for proline-catalyzed enamine reactions 

 
 
transform the carboxylate in a simple bulky group, allowing the electrophile approach by 
below the Z enamine, thus leading to the product with the same absolute configuration 
(Scheme 2.2, V and VI ). The problem is complicated also by further observation by 
Blackmond and co-workers of enantioselectivity switch in proline/prolinate salts catalyzed 
reactions37. At the present time no resolutive proofs have been furnished in favor of the 
one or of the other mechanism, possibly meaning that every reaction might work differently 
depending on substrates and conditions (mainly pH). 

Another object of debate is in diarylprolinol silyl ethers catalyzed Michael additions 
to nitroolefines (see scheme 2.3)38. After the enamine attack to the nitroalkene, an 
unstable zwitterionic intermediate III  is formed, which likely collapses to give the 
corresponding cyclobutane IV  with high levels of enantio- and diastereoselectivity. 
Anyway, for reaction completion a ring opening and protonation of the zwitterion, followed 
by iminium hydrolysis is necessary. This iminium ion V, anyway, might be deprotonated 
back to give the corresponding enamine VI , thus disrupting diastereoselectivity. The high 
observed d.r. would be given to the highly diastereoselective enamine protonation, as 
suggested Blackmond and co-workers38b. Even in this case no resolutive evidences have 
been furnished in favor of the one or of the other mechanism and the debate is not closed, 
showing that after 14 years from its discovery enantioselective enamine catalysis is still  

                                                 
37

 a) D. G. Blackmond, A. Moran, M. Hughes, A. Armstrong,  J. Am. Chem. Soc., 2010, 132, 7598. b) J. E. Hein, J. Burès, 
Y.-H. Lam, M. Hughes, K. N. Houk, A. Armstrong, D. G. Blackmond, Org. Lett., 2011, 13, 5644ς5647. 
38

 Leading reference: C. Moberg, Angew. Chem. Int. Ed., 2013, 52, 2160-2162. Original papers: a) K. Patora-Komisarska, 
M. Benohoud, H. Ishikawa, D. Seebach, Y. Hayashi, Helv. Chim. Acta, 2011, 94, 719 ς 745. b) J. Burès, A. Armstrong, D. 
G. Blackmond, J.  Am. Chem. Soc., 2011, 133, 8822 ς 8825. c) J. Burès, A. Armstrong, D. G. Blackmond, J. Am. Chem. 
Soc., 2012, 134, 6741 ς 6750. d) D. Seebach, X. Sun, C. Sparr, M.-O. Ebert, W. B. Schweizer, A. K. Beck, Helv. Chim. 
Acta, 2012, 95, 1064 ς1078. 
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challenging. Please note that both these discussions argue about proton transfer 
processes. It is known that many enamine catalyzed reactions are faster and more 
enantioselective using acidic additives, thus remarking the importance of proton transfers 
in enantioselective enamine catalysis. 
 

 
 
Scheme 2.3: mechanism of debate in diarylprolinol silyl ethers catalyzed Michael additions to nitroolefines. 
 
 
 
 

MacMillanôs imidazolidinones work mainly via iminium ion catalysis. In this kind of 
catalysis the iminium ion rising from the condensation of the catalyst on the substrate SM 
(Scheme 2.4, I I ) reacts directly with a nucleophile present in the reaction mixture, and this 
generates an enamine (Scheme 2.4, I I I ). Further protonation of this enamine forms the 
iminium ion V and its hydrolysis gives back the catalyst and the product. The bases of this 
kind of catalysis rely also in old reactions but, also here for the first time enantioselectivity 
is achieved. Since a direct addition to the iminium ion carbon would just poison the 

catalyst, a,b unsaturated aldehydes or ketones are almost the only one electrophiles 
employed in this kind of catalysis, allowing the final hydrolysis with catalyst restoring. 
Thus, this is an activation of the electrophile, also mentioned sometimes as LUMO 
lowering (MacMillan himself is the first to talk about this in his first paper28), being the 

positively charged a,b unsaturated iminium ion a better electrophile than the 
corresponding aldehyde or ketone. 
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Scheme 2.4: general mechanism of iminium ion catalysis. 

 
 
With this kind of mechanism, besides the first example of asymmetric Diels-Alder reaction 
and then many others, obviously this kind of activation mode has been employed 

extensively in every kind of Michael addition to a,b unsaturated aldehydes or ketones. 
Here enantioselectivity likely arise by a nucleophilic attack to the lower face of the E 
iminium ion, even if also in this case some considerations have been done regarding the 
mechanism and there is not complete certainty about it39. 
 
 
 

In both enamine and iminium ion activation, when employing secondary amines as 
catalysts, often the reaction does not work if ketones are used as Michael acceptors. This 
is principally due to the additional ketone alkyl group which causes too much steric 
hindrance, hampering the formation of the key enamine/iminium intermediate (Fig. 2.2, A). 
Thus, the less hindered primary amine moiety is often necessary for ketone activation (Fig. 
2.2, B, left). Although catalysts derived from amino acids generally did not show good 
results, cinchona alkaloids derived primary amines proved to be effective and 
enantioselective catalysts, becoming in a few years the privileged catalysts for this kind of  
 

                                                 
39

 D. Seebach, R. Gilmour, ¦Φ DǊƻǑŜƭƧ, G. Deniau, C. Sparr, M.-O. Ebert, A. K. Beck, L. B. McCusker, 5Φ ~ƛǑŀƪ, T. Uchimaru, 
Helv. Chim. Acta, 2010, 93, 603-634. 
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Figure 2.2. A, left: while the iminium ion I  derived by secondary amines is readily formed with aldehydes, steric 
hindrance hampers its formation with ketones. A, right: general structure of some secondary amine derived privileged 
catalysts. B, left: the condensation of primary amines occurs easily with both aldehydes and ketones, to give the 
corresponding imines III  and IV . An equivalent of acid is then required to form the iminium ion V. B, right: general 
structure of primary amine derived from cinchona alkaloids which became privileged catalysts in iminium ion 
activation of ketones. 

 
 
activation (Fig. 2.2, B, right)40. Notably, in this case an equivalent of acid respect to the 
catalyst is required for the generation of the iminium ion (Fig. 2.2, B, in red), and since 
cinchona alkaloids possess an additional basic nitrogen atom, often the catalyst/acid ratio 
employed is 1:2. In this context, the nature and the amount of the acid are crucial, and can 
affect not only reactivity, but also selectivity. The choice of the acid is actually another 
variable to be taken into account, thus complicating the situation, but also giving another 
possible way for reaction optimization. Of course primary amines can activate also 
aldehydes, as well as examples of ketone activation by secondary amines are not missing 
(List aldolization is actually one of them). Not surprisingly, primary amines can be used in 
enamine catalysis as well. 
 

Itôs easily possible to see how in the mechanism of enamine catalysis, iminium ion 
is present twice (Scheme 2.1, I I  and IV), and in the mechanism of iminium ion catalysis 
enamine is present once (Scheme 2.4, II I -IV ). This soon lead to the development of the 
so-called tandem and domino or cascade transformations41, in which both the mechanisms 
are active at the same time using only one catalyst to operate more than one 
transformation in one pot. In a domino or cascade reaction, an electrophile activated via 
iminium ion can become a nucleophilic enamine after addition. This enamine can be 
captured by an appropriate electrophile, giving rise to a double functionalized product, in 
many cases with high enantiomeric excesses, adding thus value to the transformation. On 
the other way, an enamine addition product can become acidic enough to collapse onto 
the iminium ion formed as intermediate (scheme 2.5). 

                                                 
40

 a) Y.-C. Chen, Synlett, 2008, 1919ς1930., b) G. Bartoli, P. Melchiorre, Synlett, 2008, 1759ς1771. c) L.-W. Xu, J. Luo, Y. 
Lu, Chem. Commun., 2009, 1807ς1821. d) L. Jiang, Y.-C. Chen, Catal. Sci. Technol., 2011, 1, 354ς365. e) P. Melchiorre, 
Angew. Chem. Int. Ed., 2012, 51, 9748ς9770. 
41

 a) D. Enders, C. Grondal, M. R. M. Hüttl, Angew. Chem. Int. Ed., 2007, 46, 1570 ς 1581. b) C. Grondal, M. Jeanty D. 
Enders, Nat. Chem., 2010, 2, 167; d) B. Westermann, M. Ayaz S. S. van Berkel, Angew. Chem. Int.Ed., 2010, 49, 846; e) 
_Φ !ƭōǊŜŎƘǘΣ IΦ WƛŀƴƎΣ YΦ !Φ WƻǊƎŜƴǎŜƴΣ Angew. Chem. Int. Ed., 2011, 50, 8492-8509. f) H. Pellissier, Adv. Synth. Catal., 
2012, 354, 237 ς 294. g) R. C. Wende, P. R. Schreiner, Green Chem., 2012, 14, 1821ς1849. 
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Scheme 2.5: tandem nucleophilic addition to an iminium ion and reaction with an electrophile of the resulting 
enamine. 

 
 
Alternatively, in tandem processes these events are discrete, involving enamine catalysis, 
hydrolysis and then iminium, or two enamine, two iminium, and so on, up to the point of 
chemistôs fantasy can achieve (a representative example is given in scheme 2.6)42. Of 
course these transformations are not trivial, and must be well designed, otherwise they are 
not effective, resulting in mixture of products. Careful choice of catalysts, conditions and 
reactants can anyway give many valuable transformations, and a lot of paper had been 
published on the topic, also developing the concepts of triple and quadruple cascade. 
Enamine and iminium ion catalysis are strictly connected one to each other, being two 
sides of the same medal, or, as Benjamin List defined them in one of his review, the Yin 
and Yang of asymmetric aminocatalysis43. 
 
 

 
 
Scheme 2.6: well-representative example of triple cascade catalysis with a combination of a cross-metathesis catalysts 
and two enantioselective organocatalysts, the firs working via iminium the second via enamine. 
 
 
 
 

                                                 
42

 Selected example given in scheme 2.6: B. Simmons, A. M. Walji, D. W. C. MacMillan, Angew. Chem. Int. Ed., 2009, 
48, 4349 ς4353. 
43

 B. List, Chem. Commun., 2006, 819ς824. 

 

 
 

 

35a 
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2.1.2) N-Heterocyclic Carbenes (NHCs)  

 
 
After the first report by Enders in 199624, NHCs used as enantioselective organocatalysts 
grew tremendously after the re-discovery of organocatalysis in the 2000s. The inspiration 
is again biomimetic, since they are based on the working mechanism of the coenzyme 
thiamine pyrophosphate 40, or vitamin B1, active in pyruvate dehydrogenase and in the 
formation of acetyl CoA. This coenzyme was found to catalyze the benzoin condensation 
for the first time in 194344 and the mechanism of this reaction was proposed for the first 
time by Breslow in 195745 (Scheme 2.7).  
 

 
 
Scheme 2.7: the mechanism of the thiamine pyrophosphate catalyzed Benzoin reaction. 

 
 
The basic unit of thiamine helps the deprotonation of the thiazole moiety, with the 
formation of a carbene (I ). This is a highly nucleophilic specie and attacks the aldehyde, 
giving rise to the zwitterionic intermediate I I  that rearranges to the neutral enol III  by 
proton transfer. This enol is called ñBreslow intermediateò, and remained elusive until 
recently, when particular Breslow intermediates have been isolated and characterized, 
thus confirming the presence of this intermediate in the catalytic cycle46. The Breslow 
intermediate can react with electrophiles, giving again a zwitterionic intermediate (IV ) that, 
after another proton transfer, eliminates the thiazole as a leaving group, furnishing the 
Benzoin product 41 and restoring the catalyst. 

                                                 
44

 T. Ugai et al., J. Pharm. Soc. Jpn., 63, 296. 
45

 R. J. Breslow, J. Am. Chem. Soc., 1957, 79, 1762. 
46

 a) B. Maji, M. Horn, H. Mayr, Angew. Chem. Int. Ed., 2012, 51, 6231-6235. b) B. Maji, H. Mayr, Angew. Chem. Int. Ed., 
2012, 51, 10408-10412. c) H. Patel, N. S. Nemeria, L. A. Brammer, C. L. Freel Meyers, F. Jordan,  J. Am. Chem. Soc., 
2012, 134, 18374ς18379 d) A. Berkessel, S. Elfert, V. R. Yatham, J.-M. Neudörfl, N. E. Schlörer, J. H. Teles, Angew. 
Chem. Int. Ed., 2012, 51, 12370-12374. e) A. Berkessel, V. R. Yatham, S. Elfert, .-M. Neudörfl, Angew. Chem. Int. Ed., 
2013, 52, 11158-11162.B. Maji, M. Horn, H. Mayr, Angew. Chem. Int. Ed., 2013, 52, 11163-11167. 
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The studies on these kind of catalysts lead to the understanding that imidazole and 
triazole, especially if substituted with aromatic groups, can form more stable carbenes, 
helped by the fact that this carbene is aromatic. Many chiral molecules have been 
developed as enantioselective organocatalysts, but also in this case, some are privileged 
(Fig. 2.3, A). They are usually added to the reaction mixtures as azoluim salts, and then 
the carbene is generated in situ by the adding of an external base (Fig. 2.3, B). 
 

 
 
Figure 2.3: privileged NHC organocatalysts and their activation mode. 

 
 
The use of this class of catalysts is particularly remarkable, because it gives access to the 
so-called ñumpolungò reactivity (Fig. 2.4, A)47. In fact with this strategy carbonyl groups 
become nucleophilic, and it is also possible the formation of homoenolates (Fig. 2.4, B), 
opening the way to enantioselective umpolung reactions. It should be noted that the 
Breslow intermediate is actually an enol, but it reacts as an enamine, exploiting the 
electron donation of the nitrogenôs lone pair, making NHCôs, in the end, enamine catalysts, 
but umpolung (Fig. 2.4, C). Typical reactions catalyzed by NHCôs are the Benzoin 
condensation and the Stetter reaction, but many other interesting reactions and also 
cascade transformations had been developed48. 
 

 
 
Figure 2.4. A: umpolung reactivity of carbonyl compounds. B: condensation of NHC on a,b-unsaturated carbonyl 
compounds give rise to Breslow intermediates synthetically equivalent to homoenolates. C: comparison of NHC 
reactivity to enamine reactivity. 

 
 
 
 
 
 
 
 

                                                 
47

 X. Bugaut, F. Glorius, Chem. Soc. Rev., 2012, 41, 3511ς3522. 
48

 Selected reviews: a) A. T. Biju, N. Kuhl, F. Glorius, Acc. Chem. Res, 2011, 44, 1182-1185. b) A. Grossmann, D. Enders, 
Angew. Chem. Int. Ed., 2012, 51, 314-325. c) X.-Y. Chen S. Ye, Org. Biomol. Chem., 2013, 11, 7991-7998.  

http://pubs.rsc.org/en/results?searchtext=Author%3AXiang-Yu%20Chen
http://pubs.rsc.org/en/results?searchtext=Author%3ASong%20Ye
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2.1.3) Other covalent catalysts  

 
 
There are other two categories of covalent catalysts which anyway are less employed, 
because they are able to catalyze essentially only a few transformations. These are 
phosphines and tertiary amines used as Lewis bases (as we will see later, tertiary amines 
can be used also as Brønsted bases). In the first class of transformation, the activation 
mode is always the same: the N or P atom attacks an electron-deficient double bond, 
creating a reactive specie, whose fate is different depending on the nature of the 
substrate. In MoritaïBaylisïHillman reaction (scheme 2.8, A) and Rauhut-Currier reaction 
(scheme 2.8, B)49 a zwitterionic enolate (I ) is formed in this way, which attacks a carbonyl 

compound 19 or an a,b-unsaturated carbonyl compound 24 respectively. Then the catalyst 
is released by a protin transfer which restores the double bond (scheme 2.8 II and III ). 
In double Sn2ô reactions (scheme 2.8, C)50 a leaving group in the allylic position gives rise 
to a positively charged Michael acceptor (IV), which is attacked by a nucleophile present 
in the reaction mixture with a second Sn2ô reaction in which the catalyst acts as a leaving 
group, leading to the formal Sn2 product 51. The most useful catalysts for these reactions 
are simple or dimeric cinchona alkaloid derivatives, 3-DMAP derived BINOL derivatives 

developed by Sasai, b-ICQD. Phosphines are mostly derived from BINOL or from amino 
acids (Fig. 2.5). 

 
Scheme 2.8. Organocatalytic enantioselective MoritaςBaylisςHillman (A), Rauhut-Currier (Bύ ŀƴŘ ŘƻǳōƭŜ {ƴнΩ ǊŜŀŎǘƛƻƴǎ 
(C). 

                                                 
49

 For an excellent review on organocatalytic enantioselective Baylis-Hillmann and Rauhut-Currier reactions see: Y. 
Wei, M. Shi, Chem. Rev., 2013, 113, 6659ҍ6690. 
50

 For a review on the topic see: R. Rios, Catal. Sci. Technol., 2012, 2, 267-278. 
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Figure 2.5. Privileged organocatalysts for nucleophilic catalysis. 
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2.2) Non -covalent catalysis  

 

2.2.1) Phase-transfer and Br Ônsted base catalysis  

 
 

Phase transfer catalysis is very particular, but also very fascinating, versatile and one of 
the most successful, both in academics and in industry. Here the catalysts are positive 
charged species, almost always chiral quaternary ammonium salts, and the catalysis 
requires a biphasic mixture, aqueous and organic solvent. Figure 2.6 shows the 
mechanism, in which we call SH an enolizable substrate, but could be also any other 
specie that possess an acidic proton. In the aqueous phase is dissolved an inorganic 
base, typically an hydroxide, while the reactants are in the organic phase, and the catalyst 
QX at the interphase. When SH gets in contact with the aqueous phase is deprotonated, 
and stays at the interphase forming the corresponding metal enolate KS, releasing water 
in the aqueous phase. When this meets the chiral ammonium halogenide, a counterion 
exchange occurs, forming the metal halogenide KX, released in water, and the ammonium 
enolate QS as a chiral contact ion pair which stays in the organic phase. A real chiral 
recognition occurs and the catalyst and the enolate have complementary interactions. The 
net charges help the two ions not to dissociate and the enolate is forced to stay in a well-
defined position, exposing only one of the two faces. In this way when this chiral contact 
ion pair meets the electrophile RX, a well-organized transition state is created, and an 
enantioselective addition is performed.  
 

 
 

Figure 2.6: the phase transfer catalysis. The substrate SH is deprotonated at the interphase and the metal enolate KS 
undergoes a rapid counterion exchange (in red). Reaction of the so-formed chiral contact ion pair QS with an 
halogenide RX gives back the catalyst and forms the enantioenriched product. 

 

 
The most important thing in this process is that, in order to avoid racemic reactions (Fig. 
2.6, in gray), the counteranion exchange should be fast (Fig. 2.6, in red). Moreover, not 
only ionic interactions have to be considered, but there should be a network of other weak 
interactions that help to shield one of the enolateôs faces. Finally, the electrophile should 
be able to interact with this ionic couple through other weak interactions, otherwise it will 
show one of its faces random. A disadvantage of this kind of catalysis is that one of the 
substrates must be enolizable, or anyway to have acidic protons. 
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The quaternary ammonium salts mostly used for this kind of catalysis are derived from 
cinchona alkaloids or from BINOL (Fig. 2.7, A). An impressive number of reactions have 
been catalyzed with these catalysts. Glycine derived iminoesters 65 are one of the most 
employed nucleophiles, because their enantioselective functionalization gives rise to 
enantioenriched non-natural amino-acid derivatives 67 (Fig. 2.7, B)51. 
 

 
Figure 2.7. AΥ ƎŜƴŜǊŀƭ ǎǘǊǳŎǘǳǊŜǎ ƻŦ ǘƘŜ ǘǿƻ ŎƭŀǎǎŜǎ ƻŦ ǇǊƛǾƛƭŜƎŜŘ t¢/ΩǎΦ B: general PTC alkylation of glycine derivative 
ǿƘƛŎƘ ōŜŎŀƳŜ ŀ ǘŜǎǘ ǊŜŀŎǘƛƻƴ ŦƻǊ t¢/ΩǎΦ 

 
 

The working model for chiral Brønsted base catalysis is basically the same. Here 
homogeneous conditions are applied and no external bases are employed because the 
deprotonation of the substrate is performed directly by a chiral tertiary amine, forming thus 
the chiral ammonium enolate which than reacts with an electrophile. The practical 
advantage of this technique respect to PTC is balanced by the lower results sometimes 
obtained. While with PTC the proton is actually removed, here it stands on nitrogen, 
allowing proton transfer processes, possible hydrogen bindings with the solvent, and the 
missing of some important additional weak interactions. Privileged organocatalysts are 
derived from cinchona alkaloids, guanidines and the recently developed phosphoranes 
(called also ñsuperbasesò) (Fig. 2.8). Moreover, many of these catalysts are bifunctional, 
and will be described later. 

 
 
Figure 2.8: privileged Brønsted base catalysts. 

 
 

 

                                                 
51

 a) T. Ooi, K. Maruoka, Angew. Chem. Int. Ed., 2007, 46, 4222 ς 4266. b) S. Shirakawa K. Maruoka, Angew. Chem. Int. 
Ed., 2013, 52, 4312-4348. 
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2.2.2) Hydrogen -bonding catalysis  

 
 
The secrets of the high catalytic activity and enantioselectivity of enzymes are basically 
two: the shape of the chiral pocket complementary to the transition state of the reaction, 
and the creation of a well-organized framework of hydrogen bonds. While such complex 
shape selectivity is difficult to obtain with artificial organocatalysts (and perhaps not 
convenient, since the structural complexity that must be possessed by the catalyst), using 
hydrogen bonds as anchoring, directing and catalytic units is a well-developed strategy in 
asymmetric organocatalysis. Hydrogen bonding donors can coordinate lone pairs of 
electron withdrawing groups (EWG) possessed by electrophiles. The stronger is the 
hydrogen bonding ability of the hydrogen bonding donor, the stronger is the interaction 
with an EWG. In this way the electron density is shifted towards the EWG, leaving 
uncovered other parts of the molecule, which becomes more electrophilic. So, this is an 
activation of the electrophile. Representative examples of single point hydrogen bond 
donors and double point hydrogen bonds, with relative bond strengths are depicted in 
figure 2.9 A (hydrogen atoms responsible for hydrogen bonding are depicted in red)52. 
Also a representative interaction between an hydrogen-bonding organocatalyst and 
various electrophiles is depicted in figure 2.9 B, and nitroalkenes are chose to represent 
enhanced electrophilicity of a compound if bound to an hydrogen-bonding organocatalyst 
(Fig. 2.9 C). 
 

 
Figure 2.9. A: comparison of pKa values of some kind of hydrogen bonding donor organocatalysts. The lower the pKa 
value is, the higher is its hydrogen bonding donor character. EWG-substituted thioureas are more acidic than 
thioureas, which are more acidic than ureas. B: representative interactions between an H-bonding catalyst and some 
electrophiles. C: explicit graphic representation of enhanced electroplilicity in nitroalkenes bound to H-bonding 
organocatalysts. Hydrogen atoms responsible for hydrogen bonding are depicted in red. 

 

Often, other interactions have to be taken into account in this kind of catalysis, like p-
interactions, other hydrogen bonds and more, for a good outcome of the reactions. In fact, 
this is a weak interaction, and often is not enough to make the reaction occur, so a 
simultaneous activation of the electrophile or at least its coordination is necessary. 

Thioureas are the most widely used H-bonding organocatalysts, especially as 
bifunctional organocatalysts. This class of catalysts will be described later, so here 
following in figure 2.10 are reported examples of privileged organocatalysts in which the H-
bonding functionality is the main responsible for catalysis.  

                                                 
52

 Leading references: a) A. G. Doyle, E. N. Jacobsen, Chem. Rev., 2007, 107, 5713-5743. b) R. R. Knowels, E. N. 
Jacobsen, Proc. Nat. Acad. Sci. USA, 2010, 107, 20678-20685. 
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Figure 2.10: privileged hydrogen bonding organocatalysts 

 
 

Thioureas are also well known as anion binders53 and this has been exploited for a 
kind of catalysis called anion binding catalysis54, where chiral thioureas bind an anion, and 
a prochiral cationic electrophile is associated to this complex, obtaining enantioselectivity 
using the thiourea as chiral template when the reaction occurs (Scheme 2.9)55. 
 

 
 
Scheme 2.9: chiral thiourea catalyzed polycyclization via anion binding catalysis and the proposed transition state for 
this reaction. 

 

                                                 
53

 Leading reference: Z. Zhang P. R. Schreiner, Chem. Soc. Rev., 2009, 38, 1187ς1198. 
54

 Three recent excellent reviews included thiourea anion binding in more broad discussions on chiral counteranions in 
enantioselective catalysis. a) R. J. Phipps, G. L. Hamilton, F. D. Toste, Nat. Chem, 2012, 4, 603-614. b) M. Mahlau, B. 
List, Angew. Chem. Int. Ed., 2013, 52, 518-533. c) K. Brak, E. N. Jacobsen, Angew. Chem. Int. Ed., 2013, 52, 534-561. 
55

 R. R. Knowles, S. Lin, E. N. Jacobsen,  J. Am. Chem. Soc., 2010, 132, 5030-5032. 
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2.2.3) Chiral BrÔnsted acids 

 
 
There is a big universe of acid catalyzed transformations. Proton is an highly effective 
catalyst for a huge number of transformations. Despite this, enantioselective Brønsted acid 
catalyzed reaction remained elusive for a long time. Common chiral acids are carboxylic 
acids, but they are not strong enough to catalyze many interesting transformations. 
Moreover, they are so many that it would have been impossible to identify a structure 
generally suitable for enantioselective catalysis. It also have to be considered that a great 
number of enantioselective metal catalyzed reactions are Lewis acids catalyzed, and 
considering the great diffusion of these transformation during the time, there was no such 
need of organocatalytic enantioselective acid catalysis, because metals were covering 
almost all the reaction spectrum. So, having a ñchiral protonò remained a unmotivated wish 
for chemists for a long time. After the great re-discovering of organocatalysis in 2000 also 
this topic became interesting. Anyway, the chemistryôs world had to wait until 2005 to see 
this goal achieved. In that year in fact Akiyama56 and Terada57 groups developed 
independently chiral BINOL based phosphoric acids for Mannich reactions. Since then, 
many different catalysts were employed and many different reactions were catalyzed. 
TADDOL, VAPOL, and SPINOL were also used as scaffolds, and the more acidic 
thiophosphoric acids, phosphoric acid triflimides, bis-sulphurylimides and 
bisphosphorylimides were developed. As a more detailed discussion on these catalysts 
will be reported later, here in figure 2.11 only the general structures of the catalysts are 
shown. 
 

 
 
Figure 2.11: general structures of chiral Brønsted acid catalysts. 

 
 

 

 

                                                 
56

 T. Akiyama, J. Itoh, K. Yokota, K. Fuchibe, Angew. Chem. Int. Ed., 2004, 43, 1566ς1568.  
57

 D. Uraguchi, M. Terada, J. Am. Chem. Soc., 2004, 126, 5356-5357. 
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2.3) Dual activations  

 
 

2.3.1) Bifunctional and cooperative organocatalysis  

 

           
 
Figure 2.12. Schematic representation of bifunctional (A) and cooperative (B) catalysis. 

 
 
When a catalyst incorporates two (or more) catalytic functionalities it is called bifunctional 
(or multifunctional) catalyst (Fig. 2.12, A). Since organic molecules have a lot of possible 
way of functionalization, two functionalities can be incorporated quite easily in the same 
catalyst structure, to give a bifunctional catalyst. As we saw, there are a lot of activation 
modes in organocatalysis, but of course to build an effective bifunctional organocatalyst 
the two catalytic centers must not react one with each other, or in other words, they have 
to be orthogonal. It all depends also on the kind of transformation we want to perform: the 
catalyst must be designed to be effective for that particular reaction. Many factors 
influence the outcome of a reaction: hydrogen bonds, interaction with the solvent, pH, 
catalyst poisoning, and so, thus everything must be fine-tuned, especially if two active 
sites on the same molecule have to perform two different kind of activation. Since that, not 
many classes of bifunctional organocatalysts can be general and widely employed. More 
generally, it is easier for a functional group performing an activation by weak interactions 
to be compatible with other functional groups. Usually these two active sites on the 
molecule activate respectively the nucleophile and the electrophile, so for example one is 
an acid unit and one is a basic unit. We saw that there is a big class of molecule able to 
activate electrophiles via weak interactions: hydrogen bonding catalysts. Moreover, we 
already said that these kind of catalysts often need an external activation of the 
nucleophile, so itôs not surprising that most of the bifunctional organocatalysts are made by 
an hydrogen bonding unit, which helps to direct and anchor the electrophile, and a basic 
unit, which activate the nucleophile. The first example of bifunctional organocatalyst we 
met is proline 10, as we said itôs an enamine organocatalyst working with hydrogen 
bonding control (Fig. 2.1). Here following  in figure 2.13 a survey of privileged bifunctional 
organocatalysts and some activation modes are presented58. Thiourea units and the 
parent squaramides are often included as H-bond donors, as well as OH groups and 
amide protons, especially if substituted with EWGôs. The basic functional groups are 
tertiary amines that act as Brønsted bases, or secondary/primary amines as enamine 

                                                 
58

 Leading references: primary and secondary amine derived thioureas and squaramides: a) L.-Q. Lu, X.-L. An, J.-R. 
Chen, W.-J. Xiao, Synlett, 2012, 4, 490-508. b) O. V. Serdyuk, C. M. Heckel and S.Tsogoeva, Org. Biomol. Chem., 2013, 
11, 7051-7071. c) M. Tsakos, C. G. Kokotos, Tet. Lett., 2013, 69, 10199ςмлнннΦ Řύ _Φ !ƭōǊŜŎƘǘΣ IΦ WΦΣ YΣ !Σ WƻǊƎŜƴǎŜƴΣ 
Chem. Eur. J., 2014, 20, 358-368. e) Cinchona alkaloid based thioureas and squaramides: S. J. Connon, Chem. 
Commun., 2008, 2499ς2510. For a more detailed discussion please see section 1. e) Bifunctional phase transfer 
catalysts: J. Novacek, M. Waser, Eur. J. Org. Chem., 2013, 4, 637ς648. Also see ref. 51a for a broader discussion. 
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catalysts. CPAôs are proposed to be bifunctional catalysts in some reactions because the 
phosphoryl oxygen can share one of its lone pair, while other kind of bifunctional 
organocatalysts are rarer. 
 

 
 
Figure 2.13: privileged bifunctional organocatalysts: basic sites in blue, acid sites in red, other catalytic units in green. 
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When two distinct organocatalysts are involved at the same time in the reaction transition 
state and both help the reaction to occur, they act in a cooperative way and therefore the 
catalysis is called cooperative (Fig. 2.12, B). Here the advantage of the operational 
simplicity of just mixing two catalysts is balanced by the difficulty to obtain a working 
system because in this case four entities (two catalysts and two reactants) have to be in 
the same place at the same time and in the right position, while in bifunctional catalysis the 
two catalytic units were on the same molecule, arranged in a particular and defined 
position. In cooperative catalysis this is not possible and so other factors (like solvent, 
concentration, and so) are crucial for a good reaction outcome. Sometimes anyway better 
results can be obtained respect to other catalytic systems.  
The two catalysts mixed can be any appropriate combination of the ones we saw 
previously. In scheme 2.10 the results and the transition states for bifunctional or 
cooperative catalyzed Michael addition of acetone to nitrostyrene are compared59. 
 

 
 
Scheme 2.10: results of the same reaction catalyzed by two different catalytic systems, the first bifunctional and the 
second cooperative, each with the corresponding transition states. Both the reactions show good results. 

 
 
 

                                                 
59

 a) Bifunctional catalysis: S. B. Tsogoeva S. Wei, Chem. Commun., 2006, 1451ς1453. b) Cooperative catalysis: T. 
Mandal C.-G. Zhao, Angew. Chem. Int. Ed., 2008, 47, 7714 ς7717. 
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3) Cinchona alkaloids in organocatalysis
60

 

 

 

3.1) A brief history
61

 

 
 
The story of cinchona alkaloids, in particular quinine, is deeply interconnected with human 
history, and quinine is undoubtedly one of the most important molecules ever. 
Quinine and related molecules are alkaloids present in the bark of cinchona trees, growing 
originally in the forests located in the Andes mountains, between Venezuela and 
Colombia. The natives of that area apparently always used the extracts of the bark as 
medicines against fever, and were the ones that introduced this cure to Spanish colonies 
in the early 1600s. Itôs wide spread told that the wife of the Count of Chinchòn, Viceroy of 
this part of the Spanish colonies, was cured from ague in an almost miraculous way using 
this alkaloid, and for this reason she decided the introduction of cinchona bark for medical 
use in Europe in 1639. Although this story is nowadays considered as a legend, the 
European name of the plant was established as ñcinchonaò, and this remained until today.  
 

 
 

Scheme 3.1Υ tŀǎǘŜǳǊΩǎ ŘŜƎǊŀŘŀǘƛƻƴ ƻŦ ǉǳƛƴƛƴŜ ǘƻ quinotoxine. 

                                                 
60

 For this introduction, as well as for the rest of the chapter, the following leading references were followed: a) C. E. 
Song, (2009). Cinchona alkaloids in synthesis and catalysis. WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. b) E. M. 
O. Yeboah, S. O. Yeboah, G. S. Singh, Tetrahedron, 2011, 67, 1725-1762. 
61

 The story of quinine and especially about the debate in its first total synthesis, which I personally found exciting and 
instructive, covers more than 150 years of chemistry and involves some big names of chemistry during all the eras. It 
provides an opportunity to jump in the past and know these characters and their story, offering a sight on chemistry 
during time. I strongly recommend the reading of the following ref. a, and at least a sight to ref b. Also refs c and d 
point out the importance of telling this story to young chemists. a) T. S. Kaufman, E. A. Rùveda, Angew. Chem. Int. Ed., 
2005, 44, 854 ς 885. b) J. I. Seeman, Angew. Chem. Int. Ed., 2007, 46, 1378 ς 1413. c) T. S. Kaufman, E. A. Rùveda, 
Chem. Educator, 2004, 9, 172-176. d) K. Ap. F. D. Souza, P. A. Porto , J. Chem. Educ., 2012, 89, 58ς63. 
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Scheme 3.2Υ ¢ƘŜ άwŀōŜ ǊƻǳǘŜέ ǘƻ ǉǳƛƴƛƴŜ ǎǘŀǊǘƛƴƎ ŦǊƻƳ ǉǳƛƴƻǘƻȄƛƴŜΦ 

 
 
Widely used for centuries as the main remedy against malaria, quinine and related 
alkaloids began to be studied by many scientists and also by chemists. After the discovery 
by Pasteur of the degradation of quinine to quinotoxine in 185362 (scheme 3.1), the inverse 
pathway was reported in 1918 by Rabe (scheme 3.2), yet unfortunately with an 
experimental procedure poorly described63. Rabe couldnôt imagine how much controversy 
this fact would have generated during the following years. In fact since the great 
importance of the molecule, many chemists tried to accomplish the total synthesis of 
quinine. The first ones that claimed to be successful were the legendary R. B. Woodward 
and his colleague W. E. Doering, firstly in 1944, and then in 1945 with a longer report64: 
thus in the middle of world war II  (scheme 3.3). The news of the synthetic production of 
quinine was of huge impact in society: this has been claimed as a great achievement in 
science by many newspapers, and R. B. Woodward and W. E. Doering gained a lot of 
popularity in the academic ambient and out. The reason was simple: 
 
 

ȰDuring WWII quinine supplies, 
which were considered critical for the allied forces, suddenly 

became scarce, thus causing thousands of soldiers to die after 
becoming infected with malaria during the campaigns in 

Africa and the Pacific. The cinchona plantations established 
in Java by the Dutch were the major sources of the European 

reserves of quinine, which were stored in Amsterdam. 
However, the German capture of Holland in 1940 and the 

Japanese military invasion of Java in 1942 abruptly cut these 
vital suppliesȢȱ65  

 

                                                 
62

 L. Pasteur, C. R. Hebd., Seances Acad. Sci., 1853, 37, 162. 
63

 P. Rabe, K. Kindler, Ber. Dtsch. Chem. Ges., 1918, 51, 466 ς 467. 
64

 a) R. B. Woodward, W. E. Doering, J. Am. Chem. Soc., 1944, 66, 849. b) R. B. Woodward, W. E. Doering, J. Am. Chem. 
Soc., 1945, 67, 860 ς 874. 
65

 In ref. 61a, page 866. 
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Scheme 3.3: schematic representation of Woodward-Doering synthesis of quinine 
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The achievement of a total synthesis of quinine was a message of great impact to the rest 
of the world, giving the impression that a natural source of quinine for malaria treatment 
would not have to be needed anymore for USA and allies. 
Yet, actually, the Woodward-Doering synthesis of quinine was practically not possible on 
large scale. Moreover, and most importantly, the Woodward-Doering synthesis of quinine 
was a formal synthesis. Thereôs in fact no doubt that they could obtain the quinotoxine 
starting from cheap and readily available starting materials66, but for the conversion of 
quinotoxine to quinine they completely relied on Rabe procedure, not trying to reproduce it. 
Anyway, the huge clamor about the publication stopped in its tracks any academic 
discussion about that. Only Gilbert Stork, at that time a student at Wisconsin university, 
asked details to Woodward with a letter (Woodward was in Harvard), which however was 
never answered and apparently nothing else happened until 2001. In that year, 55 years 
after the first synthesis, Stork accomplished the first stereoselective synthesis of quinine67 
(other synthesis appeared in the meantime, but not stereoselective) arguing at the same 
time, in that and other articles, the hypothesis that the effective possibility to obtain quinine 
via synthesis was not real in 1944, principally due to Rabe procedure, claiming the first 
total synthesis of quinine as a myth68. The debate was on fire for years, but surprisingly 
until 2007 no one tried to reproduce the Rabe route to quinine, or at least nobody reported 
this effort. So in 2008 a paper was out by Aaron C. Smith and Robert M. Williams 
publishing their studies about the reproducibility of this procedure69. Although in a first 
moment they couldnôt reproduce the last step of the synthesis, (reduction of quininone 122 
to quinine 3 with Al powder) subsequently they found some Al(III ) impurities present in Al 
powder to be crucial to obtain quinine in the yields reported by Rabe (å 15%), closing in 
this way (forever?) the debate 90 years after the original Rabe publication70. Despite 
Woodward passed away prematurely in 1979, William E. Doering was still alive (the paper 
is in fact dedicated to him) and could finally know that his formal total synthesis of quinine 
was actually right. 
 
 

  

                                                 
66

 As part of the chapter on Gilbert Stork quinine synthesis, Woodward-Doering synthesis is described and explained in 
detail in: K. C. Nicolaou, S. A. Snyder, (2003), Classics in total synthesis II: More Targets, Strategies, Methods. Wiley-
WHC,  WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Chapter 15. 
67

 G. Stork, D. Niu, A. Fujimoto, E. R. Koft, J. M. Balkovec, J. R. Tata, G. R. Dake, J. Am. Chem. Soc., 2001, 123, 3239-
3242. 
68

 M. Rouhi, Chem. Eng. News, 2001, 79, 54 ς 56. See also ref. 61 and letters by G. Stork: a) Chem. Eng. News, 2001, 79, 
8. b) G. Stork, Chem. Eng. News, 2000, 78, 8. 
69

 A. C. Smith, R. M. Williams, Angew. Chem. Int. Ed., 2008, 47, 1736 ς1740. 
70

 P. Ball, Nature, 2008, 451, 1065-1066. 

http://eu.wiley.com/WileyCDA/Section/id-302479.html?query=K.+C.+Nicolaou
http://eu.wiley.com/WileyCDA/Section/id-302479.html?query=S.+A.+Snyder
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3.2) Cinchona alkaloids: properties and 

applications  

 
 
As we saw in the first chapter, the first attempt to enantioselective organocatalysis was out 
in 1912 by Breding2. In this paper the natural cinchona alkaloids quinine and quinidine 
were used to induce enantiomeric excess in the product of HCN addition to benzaldehyde. 
Albeit the ee was very low, Breding recognized that the two cinchona alkaloids induced 
opposite enantiodiscrimination, since the optical rotation in the final product was opposite. 
This is the first observation of what later was recognized to be a general trend in cinchona 
alkaloid enantioselective catalysis. For this reason quinine and quinidine are called 
ñpseudoenantiomersò, because, when used as catalysts, they generally induce opposite 
absolute configuration in the product formed. In fact, even though they might appear as 
enantiomers, they are diastereoisomers, or, better, epimers at C8 and C9 carbon atoms, 
while the absolute stereochemistry of the other chiral centers is the same (see figure 3.1). 
It is worth noting that these alkaloids, having a tertiary nitrogen included in an asymmetric 
substituted bicyclic system, show a quite rare example of chiral nitrogen. The way they are 
presented in figure 3.1 will be the standard in all this text, and remarks their nature of 
pseudoenantiomers. Other parent molecules of the cinchona alkaloid family exist as pair of 
pseudoenantiomers and they are also used in catalysis: cinchonidine and cinchonine lacks 
the methoxy substituent on the quinoline ring, while cupreine and cupreidine (not naturally 
occurring but readily available from quinine and quinidine) have instead an OH substituent 
in that position. Finally, all the corresponding dihydro- derivatives exist, having the original 
vinyl group hydrogenated: some of them are naturally occurring, others are not, but readily 
available from the parent alkaloid via hydrogenation, some of them are widely used as 
catalysts, others are not. For completeness, all the derivatives are reported in figure 3.1, 
though many of them will not appear anymore in this thesis. 
 

 
 
Figure 3.1: General structures and names of some cinchona alkaloids and derivatives. 

 
 

As we saw in chapter 2.3, cinchona alkaloids themselves can be considered as 
bifunctional catalysts, due to their double nature of Lewis/Brønsted bases and Hydrogen-
bonding donors. As we also saw in chapter 2, they can be derivatized in many ways and 
thus used in many activation modes. They and their derivatives can be used as: 
 

¶ iminium/enamine organocatalysts 

¶ nucleophilic organocatalysts 

¶ phase transfer organocatalysts 
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¶ general base/bifunctional organocatalysts 

¶ bifunctional (thio)ureas/squaramides 
The easy availability of both the pseudoenantiomeric forms and the versatility of cinchona 
alkaloid scaffold, featuring many functional groups and possibilities for derivatizations, 
makes this family of catalysts one of the most widespread in enantioselective 
organocatalysis. It is also worth noting anyway that cinchona alkaloids are also used as 
ligands in enantioselective metal-catalyzed transformations71. Probably the most famous 
example is the Sharpless asymmetric dihydroxylation of olefins, which uses dimeric 
cinchona alkaloid derivatives as chiral ligands for Osmium to induce chirality in the final 
products72. Although also in this case the mechanism has been controversial73, mnemonic 
rules have been established to predict the absolute configuration in the final product, and 

today mixtures of oxidant, Osmium precursor and ligand called AD-mix-a and AD-mix-b 
are commercially available and ready to use (Fig. 3.2). 
 

 
 

                                                 
71

 See ref. 60. See also: L. Stegbauer, F. Sladojevich, D. J. Dixon, Chem. Sci., 2012, 3, 942-958. 
72

 a) E. N. Jacobsen, I. Marko, W. S. Mungall, G. Schroeder, K. B. Sharpless,  J. Am. Chem. Soc., 1988, 110, 1968-1970. b) 
H.-L. Kwong, C. Sorato, Y. Ogino, H. Chen, K. B. Sharpless, Tetrahedron Lett., 1990, 31, 2999-3002. c) K. B. Sharpless et 
al., J. Org. Chem., 1992, 57, 2768-2771.  d) H. C. Kolb, M. S. VanNieuwenhze, K. B. Sharpless, Chem. Rev., 1994, 94, 
2483-2547. See also ref. 60. 
73

 Also this is another saga that went on for many years. Whereas this document is not about metal catalysis it is not 
reported here, anyway the following reference are leading if you are interested: a) oxidations catalyzed by other 
metals: D. V. Deubel, G. Frenking, P. Gisdakis, W. A. Herrmann, N. Rösch, J. Sundermeyer, Acc. Chem. Res., 2004, 37, 
645-652. b) review on the topic: G. Drudis-Solé, G. Ujaque, F. Maseras, A. Lledós, Topics Organomet. Chem., 2005, 12, 
79ς107. c) presentation at Baran group meeting: 
http://www.scripps.edu/baran/images/grpmtgpdf/Seiple_Sept_10.pdf d) study on TS by the synthesis of tailor-made 
catalysts: B. B. Loray, S. K. Singh, V. Bhushan, Ind. J. Chem., 2002, 41B, 1226-1233.  

http://it.wikipedia.org/wiki/K._Barry_Sharpless
http://it.wikipedia.org/wiki/J._Org._Chem.
http://www.scripps.edu/baran/images/grpmtgpdf/Seiple_Sept_10.pdf
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Figure 3.2: procedure, ligands, AD-mix composition and mnemonic rule for Sharpless enantioselective dihydroxylation 

of olefins. 

 
 
Figure 3.3: main conformations of cinchona alkaloids in solution. 

 
 
Cinchona alkaloids catalytic performance is affected by their conformation in solution. This 
is object of many studies over the literature focused on the improvement of results. A study 
by Sharpless and co-workers in 1989 showed the four conformations in figure 3.3 as the 
main in solution74. Further studies revealed that in apolar solvents the ñanti-openò 
conformation is preferred, while in polar solvents the ñsynò conformations (more polar) gain 
importance75. By the way, in every solvent, if the quinuclidinic nitrogen is protonated the 
ñanti-closedò conformation is the most stable76. Other many studies on amides77, 
fluorinated derivatives78, thioureas79 ethers80 and amines81 have been performed. The 
reason of all these studies is clear: the conformation adopted by the cinchona alkaloid in 
solution is a key point to understand and rationalize the results in terms of 
enantioselectivity82. Free OH groups in the natural alkaloid or other groups installed may 
play a key role, driving the attack of one of the reactants and have to be taken into 
account. More generally trying to force the cinchona scaffold in one conformation using 
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appropriate substituents and reaction conditions is a strategy to drive the reaction 
outcome. 
 

3.3) Cinchona alkaloid derived primary amines
40,60 b

 

and thioureas
58 e 

 
 

3.3.1) Catalysts sintheses  

 
The procedure for the synthesis of Cinchona alkaloid derived primary amines (scheme 3.4 
A) was reported for the first time in 1995, and then improved83. It is a one-pot protocol 
involving a Mitsunobu azidation84 and a subsequent Staudinger reduction85, in which the 
primary amines are generally obtained as hydrochlorides in typical yields of 50%-70%. The 
Mitsunobu reaction allows a clear Sn2 mechanism and a complete inversion of the 
stereocenter at C-9 position is obtained in this way when the azide attacks the C9 carbon 
after the OH has been transformed in situ in a leaving group. The so-obtained intermediate 
I  reacts with another equivalent of PPh3 in the first step of Staudinger reduction to give the 
phosphorous pentavalent intertmediate II , which undergoes hydrolysis to give the free 
corresponding primary amines. In many cases, protonation with HCl and crystallization 
afford pure hydrochloride crystals, which can be stored. The free amine can be obtained 
after washing with NH4OH. This protocol is very convenient, since no chromatography is 
required, but only estraction, evaporation and crystallization. Moreover in one step, and 
aproximatively three days the catalyst can be obtained ready for use. This makes the 
procedure very convenient. The compound obtained in this way is epimeric at C9 respect 
to the original cinchona alkaloid used. 

The corresponding thioureas are prepared from the primary amines in a simple and 
high yielding reaction with the corresponding isothiocyanate (scheme 3.4 B)86 which is 
also convenient since these useful bifunctional catalyst can be obtained in only two steps. 
In scheme 3.4 quinine is chosen as representative cinchona alkaloid and 3,5-bis-
(trifluoromethyl)phenyl isothiocyanate are chosen as representative, but the procedure is 
generally applicable to all the other cinchona alkaloids and isothiocyanates. The inversion 
of the absolute configuration at C9 during the Mitsunobu reaction is very important  
because when Cinchona alkaloid derived primary amines and thioureas with the original 
absolute configuration were synthesized, the reaction outcome was generally worse58e. 
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Scheme 3.4: A: Mitsunobu/Staudinger reaction one pot for the synthesis of cinchona alkaloid derived primary amines. 

B: the formation of the corresponding thioureas. 

 

 

3.3.2 ) Cinchona alkaloid derived primary amines  

 
As we saw in section 2.1.1, using a primary amine in place of a secondary one leads to an 
effective activation of ketones. In fact, despite acetone is readily activated by proline, 
limited examples have been reported of ketone activation by secondary amines. Steric 
reasons are involved in this fact (Fig. 3.4, A), but also better reactivity of the derived 
enamines and iminium ion due to better orbital overlap reasons87. In fact steric hindrance 
force the enamines and iminium ions derived from secondary amines to rotate and this 

reduces the overlap of p orbital, crucial for a good reactivity in both enamine and iminium 
catalysis (Fig. 3.4, B). With primary amines, instead, this doesnôt happen, allowing better 
reactivity (Fig. 3.4, C). Anyway, the reactivity of primary amines is lower respect to 
secondary amines (especially to cyclic ones) due to the lower nucleophilicity of the first 
ones. 
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Figure 3.4: steric hindrance and overlap factors in condensation of secondary and primary amines with ketones. 



36 

 
 
Scheme 3.5: mechanism of iminium ion catalysis using cinchona alkaloid primary amines as catalysts: focus on proton 
transfer. 
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Using primary amines as catalysts generally requires an acidic co-catalyst, otherwise the 
reaction does not occur. This is true in particular for Cinchona alkaloid derived primary 
amines, which possess an additional highly basic tertiary nitrogen atom. The first 
equivalent of acid ñquenchesò this nitrogen to form an ammonium salt. If one wants to 
perform enamine catalysis, this is generally enough (moreover, the proton located on 
tertiary nitrogen may help carbonyl condensation). For iminium ion catalysis, as we told in 
section 2.2.1, figure 2.2), a second equivalent of acid is required to generate the iminium 
ion, otherwise the simple imine is formed. Since this thesis is focused on iminium ion 
catalysis, in scheme 3.5 a catalytic cycle of iminium ion catalysis using cinchona alkaloid 
derived primary amines is presented. Usually a real ñcatalytic saltò is formed in situ before 
adding the reactants, using 1:2 ratio of amine/acid (scheme 3.5, I ). The third quinolinic 
nitrogen is generally considered not enough basic to be involved. Thus, it is clear since 
this point that the acid used plays a key role in catalysis. Firstly, an equilibrium must exist 
between the catalytic salt and the dissociated amine/acid form II , otherwise of course the 
amine cannot perform the condensation on carbonyl (III ). By the way this acid should be 
strong enough to protonate the imine to iminium ion afterwards (IV ), otherwise the 
catalysis is not effective. Moreover in all the other steps of the mechanism, there are 
proton transfers (III, V, VI,  and of course in the condensation to give III  and in the final 
hydrolysis to restore II ), and the acid might be involved, increasing reaction rate or driving 
the nucleophileôs attack by coordination. In all of this, we have to consider that the tertiary 
nitrogen, protonated, bears another counteranion of the same acid and this might not be a 
simple spectator. Steric hindrance, coordinating ability (e.g. hydrogen-bonding-
donor/acceptor properties) and other factors give to the acidic co-catalyst a key role in 
iminium ion catalyzed reaction using primary amines. Thus, iminium ion catalysis with 
primary amines can be difficult to optimize due to that, but the careful choice of the acid 
can also be a tool to fine tune the reaction outcome. 
 
Cinchona alkaloid derived primary amines were firstly used as aminocatalysts in 2007 
when by three different research groups turned the attention on these catalysts 
independently88. While Connon and co-workers used them in enamine catalysis88d, Chen 
and co-workers88a,b and Melchiorre and co-workers88c used them in iminium ion activation. 
Interestingly Chen and co-workers88b and Melchiorre and co-workers88c reported 
simultaneously the same reaction: the first organocatalytic highly enantioselective Friedel-
Crafts (FC) alkylation of indoles with enones (scheme 3.6). Until the same reaction had 
been accomplished with aldehydes89, it had remained elusive with ketones. Though 
indoles are quite reactive nucleophiles, this transformation is valuable because a new Aryl-
alkyl C-C bond is formed and also because indole core is widespread found in natural 
products and biologically active substances90.  
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Scheme 3.6: the first two examples of enantioselective organocatalytic F-C alkylations of indoles with enones 
catalyzed by cinchona alkaloid derived primary amines. 
 
 
 
 
 

3.3.2.1) Asymmetric Counteranion Directed Catalysis  
 
 
We already discussed the counteranion effect in iminium ion catalysis. In the example by 
Melchiorre in scheme 3.6 the acid used to form the iminium ion is chiral, leading to the 
formation of a chiral counteranion. This clearly affect the stereochemical outcome of the 
reaction since during optimization with achiral counteranions a maximum ee of 65% was 
obtained, while using the chiral N-Boc-118 as acid ee increased up to 93%. However, 
most likely the chiral catalyst is still the major responsible for enantiodiscrimination since 
using racemic or the opposite enantiomer of N-Boc-118 gave the product with just slightly 
lower ee. But in other examples the counteranion effect was much more substantial. The 
asymmetric catalysis where the only chiral object performing enantiodiscrimination is a 
counteranion is called asymmetric counteranion directed catalysis, and was invented by 
Benjamin List in 2006 (Scheme 3.7)91. In this example the enantioselective iminium ion 
catalyzed transfer hydrogenation of enals with Hantsch ester was obtained by using a 
catalytic salt of morpholine with a chiral phosphoric acid serving as counteranion, thus only 
the latter created the chiral environment for the asymmetric reaction. Other catalyst 
combinations, based on chiral amines gave worse results. This concept had been applied 
to a number of different transformations and today is generally considered as an 
established activation mode54. 
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Scheme 3.7: the first asymmetric counteranion directed catalysis appeared in literature. 

 

3.3.3) Cinchona alkaloid based thioureas  

 
These kind of thioureas began to appear in 2005, two year after Takemoto first report of 
bifunctional organocatalysts based on cyclohexanediamine92. The first report was by Chen 

that revealed a Michael addition of thiophenols a,b-unsaturated imides, albeit with low 
enantioselectivity. The first to report high levels of enantioselectivity was Soòs which 
applied these catalysts to the enantioselective addition of nitroalkanes to chalcones86b. In 
this reaction both quinine and epiquinine were ineffective, showing that a simple Brønsted 
base catalysis canôt be employed. So, they switched their attention to the corresponding 
thiourea derivatives. Surprisingly, the catalyst with the same absolute configuration of the 
natural alkaloid was also not effective in catalysis (Fig. 3.5, A). On the contrary, 9-epi-9-
thioureido cinchona alkaloids derivatives were effective in promoting the transformation, 
with the best being the hydroquinine derivative (scheme 3.8). Curiously, in this paper only 
5 examples are reported for the scope. 

 
 
Scheme 3.8. The first example of highly enantioselective cinchona alkaloid derived thiourea transformation. 
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In the same year, and almost at the same time, Dixon86c and Connon86d independently 
reported the enantioselective addition of dimethylmalonate to nitroalkenes catalyzed by 
cinchona alkaloid derived thioureas (scheme 3.9). Also, in this case, simple cinchona 
alkaloids and the thioureas with the natural absolute configuration didnôt give a reaction or 
high enantioselectivities (Fig. 3.5, A), while their C-9 epimers were highly effective and 
enantioselective. The nature of bifunctional catalyst was also discussed. 
 

 
 
Scheme 3.9. The addition of dimethyl malonate to nitroolefins independently developed by Dixon and Connon. 

 
In these three first reports, the high affinity of thiourea moiety for the nitro group was 
already shown. The thioureas, in fact, not only can activate electrophilic nitroalkenes I , but 
can also stabilize the nitronate anion, which is formed from nitroalkanes before 
nucleophilic addition I II , and from nitroalkenes after they underwent electrophilic attack I I  
(Fig. 3.5, B). 
 

 
 
Figure 3.5: as a general trend, thioureas derived from cinchona alkaloid with the natural configuration at C9 are not 
reactive in catalysis (A). B: the bifunctional role of the thiourea moiety, activating electrophiles I , stabilizing negatively 
charged nucleophiles I II  or intermediates I I . 

 
After these three seminal papers, many reactions were developed, and the field grew 
tremendously. As soon as 2008 a review on the topic appeared58e, and it has been 
calculated that in 2013 more than 100 reactions were published93. Anyway, 
nitrocompounds remained privileged substrates during time94. 
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3.3.3.1) Some theory  
 
In 2012 Schreiner measured the pKa values of some ureas and thioureas in DMSO95. 
Firstly he investigated the differences between achiral ureas and thioureas, to understand 
the difference in pKa. Then he also focused on the influence on pKa variation upon 
introduction of the popular electron withdrawing ïCF3 group on the aryl substituent. As we 
can see in figure 3.6, generally, ureas are less acidic than thioureas of about 5 pKa units. 
Every ïCF3 group introduced on the aryl substituents decreases pKa roughly of 1.2 units. 
In this way a quite wide acidity range is obtained, from 18.7 of diphenyl urea 71 to 8.5 of 
Schreinerôs catalyst 73. 
 

 
 
Figure 3.6: pKa values of some achiral ureas and thioureas in DMSO measured by Schreiner and co-workers. Thioureas 
are 5 pKa units more acidic then the corresponding ureas and every additional ςCF3 group on phenyl ring decreases pKa 
roughly of 1.2 units. 
 

 
Subsequently, he focuses on measurements for some chiral privileged thiourea 
organocatalysts. 3,5-bis-trifluoromethylphenyl substituted thioureas lay all in a narrow 
range between 10.7 and 13.6 pKa units. Non-aromatic thioureas are around of pKa 18-19 
(see figure 3.7). Surprisingly, the basic/acid nature of other functional groups does not 
affect the pKa values in a predictable way: the most acidic catalyst 113 bears a tertiary, 
although aromatic, amine functionality, while the cinchona alkaloid derived thiourea 96a, 
which possess the highly basic tertiary nitrogen on quinuclidine ring, have a pKa of 12.3, 
lower for example that the one showed by Ricciôs catalyst ent-79a, bearing an additional 
weakly acid secondary OH. Takemoto catalyst 103, also possessing a tertiary amine is 
instead the least acidic among 3,5-bis-trifluoromethylphenyl substituted thioureas. 
 

 
 
Figure 3.7: pKa values for some chiral privileged thiourea organocatalysts measured by Schreiner and co-workers in 
DMSO (selected examples). Surprisingly, the basic/acid nature of the other functional groups does not affect the 
acidity as expected. 

 
 
3,5-bis-trifluoromethylphenyl substituents not only enhance the acidity of the thioureidic 
protons, but they remarkably affect the binding properties of thiourea activating the proton 
located in the ortho-position with respect to the thiourea itself. In 2012, in fact, again 
Schreiner, showed the high affinity and binding properties of 3,5-bis-trifluoromethylphenyl 
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substituted thioureas with respect to 3,5-dimethylphenyl substituted ones96. In principle, for 
thioureas, 2 conformations in solution can exist: the E-Z and Z-Z conformations. 3,5-
dimethylphenyl thiourea prefers E-Z while 3,5-bis-trifluoromethylphenyl thiourea displays 
only the Z-Z conformation at r.t. and so the spectrum is symmetric (at lower temperatures 
E-Z conformation becomes detectable). When mixing the two thioureas with valerolactone 
163 different phenomena are observed (figure 3.8). No change in the 1H NMR spectrum 
was observed when 3,5-dimethylphenyl thiourea was mixed with it (Fig. 3.8, (a) and (b)). 
Even computational calculations, IR measurements and MS analysis didnôt show changes, 
proving that an adduct is not formed. On the contrary, when 3,5-bis-trifluoromethylphenyl 
thiourea was used, changes in the 1H NMR spectrum were observed (Fig. 3.8, (c) and (d)). 
The thioureidic protons are shifted downfield by 1.5 ppm, but more interestingly also the 
aromatic protons are shifted: in particular the signal belonging to the ortho-proton also 
shifts downfield by 0.8 ppm (Fig. 3.8, (d)). This shift can be interpreted as the proof of a 
binding, because if the proton is deshielded itôs attracted by something outside the 
molecule, as for example a Lewis basic site of another molecule, binding it. So, if on one 
hand this might be expected for thioureidic protons, this large chemical shift of the ortho 
proton on the phenyl ring is an important finding. This means that this proton contributes to 
the thiourea binding to the lactone. Everything was confirmed by MS and computational 
studies. 
 

 
 
Figure 3.8. Spectra of the 3,5-dimethylphenyl thiourea alone (a) and mixed with valerolactone (b). No relevant 
changes in the spectrum are obtained. Instead, when 3,5-bis-trifluoromethylphenyl thiourea was used, the thioureidic 
protons and the ortho-proton marked in red shifted downfield considerably (compare (c) and (d)). This means that 

these two protons are involved in binding. 
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NOESY spectra (Fig. 3.9) shows also how this adduct is formed: the carbonyl oxygen 
binds the thioureidic protons and the other oxygen binds the ortho-proton. This is 
confirmed by the NOE effect observed between this proton and the two CH2-O protons of 

163, as well as by the one observed between the two protons in a to the carbonyl and the 
thioureidic protons. Further confirmations are given by the NOE effect observed between 
the two CH2-O protons of the lactone and fluorine, as well as by MS and computational 
studies. All the experiments were repeated with other substrates, with similar results. This 
finding may be important for the development of new reactions or catalysts. 
 

       
 

Figure 3.9: NOESY NMR spectroscopy of the adduct 3,5-bis-trifluoromethylphenyl thiourea/ valerolactone showing the 
conformation of the adduct. 
 

Another case of study about cinchona alkaloid derived thioureas is given by Wang in his 

2012 computational study about vinylogous addition of a a,b-unsaturated butyrolactam to 
chalcone97. Until that moment, two different transition state were proposed for this 
reaction: in the first (Fig. 3.10, A) the electrophile binds both thioureidic protons and a 
contact ion pair Nu--Cat+ is formed. In the second (Fig. 3.10, B), the deprotonated 
nucleophile binds the thiourea, and chalchone forms an H-bond with Cat+. In the course of 
his study Wang finds that the transition state might involve a deprotonated nucleophile 
bound to one of the thioureidic protons and to the protonated tertiary nitrogen; the 
electrophile instead is bound only to the other thioureidic proton (Fig. 30, C). In the same 
study he re-investigates also the addition of nitromethane to chalchones reported by Soòs 
(Scheme 3.8)86b and finds the same kind of interaction (Fig. 30, D). Itôs worth noting that in 
this work the interaction with the ortho-proton of 3,5-bis-trifluoromethylphenyl moiety was 
not considered, but in the transition state that Wang found the electrophile is in the right 
position to perform also this weaker interaction. 
 

 
 

Fig 30: previously proposed transition states for the vinylogous addition of an a,b-unsaturated butyrolactam to 
chalcone (A and B) and the one found by Wang (C). The same TS should be involved also in the addition of 
nitromethane to chalchone reported by Soòs (D). 
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 J.-L. Zhu, Y. Zhang, C. Liu, A.-M. Zheng, W. Wang, J. Org. Chem., 2012, 77, 9813ҍ9825. 
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4) BINOL derived Chiral Phosphoric Acid s in 

asymmetric catalysis  

 
 
 

4.1) BINOL: a history of successes
98

. 

 
 

 
 
 
2,2ô-hydroxy-1,1ô-binaphthyl, known as BINOL is perhaps the most famous and widely 
employed C2-symmetric atropoisomeric scaffold in asymmetric catalysis. Unlike cinchona 
alkaloids, this is not a naturally occurring compound. It was synthesized for the first time 
probably in 1873 but until another report by Pummerer in 1926 its structure was still 
unclear99. It was known that it was chiral100 but for a long time its synthesis was only 
racemic: the first preparation and characterization of enantiomerically enriched BINOL 
appeared only in 1971 through resolution of the corresponding phosphoric acid with 
cinchonine (!)101.The chirality possessed by BINOL is a special kind of chirality named 
axial chirality or atropoisomerism102. It consists in a chirality generated by a hindered 
rotation around one bond (from ancient Greek atropos: a- meaning not, without, and tropos 
meaning turn). In fact in BINOL the rotation about 1-1ô bond is hampered by steric 
hindrance of the two 8,8ô hydrogen atoms on one side (Fig. 4.1 B left) and by one of those 
hydrogen and the OH group on the other side (Fig. 4.1 B right). Thus the rotation is 
blocked and this generates chirality. There is an empirical rule to determine the 
configuration (Fig. 4.2): one should look through C1-C1ô bond and see the groups leaning 
out. One binaphthyl plane would be ahead, the other behind. Priority must be assigned to 
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 Leading references for this introduction: a) L. Pu, Chem. Rev., 1998, 98, 2405-2494. b) E. N. Jacobsen, A. Pfaltz. H. 
Yamamoto. (1999) Comprehensive Asymmetric Catalysis I-III. Springer-Verlag Berlin Heidelberg New York. c) P 
YƻőƻǾǎƪȇΣ ~Φ ±ȅǎƪƻőƛƭΣ aΦ {ƳǊőƛƴŀΣ Chem. Rev. 2003, 103, 3213-3245. d) Y. Chen, S. Yekta, A. K. Yudin, Chem. Rev., 
2003, 103, 3155-3211. e) J. M. Brunel, Chem. Rev. 2007, 107, PR1-PR45.  f) Q. L. Zhou. (2011). Privileged Ligands and 
Catalysts. WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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 The first report by Von Richter apparently is just a mention of what was told by the Russian chemist Dianin at a 
meeting. Anyway, since the structure of BINOL was not clear, somebody refers to Pummerer as the first one who 
synthesized it. a) V. von Richter, Chem. Ber., 1873, 6, 1252. b) R. Pummerer, E. Prell, A. Rieche, Chem. Ber., 1926, 59, 
2159. 
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Christie, J. H. Kenner, J. Chem. Soc., 1922, 614. 
101

 J. Jacques, C. Fouquey, Tetrahedron Lett., 1971, 4617. 
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the groups both ahead and behind (Fig. 4.2, I, II ). Than draw an arrow starting from the 
group with the major priority ahead, going towards the group with minor priority ahead 
without passing from the side bearing the group with major priority behind (if necessary, 
itôs possible to pass from the group with minor priority behind, see Fig. 4.2, III ). If the 
arrow is clockwise itôs R, otherwise itôs S. 
 

 
Figure 4.1: symmetry properties (A) and reason for BINOL chirality (B). 
 
 

 
 

Figure 4.2: how to determine BINOL configuration. I : assign priority to the groups ahead. II : assign priority behind. II -

III : draw an arrow to go from the group 1 to group 2 ahead without passing through 1 behind (like in II ), but passing 
through 2 behind (like in I II ). 

 
 
However a mnemonic rule for BINOL could be that, having OH groups on the right, if the 
ring in the upper left is above, that is (S)-BINOL. As we can clearly see from pictures I, II  

and III in figure 4.2, the two planes on which the two naphthyls lay cross one to each other 
to form an angle. This is called dihedral angle and its value is crucial for enantioselective 
catalysis, since the size of the chiral pocket is strictly related to the width of this angle. The 
lower is the angle value, the smaller is the pocket, and the opposite. In asymmetric metal 
catalysis the ligand should fit to the metal and clamp it if the fit is not perfect (taking into 
account the metalôs molecular orbital geometry), thus in different metal complexes this 
angle can vary. In figure 4.3 we see BINOL and some of its derivatives. If in BINOL the 
dihedral angle is 80.8°, in BINAP, due to the bulky ïP(Ph)2 substituents, is 90°, and in 
BINOL hydrogenphosphate, strained by the additional ring, is only 57.77°103 (see figure 
4.3). 
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 To the best of my knowledge, this is the only dihedral angle reported on phosphoric acid derivatives, and it actually 
belongs to the salt formed by BINOL hydrogenphosphate with an amine, so in the free acid it may vary a little: E. J. 
Wang, G. Y. Chen, Acta Cryst., 2011, E67, o91 
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Figure 4.3: dihedral angle and some representation of BINOL derived compounds in perspective. 

 
BINOL possesses a C2 symmetry axis (Fig. 4.1, A), that means that rotating the molecule 
by 180 degrees clockwise or anticlockwise along that axis would give the molecule itself. 
This means that, despite its chirality, BINOL is somewhat symmetric. For example, 1H 
NMR spectrum of BINOL shows only half of the protons, being number and numberô 
protons equivalent, thus with the same chemical shifts. Turning BINOL upside down 
results in the same spatial arrangement of the atoms, unlike it happens for its non-
symmetric derivatives (such as NOBIN, see figure 4.4).  
 

ȰC2 symmetry is attractive because it reduces the number 
of possible catalyst-substrate arrangements and, consequently, the number of 

competing reaction pathways by a factor of two. This can have a beneficial effect 
on the enantioselectivity and, moreover, facilitates a mechanistic analysis and 

identification of the factors responsible for enantiocontrolȱȢ104 

 
 

 
 
Figure 4.4: BINOL and some of its most widespread derivatives. 

 
In figure 4.4 are shown some common BINOL derivatives. While BINOL 164, BINAP 165 
and BINAM 166 are symmetric, NOBIN 167 is not and BINOL hydrogenphosphate 84a 
(the simplest chiral phosphoric acid) is formally not. But the way itôs represented shouldnôt 
deceive. It looks like unsymmetric, but the rapid equilibrium shifting the acidic proton 
between the two phosphoryl oxygen atoms gives to this compound a real C2 symmetry. 

After the establishment of a convenient method for its resolution in 1971, BINOL 
was applied in two different reports that showed its particular utility as enantiomerically 
pure compound: between 1974 and 1978 Cram, with an impressive work, used BINOL 
derived polycyclic crown ethers as chiral anion binders and in 1979 Noyori showed its 
utility in reduction of carbonyl compounds105,106. Since that moment, BINOL chemistry 
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 In ref. 98b, page 2. 
105

 a) D. J. Cram et al., J. Org. Chem., 1878, 43, 1930-1946. b) D. J. Cram, J. M. Cram, Acc. Chem. Res., 1978, 11, 8ς14. 
and reference therein. 
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grew exponentially, as well as synthesis and application of its derivatives98. Cram 
contributed significantly to the development of the synthesis of 3,3ô derivatives, used later 
as chiral ligands in transition metal and Lewis acid catalyzed transformations98. On the 
other side as early as 1980 Noyori used the BINOL derivative BINAP in the asymmetric 
hydrogenation of olefins107, a particularly challenging transformation at that time, and since 
that moment it became (one of) the most popular ligands in asymmetric metal catalysis98. 
The development of this ligand, useful for a broad scope of highly enantioselective 
hydrogenations, and its use in 1984 for the first enantioselective industrial synthesis 
(synthesis of menthol 175, at the Japanese chemical company Takasago, working in strict 
contact with Noyori himself108) accounts for the half of the 2001 Nobel prize shared by the 
Japanese scientist with Knowles for enantioselective reductions (the other half of the prize 
went actually to Sharpless for enantioselective oxidation reactions, one of which is the 
dihydroxylation using Osmium and cinchona alkaloids derivatives that we saw in figure 
3.2). The key step for enantioselectivity in Takasago synthesis (scheme 4.1) of menthol is 
the RhBINAP complex 171 catalyzed isomerization of a double bond of diethyl 
geranylamine 170 to give enamine 172, which will be hydrolyzed to citronellal 173 in the 
following step. The chirality created in this way is then maintained in the stereoselective 
cyclization of 173 to isopulgeol 174, easily converted to menthol 175 via reduction. 
 

 
 
Scheme 4.1: Takasago process for enantioselective industrial synthesis of Menthol, 1984. 
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 R. Noyori, I. Tomino, Y. Tanimoto, J. Am. Chem. Soc., 1979, 101, 3129ς3131. 
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 A. Miyashita, A. Yasuda, H. Takaya, K. Toriumi, T. Ito, T. Souchi, R. Noyori, J. Am. Chem. Soc., 102, 1980, 7932ς7934. 
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 K. Tani, T. Yamagata, S. Akutagawa, H. Kumobayashi, T. Taketomi, H. Takaya, A. Miyashita, R. Noyori, T. Otsuka, J. 
Am. Chem. Soc., 1984,106, 5208-5217. 
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The extensive work of Yamamoto on enantioselective acid catalyzed reactions brought 
him to recognize in 1994 that the complex of BINOL with SnCl4 is a Brønsted acid and not 
a Lewis acid, since it could perform enantioselective potonation of silyl enol ethers109 
(scheme 4.2, A). Unfortunately, there was no way to regenerate the acid and so a 
stoichiometric amount of BINOL was used. Many similar examples were out, but only one 
was really catalytic: the enantioselective polycyclization of geraniol derivatives 179110 
(scheme 4.2, B). This kind of catalysis is called Lewis Acid Assisted Brønsted acid 
catalysis, because the near Lewis Acid helps in increasing the acidity of the Brønsted acid 
attracting on itself negative charge from one of the BINOL oxygen. The same technique is 
used also in 2003 by Rawal (scheme 4.2, C) but in this case he uses a Brønsted acid 
Assisted Brønsted acid catalysis, where the acidity of a proton is increased by another 
proton111. The chiral scaffold used is TADDOL in which is known a hydrogen bond 
between the two oxygen atoms, having a proton more acidic than the other. Whether the 
latter itôs not BINOL and somebody would refer this example as Hydrogen bonding 
catalysis, Brønsted acidic catalysts based on a C2 symmetric scaffold were developed and 
the times were ready for real asymmetric Brønsted acid catalysis. 
 
 

 
 
Scheme 4.2. A: the first recognition that a BINOL complex acts as a Brønsted acid. B asymmetric polycyclization via 
Lewis Acid Assisted Brønsted acid catalysis. C: Brønsted acid Assisted Brønsted acid catalysis by TADDOL. They can all 
three be considered as early attempts to asymmetric Brønsted acid catalysis. 
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 K. Ishihara, M. Kaneeda, H. Yamamoto, J. Am. Chem. Soc., 1994, 116, 11179ς11180. 
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 a) Y. Huang, A. K. Unni, A. N. Thadani, V. H. Rawal, Nature, 2003, 424, 146. b) A. N. Thadani, A. R. Stankovic, V. H. 
Rawal, Proc. Natl. Acad. Sci. USA, 2004, 101, 5846ς5850. 
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4.2 ) Chiral Phosphoric  Acids  

 
 
The era of phosphoric acids began in 2004 when Akiyama and Terada groups reported 
independently enantioselective Mannich reactions112. Akiyama reported the addition of silyl 
ketene acetals 186 to aryl aldimines 185 (scheme 4.3). The reaction takes place at low 
temperature and 10% of catalyst ent-84b, evaluated among others, is enough to catalyze 
the transformation in 24 h. The authors point out that the ortho-hydroxyphenyl moiety on 
the nitrogen is crucial for the stereochemical outcome of the reaction: when a simple 
phenyl substituent is employed the ee dropped to 39%. This suggests an activation mode 
where the imine is protonated, but also the ortho-hydroxy group is involved in the transition 
state, perhaps with a hydrogen bond to the phosphoryl oxygen (see scheme 4.3). This 
renders the chiral phosphoric acid a bifunctional catalyst, where the proton is the real 
activator and the oxygen serves as anchoring moiety to create an ordered transition state.  
 

 
 

Scheme 4.3: Akiyama seminal work on enantioselective Brønsted acid catalyzed Mannich reactions. 
 
 

Conversely, in Teradaôs example the activation mode appears to be different. The reaction 
is again a Mannich addition to arylimines, but performed in this case with acetylacetone 
(scheme 4.4). The reaction occurs in very mild condition, short times and with low catalyst 
loadings. Since in this case the imine does not bear any hydrogen bonding unit, it appears 
that in this case just the protonation of the imine is responsible for catalysis. In a short time 
we will see that itôs not exactly like this. 
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 a) T. Akiyama, J. Itoh, K. Yokota, K. Fuchibe, Angew. Chem. Int. Ed., 2004, 43, 1566 ς1568. b) D. Uraguchi, M. 
Terada, J. Am. Chem. Soc., 2004, 126, 5356-5357. 
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Scheme 4.4: Terada seminal work on enantioselective Brønsted acid catalyzed Mannich reactions. 

 
 
The best catalyst ent-84c bears two very bulky substituents in the 3 and 3ô position on 
BINOL backbone. This will become a very common feature for chiral phosphoric acid and 
related catalysts, as well as itôs been for a long time a feature for BINOL based ligands for 
metals. The reason why most of the times itôs important to have bulky substituents on 
these positions is that in this way they point towards the active site of the catalyst, creating 
a chiral environment for the reaction to occur. Often the authors of the papers talk about a 
ñchiral pocketò inside which the reaction occurs. The more bulky the substituents are, the 
smaller is the pocket, and the easier is the reaction to control. Thatôs why often simple 
phenyl or substituted phenyls are not enough to achieve good enantiocontrol. Often 2-
naphthyl, phenanthryl, anthracenyl and SiPh3 are used as substituents (figure 4.5). One 
substituent in particular, the 2,4,6-triisopropylphenyl moiety, proved to be very effective in 
many cases, and became so popular that a name was given to the corresponding 
phosphoric acid: itôs nowadays called TRIP (84h, figure 4.5). This acid gain so much 
attention that in three years since its introduction by Benjamin List, it deserved a review on 
its use and became commercially available from Sigma-Aldrich113. Anyway there is not a 
general rule that states that the bulkier is the acid, the better is enantioselectivity.  
 
 

ȰIt is particularly noteworthy that the catalytic 
activity and stereoselectivity imparted by these catalysts can 

change dramatically with the reactions and substrates, making 
a prediction of the catalytic behavior of chiral phosphoric acids 

quite difficultȱ114. 

 
 
Every reaction needs a different size and shape of the chiral pocket, and sometimes also 
slight modifications of the catalyst structure lead to dramatic changes in enantioselectivity, 
so a catalyst screening is generally required for reaction optimization. 
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 a) S. Hoffmann, A. M. Seayad, B. List, Angew. Chem. Int. Ed., 2005, 44, 7424. b) G. Adair, S. Mukherjee, B. List, 
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Figure 4.5: some of the most commonly used chiral phosphoric acids with bulky substituents including TRIP. 
 
 

Phosphoric acids became popular in activation of imines, a-ketoesters, and generally of 
good electrophiles. Their moderate acidity doesnôt allow them to activate more challenging 
electrophiles such as aldehydes and ketones. 
 
 
Anyway in 2006 Yamamoto introduced their corresponding triflimides, as stronger 
Brønsted acids115. In fact the additional trifluoromethanesulfonyl moiety makes the 
compounds more acidic due to its electron withdrawing nature. In this way Brønsted acid 
catalyst were able to perform new reactions which require stronger activation. For example 
Yamamoto applies these catalysts in Diels-Alder reactions between dienes 193 and ethyl 
vinyl ketones 192 probably with direct carbonyl activation116 (scheme 4.5). 
 
 

 
 
Scheme 4.5: Yamamoto designs a new highly acidic catalyst: phosphoric acid triflimide. 
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 D. Nakashima, H. Yamamoto, J. Am. Chem. Soc., 2006, 128, 9626-9627. 
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 The authors did not propose an activation model, but showed that triflimides are silylated in reaction conditions, 
more or less quickly depending on the substituents. This silylated species, anyway, are not catalytic, ruling out silylium 
catalysis. Bulkiness of the catalyst employed results in slow silylation, and this is actually the reason of high catalytic 
activity of the catalyst employed. 
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Since this moment Brønsted acids were used to promote more challenging 
transformations. One relevant example is the carbonyl-ene reaction developed by Rueping 
and co-workers117. In this case the highly electrophilic trifluoropyruvate 196 is used, but itôs 
reacted with relatively weak nucleophiles as alkenes 195. A survey of methyl styrenes was 
reacted with trifluoropyruvate 196 with good yields and selectivities (scheme 4.6). Other 
two interesting features of this paper were the observed extensive dimerization of styrenes 
in chlorinated solvents, probing high acidity of the catalysts, and the mention that low 
reactivity was obtained employing calcium salts of the phosphoric acid triflimides, ruling 
out their involvement in catalysis. Although itôs not clear the reason of this mention, the 
author says that more detailed studies would have been reported in due to course. 
 

 
Scheme 4.6Υ wǳŜǇƛƴƎΩǎ ŎŀǊōƻƴȅƭ-ene reaction: a difficult transformation. 

 
 

 
 
Scheme 4.7: desymmetrizative Baeyer-Williger reaction disclosed by Ding. During optimization he realizes that 
washing the catalyst with HCl results in higher catalyst activity. 
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 M. Rueping, T. Theissmann, A. Kuenkel, R. M. Koenigs, Angew. Chem. Int. Ed., 2008, 47, 6798ς6801. 



53 

In the same year Ding and co-workers report a remarkable enantioselective 
desymmetrizative Baeyer-Williger oxidation of meso-cyclobutanones 198118. After an 
impressive optimization of the catalyst and of reaction conditions, they found the H8-
BINOL derived catalyst ent-85j bearing very bulky pyrenyl substituents as the optimal for 
the title reaction. Interestingly, the last step of the optimization is the use of the catalyst 
washed with HCl: whether enantioselectivity is not affected, reactivity is enhanced. The 
authors explain this as a possible removal of unspecified impurities (scheme 4.7). 
 
 
Actually in 2010 Rueping and co-workers reported the detailed studies announced two 
years before119. In a valuable and comprehensive study on the synthesis and 
characterization of H8-BINOL based triflimides 89, the authors realize that after column 
chromatography only the corresponding calcium salt Ca(89)2 is obtained, with two triflimide 
counteranions chelating the metal. Since no calcium derivatives were used during the 
synthesis, they inferred that calcium came from the silica gel used for purification by 
column chromatography. Anyway, after washing with 5 N HCl, pure metal free Brønsted 
acids were obtained, as confirmed by X-ray and EDX experiments (scheme 4.8). 
 

 
 
Scheme 4.8: Rueping, 2010. After their synthesis, purification of H8-triflimides 89 by flash chromatography on silica 
gel gives the calcium salt Ca(89)2 because silica contains calcium impurities. By the way, washing this material with 5 N 
HCl restores the metal free catalyst. 

 
 
 
In the same year many other experiments dealing with this problem were out. The most 
impressive was reported by Ishihara and co-workers about Mannich addition to aldimines 
(Scheme 4.9)120. During their studies to expand the scope of this reaction, apparently they 
encountered problems. In this way they decided to re-examine Teradaôs 2004 results 
(scheme 4.4). They suddenly realized that, if working with HCl washed catalyst, in the 
conditions reported by Terada the reaction was sluggish, giving the opposite enantiomer of 
the product 191, with low ee. Anyway the reaction was working well with the same catalyst 
if not washed with HCl after purification on silica gel. Thus they deduced that some metal 
impurity contained in the silica actually catalyzes the reaction. After a screening of different 
metals, they found the calcium salt Ca(84c)2 as the catalytically active specie. In the same 
context, they also found the right conditions for a metal-free reaction using catalyst 84f. 
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 S. Xu, Z. Wang, X. Zhang, X. Zhang, Kuiling Ding, Angew. Chem. Int. Ed., 2008, 47, 2840ς2843. 
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Scheme 4.9: Ishihara in 2010 re-ŜȄŀƳƛƴŜǎ ¢ŜǊŀŘŀΩǎ нллп ǊŜǎǳƭǘǎΦ IŜ ŦƛƴŘǎ ǘƘŀǘ ǘƘŜ material purified via flash 
chromatography on silica gel is highly catalytic and enantioselective, furnishing the same results reported by Terada. 
By the way, this material is most likely not the free phosphoric acid, but the corresponding calcium salt, which, if 
prepared on purpose and used as catalyst gives roughly the same result. Conversely, the metal free acid, washed with 
I/ƭΣ ƎƛǾŜǎ ǇƻƻǊ ǊŜǎǳƭǘǎΦ LǘΩǎ ŀŎǘǳŀƭƭȅ ǇƻǎǎƛōƭŜ ǘƻ ŎŀǘŀƭȅȊŜ ǘƘŜ ǊŜŀŎǘƛƻƴ ǿƛǘƘ ŀ ƳŜǘŀƭ ŦǊŜŜ ǇƘƻǎǇƘƻǊƛŎ ŀŎƛŘΣ ōǳǘ ǘƘŜ о-оΩ 
substituents and the conditions have to be changed. 

 
 
This result clearly points out the attention on how much is important washing the catalysts 
with HCl after their purification by flash chromatography on silica gel. 
In 2010, anyway, Terada himself re-investigate some of his reactions, confirming some 
results, disproving others121. Also List points out the importance of washing TRIP with HCl 
after purification on column for a good performance of the catalyst122. 
After this important issue had been emphasized, it was clear to everyone the importance 
of washing catalysts with HCl after purification. In fact, every reaction outcome could be 
affected also by small amounts of metal salts, if they are highly catalytically active. 
Conversely, Brønsted acid catalyzed reaction may be sluggish if considerable amounts of 
metal impurities are present. Moreover, composition of metal impurities in silica gel may 
vary on the suppliers, and so the product obtained from column chromatography is not 
always the calcium salt, but other metals may be there. Therefore, for chiral phosphate 
catalyzed reactions, the acid must be washed after chromatography, and then the metal 
complex must be made on purpose. 
 

                                                 
121

 M. Terada, K. Kanomata, Synlett, 2011, 9, 1255ς1258. 
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 M. Klussmann, L. Ratjen, S. Hoffmann, V. Wakchaure, R. Goddard, B. List, Synlett, 2010, 14, 2189ς2192. 
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Recently other more acidic BINOL based Brønsted acid were out, able to catalyzed new 
transformations. 
 
In 2009 List reported the chiral bis-sulfonamides 90 as highly active and enantioselective 
catalyst for Mukaiyama-aldol reactions123. This catalyst is highly active and 
enantioselective where all the other BINOL based Brønsted acids fail. These catalysts 
seems to have a particular affinity to silicon, as an N-silylated specie is proposed to be 
involved in the reaction mechanism and to be the actual catalyst in the transformation 
(scheme 4.10). This trend is confirmed by other following reports, where sylilated reagents 
were employed. 
 
 
 

 
 
Scheme 4.10: list discloses enantioselective catalysis by bis-sulfonamides, apparently having affinity with silicon. 
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In 2011 Dean Toste reported the first organocatalytic enantioselective hydroamination124. 
The reaction, until that time a prerogative of metal catalysis, was catalyzed by a new 
dithiophosphoric acid 204l, with a new, covalent, activation mode (scheme 4.11). The 
catalyst, due to its highly acidity, activates the substrate firstly by protonation of the double 
bond, then, due to the relatively high nucleophilicity of sulfur, reacting with the carbocation 
formed in this way. A covalent bond between the catalyst sulfur atom and the previously 
carbocationic carbon is created in this way (see scheme 4.11). The thiophosphate acts 
finally as a leaving group in the ring closing step, where the nitrogen attacks the double 
bond and the latter shifts expelling the dithiophosphate, leading to the hydroamination 
product 205. 
 

 
 
Scheme 4.11. Toste publishes in Nature the first organocatalytic enantioselective hydroamination. The catalyst is a 
highly acidic thiophosphoric acid, developed on purpose, enough acidic to protonate the double bond and with a 
counterion enough nucleophilic to quench the carbocation. It serves as a leaving group upon the attack of the amine, 
and so the catalyst is restored. 

 
 
In the same year Terada designed new bisphosphoric acids 206125. Two ortho-hydroxy 
substituents in aryl groups located in 3 and 3ô allows the formation of these acids. The 
main feature is that of the two protons, only one is responsible for catalysis, while the other 
one is bridging with the other phosphoryl oxygen, creating a rigid framework, enhancing 
acidity of the catalytic proton, and giving directionality to the system (scheme 4.12). This is 
a clear example of Brønsted acid assisted Brønsted acid catalysis. The reaction is an 
enantioselective Diels-Alder on aldehydes with dienamines, and the enantioselectivities 
are all impressively high. 
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Scheme 4.12. The bisphosphoric acid developed by Terada, exploiting an internal hydrogen bond, creates a rigid 
structure, and forms a cavity ideal to accomplish enantioselective reactions. R = 2,4,6-triisopropylphenyl. 

 
 
 
In 2012 again List reported new, highly acidic, extremely encumbered bisphosphorylimides 
94 for the highly challenging spiroketalization of enol ethers126. The acidic proton has been 
shown to be bridging by the two oxygen atoms, and not on the nitrogen as expected. The 
four bulky substituents confer to this catalyst a defined structure similar to an enzyme 
pocket, where the spirocyclization of the small enol ethers 210 used can occur 
enantioselectively (scheme 4.13). 
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Scheme 4.13: the latest arrived in chiral Brønsted acids family are bisphosphorylimides 94m developed by List. The 
very big steric bulkiness hinders the catalytic site inside a chiral pocket in an enzyme-like working mechanism. And so 

the challenging asymmetric spiroketalization of small enol ethers 210 can be accomplished. 
 
 
Having a look to the survey of reactions and concepts just presented above, itôs clear that 
during the years the developments of chiral Brønsted acids were numerous and 
outstanding. The always deeper understanding of their nature, the reasoning on their 
structure, the acidity improvements, creating of frameworks and refining the structure of 
the chiral pocket led the chemists to accomplish new and always more challenging 
transformations. The importance of these findings are clearly shown by the great interest 
in the field, with many publications and groups working on these catalysts. Moreover, 
recently the most outstanding results were published in the best journals for a scientist: 
Nature and Science. This means that this field has still a lot to give, and for sure in the 
future many important and exciting findings will be reported. 
 
 

4.2.1) Some theory  

 
From the topics covered in the previous section two key features of chiral Brønsted acids 
emerged, determining their reactivity and their selectivity: acidity, which most likely allows 
them to activate more challenging substrates, and bulkiness of substituents, determining 
enantioselectivity. By the way we also said that is difficult to anticipate whether reactivity or 
enantioselectivity will be good using a particular catalyst, and a catalyst screening is 
generally required. Despite this fact will continue to be true probably forever, somebody 
tried to develop models and experiments to anticipate, or at least to better understand the 
reaction outcome, shedding light on mechanisms and species involved into them. First of 
all, since these catalysts are acid, an acidity scale is useful. Surprisingly, for many years 
the acidity of these compounds was related just to the one of the achiral surrogate 
diphenylphosphate 255 (commonly used as achiral catalyst, to test whether if a system 
shows reactivity under phosphoric acid catalysis or not), with a known pKa of 1.9 in water. 
Triflimides, sulphonamides, and so were defined just ñmore acidicò due to the known 
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decreasing in pKa values in molecules bearing trifluoromethanesulphonyl substituents 
respect to the corresponding not bearing them. Only in 2011 a systematic experimental 
study on Brønsted acidities of these compounds was carried out for the first time127. 
Berkessel and OôDonoghue developed an acidity scale in DMSO of some phosphoric acid 
derivatives, also belonging to different classes like: chiral phosphoric acids chiral 
triflimides, bis-sulfonamides and bis-sulforylimides. The acids cover a narrow 2.63-4.22 
pKa range being the electron poor 84k the most acidic and the electron rich ent-84h the 
least (Fig. 4.6). An acid based on [H8]-BINOL (85a) showed to be less acidic than the 
corresponding BINOL based 84a by roughly 0.8 points (Fig. 4.6). Surprisingly, the 
corresponding triflimide ent-88h resulted only 0.9 pKa units more acidic than TRIP ent-84h  
(Fig. 4.6). This is really surprising since the different reactivity of phosphoric acids and 
their corresponding triflimides had always been rationalized until that time with a much 
higher acidity of the latter. Phosphoric acid triflimides have experimentally shown to 
activate much better some challenging substrates respect to the acids. Many triflimide 
catalyzed reactions donôt work with phosphoric acids, if using those particular substrates. 
But, since this low acidity difference, Berkessel and OôDonoghue conclude that other 
factors may determine this high reactivity difference. Bis-sulfonamides and bis-
sulforylimides are more acidic, but still in pKa values between 1.7-2.0. 
 

 
 
Figure 4.6: pKa values of some chiral Brønsted acid catalysts in DMSO ŀŎŎƻǊŘƛƴƎ ǘƻ .ŜǊƪŜǎǎŜƭ ŀƴŘ hΩ5ƻƴƻƎƘǳŜΦ 

 
 
Based on Berkessel and OôDonoghue work, Li and Cheng in 2013 developed a computed 
acidity scale for such compounds in DMSO128. They used some of their experimental 
values to develop a general computational method to predict the acidity of other acids. 
Other than the acids investigated in the previous work, also thio and bis-thioacids were 
exhamined (figure 4.7). BINOL based Bis-thioacids 204 (-4.2/-3.2) are in general more 
acidic than thioacids 212 (-3.0/-1.9), which are more acidic than thioacids 86 (0.9/1.9) 
which are more acidic than phosphoric acids 84 (1.9/4.9, with the only exception of the 
highly electron withdrawing 3,3ô pentafluorophenyl substituent: pKa = 1.3). The wider is the 
aromatic scaffold, the higher is the acidity, as VAPOL 92 and analogues are more acidic 
than BINOL 84, which is more acidic than SPINOL 93 and [H8]-BINOL 85 derivatives. As 
expected, acids based on the non-aromatic TADDOL 91 are the weakest, except the 
highly electron withdrawing tetrakistrifluoromethyl derivative. Interestingly, in this work 
triflimides, bis-sulfonamides and bis-sulforylimides were not considered. The authors well 
correlate the acidities of some compounds with the Curtin-Hammett parameters regarding 
electron withdrawing/donating properties, showing linear dependency. They also discuss a 
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very few examples in literature in which reactivity, and, remarkably, enantioselectivity 
seems to be related to the strength of the acids. Anyway these examples are limited and 
do not cover all the literature. 
 

 
 
Figure 4.7: pKa values of some chiral Brønsted acid catalysts in DMSO calculated by Li and Cheng. 

 
 
In the same year Rueping and Leito came out with a new acidity scale for chiral Brønsted 
acids129. This time the values were measured in dry acetonitrile (see figure 4.8 for some of 
them). Phosphoric acids are in the pKa range of 12.5/14. Again, [H8]-BINOL derivatives 85 
show higher pKa values than corresponding BINOL 84. Electronic properties of aromatic 
3,3ô substituents well fit the Curtin-Hammett parameters, as acid 84o, is more acidic than 
acid 84n, which is more acidic than TRIP 84h. Until this point, Rueping and Leitoôs work is 
according to the previous two. But, then, the acidities for triflimides are strikingly different. 
According to Rueping and Leito they lay in a pKa range between 6.3/6.9, that is roughly 6 
pKa unit lower than the one for the corresponding phosphoric acids. Since the correlation 
between pKa values DMSO and acetonitrile is linear with a slope roughly one, this huge 
difference between the two acidity scales seems to be inexplicable.  
 

 
Figure 4.8: pKa values of some chiral Brønsted acid catalysts in acetonitrile according to Rueping and Leito. Sharp 
contrast for triflimide acidity was observed compared to .ŜǊƪŜǎǎŜƭ ŀƴŘ hΩ5ƻƴƻƎƘǳŜ work. Here triflimides resulted 
much more acidic.  
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For example if a phosphoric acid, like TRIP 84h have a pKa value of roughly 4 in DMSO, 
the corresponding triflimide 88h should have a pKa value of roughly -2 in that solvent, but 
Berkessel and OôDonoghue measured a value of 3.34. Rueping and Leito try to give a 
reason to this huge difference in pKa. Summarizing, probably Berkessel and OôDonoghue 
did not choose the right method for this kind of analysis. When the acid becomes too 
strong, probably DMSO solvates the proton, which is not protonating the indicator used for 
the measurements, leading to an underestimated indicator-H concentration, and thus to a 
higher pKa value. Moreover water, that Berkessel and OôDonoghue used in trace amounts, 
can change considerably the pKa value as well. Dry acetonitrile hasnôt got these problems, 
and thus leads to a better acidity scale. Anyway a detailed discussion is given in 
supporting information of Rueping and Leitoôs work. 
In summary, probably Rueping and Leitoôs acidity scale is reliable for every pKa value, 
while Berkessel and OôDonoghue only for acid of medium strength. Itôs worth noting that Li 
and Cheng based their computational method on the acidity of these medium-strength 
acids, and thus their predicted acidities may be correct. Anyway more detailed studies are 
probably needed and we will see if this discrepancy will become a controversy or not. 
Concerning the catalytic activity of these compounds, Rueping and Leito observed a linear 
correlation between the acidities of the catalysts and the reaction rate of a Nazarov 
cyclization reaction, showing that the stronger is the acid, the faster is the reaction. 
Anyway no information is given about the reactionôs enantiomeric excess. 
 
Apart of the exact pKa value of a catalyst, it might be interesting to know which are the 
involved species in a given reaction, such as intermediates. Moreover, the question if 
phosphoric acid catalyzed reactions are Brønsted acid catalyzed or more similar to an 
activation via hydrogen bonding is still open. For this reason in 2011 Rueping and 
Gschwind investigated the species formed when mixing diphenylphosphate and some 
imines via NMR130 (Fig. 4.9). While at r.t. only one peak was observed, at 280 K this one 
split in three different peaks and at 240 K they found the optimum conditions to study the 
system. These three species were each one different from the free imine and the free acid. 
By means of proton-heteronuclear coupling experiments, firstly one of them was 
established to be the OH---N hydrogen bonding complex, than the other two were 
identified as the O----HN+ protonated imine and the solvolyzed HN+ protonated imine 
alone. Thus all the three species exists in solution with a ratio of OH---N:O----HN+:HN+ of 
0.38/0.62/0.08. these values changed when a ketimine and an electron poor ketimine were 
employed. A ratio of OH---N:O----HN+:HN+ of 0.42/0.58/0.18 was observed for the ketimine 
and OH---N:O----HN+:HN+ of 0.51/0.49/0.11 was observed for the electron poor ketimine. 
This growing for the OH---N signal accounts for a lower basicity of the ketimines, in 
particular for the electron poor one, and a growing of H-bonding nature of the complex 
more than ionic nature. Also the chemical shifts of NH proton in NH complexes grew, 
meaning a farer proton from the nitrogen, and the chemical shifts of OH proton decreased, 
meaning of a nearer proton from the catalyst oxygen. Interestingly a strong temperature 
dependence was observed in those complexes distribution, until when it was possible: the 
OH---N character increase with temperature and, following the slopes for the line obtained 
at low temperature, it should be the major at r.t. for all the three complexes; for sure itôs 
like that for the electron poor ketimine which shows a steep slope. Therefore, both 
hydrogen bonding complex and protonated imine exist in solution at 240 K, with a slight 
preference for the protonated imine. For the electron poor ketimine, at r.t. only the 
hydrogen bonding complex should exist and therefore it should be the reactive specie, 
while for the other two imines, also NH species should exist at r.t., and itôs not possible 
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even to speculate which one is the reactive one. This experiments anyway showed that for 
chiral phosphoric acid a mechanism of clear imine protonation for their activation is at least 
not always true. 
 
 
 
 
 

   
 
Figure 4.9: complexes found, Imines used, 

1
H NMR spectra and temperature dependence in the study by Rueping and 

Gschwind.  

 
Trying to predict the ee of a reaction somehow would be valuable in chiral Brønsted acids 
catalyzed transformations, since a screening of catalyst would be avoided. For this reason 
Simòn and Goodman developed an empirical model on this purpose, then supported by 
computational methods131. This model is generally working for the addition of nucleophiles 
to imines, when phosphoric acids acts like bifunctional catalysts. Considered bulkiness of 
the catalyst, the imine can offer the re or si face depending on steric hindrance of its 
groups, and this can be rationalized. Sometimes the imine is forced to have a Z 
configuration, which gives the opposite enantiomer respect to E configuration, and also in 
these cases prediction is possible. If to this we add the consideration that some 
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nucleophiles prefer always one side because they are big, mixing all these three factors 
appropriately, itôs possible to predict the absolute configuration of the product of a given 
reaction (Fig. 4.10). 
 

 
 
Figure 4.10. Synthesis of Simòn and Goodman work. 

 
Another interesting way to predict a reaction outcome is the development of a model that 
can tell us which catalyst is the best for a given transformation. Akiyama and co-workers 
tried to do it for the atroposelective bromination of biaryls, via 1H NMR studies132 (Fig. 
4.11). They reasoned that in solution an adduct between the substrate and the catalyst 
might be formed, and so a difference in proton chemical shift might be observed, since 
they become diastereotopic. They speculated that the difference in chemical shift would 
have been proportional to the reaction ee, due to the strong affinity of the catalyst with the  
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Figure 4.11: correlation between differences in chemical shifts of the diastereotopic protons and the enantiomeric 
ŜȄŎŜǎǎŜǎ ƛƴ !ƪƛȅŀƳŀΩǎ work. 
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