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Foreword
Standalone computational investigations or studies involving both experimental and
complementary computational explorations have provided much to the advancement of
chemical catalysis. These works offered support for mechanistic pathways and often
aided the elucidation of the origins of stereocontrol by quantitative predictions.
Quantum mechanical calculations, particularly density functional theory (DFT) based
approaches became widely applied, because they are generally assumed to provide
accurate structural and energetic data at the molecular level even for relatively large
chemical systems.
During my PhD work, I have been involved in computational mechanistic studies of
organocatalytic reactions. This particular class of catalysis, which displayed an immense
advancement in the last decades, employs small molecules to activate organic substrates
in a manner that is reminiscent of enzyme catalysis. Similarly, these catalysts generally
function through analogous activation mechanisms; these range from hydrogen-bonding
interactions through to the formation of covalently bound intermediates. As a consequence, it has not only provided interesting and powerful opportunities to synthetic
chemists, but has also attracted the attention of computational experts. This is due to the
immense advantage of deep mechanistic understanding in the design of new catalysts.
Our computational arsenal made us capable to gain insight into the mechanism of
three organocatalysts that operate via distinct activation patterns. In accordance, the
results in this dissertation are divided into three chapters (3, 4 and 5); however, they are
connected by a few essential aspects. In all three cases, studies of the key intermediates
and transition states helped us and our collaborators to interpret the experimental
observations and fully exploit the catalytic systems. This was provided by the application
of state-of-the-art theoretical approaches for these addition reactions.
In this dissertation a brief introduction is given on the dawn and development of
organocatalysis (Chapter 1), which focuses on the mechanistic aspects related to two of
its subclasses. In Chapter 2 the applied theoretical tools are discussed in detail in order
to explain their roles and capabilities in our work. Our extensive investigation of an
important organocatalytic Michael addition is presented in Chapter 3 [1]. This is
followed by the exploration of the unusual reactivity towards aliphatic imines displayed
by a foldamer bifunctional catalyst in Chapter 4 [2]. Finally, in Chapter 5, we discuss
our latest results related to the mechanism of an aza-Michael reaction mediated by a
multifunctional system [3].
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CHAPTER 1

1.1 Asymmetric Organocatalysis
1.1.1 Asymmetric Synthesis
In the last century, chemistry had an immense role in the industrial development. The
advances in pharmaceuticals, pesticides, polymers and cosmetics lead to the general
improvement in the quality of life. Accordingly, chemical transformations to valuable
products in a controlled and economic fashion attained high importance in applications.
Moreover, new challenges and expectations emerged towards synthetic chemistry.
The fact that physiological processes often show chiral distinction [4] towards exogenous compounds drew attention eventually to chirality [5]. It was soon recognized that
stereoisomers of a specific molecule often lack its bioactivity and may even be toxic or
mutagenic. For example, quinine has long proven to be an effective antimalarial agent,
while its quasi-enantiomer quinidine has entirely different application as a medicine [4]
(Figure 1.1). Another fine example for the role of biological impact of chirality is

(-)-quinine (1S,3R,4S,8S,9R)
antimalarial

(+)-quinidine (1S,3R,4S,8R,9S)
antiarrhythmic

S-(+)-carvone
caraway/dill odour
potato sprouting inhibitor

R-(-)-carvone
sweet spearmint odour
mosquito/deer repellent

Figure 1.1 (top) Molecular structures and medicinal applications of the quasi-enantiomers quinine and
quinidine [4]. (bottom) Molecular structures and applications of the two carvone stereoisomers [6].

carvone [6]. S-(+)-carvone has a strong caraway/dill odor which has been commercialized in The Netherlands under the name „„Talent‟‟ as an effective sprout growth
regulator. In contrast, R-(-)-carvone is the main constituent of spearmint and has been
successfully used in repellents. As a result, stereoselectivity turned into a desirable feature
in the synthesis of chiral molecules. Processes that were catalytic in nature quickly
2
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outranked stoichiometric approaches on account of their inherent advantage in both
control and atom economy [7]. This way the selective introduction or removal of chiral
motifs can be achieved via the employment of only small amounts of enantiopure
catalysts, therefore large-scale production of optically active compounds can be carried
out from even cheaper, achiral and readily available starting materials.
Until the 1990‟s the concept of asymmetric catalysis has been primarily associated
with transition-metal complexes due to their controllable molecular structure and
reactivity. However, these compounds commonly suffer from moisture and oxygen
sensitivity, therefore their application usually necessitates the rigorous exclusion of these
factors, usually via expensive inert techniques [8]. Considering that the employed metals
are very toxic, the products also have to undergo further purification in order to
minimize their metal contamination, especially in the cases of pharmaceuticals and food
additives [9]. This adds further waste disposal costs to the production.
The noteworthy branch of enzyme catalysis developed as complementary/competing
field with the utilization of synthetically useful enzymes, which could activate a narrow
series of substrates [10]. In spite of gradual progression, this type of catalysis also
struggled with large scale production. The optimization of their performance was
primarily carried out through selective mutation or evolutionary methods, and they were
difficult or expensive to obtain in larger quantities.
1.1.2 Organocatalysis in Asymmetric Synthesis
Organocatalysis emerged merely two decades ago as a third approach between
transition-metal catalysis and enzymes, although its basic concept has already been
applied in the 1970‟s. In their seminal works Eder, Sauer and Weichert [11], and Hajos
and Parrish [12] independently reported that the intramolecular aldol condensation
(Robinson annulation) to the Wieland-Miescher ketone could be catalyzed with
L-proline (Scheme 1.1). This ketone is an important precursor in steroid synthesis.
Although the dehydration step could be performed in tandem with the aldol cyclization,
L-proline
- H2O
Wieland–Miescher
ketone
83%, 71% ee

L-proline

Scheme 1.1 The Hajos-Parrish-Eder-Sauer-Wiechert intramolecular aldol reaction [11,12].
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the best results (up to 93% enantiomeric excess, ee) were obtained by isolating and
purifying the hydroxyl diketone intermediate [12]. In 2000, a wider scientific community
recognized the potential of using organic molecules for substrate activation after the
publication of two pioneering studies. In their work, List, Lerner and Barbas [13]
reinvestigated the Hajos-Parrish reaction and extended the activation scope to intermolecular aldol reactions (Scheme 1.2). They showed that small organic molecules could
catalyze the same chemical reactions via the analogous mechanisms as enzymes with
enantioselectivities that is comparable to transition-metal catalysis.
L-proline
30 mol%

20vol%

DMSO, rt.

R = (p-NO2)-Ph

L-proline

Scheme 1.2 The intermolecular aldol reaction reported by List, Lerner and Barbas [13].

In the same year, MacMillan et al. [14] reported a protocol for enantioselective and
catalytic Diels-Alder reactions of α,β-unsaturated ketones with the chiral imidazolidinone
catalyst developed by their research group (Scheme 1.3). They coined the term
organocatalysis and paved the way for the development by “describing a general activation
strategy [...] that could be applied to a broad range of reaction classes...” [15].
imidazolidinone cat.
(10mol%)

exo

MeOH-H2O
23°C

•HCl
99%, 93% ee (exo)
exo : endo = 1.3 : 1

imidazolidinone cat.

Scheme 1.3 The imidazolidinone activated Diels-Alder reaction reported by MacMillan et al [14].

Both reports expressed several fundamental advantages of organocatalysis over its
predecessors. From a technical viewpoint, these catalysts are relatively robust and
insensitive: they show inertness towards moisture and atmosphere through their
correspondence to biological systems [16]. This allows us to carry out catalytic reactions
under mild conditions, such as room temperature and wet solvents. From an economical
point of view, most of the organocatalyst compounds (or their precursors) are naturally
available from biological sources in large quantities. Despite their high abundance they
exist typically in enantiopure form. Therefore, they can be extracted and prepared
inexpensively and with ease. From an environmental point of view, these low molecular
weight organic molecules are generally less toxic and more environmentally friendly.
4

GENERAL INTRODUCTION

After the reaction they can be easily removed and recovered from the crude mixture,
which makes the post-processing less time-consuming and resource-demanding [15].
Organocatalysis rose in the 2000‟s as a promising and intriguing way of asymmetric
catalysis; and its ease, low-cost, and safety allowed the rapid expansion of the field in
synthetic chemistry. Since its foundation several extensive reviews and books [17-25]
been published to cover the widespread advances in the area. In the following pages, a
brief overview is presented with an emphasis on the activation modes associated with
organocatalysis.
1.1.3 Classification of Organocatalysts
Since the landmark discoveries in small molecule activation, several authors attempted
to classify the versatile organocatalytic transformations. In an early review Benjamin List
[26] divided these reactions into four categories: Lewis-Base, Lewis-Acid, Brønsted-Base and
Brønsted-Acid Catalysis, thereby sorting them based on the acid-base properties of the
catalysts. Although this classification seemed reasonable, the literature evidence indicated
that this concept had a major limitation, i.e. it disregarded the underlying mechanistic
differences [10,24,27]. In his paper, List already discussed the reactions involving
enamine and iminium intermediates separately, as subcategories of Lewis-base catalysis.
A more mechanism-based classification [27] separated the field to covalent and noncovalent activations (Figure 1.2). The former comprises aminocatalysis and Lewis base

Figure 1.2 The mechanism-based classification of organocatalytic transformations [27].
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catalysis, while the latter encompasses Brønsted acid and base, hydrogen bonding and
phase transfer catalysis. This categorization provides a broader overview about the
accessible activation capabilities in organocatalysis. The introduced mechanism-based
categories are founded on the nature of reactive species formed in the interaction of the
catalyst and the substrate molecules. These species can participate in many reaction types
in a highly organized and predictable manner, therefore the improvement or development of catalysts can be initiated from them [15].

1.2 Enamine catalysis
In their report, List, Lerner and Barbas [13] highlighted that the formation of the
Wieland-Miescher ketone could be successfully accelerated in highly enantioselective and
catalytic manner by the application of Class I aldolase antibodies. These enzymes operate
via a well-investigated activation mechanism centered upon an enamine intermediate [16].
This is formed between the accessible ε-amino group of a lysine amino acid and the
carbonyl group of the substrate. The reaction further requires an adjacent Brønsted
acid/base co-catalyst motif which is involved in proton transfer steps of the transformation.

~
Figure 1.3 Structural similarities between Class I aldolase enzymes and the amino acid proline [13].

Structural similarity between the active site of the aldolase and the free proline (Figure
1.3) inspired the authors to conduct further investigation. They found that both the
amine group and the carboxylate are essential for the efficient catalysis of the aldol
reaction to occur. Therefore, they draw the conclusion that proline acts as a “microaldolase” [13], and provides both of them simultaneously. Their portrayed transition state
showed resemblance to the Zimmerman-Traxler model [28,29], which adequately
explains stereoselectivities of metal-catalyzed enolate aldol reactions. In this metal free
case, the stereoinduction is due to the chiral carboxylate group. Their mechanistic
proposal for the multistep reaction has been studied intensively both experimentally and
computationally. These studies lead to the so-called enamine mechanism [30] of
organocatalysis and to the Houk-List transition state model [31-35].

6
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1.2.1 Mechanism and Origin of Stereoinduction
Through in-depth DFT investigations, Houk and co-workers have been able to offer
a concise view of the origins of stereocontrol in the proline-mediated Hajos-ParrishEder-Sauer-Wiechert reaction [21]. They assessed a number of previously proposed
mechanisms by focusing on the C-C bond formation step of the reaction. The calculated
relative energies of the corresponding transition states (TS) showed a clear preference
for the suggested carboxylic acid catalyzed one-proline enamine mechanism by a large
margin (Scheme 1.4). Experimental evidence [32] for this mechanism was presented later
by List and co-workers, which elevated the single proline enamine mechanism of Houk
and List to be the widely accepted model of activation [36]. According to this mechanism, the aldol cyclization step occurs via nucleophilic addition of the CH2 group of the
enamine to the carbonyl group accompanied by a concerted proton transfer from the
proline carboxylic acid group to the developing alkoxide. Among the identified TSs,
those with anti arrangement are more planar than the syn TS, because hydrogen bonding
forces the enamine out of planarity.

anti TS major

major product

syn TS minor

minor product

Scheme 1.4 Reaction pathways toward major (top) and minor (bottom) products of the Hajos-ParrishEder-Sauer-Wiechert reaction [33,34].

The organizing and stabilizing effects of hydrogen bonding interactions thereby are
the key factors that determine the stereochemical outcome of the reaction. Further
stabilization advantage for the anti TS, was attributed to weak electrostatic interactions
between the pyrrolidine ring and the forming alkoxide group (The δ+NCH···Oδ- distance
for anti TS is 2.4 Å and 3.4 Å for syn TS. [33,34]. The obtained 3.4 kcal/mol preference
for the anti TS at B3LYP/6-31G(d) level of theory corresponds reasonably well to the
7
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experimentally observed stereoselectivity of 95% ee (corresponds to 2.2 kcal/mol
difference). But in a later study involving single point calculations at B3LYP/6311+G(2d,p) level of theory was shown to reproduce the expected 2.2 kcal/mol
difference. These encouraging results have prompted further theoretical investigations
involving aldol reactions [37,38], and similar stereochemical and mechanistic conclusions
were reached. This suggested a unified mechanistic picture for proline-mediated aldol
reactions. However, these studies combined with kinetic isotope effect measurements
indicated that the rate-limiting step of the catalytic cycle might precede the C-C bond
formation [36,39].
The proposed unified mechanism [17,28] of enamine catalysis is essentially identical
to the operation of Class I aldolases. In Scheme 1.5 the detailed mechanism is exemplified by the already mentioned proline catalyzed aldol reaction (see Scheme 1.2) [13].
First, the proline I and the ketone A form the hemiaminal II. This is followed by water
elimination and the generation of iminium intermediate III. The imine moiety enhances
the acidity of the α-positioned hydrogens and promotes a proton transfer to the carboxyl
group and gives enamine intermediate IV. This key enamine, which is isoelectronic with
a nucleophilic enol, undergoes an addition reaction with electrophile B via the previously
introduced transition state V, and the two stereocenters of the product develop
simultaneously. After this step, iminium intermediate VI reacts with water and the
catalytic cycle completes with the dissociation of the formed hemiaminal VII to product
C and proline catalyst I.
Substrate activation in aminocatalysis can be explained [15,40] within the frontier
molecular orbital theory, where the carbon-carbon bond formation is described as
electron donation from the highest occupied molecular orbital (HOMO) of the
nucleophile to the lowest unoccupied molecular orbital (LUMO) of the electrophile. The
nitrogen lone pair of the amine catalyst plays a vital role in enamine catalysis through
delocalization. Compared to the carbonyl form of the parent compound, the enamine
possesses energetically higher-lying HOMO, consequently, it has a higher tendency
toward nucleophilic additions. Enamine activation is commonly referred to as HOMO
activation, and it is frequently applied in aldehyde–aldehyde cross aldol coupling,
intramolecular α-alkylation, Mannich and Michael reaction, α-amination, α-oxygenation,
α-sulphenylation and α-halogenation. Contrary to the enamine intermediate, the iminium
ion effectively lowers the LUMO energy with respect to the carbonyl reactant and
activates it for nucleophilic attack, and furthermore it enhances the acidity of the αprotons. MacMillan et al. utilized the LUMO-lowering effect in Diels-Alder reactions and
introduced the iminium activation that is commonly referred to as LUMO activation.
Typical applications for iminium catalysis are 1,2- and 1,4-conjugate and cycloaddition
reactions, aminations, and oxygenations. The same group published [15] a third type of
activation scheme based on radical cations with singly occupied molecule orbitals
8
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(SOMO). These intermediates are generated by the oxidation of enamines and they can
readily participate in α-allylation, α-enolation, α-vinylation and α-heteroarylation.

A
C

I

VII

II

”enamine
catalysis”

VI

III

V

B

IV
VIII

Scheme 1.5 Mechanistic cycle for the proline-catalyzed intermolecular aldol reaction [17,28] with the
Houk-List model for the transition state V [31].

Understanding the origin of stereocontrol has utmost importance in the application
of enamine activation and catalyst design, as it eases the design of new reactions and
catalysts [18]. The experimental results are usually explained with three stereoselectivity
models [17], all of them consider the stereogenic reaction of the enamine with the
electrophile (e.g. structure V in Scheme 1.5). According to these models, the stereoselectivity is governed by two structural factors: the conformation of the enamine and the
facial preference in the approach by the electrophile. Enamines with the highest level of
nucleophilicity are those where the nitrogen lone pair effectively overlaps with the
adjacent C-C π-bond, which requires maximum flattening of the enamine moiety [19].
The planar structure also reduces the geometric distortion experienced by the forming
iminium VI. Moreover, steric constraints imposed by the catalyst dictate the ratio
9
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between the rapidly interconverting and reactive stereoisomers of the enamine.
Controlling these aspects is important to ensure superior reactivity and excess for the
desired stereoisomer [18]. The second factor, namely the facial preference, is mainly
influenced by the side group of the catalyst.
In the Houk-List transition state model (Scheme 1.6a), the aldol acceptor is anchored
by a hydrogen bond to the carboxyl group and the facial preference occurs because this
interaction directs it to one face of the enamine. Importantly, the simplicity of this model
allows for its extension beyond aldol reactions [17,31]. The validity of the Houk-List
model was contested due to the absence of the in situ detection of the enamine
intermediate. In contrast, in situ nuclear magnetic resonance (NMR) studies typically
showed the formation of stable oxazolidinone (structure VIII in Scheme 1.5) derivatives,
which was deemed as parasitic species by List [41], because it lowers the concentration of
the catalytically competent state of the proline.
(a)

(b)

Re-face
attack

Houk-List

Re-face
attack

Seebach-Eschenmoser

(c)

Si-face
attack

steric control

Scheme 1.6 Stereochemical models for asymmetric enamine catalysis: (a) Houk-List model [31],
(b) Seebach-Eschenmoser model [42], (c) steric control [43]. Re and Si faces of the nucleophile were
assigned by the Cahn-Ingold-Prelog conventions for R=CH3.

Seebach and Eschenmoser suggested [42] that rather than enamines, oxazolidinones
are the active species in the catalytic cycle and play a crucial role in enantioinduction
(Figure 1.6b). To generate the experimentally observed stereochemistry of the product,
the electrophilic attack is directed by the anchimeric assistance of the amine substituent X. In the case of proline, this exocyclic moiety is the deprotonated carboxyl group.
Although this proposal opened a debate about the role of enamine and oxazolidinone
species, several experimental and computational studies [44] provided evidence against
its validity.
In the Houk-List model, the effect of the neighboring group is associated with
hydrogen bonding. Steric factors of the amine substituent can also become prevailing, if
10
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it is bulky and devoid of hydrogen bond donors, which calls for a third model [43]. In
Scheme 1.6c the Re-face is shielded by the bulky group of the catalyst, and leaves the Siface available for the approach of the electrophile. This steric shielding model also has
high importance in selectivity modelling and catalyst design.
1.2.2 Enamine Catalysis Beyond Proline
Proline is usually regarded as the archetypal organocatalyst [28]. Since the dawn of the
field proline has played a pivotal role in asymmetric organocatalysis due to three specific
reasons. First, it is a cheap chiral molecule with high abundance in optically pure form.
Second, it can catalyze a series of diverse reactions: aldol, α-amination, α-aminoxylation,
Mannich and conjugate addition reactions. Moreover, it is bifunctional in the sense that
it contains both Brønsted-acidic and basic functional groups, thus it can facilitate
chemical transformations in concert. Third, its low molecular weight and conformational
rigidity makes it an ideal candidate for subject of computational investigations. Thus, a
considerable portion of mechanistic assumptions regarding both activation and
selectivity stemmed from proline-mediated reactions. Despite its clear and powerful
advantages, proline is not without limitations. Compared to metal catalysts, it still has
low reactivity in a significant portion of reactions. In the original paper of List, Lerner
and Barbas [13] 30mol% catalyst loadings were required for reasonable (less than 24 h)
timescales. Alternatively, the excess/concentration of the reactants can be increased. List
et al. applied 20vol% (~27 equivalents) acetone in the aldol reaction. This is only
affordable for cheap reagents, as opposed to potentially expensive intermediates in
complex synthetic processes. Catalyst loading is also limited due to its poor solubility,
and a sufficient amount of catalyst can only be dissolved in very polar solvents, such as
water, DMSO, DMF, methanol or acetonitrile. Solvation compatibility is therefore a
major limitation of proline catalysis in organic synthesis. Accordingly, a great effort has
been spent on the structural enhancement to overcome the limitations discussed above
and to discover novel forms of reactivity.
Two obvious targets of improvement are the pyrrolidine ring and the carboxyl side
group. Early endeavors of catalyst enhancement already appeared in the work of List et
al. for the aldol reaction [13] targeting the pyrrolidine ring. They carried out the aldol
reaction with a series of proline analogues (1-4 in Figure 1.4), and they found that
proline, incorporating a five-membered ring, outperformed others in both efficiency and
selectivity. Their work was extended later by Barbas et al. with a larger scope of
compounds (1-13 in Figure 1.4) with pyrrolidine and thiazolidinium-4-carboxylate (TC)
scaffolds [45]. Functionalization on the pyrrolidine (10, 11, 12 and indolene 13) did not
improved performance, but a series of examined TCs revealed clear structure vs. activity
relationship. The 5-substituted TC 6 showed similar reactivity, yet slightly higher
11
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enantioselectivity as the unsubstituted compound 5. Double substitution adjacent to the
secondary amine nitrogen reduced the reactivity greatly for compounds 7, 8 and 9.
Carboxyl group substitution was also scrutinized by several research groups. A
handful of examples are presented (Figure 1.5) with the purpose of showing the diversity
of attempts for catalyst development. Performances of these catalysts were generally
tested on Michael reactions of carbonyl compounds with nitrostyrene derivatives
(Scheme 1.7). These asymmetric conjugate additions for C-C bond formation are
important challenge in organic synthesis.
In the proline-catalyzed Michael reactions, the obtained yields and diastereoselectivities were remarkably high, although moderate enantioselectivities were obtained.
Pyrrolidine-tetrazole catalyst 14 showed clear advantages in both alcoholic solvent
systems and dichloromethane [45]. Its superiority was explained by improved solubility,
which was thought to be the main problem of the original reaction. Homologue
compound 15 was even more efficient in the same transformation, providing enantioselectivities over 90% ee in the reactions of six-membered cyclic ketones [46]. Other
catalyst designs in which the stereoinduction is considered to be controlled by hydrogen
bonding interactions with the side group of the catalyst were tested. A series of
secondary-amines (16a-c) provided moderate to good enantiomeric excess (65–92% ee),
but N-methylation of the side group resulted in diminished enantioselectivity [47]. This
supported the role of the hydrogen bonding in stereoinduction. Furthermore, it was
hypothesized that the ability to form multiple hydrogen bonds affords stronger
interaction between the side group and the reactant and a conformationally more rigid
geometry for the transition state. This motivated the group of Tsogoeva [48] in the
development of peptidyl-type catalyst 17 and the group of Nájera [49] in the development of aminoindole-bearing derivative 18. It is also worth mentioning the employment
of thiourea functionality (in catalyst 19a and 19b) as multiple hydrogen bond donors [50].
An alternative catalyst design consists of the introduction of steric bulk for the side
group, which follows the concept of the steric shielding model (Scheme 1.6c). When
these catalysts were tested in the Michael addition of nitrostyrene to cyclohexanone,
catalyst 20 [51], 21a-b [52], 22a-b [53], 23 [54], and 24 [55] generally mediated the
reaction with satisfactory stereoselectivity results. Alternative branch of catalyst
development focused on the reaction of aldehydes with nitrostyrene. Intensive research
in this field has led to the design of catalysts 25, 26 [56] and 27 [57], however, their
performances revealed variable dependence on the structure of the reactants. Michael
reactions of functionalized nitro-olefines were challenging for these catalysts, therefore
extensive research was conducted for improvement. Catalyst 28 was shown [58] to be a
suitable starting point, because it could promote the Michael reaction of β-nitroacrolein
with high (64-88% ee) enantioselectivity with relatively low catalysts loading (1-10%). In
12
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proline
analogue
catalyst
Yield

ee

67%
73%

5

10

1

<10%
n.d.

6

66%
86%

<10%
n.d.

11

55%
40%

2

7

68%
76%

3

<10%
n.d.

>50%
-62%

8

12

26%
61%

4

<5%
n.d.

<10%
n.d.

9

13

<10%
n.d.

<10%
n.d.

Figure 1.4 Various proline analogues and derivatives explored by Barbas et al. as catalysts for the direct
asymmetric aldol addition [45].
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16a (R=Ph)
16b (R=p-MeOC6H4)
16c (R=p-NO2C6H4)
16d (R=i-Bu)

15

19a (R1=H; R2=Me)
19b (R1=CF3; R2=H)

23

28

21a (R1=R2=n-C10H21)
21b (R1=C3H5(CH3)2, R2=H)

20

24

29

18

17

25

30

26

31

22a (R=-(CH2)4-)
22b (R=Me)

27

32 (Ar=3,5-CF3-C6H3)

Figure 1.5 Selected examples of prolin dervatives applied in asymmetric aminocatalysis [46-61].
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their analysis diphenylprolinol catalyst 29 showed higher selectivity (92% ee) but
significantly lower reactivity.
catalyst

Scheme 1.7 General scheme of Michael reactions between carbonyl compounds and nitrostyrene
derivatives.

Hayashi et al. applied 29 in the reaction between propanal and nitrostyrene [60]. They
reported 95% ee after 24 h, which could be further improved when the OH group was
exchanged for a siloxy groups. Best performance could be achieved with the diphenylprolinol-trimethylsilyl ether 30 [62], the reaction was complete after 1 h, and the Michael
adduct was obtained in nearly optically pure form (99% ee). Bulkier siloxy groups did not
show apparent improvement, but the reaction became slower. Jørgensen et al. in an
independent report highlighted [61] that the high reactivity of 31 and the high selectivity
of 29 are not mutually exclusive features and can be combined. They suggested that
formation of parasitic oxazolidinone species from 29 can be prohibited by a trimethylsilyl (TMS) protecting group. In reported α-sulfenylation reaction of 3-methylbutanal,
selectivities of 77% ee and 98% ee could be attained with catalyst 30 and trifluoromethyl
derivative 32, respectively. Linear free energy relationship analysis supported that the
observed asymmetric induction indeed relies on selective enamine conformation and
steric shielding.
1.2.3 Michael Reaction with the Hayashi-Jørgensen Catalyst
Diaryprolinol ether compound 30 is commonly referred to as Hayashi-Jørgensen
catalyst and one of its most remarkable features is its generality. Since 2005, it has been
applied successfully in a large variety of transformations with high yields and excellent
enantioselectivities. This catalyst can operate in different reaction media; reported
reactions have been carried out in ranging from the apolar and aprotic hexane and
toluene to polar and protic solvents such as ethanol or water. Due to the lack of
hydrogen bond donor on the bulky side group, homo-aldol reactions of aldehydes do
not take place under the mild conditions. This is important since thereby the suppression
of aldol by-product formation is provided, while the desired reaction still operates
efficiently.
The Hayashi-Jørgensen catalyst enjoyed particular success in the conjugate additions
of aldehydes to nitro alkenes. These reactions are widely recognized as benchmark
reactions for probing the efficiency and selectivity of new aminocatalysts and in the
14
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development of organocascade reactions [22]. In the report of Hayashi et al. highly
enantioselective (99% ee) and diastereoselective (from 84:16 to 96:4) transformation of a
diverse series of nitrostyrenes was earlier demonstrated [60]. A considerable decrease in
reactivity was observable for the isobutyraldehide and only 68% ee could be attained after
96 h, which alludes to a limitation for the activation of α-branched aldehydes. Nevertheless, its synthetic versatility has already been exploited in cascade reaction sequences
leading to complex biologically active compounds [63]. These studies, which addressed
the catalytic Michael reaction between propanal and nitrostyrene were able to elucidate
important parts of the catalytic cycle; however, major controversy regarding the key steps
of this transformation still remains. In our mechanistic investigation (Chapter 3. and [1])
we addressed some of the unresolved questions related to this process.
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1.3 Asymmetric Bifunctional Organocatalysts
1.3.1 Hydrogen Bonding in Organocatalysis
Organocatalytic reactions discussed in the previous sections proceed through transition states with reagents bonded covalently to the catalyst. However, there are a vast
number of asymmetric organocatalytic reactions, which are accelerated solely by noncovalent interactions, such as neutral host-guest complexation, or acid/base-type
associations with the applied catalyst. Hydrogen bonding interactions (Table 1.1) have
particular importance [20] in organocatalytic transformations, and three main effects can
be distinguished and attributed to them.
Table 1.1 Classification and properties of typical hydrogen bonds [20].
Strong

Moderate

Weak

Mostly covalent

Mostly electrostatic

Electrostatic

Length of hydrogen bond (Å)

1.2 - 1.5

1.5 - 2.2

2.2 - 3.2

Bond angles (˚)

175 - 180

130 - 180

90 - 150

14 - 40

4 - 15

<4

Type of bonding

Bond energy (kcal/mol)

It is apparent from the previous discussions that hydrogen bonds are able to
(1) preorganize the spatial arrangement of catalyst-substrate complexes and transition states.
In the Houk-List model of enamine catalysis (Section 1.2.1) hydrogen-bonding
interactions provide clear preference for the pathway toward the major product over
others. This implies that if the hydrogen bond donor/acceptor functions are attached to
a chiral framework, their positions determine the stereoselectivity of the reaction.
Hydrogen bonding to substrates such as carbonyl compounds, imines, etc., induces (2)
polarization and activation towards nucleophilic attack. Therefore, it presents the third
mode of electronic activation besides Lewis-acid coordination and iminium formation
(Scheme 1.8). This polarization and charge separation generally accompany organic
reactions, which has utmost importance in transition states. Hydrogen bonds also have
the ability to sterically adapt due to their inherent flexibility with regard to bond length
and angle. Therefore, hydrogen bonds can electrostatically (3) stabilize the charges of both
transition states and intermediates. During the reaction, the proton can remain attached
to the original donor and simply stabilizes charges in a transition state or intermediate. In
several pathways [64] however, proton transfer occurs from the donor to the acceptor,
which is generally associated with Brønsted acid or Brønsted base catalysis. Cooperative
16

GENERAL INTRODUCTION

hydrogen bonds represent a third type of electrostatic stabilizations. They are typically
XD-H···XA-H-type intramolecular hydrogen bonds (XD, XA = N,O), which can increase
the hydrogen bond donor ability of the XA-H group [19].

coordination
to Lewis-acid

iminium ion
intermediate

hydrogen bonding
to thiourea

Scheme 1.8 Three alternative modes of carbonyl activation towards nucleophilic attack. Nu=nucleophile.

Before the dawn of organocatalysis, several catalytic processes were uncovered
separately and suggested that substrate activation and organization could occur through
hydrogen-bonding interactions [65,66]. The efficacy of such reactions originates from
the formation of tightly bound complexes whose reactivity is primarily determined by
the nature of the catalyst. The bidentate character of the binding interactions was
particularly common because it removes some conformational degrees of freedom.
In 1990, Kelly applied [67] bisphenols 33 (Figure 1.6) as hydrogen-bond donors with
high (40-50 mol%) catalyst loadings for accelerating Diels-Alder reactions between
aldehydes and ketones with dienes. Chiral diol TADDOLs (α,α,α‟,α‟-tetraaryl-1,3dioxolan-4,5-dimethanol, 34) emerged [68] as efficient hydrogen-bond donor catalysts
for enantioselective Diels-Alder and hetero-Diels–Alder reactions. The enantiomeric
atropisomers of 1,10-binaphthyl-2,20-diol (BINOL, 40) and bisdiphenylphosphonate
(BINAP, 41) derivatives also became widely used ligands for both stoichiometric and
catalytic asymmetric reactions [24]. In 1994 Curran introduced [69] diaryl urea derivatives
42-44 for altering the stereochemistry of allylation reactions observing very small rate
accelerations but improved cis/trans selectivities in the presence of 20-100 mol%
additives. They attached octyl ester groups (-CO2C8H17) to the ureas in order to
compensate their notorious insolubility. In their paper, thiourea derivatives were
mentioned for the first time as potential catalysts. Versatility of this concept was realized
when Jacobsen [70] (35-38) and Corey [71] (39) independently reported asymmetric
variants of Strecker synthesis and demonstrated that organocatalysts could activate imine
electrophiles through hydrogen bonding. Jacobsen later showed [72] that the substrate
scope of their thiourea catalyst 45-47 can be extended to carbonyl compounds, which
lead to the generic use of enantioselective hydrogen-bonding catalysis.
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33

34

39

40 X=OH
41 X=PPh2

35 R1=H, R2=OCH3, X=S
36 R1=H, R2=OCO(tBu), X=O
37 R1=H, R2=OCO(tBu), X=S
38 R1=Me, R2=t-Bu, X=S

42 R1=NO2, R2=H
43 R1=CF3, R2=CO2C8H17
44 R1=CF3, R2=H

45 R1=CF3, R2=CO2C8H17
46 R1=CF3, R2=H
47 R1=CF3, R2=CF3

Figure 1.6 Selected examples of hydrogen bonding catalysts in organocatalysis.

The group of Schreiner decided to focus their catalyst development directly on
thioureas, because they are known to be more soluble in a variety of solvents, easier to
prepare and show a higher acidity (pKa(urea) = 26.9, pKa(thiourea) = 21.0) [20,73-75].
Moreover thioureas are less prone to self-association due to the lower tendency of the
thiocarbonyl group to accept hydrogen bonds [76]; hence they can outperform their urea
analogues in some cases. The improved solubility of thioureas made the long alkyl chains
in 45 dispensable, which potentially compete with the substrate molecules in coordination via its hydrogen bond acceptor sites. They synthesized and evaluated a series of
catalysts, including 46, 47 and 48 (Scheme 1.9), and concluded that their relative
effectiveness is highly dependent on their substituents.
Most of the thioureas showed noticeable catalytic behavior and increased the product
formation in Diels-Alder reactions of cyclopentadiene with α,β-unsaturated carbonyl
compounds even at 1 mol% catalyst loadings (Scheme 1.9). However, catalyst 46 and 47
showed the highest reaction rates in almost every case. Schreiner et al. explained the
difference in performances with entropic effects. The complexation between thioureas
and carbonyls is modestly strong, but entropic effects may surpass the binding
exothermicities, especially for flexible catalysts, where the required interaction demands
the organized arrangement of the catalyst. For example, rotation barrier of the phenyl
rings in catalyst 48 is about 1.5 kcal/mol (at B3LYP/6-31G* level), while the same
barrier height is 3.4 kcal/mol for 47 [73]. The delicate balance between stabilization and
entropic loss was deemed to be beneficial, because it allows highly dynamic interactions
18
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with the catalyst and make it less susceptible to product inhibition. Indeed, no significant
product inhibition could be observed even at 80% conversion.
catalyst (1 mol%)

10 equiv.

48
krel = 1.4

CDCl 3

46
krel = 2.5

47
krel = 4.8

Scheme 1.9 Relative rate constants krel of the reaction of cyclopentadiene with acrylaldehyde [73].

1.3.2 Bifunctional Brønsted Base Organocatalysts
Hydrogen-bond catalysis is particularly efficient in intramolecular combination with
Brønsted bases. In such systems, the hydrogen bonds and the base can operate
synergistically: deprotonation/activation of the pronucleophile is facilitated via the
stabilization provided by the hydrogen-bond donor groups, and hydrogen bonds are
more prevalent with the nucleophile after deprotonation. This powerful combination is
usually referred to as bifunctional Brønsted base organocatalysts.
The concept was directly addressed in the early work of Hine [66], where the polyfunctional nature and selectivity of enzymes inspired the study. The first synthetic
application of bifunctional catalysis was published shortly after by Wynberg and
Hiemstra [65]. The studied Michael reaction of thiols and conjugated cycloalkenones
afforded optically active products with higher reaction rates and notable enantiomeric
excesses (up to 75% ee) when they were catalyzed with cinchona alkaloids (Scheme 1.10).
They assumed that the ion pair formed between the thiophenoxide anion and the
protonated base is the reactive intermediate in the addition reaction, when being carried
out in apolar solvents like toluene. The tertiary amine group of the alkaloids acts as a
Brønsted base and the hydroxyl group is involved in hydrogen bonding with the
substrates. Accordingly, the natural cinchona alkaloids and their derivatives considered as
typical examples of bifunctional Brønsted base organocatalysts [76]. They were applied
to induce high levels of stereoselectivity in a number of reactions. The mechanism of
quinine-catalyzed Michael addition between a 1,3-dicarbonyl compound and a maleimide
derivative was also investigated computationally. The work by Cucinotta et al. [77]
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supported the mechanistic picture which included the bifunctional activation mode in
the kinetically most favored reaction pathway and affirmed it as the main source of
stereoselectivity.
cinchonidine

cinchonidine
(1 mol%)
benzene, 22°C

62% ee

Scheme 1.10 Cinchonidine mediated Michael reaction of thiols and conjugated cycloalkenones [65].

Based on the superiority of bidentate motifs in hydrogen bonding catalysis, enhancement in stereochemical induction and activation is expected to be attainable by attaching
multiple hydrogen-bond donor units to the catalysts. Such derivatives (49-53 in
Figure 1.7) of the cinchona scaffold with various groups were shown to catalyze an
outstanding array of chemical reactions, often with remarkable stereoselectivity [78].
Particularly, catalyst 49, developed by Soós et al., has been applied successfully for the
asymmetric additions of nitromethane to chalcones [79].

51

53
49 X=S
50 X=O

52

Figure 1.7 Cinchona derivatives with altered hydrogen-bonding motifs applied in synthesis [78].
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1.3.3 Thiourea-based Bifunctional Organocatalysis
The success of the thiourea motif in hydrogen-bonding catalysis [76] inspired Takemoto [80] in the design of a new chiral bifunctional organocatalyst that have both
thiourea moiety and an amino group. They anticipated that the juxtaposition of these
components might facilitate a synergistic interaction between the functional groups,
thereby leading to an efficient catalyst. In addition, the linking of these functionalities
with a chiral framework was supposed to introduce enantioselectivity. Bifunctional
catalysts (54 and derivatives) are able to activate both nitro alkenes and malonates
(Scheme 1.11a) and control their approach simultaneously, providing enantioselectivity
up to 93% ee. Takemoto et al. proved that the basic moiety has to be tied to the thiourea
derivative in an appropriate position; solely the addition of an external base leads to poor
selectivities and reaction rates.
(a)
2 equiv
catalyst 54 (10 mol%)
toluene, rt.

(b)

54

+ nitrostyrene

- catalyst

route A
2.7
kcal/mol

route B
+ nitrostyrene

0.0
kcal/mol

- catalyst

Scheme 1.11 Two reaction routes for the bifunctional Michael addition of acetylacetone and nitrostyrene.
Transition state along route A is 2.7 kcal/mol higher energetically than that of on route B [81].

21

CHAPTER 1

According to the mechanism suggested originally by Takemoto et al. (route A), the
electrophilic nitro olefin interacts with the thiourea moiety of the catalyst, while the
tertiary amine deprotonates the malonate. The shape of the hydrogen-bonding network
defined by the three NH groups of the protonated catalyst provides selective stabilization for transition states related to the major product.
A theoretical study by Pápai et al. highlighted [81] that the same stereoisomeric
product might be generated via an alternative reaction channel with different substrate
binding. Their analysis was based on calculations at B3LYP/6-311++G**//B3LYP/
6-31G* level of theory and they explored two distinct reaction pathways (route A and
route B in Scheme 1.11b) for the C-C bond-formation step of the catalytic process that
differ in the mode of electrophile activation. They concluded that the generally accepted
mechanism is feasible both kinetically and thermodynamically, however, the ternary
complex and the related transition state along route B are found to be notably more
favourable than those on the other pathway.
The two activation modes were also considered in the computational study [82] of the
analogous addition reactions between 1,3-dicarbonyls and nitro alkenes with chiral
2-aminobenzimidazoles at B3LYP/6-311++G**//B3LYP/6-31G* level of theory
(Scheme 1.12a). These calculations concluded that activation route B is slightly preferred
energetically and can predict the experimentally observed enantioselectivity. In a separate
study a coordination pattern similar to route B was proposed [83] for cinchona alkaloid
derived catalysts mediated organocatalytic domino Michael-Henry process.
The enantioselective Henry reaction of benzaldehyde with nitromethane catalyzed by
a series of cinchona alkaloid derivatives bearing 3,5-bistrifluoromethyl-thiourea were
investigated [84] in a DFT study at B3LYP/6-311+G(2d,2p)//B3LYP/6-31G(d,p) level
of theory (Scheme 1.12b). In their proposed reaction mechanism nitromethane
deprotonation and aldehyde complexation are followed by a C-C bond formation step
and subsequent protonation of the resulting alkoxide. Interestingly, route A coordination is slightly preferred over route B coordination in the C-C bond formation transition
state. The authors cautioned that small energy differences between the transition states
are found to be sensitive to the solvent effects. Energy difference between the most
favorable transition states on the parallel routes is 3.3 kcal/mol, but this is reduced to
0.8 kcal/mol when solvent effects are taken into account. Moreover, the employed
CPCM polarizable continuum model can only account for dielectric effects of the
solvent in an averaged way.
Jacobsen combined [85] kinetic analysis and DFT computations for the mechanistic
investigation of the enantioselective cyanosilylation of ketones catalyzed by tertiary
aminothiourea derivatives (Scheme 1.12c). The kinetic analysis revealed significant
inhibition effects at elevated concentrations, and demonstrated the necessity of both
activation sites in the catalyst. In case of route-B-type activation [85], which involves
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ketone-thiourea interactions, the DFT computations at B3LYP/6-31G(d) level of theory
could reproduce the experimental trends in enantioselectivity. While both routes are
energetically accessible, the route-B-type coordination is favored by 4.7 kcal/mol.
route A

route B

product

(a)

1.9 (3.0)
kcal/mol

0.0 (0.0)
kcal/mol

0.0 (0.0)
kcal/mol

3.3 (0.8)
kcal/mol

4.7
kcal/mol

0.0
kcal/mol

(b)

(c)

Scheme 1.12 Transition states analogous to route A and route B considered in compoutational studies
[82,84,85].

Wang and co-workers investigated [86] the vinylogous Michael reaction of α,βunsaturated γ-butyrolactam and chalcone catalyzed by bifunctional cinchona alkaloid
thiourea organocatalyst (Soós catalyst 49) (Scheme 1.13) with a combination of
experimental and theoretical approaches and they computationally identified a new dual
activation pathway (route C) parallel to route A and route B. In agreement with the
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experimental data, the energy barrier for the rate-determining C-C bond formation step
along this pathway is 8.8 kcal/mol. In this route C (Scheme 1.14), the deprotonated
nucleophile is involved in double hydrogen-bond interactions with the protonated amine
and the available thiourea N-H bond. The remaining distal NH group of thiourea
activates and positions the electrophile.

catalyst
(10 mol%)

50°C

90% yield
>30:1 dr, 98% ee

Scheme 1.13 Michael addition reaction investigated by Wang and co-workers [86].

+ El
route A

route B

route C

Scheme 1.14 Proposed transition-state variants of the bifunctional activation mechanism [86,87].
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Although the presented computational findings concerning the bifunctional thioureabased organocatalysis are generally in agreement with the experimental studies, they
indicate that the comprehensive mechanistic picture might be the combination of at least
three closely related mechanisms (Scheme 1.13). Preference of a single mechanistic
scenario for a catalyst and a given pair of reactants is determined by noncovalent
interactions between the components. Accordingly, their identification and in-depth
understanding is essential for the rational design and enhancement of catalytic systems [87].
1.3.4 Hydrogen Bond Strength Amplification
While the potential associated with urea and thiourea derived bifunctional Brønsted
base catalysts have proven in a variety of synthetically relevant reactions [17,20], some
internal weaknesses must be treated before the widespread industrial application of these
catalysts would become conceivable. Low catalyst turnover, limited reaction scopes and
high catalyst loading are the typical challenges for catalyst design [88]. A possible
mechanistic reason leading to these issues is that the electrophilic partner and the
Brønsted-base-activated nucleophile must compete for the same hydrogen-bond-donor
sites in of the catalyst [89]. This hypothesis is supported by the existence of the three
parallel activation mechanisms introduced in Section 1.3.3. On routes B and C the
electrophile is activated via only one hydrogen bond donors, thus its level of activation
might be poor. One strategy to address the limitations includes the development of
enhanced hydrogen-bonding (more acidic) structures. Reactions catalyzed by more
potent thioureas may benefit from lower catalyst loadings, improved enantioselectivity,
and expanded substrate scopes.
In 1990, Etter and co-workers reported co-crystallization experiments with diarylurea
derivative 46 (Figure 1.8), and found that it has the ability to form co-crystals with
hydrogen-bond acceptors. They suggested that two weak hydrogen bonds between the
ortho-protons of the phenyl rings with the central carbonyl group lower the affinity of
self-association and benefit the coordination of other guest molecules [90].

46

55

Figure 1.8 (Left) Hypothesised formation of internal weak hydrogen bonds in catalyst 46 [90]. (Right)
Coordination of the carbonyl oxygen to the internal Lewis acid in catalyst 55 [91].
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In a subsequent work of Wilcox et al. reported their experiments on thiourea derivatives with electron-withdrawing substituents [92]. They found that para-nitro substitution
leads to stronger 1:1 complexation than having nitro groups in the meta-position, which
was in contrast to the hypothesis of Etter. Nonetheless, the original theory inspired
Smith et al. in their catalyst design strategy towards improved acetate binding affinity
[93]. They demonstrated that urea polarization can be dramatically enhanced if the
ortho-hydrogen atom was substituted with a stronger Lewis acid. Several organoboron
analogues were synthetized and characterized by them, and ortho-substituted derivative
55 was proven to bind acetate with exceptional affinity. According to their measurements, the ortho-substitution increases the acetate binding ability of the urea host in
DMSO by up to 3 kcal/mol in free energy.
This concept was implemented by Mattson and co-workers [88] for internal Lewis
acid assisted hydrogen bond donor catalysis. They realized that the strategic placement
of the internal Lewis acid allows for the effective activation of weak electrophiles, and
the tunable nature of these ureas enables new perspective for rational catalyst design. Its
relevance demonstrated in the nucleophilic addition of indole to β-nitrostyrene, where
catalyst 56 showed 10-time enhancement in reaction rate with respect to that of the
catalyst 47 (Scheme 1.15). In a follow-up study they applied catalyst 56 highly efficiently
in O-H and S-H insertion reaction of α-aryldiazoacetates [91].
catalyst (5 mol%)
CH2Cl2, 23°C, 24 h
CF3CH2OH

56

47

kobs = 3.3 · 10-5 s-1

kobs = 3.6 · 10-4 s-1

Scheme 1.15 Catalyst 56 with coorindating internal Lewis acid showed better performance than the
conventional catalyt 47 in the tested nucleophilic addition reaction [91].

An interesting variant of Lewis acid assisted hydrogen bond donor catalysis was
reported by Waymouth et al., where the authors carried out the rapid and selective ringopening polymerization of L-lactide with a combination of alkoxides and thioureas [94].
According to their computational investigation, the reaction follows a bifunctional
catalytic mechanism whereby the formed thioimidate activates the carbonyl of the
monomer and the alcohol initiator/chain end (Scheme 1.16). The underlying concept of
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transforming neutral hydrogen bond donor catalysts to potent bifunctional catalysts
might be useful for the activation of protic pro-nucleophiles and electrophiles.

CH2Cl2 or
THF, 25°C
M = Na, K

Scheme 1.16 Ring-opening polymerization of L-lactide catalysed by anionic thioimidates. Thioimidates
were generated in situ by deprotonation of neutral thiourea [94].

1.3.5 Advances in Cooperative Catalyst Design
Regarding the successful application of internal Lewis acids, one would also expect
catalyst enhancement via the introduction of internal hydrogen bonds [95] with the
central urea/thiourea units.
The strength of such cooperative effect [96] was computationally estimated by Guo
and Salahub in 1998. Density functional calculations revealed a large cooperative effect
induced by the interaction of anions with a peptide hydrogen bond network. For neutral
ligands the cooperative effect, estimated as the difference between association energies
of cooperatively assisted and unassisted systems, is about 1-2 kcal/mol at BP/DZVP
level. In contrast, the differences are larger for the cases involving negatively charged
groups. These results are found to be quite insensitive to the nature of the bound anions,
but highly sensitive to the involvement of additional coordinating solvent molecules.
Yet, the cooperative effect is calculated to be 2-4 kcal/mol in these systems.
Ganesh and Seidel hypothesized that a more active catalyst may be generated by
replacing the commonly used 3,5-bis-trifluoromethylphenyl group with a protonated
substituent (e.g. pyridine) [97]. With catalyst 58, they indeed observed substantial rate
acceleration and even slight improvement in enantioselectivity (with respect to catalyst
57) for the addition of indole to β-nitrostyrene (Scheme 1.17). In their mechanistic
rationale, the pyridinium subunit was expected to engage in an intramolecular N-H-S
hydrogen-bonding interaction, analogously to the C-H-S hydrogen-bonding interaction
reported by Etter, resulting in structurally similar catalysts.
Smith et al. [98] reasoned that by analogy with ligand-protein binding, a series of
mutually reinforcing noncovalent interactions, including hydrogen bonds, could be
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exploited in the design of new catalyst structures. These structures would benefit from
the cooperativity that could result in ligand binding with enhanced strength. Furthermore, the enthalpic contribution from intramolecular noncovalent interactions could
induce folding toward a structure capable of tighter binding, hence, resulting in greater
stabilization of transition states.
catalyst (20 mol%)
CH2Cl2

58

57

192 h, 32% ee

3 h, 46% ee

Scheme 1.17 Addition reaction of indole to β-nitrostyrene mediated by catalyst 57 or catalyst 58 [97].
59 AND 60
(1-1 mol%)
48 h, -40°C
toluene

59

generates (S)-product (>99% ee)

60

(S)-product, 93% ee

generates (R)-product (95% ee)

Scheme 1.18 Competition experiment on the Mukaiyama-Mannich reaction mediated by catalysts 59 and
60 simultaneously [98].

Following this notion they synthesized internally activated catalyst 59. The performance 59 was tested in mediating the asymmetric Mukaiyama-Mannich reaction, and
could generate (S)-product with over 99% ee (Scheme 1.18). In control experiments
catalyst 60, which lacks intramolecular cooperative hydrogen bonds, generated (R)28
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product with 95% ee. To probe catalyst efficiency rather than asymmetric induction, they
conducted competition experiments on the same reaction, which resulted in 93% ee for
the (S)-product. This indicated well that catalyst 59 significantly outcompetes catalyst 60.
The concept of hydrogen bond strength amplification via cooperative hydrogen
bonds was exploited by the group of Pihko in the design of new catalysts. We participated in the mechanistic investigation of Mannich reactions mediated by a particularly
effective member of this set of cooperative catalyst [2]. The related results are discussed
in detail in Chapter 4.
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ωB97X-D/6-311++G(3df,3pd)//
ωB97X-D/6-311G(d,p)

electronic
energy

ωB97X-D/6-311G(d,p)

Gibbs free energy
correction (T = 298.15 K,
c = 1 mol/dm3)

solvation correction
(SMD, singlepoint)

CHAPTER 2

2.1 General Theoretical Approach
Owing to the immense progress in theoretical methods and exponential increase of
computing capacity, computational chemistry emerged to the stage where it can be
routinely applied (alone or cooperatively with experiments) to provide better understanding of chemical processes [99]. Potentially, it is able to generate data from which one
may gain insight, and thereby rationalize the observed behavior of various systems.
However, with the numerous computational tools available, each of which has its
inherent strengths and weaknesses, the appropriate choice of methods and careful
analysis of the results is essential for the meaningful interpretation of chemical
phenomena [100,101]. Accordingly, we intended to acquire structural and thermochemical data (1) by reliable and affordable computational methods applied (2) on relevant
molecular structures, followed by (3) careful analysis and critical quality assessment.
Following the generally employed computational modelling technique of organocatalytic reactions [21], we employed density functional methods in the framework of the
Kohn–Sham theory and identified key stationary points (minima and first order saddle
points) on the zero kelvin gas phase ground state Born-Oppenheimer potential energy
surface (PES). All stationary points on the PES were located via full geometry optimizations. For each located structure, we calculated the analytical second derivatives with
respect to the nuclear coordinates to verify the nature of the obtained stationary points
(energy minimum or transition state) and also to estimate the thermal and entropic
contributions. These quantities were estimated within the typically used ideal gas rigid
rotor-harmonic-oscillator approximations [100] for T = 298.15 K and c = 1 mol/dm3
conditions. Although the geometry optimizations, harmonic frequency and solvationcorrection computations were carried out using the commonly applied triple-ζ basis set
6-311G(d,p), electronic energies were calculated on a significantly larger basis set
6-311++G(3df,3pd) with additional polarization and diffuse functions mainly to reduce
the basis set superposition error. To ensure accuracy and smooth convergence in
numeric integrations for every calculation the relatively large ultrafine grid, consisting of 99
radial shells and 590 angular points per shell, was used. For further details on the utilized
DFT methods, see Section 2.2.
Transition state structures were subjected to intrinsic reaction coordinate (IRC)
calculations [102] to identify the intermediates they connect. In the course of these
analyses, the minimum energy pathways from the TS geometries were followed in either
forward or reverse directions in mass-weighted Cartesian coordinates. Thereby we
identified the minima related to these TSs.
The investigated reactions discussed in this thesis are usually carried out in moderately
polar, aprotic solvents without the explicit participation of solvent molecules. For this
reason, the solvent effects were taken into account with the SMD continuum solvation
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model of Cramer and Truhlar [103]. The solvation free energy is predicted as a sum of
two main components. The bulk electrostatic contribution arises from the interaction
between the homogeneous medium with a given permittivity and the investigated species
inside its molecular-shaped cavity. It is calculated self-consistently in terms of the
integral-equation formalism polarizable continuum model (IEF-PCM). The second
component involves short-range interactions between the solute and solvent molecules
in the first solvation shell.
The complex PES of the molecular models (both intermediates and TSs) in the
presented studies required special consideration and treatment. Certain conformational
possibilities allowed systematic exploration by manual geometry alteration or by
constrained optimization with keeping chosen geometrical variables fixed and allowing
the remaining degrees of freedom to relax. In some cases a series of separate, constrained optimizations was performed with incrementally changing the fixed variable to
map a relevant section of the PES. These calculations are referred to as PES scans. Other
conformational features were treated by automated molecular conformational analysis based
on Monte Carlo sampling. This method is discussed in detail in Section 2.3.
Throughout this dissertation, Gibbs free energy (in some cases shortened to free
energy) values correspond to solution-phase Gibbs free energies that are based on
electronic energies obtained on the larger basis set 6-311++G(3df,3pd) and all additional
terms obtained on the smaller basis set 6-311G(d,p). Considering the 2-3 kcal/mol
estimated error of the utilized DFT functionals (Section 2.2), the empirical ingredients of
the SMD solvation model and the approximations employed in the calculation of gasphase thermal energy and entropic contributions, the estimated error bar on the Gibbs
free energies is about 3-4 kcal/mol. All conclusions from the performed DFT computations were drawn in the light of these uncertainties.

2.2 Density Functional Methods
After the seminal works of Houk and coworkers, [31-35] Kohn-Sham density functional theory based methods became widely applied in theoretical mechanistic studies
concerning organocatalytic transformations. Central element of this approach is the
theory that ground state properties of a system of electrons in an external field can be
determined from the electron density distribution alone. Moreover, the total energy of
the system can be divided into separate terms such as kinetic and Coulomb energies, and
the exchange-correlation energy. In principle, Kohn-Sham DFT delivers the exact
density and exact total energy of any interacting, correlated electronic system. However,
this approach hinges on the exchange-correlation functional, the explicit expression of
which is not known [104,105]. Many efforts have been made to find exchange33
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correlation functionals that can provide comparable results to those of costly higherorder ab initio calculations, often based on parameter fitting to large datasets. The main
drawback of this approach is the inability to systematically improve the results towards
the exact solution. In spite of this, the success of modern DFT methods is unequivocal
and it is due to the fact that even the relatively crude approximation of the exchangecorrelation functional can provide quite reasonable results with low computational
cost [100].
The widely used B3LYP hybrid functional [106] was proven to be adequate approximation for the mechanistic study of small systems. It provided reasonable geometries
and energies for hydrogen-bonded structures. However, benchmark studies revealed that
it ultimately fails for the description of dispersion interactions and the inappropriate
treatment of medium-range correlations underestimates the stability of larger molecules [107,108]. As noncovalent interactions are expected to be crucial in our studied
systems, in the course of our work we employed the more modern functionals
ωB97X-D and M06-2X. These functionals incorporate explicit or implicit corrections for
dispersion and give more reliable geometries and energies [109].
The long-range corrected hybrid density functional ωB97X-D was suggested by Chai
and Head-Gordon [110] for systems where noncovalent interactions are expected to be
significant. It includes full Hartree-Fock exchange only for long-range electron-electron
interactions and the practically zero cost D2 empirical dispersion potential. In a
benchmark study of Stefan Grimme this functional was ranked as promising with a
weighted total mean absolute deviation of 2.5 kcal/mol [111].
The hybrid-meta exchange-correlation functional M06-2X of Zhao and Truhlar [112]
is a member of the M06 family (Minnesota) functionals. It was parametrized on metal
free systems for main group thermochemistry, thermochemical kinetics, noncovalent
interactions and excited states. It includes nonlocal Hartree-Fock exchange energy with a
percentage optimized along with the parameters. In the same benchmark study of
Grimme the M06-2X functional performed with a weighted total mean absolute
deviation of 2.2 kcal/mol [111].

2.3 Conformational Analysis
Accurate thermodynamic-kinetic description within the context of transition state
theory necessitates the identification of the global minima of a given intermediate or TS
on the PES. The treatment of this problem is especially important in the study of multiatomic organocatalytic molecules with hundreds of conformers in a several kcal/molwide energy window.
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The protocol we applied for conformational analysis follows the general scheme
described by Saunders et al. [113] in their seminal work. The algorithm starts with guess
conformer generation, in which the program produces new geometries and their
structures are optimized in low-cost molecular mechanics (MM) energy minimization.
The resulting structure and corresponding MM energy is then compared with that of the
previously found conformers. The new structure is accepted and stored, if it is proven to
be unique and energetically low-lying.
In the discussed theoretical studies, we applied the beneficial combination of Monte
Carlo Multiple Minimum (MCMM) and Low-Mode Sampling (LMOD) methods. In MCMM
searches [114], the bond torsions are rotated by random increments to generate new
structures. The high level scaling of this method draws a boundary at 10-15 for the
number of torsions involved in the new geometry production, but due to the stochastic
nature it is very effective in locating conformers, even at large distances on the PES. The
LMOD method [115] of conformational searches changes the geometry along lowfrequency vibrational modes of the initial structure in order to locate new minima. This
algorithm is particularly effective for automatized analysis of large, distinct molecules.
This method is only effective in the search of local minima on the PES with relatively
low interconversion barriers. Despite the higher computational cost, we decided to use
the hybrid method of Mixed Torsional/Low-Mode Sampling (MTLMS), because it usually
provides the most number of lowest energy conformers [116,117].
Our conformational analysis used the 2005 version of the Optimized Potentials for Liquid
Simulations (OPLS_2005) [118] as parametrized force field for describing bonding and
nonbonding interactions as well. Initial tests indicated that electrostatic interaction
contributions have significant impact on the efficacy of the analysis and it can be
enhanced by the introduction of electrostatic potential (ESP) derived partial atomic
charges. Conformational search was carried out not only for reaction intermediates, but
also for transition states with a minimal number of constraints applied for internal
coordinates (e.g. distances, torsions) that were derived from preceding DFT calculations.
For each case several, at least a dozen, structurally distinct conformers were selected for
geometry optimizations, which were carried out via DFT calculations.

2.4 Ab Initio Methods
Wave function based ab initio quantum chemical methods have the advantage of
providing improvable accuracy for electron correlations without empirical data-based
assumptions. For example, the CCSD(T) coupled-cluster method includes single and
double excitations and is augmented with perturbative triples, and its accuracy is
generally enhanced by extrapolation to the complete basis set limit (CBS). Due to its
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versatility and widespread use, the CCSD(T)/CBS approach is often considered as the
gold standard of single reference quantum chemistry [119]. Nevertheless, these techniques
often demand immense computational cost (including time, memory, and disk space)
because of the unfavorable scaling with the system size. Recent developments of
computational methods however, enable us to perform electron correlations calculations
routinely with an estimated accuracy of units of percent [120].
Standard ab initio quantum chemistry methods employ a set of canonical orbitals that,
in general, are delocalized and extend over an entire molecule. Thereby essentially all
orbitals make a small contribution to the wave function for a specific part of the
molecule. As the single-determinant wave function is invariant to unitary transformations among the occupied orbitals is composed of, a set of more localized orbitals is
responsible for the same electron correlation effects. In this case the contribution of
distant orbitals can be neglected or approximated, which accelerates the computations.
In our work we employed a low-order scaling, local natural orbital CCSD(T) (denoted
as LNO-CCSD(T)) method [121]. The accuracy of the utilized local correlation
approximations was assessed by performing parallel computations with increasingly
tighter correlation threshold settings. We found that the pre-defined very tight threshold is
sufficiently accurate (within 0.1 kcal/mol) for our purpose. The LNO-CCSD(T)/CBS
energies were computed from calculations on the aug-cc-pVTZ (TZ) and aug-cc-pVQZ
(QZ) basis sets [122] as a sum of the extrapolated CBS limits of the Hartree-Fock and
correlation energies. CBS limit of the Hartee-Fock energy (EHFCBS) is extrapolated with
Equation (1) that is derived from the formula of Karton and Martin [123].

(2)

(1)

where EHFTZ and EHFQZ are the Hartree-Fock energies on TZ and QZ basis sets
respectively. CBS limit of the correlation energy (EcorrCBS) is extrapolated with Equation (2) [124]

(2)

(2)

where EcorrTZ and EcorrQZ are the correlation energies on TZ and QZ basis sets respectively.

36

COMPUTATIONAL METHODOLOGY

2.5 Reaction Kinetics
Kinetic studies in the field of organocatalysis provided a considerable portion of
information on a range of reaction classes and catalysts. They can also be applied to
assess the accuracy of the computationally acquired model of reactions. The connection
between the energy-focused description by quantum chemistry and the reaction ratebased portrayal of reaction kinetics is usually accomplished with the semi-classical
transition state theory (TST). Within the context of TST, the rate constant k1 for the
formation of a single product at temperature T can be expressed as in the Eyring-Polányi
equation (Equation (2)), where ΔG‡1 is the Gibbs free energy barrier of product
formation, kB is the Boltzman constant, h is the Plank‟s constant, κ is the transmission
coefficient and R is the gas constant.

(2)

(3)

This theory works under the assumption that equilibrium energy distribution among
all possible quantum states happens at all points along the reaction coordinate, and
thereby the process follows the Maxwell-Boltzmann statistics. With the common
approximation of κ ≈ 1 we also assume that all molecules that pass from the reactant
over the TS go on to the product and it follows the minimum energy path on the PES,
thus neglecting the kinetic energy of the system. The enantioselectivity of a kinetically
controlled reaction is given by the ratio between the rate constants towards enantiomers
R and S. Within this framework the enantiomeric ratio (er) can be directly expressed with
the difference between the activation free energies on the two pathways (Equation (4)).

(3)

(4)

The enantioselectivity of organocatalytic reactions is usually described by the enantiomeric excess (ee) of the major product, which is defined by Equation (5). This
practically means that enantiomeric excess of 0%, 90%, 95% and 99% correspond to the
enantiomeric ratios 1:1, 95:5, 97.5:2.5 and 99.5:0.5, respectively [125].

(3)

(5)

37

CHAPTER 2

2.6 Applied Software Packages
All DFT calculations were carried out with the Gaussian 09 package (releases C.01 and
D.01) [126]. Initial geometries were created, inspected and analyzed with GaussView 6
[127] and Molden 4.6 [128]. We applied the CHELPG program [129], implemented in
Gaussian, for obtaining ESP partial atomic charges. All automatized conformational
analyses were performed with the MacroModel software [130] in the Schrödinger program
suit. We used the MRCC program [131] for LNO-CCSD(T) coupled cluster benchmark
computations. Kinetic simulations and parameter fitting studies were carried out with the
COPASI software [132].
Molecules and electron densities were depicted with Cylview [133] and VMD [134]
programs. Molecular contact surfaces were visualized with NCIPlot software [135].
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3.1 Introduction
Michael reactions between linear aldehydes and nitro olefins have huge potential in
organic synthesis, because they can lead to the formation of up to three adjacent
stereocenters, and the synthetic versatility of the nitro group in the final adducts opens
the way for the preparation of many valuable functional groups [58]. Organocatalytic
versions of these additions also became main objects for assessing the performance of
new catalyst architectures in enamine activation and stereoinduction [93]. A specific
variant of this transformation, mediated by the diarylprolinol ether (Hayashi-Jørgensen)
catalyst, was the subject of intense mechanistic efforts to elucidate the origin of its
particularly high stereoselectivity [97].
In their pioneering mechanistic study Seebach and Hayashi and co-workers revisited
[136] the mechanistic model of the reaction and identified key intermediates of the
catalytic cycle (Scheme 3.1). According to their mechanistic proposal catalyst cat
generates enamine en with aldehyde ald. Enamine en then readily reacts with the
electrophile β-nitrostyrene ns, and forms iminium nitronate zw. The zwitterionic
intermediate zw can be protonated by the present Brønsted acid HA. They hypothesized
that protonation leads directly to iminium im, then this species can release product prod
via hydrolysis. They also described the formation of two additional intermediates. First,
cyclization of reactive zwitterion zw generates stable cyclobutane derivative CB, which
can undergo ring opening back to the zwitterion. Second, im can convert to the
identified product enamine species pen via deprotonation. In their mechanistic model
CB and pen merely considered as parasitic, off-cycle species of the catalysis.
Various acid additives were tested and a direct correlation between pKa and efficiency
was described, and the authors suggested the application of p-nitrophenol as it provided
the best results: complete conversion could be attained after 15 min reaction time
without loss of selectivity (99% ee). To evaluate the versatility of the Michael reaction
they investigated a range of aldehydes and nitro alkenes. Sterically demanding substituents in the substrates hampered the formation of the Michael adduct, even in the
presence of p-nitrophenol, e.g. no product formation was observed in the propanal+3,3dimethyl-1-nitrobut-1-ene and 3-phenylbutanal+nitrostyrene reactions. Nevertheless, the
corresponding CB derivatives were still observed in minutes in the presence of acid.
Kinetic experiments clearly demonstrated that the acid additive accelerates 1) the
formation of enamine, 2) the addition of enamine en to nitro olefin ns, and 3) the
conversion of the CB to pen and then to product prod [94]. These results pointed to
the conclusion that CB is the resting state of the catalytic cycle and sequesters the
catalyst under reaction turnover. However, it is linked reversibly to its precursors (en and
ns) and the reactive zwitterion zw. In their concept, protonation of zw was suggested to
be the “most important”, rate determining step of the product formation.
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In a parallel work Blackmond concluded [137] that high stability of cyclic species (also
called downstream intermediates) is beneficial to the high selectivity in cascade reaction
sequences when this reaction is featured as the first cycle. Nevertheless, the role of these
downstream intermediates in the high selectivity of the original Michael reaction
remained unresolved. Kinetic investigations of the Michael addition monitored by
reaction calorimetry revealed zero order in both substrate concentrations and implied
that the rate-determining step occurs in the cycle after addition of both substrates and
the resting state of the catalyst contains both substrates.

prod
cat

ald

generally
applied
HA acids

en

pen

im

p-nitrophenol
pnp

downstream
intermediates

ns

or
H2O

zw

OO

CB

Scheme 3.1 Proposed mechanisms for the conjugate addition of aldehydes to nitro alkenes by enamine
catalysis. Species in brackets have not been identified with spectroscopic methods.

Additional experiments with added water showed that the rate is not effected substantially, thereby supported that hydrolysis to form the product is unlikely to be ratedetermining. They also proposed [138] an alternative catalytic pathway directly from CB
to pen. Blackmond argued that considerable loss in reactivity of α-branched isobutyraldehyde with respect to propanal is difficult to explain solely by steric differences arising
from the exchange of hydrogen for a methyl group. According to their suggested
mechanistic model, the deprotonation of the resting state CB and a subsequent
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protonation give product enamine pen. This pathway would not be accessible for αbranched aldehydes due to the lack of α-protons.
Pápai, Pihko and co-workers presented [139] a model derived from a combination of
computational and experimental studies. Following the suggestions of Seebach, Hayashi
and Blackmond, they concentrated on the downstream intermediates formed in the
Michael addition step. Initial computations focused on the C-C bond formation step and
clearly indicated the direct formation of the [4+2] cycloaddition product dihydrooxazine
oxide OO instead of the previously expected zw and CB. The predicted stability of this
intermediate was comparable to that of CB, and the computed barrier heights would
allow rapid interconversion between them. Experimental study on the reaction progress
showed a second intermediate that appeared to be formed and consumed contemporaneously with CB, thus indicating that these species are linked together and likely
involved in a rapid equilibrium. This species was confirmed to be OO by 2D-NMR
(COSY, NOESY, HMQC) experiments. Further computational analysis was conducted
to gain insight into the protonation step of the catalytic cycle in the presence of
p-nitrophenol pnp co-catalyst. According to the results the protonation most likely
occurs on the OO species. The free energy barrier of this transformation was calculated
to be 20.9 kcal/mol, which was consistent with the observed reaction rate. Moreover the
computations indicate that a significant portion of activation energy is allocated by the
ring opening. They demonstrated that relative stabilities of CB and OO are strongly
influenced by the substituents of aldehyde and nitro alkene. In the case of methylated
nitrostyrene the formed corresponding OO species was more stable and practically no
CB could be detected. Due to the increased stability of OO the reaction required the
addition of acid co-catalyst to complete.
3.1.1 Previous Stereoselectivity Models
As the sterically demanding silylated moiety lacks hydrogen-bond donor functional
groups, stereocontrol in the Hayashi-Jørgensen-catalyst promoted reactions might be
interpreted via the steric shielding model (Scheme 1.6). Further guidelines for the ideal
facial approaches of the reactants, the Seebach-Golinski topological rules [140], are also
generally applied with success for predicting the diastereomeric outcome of the reaction.
This combination of models, simply referred to as steric shielding model [136,141], implies
that the stereoselectivity is governed by the steric preferences operating in the C-C bond
formation. The model assumes kinetic control for the reaction and thereby implicitly
states that subsequent steps in the catalytic cycle have practically no impact on the
stereoselectivity. Scheme 3.2 demonstrates the practice of these two models on the
Michael reaction between propanal and nitrostyrene, which is in perfect accordance with
the experimental findings.
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The validity of the steric shielding model was also supported by two computational
mechanistic studies. Shinisha and Sunoj performed DFT calculations for a MichaelMichael-aldol triple cascade organocatalytic reaction which starts with the reaction
between propanal and nitrosytrene [142]. The calculations for C-C bonding transition
states were carried out at the B3LYP/6-31G*//ONIOM2(B3LYP/6-31G(d):AM1) level
of theory, where the bulky sidegroup was treated with the semiempirical method AM1.
They concluded that the predicted stereoselectivities are in perfect concurrence with the
experimental observations, as the activation energy towards the major product prodRS is
indeed lower than that of its enantiomer (prodSR) by 6.5 kcal/mol. Zhao and Gan also
performed DFT calculations on the Michael-addition step at B3LYP/6-31G(d) level of
theory [143]. They also found clear preference for prodRS. Energy difference between
the lowest lying (R,S) and second lowest lying (S,R) transition states is 4.7 kcal/mol,
which is in good agreement with the experimental result.

steric shielding

topological rules

experiment

preference for
(R,R) and (R,S)

preference for
(R,S) and (S,R)

major product
(R,S)

Scheme 3.2 Graphic presentation of the steric shielding model and the Seebach-Golinski topological rules
[140] on the scrutinized Michael addition reaction.

In contrast to the above arguments, an alternative stereoselectivity model was introduced by Blackmond and co-workers [138]. Although the stereocenters are established in
the C-C bonding step, kinetic studies suggest that the subsequent protonation is
turnover-determining in the catalytic cycle. In their view, the stereoisomeric downstream
intermediates can rapidly interconvert, and the product ratio is actually dictated by the
relative rates of their protonation. Thereby any stereochemical bias towards certain
enantiomers in the Michael-addition transition states would be inconsequential.
Accordingly, this model is referred to as the Curtin-Hammett scenario, because the
stereoselectivity solely depends on the relative stability and reactivity of the equilibrating
intermediates. Observation of fast equilibrium between them would provide support for
this theory. Unfortunately, the minor diastereomeric intermediate species have thus far
escaped experimental detection, perhaps due to their low relative stabilities and, hence,
low concentrations.
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The postponed stereocontrol in Michael reactions catalyzed by the Hayashi-Jørgensen
catalyst found support from mass spectroscopic studies by Pfaltz and Wennemers [144].
In their study, the forward and back reactions gave rise to different enantioselectivities
when they were carried out under identical reactions conditions (temperature, solvent
and concentrations), and the authors concluded that this result is not consistent with the
C-C bond formation step acting as stereoselectivity-determining.
The introduced stereoselectivity models are illustrated in Figure 3.1 in terms of
qualitative free energy diagrams. For the sake of simplicity, the catalytic cycle is
represented only by the two consecutive steps related to C-C bonding (TS1 and TS1’) and
protonation (TS2 and TS2’) towards the major the minor (primed labels) product.
minor
(a)

major

steric shielding model
TS1’

ΔG

ΔΔG1‡

TS1

TS2’

TS2
reactants
I’
I

P’

(b)

P

Curtin-Hammett scenario
TS2’

ΔG

TS2

ΔΔG2‡

TS1’

TS1

reactants
I’

P’

I

P

Figure 3.1 Stereoselectivity models, proposed in the literature, represented by two steps for simplicity.
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In this representation the two steps formally include all other mechanistically relevant
processes. It is apparent that these two schemes are in sharp contrast regarding the
governing factors, and they dictate different approaches in catalyst design. While the
steric shielding model (with the topological rules) provides a relatively simple way of
controlling stereoselectivity through the C-C bonding transition state, the CurtinHammett scenario necessitates the simultaneous regulation of downstream intermediates
in both stability and reactivity.

3.2 Computational Investigation
In our work, we re-examined the C-C bond formation TSs for the same reaction
using a more advanced approach that (a) is capable to deal with dispersion interactions
known to be essential to capture stereoselectivity effects, (b) takes into account thermal
and entropic contributions as well as solvent effects, and (c) considers and scrutinizes
the increased complexity of conformational space in the molecular model. All these
methodological aspects were asserted to be important to obtain reliable relative free
energies and provide meaningful predictions [125]. For this work, we decided to apply
the ωB97X-D functional, because in a related study, it has already proven to be capable
of providing reasonable results [139]. Furthermore, we explored the diastereomeric cyclic
intermediates formed on the parallel pathways (Scheme 3.3) and analyzed their
interconversion as well. The effect of an acid co-catalyst (pnp) on the energetics of these
processes was explored. This extended molecular model allowed us to examine the
protonation step of the catalytic cycle, so the controversial issue concerning the opposed
stereoselectivity models could be addressed as well.

(R,S)

(S,R)

(R,R)

(S,S)

Scheme 3.3 The four product isomers formed in the reaction between propanal and β-nitrostyrene.

3.2.1 Enamine Isomers
Conformational aspects of enamine en were examined computationally beforehand.
This pertinent species is generated from propanal ald and the catalyst cat in a rapid
condensation reaction [138], and considered as the HOMO-activated derivative of the
reactant aldehyde. A series of conformational analyses was carried out for the four
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possible isomers (Figure 3.2). Constrains regarding the ene part, which enabled separate
analysis of each variant. DFT calculations pointed to clear preference of the E-s-trans
structure, due to the lack of unfavorable steric interactions with the catalyst moiety,
which cause 2.0-6.4 kcal/mol destabilization in all three alternatives. This is in concordance with experimental studies based on X-ray [145] and NMR [146] spectroscopy
characterization and previous computations [142,143,147]. In addition, the thermodynamically most favored isomer of displays the same conformations regarding the
puckering of the pyrrolidine ring (down conformation) and the orientation of the bulky
side group (sc-exo conformer). This is in perfect agreement with the findings of solutionphase NMR measurements reported by Gschwind et al. [146b]
sc-exo

E-s-trans

down

E-s-cis

(0.0)

(2.0)

Z-s-trans

Z-s-cis

(2.5)

(6.4)

Figure 3.2 Structures of four most stable enamine isomers relevant in the present reaction. Relative
energies of isomers (in kcal/mol units) are written in brackets. Pyrrolidine ring and OTMS group
conformations are labelled according to the notation used by Gschwind [146b].

While these features are common in the conformers presented in Figure 3.2 as well,
we intended to examine the conformational rigidity of these species. Not only because
the enamine is viewed as the key intermediate in this organocatalytic activation, but also
to gain further insight into the possible conformational limitations, which might
influence conformational analyses of other intermediates as well. Our analysis indicate
that the rotation of the bulky group is kinetically feasible (estimated barrier height is 11
kcal/mol), and free energy differences between the most stable sc-exo, sc-endo and ap
conformations are small (0.0, 1.0 and 1.1 kcal/mol respectively). We assumed that this
rotational flexibility is likely inherited in other stages of the reaction; therefore no
restriction was applied for this degree of freedom. Similar conclusions were drawn for
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the puckering of the pyrrolidine ring. The formation of the propanal-enamine is
calculated to be nearly thermoneutral (ΔG = −0.5 kcal/mol considering the most stable
forms of reaction components), which is consistent with the equilibria observed
experimentally for related stoichiometric reactions [136].
3.2.2 Michael-addition step
Extensive conformational analyses were carried out for the various C-C bond formation transition states leading to the four nitro aldehyde product stereoisomers
(Figure 3.3). In these explorations, the facial approach of the prochiral ns and en was
constrained, the distance between the reacting carbon atoms was fixed to 2.0 Å and all
other structural parameters were free to vary. This technique allowed us to identify
several alternative C-C bonding transition state structures with large conformational
diversity.

TSCCRS (16.2)

TSCCSR (18.0)

TSCCRR (18.5)

TSCCSS (19.6)

Figure 3.3 Most favored C−C bond formation transition states identified along the four pathways.
Relative stabilities are given in kcal/mol with respect to the reactant state (ald + ns + cat).

47

CHAPTER 3

We paid special attention to the most favored geometries (in a 2 kcal/mol wide free
energy window) related to each product. They portray a clear preference for E-enamines
over their Z-isomers in the transition states, and the electrophile ns preferentially
approaches from the unhindered face of the corresponding enamine with gauche
arrangement of the two double bonds, where the NO2 group lies in close proximity to
the pyrrolidine nitrogen atom [148]. These structural characteristics basically reflect the
main ingredients of the steric shielding model including the Seebach-Golinski topological
rule.
Comparison of these TS conformers with the corresponding enamine structures
indicates that the pyrrolidine ring and the bulky substituent can undergo energetically
beneficial conformational changes upon the addition. This underlines the importance of
performing extensive conformational analysis for a decisive picture for stereoselectivity.
These aspects of conformational complexity were disregarded in previous computational
studies [142,143], and indeed we find that the TSs identified in our present work do not
fully match with those reported earlier. For further discussion on the importance of the
treatment of conformational complexity, see Sections 2.3 and 3.3.
Although the free energy differences are far less pronounced than those in previous
computations [142,143], the derived stereoselectivity from the free energies of C-C bond
formation transition states with Equation (4) is still in qualitative agreement with
experimental findings.
Considering the obtained data, the ΔΔG1‡ = 1.8 kcal/mol computed for the free
energy difference between the TSCCRS and TSCCSR transition states gives ee = 91% for the
enantiomeric excess, which is in reasonable agreement with experiment (ee = 99%). We
also considered the influence of multiple transition states on the predicted enantioselectivity (applying Boltzmann weighting), but it practically does not change the
enantiomeric excess (ee = 90%).
3.2.3 Cyclic Intermediates and Their Interconversion
The outcome of C-C bond formation and the downstream intermediates were explored with the combination of IRC computations and independent conformational
analyses. In line with previous DFT computations [139] on the subject, C-C bond
formation on the (R,S) and (S,R) pathways leads to spontaneous ring closure and the
formation of cyclic species OORS and OOSR (Scheme 3.4). IRC calculations revealed
asynchronous concerted mechanism for these steps; the ring closure (C-O bond
formation) lags behind the C-C bonding along the reaction coordinate. The obtained
OORS species can easily transform into more stable cyclobutane CBRS via zwitterion-like
transition state. In a similar fashion, OOSR can convert to the corresponding CBSR, but
both intermediates are calculated to be notably less stable (4.2 kcal/mol and 2.1 kcal/mol
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respectively) than their (R,S) analogues. The predicted relative stability of CBSR
(-6.0 kcal/mol) is between that of the experimentally already identified CBRS
(-8.1 kcal/mol) and OORS (-4.0 kcal/mol).

(R,S) pathway

[11.9]

[16.2]

OORS (-4.0)

(S,R) pathway

CBRS (-8.1)

[13.6]

[18.0]

OOSR (0.2)

(R,R) pathway

CBSR (-6.0)

[12.5]

[18.5]

CBRR (-2.8)

(S,S) pathway

OORR (-1.2)

[14.0]

[19.6]

CBSS (-1.5)

OOSS (1.3)

Scheme 3.4 Cyclic intermediates formed along the four pathways in the reaction. Relative stabilities of
their most stable conformers are given (in parenthesis) with respect to the separated reactants (cat + ald +
ns) in kcal/mol units. Data shown in square brackets on the arrows refer to relative stabilities of C-C bond
formation and interconversion transition states (also with respect to the separated reactants).

In contrast to the previous two routes, according to IRC computations, the Michael
addition step on the (R,R) and (S,S) pathways give high-lying zwitterionic intermediates
zwRR and zwSS (10.4 and 11.2 kcal/mol respectively) [149] after the C-C bond formation,
although they can easily (via 1.1 and 2.2 kcal/mol barriers) convert to the related CB
states (Figure 3.4). These zwitterionic intermediates can be regarded as transient (short49
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lived) intermediates along the reaction coordinates. Our computations indicate that both
CBRR and CBSS can transform into the corresponding OORR and OOSS species via
relatively low barriers (∼15 kcal/mol).

Figure 3.4 Free energy profile of the (R,R) pathway. Relative stabilities are given with respect to reactant
state (in kcal/mol). For the sake of clarity, the formed water was left out from the labels.

The most stable transition states corresponding to the Michael addition step on the
four stereoisomeric pathways are predicted to be confined in a 3.4 kcal/mol wide free
energy window (16.2-19.6 kcal/mol), whereas the developed cyclic intermediates cover a
broader free energy range (9.3 kcal/mol). This is most likely related to the increased
steric congestion in the more compact ringed structures (Figure 3.5), but we note that
influence of other effects (e.g., electrostatic interactions) could be important as well.

OORS (-4.0)

CBRS (-8.1)

(2.6)

(4.6)

(-2.7)

(-1.5)

Figure 3.5 Possible variants of OORS and CBRS species. Free energies in brackets are given with respect
to the reactants (in kcal/mol). Unfavorable arrangement of neighboring ligands indicated with arrows.
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In principle, other isomeric structures of the introduced OO and CB species can be
generated, which differ in the absolute configuration. These additional stereoisomers can
either be produced via alternative C-C bond formation pathways (e.g. with Z-enamines),
or through isomerization processes (through a sequence of ring opening-closure steps).
Formation mechanism of these isomers was out of scope of our present work, but we
computed the relative stabilities of all possible species using the same computational
protocol (including conformational analysis). As we anticipated, isomers with alternating
trans-trans arrangement of ring substituents are the most favored amongst all (Figure 3.5). The CB variant of cyclic intermediates are found to be always favored over the
related OO species, and the experimentally observed CBRS is found to be the most
stable form in our computations, which supports the validity of the obtained mechanistic
picture. It is apparent from the free energy values in Scheme 3.4 that the barriers of
OO ↔ CB interconversions are definitely lower than those of the reverse reactions back
to the en + ns state (TSCB‑OO lies always below the corresponding TSCC transition state).
3.2.4 Effect of Acid Co-catalyst
Previous experimental studies demonstrated that p-nitrophenol (pnp) acts as a
beneficial co-catalyst additive in Michael additions of propanal to nitro alkenes resulting
in rate acceleration while preserving the excellent enantioselectivities [136,138,141]. In
addition, it was emphasized that the acid can be involved in both the proton delivering
and the C-C bonding reaction steps [136]. Possible protonation pathways have already
been examined computationally for the present organocatalytic Michael reaction
assuming that pnp is the proton source [138]. Considering the most prevalent (R,S)
reaction pathway, it was found that the proton transfer takes place preferentially to the
C3 atom of the OORS intermediate without the involvement of zwitterionic states.
Alternative protonation pathways, i.e. the protonation of the N-oxide group of OORS
and the protonation of the CBRS intermediate, were found to be far less favored. The
barriers obtained for the reactions with β-nitrostyrene and α-methyl-substituted βnitrostyrene were consistent with the observed rates, and computations could also
reproduce the experimental diastereoselectivity of protonation in the latter case,
providing support for this protonation mechanism.
In our current work, we re-examined the C-C bond formation process in the presence
of pnp for routes (R,S) and (S,R) and explored the corresponding protonation TSs as
well. Our main goal was to obtain barriers for the two key steps of the catalytic cycle for
the two pathways and correlate them with the proposed stereoselectivity models (Figure
3.1). Computations reveal that catalyst cat and pnp interact via O-H···N type hydrogenbonding interaction, which is fairly strong as their complex is stabilized by 2.4 kcal/mol.
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Similarly, in C-C bond formation TSs, the pnp molecule acts as a hydrogen-bond donor
interacting with the O atom of the ns (Figure 3.6).
(a)

(b)

TSCCRS ···pnp (15.9)

TSCCRS ···pnp (19.5)

Figure 3.6 (a) Stabilizing effect of the pnp in the C-C bonding TSs. (b) C-C bond formation TSs along
(R,S) and (S,R) pathways in the presence of pnp. Relative stabilities (in kcal/mol) are given with respect to
ald + ns + cat···pnp. H-bonding interactions and the forming C-C bonds are illustrated by dashed lines.

This hydrogen bonding interaction not only enhances the electrophile character of
the ns, but also can stabilize the developing charge on the NO2 unit. As a result, the
barrier height of the conjugate addition step, with respect to the en, decreases notably in
the presence of pnp (from 16.7 to 14.0 kcal/mol on route (R,S), and from 18.5 to
17.6 kcal/mol on (S,R)) (Figure 3.7). Although, considering the free catalyst stabilization,
the overall barriers of C-C bond formation are quite similar to those computed in the
absence of pnp (16.2 and 18.0 kcal/mol), so the overall rates of the formation of cyclic
intermediates are not expected to change drastically in the presence of the acid cocatalyst. We note that the absolute values of these barriers should be compared with
caution, because of the uncertainty of relative entropic contributions in reactions with
different molecularity (bi- versus trimolecular).
The product states of the TSCCRS···pnp and TSCCSR···pnp transition states correspond to pnp-stabilized hydrogen bonded OO···pnp species. Similarly to what we found
for the (R,R) and (S,S) C-C bond formation pathways in the absence of acid, the
zwitterionic states of adduct intermediates are energetically high-lying transient species,
so the ring closure occurs practically spontaneously in this case too. Hydrogen-bonding
interactions facilitate the interconversion of downstream intermediates as well. On the
(R,S) pathway, for instance, the barrier of OORS → CBRS conversion is reduced by
2.3 kcal/mol (from 15.9 to 13.6 kcal/mol) with the pnp co-catalyst. The process takes
place via a zwitterionic species (zwRS···pnp), which again has a transient nature (the
barrier height towards the OORS···pnp species is only 1.1 kcal/mol). Interestingly, the
formation of hydrogen-bonded structures CB···pnp appear to be quite endergonic,
complexation free energies of CBRS···pnp and CBSR···pnp are computed to be 2.0 and
0.2 kcal/mol, respectively.
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Figure 3.7 Free energy profiles computed for the (R,S) pathway in the absence (empty) and in the
presence of co-catalyst pnp (filled). The free energy values are computed with respect to the
cat + en + ns + pnp state and are given in kcal/mol.

Our conformational analysis revealed an array of transition states (in a 2.0 kcal/mol
wide window) for the protonation of OORS and OOSR intermediates, and the most stable
structures are depicted in Figure 3.8. The following IRC calculations suggested a
concerted asynchronous mechanism starting from the corresponding OO···pnp
complexes, wherein the opening of the six-membered ring clearly precedes the proton
transfer event without the formation of a stable zwitterionic intermediate species (Figure
3.9). On the (R,S) pathway, the located transition state (TSprotRS) is predicted to lie
18.1 kcal/mol above the most stable conformer of the preceding intermediate state,
namely the OORS···pnp complex.

H
TSprotRS (11.8)

H
TSprotSR (15.1)

Figure 3.8 Protonation of OORS and OOSR species by pnp. Relative stabilities (in kcal/mol) are given
with respect to reactant state (ald + ns + cat···pnp). Hydrogen involved in proton migration is marked
with blue H. Intermolecular contacts between the pnp and different units of the developing iminium ion
are highlighted by blue arrows.
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On the (S,R) pathway, the TSprotSR transition state is computed to be notably higher in
free energy (at 15.1 kcal/mol). Nevertheless, the protonation barrier height on this route
(18.7 kcal/mol) is similar to that found for the (R,S) route, because the relative stabilities
of the two protonation transition states are primarily determined by the stabilities of the
corresponding OORS and OOSR intermediates. We note that in both protonation TSs the
pnp is in close contact with the developing iminium ion, which might provide additional
stabilization (see Figure 3.8).

(d)

(e)
TSprotRS
(f)

HA =
(c)
(b)
(a)

imRS

OORS

Figure 3.9 IRC curve obtained for the protonation of OORS by the pnp. Initially, the pnp is coordinating
(a) to the O atom of OORS, therefore the proton transfer requires its migration (b-c) to the C atom.This is
followed by ring opening to a zwitterionic structure (d), which can be readily protonated (e) by the pnp.
Finally, the transition state leads to the formation (f) of iminium salt imRS.

3.2.5 The Emerging Mechanistic Model
The acquired data from the performed DFT computations were used to build the
desired two-step free energy diagram for the (R,S) and (S,R) pathways (Figure 3.10).
Both simplified pathways consists of the two highlighted steps of the catalytic cycle (the
C-C bond formation and the protonation) connected with the ensemble of OO/CB
cyclic intermediates, of which only the most stable variants are shown. These are the
OORS···pnp on the major and CBSR on the minor pathway. Most importantly, the main
attributes of the diagram are in good agreement with the experimental observations.
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Computations predict a fast formation of downstream intermediates, C-C bonding
barrier height (ΔG1‡) on the (R,S) pathway is 15.9 kcal/mol.

TSCCSR···pnp
(19.5)
ΔG (kcal/mol)

TSprotSR
(15.1)

ΔG1’‡
19.5

ΔG2’‡
18.7

(R,S) pathway

TSCCRS···pnp
(15.9)

ΔG (kcal/mol)

(S,R) pathway

TSprotRS
(11.8)

ΔG1‡
15.9
ΔG2‡
18.1

prodSR
(-7.8)

intSR
(-3.6)

en + ns + pnp
(1.9)
intRS
(-6.3)

prodRS
(-7.8)

Figure 3.10 Free energy profile computed for the (R,S) and (S,R) pathways of the scrutinized Michael
reaction in the presence of pnp. Relative stabilities (in kcal/mol) are given with respect to reactant state
(ald + ns + cat···pnp). For both pathways, only the most stable states of cyclic intermediates are
indicated (for simplicity, they are denoted as intRS and intSR).

The generated OORS and CBRS intermediates are rather stable and therefore expected
to be experimentally observable. The subsequent protonation step toward the major
product has a larger barrier (ΔG2‡ = 18.1 kcal/mol), so TSprotRS represents the turnoverdetermining transition state on this route. While the decomposition of cyclic intermediates to en + ns is still kinetically feasible (the calculated barrier height is 22.2
kcal/mol), the protonation process is still predicted to be faster as the corresponding
transitions state (TSprotRS) lies well below TSCCRS···pnp.
Previous crossover experiments [137], using electronically or sterically destabilized
CB species, could confirm the reversibility of the conjugate addition (Scheme 3.5), but
these reactions were carried out without the assistance of pnp and (in some cases) in the
presence of molecular sieves. These factors however, can increase the protonation
barrier height, typically above that of the C-C bond cleavage to en + ns.
On the (S,R) pathway, the Michael addition step takes place via a significantly higher
barrier (ΔG1‟‡ = 19.5 kcal/mol vs. ΔG1‡ = 15.9 kcal/mol), which, in this case slightly
exceeds the subsequent protonation barrier as well (ΔG2‡ = 18.7 kcal/mol). Nevertheless,
these barriers are quite comparable, so no clear conclusion can be drawn as to which
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step is rate-determining on this pathway. Decomposition to en + ns is still predicted to
be viable (through a barrier of 23.1 kcal/mol), but the protonation is again more favored
kinetically (TSprotSR lies below TSCCSR···pnp).

electronic
destabilization

steric
destabilization

Scheme 3.5 Crossover experiments between cyclobutane species. The shift from CB derivatives to CBRS
is due to (left) electronic or (right) steric destabilization effects [137].

At first glance, the 3.6 kcal/mol free energy difference between TSCCRS···pnp and
TSCCSR···pnp might account for the overall stereoselectivity on its own. However,
considering the overall free energy diagram it is by no means straightforward to interpret
the reaction with a single elementary step as implied by the steric shielding model or the
Curtin-Hammett scenario (Figure 3.1). First of all, it is apparent that the Curtin-Hammett
conditions are not met, because the corresponding OO/CB intermediates evolving on
the (R,S) pathway are not able to rapidly equilibrate with their isomers on the (S,R)
pathway. Not only the kinetic barrier of their interconversion is relatively high
(25.8 kcal/mol for intRS → intSR), but also the intermediates intRS would rather undergo
protonation via TSprotRS (ΔG2‡ = 18.7 kcal/mol) and then hydrolysis to yield the major
product. DFT results, therefore, do not support the applicability of the Curtin-Hammett
scenario for the interpretation of stereoselectivity. Although the overall rate of the major
product (prodRS) formation is limited by the protonation step, which is in line with the
model proposed by Blackmond et al. Considering the selectivity, the obtained free energy
profile is actually more compatible with the steric shielding model, because it suggests that
the C-C bond formation step is decisive in stereocontrol even though the overall
reaction rate is regulated in an ensuing reaction step of the catalytic cycle.
In other words, the emerging mechanistic model encompasses the fundamental
aspects of both mechanistic models simultaneously, (a) stereoselectivity is mainly
determined by the steric shielding and the Seebach-Golinski topological rules in the C-C
bond formation, and (b) the overall reaction rate is determined by the protonation of the
downstream intermediates. These two aspects, while seem contradictory, are not
mutually exclusive in principle, consequently the elementary step controlling the
enantioselectivity can differ from the rate-determining step in the catalytic cycle [150].
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Incidentally, the quantum chemically obtained data for the present reaction point to this
specific mechanistic model. In this case, this kinetic feature is clearly related to the high
stability of downstream OO/CB intermediates, which does not allow a fast backward
reaction and make the C-C bond formation practically irreversible.

3.3 On the Accuracy of the Computational Approach
In order to assess the reliability/uncertainty of our present DFT study, we carried out
additional calculations for the reaction. These analyses aim two crucial parts of our
theoretical approach, namely the accuracy of the applied level of theory (Section 3.3.1)
and the correct treatment of conformational complexity (Section 3.3.2).
3.3.1 The Applied Level of Theory
The uncertainty of energy predictions was evaluated via benchmark calculations for an
analogous system that is highly relevant to the investigated reaction. Addition reaction
between the morpholine derived enamine enm to β-nitrostyrene ns was shown [145c] to
readily produce the cyclic species CBm (Scheme 3.6).

TS1m

enm

ns

TS2m

OOm

CBm

Scheme 3.6 Model reaction between morpholine enamine and nitrostyrene used for benchmark tests.

Our computations, including extensive conformational analysis and DFT calculations,
revealed that the initial C-C bond formation between enm and ns generates OOm, which
can convert to CBm in a single reaction step. This mechanism is analogous to that of the
calculated (R,S) pathway in the original Michael reaction. However, the smaller size of
the molecular model allowed us to carry out high-level ab initio calculations for the
relevant species and transition states. For the geometries optimized at the ωB97X-D/6311G(d,p) level of theory, we performed single-point energy calculations utilizing the
low-order scaling, local natural orbital coupled cluster LNO-CCSD(T) method. This
method discussed in details in Section 2.4.
The results of our benchmark study are summarized in Figure 3.11. Although the
performed benchmark study could not cover the protonation process (computational
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capacity limited the system size), the OOm → CBm transformation occurring via TS2 can
be regarded as a reasonable model for that step. As shown in our previous study, the
protonation barrier arises predominantly from the ring-opening of the OO species,
which takes place in the OOm → CBm transformation as well.

LNO-CCSD(T)/CBS

ωB97X-D/6-311++G(3df,3pd)

Figure 3.11 Relative electronic energies obtained at LNO-CCSD(T)/CBS and
ωB97X-D/6-311++G(3df,3pd) levels of theory for species involved in model reaction.

The obtained data reveal that the applied DFT approach provides accurate relative
energy for the OOm species, but the stabilities of the two transition states (TS1m and
TS2m) and CBm are overestimated by 2-3 kcal/mol. These discrepancies, however,
appear to be systematic in nature, therefore the relative energies of intermediates and
transition states reported in our present work can be regarded as reasonable predictions.
3.3.2 The Treatment of Conformational Complexity
In order to quantify the significance and efficacy of our conformational analysis, we
used our DFT-based methodology (see Section 2.1) to compute the Gibbs free energies
for the previously published transition states as well. All related transition states reported
by Sunoj et al. [142] and Gan et al. [143] were re-optimized at the ωB97X-D/6-311G(d,p)
level, and we calculated solution-phase Gibbs free energies for these structures. We
compared these free energies to that of the lowest lying analogues obtained from
conformational analysis. We believe that this analysis, due to the re-optimization and the
same level of applied computational theory, can give us insight into the influence of
conformation on the energetics.
The results shown in Figure 3.12 demonstrate that conformational analysis provided
energetically more favored geometries for C-C bonding in almost all cases than those
reported in the two previous computational studies. Note that applying the present
58

MICHAEL REACTION

computational method to transition states reported by Gan [143] gives an opposite sense
of enantioselectivity.

Sunoj et al.

Gan et al.

present work

Figure 3.12 Relative stabilities of transition states identified in the present and previous computational
studies [142,143]. Free energy data are given with respect to the reactant state (ald + ns + cat).

The stabilization obtained by finding more favorable conformations with respect to
parameters mentioned above (and using a more reliable computational approach) ranges
between 2 and 6 kcal/mol, which is rather significant when the aim is to reproduce and
rationalize experimentally observed stereoselectivities.

3.4 Kinetic Modelling
As noted in the introduction, the findings of mass spectrometric studies reported by
Pfaltz and Wennemers [144] were suggested to support the Curtin-Hammett scenario of
stereocontrol, so we thought it was relevant to test our computationally obtained model
on to these experimental observations as well. In these experiments, the retro-Michael
reaction of mass-labeled quasi-enantiomeric nitro aldehyde products was evaluated by
electrospray ionization mass spectrometry (ESI-MS) minutes after mixing the components. The high sensitivity of this analytic technique enabled the quantitative
measurement of enamine intermediates produced in trace amounts upon the retroMichael reaction with various chiral amine catalysts. The enantioselectivity of these back
reactions was estimated as the measured ratio of the two mass-spectrometrically
distinguishable enamines.
Back reaction screening experiments [144] with the Hayashi-Jørgensen catalyst gave
significant differences in the enantioselectivities of the forward and back reactions (an
example is shown in Scheme 3.7). The observed mismatch in this latter case was
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interpreted as evidence that the stereoselectivity is not governed by the C-C bond
formation between the enamine and the nitro alkene, but instead it is determined in the
protonation step, which would indeed be in line with the Curtin-Hammett scenario.
(a) forward reaction: prodRS-Ph : prodSR-Ph = 89 : 11
cat (10 mol%)
pnp (10 mol%)

aldPh
(b) back reaction:

prodRS-Ph

ns

prodSR-Ph

enL1 : enL2 = 33 : 67 (after 2 minutes)
cat (10 mol%)

pnp (10 mol%)

prodRS-L1

prodSR-L2

enL1

enL2

Scheme 3.7 Results of (a) forward and (b) back reaction with the Hayashi-Jørgensen catalyst. Groups used
in mass labeling (in the work of Wennemers et al. [144] L1=Et, L2=Me) are highlighted in colors.

The free energy profile we obtained for the reaction between ald and ns exhibit
comparable barrier heights for the individual reaction steps. Consequently, one would
require elaborate kinetic analysis to estimate the ratio of labeled enamines formed in the
back reaction. For this reason, we decided to perform kinetic simulations that can take
into account the population of all involved states. Simulations were carried out with the
COPASI package [132], which provides numerical solutions to the defined differential
rate equations and calculate the concentration of all species over the course of the
reaction. In our kinetic models, the rate equations were defined according to the simple
two-step scheme, but also included the fast equilibrium between the reactant and the
enamine states. Equation (3) was employed to express the rate constants in terms of free
energy differences, thereby allowing us to define the rate equations in COPASI with free
energy parameters. Our first investigations were based on fitting the two-step model
through these parameters so as to perfectly reproduce experimental observations
(enantiomeric ratios) while showing minimal deviation from an arbitrarily chosen free
energy profile.
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For instance, parameter optimizations using the computed free energies (Figure 3.10)
as reference and experimental data reported for the analogue reaction (Scheme 3.7) gave
less than 1.1-1.2 kcal/mol deviations from the reference free energy values (Figure 3.13).
The fitted free energies of C-C bond formation transition states adjust well to the
enantioselectivity measured for the preparative reaction, and the obtained activation free
energy difference of ΔΔG1‡ = 1.3 kcal/mol corroborates that the stereoselectivity of the
forward reaction is indeed governed by the C-C bond formation step.
(R,S) pathway

ΔG (kcal/mol)

TSCCSR···pnp
(19.5/18.3)
TSprotSR
(15.1/13.9)

ΔG-1’‡
23.1
20.7

ΔG-2’‡
22.9
21.7

prodSR
(-7.8/-7.8)

intSR
(-3.6/-2.4)

TSCCRS···pnp
(15.9/17.0)

TSprotRS
(11.8/11.8)

ΔG (kcal/mol)

(S,R) pathway

ΔG-1‡
22.2
23.3
ΔG-2‡
19.6
19.6

en + ns + pnp
(1.9/1.9)

intRS
(-6.3/-6.2)

prodRS
(-7.8/-7.8)

Figure 3.13 Computed free energy profile highlighting the barriers of the prod → en + ald back reaction
(ΔG−1‡ and ΔG−2‡ on the major, ΔG−1′‡ and ΔG−2′‡ on the minor pathways). Underlined values were
obtained from kinetic simulations (also drawn with solid black line for comparison).

Interestingly, the barrier of C-C cleavage on the major (R,S) pathway becomes clearly
higher than the analogous barrier on the minor (S,R) pathway (23.3 kcal/mol vs.
20.7 kcal/mol in Figure 3.13). The increased barrier height of this step causes delay in
the enamine production along this pathway, particularly in the initial phase of the
reaction, when the concentrations of the downstream intermediates are low. This is
clearly borne out by the kinetic simulations as illustrated in Figure 3.14.
The graph depicted in Figure 3.14a reveals a slow evolution of equilibrium (steady
state) in the first hour between the catalyst and the major cyclic intermediate intRS-L1 in
the back reaction, while concentration of the minor intermediate intSR-L2 remains very
low through the process in agreement with the relative stabilities. The progress of the
simulated enantiomeric ratio is shown in Figure 3.14b along with the fitted experimental
data. We recall the vital detail that while the enantiomeric ratio of the forward (preparative) reaction is determined at near-completion of the Michael process, the ESI-MS
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measurements for the back reaction are carried out within a short time (in 2 min in the
present case) [144]. Simulations reproduce the measured selectivity ratios; furthermore
the graph reveals strong variation of this property in the initial stages of the forward and
back reactions. They both start with the reversed sense of stereoselection as compared to
that of the preparative reactions. In the forward reaction, the enantiomeric ratio (er)
converges rapidly to the limit at 89:11, whereas this limit is reached much later in the
back reaction.
back reaction

cat
intRS-L1
intSR-L2

89 : 11

forward reaction
back reaction

33 : 67

Figure 3.14 Results of kinetic simulations: (top) Concentration of selected species as a function of time in
the back reaction as obtained from kinetic simulations using the optimized free energy data shown in
Figure 3.13. (bottom) Evolution of enantioselectivities in the back and forward reactions. The vertical axis
refers to the percentage of the species (product or enamine) formed upon the major (R,S) pathway.
Experimental observations are given in boxes.

Various other sets of kinetic parameters and reference energies reflecting the qualitative features of the computed free energy diagram were tested, and all fitted models
could reproduce the mismatch in the enantioselectivity of the forward and back reactions
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observed in the ESI-MS back reaction screening experiments. However, our attempts to
reproduce the original experimental selectivity data with free energy profiles compatible
with the steric shielding and the Curtin-Hammett models have failed in the sense that the free
energy parameters obtained from optimization were not consistent with these models.
Based on these results we propose an alternative rationalization of the enantioselectivity mismatch observed in back reaction screening experiments for reactions catalyzed
by the Hayashi-Jørgensen catalyst. In this alternative view, the mismatch is not related to
rapid equilibration of downstream intermediates, but on the contrary, it is rather due to
relatively high barrier from the downstream intermediates to the enamine species, which
is comparable, or even higher than that associated with the protonation step. In the
initial phase of the back reaction, the enantioselectivity depends not only on the C-C
bond formation transition states but also on the stability of downstream intermediates
and on the rate of their formation resulting in time dependence in the enantioselectivity.
Indeed, derivation of differential rate equations lead to a general formula for the initial
enantiomeric ratio of the forward and enL1 : enL2 ratio of the back reactions expressed in
free energy terms of a consecutive two step reaction (Figure 3.15). In simpler words, the
two curves in Figure 3.14b have a common starting value at t = 0.
forward reaction

back reaction

ΔG

ΔG

ΔG1’‡
ΔG2’‡

Δ G1 ‡

ΔG-1’‡
ΔG2‡

ΔG-2’‡

ΔG-1‡

ΔG-2‡

Figure 3.15 Derived formula for the initial enantiomeric ratio of the forward and back reactions expressed
in free energy terms of an arbitrary consecutive two step reaction.
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With kinetic models that assume a much lower barrier either for step 2 (steric shielding
model) or for step 1 (Curtin-Hammett scenario), the steady state of the catalytic reaction is
reached almost instantaneously. In this steady-state regime identical and timeindependent formulas describe enantioselectivity (Figure 3.16). Therefore the enantiomeric ratio of back reaction remains constant and identical to that of the forward
reaction.
steric shielding
ΔG

ΔΔG1‡

Curtin-Hammett scenario
ΔG

ΔΔG2‡

forward reaction

back reaction

Figure 3.16 Derived formulas demostrate that enantiomeric ratios of the forward and back reactions are
equal and constant in time according to both previously proposed stereoselectivity models.

3.5 Experimental Results
To our knowledge, no experimental information is available on the variation of the
enantioselectivity during the progress of the back reaction, so we intended to examine
this issue via ESI-MS measurements. These were carried out in collaboration with Zoltán
Dobi and Szilárd Varga from the Organocatalysis Research Group (synthesis of the
required materials) and Ágnes Révész from the MS Proteomics Research Group (ESIMS measurements).
We prepared the (R,S) and (S,R) stereoisomers of nitro aldehyde (prodRS-L1 and
prodSR-L2) with L1=Me and L2=Et substituents in the para-position of the phenyl ring
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from corresponding aldehydes and β-nitrostyrene using the catalyst cat and its enantiomer ent-cat. When these Michael additions were carried out in DMSO with 10 mol% of
cat and 10 mol% of pnp additive, we obtained er = 91:9 (prodRS-L1 : prodSR-L2), which is
in close agreement with that reported by Pfaltz and Wennemers [144].
The back reaction was carried out under the same conditions starting from an equimolar mixture of prodRS-L1 and prodSR-L2. This reaction was monitored by ESI-MS
measurements using samples taken at different times from the reaction mixture and
diluted with MeOH prior to the analysis. The ESI-MS signals of mass-labeled enamines
(enL1 and enL2) formed upon the reaction could be clearly detected, and based on their
relative intensities, the enantiomeric ratios were determined. Two independent back
reaction screening experiments were carried out using the same substrates, but altering
the catalyst (cat and ent-cat). The results are compiled in Figure 3.16.

back reaction with ent-cat

back reaction with cat

62 : 38 (enL1 : enL2)

forward reaction
91 : 9

46 : 54 (enL2 : enL1)

Figure 3.16 Ratios of labeled enamines measured in back reaction screening experiments. Empty and
filled dots correspond to data obtained in the reaction with catalyst cat and ent-cat, respectively. The
enantiomeric ratio indicated on the vertical axis refers to the percentage of mass-labeled enamine species
formed upon the major (R,S) pathway of the back reaction. Ratios measured for the first sample (taken at
t = 0.5 min) as well as the er of the forward reaction are displayed in color.

In line with previous observations [144], the ratio of mass-labeled enamines at the
very early stage of the back reaction (at t = 0.5 min in our case) differs significantly from
the er that of the forward process (91:9). The two independent measurements gave 62:38
and 46:54 with catalysts cat and ent-cat, which are in reasonable agreement with the
previously reported ratio (33:67), although these findings point to a quite notable
uncertainty of the present enantioselectivity monitoring technique for the initial phase of
the back reaction, which is quite likely related to particular reaction conditions
(e.g. mixing, water content of the solvent, etc.).
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Nevertheless, as predicted by kinetic simulations, the enantiomeric ratio varies strongly in this period and it approaches the er that of the forward reaction. After 50 min or so,
the ratio tends to slowly decrease again indicating that racemization occurs in the
reaction mixture. These results provide clear evidence for the time variance of the ratio
of mass-labeled enamine species produced in the retro-Michael reaction, which is not
due to the racemization of quasi-enantiomeric Michael products, but it rather follows the
special kinetic feature revealed in our present work. The more complex stereoselectivity
model that emerged from our computational analysis and kinetic simulations could thus
be supported experimentally.
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3.6 Concluding Remarks
In this study we carried out quantum chemical computations related to the conjugate
addition reaction between propanal and nitrostyrene, mediated by the Hayashi-Jørgensen
catalyst. Our investigation addressed the origin of stereoselectivity, which was previously
interpreted by two conflicting models, namely the steric shielding model and the CurtinHammett scenario. We focused on the key intermediates and elementary steps of the
reaction and combined our results to comprehensive mechanistic model. In addition, we
assessed the performance of our theoretical approach in order to increase the reliability
of our conclusions. The results described in this chapter can be summarized in the
following main points.
1. The most favored transition states identified along the four different stereoisomeric
C-C bond formation pathways are consistent with the common steric shielding model, as
the addition preferentially occurs on the unhindered face of the most favored E-enamine
intermediate.
2. The commonly applied acid co-catalyst pnp stabilizes the transition states of both
C-C bond formation step and interconversion of downstream OO/CB intermediates via
hydrogen-bonding interactions that lower the related barriers.
3. In agreement with experimental observations, DFT computations suggest the
protonation to be rate-determining. However, fast equilibration of the stereoisomeric
cyclic intermediates is inconceivable, which rules out the Curtin-Hammett stereoselectivity control in this reaction.
4. The reaction rate is dictated by the protonation step, but yet the stereoselectivity is
governed by the C-C bond formation transition states.
5. Kinetic simulations suggested that enantiomeric ratio varies in time due to the
delicate balance between the reaction barriers. Time-dependence of er could be
demonstrated by ESI-MS back reaction experiments. This is only consistent with a
complex two-step stereoselectivity model.
6. Quality assessment of our methodology revealed the necessity of conformational
analysis and an adequate set of quantum chemical tools to draw reliable conclusions
from DFT computations.
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Mannich Reaction of Aromatic and
Aliphatic Imines in the Active Pocket
of Folded Bifunctional Organocatalyst

foldamer catlyst

Mannich product

CHAPTER 4

4.1 Introduction
The design of cooperative bifunctional organocatalysts (see Section 1.3.5) is highly
challenging, because the hydrogen-bond donor centers involved in the activation must
be accessible for the substrates simultaneously, while the structure should maintain the
conformation that allows the intramolecular hydrogen-bond interaction intact [89].
Pihko, Pápai and co-workers described the design of new bifunctional catalysts based
on a well-positioned urea-thiourea scaffold, where the augmenting intramolecular
hydrogen bonds are maintained in both the free catalyst and the protonated catalystanion ion pair [89]. These structures can promote Mannich reactions between malonates
and Boc-protected imines bearing both aliphatic and aromatic ligands with excellent
enantioselectivities. The development was initiated from the original design of Smith et
al. [98], but preliminary studies pointed to an alternative linker that positions the urea
and thiourea layers in a more convenient orientation. According to X-ray structure
analysis the original L-valinol linker (catalyst 61 in Figure 4.1) potentially hinders the
simultaneous binding of two substrates to the active site. The more rigid dihydroinden-2-ol (indene) subunit leaves the active site more accessible in the free catalyst (see
structures 62 and 63).

61

62

63

Figure 4.1 Cooperative catalysts studied by Pihko et al. The incorporated L-valinol (61) and indene linkers
(62 and 63) are highlighted in green color.

The performance of this new series of catalysts was evaluated with the Mannich
reaction between dialkyl malonates and aldimines (Scheme 4.1). While aromatic imines
such as im1a could readily undergo addition in the presence of the Takemoto catalyst
(54), aliphatic imines (e.g. im2a) were practically unreactive, which limits the scope of this
transformation. In contrast, cooperative catalysts 61, 62 and 63 showed promising
reactivity towards both aromatic and aliphatic aldimines, and indene-linked 62 and 63
gave even higher enantioselectivities in the reactions. The substrate scope for Mannich
reactions mediated by 62 or 63 was investigated for various aldimines and malonates,
and even reactants bearing sterically demanding ligands could undergo the addition in
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excellent yield and enantioselectivity, though the rate of these reactions were noticeably
lower.
catalyst (10 mol%)
toluene, 0°C

(a)
mal

(a)

im1a

prod1a

catalyst

t (h)

Yield (%)

er

54

48

82

95.0 : 5.0

61

48

70

71.2 : 28.8

62

48

81

96.9 : 3.1

catalyst (10 mol%)
(b)

toluene, 0°C
mal

(b)

im2a

prod2a

catalyst

t (h)

Yield (%)

er

54

48

n.r.

n.d.

61

48

22

91.2 : 8.8

62

14

82

92.0 : 8.0

63

14

99

3.8 : 96.2

Scheme 4.1 Mannich reactions of aldimines im1a and im2a with dimethyl malonate (mal). n.d.=not
determined, n.r.=no reaction.

Computational investigations were also carried out [89] for the reaction between
dimethyl malonate (mal) and isopropyl aldimine catalyzed by 62. The key structures were
examined by DFT calculations at M06-2X/6-311++G**//B97D/6-31G* level of
theory. These computations supported the formation of the internal cooperative H-S
hydrogen bonds in (toluene) solution. In the thermodynamically most favored structures,
the thiourea unit is involved in double internal H-S hydrogen bonding with the urea
moiety (Figure 4.2). Consistent with the computationally obtained structure, this desired
conformation was also observed in the X-ray structure of the hexafluoroacetylacetonate
(hfacac) salt of 62. This is important, because the hfacac salt might be viewed as
analogue of the corresponding catalyst-malonate ion pair that likely forms in the
Mannich reaction.
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Figure 4.2 (Left) Most stable conformer of 62 obtained from DFT calculations in vacuum. (Right) X-ray
structure of the hfacac salt of 62 [89]. The carbon atoms of the substrate are highlighted in dark green.

Transition states for the C-C bond formation could be identified [89] for the major
(R) and minor (S) product (Scheme 4.2). The computed Gibbs free energy difference
between the two TSs is 6.8 kcal/mol, which is in good agreement with the experimentally observed enantioselectivity of the reaction.

Scheme 4.2 Schematic representation of the TSs located for Mannich reaction between mal and iPrsubstituted aldimine mediated by 62. The developing C-C bonds are illustrated by black dashed lines,
whereas hydrogen bonds are illustrated by green dashed lines. Unfavorable steric interction between the
Boc protecting group and the catalyst are indicated with black arrows.

Both TSs show preferential binding of the electrophile imine (via its N atom) to the
thiourea NH which is close to the indene linker, however, they have different steric
requirements. For example, in the minor TS, the tert-butyloxycaronyl (Boc) protecting
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group interacts unfavorably with the protonated amine and the indene moieties, but in
the major TS, it is in ideal position in the cavity formed by the catalyst.
These results motivated Pihko and co-workers for further developments in their
cooperative bifunctional catalysts [151]. In their investigations, they synthesized catalyst
fcat by replacing the dimethylamino unit with the more basic and bulky piperidine
group. The efficiency of fcat was evaluated in the organocatalyzed Mannich addition of
β-keto ester derived enolates that are known to be less reactive than the malonate
analogues. In preliminary experiments, catalyst fcat outperformed its predecessors 62
and 63 in both reactivity and enantioselectivity (Scheme 4.3).
catalyst 62, 63 or fcat
(1 mol%)
DCM, 0°C
100 mol%

62
96% yield in 11 h
er = 95:15

200 mol%

63
90% yield in 4 h
er = 5:95

fcat
99% yield in 4 h
er = 97:3

Scheme 4.3 Performance of cooperative bifunctional catalysts in the Mannich reaction between β-keto
ester and Boc-protected aldimine. The application of catalyst fcat results in higher reactivity and
enantioselectivity. Brønsted-base functional groups of the catalysts are highlighted with green color.

Optimization of reaction conditions pointed to the application of dichloromethane as
solvent, which, in the presence of Na2SO4 drying agent, could increase the er from 89:11
(toluene) to 97:3, though their control experiments with added water showed similar
improvement in enantioselectivity. They presumed that both water and Na2SO4 could
trap traces of inorganic impurities in the reaction mixture that are detrimental for the
stereoselectivity. Several substrates with different electronic and steric properties were
tested in catalyst fcat mediated Mannich reactions, and various ligands were tolerated on
both the aldimine and the β-keto ester.
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4.2 Results of the Mechanistic Investigation
In the course of the present work we continued the structural and mechanistic
investigations of the Mannich reactions (Scheme 4.4) of aromatic aldimine im1a and
aliphatic aldimine im2a with malonate mal catalyzed by cooperative catalyst fcat. We
carried out combined theoretical and computational analysis on the system in collaboration with the research group of Petri M. Pihko (all experiments and spectroscopic
analyses were conducted by them).
catalyst fcat (10 mol%)

mal (100 mol%)

im1a (200 mol%)

prod1a

Scheme 4.4 The investigated Mannich reactions between malonate mal and imines (exemplified by im1a).

We initially used the same level of theory for the preliminary DFT computations that
was employed in the preceding study. However, we decided to carry out the optimizations with the more costly, yet more accurate, M06-2X functional in combination with
the 6-311G(d,p) basis set (in the previous study this DFT functional was only applied for
single point electronic energy calculations [89]). This approach could be applied for the
present molecular models with our available computational capacity and we thought it
would provide more reliable data. In the following sections, a brief overview is given on
the obtained computational and experimental findings. Although this dissertation
focuses on the theoretical results, several experiments are also described in detail to
provide a more logical and comprehensive mechanistic picture.
4.2.1 Conformational Analysis of the Catalyst
To elucidate the major populated conformations in solution, catalyst fcat was subject
to spectroscopic and computational analyses. The 2D-NMR spectrum obtained from
nuclear Overhauser effect spectroscopy (NOESY) experiment showed cross peaks of
the free fcat in benzene that were also observed in the spectrum of the hfacac salt of
fcat (Figure 4.3). Importantly, these signals are consistent with the obtained crystal
structure of the folded urea complex of the catalyst (Figure 4.4). These experiments thus
established that the fold of the catalyst remains similar in both the free state and the
catalytically relevant ion pair complex (assuming that the fold of the malonate salt
remains similar to that of the hfacac salt), and allows the cooperative H-S hydrogen
bonding.
74

MANNICH REACTION WITH COOPERATIVE CATALYST

fcat

fcat·hfacac

Figure 4.3 Structurally diagnostic 2D-NOESY cross peaks of fcat and fcat·hfacac in benzene at 30 °C.

E

F
B

C

D

A

Figure 4.4 X-ray structure of fcat complexed with urea and MeCN (MeCN molecule and C-H hydrogen
atoms are omitted for clarity).

2.78

2.43
2.18

Figure 4.5 Most stable conformer of catalyst fcat as predicted by DFT calculations. Internal hydrogen
bonds are indicated by dotted lines (related distances are given in Å). C-H hydrogen atoms are omitted for
clarity.
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The presence of several close contacts (suggested by the NOESY spectrum) in the
structure indicates that the fold is tight, and the piperidine ring (A) as well as the indene
(C,D), and one of the aryl rings (E) might be engaged in non-covalent dispersion
interactions with the substrates.
The performed DFT computations provided further support for the folded structure
of catalyst fcat. The conformational analysis carried out for foldamer catalyst fcat
revealed that intramolecular hydrogen bonds between the urea and thiourea moieties
have a significant stabilization effect leading to the folded structure identified experimentally. In the most stable conformer an additional hydrogen bond (Figure 4.5), formed
between the tertiary amine and the adjacent NH group, is present as well. Furthermore,
the piperidine ring is in close contact with the urea unit of the catalyst. Computations
indicate that both interactions are favorable, because analogous structures that lack these
structural factors are predicted to be less stable by 3-5 kcal/mol in free energy. In
addition, unfolded structures (i.e. those without intramolecular H-S hydrogen bonds)
have also been identified, but they are lying at least 8 kcal/mol higher in free energy.

4.2.2 Catalyst-Substrate Binary Complexes
In the folded structure of catalyst fcat, the thiourea NH groups are easily accessible
by the substrate molecules; therefore, the formation of binary complexes is expected. We
carried out computations for binary fcat·substrate systems which are relevant to our
present mechanistic studies. Our initial calculations predicted the diketo form of mal
significantly more favored thermodynamically as compared to the enolic isomer (by
9.0 kcal/mol). We have thus examined the deprotonation of the diketo form with
catalyst fcat (Figure 4.6). Substrate mal forms a multiply hydrogen-bonded complex;
however, the complexation is predicted to be slightly endergonic (+1.8 kcal/mol).
In this complex one of the C-H bonds of the methylene group is pointing towards
the tertiary amine center of the catalyst; therefore it appears to be well prepared for
proton transfer. This could occur via a relatively low barrier (14.7 kcal/mol) and leads to
the formation of an ion pair complex ([fcatH]+·[mal]-), which lies at +4.7 kcal/mol.
The formed complex shows unequivocal resemblance with the previously obtained
X-ray structure of fcat·hfacac. In both cases the substrate binds with two N-H∙∙∙O
hydrogen bonds to the thiourea and protonated amine units of the protonated catalyst.
However, fcat·hfacac is more stable than the malonate salt, calculated relative Gibbs
free energy of this compound is -10.3 kcal/mol. Our attempts to identify complexes of
malonate mal and catalyst fcat spectroscopically were not successful, which can be
explained with the low stability of these states.
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(a)

(b)

(c)

H

H

[fcatH]+·[mal]- (+4.7)

fcat·mal (+1.8)

fcat·hfacac (-10.3)

Figure 4.6 Binary complex (a) fcat·mal and (b) the ion pair formed upon proton transfer. (c) Binary
ion‑pair complex fcat·hfacac. Relative stabilities (in kcal/mol; with respect to separated fcat and
substrates) are given in parentheses. For the sake of clarity, internal H-S hydrogen bonds are not indicated,
and C-H hydrogens of the catalyst and CH3 hydrogens of mal are omitted. Carbon atoms of the substrate
are highlighted in dark green. The hydrogen involved in the proton shift is marked with a blue H.

Various binding modes could be identified computationally for imines, because it
incorporates multiple hydrogen-bond acceptor sites (N atom of the imine and O atoms
of the Boc group). In the most stable form (+0.1 kcal/mol with respect to the fcat +
im1a state), the imine binds via its N atom to thiourea (Figure 4.7) and this fcat·im1a
complex is practically isoenergetic with the dissociated state (fcat + im1a).

2.00

2.60

fcat·im1a (+0.1)

1.97

2.83

fcat·im2a (+2.5)

Figure 4.7 Most stable form of complex fcat·im1a and analogoues structure of fcat·im2a. The relative
stabilities (in kcal/mol; with respect to fcat + imines) are given in parentheses.

Two different O-coordinated variants of complex fcat·im1a were identified computationally, but they are both lying about 2 kcal/mol higher than the N-coordinated form.
Binary complex of fcat with aliphatic imine (fcat·im2a) is predicted to be less stable
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(+2.5 kcal/mol with respect to fcat + im2a) than the aromatic analogue fcat·im1a. This
free energy difference between these adducts mainly originates from entropic contributions, because binding energies of im1a and im2a to the catalyst are quite similar
(-19.5 kcal/mol and -19.2 kcal/mol, respectively).
Para‑substituted imines im1b and im1c form very similar binary complexes with the
catalyst molecule; the N‑coordinated structures are shown in Figure 4.8. The predicted
stabilities (relative Gibbs free energies) do not fully reflect the trend expected from the
nature of the substituents (fcat·im1b>fcat·im1a>fcat·im1c), however, this trend is
nicely reproduced in terms the binding energies computed from the electronic energies
(-20.9, -19.5 and ‑18.5 kcal/mol, respectively). Inaccurate treatment of entropic loss
might account for this discrepancy, which seems to be the most prevalent for im1b
(rotational degrees of freedom of the methoxy (OMe) group are constrained in the
fcat·im1b complex).

1.98

2.60

fcat·im1b (+0.3, -20.9)

2.00

2.60

fcat·im1a (+0.1, -19.5)

2.01

2.57

fcat·im1c (+1.9, -18.5)

Figure 4.8 Binary complexes formed between catalyst fcat and imines im1b, im1a and im1c. Relative
stabilities (in kcal/mol; with respect to fcat + imines) are given in parenthesis.

The NMR titration experiments with im1a were not conclusive (i.e. no change was
observed in the chemical shifts related to the catalyst), however, small changes were
observed in the titration with im1b (Figure 4.9). The interactions with several parts of
the catalyst corroborate the hypothesis that fcat·im1b complex formation might be
slightly more favored than that with imine im1a.
Kinetic experiments were performed to clarify the importance of catalyst complexation with imines (Scheme 4.5). In the course of these experiments, a substoichiometric
amount of p-OMe benzaldimine (im1b) was added to the reaction mixtures. As the rate
difference between p-CN (im1c) and p-OMe (im1b) imines in the Mannich reaction is
over 20-fold, im1b can be considered purely as an inhibitor. The presence of 50 mol%
of im1b retarded the Mannich reaction between p-CN benzaldimine (im1c) and dimethyl
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malonate by a factor of 1.88. This inhibitory effect might result from a change in the
turnover-determining intermediate (TDI) of the reaction [152]. With an electron-rich
imine, such as im1b, the complex with the catalyst could become the TDI.

Shift at 1:5 ratio of fcat : im1b
HB1

+0.14 ppm

HC1

+0.11 ppm

HC2

+0.19 ppm

E
2
2

C

HN1 ~+1.2 ppm
HN2

+0.15 ppm

HN3

+0.11 ppm

F

D

1

3
1

1

B

A

Figure 4.9 Summary of 1H-NMR shift changes observed when catalyst fcat was titrated with im1b.
catalyst fcat (10 mol%)
mal (1 equiv.)

(a)

(a)

benzene-D6
Na2SO4, 30°C
im1c
0.2 M

im1b
0.1 M

prod1c

20-fold reactivity difference

kim1c/k = 1.88
catalyst fcat (10 mol%)
mal (1 equiv.)

(b)

(a)

benzene-D6
Na2SO4, 30°C
im1a
0.2 M

im1b
0.1 M

8-fold reactivity difference

prod1a

kim1a/k = 2.91

Scheme 4.5 Inhibition experiments carried out with (a) im1c and im1b, (b) im1a and im1b, and (c) im1a
and prod1a

In addition, im1b (50 mol%) inhibited the Mannich reaction of im1a by a factor of
2.91 (Scheme 4.5b). Although in this case the reactivity difference of the imines is only
8-fold, the Mannich reaction rate of im1b was found to be negligible. These results
further support the notion that competitive substrates retard the reaction by lowering the
concentration of the productive complex, even if the interactions are weak (as evidenced
by the NMR titration experiments).
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4.2.3 C-C Bond Formation
To get further insight into the underlying reaction mechanism of the catalytic Mannich reaction we decided to conduct an additional series of kinetic measurements. First,
we anticipated that a linear free energy relationship, such as a Hammett plot, could reveal
the nature of the rate-limiting step. For example, if the rate is limited by the binding of
the imine to the catalyst, a negative reaction constant (ρ) should be obtained. In contrast,
with a rate-limiting C-C bond formation, the ρ value is expected to be positive. With
nine para-substituted imines a clear positive Hammett correlation was observed;
however, there was significant deviation from linearity (Figure 4.10). In the Hammett
plot (excepting the p-SMe imine), two subgroups were clearly distinguishable, the
electron-rich and the electron-poor aromatic imines. For both the electron-donating
(ρ = 3.22; R2 = 0.989) and the electron-withdrawing (ρ = 0.882; R2 = 0.978) substituents
excellent correlations were obtained.

Figure 4.10 Hammett plot of the Mannich reaction. The datapoints (excepting the p-SMe imine) were
divided to two subgroups in line fitting.

Based on the titration experiments (Scheme 4.3), this small deviation might emerge
from the different relative stabilities of the complexes preceding the turnoverdetermining transition state, which would influence the reaction rate. Nevertheless, the
Hammett plot clearly suggests that the rate-determining step involves a transition state
with increasing electron density at the imine carbon. Thus, initial binding of the imine, or
final protonation of the intermediate, is unlikely to be rate-limiting. An internal
rearrangement within the catalyst structure after the C-C bond formation event might, in
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theory, exhibit a positive ρ value. In order to rule out this possibility, a kinetic isotope
effect (KIE) study with deuterium-labeled imines was carried out.
The KIE measurements were conducted by 1H-NMR reaction monitoring by comparing the reaction rates with aromatic imines im1a-c and their deuterated variants in
parallel experiments. In the course of these experiments, the reaction progress was
monitored by 1H-NMR, and the data obtained were analyzed by linear regression of first
measurement points: i.e., the method of initial rates. In all cases, a notable inverse
secondary KIE (0.90-0.93) was observed (Figure 4.11). These KIEs are indicative of a
change in the bonding environment (hybridization) of the imine carbon in the ratedetermining step. Together with the Hammett plot data, these experiments strongly
indicate that the C-C bond formation is rate-determining. An alternative rationalization
for the KIEs, an inverse secondary equilibrium isotope effect [153] arising from the
binding event of the imine, is not compatible with the results of the Hammett plot,
which indicates that the rate-determining step involves an increase in the electron density
of the imine carbon.
catalyst fcat (10 mol%)
benzene-D6, Na2SO4
30°C, 16 h
mal
0.2 M

im1a-c
0.2 M

X

initial rate H
(mM/min)

prod1a-c

initial rate D
(mM/min)

KIE
(kH/kD)

OMe (im1b)

0.0779

0.0865

0.90 ± 0.04

H (im1a)

0.499

0.552

0.90 ± 0.16

CN (im1c)

1.82

1.97

0.93 ± 0.07

Figure 4.11 Kinetic isotope effect measurements.

Further support for the C-C bond formation step as the rate-determining step could
be obtained from a crossover experiment with the Mannich reaction product prod1a
(0.2 M) and imine im1c (0.2 M) in the presence of 10 mol % of catalyst fcat. In this
experiment, no crossover product was observed after 24 h, indicating that the C-C bond
formation step is practically irreversible.
The details of the C-C bond formation process in the present Mannich reactions were
explored computationally for the reaction mal + im1a promoted by foldamer catalyst
fcat. We considered several possible mechanistic scenarios for this step that involve
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different substrate activation modes (see Scheme 1.14). We found two feasible reaction
pathways that are illustrated in Figure 4.12.

2.10

route 1

TSF1Ph (+17.7)

2.31

route 2

TSF2Ph (+17.9)

Figure 4.12 C-C bond formation TSs obtained computationally for reaction mal + im1a catalyzed by
fcat. In the schematic view, the carbon atoms involved in bond formation are labeled by black dots.
Relative stabilities (solution phase Gibbs free energies with respect to reactant state mal + im1a + fcat; in
kcal/mol) are given in parentheses. Hydrogen bonds formed between the substrates and the catalyst are
indicated by dotted lines, whereas the developing C-C bond is illustrated by green dashed lines (related
distances are given in Å). For clarity of images, C-H hydrogen atoms are omitted.

In route 1, the deprotonated dimethyl malonate is bound to the protonated amine and
to the proximal NH group of the thiourea unit, whereas the imine is activated via the
remaining distal thiourea NH group of the catalyst. This type of substrate activation is
consistent with the bifunctional activation mode route C (Scheme 1.14). On the other
pathway (route 2) the deprotonated nucleophile is shifted to the thiourea, and is engaged
in double hydrogen-bonding interactions, while the electrophile imine binds to the
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protonated amine via the carbonyl group of the Boc moiety. This type of substrate
activation is consistent with the bifunctional activation mode route B.
The two C-C bond formation TSs identified computationally (TSF1Ph and TSF2Ph)
represent very similar barriers with respect to the mal + im1a + fcat reactant state (17.7
and 17.9 kcal/mol, respectively), suggesting that both addition mechanisms might be
operative in this particular reaction. This finding may seem surprising, but it actually
supports the view that the application of a single reactivity model might not always be
sufficient to describe the mechanism of bifunctional noncovalent organocatalysis [87].
Although the analysis of stereoselectivity was not the main focus of our study, we
examined possible pathways toward the minor enantiomeric product as well. The most
favored transition state corresponds to the activation mode of route 1 lying at
25.8 kcal/mol in free energy, implying that the sense and the high degree of enantioselectivity are reproduced by computations.
To test the two mechanistic scenarios against experimental data, calculations were
carried out for analogous reactions with para-substituted imines im1b and im1c as well.
We find that both C-C bond formation mechanisms account qualitatively for the
observed reactivity trend. As shown in Figure 4.11, the barriers predicted for the two
pathways decrease gradually in the im1b-im1a-im1c series, which is in line with the
positive Hammett correlation. It is also apparent that computations predict nearly
identical KIE for the two C-C bond formation pathways, all equal to or very close to 0.9,
which are in reasonable agreement with the measured data (see Table 4.1). These results
thus provide further support for the relevance of parallel reaction channels in this
Mannich reaction.
Table 4.1 Computed barriers (ΔG⧧; in kcal/mol) and kinetic isotope effects for reactions with parasubstituted aromatic imines. Rate constants were calculated using Equation (3).

route 1

route 2

X

ΔG‡ (kcal/mol)

KIE (kH/kD)

ΔG‡ (kcal/mol)

KIE (kH/kD)

OMe (im1b)

18.1

0.90

19.7

0.91

H (im1a)

17.7

0.90

17.9

0.90

CN (im1c)

15.5

0.92

17.5

0.92
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4.2.4 Comparative Analysis
To be able to directly compare the reactivity of aromatic and aliphatic N-Boc imines,
we conducted a series of competition experiments using two bifunctional catalysts,
namely the scrutinized foldamer catalyst fcat and Takemoto catalyst 54 (Figure 4.13).
catalyst (10 mol%)
mal (0.2 M)
benzene-D6, 30°C
im1a 0.1 M

im2a 0.1 M

prod1a

prod2a

prod1a

prod2a

Takemoto catalyst
54

prod1a

prod2a

foldamer catalyst
fcat

Figure 4.13 Mannich reaction progress curves in competition experiments between imines im1a and
im2a. The product concentrations are plotted as a function of time relative to the internal standard.

As expected, arylimine im1a and aliphatic imine im2a exhibited clearly different
levels of reactivity when Takemoto catalyst (54) was used. These graphs indicate that, for
aromatic imine im1a, the foldamer structure of the bifunctional catalyst fcat provide
only a slight rate acceleration in comparison to Takemoto catalyst; however, the reaction
with aliphatic imine im2a is catalyzed more efficiently by foldamer catalysts.
84

MANNICH REACTION WITH COOPERATIVE CATALYST

To gain insight into the origin of the unprecedented reactivity of foldamer catalysts in
Mannich reactions with aliphatic aldimines, we performed a comparative computational
analysis for reactions mal + im1a and mal + im2a catalyzed by bifunctional organocatalysts fcat and 54. The computed barriers associated with the two C-C bond formation
mechanisms are collected in Figure 4.14.

Figure 4.14 Computed C-C bond formation barriers (in kcal/mol) for reactions mal + im1a (filled bars)
and mal + im2a (empty bars) promoted by catalysts fcat and 54.

Note first that the foldamer catalyst fcat offers a kinetically favored pathway for the
reaction with aliphatic imine im2a as well, since the barrier computed in route 1 is only
15.3 kcal/mol, which is actually lower than that computed for im1a. On the other hand,
route 2 becomes less accessible in this reaction, as expected from the increased barrier
(20.1 kcal/mol). The free energy data obtained for analogous reactions catalyzed by the
Takemoto catalyst 54 reveal a different pattern in the diagram. The barriers in route 1 are
found to be notably lower for both substrates, and the reaction with aromatic imine
im1a is predicted to be kinetically more favored in both reaction pathways.
Although these results corroborate the diverse catalytic effect of the two catalysts in
the mal + im1a and mal + im2a reactions, and they point to an enhanced reactivity of
im2a with the foldamer catalyst, the computed barriers are not fully consistent with the
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results of competition experiments (Figure 4.13). The reactivity difference between im1a
and im2a is reasonably well reproduced for the Takemoto catalyst 54, but computations
seem to overestimate the reactivity of im2a for the foldamer catalyst. On the basis of the
results of competition experiments (see Figure 4.13), one expects a similar or slightly
lower barrier for reaction with aromatic imine im1a. The quantitative discrepancy
between the computed barriers and the observed rates could be related to the inaccuracy
of the applied computational method, which might be considerable, particularly for large
molecular models involving the bulky catalyst fcat. Nevertheless, our test calculations
carried out with the ωB97X-D functional give similar trends for the C-C bond formation
barriers, suggesting that the discrepancy is probably not related to the error of the
chosen density functional.
In addition to computational errors, the apparent discrepancy might be due to mechanistic events beyond the C-C bond formation step; therefore, we examined the
mechanism of the subsequent proton transfer as well for the reaction mal + im1a. This
step involves a proton shift from the protonated amine unit of the catalyst to the N
atom of the anionic adduct intermediate formed in the C-C bond formation step. We
find that proton transfer occurs very easily in route 2 because the N atom of the adduct
lies in close vicinity of the protonated amine. The distance between the N and H atoms
is only 2.36 Å in the structure of intermediate intF2Ph, which is formed directly after the
C-C bond formation (Figure 4.15).
route 1

3.88

intF1Ph (+8.6)

route 2

2.36

intF2Ph (+4.7)

Figure 4.15 Intermediated formed directly after the C-C bond formation in the Mannich reaction. The N
and H atoms involved in the proton transfer are indicated with black arrows. Distances are given in
angstrom units. Relative free energies of the intermediates are given in kcal/mol units (with respect to fcat
+ mal + im1a).
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In route 1, however, substantial structural rearrangement in the H-bonded network of
this intermediate is required prior to proton transfer (Figure 4.15), because the distance
between the participating N and H atoms is 3.88 Å in intF2Ph. This rearrangement and
subsequent proton transfer is still facile with the Takemoto catalyst; however, it appears
to be hindered with the bulky foldamer catalyst. The difference found for the two
catalysts is clearly due to restriction on intramolecular structural rearrangements needed
for the protonation. Potential energy scan calculations suggest that transition states of
this multistep rearrangement process may lie above TSF1Ph; thus, the mal + im1a
reaction may preferentially follow route 2 with catalyst fcat (Figure 4.16).

TSF1Ph

TST1Ph

foldamer catalyst
fcat
rearrangement
+ reprotonation

intF1Ph

TST1Ph
Takemoto catalyst
54

Figure 4.16 Electronic energy as a function of distance between the anionic adduct N atom and the H
atom of the protonated amine along route 1 in the reaction of mal + im1a catalyzed by Takemoto and
foldamer catalysts. The zero level of the energy scale corresponds to C‑C bond formation transition states
(TST1Ph and TSF1Ph).

In the mal + im2a reaction, the reprotonation step in route 1 is likely hindered as well,
but this pathway could be still favored over route 2. It is therefore possible that the
reactions with the two imines (im1a and im2a) take place via two different pathways
(route 2 and route 1, respectively) but with comparable rates. We recall that experimentally,
in the reaction with aromatic imines (im1a-c), the C-C bond formation is clearly rate
limiting, but the same may not hold true for aliphatic imine im2a. Unfortunately, a
reliable KIE analysis could not be performed for imine im2a due to side reactions.
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4.2.5 Beneficial Role of the Catalyst Pocket
We analyzed the structures and the nature of interactions in transition states located
in route 1 (see Figure 4.17) to provide further understanding of the beneficial effect of
catalyst fcat on the C-C bond formation barrier for imine im2a. We note first that the
intramolecular hydrogen bonds between urea and thiourea in TSF1Ph and TSF1Cy are
notably strengthened in comparison to the free foldamer catalyst (structure in Figure 4.5
has longer H-S distances), which corroborates the cooperativity effect, but these changes
alone do not account for the improved relative reactivity for aliphatic imines. Although
cooperative effects amplify the acidity of the thiourea unit in foldamer catalysts [91], it
would likely beneficial for both aromatic and aliphatic imines.

1.81

1.84

1.84

1.84

2.09

2.10
2.24

2.28

TST1Cy (+17.2)

TST1Ph (+15.1)

2.65

2.59 2.34
1.98
1.94

TSF1Ph (+17.7)

2.20
2.02

1.80

2.35
1.85

2.30
2.08

TSF1Cy (+15.3)

Figure 4.17 Bond distances characteristic of H-bonding interactions in C-C bond formation transition
states in route 1 in reactions mal + im1a and mal + im2a promoted by catalysts 54 (upper structures) and
fcat (lower structures). Hydrogen bonds formed between the substrates and the catalyst are indicated by
dotted lines, whereas the developing C-C bond is illustrated by green dashed lines (related distances are
given in Å). Relative stabilities (in kcal/mol; with respect to reactants) are given in parentheses.

In transition states involving the Takemoto catalyst (TST1Ph and TST1Cy) the binding
of reacting partners is very similar, as indicated by the distances characteristic of
hydrogen-bonding interactions (e.g., both imines form hydrogen bonds with a distance of
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1.84 Å). In contrast, there are notable differences in these distances in transition states
involving the foldamer catalyst fcat (TSF1Ph and TSF1Cy), and they show a more compact
binding for aliphatic imine im2a. For instance, the N-H···N hydrogen bond associated
with the activation of imine im2a is significantly elongated in TSF1Ph and it is shorter in
TSF1Cy (1.94 and 1.80 Å, respectively). The longer N-H···N hydrogen bond in TSF1Ph is
consistent with the trend obtained for relative stabilities of the transition states and
suggests that the foldamer catalyst cannot accommodate aromatic imines as efficiently as
aliphatic imines into the catalytic pocket. Figure 4.18 shows another representation of
the four transition states and highlights the differences in noncovalent interactions
between the catalyst and the evolving adduct species.

TST1Ph (+15.1)

TST1Cy (+17.2)

TSF1Ph (+17.7)

TSF1Cy (+15.3)

Figure 4.18 Noncovalent contacts in C-C bond formation transition states in route 1 in reactions mal +
im1a and mal + im2a promoted by catalysts fcat (upper structures) and 54 (lower structures). The
protonated catalyst is represented via an isodensity surface (ρ = 0.01 au); imines im1a and im2a are
highlighted in red and mal is shown in blue. Green regions represent weak noncovalent interactions as
obtained from NCI analysis [135]. The applied cutoff for reduced density gradient is s = 0.3 au.

It is apparent that the Ph/Cy groups of the imines and the Me substituents of dimethyl malonate have practically no contact with catalyst 54, but these groups do interact
with various parts of catalyst fcat. The presence of the urea side group in catalyst fcat
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provides a well-defined binding pocket for the reacting substrates, which induces
selectivity with respect to imine substitution. The cyclohexyl moiety of im2a seems to
accommodate more favorably into this pocket than the flat and more rigid phenyl group
of im1a, presumably because the more flexible cyclohexyl ring can bend and fit in the
binding pocket generated by rings C-E of the catalyst. This is also visible from the more
extended contact surface in TSF1Cy. The longer N-H···N distance in TSF1Ph in comparison to TSF1Cy (and also in comparison to TST1Ph) implies destabilizing steric hindrance.
The role of the urea side group in catalytic selectivity was further analyzed by calculations carried out for model catalysts derived from fcat. C-C bond formation transition
states which are analogous to TSF1Ph and TSF1Cy were computed for each model. The
barriers related to the identified transition states are given in Figure 4.19.

m1

m2

m3

catalyst

ΔGPh (kcal/mol)

ΔGCy (kcal/mol)

ΔΔG (kcal/mol)

64

17.7

15.3

-2.4

m1

18.5

18.6

+0.1

m2

17.9

18.3

+0.4

m3

19.9

21.1

+1.2

no catalyst

11.8

14.9

+3.1

Figure 4.19 Computed barriers and their differences obtained for model catalysts. Units altered with
respect to the original catalyst are drawn in grey. ΔGPh and ΔGCy refer to barriers computed for aromatic
and aliphatic imines (im1a and im2a). In the absence of catalyst, the barriers are computed relative to the
deprotonated malonate + imine state.

As reported above, the barriers computed for imines im1a and im2a with the original
catalyst (fcat) are 17.7 and 15.3 kcal/mol, respectively, giving ΔΔG = −2.4 kcal/mol as a
difference. The presence of the indene ring and the neighboring CF3-substituted phenyl
group appears to be important in getting enhanced reactivity with im2a, because without
these groups (models m1 and m2) the computed ΔΔG is close to zero (similar barriers for
im1a and im2a). The elimination of the entire urea side group (model m3) gives ΔΔG =
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+1.2 kcal/mol; therefore, the catalysis becomes less efficient for the aliphatic imine
similarly to that with Takemoto catalyst 54 (for which ΔΔG = +2.1 kcal/mol). We note
that, in the absence of catalyst, the C-C bond formation is clearly favored for the
aromatic imine (ΔΔG = +3.1 kcal/mol). These barriers are low because they do not
involve the deprotonation and catalyst binding processes, which are both endergonic.
Our computational analysis thus suggests that the improved catalytic performance of
foldamer catalysts in Mannich reactions with aliphatic imines cannot be explained solely
by the cooperative effects of intramolecular H-bonding interactions between urea and
thiourea, although cooperativity is clearly evident in the shortening of the intramolecular
hydrogen bonds in the transition states. The structural fit of the substrates to the binding
pocket of the folded structure appears to be better with the aliphatic imines, and this also
contributes to their higher reactivity.

4.3 Concluding Remarks
Overview of a combined quantum chemical and experimental mechanistic investigation was presented in this chapter. It addressed the unusual reactivity of cooperative
bifunctional catalyst towards both aromatic and aliphatic imines in Mannich addition
reactions. Structure of the free catalyst and several binary complexes were explored as
well. To assess our computational results we also investigated the reaction of parasubstituted aromatic imines. Based on our results, the following conclusions were drawn:
1. Both computations and X-ray structures suggest preference for the folded structure
of the catalyst, which allows the formation intramolecular cooperative hydrogen bonds.
2. Quantum chemical studies revealed two viable pathways for the reactions, route 1
and route 2, which differ in the substrate coordination to the catalysts hydrogen-bonding
sites. Experimental and computed data point to the mechanism where the C-C bond
formation is the rate-determining event.
3. Our computational analyses suggest that, in addition to cooperativity effects, the
foldamer catalyst can further facilitate the C-C bond formation via dispersion forces
provided by the binding pocket created by the catalyst. These effects are practically
negligible in the Takemoto catalyst, which might explain the superiority of foldamer
catalyst over its predecessors in the reactions of aliphatic imines.
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5.1 Introduction
While the catalytic asymmetric version of the classical Michael addition is well established, the catalytic asymmetric aza-Michael addition still presents a significant challenge
in organic synthesis [154]. Consequently, the broadly used asymmetric aza-Michael
reactions usually rely on the use of chiral auxiliaries, chiral starting materials, or
stoichiometric amounts of chiral ligands. Nevertheless, advances in the field of
organocatalysis also paved the way for progress in this particular area. In this section,
some selected examples are presented, where stereoselective aza-Michael reactions were
successfully carried out in the presence of bifunctional catalysts.
Wang et al. reported the enantioselective addition of 1H-benzotriazole to a number of
enones, which was facilitated by Soós catalyst 49 (Scheme 5.1), however, only modest
stereoselectivity and enantiomeric excess (up to 64%) could be attained [155].
catalyst 49
(10 mol%)

CHCl3, rt.
48-144 h

51-85%, 55-64% ee

R1: p-Cl-Ph, o-Cl-Ph, p-NO2-Ph, Ph
p-OMe-Ph, p-F-Ph, 2-thienyl

catalyst 49

R2: Ph, p-Cl-Ph, 2-thienyl, Me
1-imidazolyl, p-F-Ph,

Scheme 5.1 Aza-Michael addition of 1H-benzotriazole to enones [155].

Better enantioselectivity results were reported by Sibi and co-workers [156] for the
addition of O-benzylhydroxylamines to pyrazole crotonates (Scheme 5.2).
ent-57
(30-100 mol%)

ent-57

0°C, CF3-C6H5
4 Å MS
24-288 h
R1: Me, CO2Et, Et, nPr, iPr,
CH2OPMP, Ph, c-C6H11

R2: Ph2CH, TBDMS, PhCH2

Scheme 5.2 Thiourea catalyzed aza-Michael addition of hydroxylamines, and the proposed transition state
of C-N bond formation [156].

Catalyst ent-57 provided the best results in their catalyst screening, which could even
provide 98% ee, but these results could only be attained with the application of larger
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(30-100 mol%) catalyst loadings. The authors proposed a transition state model for the
reaction, where the hydroxyl-group delivers the nucleophile to the Si-face of the
electrophile that is coordinated to thiourea moiety of the catalyst.
The group of Ricci was able to carry out an asymmetric aza-Michael addition of
O-benzylhydroxylamine to chalcones [157]. The authors screened a number of
organocatalysts revealing the importance of the thiourea motif. Using 20 mol% of the
bifunctional cinchona organocatalysts 49, they were able to get moderate to very good
yields, but only mediocre enantioselectivities could be attained (Scheme 5.3).
catalyst 49
(20 mol%)
toluene, rt. or 4°C
48-93 h
35-94%, 27-60% ee
R1: H, Me, nBu, tBu, p-OMe-Ph
p-Cl-Ph, o-Cl-Ph, o-Me-Ph
m-Me-Ph, p-Me-Ph, p-NO2-Ph
2-furyl, 1-naphthyl

catalyst 49

R2: H, p-OMe, p-NO2, o-Me

Scheme 5.3 Michael addition of O-benzylhydroxylamine to chalcones [157].

An effective organocatalytic method for the construction of N- and O-heterocycles
would, in theory, be possible to accomplish via intramolecular hetero-Michael reactions.
Moreover, simultaneous control of the adjacent stereogenic centers would provide
important chiral scaffolds for the synthesis of biologically active compounds. The
application of α,β-unsaturated carboxylic acids would be particularly challenging,
however, it would provide facile access to heterocycles containing an acetic acid unit.
The two main issues with direct application of such substrates are 1) their generally low
reactivity and 2) their ability to form inert salts with the nucleophile [158]. On the other
hand, it would make the application of protecting groups on the carboxylate redundant.
To overcome this challenge, Takemoto et al. employed boronic acids to activate
α,β-unsaturated carboxylic acids and carried out aza-Michael reactions with high yield and
enantiomeric excess. They found that only boronic acids that bear an amine moiety were
able to promote the desired cyclization reaction in acetonitrile. In addition, the position
of this moiety and the steric properties of the N-substituents were proven to be crucial
for effective catalysis (Scheme 5.4). The para-substituted catalyst 68 did not result in the
formation of any of the desired products. Furthermore, the low activity of benzoxaborole 67 indicated that the presence of two hydroxyl groups on the boron atom is also
essential for the catalysis. Boronic acid 65 gave a lower yield compared to 64, which was
attributed to the reduced Lewis acidity of the catalyst resulting from the coordination of
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the less hindered amine group to the boron atom [159]. The use of boronic acid 66
having a bulkier amino group led to reduction in the rate of the Michael reaction.
catalyst
(10 mol%)
CH3CN
80°C, 24 h
64 (99%)

65 (18%)

66 (7%)

67 (< 1%)

68 (< 1%)

Scheme 5.4 Screening of the boronic acid catalysts. Their efficiency was assessed via the observed
(1H-NMR spectroscopy) yield (given in parenthesis) of the cyclization reaction [158].

A plausible mechanism for this reaction was suggested by the authors (Scheme 5.5). It
was assumed that catalyst a would form a seven-membered hydrogen-bonded ring
between its boronic acid moiety and amino group (B-O-H···N(iPr)2). The trigonal planar
boron species a would then form an acyloxyborane complex b, bearing the carboxylic
acid moiety of the substrate with the aid of the Lewis-acidic boron atom and the
Brønsted basic moiety. The subsequent C-X (X = N, O) bond-forming step would then
proceed via either c or d. In pathway d, the cooperative hydrogen-bonding interactions
would promote the cyclization of the complex with an s-cis conformation, which would
give intermediates e and f. On the alternative pathway involving c, the hydroxyl group of
the tetrahedral boronate center would assist in the formation of the C-X bond in the
s-trans conformation of the complex. Finally, a carboxylic acid exchange in f would afford
the desired product and complete the catalytic cycle. The experimental results support
the pathway c, because catalyst 67, which lacks a second hydroxyl group, showed
practically no activity in the reaction. They suggested that the rate determining step
would be the deprotonation or the C-N bond formation step, rather than the formation
of an acyloxyborane species.
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Brønsted base

Lewis acid
a

f

b

c
(s-trans)

d
(s-cis)

e

Scheme 5.5 The proposed mechanism of the intramolecular hetero-Michael reactions [158]. X=N,O.

As shown in the proposed mechanism, the amino group of the catalyst would not be
directly involved in the activation of the nucleophilic moiety of the substrate; however,
hydrogen-bonding interactions were demonstrated to have high impact on the C-X bond
formation. It was therefore envisioned that the reaction would be further facilitated by
the addition of an external base (e.g. 54 or 69) and that the use of a chiral base catalyst
would cause stereoinduction. To evaluate this hypothesis, the authors conducted oxaMichael reaction (X=O) experiments with added amines (Scheme 5.6). This dual
activation system was able to facilitate the enantioselective formation of the product
efficiently.
(m-CF3)2-Ph-B(OH)2
amine 69 (20 mol%)
MTBE/CCl4 (1:2)
4 Å MS, rt., 24 h

99%, 93% ee

69

Scheme 5.6 Intramolecular oxa-Michael addition facilitated by dual (boronic acid + amine) activation
system [158]. MS refers to molecular sieves, and MTBE refers to methyl tert-butyl ether.
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While the conducted experiments lend support to the suggested mechanistic picture,
no spectroscopic evidence was obtained for the reaction mechanism of the heteroMichael addition. Takemoto et al. anticipated that a more definite catalyst structure
would allow more thorough mechanistic investigations. Thus, they synthesized the
multifunctional catalyst mcat, which incorporates both the boronic acid and chiral amine
partners. This entity was still capable of catalyzing the Michael addition of
O-benzylhydroxylamine (nuc) to α,β-unsaturated carboxylic acids (Scheme 5.7).
hydrogen bond

Brønsted base

BnONH2
mcat (10 mol%)

rt., 24 h
mcat

up to 83% yield, 90% ee (with 4Å MS)
no reaction (without 4Å MS)

Lewis acid

Scheme 5.7 The multifunctional catalyst mcat promotes the enantioselective Michael reaction of
BnONH2 (nuc) to α,β-unsaturated carboxylic acids.

Previously [158], it was hypothesized that the catalyst would form zwitterionic complex A with carboxylic acid through acid-base interactions. The acid would protonate the
Brønsted basic moiety of the catalyst (e.g. mcat in Scheme 5.8), and the resulting
carboxylate anion is stabilized by both the thiourea and arylboronic acid groups. The
subsequent addition of nuc to the s-trans form of the coordinated carboxylic acid is
assisted by the borate hydroxyl group, affording the (S)-product predominantly.

catalyst mcat

complex A

complex B

Scheme 5.8 Possible mcat-acid complexes that can form in the aza-Michael reaction.

However, borate complexes B can also be generated from complex A by a second
ligand exchange with another molecule of carboxylic acid substrate. In both complexes
A and B, the thiourea can activate the carbonyl oxygen through dual hydrogen-bonding
interactions, thereby promoting nucleophilic addition. In the course of our combined
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experimental and theoretical work, we scrutinized the aza-Michael addition reaction of
nuc to α,β-unsaturated carboxylic acids to identify which complex is more likely to
participate in the C-N formation. The experiments and kinetic studies were carried out
by the group of Takemoto, and some mechanistic aspects were examined via DFT
calculations, performed by our group, utilizing the ωB97X-D functional. With these
computations we addressed the reaction between BnONH2 (nuc) and crotonic acid crot
in the presence of mcat (Scheme 5.9). We chose electrophile crot for our investigation
due to its small size and low conformational complexity. In the following sections, a
brief overview is presented on our cooperative work towards a comprehensive
mechanistic model. For the sake of logical coherence, a few experiments, that had
pivotal role in our study, are also included in the discussion.

mcat (10 mol%)
C2Cl4, rt.
nuc

crot

crot-prod

mcat

Scheme 5.9 The computationally investigated reaction between BnONH2 (nuc) and crotonic acid crot in
the presence of multifunctional catalyst mcat.

5.2 Results
5.2.1 Structure of the Catalyst and Relevant Complexes
As expected, in the X-ray structure of mcat (Figure 5.1a), intramolecular hydrogen
bonding was observed between one of the hydroxyl groups of the boronic acid and the
N atom of the tertiary amine group. More importantly, the boronic acid is located in
close proximity to the thiourea unit, which implies that in solution, simultaneous
activation by both moieties is feasible. Though the thiourea NH groups are found to be
in anti arrangement in the X-ray structure, DFT calculations indicate that the anti (Figure
5.1b) and syn (Figure 5.1c) conformers of mcat lie reasonably close in free energy and
they can easily interconvert in solution. The conformational analysis reveals that the
most stable form of this molecule corresponds to that observed in solid state by X-ray
analysis. The catalyst conformer with the syn orientation of the thiourea NH bonds is
predicted to be 2.9 kcal/mol less stable, but potential energy scan calculations estimate
the height of the separating barrier to be only 11.4 kcal/mol. In our present study we
assumed that in the catalytically active form of the catalyst the NH groups are in syn
arrangement.
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(a)

(b)

1.84

X-ray structure

(c)

1.83

(0.0)

2.04
1.67

(+2.9)

Figure 5.1 (a) X-ray structure of multifunctional catalyst mcat. (b) Most stable conformer of mcat and (c)
its syn conformer obtained from DFT computations. Gibbs free energies are given in kcal/mol units.
Intramolecular hydrogen-bond distance are given in Å. The CH hydrogens and the coordinating acetone in
the X-ray structure were omitted for clarity.

Next, the 11B-NMR spectra were obtained to determine the coordination number of
the boron atom of mcat in solution. These spectra indicated that in solution, according
to literature values, the boron atom exists as a trigonal planar species. However, the
addition of molecular sieves (4 Å MS) to the catalyst solution resulted in notable change
in the 11B-NMR spectrum and implied the formation of tetra-coordinated boron. This
species could not be identified by 1H-NMR analysis, but DOSY (diffusion ordered
spectroscopy) NMR experiments indicated the dimerization [160] of catalyst mcat,
which was confirmed by the detection of dimeric boron complex in ESI-MS measurements. This species is generated by releasing 1 equivalent of water from 2 equivalents of
mcat, which is stabilized by the added 4 Å MS (Scheme 5.9).
When 1 equivalent of crotonic acid crot was added to mcat in the presence of 4 Å
MS, the peak, related to trigonal boron atoms, almost completely disappeared, and a new
peak appeared, which, based on DOSY experiments, could be assigned to B-O-Bbridged dimeric forms of complex A. With a large excess of crotonic acid (mcat and
crot in a 1:10 ratio), another species, identified as complex B, was observed. Notably,
without molecular sieves, practically no complex formation could be observed in the 11BNMR spectra. Therefore, the presence of molecular sieves seems to be essential for the
generation of the tetrahedral borate complexes, and complex B was presumed to play an
important role in the enantioselective aza-Michael addition.
The mechanistic relevance of complex B was supported by the experimental observation that addition of unreactive carboxylic acids to the reaction could improve the rate
and enantioselectivity (Scheme 5.10). Acid additive screening experiments pointed to the
beneficial application of 1 equivalent of benzoic acid, which notably increased the ee of
the reaction (from 55% to 95%). Although, increasing the amount of benzoic acid (2-5
equivalent) additive led to lower yields (40%), because it could compete with the
substrate to form the corresponding ternary complex B.
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catalyst mcat
4 Å MS
- H2O

- H2O

dimer of mcat

complex A dimer

complex B

Scheme 5.9 Dimerization of mcat and the formation of complexes A and B with acid crot.

BnONH2 (1 equiv)
mcat (10 mol%)
additive, 4 Å MS,
PCE, rt., 24 h

additive (equiv.)

Yield (%)

ee (%)

none

73

55

PhCOOH (0.5)

77

86

PhCOOH (1.0)

77

95

PhCOOH (2.0)

69

94

PhCOOH (5.0)

40
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Scheme 5.10 Effect of benzoic acids as additives. PCE=perchloroethene.

In our computational analysis, we explored the conformational space of complexes A
and B. The most stable structures of the dimeric and monomeric variants of complex A
are shown in Figure 5.2. The obtained structure features multiple hydrogen-bonding
interactions that stabilize the dimeric species (-2.1 kcal/mol with respect to the dimer of
mcat), accordingly, the formation of complex A dimer is predicted to be favored
thermodynamically. We note that calculations carried out for the complex A monomer
points to reduced stability of the monomeric species as the free energy of formation
(from catalyst mcat + crotonic acid) is predicted to be +3.3 kcal/mol. This is in
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agreement with our experimental observation that no complex formation between mcat
and crot is observed in the absence of molecular sieves.

complex A dimer (-2.1)

complex A (+3.3)

Figure 5.2 (Left) Optimized structure of the most stable conformer of B-O-B bridged complex A dimer.
Relative Gibbs free energy (with respect to mcat dimer + 2 x crot) is in kcal/mol. (Right) The most stable
conformer of B-O-B bridged complex A. The carbon atoms of the crotonate ligand are in green. All CH
hydrogen atoms are omitted for clarity.

Based on the advantageous effect of acid additives on the reaction, we decided to
examine the variant of ternary complex B which incorporates both crotonic acid and
benzoic acid. The two most stable structures (a) and (b) with the syn orientation of the
thiourea NH groups are displayed in Figure 5.3.
(a)

(b)

(c)

2.00
1.93
1.96

1.97

1.91

1.60

1.62

crotonate

steric
shielding

benzoate

(0.0)

(+4.5)

(+0.1)

Figure 5.3 Optimized structures of the most stable conformers of ternary complex B. (a) syn conformer
(b) syn conformer without O-H···O hydrogen bond (c) anti conformer. Distances related to intramolecular
hydrogen bonds are given in Å. Relative Gibbs free energies (shown in parenthesis) are in kcal/mol. All
C-H hydrogen atoms are omitted for clarity.
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In structures (a) and (b), the crotonate is attached to the catalyst via a covalent B-O
bond and the carbonyl forms a double hydrogen bond with thiourea. The protonated
amine interacts strongly with the OH group of the borate (short N-H···O bond). The
two structures differ in the orientation of the coordinated benzoate. In the most stable
form (a), the carbonyl unit of the benzoate is bound to the borate OH via an additional
hydrogen bond, whereas this interaction is absent in structure (b). The lack of O-H···O
bond in this latter structure translates into notable destabilization in terms of free energy
(4.5 kcal/mol). Structures with the anti arrangement of the thiourea NH groups have also
been identified by the conformational analysis, and the most stable member of this class
of conformers is shown in Figure 5.3c. Despite its considerable stability (+0.1 kcal/mol),
this conformer should be considered inactive, because the Si-face of the crotonate is
shielded by the phenyl ligand of the thiourea. Due to this steric shielding, the Si-attack of
the nucleophile, which would produce the major product enantiomer, is blocked.
5.2.2 Kinetic Studies
In addition to these spectroscopic analyses, we performed kinetic studies using
classical initial rate kinetics. Using a large (10 equiv) excess of nuc, the reaction rate
became greater, as the concentration of the acid was increased gradually from 5.0 to
20 mM. The reaction rates vs. concentration plot reveals a linear relationship for the
initial phase of the reaction (Figure 5.4a), pointing to first-order kinetics in the carboxylic
acid substrate. Regarding the nucleophile nuc, the kinetic measurements similarly
suggest first-order rate dependence in the initial phase (Figure 5.4b). Finally, the reaction
was found to be first order with respect to the catalyst mcat, as illustrated by the overlay
of concentration curves on the [acid] vs. time·[mcat] plot (Figure 5.4c) [161].
Additional kinetic data indicate that the reaction rate is reduced after the initial period.
This latter kinetic behavior is likely due to product inhibition, which could be supported
by further experiments. Addition of the product to the reaction mixture retarded the
reaction significantly (Figure 5.4d). Premixing the product with catalyst mcat prior to the
addition of acid and nuc resulted in an even more enhanced inhibition, which further
supports the role of complex B-type intermediates in the catalytic cycle.
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Figure 5.4 Kinetic studies of the reaction catalyzed by mcat with 4 Å MS in CCl4. (a) Initial rates vs. initial
concentration of acid using an excess of nuc. (b) Initial rates vs. initial concentration of nuc using an
excess of acid. (c) [acid] vs. time•[mcat] with catalyst loadings: ● 5 mol%; ▲ 10 mol%; ○ 15 mol%.
(d) [acid] vs. time with and without product (● standard conditions; ▲ product added at time=0; □ the
product was mixed with catalyst mcat for 4 h prior to reaction. In these experiments 5-phenylpent-2-enoic
acid was used as the electrophile.

A plausible reaction mechanism emerging from the results of NMR titration and
kinetic experiments is shown in Scheme 5.11. In the presence of molecular sieves the
dimeric catalyst readily reacts with carboxylic acid crot to form a dimer of tetracoordinated borate complex A and subsequently complex B. This latter process is
accompanied by the release of water as well. In contrast, the dimerization of neither
mcat nor complex A can occur in the absence of 4 Å MS.
In complex B, one of the coordinated carboxylate ligands is thought to form hydrogen bonds with the thiourea NH groups. The second coordinated carboxylate may act as
a Brønsted base that binds and activates the nucleophile via hydrogen-bonding
interactions. Based on the first-order kinetics in both substrates (e.g. crot and nuc), we
anticipate that complex B is the resting state of the catalytic cycle in the initial phase of
the reaction, and the rate-determining C-N addition step takes place with the assistance
of an additional carboxylic acid (see transition state TSM-S in Scheme 5.11). The reaction
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likely progresses via proton transfer from the NH2 group to the sp2 carbon of the adduct
to give intermediate complex C. This species is analogous to complex B, but it involves
the product carboxylic acid. The catalytic cycle is completed by subsequent ligand
exchange by substrate crot to furnish the desired (S)-product. The observed product
inhibition implies that the resting state shifts from complex B to complex C as the
reaction proceeds. Due to additional noncovalent interactions between the product and
the catalyst, the complex C state may indeed be thermodynamically more stable than
complex B, and therefore, it may become more populated at higher conversions.

TSM-S

concerted C-N addition
and protonation

complex B
s-trans

ligand exchange
complex C

(S)-product
complex A dimer

- H2O

mcat

Scheme 5.11 Mechanism of the aza-Michael addition between α,β-unsaturated carboxylic acids
(exemplified by crot) and nuc, suggested by NMR measurements and kinetic studies.
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5.2.3 C-N Bonding and Proton Transfer Steps
We carried out DFT calculations for the stereogenic C-N bond formation step of the
reaction to assess the validity of the proposed mechanistic model and to gain insight into
the origin of enantioselectivity. The particular system we considered involves catalyst
mcat, reactants crot and nuc, and benzoic acid (PhCOOH) as the additive. Based on
the results of kinetic analysis (i.e., first-order kinetic dependence on both acid crot and
nucleophile nuc), in the course of these computations we assumed that the C-N addition
step is coupled with the protonation process, which occurs via the involvement of an
extra carboxylic acid (benzoic acid in the present model).
Transition states corresponding to the addition of nucleophile nuc to ternary complex mcat·crot·(PhCOO) (complex B in Scheme 5.11) in the presence of a benzoic acid
were explored computationally and the most stable structures leading to the major (S)
and the minor (R) product enantiomers are depicted in Figure 5.5.
complex B
(0.0)

Si-attack

Re-attack

NH···O

TSM-S
(24.5)

towards major product

TSM-R
(27.1)

towards minor product

Figure 5.5 Acid-assisted C-N bond formation transition states leading to (S) and (R) product enantiomers
in the aza-Michael reaction of nuc and crot. Relative stabilities are given in kcal/mol with respect to
mcat·crot·(PhCOO) + nuc + PhCOOH. The hydrogen bonding interactions are indicated as dotted
lines. The developing C-N bond is shown as a blue dotted line. All C-H hydrogen atoms are omitted for
clarity. The C atoms of the reacting partners are highlighted in green.
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In complex B (Figure 5.3a), the electrophile is attached to the catalyst via a covalent
B-O bond and its orientation is fixed by a double hydrogen bond formed with the
thiourea. The benzoate ligand is anchored via an intramolecular O-H···O bond, so that
the oxygen atom that activates the nucleophile is positioned above the Si face of the
crotonate double bond. This ideal structural arrangement in mcat·crot·(PhCOO)
enables nucleophile activation (via N-H···O(benzoate) hydrogen-bonding interaction)
only for Si-face attack of the crotonate (see TSM-S in Figure 5.5). In this transition state,
the benzoic acid is bound to the second NH group of the nucleophile via the carbonyl
moiety, whereas the acidic OH group is oriented toward the proton acceptor carbon
atom of the crotonate. The analysis of these transition states and the computed IRC
following pathways reveal a protonation event that occurs concertedly with the acidassisted C-N addition (Figure 5.6). This concerted process is, however, asynchronous:
the addition step occurs first and it is followed by the C-protonation and NH2deprotonation sequence.

(b)

TSM-S

(a)

(c)

(e)
(d)

Figure 5.6 IRC pathway obtained for C-N bonding transition state towards the major (S) product
enantiomer. The transformation starts from the guided coordination of nuc to complex B (a). The C-N
bonding transition state TSM-S (b) leads to the formation of a zwitterionic structure (c). Proton transfer
could easily occur in this structure via C-protonation (c to d) and NH2-deprotonation (d to e).

An analogous transition state was identified computationally for the Re-face attack of
the crotonate as well; however, in that transition state (TSM-R in Figure 5.5), the
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nucleophile is not activated due to the lack of N-H···O(benzoate) interaction. Transition
state TSM-R is predicted to be notably less stable than TSM-S. The revealed mechanism,
which identifies the irreversible C-N addition/protonation event as the enantioselectivity-determining step, is in agreement with the kinetic data and also accounts well for the
observed enantioselectivity (the barriers calculated for the C-N bond formation step for
the Si and Re pathways are 24.5 and 27.1 kcal/mol, respectively).
Although the kinetic analysis of the present reaction suggests the involvement of an
additional carboxylic acid in the rate-determining step, we examined the stepwise
reaction mechanism of the C-N addition/protonation sequence, where the C-N bonding
reaction occurs in the absence of an external carboxylic acid. Corresponding transition
states structures were obtained for both Si and Re pathways, which showed comparable
barriers to those found for the acid-assisted pathways. However, the generated
zwitterionic intermediate, which is supposed to interact with the external acid molecule,
already lies 24.6 kcal/mol above the separated reactants. Considering the predicted error
of our computational methodology, this stepwise reaction mechanism cannot be fully
excluded. Nevertheless, the entropic cost of binding an additional acid molecule to an
intermediate that already lies rather high (at 24.6 kcal/mol) in free energy potentially
make the stepwise C-N addition/protonation process less likely than the concerted
mechanism.
In addition, to examine the thermodynamics of the carboxylate exchange process that
closes the catalytic cycle, we calculated the free energy of the reaction complex C + crot
→ complex B + crot-prod reaction, which is ΔrG = +0.4 kcal/mol (Figure 5.7).
complex C

ΔrG = +0.4 kcal/mol

+

complex B

2.00

1.93
1.93

complex B

+

1.93

complex C

Figure 5.7 (Top) Reaction free energy of ligand exchange (from complex C to complex B). (Bottom) The
most stable structures of complex B and complex C. Stabilizing noncovalent interactions in complex C are
highlighted by blue arrows.
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Although this energy difference is within the uncertainty of the applied methodology,
some extra stabilizing noncovalent interactions are apparent in complex C. These
interactions involve aromatic interactions between the product phenyl group with the
catalyst (thiourea phenyl group) and the benzoate ligand, and OH···π interaction
between the OH group of the borate and the phenyl group of the product (Figure 5.7).
The hydrogen bonding between thiourea and the carboxylate carbonyl appears to be
strengthened as well in complex C.

5.3 Concluding Remarks
The multifunctional catalyst designed by Takemoto et al. was subject of thorough
mechanistic investigation. This catalyst, composed of a thiourea-based tertiary amine and
arylboronic acid is able to effectively activate α,β-unsaturated carboxylic acids as
electrophiles in aza-Michael reactions. Its conformationally more rigid structure allowed
us to employ DFT computations (in concert with experiments) to elucidate its
mechanism. The main conclusions of the computational work presented in this chapter
can be summarized as follows:
1. Computations indicated that in an energetically feasible conformation of the
catalyst all catalytically relevant functional groups are simultaneously accessible for the
substrates.
2. In most favored computed C-N bonding transition state, the α,β-unsaturated
carboxylic acid substrate is activated concurrently by the boronic acid and the thiourea
unit, whereas the nucleophile is activated by a second coordinating acid. The lack of the
latter interaction in the transition state towards the minor product can account for the
observed enantioselectivity of the reaction.
3. In agreement with the kinetic experiments, computations allude to the involvement
of an extra carboxylic acid in the rate-determining step regardless, if the C-N bonding
and the protonation occurs in concert or stepwise. Nevertheless, concerted asynchronous mechanism seems to be more plausible.
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SUMMARY

Summary
Since the 2000s, quantum chemical investigations have proven to be important
contributions for the elucidation of reaction mechanisms in organocatalysis. The insight
provided at molecular scale level allowed the rationalization of stereoinduction and
consequently guided the researchers to the development of more effective and versatile
catalysts. During my PhD work, I have been involved in studying the mechanisms of
three organocatalytic systems. We worked in collaboration with other groups to carry out
combined theoretical and experimental investigations, which is demonstrated to be a
particularly effective approach in modelling organocatalytic reactions. To provide reliable
results, we employed state-of-the-art computational techniques, including extensive
conformational analysis, dispersion corrected hybrid density functionals, as well as high
accuracy ab initio methods.
We investigated the Hayashi-Jørgensen catalyst promoted Michael addition reaction
between propanal and nitrostyrene. The remarkably high enantioselectivity of the
reaction was previously interpreted by two opposing one-step stereochemical models,
namely the steric shielding model and the Curtin-Hammett scenario. Our results pointed
to a third, two-step stereochemical model, which suggests that facial preference in the CC bond formation accounts for the observed enantioselectivity, but, the reaction rate is
determined at the subsequent protonation of the formed downstream intermediates. The
reliability of the applied methodology was tested in terms of extensive conformational
analysis and via coupled cluster computations, and the results verified our qualitative
conclusions. Kinetic simulations were utilized to predict the stereochemical outcome of
this more complex model and they alluded to time-dependent enantiomeric ratio. Time
evolution of enantioselectivity could be confirmed by ESI-MS experiments with masslabelled substrates, which give support to our two-step model.
The unusual reactivity of aliphatic imines in Mannich reactions promoted by a foldamer bifunctional catalyst was addressed by experiments and DFT computations. Based
on computations and X-ray structures, the catalyst prefers its folded conformation that
allows the formation intramolecular cooperative hydrogen bonds. C-C bond formation
transition states are suggested to be rate determining by kinetic and computational data.
Quantum chemical studies revealed two viable parallel pathways for the reaction.
Corresponding C-C bonding transition states display different substrate coordination,
yet, similar stabilities. Computations suggest high impact of dispersion interactions
between the substrates and the binding pocket of the catalyst, which, in combination
with cooperative effects, can account for the enhanced reactivity. These effects are
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practically negligible in the Takemoto catalyst, which might explain the superiority of
foldamer catalyst over its predecessors in the reactions of aliphatic imines.
A novel multifunctional catalyst developed by Takemoto and co-workers is capable to
activate α,β-unsaturates carboxylic acids without protecting groups. Computations
indicated that in an energetically feasible conformation all three activation sites (thiourea,
tertiary amine, boronic acid) are accessible for the substrates, thereby their simultaneous
operation is allowed. To identify the rate-determining step of the reaction conformational analyses were carried out for the C-N bonding transition state. In the most favored
computed C-N bonding transition state, the α,β-unsaturated carboxylic acid substrate is
activated concurrently by the boronic acid, the amine and the thiourea unit, whereas the
nucleophile is activated via hydrogen bonding interaction involving a second coordinating acid molecule. In contrast, this hydrogen bonding interaction cannot occur in the
transition state towards the minor product, which according to our computational data,
can account for the observed enantioselectivity of the reaction. In agreement with the
kinetic experiments, computations predict the involvement of an extra carboxylic acid in
the rate-determining step regardless, if the C-N bonding and the subsequent proton
transfer occurs in concert or stepwise. Nevertheless, concerted asynchronous mechanism
seems to be more plausible.
In summary, several important mechanistic questions, related to the mechanism of
organocatalytic reactions, could be answered by the application of quantum chemical
methods in concert with experiments. We hope that our results published in the articles
and discussed in this dissertation will inspire further mechanistic investigations in the
future.
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Összefoglalás
Az elmúlt évtizedekben a kvantumkémiai számítások jelentősen hozzájárultak az
organokatalitikus reakciók mechanizmusának megértéséhez. Ezen módszerek előnye,
hogy képesek molekuláris szintű szerkezeti információkat nyújtani a vizsgált
rendszerekről, így olyan modelleket kaphatunk, amelyekkel képesek lehetünk értelmezni
a katalizátor működését és szelektivitását. Ennek köszönhetően a meglévő katalizátorok
fejlesztése, illetve az új katalizátorok tervezése sokkal egyszerűbbé válhat. A doktori
munkám során három olyan kutatásban vettem részt, amelyekben organokatalizált
reakciók modellezését tűztük ki célul. Úgy döntöttünk, hogy ehhez együttesen kísérleti és
számításos módszereket is felhasználunk, ami tapasztalataink szerint igen hatékony
kémiai reakciók vizsgálatára. Annak érdekében, hogy megbízható modelleket kapjunk,
olyan kvantumkémiai módszereket választottunk, amelyekkel a konformációs
szabadságból, diszperziós kölcsönhatásokból, és az elektronikus energia számítás
közelítéseiből származó bizonytalanságokkal szemben is megbízható eredményeket
kaphatunk. A számításokhoz ezért konformációs keresést, sűrűségfunkcionál elméleten
(DFT) alapuló, fejlett módszereket (funkcionálokat) és némely esetben ab initio
kvantumkémiai számolásokat is használtunk.
A propanal és nitrosztirol közötti Michael reakció igen nagy jelentőséggel bír az
organokatalízisben, ugyanis az új katalizátorok hatékonyságát gyakran ezzel a kapcsolási
reakcióval ellenőrzik. Például a Hayashi-Jørgensen katalizátort alkalmazva különösen
magas szelektivitás érhető el, amelyet korábban két, egyetlen reakciólépésre fókuszáló
modellel próbáltak értelmezni, a sztérikus árnyékolási modellel és a Curtin-Hammett
modellel. Ez a két modell két, egymástól teljesen különböző fejlesztési stratégiát javasol a
katalizátorra. Az általunk végzett vizsgálatok eredményei ezzel szemben egy harmadik,
kétlépéses modellre utalnak, amelyben a sztereoszelektivitás a C-C kapcsolási lépésben
dől el, míg a reakció sebességét a keletkezett gyűrűs köztitermékek protonálása határozza
meg. Konformációs analízisre és ab initio módszerekre épülő tesztszámításokkal igazoltuk
a modellünk megbízhatóságát. Kinetikai szimulációkat végeztünk a kétlépéses modellből
kiindulva, hogy megvizsgálhassuk a rendszer enantioszelektivitását. Ezek a szimulációk
időben változó enantiomerarányt jósoltak, amit ESI-MS kísérletekben is sikerült
megfigyelni. Ezzel megerősítettük a kvantumkémiai számításokkal kapott modellünk
érvényességét a korábbiakkal szemben.
A következő tanulmányunkban arra kerestük a választ, hogy alifás iminek miért
mutatnak szokatlanul magas reaktivitást Mannich reakcióban a Petri M. Pihko
kutatócsoportja által tervezett kooperatív katalizátor jelenlétében. Ennek
megválaszolására együttműködés keretében DFT számításokat végeztünk. A kísérleti és
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elméleti módszerekkel kapott eredményekből arra következtettünk, hogy oldatfázisban a
katalizátorban intramolekuláris hidrogénkötések alakulnak ki, amelyek képesek
kooperatív hatásukkal erősíteni a reaktáns molekulák kötődését. Kinetikai és számítási
eredmények a C-C kapcsolást javasolták a reakció sebességmeghatározó lépésének,
amelynél két különböző aktiválási módot is sikerült azonosítani. Bár a két aktiválási mód
szerkezetben jelentősen eltér, a számolt oldatfázisú szabadentalpia értékek nagyon
hasonlóak. A kvantumkémiai számítások arra utalnak, hogy az intramolekuláris
hidrogénkötéseken kívül a katalizátorzsebbel való diszperziós kölcsönhatások is erősen
stabilizálni tudják a reaktánsokat, főleg a kevésbé merev alifás imineket. Ezek a kontakt
kölcsönhatások látszólag elhanyagolhatóak a Takemoto katalizátornál, ami csökkent
reaktivitást eredményezhet.
A Takemoto és kutatótársai által kifejlesztett új multifunkciós katalizátor képes α,βtelítetlen karbonsavak aza-Michael reakcióját katalizálni védőcsoport használata nélkül. A
mechanizmus felderítésére végzett számításaink azt mutatják, hogy a szabad katalizátor
számára elérhető olyan konformáció, amelyben a katalizátor mindhárom aktiválásra
képes funkciós (tiokarbamid, tercier-amin és boronsav) csoportja egyszerre elérhető a
karbonsav számára. A sebességmeghatározó lépés azonosítására konformációs keresést
végeztünk a C-N kapcsolás átmeneti állapotára. Azt találtuk, hogy a legkedvezőbb
szerkezetben a telítetlen karbonsavat a három funkciós csoport (boronsav, amin és
tiourea egységek) együttesen aktiválja, míg a nukleofil aktiválása egy második kapcsolódó
savval való kölcsönhatásban történik. Ez a kölcsönhatás az enantiomer termékhez vezető
átmeneti állapotban nem valósulhat meg, és az ebből adódó stabilitáskülönbség
magyarázhatja a reakció enantioszelektivitását. A kísérletekkel összhangban a számítások
egy újabb sav részvételét jósolták a sebességmeghatározó lépésben függetlenül attól, hogy
a C-N kapcsolás és az azt követő protonátadás egy vagy több lépésben játszódik le.
Azonban a számítások alapján egylépéses, időben eltolt mechanizmus tűnik
valószínűbbnek.
Összefoglalva, az általunk végzett tanulmányokkal az organokatalitikus reakciók
mechanizmusaira vonatkozóan több kérdést is meg tudtunk válaszolni, amit a kísérleti és
elméleti módszerek hatékony párosításával értünk el. Reményeink szerint a cikkekben
közölt, illetve a doktori értekezésben bemutatott eredményeink hozzájárulhatnak a
vizsgált katalizátorok szélesebb körű felhasználásához és a kvantumkémiai
számításokban rejlő lehetőségek felismeréséhez.
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