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1.1 Preface

In this thesis, three different systems containing a cyclobutane-based
scaffold were synthesized and studied as gelators, catalysts or contrast agents.
The structure of this thesis is organized first with a general introduction (chapter 2)
with precedents of our research group. The results of the present thesis are
presented in three different chapters (3-5), which are divided in different sections:
introduction, objectives, results and discussion and conclusions. Then, the general
conclusions of all results are summarized in chapter 6. Finally, the Experimental

methodologies are explained in chapter 7.

Chapter 3. Two peptide-based low molecular weight gelators previously
studied in our group were functionalized with a terpyridine derivative. The influence
of this added function was determined in the final gelation behaviour. This study
was performed by tube inversion test, scanning electron microscopy, circular
dichroism and theoretical calculations. These new gelators were complexed with
some metal ions in order to obtain metallogelators. The influence of the metal ion

in the gelation ability was also studied.

Chapter 4. Different new hybrid tripeptides containing two proline units and
a cyclobutane-based amino acid were synthesized and studied as organocatalysts
for aldol reactions. The results were rationalized by conformational mechanistic

studies using NMR, circular dichroism and theoretical calculations.

Chapter 5. Two new linear ligands containing a cyclobutane-based diamine
were synthesized and complexed with different paramagnetic metal ions. The
thermodynamic stability, kinetic inertness, and the hydration number of these
complexes were studied using different techniques. They were studied as potential
contrast agents for magnetic resonance imaging (MRI) using different NMR

methodologies.
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1.2 Table of abbreviations

AFM Atomic force microscopy

Boc tert-Butyl carbamate

CBAA Cyclobutane-based amino acid

Cbz Benzyl carbamate

CD Circular dichroism

COosy Correlation spectroscopy

cv Cylic voltammetry

DFT Density functional theory

DIPEA N,N-Diisopropylethylamine

DMAP 4-Dimethylaminopyridine

DMF Dimethylformamide

DMSO Dimethylsulfoxide

DPV Differential pulse voltammetry

d.r. Diastereomeric ratio

EDX Energy dispersive X-ray

e.r. Enantiomeric ratio

ESI Electrospray ionization

FDPP Pentafluorophenyl diphenylphosphinate
GC Gas chromatography

HMBC Heteronuclear multiple-bond correlation
HPLC High-performance liquid chromatography
HRMS High resolution mass spectrometry
HSQC Heteronuclear single quantum correlation
IR Infrared

LMWG Low molecular weight gelator

mgc Minimum gelation concentration

NMR Nuclear magnetic resonance

NOE Nuclear Overhauser effect

NOESY Nuclear Overhauser enhancement spectroscopy
PLE Pig liver esterase

PyBOP (Benzotriazol-1-yloxy)tripyrrolidinophosphonium
hexafluorophosphate

PNBA p-Nitrobenzoic acid
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ROE Rotating-frame nuclear Overhauser effect

ROESY Rotating-frame nuclear Overhauser effect correlation spectroscopy
r.t. Room temperature

s.d. Standard deviation

SEM Scanning electron microscopy

TFA Trifluoroacetic acid

THF Tetrahydrofurane

TLC Thin layer chromatography

TS Transition state

uv Ultraviolet light

Vis Visible light
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2. General Introduction

2. General Introduction

In the last decade, our research group Synthesis, Structure and Chemical
Reactivity (SERQ) has been interested in the use of a disubstituted cyclobutane
moiety as conformational restriction element in the synthesis of several chiral new
compounds and their use in a wide variety of applications.”™ Different
enantioselective synthesis and methodologies were developed to achieve these
compounds in an enantioselective manner. The presence of the highly constricted
four-membered ring in the molecules provides rigidity and two chiral centers of

known configuration.

Mainly, two different disubstituted cyclobutane-based compounds have
been prepared in our research group; the 1,2- or B-substituted (Figure 1), and the
1,3- or y-substituted ones (Figure 2). The 1,2-substituted cyclobutane-based
compounds can be obtained from a photochemical reaction between ethylene and
maleic anhydride and the resulting achiral product can be easily desymmetrised by
a chemoenzymatic approach. Then, selective manipulation of the functional groups
and introducing epimerization steps allowed to synthesise all possible isomers in

an enantiopure form.®

R R!
]
R2 R2 o
— | + [ o
~\\R1 R1 0
uf
D\Rz “R2 1 2

Figure 1. Schematic representation of all 1,2-substituted cyclobutane-based

isomers and their synthetic precursors.
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2. General Introduction

The 1,3-substituted cyclobutane based compounds can be obtained from (—
)-verbenone (3) or from (-)-o-pinene (4) (Figure 2). Both compounds can be
commercially obtained in a reasonable price in an enantipure form. (-)-verbenone
(3) and (-)-a-pinene (4) can be oxidized and selective function manipulations can
lead to the desired compound.® Unlike 1,2-substituted compounds, only cis 1,3-

disubstituted cyclobutane-based compounds can be easily obtained from the chiral

pool.

@)

~
~

(-)-verbenone

3
R1||-2>-.|||\ :
R2
(-)-o-pinene
4

Figure 2. Schematic representation of 1,3-substituted cyclobutane-based

compounds used in our research group and their synthetic precursors.

Many investigations have proved that the conformational restriction of small
molecules with potential biological activity is crucial to guarantee unique
interactions with the target receptor and to increase their metabolic stability and
activity.””'® One of the main topics of our research group is the synthesis of optically
active cyclobutane-based amino acids (CBAA) and their incorporation in peptides
which could be used in different applications. The rigidity of 1,2-substituted
cyclobutane-based scaffold and their relative and absolute stereochemistry have

proven to be relevant issues in the stabilization of the well-defined secondary

20



2. General Introduction

structures and to play relevant roles in the properties of various homo or hybrid
peptides and other derivatives in which they have been incorporated.''? In
general, 1,2-CBAA moiety, as part of a peptide, can give rise to two types of
hydrogen-bonded arrangements, either an intra-residue 6-membered ring and
inter-residue 8-membered ring (Figure 3).'® On the other hand, cis-cyclobutane y-
amino acids have been incorporated in short peptides with interesting properties
and they have been studied as foldamers.'* In general, the structures adopted of y-
CBAA compounds are extended, and intra-residue 7-membered hydrogen-bonded
rings between the carbonyl group substituent of the cyclobutane ring and the amino

group are observed.

o
HN N/R
I:f%o H H H
H o
N~ N R
/g HN_/< R_H \OumH/ T
R o)
R (@]
intra-residue inter-residue intra-residue

6-membered H-bond 8-membered H-bond 7-membered H-bond

Figure 3. Intra- and inter- residue hydrogen bond (remarked in red) in peptides that

incorporate either cis-B-CBAA or cis-y-CBAA.

The cyclobutane moiety not only has been used as amino acids in peptide
synthesis but also in the synthesis of different compounds. Advantages given by
the rigidity and the well-known conformation of these building blocks have been
applied in different fields. There are some examples of cyclobutane-based
compounds related to the different fields of this thesis. In that case, they are

explained in the introduction of each chapter.

Figure 4 shows different examples of B-substituted cyclobutaned-based
compounds used in different applications, such as diamine 5 or compound 6 that
was screened for the first time as ligand of metallocarboxypeptidases (MCPs). #'°

It showed moderate selective inhibitory activity against mammalian MCPs and

21



2. General Introduction

offered a valuable alternative in the design of novel inhibidors for disease-linked
metallocarboxypeptidases. Considering catalytic studies of Takemoto and
coworkers,'® cyclobutane-based thiourea 7 and other related compounds were
studied as catalyst in the Michael reaction, resulting in good yields and moderate
enantioselectivities.'” Finally, the cyclobutane scaffold has been applied in the field
of materials, like organobridged silsesquioxanes 8 and 9 or conductive material
10.18,19

H\)\ i I
N
u o
H
“NHCbz “NHCbz
5 6
NMe, j\
H HN” N7 "800 5
NNy "
S hN N Sio
\n/ ~ P15
_ Jn
cis: 8
7 trans: 9
S Sf\Cmst
—( \
0 \ >/<S ~Cq2Hos
A °
MeOzC N~ ", S
"] o
10

Figure 4. Structures of different 1,2-disubstituted cyclobutane-based compounds

synthesized in our research group.
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2. General Introduction

v-Substituted cyclobutaned-based compounds have been also applied in
different fields (Figure 5). Diamine 11 performed as ruthenium nanoparticles
stabilizer with good catalytic properties in the hydrogenation of arenes and
nitrobenzenes derivatives,® while amino acid 12 is a good example of zwitterionic
surfactant.”® Peptide 13 was evaluated as cell penetrating peptide, resulting in
lower toxicity and similar cell-uptake properties when compared with other peptidic
agents.?' The introduction of cyclobutane residues inside the peptidic sequence
afforded a good balance between charge and hydrophobicity. The last example is
Cs-symmetric peptide dendrimer 14 which could be further elongated and

functionalized for future applications in the field of chiral materials.?

N 2 o 5 :COQH
N7/ H3C(H,C)15—NH NH,

1" 12

14

Figure 5. Structures of different 1,3-disubstituted cyclobutane-based compounds

synthesized in our research group.
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2. General Introduction

In this thesis, the chiral cyclobutane scaffold is the common motif in various
compounds that have found application as: functionalized organogelators, hybrid
peptides as organocatalysts, and Gd** and Mn?* complexes as contrast agents for
MRI.

24
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Chapter 3

3. Synthesis and Supramolecular Studies of New

Functionalized Organogelators

3.1 Introduction

Gels have been used in different fields such as cosmetics, medicine, and
food. We can easily recognize them in our daily lives in shampoos, toothpastes or
jellies.®® Most of these examples are polymer-based hydrogels, because they
consist of polymeric compounds in aqueous solvent. Although gels have been
broadly used and studied for decades, a definition has been reached with difficulties
from the scientific point of view. Lloyd noted about 90 years ago that “... the colloid
condition, the gel, is easier to recognize than to define” or “if it looks like a jello it
must be a gel”.?* Since then, more definitions were proposed to concrete and define
the gel state. Nowadays, it is widely accepted that a liquid system consisting in two
or more components becomes a gel when one of these components forms a 3-
dimensional entangled solid network within the bulk liquid phase.?>?® Thus, a gel
should contain low concentrations of gelators in a solvent, and macroscopically, it

should appear solid-like despite being mosty liquid.

Gels can be classified in two big categories; chemical gels and physical or
supramolecular gels. Chemical gels are formed by covalent bonds, such as
polymer-based gels, while physical gels are built by non-covalent interactions.
Physical gels can be reversible between solution and gel phase by applying a
stimulus to the sample, such as temperature, since the supramolecular interactions
that build the gel are also tunable. This sol-gel transition process is usually

thermoreversible without deterioration for many times.?”?

Depending on the nature of the solvent, gels can also be classified as
organogelators, based on organic solvents, or hydrogelators, based on aqueous
solvent. It should be mentioned that some authors relate the word “organogel” with

the nature of the gelator (an organic compound) and not with the solvent.

In the last years, the interest of low molecular-weight gelators (LMWGs) has
grown significantly, since they possess very interesting properties and have a huge

potential for different applications.?® These compounds are small organic molecules
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Chapter 3

that are able to gelate organic solvents or water to form physical or supramolecular
gels. The structure of LMWGs can be very different, but all of them have in common
that their self-assembly into fibrous networks is mainly motivated by supramolecular
forces such as hydrogen bonding, van der Waals, nt-, or dipolar interactions, or even
metal coordination. These fibered structures are interconnected between
themselves to create three dimensional networks that can immobilize the solvent
molecules. Usually, an organogel is prepared by heating the gelator in the
appropriate solvent until a clear isotropic solution is formed, and after, the mixture
is cooled down. Since most supramolecular gels are in a metastable state, their
formation is governed by kinetics and thermodynamics. From a microscopic point
of view, the gelation process was not been deeply elucidated, but most researchers
agree that the assembly of the gelators could involve the hierarchical process

shown in Figure 6.7°2%%

Solvent molecules

= e & Q Q
/ = &\ o O “ 0
2/ y 2
/ % o
Q o
4 d \\‘ —_ * &\ —_ Q
\ - K fe) o
Sl s % el ! o
R <>"g *_;;b 8 4 o o O
B & . o
SUNA S
Gelator molecules Aggregates Bundle of fibers Gel (3D network)

Figure 6. Proposed process for the supramolecular gel formation.

First of all, two discrete organic molecules self-assemble forming dimers,
that further aggregate, usually in only one dimension, through multiple and
complementary intermolecular interactions. Then, these oligomers aggregate into
long scale structures, such as rods or fibers, and additional development creates
for example bundles of fibers. These elongated structures are able to further
interconnect themself immobilizing the solvent molecules to build 3D networks,

forming the gel.
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Chapter 3

Thus, the design of new gelators should take into account this mechanism.
Introducing molecular functions that are able to aggregate might enhance the
supramolecular interactions, but other effects have to be taken in consideration. For
instance, it was found that solvophobic effects play an important role in the gelation
process. Generally, reducing the overall solubility of the gelator contributes
positively to the gelating ability. This effect can be modified by introducing functional
groups or moieties in the gelator molecule that are poorly soluble in the solvent to

be gelated. In Figure 7, the structure of various low molecular weight gelators is

shown.
OH
WNV\M(OLi
0
15
O O OC+gH
H 161133
©AO)LN N\_)J\/c;18H37
H : OCH
A 1633
16 17
0
NH
S. CO,H
HOZCJ\/ TN
HN
HO" 0
18 19

Figure 7. Structures of different LMWGs.

Some gelators are related to amphiphiles, like compound 15, which
aggregates with different intermolecular interactions, like ionic interactions, van der

Waals interactions between the alkyl chains or hydrogen-bonding interactions
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Chapter 3

between hydroxyl groups. Other gelators are based on aminoacids or peptides (16
and 19),°"*? ethers (17)%* or steroids (18).>° Some functions, like the presence of
aromatic groups in 17 and 19, contribute very positively to the gel formation due to
two factors; the n-interactions for the aggregation, as well as the solvophobic effect
reducing the solubility. These compounds become even more interesting when the
gelators are chiral, like 16, 18 or 19. The resulting gel from a chiral gelator should
present supramolecular chirality features, making these soft materials very

interesting for different applications, such as catalysis or as chiral sensors.>*~%°

Although, it is known that some functions promote the gelation, a rational
design of new gelators is not straightforward. A large library of organogelators has
been reported, but most of them were discovered by serendipity. Some
researchers, have tried to rationalize the relationship between the molecular
structure of the gelator with the resulting gel properties. In that context, our research
group studied different LMWGs with different regiochemistry and relative

configuration in order to clarify this problem (Figure 8).%*

D /CONH(CH2)150H3 O:CONH(CH2)15CH3
20 21

CONH(CHy);5CHs O,CONH(CHZ)L:,CHg

D\c ONH(CH,)1sCHs ““CONH(CH,)15CH3

Figure 8. Structure of bisamide-based LMWGs studied in our research group.

The morphology and size of the aggregates were investigated. In the case
of cyclobutane derivates, the cis/trans stereochemistry was not relevant while it was

remarkable for cyclohexane-based derivatives. All studied compounds, chiral 22
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Chapter 3

and 23 and, surprisingly, 20 and 21, that are meso achiral molecules formed chiral
aggregates. These meso organogelators are an example of stochastic symmetry
breaking induced by a stimulus (sonication), confirming that the chirality of the

supramolecular structure can be different to the chirality of the gelator.

Also, our research group developed LMWGs constituted from small peptides
formed by cyclobutane-based B-amino acids (Figure 9). Among all investigated
peptides, the trans-cyclobutane-containing dipeptide, DP, performed as a good
organogelator.*® Later, another family of hybrid peptides presenting a cyclobutane-
based B-amino acid joined in alternation with linear amino acids such as glycine

(TP), B-alanine and y-aminobutyric acid, were found to be good LMWGs in several

solvents.*!
a)
MeO,C oo (,)
e Y,
N~
O TN
HN* O
§ 0 :
S NH
O N/\n/
H o
NHBoc NHCbz
DP TP

Figure 9. a) Peptide-based organogelators developed in our research group. b)

SEM image of TP in a xerogel form.

The gels were characterized by different techniques, such as the tube
inversion test, NMR, circular dichroism or scanning electron microscopy. SEM
images of TP confirmed the fibers formation and computational calculations were
used to explain that the self-assembly process of individual molecules to form the

aggregates is mostly governed by H-bonding.
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Chapter 3
3.1.1 Functional gelators.

Although the understanding of the relation between molecular structure and
the gel properties is still challenging, new LMWGs with secondary functionalities (in
addition to the gelation behaviour) have been developed. For example, organogels
have been used as sensors, catalysts, to grow liquid crystals, or as
photoresponsive and conductive materials.’®'® In some cases, this progress has
been possible using the named “scaffold or modular approach”, which consists in
introducing functional moieties at defined positions of a well known gelator.
Unmistakably, the incorporation of new functions can deeply affect the aggregation
process due to steric constraints, or even can change the solubility, modifying the

overall gelation ability.

The 3D networks of gels are maintained by a subtle equilibrium between the
aggregation of gelators and the interactions between the gelators and the solvent.
Beside the parameters that influence the formation of the gel, such as concentration
or temperature, external forces or stimulus can modify the reversibility or the
behaviour of the resulting gel. For example, by introducing photoresponsive or
electroactive functions in the gelator (Figure 10), the gel-sol process responded not

only to thermal stimuli but also to redox reactions and light irradiation.*®

Electroactive

0 Photoactive

TTFSTTF?

cis S trans

21

Figure 10. Chemical structure of a reversible multistimuli organogelator, 21.
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More recently, metal ions have been incorporated into LMWGs forming
compounds called metallogelators.*®™*® These compounds are able to combine the
interesting properties of metal complexes with gelator molecules to exhibit very
promising optical, magnetic or catalytic applications.*® Metallogelators could be

divided into three categories (Figure 11):

a) b)

- —-—€ , —¢C

c)

Figure 11. Classification of different types of metallogels.

a) Discrete metallogelators. A gelator that already contains a metal ion is used
to immobilize solvent molecules through non-covalent interactions, such as
hydrogen-bonding interactions due to the functions of the ligand, or metal-
metal interactions.

b) Multitopic ligands. The gel network is built with free ligand sites and after the
metal ion is coordinated.

c) Coordination polymers. The formation of the metallogel is induced by the
metal ligand coordination upon addition of metal ions. The resulting cross-
linked coordination polymer traps the solvent molecules and usually do not

present thermoreversibility.

Coordination polymer-based metallogelators have been used, for example, for

the preparation of luminescent supramolecular gels (Figure 12). Lanthanide
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directed self-assembly formation generated metallogels that gave a variety of

luminescent colors depending on the Eu®*/Tb** and ligand stoichiometric ratios.®’

X
N N
~
N
Eu/Tb o) 0
CO,H CO,H
22

Figure 12. Structure of gelator 22 and metallogels formed with 22 and Eu** and
Tb** under daily light (A) and under UV light (B).

3.1.1.1 Functional gels as catalysts

The interest of studing the reactivity of several organic reactions in organised
assemblies has grown significantly. The use of self-assembled microreactors such
as micelles, vesicles or nanocapsules in chemical reactivity has been deeply
studied during the last decades. Taking into account this approach, the use of
functional molecular gels as containers for chemical reactions has been
considerated, and the few examples found gave promising results.>® Catalytic
gelators can be designed using the “scaffold approach”, by combining assembling
fragments with catalytic functions. Using these functional gelators, a
supramolecular material with built-in catalytic sites could be formed. The
organization of multiple catalytic sites in the fibre structure could originate new
catalytic features such as cooperativity, multivalent interactions or neighbouring
effects. Furthermore, high ordered chiral supramolecular structures could induce
regioselective, or even if they are chiral, stereo or enantioselective transformations

(Figure 13).
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Functional fragment

/‘/’ -

Self-Assembly

@
——@

.( . '®

Catalytic sites
Gelating fragment

Figure 13. Schematic representation of functional gelators used in catalysis.

Considering that idea, Miravet and Escuder designed L-valine-based
gelators containing L-proline moieties as catalytic fragments, like gelator 23, and
studied them as catalyst in gel and in solution for the Henry nitroaldol reaction
(Figure 14).*® For the study of the catalytic activity in gel phase, first of all, the gel
was prepared using nitromethane and the reactants were left to diffuse into the gel.
After the reaction time, the gel was disassembled by addition of acid and an organic
solvent, and the gelator and the products were separated from the aqueous and
organic phase. Furthermore, the gelator could be reused without losing efficiency.
The results showed that the formation of the catalytic gel was associated to a
basicity boost of the L-proline. The reaction in gel phase was promoted through an
ionic pair type mechanism, while using the same gelator in solution an iminium-
based mechanism was responsible for the formation of the dehydrated product.
Pitifully, although the gelator was chiral, no enantioselectivity was observed. So, for
the first time a big change in the catalytic activity associated with supramolecular

gelation was described.
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a)
NO, NO, NO, NO,
o) ~ o R Z>R R R
N N ]
COW TN D
NH O (0] HN
23 X X
C) Aldehyde in
nitroalkane
‘\

Cooling Diffusion 23-H*in H,0

down and reaction f

] =D —> —> O+/CHCI
JI' Reaction products in CHCl,

Solution of 23 Gel of 23
in nitroalkane in nitroalkane

Figure 14. a) Chemical structure of gelator 23. b) Different products for the Henry

reaction. ¢) Scheme of an experimental procedure of catalysis in gel phase.

Metallogels can be also useful for catalytic applications. However, the use of
metal complexes as gelators for the construction of gel-supported catalytic systems
is still in its infancy. One of the very few examples found in the literature was the
use of a palladium biscarbene complex as an air stable organometallic LMWG
(Figure 15).>*** SEM images of gels of 24 in methanol showed a helical P ribbon
morphology, which is rarely observed in gel networks formed by achiral
compounds. Different structural studies indicated that the m-stacking of the
heteroarene moieties, Van der Waals interactions between the alkyl chains, as well
as the metal-metal interactions might be responsible for the aggregation. Catalytic
test revealed that these gels were able to catalyse C-C formation reactions in gel
state, for example a double Michael addition. Furthermore, their high stability
allowed to test the catalytic reactions up to 50 °C without suffering thermal
reversibility. Gels formed by different solvents revealed different catalytic activity,

probably due to different structures of gel networks. Catalytic tests performed in gel
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phase were faster than the observed results in solution, indicating that the

supramolecular structure of the metallogel played an important role.

24: R = n-C4Hgq SEM image of 24

25:R = n—C16H33
Figure 15. a) Structure of gelators 24 and 25 and b) SEM image of a gel formed by
24 in MeOH.

Despite the previous example, the typical problems associated with
heterogeneous metal-based catalysts, such as leaching or catalyst inactivation, are
also present in catalytic metallogels. Furthermore, additional problems related with
the complexation of gel-supported catalyst, such as slow diffusion or disassembly
of fragments in solution, make the development of new catalytic metallogels still a

challenge nowadays.

37






Chapter 3

3.2 Objectives

In this part of the thesis, the synthesis of two new functionalized LMWGs,
terpyDP and terpyTP, was proposed using the “modular approach” to study the
effect of the incorporated function in the gelation behaviour. Two well known
peptide-based gelators, TD and TP, were considered to incorporate in their
structure a terpyridine-based fragment, which could be precatalytic (Figure 16).
Finally, the complexation of these compounds with different metals would give

metallogelators that could have new catalytic properties.

terpyDP DP

COzMe 0]

terpyTP TP

Figure 16. Structures of LMWGs DP and TP and the new terpyDP and terpyTP.

The objectives of this part are:

e The synthesis of these new possible LMWGs.
e The study of their gelation behaviour, the characterization of the structure of

their aggregates by SEM, theoretical calculations and circular dichroism.
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e The complexation of these compounds with Ru?** and Pd?* to prepare
potential metallogels and to study their gelation behaviour.
e The study of the Ru®* derivatives as catalytic materials in the epoxidation of

alkenes.
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3.3 Results and discussion

The results of this part of the thesis are presented in three parts. First, the synthesis
of the new funtionalized organogelators is described (section 3.3.1) After, the
gelation study is explained (section 3.3.2) followed by the study of the complexes
of these LMWG with different metal ions (section 3.3.3).

3.3.1 Synthesis of new functionalized organogelators

Taking into account the acquired experience in our research group preparing

enantiopure compounds,*®*!

the new functionalized organogelators terpyDP and
terpyTP were synthesized through the following general retrosynthetic pathways,

shown in Scheme 1 and Scheme 2, respectively.

A\\COZMe CO,Me
= O
NHBoc CO.H
NHBoc
26 27
DP

Scheme 1. General retrosynthetic pathway of terpyDP.
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The preparation of dipeptide DP and the hybrid tetrapeptide TP were already
reported in our group.*®®° In this thesis, both peptides were synthesized again to
achieve the proposed compounds and also to study and compare their properties.
The synthesis was stereoselective and lead to both compounds in a completely
enantiopure form. terpyDP was reached by coupling DP with the cooresponding
terpyridine derivative and the dipeptide DP was built from two conveniently

funcional units of trans-B-amino acid 26.

% - CO,Me
= e =
\ NHR

HR
NHR R = Cbz, 28 R = Cbz, 30
R = Boc, 29 R = Boc, 31
R =Cbz, TP
R = Boc, TPb M
:COZMe
CO.H
27

Scheme 2. General retrosynthetic pathway of terpyTP
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On the other hand, terpyTP was achieved by coupling TPb with the same
terpyridine derivative and the hybrid tetrapeptide TP was synthesized from
dipeptide 29, which was synthesized from the coupling of trans-B-amino acid 31

and a glycine derivative.

The synthetic routes for both compounds and the corresponding

intermediates are explained below.

3.3.1.1 Synthesis of protected cis-p-amino acid 31

The synthetic route towards the protected cis-f-amino acid 31 can be

achieved in 4-5 steps in 47% overall yield. The synthetic route is described in

Scheme 3.
o o)
hv, acetone MeOH, H,S0, CO,Me
|+ [ o 0
-35°C, 3h rt, 18 h COMe
O 0 2
(quantitative) (83%)
32 33

PLE rt, 18 h

buffer (95%)
PH7 | (97% ee)

Ha, Pd(OH),/C, 1) Et3N, CICO,Et,

:Cone (Boc),0 :CO2M9 acetone, 0 °C, 30 min :Cone
NHBoc  MeOH, rt., 18 h NHCbz  2) NaNg, water, r.t., 2 h CO,H
(82%) 3) BnOH, toluene

31 30 reflux, 18 h 27
T (73%)

1) Et3N, CICO,Et, 2) NaNs, water, r.t., 2 h  3)'BuOH, reflux,

acetone, 0 °C, 30 min 18 h

(51%)

Scheme 3. Synthetic route for amino acids 30 and 31
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The cyclobutane ring was prepared following a [2+2] photochemical
cycloaddition reaction from ethylene and maleic anhydride using acetone as a
photosensitizer and as solvent.*® Then, diester 33 was synthesized through Fischer
esterification of the photoadduct 32 in 83% vyield. In the next step, the optically
active half-ester 27 was obtained through an asymmetric pig liver esterase-
catalyzed hydrolysis in 95% yield and 97% ee. The fully protected amino acid 30
was prepared stepwise by treatment of 27 with ethyl chloroformate and
triethylamine, followed by reaction with sodium azide. The resultant acyl azide was
decomposed by heating to reflux in the presence of benzyl alcohol, affording
compound 30 in 73% yield. Finally, Pd-catalyzed hydrogenation in the presence of

Boc anhydride, provided the amino group in 31 protected as a tert-butyl carbamate.

Compound 31 can also be obtained directly from 27 by a three steps
procedure including a Curtius rearrangement in neat tert-butanol, however, due to

its poor nucleophilic character the yield is 51%.

3.3.1.2 Synthesis of protected trans-B-amino acid 26

The synthetic route of the protected trans-p-amino acid 26 can be achieved
in 1 or 4 steps in 60% overall yield from amino acid 31. The synthetic route is

described in Scheme 4.

The preparation of the protected frans-p-amino acid 26 could be easily
achieved by the transformation of the methyl ester 31 into amide 35 and subsequent
epimerization at the carbonyl a-position. Afterwards, the basic hydrolysis of the
amide allowed the formation of the trans carboxylic acid 36 in 78% yield.>” The
protected amino acid 26 was achieved by methylation of 36 using methyl iodide and
Cs»COg3 as a base in 86% yield.
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0.25 M NaOH
CO;Me THF/H,0
NHBoc 0°C,3h
31 (98%)
Na, MeOH
reflux, 1h
(60%)
LOMe TFA, Et;SiH
"NHy TFA~  CHoCly, rit, 2h
37 (quantitative)

Scheme 4. Synthetic route for amino acid 26.
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1) Et3N, CICO,Et,

COzH acetone, 0 °C, 30 min CONH;
NHBoc 2) NH4HCOg, pyridine NHBoc
r.t., 2h
34 (85%) 35
1) 6.25 M NaOH,
MeOH, reflux, 18h | (78%)
2) H*
1) 0.25 M NaOH,
LOMe THF/H,0, 0°C, 3 h COH
NHBoc 2 H" NHBoc
(98%)
26 36
Mel, C82C03
DMF, r.t., 18 h
(86%)

Furthermore, another methodology to carry out the epimerization of the a-

position to the ester in 31 was carried out by employing sodium methoxide in

methanol. *® In this case, the amino acid 26 was obtained directly in 60% yield.

Finally, the orthogonal protection of 26 allowed the selective deprotection of the

functional groups obtaining the carboxylic acid 36 by saponification and the amine

hydrochloride 37 by acidolysis, both in a high yield.

3.3.1.3 Synthesis of dipeptide DP and terpyDP

The synthetic route of terpyDP can be achieved in 5 steps and in 48%

overall yield from amino acids 36 and 37. The synthetic route is described in

Scheme 5 and Scheme 6.
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L0 £0Me FDPP, DIPEA \D
| HN
- L Y
NHBoc NH; TFA DMF, r.t., 18 h e
(77%)
NHBoc
36 37
DP
TFA, Et;SiH
CH2C|2, rt., 6 h
MeO,C (98%)
Hl\ll\
“\\\\O
NH5 TFA~

Scheme 5. Synthetic route for dipeptide DP.

Dipeptide DP was prepared in 77% yield under mild conditions by reacting
the free carboxylic acid 36 and free amine 37 in the presence of DIPEA and using
FDPP as coupling agent.*® The acidolysis of DP achieved the free amine in
dipeptide 39. A convergent synthetic route allowed the efficient preparation of
terpyDP from the desired dipeptide DP and the terpyridine derivative 40. The
terpyridine derivative was synthesized by condensing 4-formylbenzoic acid with 1-
(pyridine-2-yl)ethanone in the presence of sodium hydroxide and ammonium
hydroxide at 40 °C. It was reacted with the free amino 39 in the presence of DIPEA

and using also FDPP as coupling agent, obtaining terpyDP in 63% yield.
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0 0 | S
+ 2 N\ P
> < > Z N
H OH
| 0
(61%) | NH,OH, NaOH
EtOH, 40 °C, 18 h
MeOzC.
Hl\ll\
"‘\\\O
"NH3 TFA™
40 39
(63%) | FDPP, DIPEA
DMF, rt., 18 h
N :
H o 7—NH

-

o Q,c:ozlvle

terpyDP

Scheme 6. Synthetic route for terpyTP

3.3.1.4 Synthesis of hybrid tetrapeptides TP and TPb, and terpyTP

The synthetic route for terpyTP can be achieved in 5 steps in an overall yield
of 60 % from amino acid 34. The synthetic routes of the hybrid tetrapeptide TP and

terpyTP are described in Scheme 7 and in Scheme 8, respectively.

Hybrid tetrapeptide TP with the amino group protected as benzyl carbamate

was prepared following the strategy described by Dr. Sergi Celis.>® Furthermore, a
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new tetrapeptide TPb with the amino group protected as tert-butyl carbamate was

also synthesized.

H,N” >CO,Me
o)
CO,H PyBOP, DiPEA
E( yEun |:K\N/\coznvle
H
CH,Cl,, r.t., 18 h
NHR NHR
R = Cbz (84 %)
R = Cbz, 41 R'=Boc (58 %) R = Cbz, 28
R = Boc, 34 R =Boc, 29
from 28: H,, Pd(OH),, TFA
CH3OH, r.t., 18 h
0.25 M NaOH from 29: TFA, Et;SiH
THF/H,0, 0°C, 4 h CH,Cl,, rt.. 5 h
(quantitative) oo
(both quantitative)
o) o)
N~ >CO,H N~ >CO,Me
H H
NHR NH; TFA~
R = Cbz, 42
R = Boc, 43 44
(60% from 42) FDPP, DiPEA
(57% from 43) DMF, r.t., 18 h
i
Meo\n/\ 7,
N~
o H []
0 S
NH
N/\W
H o
R = Cbz, TP
NHR R =Boc, TPb

Scheme 7. Synthetic route for hybrid tetrapeptides TP and TPb.

The synthesis started with the reaction of the free carboxylic acids 41 or 34,

respectively, with O-Me protected glycine

in the presence of DIPEA and using

PyBOP as coupling agent. In this way, hybrid dipeptides 28 and 29 were obtained

in 84% and 58% yield, respectively. Then, the ammonium triflate 44 was

48



Chapter 3

quantitatively prepared by submitting 28 to hydrogenation in the presence of TFA,
or by acidolysis of 29 with TFA. Following an alternative route, mild saponification
of the ester function in 41 and 34, afforded free acids 42 and 43, respectively, both
in quantitative yields. Subsequently, the coupling of 42 or 43, respectively, with 44
afforded hybrid tetrapeptides TP and TPb, in 60% and 57% of yield.

The Cbz-protected hybrid tetrapeptide TP and the Boc-protected hybrid
tetrapeptide TPb were used for the preparation of terpyTP (Scheme 8).

] i
|, MeO l,
Meo\ﬂAN from TPb: H,, Pd(OH),, j]ﬂu g
o H []  TFA CHOH,rt, 18h e ]
O < 3
NH . NH
N from TPb: TFA, Et;SiH NI
H 0o CHCly, rt,, 6 h H o
P
NHR (both quantitative) NH3 TFA
R =Cbz, TP 45
R = Boc, TPb

40, FDPP, DIPEA

DMF, rt., 18 h
L, 18 (12% from TP)

(60% from TPb)

0 r
H,% v NH
H :
NH NI:..Q

terpyTP

COzMe

Scheme 8. Synthetic route for terpyTP.

First, the N-terminus of TP was deprotected by hydrogenation affording 45
in a quantitative yield. Then, the free amino tetrapeptide 45 was coupled with the
terpyridine derivative 40, affording terpyTP in poor yield. In the crude product, a

purple by-product was observed, which was retained in the column chromatography
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in the purification step. We hypothesised that this by-product could be a Pd complex
with reagents and/or the product. The Pd source could come from the Pd(OH)./C
used as catalyst in the previous hydrogenation step. For that reason, when the Boc-
protected hybrid tetrapeptide TPb was deprotected by acidolysis, and coupled with
the terpyridine derivative 40, terpyTP was afforded in 60% of yield. In this case, no

purple by-product was observed.

3.3.2 Gelation study of terpyDP and terpyTP

The gelation ability of terpyDP and terpyTP was studied in 13 solvents of
different polarity. The tube inversion test was used to determine the formation of a
gel, using a procedure described in section 7.9 in the experimental part. The results
are quantified by the minimum gelation concentration (mgc), which is the minimum
quantity of organogelator required to gelate a volume of a specific solvent (Table
1). In order to compare their gelation ability and the effect of the introduced

terpyridine moiety, results obtained for peptides DP and TP are also shown. *>*'

Table 1. Gelation behaviour of DP, TP, terpyDP and terpyTP.

> 4} o)
o§ & *\‘-§ ) ~9§ § > & Qa é§
O ~

§ FP T T LFssE
S E X T T IR I ELEES
DP i s 6 s s |33 |112 ] s s |8 | s |57 i
terpyDP i S 49 | 84 |123 |100 {104 [100 | 78 | 58 | 59 | 76 i
TP i 33 3 1122 | s 8 [100 [ 60 | 50 | 50 |100 | 17 i
terpyTP i |114 | 63 S 67 [ 92 | 79 S 43 [104 | 48 i i

Solvents are ordered by their dielectric constants. mgc values are in mg/mL. i: insoluble, s:
soluble.

For an easier visualization, in Table 1 results are highlighted in green when

a gel is formed, in blue if the tested compounds are soluble and in red when they
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are insoluble. terpyDP can gelate all studied solvents, exept for being soluble in
dioxane and insoluble in pentane and water. Thus, terpyDP is not a hydrogelator,
since it is insoluble in water. The best (lowest) mgc values found are 49, 58 and 59
mg/mL, corresponding to toluene, acetone and methanol, respectively.
Interestingly, toluene is also the solvent in which DP performs best. The mgc values

for the other solvents are between 76 and 104.

On the other hand, terpyTP is insoluble in acetonitrile and it is soluble in
chloroform and dichloromethane, and it can gelate the other 8 studied solvents. The
best mgc values found are 43 and 48 mg/mL, corresponding to 2-propanol and
methanol, respectively. The mgc values for the other solvents are in the range of
63 and 104 mg/mL. Macroscopically, the gels formed by terpyDP and terpyTP in
alcohols are opaque, while the gels formed in the other solvents are translucent.
Although the mgc values are not low, they could be interesting for some applications

because they can gelate a wide range of solvents.

If we compare the results obtained for terpyDP and terpyTP with the
respective peptides DP and TP, we can recognize that there are some differences.
DP can gelate less solvents than terpyDP, but DP’s mgc values are lower. Thus,
the incorporated terpyridine residue reduces the ability of the peptide fragment to
gelate large amounts of solvents but favors the gelation of more solvents. TP
gelates almost the same solvents than terpyTP, but its mgc values are better. In
this case, the incorporated terpyridine residue does not benefit the gelation ability

of the peptide.

Gels from LMWGs are not a thermodynamically stable state, and many of
them suffer from long-term instability.>® The stabilities of gels formed with both
compounds were tested. The gels with the lowest mgc value for each organogelator
were left to stand at room temperature for at least 1 month. All gels reported were
stable at room temperature during that period. Furthermore, their
thermoreversibility was tested by heating the gels at a temperature just below the
boiling point of the solvent and after, they were allowed to cool down again. In all
cases, the gel was formed again, so we can conclude that all gels reported were
thermoreversible. As an example, two images of the sol-gel transition of a gel

formed by terpyTP in methanol are shown in Figure 17.
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The thermoreversibility is an evidence that gels formed by terpyDP and
terpyTP are physical gels assembled by noncovalent intermolecular bonds. These

noncovalent bonds could be disrupted upon heating and reformed during cooling.®°

heating

cooling

Figure 17. Thermoreversibility of a gel formed by terpyTP in methanol.

3.3.2.1 Scanning electron microscopy

SEM experiments were carried out to investigate the morphology and the
supramolecular structure of the gels obtained from terpyDP and terpyTP in two
different solvents. Gels are dried when they are introduced in the microscope
chamber due to its vacuum. Usually, the network structure of the gels collapses
onto itself during drying to yield a xerogel (if collapse does not occur, the structure
is referred as an aerogel). It should be pointed that structural changes (other than
collapse) may also occur during the drying process, however, it is often assumed

that such effect is minor.2>¢"62

The studied gels were prepared at their minimum gelation concentration
(mgc) for each compound in toluene and methanol (see Table 1). The micrographs

obtained are shown in Figure 18 and Figure 19, respectively.

SEM images of the xerogels revealed a remarkable influence of the solvent
nature on the morphology of the supramolecular aggregates. The non-conductive
behaviour of both compounds hindered good resolutions in high magnifications.®
Xerogels of terpyDP in methanol show undefined structures. In higher
magnifications, it looks like squashed fibers. On the other hand, disordered fibers
are observed with lengths of 120 to 200 nm when the xerogel was formed in toluene
(Figure 18).
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30000 x

30000

Figure 18. SEM images of terpyDP in a) and b) from methanol, and c¢) and d) from

toluene at two different magnifications.

On the other hand, xerogels formed by terpyTP in methanol exhibit
undefined spongeous-like structures. In higher magnifications, we can observe that
the cavities of this structure are formed by smashed fibers. Besides, xerogels
formed by terpyTP in toluene present undefined structures. In higher
magnifications, we can notice that the walls of this structure are made of regular
fibers of around 40 nm (Figure 19). If we compare the obtained micrographs of both
compounds with those of the respective peptides (Figure 9), we can conclude that
the xerogels from peptides DP and TP present better defined and more regular
structures in the form of fibers. An explanation for this difference could be that both
peptides are better organogelators in toluene, or that the presence of the terpyridine
disrupts the self assembly of the molecules. Other possibility could be that the
networks of terpyDP and terpyTP could suffer structural changes when the gels

collapsed into a xerogel, specially in methanol, since smashed fibers are observed.
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30000x

15000x @

Figure 19. SEM images of terpyTP in a) and b) from methanol, and c) and d) from

toluene at two different magnifications.

In conclusion, the fibrilar nature of the gel networks was evidenced by SEM
images of the corresponding xerogels. The length of tge observed fibers is from 40
to 200 nm. However, it should be noted that the diameter of fibers is much larger
than the molecular diameter. Generally, molecular-scale fibrils bundle together to
generate larger nanofibers.®* SEM images from xerogels obtained from toluene
present better defined fibers than the ones acquired from methanol.
Macroscopically, for both compounds, gels from toluene are transparent and gels
from methanol are opaque. This fact could explain these differences since
transparent gels often exhibit nanoscale structuring, while opaque gels, which can

scatter light, have larger microscopic arrangements.®>®

3.3.2.2 Theoretical calculations

Theoretical calculations were carried out to better understand the structure

of the gels, their formation process and to establish the main interactions
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responsible for the supramolecular arrangement. The theoretical calculations were
carried out in collaboration with Dr. Bernat Pi from our research group. Also, their
aggregation energies were compared with the aggregation energies of dipeptide
DP and tetrapeptide TP, to understand if the terpyridine residue benefits in

energetic terms the aggregation or disfavors it.

First, the structure of terpyDP and terpyTP of a single molecule of both
compounds was studied. A conformational search using molecular mechanics was
accomplished for both monomeric terpyDP and terpyTP, and then, the most stable
structures were optimized employing quantum mechanics using M06-2X as DFT

functional (Figure 20).

e «{/‘f;g}x %‘\ 2

%ﬁﬂﬁ’\ 18", : —
% I SO
{“3 Bamas Y
~@
Figure 20. Optimized structures of terpyDP (left) and terpyTP (right). Hydrogen

bonds are remarked with green lines. Distances in A.

In the resulting computed geometries, we can observe that the structure of
terpyDP is extended and fixed by an 8-membered hydrogen-bonded ring which is
typical for trans-based cyclobutane moieties.’®> On other hand, the terpyTP
structure is folded and fixed by three hydrogen bonds between the carbonyl
functions and nitrogen atoms of different amide groups. The relative conformation
of the peptide moieties in terpyDP and terpyTP are the same found in previous
studies of DP and TP,%” so the incorporated terpyridine residue does not play a

significant role.

Once the structure of the discrete molecules was computed, small
aggregates of both compounds were studied. The conformational search performed

for dimeric and tetrameric aggregates of both compounds showed that the most
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stable structures involved intermolecular hydrogen bonds between the NH groups
of one molecule and the CO groups of the other one. These hydrogens bonds may
be formed in two different directions, head-to-head (hh) and head-to-tail (ht). The
head-to-head arrangement has the advantage that terpyridines from different
molecules are close, and it could allow =-rt stacking and stabilize the energy (Figure
21).

Figure 21. Schematic representation of head-to-head arrangement of a dimer of

terpyDP. n-nm and H-bonding interactions are remarked in red.

Initially, the structure of tetramers was studied using the same head-to-head
or head-to-tail consideration described before. Then, from the structure of the
tetramer was extracted the internal dimer and this dimer was optimized again
obtaining the aggregation energy (AEagg). AEagq Of a dimer is the difference in
energy of the dimer and two monomers. Then, if the calculated energy is negative,
the aggregation is favourable. Also, the aggregation energy per monomer (AEagg/n)
gives information about the stabilization due to the introduction of a new molecule

in the aggregate.

Following these patterns of interactions, two tetrameric aggregates (head-
to-head and head-to-tail) were built for each gelator using the same method. The
energy values were calculated using 6-31G(d) basis set. The calculated
aggregation energies and the aggregation energies per molecule of DP, TP,

terpyDP and terpyTP are shown in Table 2.
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Table 2. Aggregation energies for the formation of dimers and tetramers of DP, TP,

terpyDP and terpyTP.

Compound | Arrangement | AE.qq (kcal/mol) AEag¢/n

Dimer hh -13.95 -6.98

Dimer ht -11.69 -5.85

DP*

Tetramer hh -59.37 -14.84

Tetramer ht -47.21 -11.80

Dimer hh -40.97 -20.49

Dimer ht -14.22 -7.11

terpyDP

Tetramer hh -112.71 -28.18

Tetramer ht -90.52 -22.63

Dimer hh -15.80 -7.90

TPY

Tetramer hh -50.60 -12.65

Dimer hh -45.39 -22.70

Dimer ht -25.45 -12.73

terpyTP

Tetramer hh -136.00 -34.00

Tetramer ht -90.02 -22.51

The resulting calculations showed that the aggregation energies are more
favourable when the number of monomers increased. Also, the aggregation energy
per molecule increases in all cases, and it could mean that the self-assembly of
both compounds is promoted by a cooperative effect.®®"! In both arrangements for
terpyDP (the dimer and the tetramer), the head-to-head conformation was
preferred. If we compare the new gelator with its parent peptide DP, the AEagq for

the DP tetramer is -59 kcal/mol while it’s -113 kcal/mol for terpyDP.
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Analogous results were obtained for terpyTP, being the head-to-head
arrangement the preferred. Also, the AEag, for the TP tetramer is -51 kcal/mol while
it is -136 kcal/mol for terpyDP. Comparing the values, we can conclude that the
terpyridine plays an important role in the aggregation. Noticing the values are
almost the double for terpyDP, and more than the double for terpyTP, we could
say in a qualitative way, that the half of the main forces involved in the self-assembly
process are the hydrogen bonding of the amides, and the other half, the n-n

stacking of the terpyridine derivative moieties.

The structures of the calculated geometries head-to-head dimers and
tetramers for terpyDP and terpyTP are shown in Figure 22 and Figure 23,
respectively. For an easier visualization, the pictures of each aggregates are
oriented in the same way, the terpyridines residues are located on the right, while

peptide moieties are on the left part of each drawing.

Optimized structures of the dimeric and tetrameric aggregates show that
terpyDP and terpyTP self-assemble in a preferred monodirectional dimension. In
dimeric aggregates, terpyridine moieties are in a parallel disposition while the
peptide moiety remains folded, but not in a well-defined structure. When the
aggregates grow until a tetramer, the peptide moieties stretch, starting a helical-like
structure. This effect is more visible in the tetrameric aggregate of terpyTP. It could
be explained because the peptide moiety of terpyTP is larger, thus more flexible,
and it could be easily accommodated in a helical-like aggregate. This explanation
is in agreement with the calculated aggregation energies, which are more negative

for terpyTP.
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Figure 22. Side and top view for the predicted structure of a dimeric (left) and

tetrameric (right) aggregate of terpyDP. Non-polar H atoms were omitted for clarity

tetramer

Figure 23. Side and top view for the predicted structure of a dimeric (left) and

tetrameric (right) aggregate of terpyTP. Non-polar H atoms were omitted for clarity.
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Once tetrameric aggregates were studied, the dodecameric structure of
terpyTP was constructed using the same methodology described for the dimer and
tetramer. After, a minimization of energy was followed by a DFT single point
calculation of energy. The structure of the predicted dodecamer of terpyTP is

shown in Figure 24.

Figure 24. Top and side view for the predicted structure of a dodecameric

aggregate of terpyTP. Non-polar H atoms were omitted for clarity.

The predicted structure of the dodecameric aggregate confirms the helical
trend. However, twelve monomers are not enough to complete a turn of the helix,
but almost three quarters. The molecules were not completely in parallel, they
moved one with respect to the others, in the three dimensions along the fibril.
Looking at the aggregate from a top view, we can see the relative position of the
terpyridine moieties and the peptide moieties along the fibril. Terpyridine moieties
remain in the middle of the fibril, while the peptide part of the molecules spins
around. This well-ordered structure could be very interesting for catalytic

applications. The arrangement of the multiple precatalytic moieties (terpyridines) in
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the fiber structure could give new catalytic features. Additionally, the observed high-

ordered supramolecular chirality could induce some selectivity.

To clarify the exact position of each function in the big aggregate, the
dodecamer was cut and an internal dimer and monomer were extracted (Figure
25). Knowing the relative position of the functions is crucial to compare our
predicted model with structural experimental studies, such as circular dichroism.
We can observe that each amide group of the compound forms hydrogen bonds
with the equivalent amide group of the next molecule. So, each molecule that
participates into the supramolecular aggregate establishes four hydrogen bonds
with the next molecule. The same results were obtained when the structure of TP

hexadecamer was studied.®®

internal dimer internal monomer

Figure 25. Internal dimer and monomer of a dodecamer of terpyTP. Hydrogen

bonds and amides, respectively, are remarked in green.

So, calculations of big aggregates suggest that the terpyridine moiety does
not interphere in the interactions of the peptidic part. Furthermore, each pyridine

and the phenyl ring remain in a shifted parallel position due to m-stacking

interactions with the same functions of the next and previous molecule.
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3.3.2.3 Circular dichroism and UV spectroscopy

Circular dichroism spectroscopy (CD) is a usual technique to study the
morphology of the supramolecular structures of the gels, and to investigate the
chirality transfer and amplification between the monomers and the aggregates. The
CD spectrum of a compound in solution gives information about the relative
disposition of the chromophores. Besides, in xerogel phase, only chiral aggregates
will give signal on the CD, and the shape of the CD spectrum changes depending
on the structure of the aggregate.”® Finally, predicted CD spectra of the calculated
structures are usually studied using GaussSum software to compare the calculated
with the experimental spectra. Predicted CD spectra have been studied in

collaboration with Dr. Bernat Pi from our research group.

First, UV spectroscopy was performed to know the region of the spectra

where terpyDP and terpyTP absorb. The resulting spectra are shown in Figure 26.

4 t DP 4
1.00 erpy! 1.00 terpyTP

0.75 0.75

0.50 + 0.50 +

Absorbance (AU)
Absorbance (AU)

0.25 0.25

0.00 0.00

T T T T T T T T T T T T T T T T T T T T T T T T T T
200 220 240 260 280 300 320 340 360 380 400 420 440 200 220 240 260 280 300 320 340 360 380 400 420 440
Wavelenght (nm) Wavelenght (nm)

Figure 26. UV spectra of terpyDP (left) and terpyTP (right) in solutions of 0.05 mM

in methanol.

Both spectra of terpyDP and terpyTP were almost equivalent, since both
compounds have the same chromophores. Amides absorb at 200-240 nm due to
the n-n* and the n-n* transitions and the aromatic functions absorb at higher
wavelengths.” The obtained spectra show three intense bands at 200, 250 and

280 nm. Comparing these spectra with the UV spectrum of compound 40, which
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corresponds to the terpyridine residue alone, we could assign some signals. The
250 and 280 nm bands correspond to the aromatic n-1* transitions, while the 200
bands are due to the overlap of amides and aromatic transitions. Finally, the broad
small band around 320 nm could correspond to the n-n* transitions of the lone pair

of the nitrogen.

To sum up, the left part of the spectra corresponds to the amides functions
and the right part to the aromatic functions. Having both chromophores separated
in the UV spectra could be important to study the aggregation of the molecules,
because we could observe the differences between the H-bonding (between

amides) and the n-n stacking (aromatic functions).

To study the chirality of the monomers, CD spectra of terpyDP and terpyTP
were performed in methanol solution. To study the aggregates, gels of both
compounds were prepared at their minimum gelation concentration in toluene.
After, xerogels were prepared by removing the solvent under reduced pressure and
the resulting materials were mixed with KBr. Circular disks were made using the
procedure described in the experimental part (7.5.2). It should be pointed that the
intensity of the bands depends on the thickness of the disk, and it is hard to
reproduce. For this reason, solid state CD spectra were normalised, and interpreted

qualitatively.

The CD spectra for terpyDP in solution and in xerogel are shown in Figure
27. In solution, terpyDP presents a complicated CD spectra with differents bands.
The most intense bands are two non-symmetric bisignate signals at 234 and 316
nm. terpyDP has 4 stereogenic centers, two amides, one phenyl group and three
pyridines, so a rational of the CD spectra is not achievable since the possible
interactions between the chromophores are considerable. However, we tried to
interpret the spectra in a simple and qualitative approach. The bisignate Cotton
signal on the left could be attributed to the amides and the right could be associated

to the aromatic functions.

The shape of the obtained signals is bisingnate, indicating that the relative
position of the chromophores (their orbitals) responsible for that signal are not

symmetric (antiparallel). In the case of the amides it is easy to understand that they
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are not in a parallel position. Regarding the aromatic rings, it should indicate that,
at least some of the rings are not in the same plane as the others. This explanation
is in agreement with the calculated structure shown in Figure 20. In that structure,

the phenyl group is not in a parallel position with the terpyridine.

In xerogel phase, terpyDP presents an easier spectrum. It shows a bisignate
signal with a crossing at 217 nm and a broad signal at 347 nm. Interpreting that the
bisignate signal is due to the amides, we can observe that it has shifted to smaller
wavelengths with repect to the same signal in solution. This blue shift is related to
the difference between the intramolecular hydrogens bonds of the amide groups
and the intermolecular hydrogen bonds that are formed between molecules of the
aggregate. Moreover, the shape of the signal is bisignate, indicating that the relative
position of the amides in the aggregate is not symmetrical. This behaviour is typicaly

described for helical aggregates.

terpyDP

solution
---- xerogel

Normalised [6]

rYrr~rr—rrrr—rrrrTrrrrrrrr
200 220 240 260 280 300 320 340 360 380 400 420 440
Wavelength (nm)

Figure 27. Normalised CD spectra of compound terpyDP. 0.048 mM solution in

methanol and in xerogel phase at 0.019 mmol/g KBr.

64



Chapter 3

Concerning the signal of the aromatic functions, in xerogel phase it has
shifted to higher wavelength and its chirality has changed from a bisignate signal
to a broad band. The single band could be explained because in the aggregate, the
relative position of the aromatic functions is parallel between them, as it is showed
in the calculated structure (Figure 22). The red shift of the band of the aromatic
functions could be related to partial overlapping of them, performing a kind of
staircase aggregation, like it is observed in many examples of aggregates of

aromatic compounds, such as porphyrins.”*"®

The CD spectra for terpyTP are shown in Figure 28. In solution, it shows a
more complicated spectrum compared with terpyDP. terpyTP presents more
chromophores, so there are more interactions between them. In this case, a similar
general interpretation can be used, relating the lower wavelength signals to the

amides and the higher wavelength signals to the aromatic functions.

terpyTP

solution
---- Xxerogel

Normalised [6]

rYrr~rr—rrrr—rrrrTrrrrrrrr
200 220 240 260 280 300 320 340 360 380 400 420 440
Wavelength (nm)

Figure 28. Normalised CD spectra of compound terpyTP. 0.051 mM solution in

methanol and in xerogel phase at 0.021 mmol/g KBr.
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Again, the spectrum of terpyTP is simplified in the xerogel. It shows a
bisignate signal with a crossing at 225 nm and a broad and non-symmetric signal
at 352 nm. It is similar with the xerogel spectra of terpyDP, both compounds
present analoguous spectra. For an easier and simple interpretation of the CD
spectra of the xerogels, in Figure 29, the relative position of the chromophores is
remarked, using the calculated tetramer of terpyTP. In the aggregates, the relative
position of the amides between the molecules are non-paralel, generating helicity,
while the aromatic groups remain in a shifted parallel plane. These interpretations
are another evidence of the helical-like structure of the aggregates found in the
calculations. Also, bigger aggregates of these compounds could form fibers, which

is in concordance with the SEM experiments.

Helical staircase
non-parallel parallel

Wavelenght
blue shift red shift

Figure 29. Calculated structure of a tetramer of terpyTP. The relative position and

shifts in the CD of the chromophores is represented.

Our structural model of the aggregate is in agreement in a qualitative
approach with the experimental CD spectra. Moreover, the CD spectra can be also
calculated taking into account the optimized structures with a software named

GaussSum. We hypothesized that if we simulate the CD spectra of a single
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molecule, we will obtain the CD spectrum of the compound in solution. Otherwise,
if we calculate the CD spectrum of an aggregate, for example a tetramer or an
octamer, we could obtain the CD spectrum of the xerogel. The CD spectra of both
compounds in solution were calculated taking into account 30 excited states
following the methodology described in the literature.”*®® The calculated CD

spectra for single molecules of terpyDP and terpyTP are shown in Figure 30.

Predictions are in good agreement with the experimental spectra (Figure 27
and Figure 28). The shape of the predicted spectra is almost equal of the
experimental curves, but the relative intensity presents small differences. These

differences could be related with the limited excited states used in the calculation.
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Figure 30. Predicted CD spectra of terpyDP (left) and terpyTP (right).

Due to calculation limitations, it was not possible to predict the spectra of the
xerogels. To predict a CD spectrum in xerogel phase, a high number of excited
states of the molecular orbitals using a good level of theory are needed.
Unfortunately, calculations were only possible using a high number of excited states
with a small basis set, or using a few excited states with a larger basis set. The CD
spectra of a dimer of terpyDP and terpyTP were predicted using CAM-
B3LYP/6.31G(d,p) level of theory (10 excited states). Due to the low number of

excited states, the predicted spectra did not fit with the experimental. Also, using a
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small aggregate (dimer), the predicted CD spectra will not only consider the

intermolecular interactions but also the intramolecular ones.

3.3.3 Complexation of terpyDP and terpyTP with Ru** and Pd**

Once both gelators terpyDP and terpyTP were studied and characterized,
they were complexed with metals ions. Both compounds have the same three
coordinating points, which corresponds to the three nitrogen atoms of the pyridine
moieties. Coordinating terpyDP and terpyTP with a metal ion, respectively, we
could expect that the gelation ability of this ligands would be transferred to the final

metal-complex.

The metals were chosen taking into account the following considerations.
Looking forward to the final application we needed some metal-complexes which
could be used in catalysis. To perform catalysis in gel phase, the reaction conditions
are very important. Since the catalyst is supported in a gel phase, if the reaction to
catalyse needs high temperature it should be discarded, because the gel would be
destroyed at high temperatures. Another handicap is that the metal-complex should
be stable enough to isolate it and not be formed “in situ” in the catalysed reaction.
The metal complex should be formed, isolated and studied, and after, it should be
mixed with the solvent to form the metallogel and finally the reagents would be
added.

Taking into account the previous discussion, Ru®* was choosen as metal.
Ru®* complexes are octahedral with 6 coordinating sites. Since terpyridines have 3
nitrogen atoms to coordinate, there are still 3 free positions. One possibility is use
two terpyDP or terpyTP to form the complex, but this was not considered because
Ru(terpy). complexes are quite inert and usually do not have applications in
catalysis.®’ For that reason, pyridine-2,6-dicarboxylate (pydic) was used as the
second ligand in the complex. Furthermore, a palladium complex using terpyTP
was prepared and studied to compare the results of the Ru complexes. Pd®* —
terpyridine complexes usually adopt a square planar geometry, and this could

favour the supramolecular aggregation.
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3.3.3.1 Preparation and gelation study of Ru** and Pd** complexes

The synthesis of the ruthenium complexes Ru(pydic)(terpyDP) and
Ru(pydic)(terpyTP) were achieved in one step in 54-60% yield (Figure 31).

The complexation was achieved by reacting one equivalent of terpyDP or
terpyTP with one equivalent of pydic ligand and one equivalent of a ruthenium
dimer, Ru(p-cymene)Cl,, in methanol/water under reflux conditions. Due to their
high stability, both complexes were purified by column chromatography and
characterized using the common techniques ("H NMR, *C NMR, IR and HRMS).

pydic, Ru(p-cymene)Cl,

terpyDP
MeOH/H,0, reflux, 18 h
(24 %)
pydic, Ru(p-cymene)Cl,
terpyTP
MeOH/H,0, reflux, 18 h
(24 %)
Ru(pydic)(terpyTP)
+
Pd(MeCN)2C|2
terpyTP cf

THF, reflux, 18 h
(48 %)

Pd(terpyTP)(CI)

Figure 31. Structures of the complexes Ru(pydic)(terpyDP), Ru(pydic)(terpyTP)
and Pd(terpyTP)(CI).
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The synthesis of the palladium complex Pd(terpyTP)(CI) is achieved in one
step in 78% yield (Figure 31). With this aim, one equivalent of terpyTP was reacted
with one equivalent of Pd(MeCN).Cl, in THF under reflux. Due to its poor solubility,
this complex was not purified, but it was characterized using the same techniques

employed for Ru?* complexes.

The gelation ability of Ru(pydic)(terpyDP), Ru(pydic)(terpyTP) and
Pd(terpyTP)(CIl) was studied in 18 common solvents of different polarity. The tube
inversion test was used to determine the presence of a gel. Summarized results

are shown in Table 3.

Table 3. Gelation behaviour of Ru(pydic)(terpyDP), Ru(pydic)(terpyTP) and
Pd(terpyTP)(CI) using polar solvents.

RS 9 J§®
2 N .
o & £
S S &L 5 ¢« & ¢
T X ¢ s ¢ P S SO
Y ¢S v S9N
Ru(pydic)(terpyDP) i i i i s i S s i
Ru(diPic)(terpyTP) i i i i s [ S s i
Pd(terpyTP)(CI) i i i i i i S s i

Solvents are ordered by their dielectric constants. i: insoluble, s: soluble.

In Table 3, only results with polar solvents are described. Complexes were
insoluble in nine common solvents with less polarity. All three complexes are not
able to gelate any solvent; thus, these complexes are not metallogelators.
Ruthenium complexes are insoluble in most of the studied solvents, they are only
soluble in iso-propanol, methanol, DMF and DMSO. The palladium complex is

insoluble in almost all the solvents and it is only soluble in DMF and DMSO.

Unfortunately, the gelation ability of terpyDP and terpyTP is not transfered
to the resulting complexes. Furthermore, they are insoluble in most of the studied
solvents, limitating their applicability in catalysis. Comparing the results of the
gelators with their corresponding metal complexes is easy to observe the huge

differences between them (Table 1). So, the incorporated metal ion has a high
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impact in the gelation and solubility behaviour. Also, the palladium complex was
studied to compare the influence of the metal geometry, since palladium complexes
are usually square planar while ruthenium complexes are octahedral. None of them
can gelate, so the geometry and the metal do not influence in this ability, but they
could influence in the solubility, being the palladium complex less soluble in the

studied solvents.

The obtained results are a clear example of the fact that a rational structural
design of gelators, and especially metallogelators, is still challenging. Incorporating
different functionalities in a gelator can influence their gelation ability and often it is

not possible to predict.

3.3.3.3 Electrochemical studies of Ru complexes

Electrochemical studies of Ru complexes were undertaken to comprehend
the redox properties of these compounds. These results are interesting for catalytic
applications where an oxidation or reduction step is required. This study was carried
out in collaboration with Dr. Jordi Garcia-Anton. The methodologies used were
cyclic voltammetry (CV) and differential pulse voltammetry (DPV) in methanol.
Methanol is not often used as solvent in electrochemistry because its
electrochemical window is not wide. Nevertheless, we studied the oxidation
potential of the complexes, and methanol was not electroactive in the studied

potential range. Furthermore, TBABF,4 was used as supporting electrolyte.

Oxidation voltammograms for Ru(pydic)(terpyDP) and Ru(pydic)(terpyTP)
using CV and DPV are shown in Figure 32.

Both complexes were redox active. The CV voltammograms exibit one
reversible oxidation wave associated to the electron transfer of Ru®* to Ru®*. The
wave of Ru(pydic)(terpyDP) presents an oxidation peak at 0.64 V/SCE and a
reduction peak at 0.56 V/SCE, while these values are 0.63V/SCE and 0.56V/SCE
for Ru(pydic)(terpyTP). DPV voltammograms show one oxidation peak at 0.58
V/ISCE and 0.56 V/SCE for Ru(pydic)(terpyDP) and Ru(pydic)(terpyTP),

respectively.
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Figure 32. CV (top) and DPV (bottom) voltammograms for 7 mM
Ru(pydic)(terpyDP) and Ru(pydic)(terpyTP) + 0.1 M TBABF,4in methanol. Glassy
Carbon working electrode, Pt counter electrode and SCE reference electrode. v =

0.1 V/sin CV and AE =10 mV in DPV.

It is possible to calculate the value of E4, (half-wave potential) because the
system is completely reversible using both methods. The equations used are
described in the experimental section 7.8 and the resulting E1,» values are shown
in Table 4. In the table, the E1,» value of the related complex Ru(pydic)(terpy)

studied in the literature is also shown (Figure 33).%?

The observed E/ value is due to the oxidation of the Ru®*. The values are
almost equal using both techniques, but they are slightly lower using DPV. Both
studied complexes and the analogous Ru(pydic)(terpy) have similar values of E1 ..
The presence of the peptide moiety in our complexes does not alter the oxidation
of the metal ion because it is located at a considerably distant position. However,
half-wave potential of Ru(pydic)(terpyTP) is lower than Ru(pydic)(terpyDP).
Thus, it means that Ru(pydic)(terpyTP) can be oxidized slightly more easily than
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Ru(pydic)(terpyDP). In a catalyzed reaction in which an oxidation step is required,
that fact is very important. The lower standard potential of the catalyst is, the better
the reactivity. %78 Our complexes have a similar E1,2 value to Ru(pydic)(terpy), so

we expected a similar reactivity using them.

Table 4. Eq, values for Ru(pydic)(terpyDP) and Ru(pydic)(terpyTP) using CV
and DPV.

Complex Ei2(CV) Ei2 (DPV)
Ru(pydic)(terpyDP) 0.600 V 0.585V
Ru(pydic)(terpyTP) 0.595V 0.565 V

Ru(pydic)(terpy)? 0.60 V ;

3.3.3.4 Catalyzed reaction studies of Ru** complexes

Some catalytic studies using Ru(pydic)(terpyDP) and Ru(pydic)(terpyTP)
in the expoxidation of alkenes were carried out. Since both complexes are not
metallogelators, we could not study them as catalysts in reactions in gel phase.
Nevertheless, to prove that they are suitable for catalysis, we studied them in
solution. Several efficient catalysts have been reported in the literature for the
epoxidation of alkenes. Beller and coworkers studied the epoxidation of different
branched aliphatic and aromatic alkenes using Ru(pydic)(terpy) and derivatives
as catalysts. %2#*8” They followed a mild procedure (room temperature and using
H-O, as oxidant) for the epoxidation, achieving good to excellent yields. Their
mechanistic studies showed that the use of protic solvents makes the oxidation of
Ru center faster. Furtermore, different Ru species in higher oxidation were found to

be possible intermediates in the reaction pathway (Figure 33).%
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Figure 33. Epoxidation of alkenes mechanism catalysed by Ru(pydic)(terpy).

Using the same conditions that Beller and coworkers, Ru(pydic)(terpyDP)
and Ru(pydic)(terpyTP) were tested as catalysts in the epoxidation of different
aromatic alkenes. Only 0.5 mol% of catalyst was used in the reaction test and UHP
(urea hydrogen peroxide) was used as oxidant at room temperature. Since the
solubility of these complexes is limited, in our first trials we used methanol as
solvent. Unfortunately, methanol solvolysis (attack to the epoxide) products were
obtained. After, we tested the reaction in dichloromethane/methanol, 9:1 mixture as

solvent, and the obtained results are shown in Table 5.

Results showed that both complexes catalyse the formation of the epoxide
product in moderate yields in the case of styrene, and excellent yields using other
substituted substrates. Ru(pydic)(terpyDP) gave slightly better yields and faster
reaction times than Ru(pydic)(terpyTP) in the case of styrene and trans-stilbene.
This result can be justified by the fact that with long reaction times, solvolysis of
epoxide can still occur since methanol is used as co-solvent. Beller’s catalyst gave

similar yields but faster reaction times in the case of trans-stilbene and 3-methyl

styrene, but lower yield in the case of styrene comparing it with our complexes.
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These results are in agreement with the electrochemical studies, which predicted

similar reactivity between all complexes.

Table 5. Epoxidation of aromatic alkenes catalysed by Ru(pydic)(terpyDP) and
Ru(pydic)(terpyTP).

xR Complex, Urea - H,0, o R
©/\/ CH,ClI, : MeOH (9:1),'rt ©/<l/
R =H, Me, Ph
Complex Substrate (R) Yield (%)? Time (h)?
H 60 2.5
Ru(pydic)(terpyDP) Ph 97 7
Me 99 5
H 48 3.5
Ru(pydic)(terpyTP) Ph 90 8
Me 98 5
H 39 3
Ru(pydic)(terpy)* Ph 99 1
Me 99 3

All reactions were carried out using 0.5 mmol of styrene in 10 mL of 9:1
dichloromethane/methanol as solvent. ? Yields determined by GC analysis by interpolation
of calibrations plots.

As expected, epoxide products were analysed by chiral HPLC and a racemic
mixture was obtained in all cases. The chiral centers of Ru(pydic)(terpyDP) and
Ru(pydic)(terpyTP) are quite far from the catalytic center, thus no

enantioselectivity was induced. It would have been interesting to compare the
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enantioselectivity in a hypothetic reaction in gel phase, but unfortunately, as it is

explained previously, both complexes were not able to gelate any solvent.
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3.4 Summary and conclusions

In this chapter, two new funtionalized LMWGs were synthesized using two
well known peptide-based gelators and a terpyridine derivative. They were able to
gelate a wide range of solvents, being the best mgc values of 49 mg/mL in
methanol, and 43 mg/mL in 2-propanol, for terpyDP and terpyTP, respectively.
The incorporated terpyridine moiety reduced their gelating efficiency (higher mgc

values), but it favored the gelation of solvents of different nature.

The aggregation of both compounds followed a helical-like structure
confirmed by the CD spectra of xerogels from both compounds. Furthermore,
theoretical calculations supported this helicity. The structures of the calculated
aggregates showed that the relative function positions were well defined, remaining

the terpyridine moieties inside the fibril and the peptide part spinning around them.

Both gelators were complexed with Ru®* and Pd?* in order to get
metallogelators, but the obtained complexes were not able to gelate any solvent.
Moreover, all complexes were insoluble in most organic solvents, specially the Pd®*
complex. These results confirmed that a rational design of metallogelators is still a

big challenge.

Ru®* complexes were used as catalysts in the benchmark reaction of
epoxidation of alkenes in solution. They presented moderate to good yields, being
comparable with an analogous Ru?®* complex from the literature. The
electrochemical studies of all complexes agreed with these findings. Nevertheless,

no asymmetric induction was accomplished in these reactions.
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Chapter 4

4. Synthesis of Proline / Cyclobutane Amino Acid-
Containing Tripeptides: Organocatalysts for Asymmetric
Aldol Additions

4.1 Introduction

During the last decades, the interest in the synthesis of enantiopure
compounds has increased notably, since the spatial arrangement of carbon atoms
within molecules could dramatically change their properties. The compound
thalidomide is a well-known example, which was used as a treatment of nausea in
pregnant women. This drug was used as racemate, being the R isomer the
responsible of the therapeutic behaviour. The problem was that its stereogenic
centers can epimerize under physiologic conditions and the S isomer generates
teratogenic effects on the fetus. For this reason, its commercialization caused a
tragedy in the 60’s when about 10000 infants were born with a malformation in the
limbs.2%%° Beyond that point, the stereochemistry of drugs was conscientiously
considered, and therefore, asymmetric transformations with the aim of preparing
enantiopure compounds for their use in many applications, specially in medicine,

have been deeply investigated.

The classical approach for the separation of racemic mixtures, such as
crystallization, or chromatografic resolution on chiral columns are usually expensive
and slow methodologies. One of the most effective and costless manners to obtain
these molecules is the asymmetric or enantioselective catalysis. It consists in the
transformation of achiral susbtrates into stereoisomeric products in unequal

proportions, by the use of small amounts of enantiomerically pure catalysts.

Some of the first enantioselective catalysis were performed using transition
metal complexes in the second half of the 20" century, which allowed low catalyst
loading and achieved high asymmetric inductions. These compounds use chiral
organic ligands, which provide the chiral environment, to coordinate a transition
metal, like palladium or ruthenium, resulting a catalyst with great impact in the
enantioselective formation of C-C or C-heteroatom bonds.**? Knowles, Noyori and
Sharpless received the Nobel price for the study of enantioselective reactions of

high interest using chiral metal complexes. For example, Knowles and co-workers
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at Monsanto Company developed an asymmetric olefin hydrogenation reaction
using a rhodium complex. This reaction allowed the industrial synthesis of the rare
amino acid L-Dopa which is useful in the Parkinson disease treatment (Scheme
9).93

Ha
D/\KCOZH [Rh(R,R)-DiPAMP)COD]* BF MGOD/\{COZH
NHA H NHAc
¢ AcO
47 48  100%
95% ee
H+

L~ £
/~ \
P, HOD/\(COZH
H NH
@ Meo@ © HO 2
(R,R)-DiPAMP cobD L-Dopa

Scheme 9. Monsanto synthesis of L-Dopa through asymmetric hydrogenation

using a chiral Rh complex as catalyst.

Although the study of metal complexes as catalysts is still of high interest for
researchers nowadays, the practical procedures to use these catalysts require very
rigorous conditions, such as air sensitive tecniques or even the preparation in globe
boxes due to their air and moisture sensitivity. Moreover, most of the transition
metals are highly toxic, so the complete separation and purification of the final
products adds even more issues in their employment. Overall, these problems
require an especial long-term storage and care handling that originates high cost

on a large scale, making their use in the industry very difficult.

Another type of enantioselective catalysis is achieved using biocatalysts.
This sort of catalysis benefits from the employment of biological macromolecules,
such as enzymes, to catalyse asymmetric transformations. Their chiral

tridimensional structures properly bind and orient the substrates inducing
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asymmetry. Even though they are usually expensive, their employment in the
industrial scale is increasing, providing high enantioselectivities under mild
conditions.** Unfortunately, the low stability of enzymes as well as their specificity

makes them useful in a only few chemical transformations.

The third main type of enantioselective catalysis makes use of chiral
organocatalysts, which are small organic molecules that efficiently induce chirality
in organic transformations.”**® The very first enantioselective organocatalyzed
reaction was the addition of HCN to benzaldehyde catalyzed by the chiral alkaloids
quinine and quinidine, reported in 1912.%° Unluckily, the resulting products only
afforded optical yields of less than 10%. It was not until almost 40 years later that
Pracejus and coworkers achieved a notable 74% ee in the addition of methanol to

49, using the quinine derivative 50 as chiral organocatalyst (Scheme 10).'®

H M
Me 50 (1 mol%) & OMe
>:C:O > Ph/g(
PH methanol (1.1 eq) 0
toluene, -111 °C
49 51 93%

74% ee

50

Scheme 10. Methanol addition to a ketene catalyzed by 50.

Another notable example of enantioselective organocatalysis was found

191 and Hajos and Parrish.'% They

simultaneously by Eder, Sauer and Wiechert,
reported an asymmetric intramolecular aldol reaction of triketone 52 catalyzed by

(L)-proline (Pro), obtaining excellent enantioselectivities (Scheme 11).
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O 0

Pro (3 mol%) Me

Me

Me >
DMF, r.t. o)
o 0 OH
52 0 53 100%
93% ee
N
NH
Pro

Scheme 11. The Hajos-Parrish reaction catalyzed by (L)-proline (Pro).

Despite these first examples of enantioselective organocatalysis, there were
not considerable improvements in this field for decades, possibly due to the great
success of metal-based catalyst for enantioselective transformations in those
years. The turnover in the subject of enantioselective organocatalysis occurred in
2000 when MacMillan and List reported iminium and enamine based
organocatalyst, respectively, turning organocatalysis into one of the big fields of
organic chemistry. MacMillan and coworkers reported an asymmetric Diels-Alder
reaction of o,B-unsaturated aldehydes with cyclopentadiene catalyzed by the
phenylalanine derivative 54. An iminium intermediate formed by reaction of 54 with
aldehyde 55 was rationalized as the active species, obtaining the products with

excellent enantioselectivities (Scheme 12).'%

S 54 (10 mol%)
PRS0+ @ / ph LA JcHo

MeOH-H,0, r.t. CHO Ph
55 56 endo-57 exo-57
O 99%
>,Me exo:endo 1.3:1

N~ ‘Me 93% ee (exo and endo)

H
Ph

54

Scheme 12. Diels-Alder reaction catalyzed by secondary amine 54.
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At the same time, List, Barbas and coworkers, making use of Barbas
expertise in catalytic aldolases, revisited the Hajos-Parrish-Eder-Sauer-Wiechert
reaction approach, reporting the first (L)-proline (Pro) catalyzed asymmetric

intermolecular aldol reaction with also good enantioselectivities (Scheme 13).'%*

O O OH
O Pro (30 mol%)
)J\ + H >
DMSO
N02 NOZ
58a R-59a
68%
Q 76% ee
o
NH
Pro

Scheme 13. Aldol reaction catalyzed by Pro.

As mentioned above, an enamine-based intermediate was proposed as
active species in this reaction. Enamine catalysis can be considered as a special
case of the iminium-based catalysis, where first an iminium intermediate is formed
between a secondary amine and a carbonyl compound (with an acidic o proton),
and evolves to an enamine, which is the responsible of the nucleophilic attack on

the aldehyde, ideally with enantiofacial selectivity.

Different publications suggested that both functionalities of Pro are involved
in the step that determines the enantioselectivity of the aldol reaction. Several
researchers postulated different transition states for this reaction, like Agami who
hypothesized that two proline molecules were involved in the transition state.’®
However, the most accepted model for this reaction was suggested by List and
Houk (Scheme 14)."%7'% They suggested that it could involve a chair-like
Zimmerman-Traxler transition state. The amino function formes an enamine with

the acetone, while the carboxylic acid fixes the aldehyde through a tricylic hydrogen
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bond, like a Bronsted acid co-catalyst. Their models predicted successfully the
enantioselectivity observed in several aldol reactions catalyzed by Pro (Scheme
14).

O

0 / ON#OH \<o

Pro H,O

NT on O

0 i

AN O)Lo
N+

=

o, H
E/N/% -_c—)'_)\R O
\O\ N

\/\4

Scheme 14. Schematic enamine-based mechanism of asymmetric aldol reaction
catalyzed by Pro. The acetone and the aldehyde are remarked in red and blue,

respectively.

Enamine-based organocatalysts are often compared with the natural activity
of the Lys229 residue from aldolase | enzymes. In this analogous approach, nature
uses this reaction in fundamental steps of the metabolism, for example in

gluconeogenesis and glycolysis. Actually, List and Barbas were pursuing to mimic
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the reactivity of aldolases | in their first publication of asymmetric intermolecular
aldol reaction catalyzed by Pro. The remarkable enantioselectivity observed in the
aldol reaction using Pro as catalyst inspired the use of this amino acid in Mannich,

Michael and related reactions.®%""3

Regardless the good performance shown in these reactions, the use of Pro
as catalyst presented some disadvantages. Its better efficiency is achieved using
DMSO and DMF as solvents, reducing the possibility of the full recovery of the
catalyst. Another handicap is that in some examples a high catalyst loading is
needed, even up to 30-35% increasing the costs of its use. Globally, these

limitations make this catalyst not suitable for the industrial scale.

Several researchers have made great efforts trying to improve the
performance of Pro by modifying or derivatizing different positions of the Pro
scaffold. The most used strategy has been introducing different groups in the C-2
position (carboxylic acid), such as adding different bulky moieties or changing the

H-bonding interactions by incorporating other functions. For example, some

114 115

designs incorporate a tertiary amine (60), or a tetrazole

(62) (Figure 34). '"°

Q 0 o N-N
o D o oy
OH NH N™""Ph N

NH NH H NH H

Pro 60 61 62

a sulphonamide (61),

Figure 34. Proline derivatives used in asymmetric aldol reactions as catalysts.

Furthermore, taking advantage of the knowledge of the enamine-based
mechanism, researchers have focused in designing other chiral organocatalysts
achieving excellent stereoselectivity in several reactions.’’”'"® As an example,
Palomo and coworkers reported the first enamine mediated anti-selective Mannich

reaction of aldehydes and unactivated imines (Figure 35). This reaction was
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catalyzed by 63, among other related catalysts, achieving good yields and high

enantioselectivities.

1) 63 (20 mol%), PNBA,

O r}{ THF, -60 °C OH NHR'
HJJ\‘ + \\ - \Y\
R R2  2)NaBH, EtOH, -40 °C R N R2
up to 90%
(CH2)sCH3 98:2 anti/syn
O)\/(CHZ)SCHs 99% ee
NH OSIPh3
63

Figure 35. Anti-selective Mannich reaction catalyzed by 63.

4.3.1 Short peptides as organocatalysts

The use of short peptides as organocatalysts in asymmetric reactions has
grown during the last two decades.'’®'®® The enourmous variety of possible
combinations of natural and non-natural amino acids allow the preparation of chiral
catalysts for several diferent applications. In the attempt to mimetize enzymes, a
privileged peptide conformation with an adequate orientation of its functional groups
is crutial for high reactivity and selectivity in organocatalysis. For enzymes, this is
achieved through long amino acid sequences that fold into highly ordered

structures, creating a defined environment in which a reaction can be catalyzed.

The first examples for the use of short peptides in catalysis were reported in
the decade of 1980, by Inoue and coworkers,'?! with the use of a cylic dipeptide as

2 on the

catalyst for stereoselective hydrocyanations of aldehydes, by Julia'
epoxidation of chalcones by polypeptides and by Ueoka and coworkers, on the

enantioselective hydrolysis of esters using a tripeptide.'?®

Nevertheless, it was not until 20 years later that this area expanded to the

mainstream research, for example with the publication of Miller and coworkers
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where they reported a tripeptide containing a non-natural amino acid 64 that
catalyzed the kinetic resolution of racemic alcohols, like 65, by acetylation (Scheme
15) 124

HO  NHAC o4 (5mol%), 1eqac,o Ao NHAC

toluene, 0 °C

(+)-65 66 84% ee
o)

O’“ S0
N H
BocHN
oc 5 \O’
~
N™N
o)

_H N L

Scheme 15. Kinetic resolution by acetylation using tripeptide 64. The H-bond

64

responsible for the major conformation is remarked in red.

In this work, the conformation of the peptide was found to be crucial for the
selectivity of the reaction. Tripeptide 64 presented a major conformation (up to
90%), while an epimer of 64 had a major conformation corresponding to 75%. When
both were tested in the kinetic resolution of alcohol 65, it was observed that the

selectivity of the epimer decreased to 53% ee while tripeptide 64 achieved 84% ee.

Organocatalysts based on short peptides have been explored for a great
number of reactions, specially in C-C bond formations such as Morita-Baylis-Hilman
reactions, nitroalkane additions, Friedel-Crafts alkylations, and Michael and aldol
additions. As mentioned above, (L)-proline is one of the most explored
organocatalysts for the aldol reaction. The inclusion of this natural amino acid in
short peptides has been used by different researchers with the aim of improving its

performance. An excellent example was reported by Wennemers and coworkers,
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that explored the catalytic activity of H-Pro-Pro-Asp-NH; tripeptide 67 and alkylated

derivative 68 in the aldol reaction (Scheme 16).'%

O 67 or 68 (1 mol%) OH O
RJ\H acetone, solvent, R)*\/U\
r.t. or-20 °C
24-98%
66-91% ee

e
© H
0
MO “COH
NH

67:R=H
68: R = (CH2)11CH3

Scheme 16. Aldol reaction catalyzed by peptides 67 and 68, respectively.

Peptide 68 proved that the presence of the alkyl chain does not change the
catalytic properties compared with 67, but provided higher solubilities in a wide
range of solvents. It was observed that the absolute configuration of the aldol
product was the same in DMSO, MeOH and DMF, while in non-polar solvents such
as n-hexane the opposite enantiomer was favoured. Surprisingly, the addition of
ammounts of water to DMSO or MeOH reversed the enantioselectivity of the aldol
product. This switch of the enantioselectivity by only changing the solvent was not
usual. NMR and CD studies of peptide 68 in the absence and presence of water
revealed that remarkable conformational changes, which demonstrated that they
are probably responsible for the variation of the enantioselectivity observed

experimentally.

Another example was reported by Reiser and coworkers. They described
the synthesis of short o,B-tripeptides that contain a cis--cyclopropane amino acid
residue in combination with (L)-proline. These peptides were tested as
organocatalysts in inter- and intramolecular aldol reaction achieving high yields and

stereoselectivities (Scheme 17).'%°
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O 69 (20 mol%) OH O

RJ\H i R)\/U\

acetone, solvent, r.t.

48-91%
41-91% ee

Scheme 17. Aldol reaction catalyzed by peptide 69.

In that work, the best performance was accomplished using tripeptide 69,
which was attributed to the remarkable stabilization of secondary structures of the

incorporated and conformationally restricted cis-B-cyclopropane amino acid unit.

In conclusion, although it has been proved by some researchers that short
peptides can be excellent organocatalysts for asymmetric transformations, the
development of these catalysts present some difficulties. They are usually
unordered and can adopt several conformations, difficulting the disposition of the
active groups in a cooperative manner required for the catalysis. Furthermore, the
large number of natural and non-natural amino acids makes the possible
combinatorial sequences immesurable, so an intelligent approach is needed.
Consequently, the rational design of a short peptide-based organocatalyst is still a

huge challenge.
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4.2 Objectives

In this part of the thesis, the synthesis of several tripeptides consisting of two
proline residues located in the terminal positions and a cyclobutane-containing
amino acid (CBAA) in the center was proposed. In their design, (L)- or (D)-proline

as well as both enantiomers of cis - or y-CBAA were considered (Figure 36).

5, o O
O N\‘ Y,
N N
NH N NH
HO HO
0 o)
A B
o S0 0 S0 o) S0
N \ H N o H N
NH HO\rQ NH HOYQ CNH HO\”\\‘.,Q
o) o) o)
C D ent-D

Figure 36. Proposed new tripeptides.

The objectives of this part are:

e The synthesis of these tripeptides.

e The study of their catalytic activity in the aldol reaction using different
aldehydes, ketones and solvents under different conditions. Preliminary
studies in the Michael reaction.

e The investigation of the influence of the chirality of the proline and
cyclobutane-based residues as well as their nature as - or y-amino acids in

the enantioselectivity.
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e The rationalization of the origin of the stereoselectivity found in the

organocatalyzed reactions.
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4.3 Results and discussion

The results of this part of the thesis are presented in four parts. First, the synthesis
of the new tripeptides is described (section 4.3.1). After, the results of the catalyzed
reactions are explained (section 4.3.2) followed by the structural study of peptide D
(section 4.3.3). Finally, theoretical calculations are used to rationalize the

experimental results (4.3.4).

4.3.1 Synthesis of tripeptides

Considering the acquired experience in our research group preparing
cyclobutane-based amino acids, the studied tripeptides were synthesized through

the following general retrosynthetic pathways (Figure 37 and Figure 38).

O (R)
SP~NO o) CO,H
H o N —
NH
(S)
HO NHBoc
o} Ny
34
A CO,Me
:COQH

s
R) -

@)
“R) 2O NH
(S) H( ~ Cbz Vi 07
N —
HO

COzMe

O

B 70

Figure 37. General retrosynthetic pathway for a,f,o-tripeptides A and B. Absolute

configuration of the stereogenic centers are shown.

The preparation of the cyclobutane-based - or y-amino acids 34, 70, 71 and

72 were already reported in our research group.>®'"'?” Compounds A and D were
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previously synthesized for the first time by Carme Robledillo in her master thesis.
In this thesis, the synthesis of the tripeptides was repeated and optimized to perform
the proposed catalytic studies. Compound ent-D was prepared by Carlos Elvira in
his bachelor work supervised by Prof. R. M. Ortufio, and myself. The proline-based

derivatives were purchased from commercial sources in an enantiopure form.

0 N E’av 0
sy HF N
NH HO

S
o

O'Bu
o) S0 71
\n (s) Yz Ny
‘R HF) N
NH NG
R
o)
ent-D ¥
73
R)/ s
w)H($ — N
BocHNr - -
NH OH
5 72

Figure 38. General retrosynthetic pathway for o,y,a-tripeptides C, D and ent-D.

Absolute configuration of the stereogenic centers are shown.

It should be noted that tripeptides A and B are diastereoisomers, since both

have two (L)-proline units, but different enantiomers of the B-amino acid residue.
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Also, tripeptides C and D are diastereoismoers since they contain two (L)-proline
amino acids, but they have different enantiomers of the y-amino acid residue. To
understand the influence of the chirality of the proline residue, tripeptides ent-D was
prepared with (D)-proline and y-amino acid 71. So, tripeptides D and ent-D are

enantiomers.

The synthetic routes to prepare all tripeptides and their intermediates are

explained below.

4.3.1.1 Synthesis of protected -amino acids 34 and 70.

The synthesis of B-amino acid 34 is explained in chapter 3. The synthetic
route of the protected B-amino acid 70 can be achieved in a 36% overall yield from

enantiopure half-ester 27. The synthetic route is described in Scheme 18.

CO,Me CO,Me CO,H
I:( Boc,O, DMAP 0.25 M NaOH
'BUOH, r.t., 4 h °
COH u r CO,'BU THF/H,0,0°C, 3 h Co,'Bu
(73%) (99%)
27 74 75

1) Et3N, CICO,Et,
acetone, 0 °C, 30 min

2) NaNz, water, r.t., 2 h (54%)
3) BnOH, toluene,

reflux, 18 h
NHCbz NHCbz ) NHCbz
E[ Mel, Cs,CO4 l:( TFA, Et;SiH E(
Cone DMF, rt. 18 h COzH CH2C|2, r.t., 12 h COZtBU
95% 98%
70 ( ) 77 ( ) 76

Scheme 18. Synthetic route of amino acid 70.

The synthesis of -amino acid 70 started with the protection of half-ester 27
as tert-butyl ester 74, by reacting the free carboxylic acid group with Boc anhydride

and a catalytic amount of DMAP in tert-butanol, in 73% yield. Then, diester 74 was
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saponified with sodium hydroxide under mild conditions. The obtained half-ester 75
was reacted with ethyl chloroformate followed by a treatment with sodium azide to
produce the correspondent acyl azide. Next, the isocyanate formed by heating the
acyl azide was reacted with benzyl alcohol under reflux conditions to obtain
protected amino acid 76 in 54% vyield. After, its tert-butyl ester function was
acydolyzed by reaction with TFA in the presence of triethyl silane and the resulting
carboxylic acid 77 was transformed to the corresponding methyl ester 70 with

methyl iodide and cesium carbonate, in almost quantitative yields for both steps.

4.3.1.2 Synthesis of protected y-amino acids 71 and 72

The synthesis of y-amino acids 71 and 72 can be achieved in 55% and 44%
overall yield, in 5 and 3 steps, respectively, from enantiopure and commercially
available (-)-verbenone 73. The synthetic routes are described in Scheme 19 and
Scheme 20.

ﬁ RuCl3-H,0, NalO,4 o 2 0 Boc,O, DMAP o} E 0
f
- o CH20|2/CH3CN/H20, OH BUOH, I"_t_, 4 h OtBu

$ rt.,18h
73 (95%) 78 (93%) 79
NaBrO
Dioxane/H,0O, | (93%)
0°C, 6h

s N 1) Et3N, CICO,ET, N
0 Hp, Pd(OH),/C 0 acetone, 0°C, 30 min O 0
HaN CbzHN
OBy MeOH, rt, 18 h otBu 2) NaNg water,rt, 2h pg O'Bu
3) BnOH, toluene,

(95%) reflux, 18 h

71 81 80
(71%)

Scheme 19. Synthetic route for amino acid 71
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In the first step of the synthesis of 71, a catalytic oxidation of (-)-verbenone
led to (-)-cis-pinononic acid 78 without epimerization. Then, the carboxylic acid
group was transformed in to a tert-butyl ester in 93% yield using Boc anhydride and
catalytic amount of DMAP in tert-butanol. In the following step, the methyl ketone
79 was submitted to a Lieben degradation to afford carboxylic acid 80.
Consecutively, 80 was transformed in to benzyl carbamate 81 following a 3-step
procedure including a Curtius rearrangement in 71% vyield. Finally, the

hydrogenation of 81 catalyzed by Pd(OH)./C provided amine 71 in 95% yield.

1) Et3N, CICO,Et,

o) $ o acetone, 0°C, 30 min S0 NaBrO S
>\....' ...../< BocHN! ] i BocHN! '/<
2) NaNs, water, r.t.,, 2 h Dioxane/H,0,

HO t 0°C. 6h OH
I 3) '‘BuOH, reflux, 18 h

(52%) 82 (90%) 72
0 E 0
OH

78

Scheme 20. Synthetic route for amino acid 72. The relative orientation has been

flipped to easier compare with tripeptide D.

The synthetic route for amino acid 72 started with the same transformation,
the oxidation of (-)-verbenone to obtain free carboxylic acid 78. In Scheme 20, the
relative orientation of 78 was flipped to compare more easily with tripeptide D. The
carboxylic acid 78 was transformed in to tert-butyl carbamate 82 in 52% yield and
consecutively, it was submitted to a Lieben degradation with sodium hypobromite

to afford carboxylic acid 72 in 90% vyield.

4.3.1.3 Synthesis of tripeptides A, B, C and D.

Tripeptides A and B can be synthesized in 48% and 58% overall yield from

enantipure B-amino acids 34 and 70, respectively. The synthetic route of tripeptides

C, D and ent-D can be achieved in a 41%, 32% and 46% overall yield from amino

acids 71 and 72, respectively. The synthetic routes are described in Figure 39.
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2 o, N OR )
\ (60%) (78%) CNCbz BnO_ .. (99%)
O'Bu NCbz \([),
7 .~ R=1Bu, 93 ent-92
R =H, 94
(99%)

Figure 39. Synthesis of tripeptides A, B, C, D and ent-D. Reagents: (a): PyBOP,
DIiPEA, NH(HCI)-(L)-Pro-OBn, CHxCly; (b): 2 M HCI in THF; (¢): PyBOP, DIiPEA, N-
Boc-(L)-Pro, CHxCly; (d): NaHCOs. (e):Hz, Pd(OH)./C, CH3OH; (f): Ha, Pd(OH)./C,
HCI CH3OH; (g): PyBOP, DIPEA, N-Cbz-(L)-Pro, CHxCl,; (h): 1) 0.25 M NaOH, 2)
HCI; (i): H3POs, toluene; (j): PyBOP, DIPEA, N-Cbz-(D)-Pro; (k): PyBOP, DIiPEA,
NH(HCI)-(D)-Pro-OBn, CHxCls.
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The synthesis of A started with the coupling between amino acid 34 and
NH(HCI)-(L)-Proline-OBn in the presence of DIPEA and using PyBOP as coupling
agent to obtain 83 in 60% yield. The resulting dipeptide 83 was selectively
deprotected in the N-terminus followed by its coupling with N-Boc-(L)-proline to
achieve protected tripeptide 84 in 80% yield. Finally, Boc carbamate removal
followed by secondary amine neutralization and then a hydrogenolysis of the benzyl

ester rendered tripeptide A in 99% vyield.

The preparation of B started with the selective deprotection of 70 by
hydrogenation in the presence of hydrochloric acid in order to avoid ring opening of
the cyclobutane ring through a push-pull mechanism involving the amino group and
the ester. The ammonium salt was directly submitted to react with N-Cbz-(L)-proline
in the presence of PyBOP and DiPEA, producing dipeptide 85 in 86% yield. Then,
a mild saponification followed by protonation and coupling of the resulting
carboxylic acid 86 with NH(HCI)-(L)-Pro-OBn led to protected tripeptide 87 in 69%
yield. Finally, full deprotection by hydrogenolysis with Pd(OH),/C as catalyst
provided tripeptide B in 99% yield.

The synthesis of tripeptide C started with the coupling between 71 and N-
Cbz-(L)-proline, acquiring dipeptide 88 in 62% yield. After, deprotection of tert-butyl
ester with phosphoric acid followed by coupling with NH(HCI)-(L)-Pro-OBn led to
protected tripeptide 90 in 68% yield. Finally, deprotection by hydrogenolysis with
Pd(OH)./C as catalyst provided tripeptide C in 99% yield.

Tripeptide D was obtained starting with the coupling between amino acid 72
and NH(HCI)-(L)-Proline-OBn using PyBOP as coupling agent in 53% yield. The
resulting dipeptide 91 was selectively deprotected with hydrochloric acid, followed
by coupling with N-Cbz-(L)-proline to achieve protected tripeptide 92 in 61% vyield.
Finally, the hydrogenation of both benzyl protections afforded tripeptide D in 99%
yield. The synthesis of ent-D is analogous to the preparation of C, starting from
amino acid 71, but using the corresponding (D)-proline derivative instead of (L)-

proline.
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4.3.2 Catalyzed reaction studies

Tripeptides A, B, C, D and ent-D were studied as organocatalyst in aldol

reactions in different conditions, and using different ketones and aldehydes.

As benchmark reaction, catalysts A, B, C, D and ent-D were tested in an
aldol reaction between acetone and p-nitrobenzaldehyde. In general, 5 mol% of the
catalyst was used in the reaction test with 0.2 mmol of the aldehyde in 2 mL of
solvent at room temperature. Some variations in the catalyst amount, the
concentration of the aldehyde, the temperature and the solvent were carried out in
order to get more insight on the effect of these changes in the activity of the catalyst
to find the optimal reaction conditions regarding chemical yield and

enantioselectivity. The results are summarized in Table 6.

Table 6. Aldol reaction between acetone and 58a catalyzed by A, B, C, D and ent-
D.

o) catalyst A-D

Ao " *

solvent (1-4)

NO, NO,
58a 59a
Entry | Catalyst | Solvent’ | mol % Conc. T Time | Yield’ | e.r.° | Abs.
catalyst | aldehyde | (°C) | (h) (%) con.?
[M]
1 1 5 0.1 r.t. 5 90 68:32 S
2 A 1 20 0.1 r.t. 4 95 69:31 S
3 2 5 0.1 r.t. 48 80 73:27 R
4 3 5 0.1 r.t. 48 90 69:31 R
5 1 5 0.1 r.t. 24 66 54:46 R
6 1 5 0.1 -20 48 17 50:50 -
7 B 1 5 0.3 | 24 86 |5248| S
8 1 20 0.1 r.t. 24 96 50:50 -
9 1 20 0.1 -20 48 56 43:47 R
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10 2 5 0.1 rt | 24 64 |6238| R
11 2 20 0.1 rt | 18 99 |6337| R
12 1 5 0.1 rt. | 24 77 |8317| s
13 1 5 0.1 20 | 24 39 |8911| S
14 1 5 0.3 rt | 24 54 |81:19| S
15 c 1 20 0.1 rt. 4 96 |82:18| S
16 1 20 0.1 20 | 24 69 |90110| S
17 2 5 0.1 rt | 24 97 |60:40| R
18 2 20 0.1 rt | 18 99 |60:40| R
19 1 5 0.1 rt. 2 97 |s8s12| s
20 1 5 0.1 0 3 99 |9010| S
21 1 5 0.1 20 | 15 99 | 937 | s
22 1 5 0.3 rt | 075 | 99 |s8614| S
23 1 5 0.3 o | 25 99 | 937 | s
24 1 10 0.1 rt. 1 95 |87:13| S
25 1 15 0.1 rt. 1 93 |86:14| S
26 1 20 0.1 rt. 1 92 |87:13| s
27 D 2 5 0.1 rt. | 59 97 |e832| R
28 2 5 0.3 rt | 24 85 |7129| R
29 2 10 0.1 rt. | 59 97 |6733| R
30 2 15 0.1 rt. | 59 99 |6832| R
31 2 20 0.1 rt | 24 99 |69:31| R
32 3 5 0.1 rt. | 48 48 |6832| R
33 3 5 0.3 rt. | 48 67 |6832| R
34 3 20 0.1 rt | 24 80 |69:31| R
35 4 5 0.1 rt. 5 95 |6139| S
36 | entD 1 5 0.1 0o | 25 95 | 937 | R
37 2 5 0.1 rt. | 63 95 |e6832| S
38 3 5 0.1 rt. | 63 40 |7030| S
39 4 5 0.1 rt. 5 95 |60:40| R
40 5 5 0.1 rt. | 24 | <10 |7327| s
41 6 5 0.1 rt. | 63 | <10 |7723| s
42 7 5 0.1 rt. | 63 | <10 |7426| S

2 All reactions were carried out using 0.2 mmol of p-nitrobenzaldehyde and the according

volume of the corresponding solvent (2 mL for 0.1 M in aldehyde reactions and 0.7 mL for
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the 0.3 M in aldehyde reactions). Solvent: 1: anhydrous acetone; 2: acetone/water 10:1
(v/v); 3: acetone/water 3:1 (v/v); 4: acetone/methanol 10:1 (v/v); 5: acetone/methanol 3:1
(viv); 6: anhydrous methanol; 7: methanol/water 10:1 (v/v). °® Isolated vyield. © e.r.
determined by chiral HPLC. 4 Absolute configuration of the major enantiomer. Assigned by

comparing the HPLC data with the literature (section 7.20).

Results show that catalyst A in anhydrous acetone gives the aldol product
in good yield after 5 hours with moderate levels of enantioselectivity (entry 1). The
increase of the mol% of catalyst to 20 mol% does not lead to significant
improvement of the results, and only the reaction time was one hour shorter (entry
1). The use of acetone/water mixtures slows the reaction down severely but yields
after 48 hours are maintained when compared to those in anhydrous acetone.
Interestingly, there is a switch of the enantioselectivity observed, being now the R

enantiomer the major one (entries 3 and 4).

The reaction with 5 mol% of catalyst B in anhydrous acetone at room
temperature is slower than with catalyst A, and the enantioselectivity observed is
poor. Results do not improve in terms of enantioselectivity by reducing the
temperature to -20 °C (entry 6), increasing the concentration of the aldehyde to 0.3
M (entry 7), incrementing the catalyst concentration to 20 mol% (entry 8) or by the
combination of several of these factors. The use of a mixture of acetone/water 10:1
(v/v) leads to slightly better results in terms of enantioselectivity, although they are
still low, showing a preference for the R enantiomer of the aldol product (entries 10
and 11). These results prove that the absolute configuration of the -cyclobutane
amino acid present in catalyst B induces a peptide conformation in the transition

state that is less active than A for the aldol reaction to take place.

The results obtained for this aldol reaction in anhydrous acetone with 5 mol%
of catalyst C at room temperature are moderate in terms of yield. The reaction takes
24 hours to reach completion and the resulting enantioselectivity is good (entry 12).
When the reaction is carried out under the same conditions but at -20 °C, an
increase of the enantioselectivity is observed, but the yield after 24 hours is lower
(entry 13). When the amount of catalyst is increased and the temperature lowered,

the best results in terms of enantioselectivity with an acceptable yield are obtained
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(entry 16). The use of an acetone/water 10:1 mixture leads to very good yields but
also to a loss of enantioselectivity together with a switch of the chirality of the major

enantiomer obtained to the R absolute configuration (entries 17 and 18).

Catalyst D seems to be the best for this aldol reaction. The reaction is fast
(2 hours), gives excellent yields (97%) and with good levels of enantioselectivity
(88:12) when anhydrous acetone is used as solvent, 5 mol% catalyst, the
concentration of aldehyde is 0.1 M and at room temperature (entry 19). The
selectivity favours the aldol product with S absolute configuration. The effect of
lowering the temperature to -20 °C maintaining all the other parameters fixed shows
an improvement of the enantioselectivity, leading to the best results (93:7) together
with an increase of the reaction time (15 hours) to reach completion (entry 21). The
increase of the aldehyde concentration to 0.3 M together with setting the
temperature to 0 °C leads to the best levels of enantioselectivity achieved (93:7)
and excellent yield in only 2.5 hours (entry 23). These levels of enantioselectivity
are of the same order as the best results obtained for small peptides used as
catalysts in the literature. '*>'?° Experiments carried out with increasing amounts of
catalyst D show that there is no major improvement with respect to those obtained
using 5 mol% of the catalyst (entries 24-26). When mixtures of acetone/water 10:1
(v/v) are used, the reaction slows down, when compared with similar conditions
using anhydrous acetone, and the enantioselectivities are again switched (entries
27-31). When mixtures of acetone/water are enriched in the content of water up to
3:1 (v/v) ratio, in general the reaction is slower and the yields are lower than when
less water is used (entries 32-34). In terms of enantioselectivity, the values are

similar to those obtained with acetone/water 10:1 (v/v) mixtures.

It is important to highlight that the catalyst could be recovered in all cases
through extraction from the aqueous layer resultant from the work up of the reaction
test with diethyl ether and subsequent lyophilisation. The yields of recovery were

around 90% and the catalyst could be reused without any loss in performance.

Overall, in acetone, the major enantiomer of the formed aldol product
showed S configuration in all cases using peptides A, C and D, independently of
the chirality of the corresponding CBAA. Peptide B is an exception, where the R

isomer is major in some cases, but the enantioselectivity is too poor to consider the
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asymmetric induction important. On the contrary, as expected, the R enantiomer
was the major product obtained when the benchmark reaction was catalyzed by
catalyst ent-D (with two units of (D)-Proline) in anhydrous acetone. These results
suggest that the predominant absolute configuration of the adducts is controlled by
the chirality of proline, since the same major enantiomer is obtained independently
of the CBAA chirality in each case. Nevertheless, the chirality of the CBAA had a
significant effect on the rate of the reaction. Reactions catalyzed by D are above 10

times faster than those catalyzed by C.

Remarkably, the observed enantioselectivity is lowered and reversed in the
presence of water, being the R enantiomer the major one when catalyst A, C and
D were used, and the S enantiomer when catalyst ent-D was used. Additionally,
the rate of formation of the aldol product is drecreased when water is added. This
switch in enantioselectivity was not observed when some amounts of water were
added to acetone for the analogous cyclopropane-proline tripeptide from Reiser’s
group, '® but it has been reported in other cases with proline derived
catalysts.'??® In order to see if the mixtures of acetone with another protic polar
solvent would behave the same way, first, a 10:1 acetone/methanol mixture was
tested using D and ent-D as catalyst. In this case, the reaction time was more
similar to that of using anhydrous acetone, but the enantioselectivity was similar to
those obtained when acetone/water mixtures were used (entries 35 and 39).
Importantly, though, the selectivity favours the S enantiomer, just like in the cases
where anhydrous acetone was used. On contrary, when the ratio of methanol was
increased, the switch in the enantioselectivity was observed, being the S
enantiomer the major one in the reaction catalyzed by ent-D (entry 5-6). These
results suggest that the presence of a protic solvent provokes a switch in the
enantioselectivity of the reactions, although different ratios are required depending

on the solvent, being more efficient in the case of water than methanol.

v-Cyclobutane-based catalysts C and D perform clearly better than those

containg a B-cyclobutane amino acid, A and B. This factor shows that the

substitution of the cyclobutane ring, and consecutively the spatial arrangement of

its functions, is crucial for the satisfactory encounter of the enamine (resulting from
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the activation of the ketone with the secondary amine of one terminal proline

residue of the peptide catalyst) with the aldehyde.

4.3.2.1 Aldol reactions using different aldehydes and ketones.

Once best conditions for the aldol reaction were found, catalysts C and D

were tested with other aldehydes and using acetone. These results are shown in

Table 7.

Table 7. Aldol reactions between acetone and various aldehydes catalysed by C

and D, respectively.

0] (0] 5 mol% cat (C-D) O OH
Joor WA
H R acetone * R
58 59
Entry | Catalyst® R Time Yield e.r’ Abs.
(h) (%)° Config.?
1 c a) p-NO.-Ph 24 77 83:17 S
2 b) Ph 30 55 82:18 S
3 a) p-NO,-Ph 2 97 88:12 S
4 c) p-Br-Ph 2 95 86:14 S
5 d) p-CI-Ph 2 99 89:11 S
6 e) p-CF3-Ph 2 90 86:14 S
7 D f) p-MeO-Ph | 72 1 - -
8 g) 0-NO,-Ph 2 99 85:15 S
9 h) o-Br-Ph 2 95 85:15 S
10 b) Ph 3 90 87:13 S
11 i) c-CeH14 6 50 82:18 S

 All reactions were carried out using 0.2 mmol of aldehyde in 2 mL of anhydrous acetone

at 20 °C. Isolated yield. ¢ e.r. determined by chiral HPLC. ¢ Absolute configuration of the

major enantiomer. Assigned by comparing the HPLC data with the literature (section 7.20).
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As expected, results for catalyst C were slightly better for p-
nitrobenzaldehyde than for benzaldehyde in terms of yields due to the activation
exerted by the electron-withdrawing nitro group in the para position, but the
enantioselectivity ratio was the same (entries 1-2). For catalyst D, ortho- or para-
substituted aromatic aldehydes and benzaldehyde results were very similar to
those obtained for p-nitrobenzaldehyde (entries 3, 4, 5, 6, 8, 9 and 10). Steric
hindrance of the substituents in the ortho position did not show any influence on
reactivity or stereoselectivity. In the case of using p-anisaldehyde, no reaction was
observed (entry 7). As expected, the electron donating methoxy group in the para
position deactivates the aldehyde. The use of the more challenging
cyclohexanecarboxaldehyde led to the formation of the corresponding aldol product
in 50% yield after 6 hours with an enantiomeric ratio of 82:18, which is similar to the

enantioselectivity observed for the aromatic substrates (entry 11).

To further explore the scope of the reaction with catalyst D, aldol reactions
between p-nitrobenzaldehyde and cyclohexanone were carried out. Two different
sets of conditions were tested, and in this case, enantioselectivity and

diastereoselectivity were considered. The results are shown in Table 8.

Table 8. Aldol reactions between cyclohexanone and p-nitrobenzaldehyde

catalysed by D.

e} 0]
5 mol% catD
+ H
solvent
NO,

58a (syn)-95 (anti)-95
Entry Solvent Time Yield d.r.’ e.r. e.r.
(h) (%)° (syn:anti) syn®® anti®®
1 MeOH? 24 0
2 neat’ 5 99 1:2 70:30 78:22
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@ The reaction was carried out at 20 °C, using 0.2 mmol of p-nitrobenzaldehyde and 0.2 mL
of cyclohexanone in 2 mL of methanol. ® 0.2 mmol of p-nitrobenzaldehyde in 2 mL of
cyclohexanone. ° Isolated yield. ¢ d.r. and e.r. determined by chiral HPLC. © Absolute
configuration of the major diasterecisomers: syn (25,1’S); anti: (2R,1’S). Assigned by

comparing the HPLC data with the literature (section 7.20).

Results showed that in the case of using methanol as solvent, the reaction
did not proceed (entry 1)., in contrast with the results reported for some other
peptides.’?® Otherwise, the reaction worked in 99% vyield after 5 hours when neat
cyclohexanone was used (entry 2). The diastereomeric ratio was 1:2 in favour of
anti-94. The enantiomeric ratio was 70:30 for the syn diastereocisomer and 78:22
for the anti. These results are comparable to those reported in the bibliography for

B-containing tripeptides as catalysts.'?°

4.3.2.2 Michael reaction using trans-p-nitrostyrene.

To further investigate catalysts C and D in other chemical processes,

Michael reactions between ketones and trans-B-nitrostyrene were tested. Two

different sets of conditions were tested, and in this case, enantioselectivity and

diastereoselectivity were considered. The results are shown in Table 9.

Using acetone as solvent, results showed moderate yields and poor
enantioselectivity using C or D as catalysts after 24 hours (Entries 1 and 2). In the
case of D, carrying out the reaction using methanol as solvent, the yield was lower
than when acetone was used, but the same enantioselectivity was obtained (entry
3). Otherwise, reaction with cyclohexanone gave excellent yields after 24 hours
using neat conditions. Although both showed low enantioselectivies, reactions
catalyzed by C showed higher enantioselectivities than those catalyzed by D
(entries 4 and 5). On the contrary, as shown above, in the aldol reaction, D

displayed slightly better enantioselectivies than C.
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Table 9. Michael reactions between acetone/cyclohexanone and trans-j3-

nitrostyrene catalysed by C and D.

O Ph O Ph
9 NO2 5 mol% cat (C-D) H
Ph solvent : :
R R R R R R
(syn) (anti)
Entry Product Catalyst | Solvent | Time | Yield d.r.’ e.r. e.r.
(h) (%)° | (syn:anti) | syn®® | anti
1 Cc Acetone | 24 58 X 56:44
O Ph
)J\/\/NOZ
2 D Acetone 24 76 X 56:44
96
3 D MeOH? | 24 54 X 56:44
4 o Fh c neat” | 24 | 95 17:1 66:34 | -
&NOZ
5 97 D neat” 24 96 13:1 58:42 | -

? The reaction was carried out at 20 °C, using 0.2 mmol of trans-B-nitrostyrene and 0.4 mL
of acetone in 1.6 mL of methanol. Methanol/acetone, 4:1 (v/v). ® 0.2 mmol of trans-p-
nitrostyrene in 2 mL of cyclohexanone. ° Isolated yield. ® d.r. and e.r. determined by chiral
HPLC. ° Absolute configuration of the major diastereoisomers. Assigned by comparing the
HPLC data with the literature. " e.r. of anti diastereoisomer was not determined due to the

low product obtained.

4.3.3 Structural studies of catalyst D.

Structural and conformational studies were carried out with catalyst D by
means of NMR spectroscopy in order to understand how stereochemical features
influence the reactivity and the enantioselective induction. Catalyst D was chosen
because it gave the best results in most of all reactions tested. These studies were

carried out with the collaboration of Dr. Pau Nolis, from the Servei de Ressonancia
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Magnetica Nuclear (SeRMN) from the Universitat Autdnoma de Barcelona, where

high resolution NMR experiments were carried out.

First of all, catalyst D was studied using deuterated acetone, (CD3).CO, as
solvent, with the aim of using analogous conditions to those used in the catalyzed
reaction studies. The analysis of the '"H NMR spectrum demonstrates the presence
of at least two species in about 60:40 proportion. The significant shift of the signals
of the protons in the alpha position of the secondary amine (compared with the
same signals that in the protected precursor 92), along with a new peak appearing
at 189 ppm in the *C NMR spectrum pointed towards the formation of an iminium
species. As showed in Scheme 14 in the introduction of this part of the thesis,
secondary amines react with ketones forming iminium species, being this process
reversible. In order to corroborate these hypothesis, a new sample of D was
dissolved in CD3sCN and, subsequently, anhydrous non-deuterated acetone was
added. The 'H NMR spectra was recorded and two singlets around 2.5 ppm were
observed. SELNOESY experiments revealed the proximity of these singlets with
the protons on the proline residue. Moreover, an HMBC spectrum showed cross
peaks between the two singlet signals with the iminium group carbon appearing at

189 ppm, confirming the hypothesis (Figure 40).
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Figure 40. Proposed iminium intermediate and expansion of the HMBC spectra of
D (600 MHz, 298 K) in CD3;CN containing 100 mL of non-deuterated acetone.
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Having proved that the use of deuterated acetone did not allow the study of
the catalyst itself, a conformational study of D was carried out in CD3CN, as an
equivalent polar non-protic solvent. These experiments revealed the presence of
two major conformers. The major conformation was confirmed by selective ROESY

experiments (Figure 41).
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Figure 41. Selective ROESY spectra of D (CD3;CN, 600 MHz, 298 K)

The integration of distinctive signals for both conformers in the '"H NMR
spectrum determined a 93:7 proportion between conformations. ROE and NOE
contacts identified the two conformations as cis/trans rotamers, which result from
rotation around one of the amide bonds, being the major conformation the trans-

amide bond rotamer. Also, the conformational study was performed in CD3OD to
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try to rationalize some catalytic experiments carried out in this solvent. The results
were very similar to those obtained for CD3CN, but the ratio of conformers was
82:18 in this case. The structure of main conformations and the contacts between

H atoms found in the NMR experiments are shown in Figure 42.

HO_ O 13
o N Mo = Hig "
14,
g i \Nﬁ = Y, I
5 5H
NHA\E]\_) O NHA_ J
cis (minor) trans (major)

Figure 42. Equilibrium of the two main conformations of catalyst D in CD3CN and
in CD30D solution. In red contacts from NMR experiments are shown. In blue, bond

rotation responsible for two conformations.

The major conformation presents a hydrogen bond between the oxygen
atom in CO14 and the hydrogen atom of the carboxylic acid group. This is
supported by the existence of ROE contacts between H16’ and H10’ and between
methyl 13 and H16, respectively. The minor conformer does not present the
hydrogen bond between CO14 and the acid proton, because it presents ROE
contacts between H10 and H19. So, in this case, the peptide bond between C14
and NH15 is rotated and the carboxylic acid is located far from CO14. Both
conformers have in common the proximity between NH7 and H11, H5 and HS8,
respectively, as it is shown in NOESY experiments. So, we can conclude the
secondary amine is fixed because there is not a rotation in the other peptidic bond
(between C6 and NH7).

The prevalence of the trans rotamer can be easily explained by the
stabilization provided by inter-residue hydrogen-bonding. This rotamer could be

maintained in the active conformation of the catalyst, having both the amine and
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the carboxylic acid groups of the bifunctional catalyst in a close spatial proximity

and inducing stereoselectivity.

As it is mentioned in section 4.3.2 of this chapter, the use of acetone/water
and methanol/water mixtures instead of dry acetone as solvent reverses the
enantioselectivity of the reactions. There are also various examples in the literature
in organocatalyzed reactions where the enantioswitching is controlled by the
solvent polarity. #2981 Wennemers and coworkers '®° attributed this fact to a
change in the conformation preference of the catalyst in the presence or absence
of water, as deduced by circular dichroism spectroscopy. For that reason, we
studied catalyst D using CD spectroscopy in pure methanol, in pure water solutions,
as well as in various mixtures of both solvents. The obtained spectra are shown in

Figure 43.
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Figure 43. CD spectra of solutions 2.5 mM of catalyst D in MeOH (black),

MeOH/H2O 10:1 (red), MeOH/H,0 1:1 (blue) and in H2O (green).

The experiments could not be carried out in acetone, acetonitrile or any
equivalent polar non-protic solvent because they absorb in this region of the
spectra. CD spectra of catalyst D using different methanol and water mixtures
showed a single band, corresponding to the amides of the tripeptide. In pure
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methanol, the maximum is at 234 nm, in pure water at 235, in methanol/water 10:1
at 235 and in methanol/water 1:1 at 233 nm. There are not big differencies in the
shape of all spectra and neither in their peak maximum. With these results, we can
conclude that there are not significant changes between the conformations of

catalyst D in methanol, water and their mixtures.

To confirm this hipotesis, '"H NMR experiments of catalyst D in pure
deuterated methanol, and in deuterated methanol/water mixtures were studied. The

obtained spectra are shown in Figure 44.
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Figure 44. '"H NMR (400 MHz, 298 K) spectra of catalyst D using different
deuterated solvents (CD3;OD and D»0). (1) CDs;0OD; (2) CD3;0OD/D-O 20:1; (3)
CD;0D/D,0 10:1; (4) CD30D/D,0 5:1: (5) CDs0D/D,0 2:1; (6) CDs0D/D,0 1:1.

Comparing the "H NMR spectra of catalyst D using different ratios of CDzOD
and D,0O did not show any important alteration. The signals did not shift and the
relative integration of both conformations of catalyst D did not change.
Nevertheless, it should be remembered that the conformational studies are carried

out using the catalyst D itself, which is not the active species that is responsible for
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the C-C bond formation. As mentioned before, the active species is the enamine
formed by the reaction of the catalyst with the aldehyde, which could have different

conformations.

5.3.4 Theoretical studies

Theoretical calculations were carried out to study the conformations of the
catalysts, and to gain insight in how stereochemical features influences the
reactivity and the enantioselectivity in the aldol reaction. The theoretical
calculations were carried out by Prof. Viceng Branchadell from our research group.
First, the conformation of the catalyst D was studied to compare the obtained
structure with the NMR information. A conformational search using molecular
mechanics was accomplished, and after, the most stable structure was optimized
in methanol using quantum mechanics using M06-2X/6-31G(d) level of theory. The

resulting structure is shown in Figure 45.
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Figure 45. a) Major trans rotamer calculated for catalyst D. Selected interatomic

distances are in A. b) Major rotamer found in NMR studies in methanol.

Theoretical calculations were in close agreement with the NMR experiments.
The higher stability of the trans rotamer was explained by the stabilization provided
by an intramolecular hydrogen bond between the carboxylic acid function and the
carbonyl of one amide. Theoretical calculations suggested that this rotamer is
maintained in the active conformation of the catalyst, where the secondary amine

and the carboxylic acid function are oriented towards the same position.
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5.3.4.1 Mechanistic study and stereoselectivity

In order to rationalize the catalytic results obtained with catalyst D, a detailed
computational study of the mechanism of the reaction was performed. The

simplified proposed mechanism is shown in (Figure 46).
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Figure 46. Mechanism for the aldol reaction between acetone and aldehyde 58a
catalyzed by tripeptide D. Rate determining step and new stereogenic center are

remarked with asterisks.

The mechanism is analogous to that proposed by List and Houk. '%"1%%1%% |n

a first stage, catalyst D reacts with acetone through the formation of a N-C bond via
a series of intermediates involving the ammonium species |, and iminium, I, and

an enamine lll. Then, aldehyde 58a is activated by the carboxylic acid function of
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lll, and the new C-C bond is formed (IV to V). After that, the addition of a water
molecule helps to liberate the aldol product 59a and the recovery of the catalyst.
The enantioselectivity of the reaction is determined by the transition state of the

reaction between the enamine intermediate and the aldehyde in the step remarked

with an askerisk in Figure 46.

For that reason, we have analyzed the diastereomeric transitions states that
lead to the formation of both enantiomers of the aldol product 59a. A schematic

representation and the calculated structures of these transitions states are shown

in Figure 47.
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Figure 47. Schematic representation and calculated structures and energies of the
diastereomeric TS of the reaction of the enamine derived from D with 58a. The
Re/Si enantiotopic faces of the aldehyde are indicated. Noncritical hydrogen atoms
have been omitted for clarity. Selected interatomic distances are in A and the

energies are in kcal/mol. Numbering of the atoms is arbitrary.
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The conformation of the transitions states presents an intramolecular and
intra-residue hydrogen bond in the enamine fragment and involve the NH and CO
groups directly bounded to the cyclobutane. The transition states showed that the
acidic proton is required for effective catalysis to accur. This acidic proton fixes the
oxygen atom of carbonyl of the aldehyde while the enamine attacks the carbonyl.
We can observe that the formation of R aldol enantiomer is due to the nucleophilic
attack of the enamine to the Re-face of the aldehyde carbonyl group, while the S

enantiomer comes from the Si-attack.

The differences of energy barriers are in agreement with experimental
results in anhydrous acetone. In the calculated transition states, the S product is
the favorable one and its difference with Ris 1.1 kcal/mol, resulting a predicted e.r.
at 25 °C of 90:10 with the 6-31(d) basis set.

As mentioned before, the use of acetone/water mixtures instead of dry
acetone as solvent reversed the enantioselectivity of the reactions. The transitions
states in which the proton transfer between the carboxyl group of the enamine and
the carbonyl group of the aldehyde takes place through an intercalated water
molecule have been studied. It should be pointed out that a water molecule is
already present in intermediate Ill (Figure 46), and its release to allow the
coordination of the aldehyde molecule may become disfavored as the concentration
of water increases. The schematic representations and the calculated structures of

the transitions states in the presence of a water molecule are shown in Figure 48.

The interaction with this water molecule stabilizes the R and S transitions
states by 13.7 and 7.2 kcal mol ™, respectively, becoming the Rtransition state lower
in energy than the S. These reults are in qualitative agreement with the observed
reversion of the enantioselectivity of the reaction. The accommodation of this water
molecule requires a modification of the relative orientation of the aldehyde molecule
with respect to the enamine favouring the nucleophilic attack to the Re-face of the

carbonyl, thus leading to the R enantiomer, as experimentally observed.
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Figure 48. Schematic representation of the preferential nucleophilic attack and
calculated structures and energies of the TS corresponding to the reactions of the
enamine derived from catalyst D with 58a in the presence of a water molecule.
Noncritical hydrogen atoms have been omitted for clarity. Selected interatomic

distances are in A and the energies are in kcal/mol.
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4.4 Summary and conclusions

In this part of the thesis, five new hybrid tripeptides were synthesized by an

alternate combination of two (L)- or (D)-proline residues and one - or y-CBAA.

They were tested as organocatalysts in the aldol reaction between several
aldehydes and acetone or cyclohexanone, under water-free conditions or in
homogeneous acetone/water and acetone/methanol mixtures. Results showed that
B-amino acid containing peptides A and B presented poor reactivity and
enantioselectivity, probably due to the severe conformational restrictions imposed
by the rigidity of the 1,2-disubstituted cyclobutane moiety. Gratefully, y-amino acid
containing peptides C, D and ent-D presented excellent reactivity (up to 99% vyield
in 2 hours) and good enantioselectivities (up to 88:12 e.r. at r.t. and 93:7 e.r. at 0
°C). These results were rationalized by means of theoretical calculations, which
point out that the active conformation in the transition state reproduces the major
conformation observed by 'H NMR spectroscopy for the isolated catalyst. The
predominant absolute configuration of the adducts is controlled by the chirality of
proline, since the same major enantiomer is obtained independently of the CBAA
chirality in each case. The first tests in the Michael addition resulted in moderate

reactivity and poor enantioselectivity for y-amino acid containing peptides C and D.

Noteworthy, the enantioselectivity in aldol reactions was reversed in the
presence of water. Using '"H NMR and CD spectroscopies it was shown that
conformational changes are not responsible for this reversion. Calculations
suggested that a water molecule simultaneously coordinates the catalyst and the
aldehyde promoting a change in the geometry of the transition state, inducing a

different preferential approach to the enantiotopic face of the aldehyde.

Remarkably, the switch of enantioselectivity by using (L)- or (D)-proline or
alternatively, the use of anhydrous or aqueous solvents allows the unequivocal

preparation of the desired aldol enantiomer (Figure 49).
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Figure 49. Representation of the factors controlling the enantioselectivity.

The almost quantitative yields and good enantioselectivities achieved under
easy reaction conditions, especially with catalyst D, confers these peptide catalysts
with interesting properties to be employed in aldol reaction and to be further

explored in other chemical processes.
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Chapter 5

5. Gd** and Mn** Complexes of Open-chain Ligands as
Potential New MRI Contrast Agents: Synthesis, Stability,
Inertness, Structure and Relaxation Studies

5.1 Introduction

Medical imaging technologies allow to acquire highly detailed information
about the human body without the exigency of surgery. These techniques include
radiography, ultrasonography, echocardiography and magnetic resonace imaging.
(MRI). Over the last years, MRI has become one of the most important and efficient
tools in medical diagnosis and biomedical research.'*® The boundaries of MRI are
in a continuous expansion, even it has been combined with drug targeting systems
becoming useful for monitoring biodistribution, target site accumulation and drug

release.'®*

MRI was discovered in 1973 by Nobel Prize winners Lauterbur and
Mansfield. It is based on the Nuclear Magnetic Resonance phenomenon.'**"'%" The
word “nuclear” was deleted in the switch to imaging to prevent the alarm of the
patients, who could relate this word with radioactivity. MRI does not expose the
patient to ionizing radiation, hence, it is a non-invasive technique, and it provides
real-time monitoring of molecular events occurring even at the cellular level. MRI
outcomes from the magnetic properties of protons, one of the most abundant
nuclides in the human body since 60-70% of the body weight is made of water and
fat. MRI is based on the measurement of water proton relaxation rates in human

tissues, and provides three-dimensional high-resolution images (Figure 50).'%

139

Figure 50. MRI image of a human body.
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'H atoms can be considered as charged rotating spheres and they have an
inherent magnetic dipole moment resulting from their electrical charge and spin. In
the presence of a strong and external magnetic field, these atoms begin to precess
around the axis of this magnetic field, By. This precession takes places at a certain
frequency (vy), called Larmor frequency, and it is described by the nature of the
atom and the strength of the magnetic field. There are two possible precessions,
the parallel and the antiparallel along the longitudinal axis of By (z axis by definition)
and their orientation determines the energy level of the spin. The resulting net
magnetization (M) is originated by the difference in the energy of these two levels.
Since there are more protons in the the parallel level because it is less energetic,

the total magnetization vector remains parallel to By (Figure 51).

A Z 4
\\ 3‘\ A /f
| parallel
\\ \ low energy
\'\ ﬁ
BO Mo\
/ antiparallel
/ high energy

Figure 51. Proton spin in the presence of a constant magnetic field. Net My remains

parallel to By due to the lower state is more populated.

The basic NMR experiment consists in applying a radiofrequency pulse (RF)
to this system induced by a perpendicular magnetic field by the action of a RF coil.
Then, this RF pulse flips the magnetization (M) into the xy plane (Figure 52b). When
the pulse is finished, the system returns to equilibrium. The return to equilibrium of

magnetization is characterized by the relaxation time.
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Figure 52. a) Net magnetization (Mp) at equilibrium in a permanent magnetic field
(Bo). b) RF pulse is applied and the magnetization (M) is flipped to the xy plane. c)

M precesses around the z axis returning to the equilibrium.

After the RF pulse, the z component of the magnetization increases
exponentially with a constant time (7;) and the xy component decreases
exponentially with a constant time (T5). These time constants are called longitudinal

relaxation time (T;) and transverse relaxation time (T2) (Figure 53).'%

M; A MX,V A

M.(1) =M, (1 —-e")

Wl st st i L T A

T4 T2

v
v

Figure 53. Description of the relaxation process on the z axis (left) and on the xy

plane (right).
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The intensity and resolution of the MR images depend on the density of
water protons, p, Ty and T.. The contrast of the image is originated due to the
variation of these parameters among the tissues. Tissues with high longitudinal
relaxation rates, 1/T;, produce higher signal intensity, displaying brighter regions in
the image, whereas the increase of the transversal relaxation rates, 1/T>, will result
in a decreased signal, producing darker regions. Diagnostic information can be
obtained since the proton density, and more importantly, the relaxation rates can
be different in healthy and damaged tissues. However, to obtain high resolution
images, in general, the use of external contrast agents is needed to enhance the

contrast of the images, and moreover, to reduce the time of clinic examinations.

5.1.1 Contrast agents for MRI

Contrast agents (CA) are compounds that improve the sensitivity and the
specificity of MRI experiments. These compounds are usally composed of
paramagnetic species containing unpaired electrons, such as Gd**, Mn?* and Fe?",
and are able to reduce the relaxation times, T; and/or T, of the solvent protons that
are coordinated to the metal ion. The exchange of the coordinated water molecule
with the solvent protons spreads the relaxation to other water molecules from the

tissue, enhancing its contrast.

Among all the paramagnetic metal ions, Gd** is the most used one, because
it presents the best effect on T, due to its seven unpaired electrons.'* To obtain
high resolution images, a large dose intravenously injected is needed.
Unfortunately, Gd** and Mn®* ions are highly toxic for living organisms. They can
interact with different endogenous metabolites and interfere in Ca** regulated
transmission processes due to its similar ionic radius, being the lethal dosis LDsg
value of free Gd** of 0.1 mmol/kg."*"'*? For that reason, to prevent the presence of
these free metal ions, they are complexed with different multidentate ligands. The
ligands with O- and N-donor atoms are the most utilized ones to complexate Gd**
and Mn?*, because these metal ions form predominantly ionic bonds in their
complexes. The polyamino carboxylate-based ligands used in Gd** complexes are

usually octadentate, because at least one coordination site of Gd** ion should
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remain free in order to bind a water molecule. For the same reason, ligands used

in Mn?* complexes are hexadentate.

The open-chain complex Gd(DTPA) was the first Gd** complex approved
for clinic MRI applications in 1988 by the US Food and Drug Administration
(FDA)."*'® One year later, it was discovered that the macrocyclic complex
Gd(DOTA) presents higher kinetic inertness (Figure 54).

o—‘ i} H’.l‘\fo 0 O—‘ .

% ) ! ;
O>/\N/—,::\\f V\ANﬁ, )Y Os/\Nr;\\f
O--_ s :le k Gd l O--Z v ,'Nl
Gd_ k Gd
RAE 0 SN (0]
£ 38 ok o oY T o
0 0 o 0 0 |
Gd(DTPA) Gd(DTPA-BMA) Gd(BOPTA)

o f |
\f OY\ /_:':\\f
) o-

/N Nj
k G - kNGdN/O
;\\’4 b\/\KO ;\\4 \O\/k
o O-H o O-H
o ’ o H
Gd(DOTA) Gd(HP-DO3A) Mn(DPDP)

Figure 54. Gd>* and Mn?* complexes used as MRI contrast agents approved by
the US FDA.

Most of the approved MRI contrast agents are derivatives of these two
structures. As shown in Figure 54, both complexes have negative charges and this
was related with pain in patients when they were injected. For that reason, some
neutral contrast agents were developed, like Gd(DTPA-BMA), although recent
studies showed that negatively charged contrast agents prevent endogenous anion

binding.'*"'*® The previously mentioned contrast agents are not specific and their
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distribution is extracellular.’*® Furthermore, they are hydrophilic and excreted from
the body through the kidneys in around 2 hours.”® The development of contrast
agents with lipophilic groups, like Gd(BOPTA), allowed the improvement of the
images of the brain and the livers, due to a different biodistribution.® The
investigation of contrast agents with high organ specificity is still a big challenge for

the researchers. %%

The only Mn-based contrast agents approved for the clinic use is the
Mn(DPDP)."*>'¢ |ts distribution is specific (liver and brain) and intracellular.'®’
Nowadays its use is very limited because other Gd** complexes presented better

results in the same systems.

More recently, the problem of Gd>* toxicity has been taken to a new
dimension with the discovery of a new pathology, the nephrogenic systemic fibrosis
(NFS). This new disease was observed in patients with renal insufficiency who
received a Gd>* contrast agent.'®®'% A correlation between this disease with the
type of contrast agent used, mostly complexes with less thermodynamical stability
and kinetically labile was found.'®*'®" High thermodynamic stabilities are needed to
ensure the complete complexation at physiological pH, and a strong kinetic
inertness to prevent the release of free metal.’®""" Both factors are directly related

to the in vivo safety application of contrast agents.

As mentioned above, linear ligands usually present faster dissociation
kinetics than macrocyclic ligands. In the last years, highly inert linear ligands were
studied and the relationship between ligand structure and efficiency-stability were
rationalized. Some examples of rigid linear ligands used in Gd** and Mn*

complexes are shown in Figure 55.

In these studies, the incorporation of rigid functions in the ligand structure
improved the stability and inertness of the lanthanide complexes significantly. The
highly rigid complex Gd(Cddadpa) afforded high thermodynamic stabilities and
unprecedented kinetic inertness for a linear ligand, being its results comparable

with those of some macrocyclic complexes.'”?
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Figure 55. Structures of new and rigid ligands used in Gd® and Mn?* complexes

that afforded good stabilities and inertness.

Usually, complexes with hydration states higher than one present low kinetic
inertness, but the incorporation of the picolinate and the cyclohexane function in
Gd(CyPic3A) and Gd(HYD) showed similar results to Gd(DTPA).'”%'"
Furthermore, lowering the ligand basicity, for example in Gd(HYD) with hydrazine
functions, was identified as an important factor to improve the kinetic inertness.’”
Finally, the Mn?*-based complex, Mn(CyPy3A), gave good inertness and it could

be a Gd alternative for patients who suffer from chronic kidney disease.’®

5.1.2 Design of contrast agents

The design of more efficient contrast agents for MRI requires the
understanding of the mechanism of water proton relaxation. The solvent nuclear
relaxation in presence of dilute paramagnetic species is described by the Solomon,
Bloembergen and Morgan theory.'’®'"® The efficiency of a contrast agent is

measured with its relaxivity (r;). It is defined as the enhancement of the longitudinal
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relaxation rate of the water protons per millimol per litre of paramagnetic compound

(Equation 1).

1 1
= + r1 [CA]
Tiobs Tia

Equation 1

Where 1/T70ps is the observed solvent relaxation rate and 1/T;4 is the
relaxation rate in the absence of paramagnetic compound and [CA] is the

concentration of paramagnetic compound in mmol/L.

The Mn?* or Gd®* contrast agents increase the relaxation rates of the
water protons through two contributions: the inner sphere relaxivity (r1°), due to the
water molecules directly bonded to the metal ion, and the outer sphere
relaxivity(r,°%), as the result of the water molecules of the solvent that diffuse in the
environment of the complex. These inner sphere water molecules exchange with

the bulk solvent and the paramagnetic influence is propagated.

_ IS | ,0S
o= Equation 2

The total contribution of the outer sphere is the less important. It is difficult
to control because the outer sphere relaxivity depends mainly on the random
translational diffusion which is hard to modulate. Some researchers also consider
another contribution, which is called second sphere, due to water molecules that
are not bonded to the metal ion but remain in the proximity of the complex for a long
time."”®'8% Usually, the second sphere water molecules interact with the complex
through hydrogen bonds through carboxylate or phosphonate functions of the
ligand. However, this contribution is usually negligible or it is taken into account in

the outer-sphere term.

The inner sphere relaxivity is calculated with Equation 3.
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s _ | q |
! 1000 55.5 Ty + 7,

Equation 3

Where q is the number of water molecules coordinated to the paramagnetic

ion, tm is the lifetime of a water molecule in the inner sphere (equal to the reciprocal

water exchange rate, 1/kqsx) and Ty is the longitudinal relaxation rate of inner sphere

protons. Tinis dependent on the rotational correlation time (zg), the electron spin

relaxation times (T and Tz) and the exchange rate of the inner sphere water

molecules (kex). These parameters can be modified in order to enhance the

relaxivity:

The number of water molecules in the inner sphere, q. The relaxivity is
directly proportional to q. Although, contrast agents with three water
molecules have been studied, only contrast agents with one water molecule
are approved for clinical applications.'® '8 Complexes with high hydration
levels are less thermodynamically stable, increasing the risk of the release
of free metal. Moreover, these water molecules can be replaced by
endogenous anions, decreasing the efficiency of the contrast agent.'®*

The exchange rate between the bound water molecules and the solvent, Kex.
When the water exchange is slow, the paramagnetic effect will not be
transmitted to the solution. On the contrary, when it is too fast, the bound
water molecule will not have stayed enough time to feel the paramagnetic
presence of the metal ion. So, an optimal value of this parameter is needed
to maximize its effects.®*18°

The rotational correlation time, tg. It describes the molecular tumbling of the
Gd-water proton vector. This parameter is the most important and it is the
limiting factor of the relaxivity of low molecular and not supramolecular-
based contrast agents. For small chelates, the relaxivity increases with the
molecular weight, but for big complexes this relation is not maintained.
During the last years, different strategies have been focused in the
optimisation of this parameter, such as the use of macromolecules or large

aggregates. '8%'87
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e Electronic relaxation times, Tie and Tz, and the distance between water
protons and the metal ion, rgan. These parameters influence the relaxivity,
however, it is difficult to modulate with the structure of the ligand and small

success has been achieved.

In Figure 56 , a schematic representation of important parameters in a Gd**

complex is shown.

T1,20bs

Figure 56. Schematic representation of the parameters that influence the relaxivity.

The design of new ligands for the exploration of highly efficient contrast
agents should take into account the optimisation of these parameters. According to
the Solomon, Bloembergen and Morgan equations, the full optimisation of all
parameters could achieve relaxivity values up to 100 mM's™" at 20 MHz in
complexes with one water molecule in the first sphere. Nowadays, the relaxivities
of commercial contrast agents are in the range of 4 to 6 mM™'s™, so there is still a
long journey ahead for the researchers to keep investigating in this interdisciplinary
field.
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In our research group, cyclobutane-cored triamines conjugated to a
Gd(DOTA) were studied few years ago. The different substitution of the amine of

the complex was found to be an important factor for high relaxivities (Figure 57).'%
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Figure 57. Structures of Gd®* complexes based on cyclobutane-cored triamines
conjugated with Gd(DOTA).

Carbamate 98a and p-nitrobenzamide 98b exhibited r; values lower than
Gd(DOTA) whereas the value for N-methylcarbamate 98d was similar to that of the
reference. The case of acetamide-based complex, 98¢, manifested better contrast
enhancement than Gd(DOTA) showing stronger positive contrast enhancement on

T1-weighted images and higher r1 (Figure 58).

Computational studies suggested that the amine protecting groups in the
cyclobutane side-chains played an important role in the water exchange rate. In this
case, the strength of the Gd-OH, bond is influenced by the presence of aromatic

protecting groups which hinder water exchange.

These results instigated us to use the rigid cyclobutane scaffold for the

preparation and further study of new contrast agents.
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Figure 58. T1-weighted images and ry map of phantoms of solutions of (a) 98¢ and
(b) Gd(DOTA) at various concentrations.
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5.2 Objectives

In this part of the thesis, the synthesis of two new chiral cyclobutane-based
ligands, L1 and L2, was proposed to be complexed with Gd** and Mn®* and studied

as potential MRI contrast agents (Figure 59).

Hooc” N N7 cooH

HOOC COCH

L1 L2

Figure 59. Structures of the two target ligands.

It should be noticed that L1 has 6 coordinating centers, while L2 has 7. Then,
among all complexes, Mn(L1) and Gd(L2) might be the most interesting for clinical
use, considering their theoretical hydration numbers (1 and 2, respectively). The
comparison between complexes with each ligand would give us information about
the influence of the incorporated picolinate function. Furthermore, the effect of
different hydration numbers in the stability, the inertness and the efficiency of the
other Gd(L1) and Mn(L2) complexes would be rationalized. The obtained results

would be compared with the studies of related contrast agents from the literature.
The objectives of this part are:

e The synthesis of these two ligands (L1 and L2) to prepare the corresponding
metal complexes.

e The potentiometric study of both ligands and their metal complexes to
understand their basicity and thermodynamic stability.

e The study of their kinetic inertness using Cu®* as exchanging metal.

e The study of the exact number of water molecules in the inner sphere, g,

under different conditions.
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e The study of the relaxivity under different conditions and the physico-

chemical parameters that influence it.

138



Chapter 5
5.3 Results and discussion

The results of this chapter of the thesis are presented in five parts. First, the
synthesis of both ligands is described in section 5.3.1. After, the potentiometric and
kinetic studies are explained (section 5.3.2 and 5.3.3) followed by the luminescence
studies (section 5.3.4). Finally, relaxometric mesurements are discussed (section
5.3.5). This work was carried out in collaboration with Prof. Eva Jakab Téth from

Centre de Biophysique Moléculaire in Orléans (France).

5.3.1 Synthesis of Ligands

Taking into account the adquired background in our research group
preparing cyclobutane-based diamines, the target ligands were synthesized

through the following general retrosynthetic pathway (Scheme 21).

~N7 N

HO,C CO2H
HOZC) kcozH

L1 Ny

NHCbz CO,Me
= E(
/ NHBoc CO,H
J:I 99 27
Ho,c” N NK/\C%H
_N
CO,H
L2

Scheme 21. General retrosynthetic pathway for ligands L1 and L2.

The retrosynthetic pathways for both ligands have a key and common

intermediate 99. trans-Diamine 99 was prepared according to the procedures
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described by our research group.''® The synthesis was stereoselective and led to
both compounds in an enantiopure form. The synthetic routes for L1 and L2 and

the intermediate 99 are presented below.

5.3.1.1 Synthesis of protected trans-diamine 99 and L1

The synthetic route for protected tfrans-diamine 99 can be achieved in two
steps from orthogonally diprotected amino acid 26, which synthesis is explained in
chapter 3. L1 can be synthesized in 4 steps in a 36% overall yield from diamine 99.

The synthetic route is described in Scheme 22.

0.25 M NaOH 1) Et3N, CICO,E,

~L0Me THF/H0 LOH  acetone, 0 °C, 30 min ~NHCbz
NHBoc 0°C,3h NHBoc  2)NaNj, water, r.t., 2 h NHBoc
3) BnOH, toluene
26 36 reflux, 18 h 29
(98%) (70%)
H,, Pd(OH), (84%)

CH30H, r.t., 18 h

1) 2.0 M HCl in ether
NH; CH,Cly, r.t. 4 h NH;

my

NH, 2) KoCOg NHBoc
tert-butyl bromoacetate, CH.Cl,, r.t. 2h

Kl, DIPEA

101 (80%) 100
DMF, r.t., 18 h
(70%)
jul somHG jm)
N~ NN\
Buo,c”~ N N7 co,Bu p o Ho,C )N N™ “Co,H
BuO,C CO,Bu loxane, r.t., HO,C COLH
(77%)
102 L1

Scheme 22. Synthetic route for key intermediate 99 and Ligand L1.
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The synthesis of L1 started with the saponification of trans-f-amino acid 26
with sodium hydroxide under mild conditions in 98% vyield. Then, the acid was
treated with ethyl chloroformate followed by a treatment with sodium azide to
produce the corresponding acyl azide. Later, the acyl azide was heated to yield the
corresponding isocyanate and reacted with benzyl alcohol under reflux conditions
in toluene to achieve trans-diamine 99 in 70% yield. After that, the diamine was
deprotected stepwise. Hydrogenolysis of Cbz carbamate to achieve half-protected
100 and subsequent the acidolysis of Boc carbamate 100 followed by a treatment
with potassium carbonate afforded the neutral and free diamine 101 in 67% yield
(for both deprotections). Consecutively, diamine 101 was alkylated using tert-butyl
bromoacetate in the presence of DIPEA and Kl to obtain the protected ligand 102

in 70% yield. Finally, tert-butyl ester removal by acidolysis afforded L1 in 77% yield.

5.3.1.2 Synthesis of ligand L2

The synthetic route of ligand L2 can be achieved in a convergent synthesis
of 4 steps in 34% overall yield from dimethyl pyridine 2,6 dicarboxylcate, 103. The

synthetic route is described in Scheme 23.

Ligand L2 was obtained starting with a partial reduction of pyridine-2,6-
dicarboxylate with sodium borohydride to afford aldehyde 104 in 68% yield.
Diamine 101 was synthesized using the synthetic route described before in Scheme
22. After that, the reaction of aldehyde 104 and mono-protected diamine 100, via
reductive amination gave the secondary amine 105 in 87% yield. Then, the removal
of the Boc-protected amino group in 105 using hydrochloric acid followed by a basic
treatment and an alkylation with tert-butyl bromoacetate in the presence of DIiPEA
and Kl produced the protected ligand 106 in 70% yield. In the last step, methyl ester
removal by saponification using lithium hydroxide followed by an acidolysis of tert-

butyl esters produced L2 in 77% vyield.
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Scheme 23. Synthetic route for ligand L2.

5.3.2 Potentiometric studies

The protonation constants for L1 and L2 as well as the stability constants of
their metal complexes formed with different metal ions (Gd**, Mn®* and Zn?*) were
determined by pH-potentiometric titrations. This method is the most important and
widely used for describing the equilibrium process of metal complexes of polyamino
polycarboxylate ligands in solution. This method can only be used if the equilibrium

is rapidly reached, which is generally accepted for linear ligands, but not for

142



Chapter 5

macrocyclic ones. In this part of the chapter, L1 and L2 are compared with different

linear ligands from the literature (Figure 60)."%%17%189191
VAR
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Figure 60. Structure of relevant ligands described in the literature as part of MRI

contrast agents.

The proton concentration of an aqueous solution containing the metal
complex is influenced by the protonation constants of the ligand and the interaction
between the metal ion and the different species of the protonated ligand. So, the
comprehension of the ligand protonation constants is fundamental for determining

the stability constants of the metal complexes.

Protonation constants of ligands, K|, stability constants of complexes, K,
and protonation constants of complexes, Kuwi, are described and defined in

Equations 4-6.

- [HiL]
' [Hioi LI[H*] Equation 4
[ML]
ML =
[M][L] Equation 5
Ky = [M(H;L)]
i [M(Hi-1 L)]I[H*] Equation 6
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Where [M], [L], and [ML] are the equilibrium concentrations of free metal ion,

deprotonated ligand, and deprotonated complex, respectively.

First, both ligands, L1 and L2 at 2mM concentration in water were studied in
the absence of metal ion, by titrating them with standardized NaOH. Once the
titrations were finished, a retrotitration using also previously standardized HCI was

carried out. The titrations curves are shown in Figure 61.

HCI 8 "

g NaOH |NaOH

HCI

T T T T T T T T T T T T T T 0 — T - T - 1 - 1 T 1 T 1T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

volume (mL) volume (mL)

Figure 61. Potentiometric titration curves of aqueous solutions of L1 and L2 using
0.100 M NaOH and 0.101 M HCI. [L] =2 mM + 0.1 M KCl, 25 °C in N2 (1atm).

The plots of these titrations showed a symmetric curve when the NaOH was
changed by HCI. So, the ligands are stable at this range of pH and the equilibrium
was reached rapidly, which is necessary to study protonation and stability constants
by pH-potentiometry. To avoid dilution effects, only the first base-based titration
was considered to calculate the protonation constants of both ligands, which were
calculated using computer software Hyperquad 2008'%? considering Equations 4-6.
At least 2 or 3 different independent experiments were carried out to determine

these values. The results are shown in (Table 10)

Once both ligands were studied, the stability constants of the metal
complexes of L1 and L2 were also determined from direct potentiometric titrations,

as the complex formation was fast. The titrations of the metal complexes were
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performed at the same conditions that before but containing 1 equivalent of metal
cation (Gd**, Mn?*, Zn®*). The titrations curves of L1 and L2 in the absence and

presence of Gd**, Mn?* and Zn?* are shown in Figure 62.

¥ 1"

—e— [Gd(L1)]
—a— [Mn(L1)*
—v— [Zn(L1)*

2 12"

—e—[Gd(L2)]

_ —&— [Mn(L2)]*
T 7 —v— [Zn(L2)*
Q.
6 -
5 -
>
3 -
2 -
1 T T T T T T T T
2 1 0 1 2 3 4 5 6
NaOH eq

Figure 62. Potentiometric pH titrations curves for the ligands L1 (top) and L2
(bottom) in the absence (black) and in the presence of some metal ions (red, Gd**;
blue, Mn?*; green, Zn #*) at 1:1 metal/ligand ratio. [M] = [L] = 2 mM + 0.1 M KCI, 25
°C in Nz (1atm).
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Figure 62 shows that in the presence of a metal, the equivalence point of the
curves is shifted to higher equivalents of NaOH, indicating the formation of the metal
ligand complexes. This shift was also used to calculate and to confirm the real
concentration of the ligand stock solution and the resulting concentration was equal
to that calculated before. Above pH 10, in some titrations a solid started to
precipitate, possibly due to the formation of a hydroxo complex, which could be
insoluble. For that reason, only experimental data below that point were used to fit
the curves and to calculate the stability constants. To calculate the stability
constants and the protonation of the complexes, titration curves were refined using
the same computer software Hyperquad 2008 used before.'®? All stability and

protonation constants are shown in Table 10

Five protonation constants were determined for L1 and L2. For L1, the two
first logK; values correspond to the protonation of the two amines. The next
protonation constants could be attributed to the protonation of the carboxylate
functions. Since the ligand L2 has an additional pyridine moiety, the protonation
sequence is not straightforward. For example, in the studies of the relative ligand
Py, the protonation of the pyridine function was not observed in the typically studied
pH-range (2-12)."”® So, we could hypothesize that the correlation of protonation
constants of L2 could be the same as L1. Though the first protonation constant of
L1 is 0.08 units of logK bigger than L2, its global basicity is 1.4 units higher, due to

the incorporated pyridine.

Comparing protonation constants of L1 related ligands, we can observe that
the first protonation constant of L1 is slightly higher than for EDTA and CDTA. The
differences between total basicity of these ligands could be attributed to the
structural rigidity of the cyclohexyl or cyclobutyl unit compared with the ethylene
bridging unit, which is more flexible. First protonation constant of L2 is also slightly
higher than that of Py but lower than for DTPA and the global basicity of L2 is lower
than that of Py and DTPA.
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Table 10. Protonation constants and standard deviations of L1, L2 and stability

constants of their metal complexes (25 °C, | = 0.1 M KCI). Results for some relevant

ligands from the literature are also shown,'¢%173:189-191

Ligand 1 Ligand2 | EDTA| CDTA Py DTPA

log KM 9.66 +0.01 9.58+0.02 9.18 9.36 8.95 9.93
log K" 5.85 +0.01 6.00+0.04 6.00 5.95 7.85 8.37
log K" 3.06+0.02 3.78+0.04 2.58 3.62 3.38 4.18
log K" 2.08+0.03 2.33+0.05 2.29 2.57 2.48 2.71
log K" 1.71+0.08 2.07+0.05 - 1.49 - 2.00
¥ log KM 22.35 23.75 20.05 | 22.99 22.66 | 27.19
log KaaL 14.73+0.01 | 17.41+0.01 | 16.28 18.60 | 22.03
log Kgan. | 2.38+0.03 2.36+0.02 - - 1.96
log KunL 10.26+0.01 | 14.71£0.01 | 1246 | 14.32 - 14.54
log Kynue | 4.07+0.02 3.25+0.01 2.95 2.90 - 4.37
log KznL 12.26+0.01 | 15.22+0.01 | 14.61 19.32 15.85 | 17.45
log KznHL 4.10+0.01 3.78+0.01 - - 3.81 5.08

All complexes formed by Gd>*, Mn®* and Zn** ions and L1 and L2 presented

a nonprotonated and a monoprotonated mononuclear complex species. The
monoprotonated complexes were observed at low pH. It could be attributed to the

protonation of a non-coordinating carboxylate function.

The stability constants (log Kj) of Gd(L2), Mn(L2) and Zn(L2) are higher than
those with L1, which is reasonable, because the structure of L2 has one extra
coordinating site. Stability constants of Gd(L1) and Mn(L1) are slightly lower than
Gd(EDTA), Mn(EDTA), and Mn(CDTA), that the

incorporated cyclobutane residue does not favor the thermodynamic stability.

respectively, indicating
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Analoguous results are obtained if we compare the stability constant of Gd(L2) with
some ligands. Itis 1.2 units lower than Gd(Py) and 4.62 units lower than Gd(DTPA).
Although the Mn(L2) complex may not be interesting for MRI applications, because
it should not have any water molecule directly coordinating the metal, it was studied
to gain some insight about structure and stability. Surprisingly, the stability of
Mn(L2) is the highest of Mn complexes of the Table, indicating that a correlation

between different metals and ligands is not clear.

It has been demonstrated that in vivo toxicity of Gd and Mn complexes is
due to the release of free Gd** and Mn?** ions, which can be assisted by
transmetallation with endogenous cations, such as Zn?*, Cu®* or Ca?*.133193.194
Gratefully, the stability constants of Gd(L1) and Gd(L2) are higher than Zn(L1) and
Zn(L2), preventing the transmetallation with Zn cations, which is crucial for clinical
applications. Unfortunately, Mn(L1) is less thermodynamically stable than Zn(L1),
but it could still have potential if it afforded high relaxivities and had high kinetic

inertness.

The species distribution in function of the pH has also been studied to
understand in which range of pH the complexes are thermodynamically stable.
Species distribution plots were calculated using the experimental protonation and

stability constants using the computing software HySS (Figure 63). '*°

In Figure 63, the molar fraction of the species of different systems are
represented in function of the pH. For example, L1 in water at pH = 7.3 is in 96%
in its monoprotonated species (L1H*) and 3.6% in its diprotonated form (L1Hz%).
Only at pH = 12, we can observe in 99.6% the completely deprotonated form of L1
(L1%).
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Figure 63. Species distribution curves of the ligands in absence of metal (a), and
with Gd®* (b), Mn?* (c) and Zn?* (d) of L1 (1) and L2 (2), respectively.
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The species distribution curves for the metal complexes show in which range
of pH these complexes are stable enough to be used. The knowledge of these
stability ranges is crucial to perform the structural and relaxometric studies in order
to avoid the possibility of releasing free metal which would then conduct to
erroneous values. These curves have been calculated considering one equivalent
of ligand and metal, but it may be mentioned that adding more equivalents of ligand
can be a good solution if a complex is not stable enough for its study at the desired

pH. Quantitative results are shown in Table 11.

Table 11. pH ranges where complexes are thermodynamically stable and molar

fractions in percentage of the complexes at pH =3, 5 and 7.

Complex | Stability ML | Complex ML | Complex ML | Complex ML
pH range® (pH = 3) (pH = 5) (pH=7)

(%) (%) (%)
Gd(L1) 4.5-10 75.3 99.7 100
Gd(L2) 4.4-10 81.2 99.8 100
Mn(L1) 6.6-10 0.4 81.4 99.5
MnL2 5.3-10 324 98.2 100
Zn(L1) 6.2-10 5.0 88.0 100
Zn(L2) 5.8-10 13.7 99.3 100

& pH values at which molar fraction of complexes are higher than 99 %. Beyond pH = 10 it

has not been determined.

As it is shown in Table 11, Gd complexes have a wider usable pH range,
followed by Zn complexes and Mn complexes. Gd complexes are completely stable
at pH =5, but Mn and Zn complexes need higher pH to be stable. As it is mentioned
above, these pH ranges will be taken into account to perform the structural,

relaxometric and kinetic studies.
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5.3.3 Kinetic inertness studies

Kinetic inertness is a key parameter for the safe application of Gd>*
complexes as contrast agents, because the dissociation products of the complexes,
especially the free metal, are highly toxic. Even some authors have indicated that
a high kinetic inertness is more important than the thermodynamic stability for in
vivo applications, since the complex must remain intact inside the human body."*%~
198 Usually, the kinetic stability is characterized by rate constants of exchange
reactions that might take place in vivo. In these conditions, the reaction mechanism
of dissociation of Gd** chelates consists in different pathways. The overall map of

dissociation reactions considered is shown in Figure 64.

Gd3* + L

/ spontaneous

[Gd(L)]
mz* H*
KM/ \\’SH

Gd®* + [M(L)] ~—— [Gd(L)M] [Gd(HL)] —— Gd3* + HL

H* H*

KMH KHH
Gd® + [MH(L)] ~——  [Gd(HLM] [Gd(HL)]  ——  Gd™ + HL

transmetallation acid catalyzed

Figure 64. Different pathways considered for the dissociation of Gd>* chelates.
Free Gd** ions are remarked in red and kinetic constants are highlighted in orange

for an easier visualization.

The in vivo dissociation of Gd®* complexes can occur through different
mechanistic pathways: spontaneous dissociation, acid catalyzed dissociation and
transmetallation which involves the direct attack of the exchanging metal ion on the
complex.”*'%® The spontaneous dissociation is characterized by the rate constant

ko. Two different acid catalyzed paths are considered, the monoprotonated and the
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diprotonated, characterized by the protonation constants Ky and Ky" and the rate
constants ky and kx4, respectively. In transmetallation reactions a key dinuclear
complex [Gd(L)M] is formed in the first step, characterized by the stability constant
K. This species can dissociate directly releasing free Gd®* or it can be protonated
and the dissociation occurs through the proton-metal-assisted pathway. The
hydroxide-assisted dissociation is not taken into account because it is not relevant
in most cases.'® The dissociation reactions are studied in the presence of high

excess of exchanging metal ion (M?*), to ensure the pseudo first order conditions.
[GdL]™ + M** = [ML]*™ + Gd**

The rate of dissociation can be expressed by Equation 7 in the presence of
high excess of the exchange metal ion. Kops is the observed pseudo-first order rate

constant and [GdL]; is the total concentration of the GdL complex.

d[Gd(L)];
JAGADL obs |GA(L)];
dt Equation 7

Taking into account each dissociation pathway, the concentration of the GdL
complex can be expressed as the sum of the concentrations of the different reactive
species. Considering the complex protonation constants Ky and K", as well as the
stability constants of the dinuclear intermediate Ky and Ku'", the pseudo first order

rate constant, kops can be expressed as Equation 8.

kot ki [HY) + k[H' ] + k3[M] + ke [M][H*]
1+ Ky[H*]+ KyKP[H+)? + Ky [M] + KH[M][H+]

obs

Equation 8

Where ki = kuKu, ko = kP KuKut, ks = kuKu and ks = kyH KuKu'™.
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Generally, the macrocyclic complexes, like Gd(DOTA) are more inert than
linear complexes, like Gd(DTPA) due to the compact and rigid structure of the
macrocycles.'®*'% |n most cases, the dissociation of Gd>* complexes made of
linear ligands is via acid-assisted transmetallation while the dissociation kinetics of
macrocyclic complexes are independent of the exchanging metal and go through
proton-assisted pathways. '°¢2°%2°! As explained in the introduction of this chapter,
the use of rigid open-chain ligands (Figure 55), such as Gd(Cddadpa), Gd(HYD)
or Gd(Py) produced higher kinetic inertness than some Gd*' complexes with

macrocyclic ligands, like, DO3A . 162172173.175

The kinetic inertness of Gd(L2) has been characterized by studying the
exchange reaction with the use of Cu®* as exchanging ion. Cu®*is typically the most
efficient among physiologically relevant metal ions to promote transmetallation
reactions with Gd®* complexes. The dissociation was monitored using UV-Vis

spectrophotometry.

To begin with, the UV-Vis spectra of Gd(L2) and Cu(L2) were recorded to
know the wavelength where the absorbance changes significantly. The UV-Vis
spectra of L2, Gd(L2) and Cu(L2) are shown in Figure 65, in which we can observe

that the maximum difference in absorbance is at 245 nm.

The exchange reactions were followed at that wavelength in the pH range of
3.35-4.90. The pH was lowered to speed up the exchange reaction, since at
physiologic pH it usually takes days to complete. The exchange reactions at pH
3.35 took place in 2 hours, while at pH 4.90 the reaction times were about 8 hours,
which are slow enough to monitor. The evolution of the absorbance vs time at 245
nm was monitored at different conditions and the least squares fit of this data using
an exponential function allowed to obtain kuxs at different pH and Cu®
concentrations. For example, in Figure 66, the variation of absorbance due to an

exchange reaction using 40 equivalents of Cu®* at pH = 3.5 is shown.
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Figure 65. UV-Vis spectra of aqueous 0.1 M solutions of L2, Gd(L2) and Cu(L2) +
0.15 M NaCl, 50 mM methylpiperazine buffer (pH = 7) at 25 °C.
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Figure 66. Variation of the absorbance at 245 nm due to the dissociation reaction
of 0.11mM Gd(L2) at pH = 3.5 after adding 40 equivalents of Cu®* (0.15 M NaCl,

50 mM methylpiperazine buffer at 25 °C). Monoexponential fit is shown in red.
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The plot of kobs values at different pH in function of the Cu®* concentration

is shown in Figure 67.

8.0x10™ 1 m pH=3.5
e pH=38
A =
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Figure 67. ko»s values for the exchange reaction of Gd(L2) in function of Cu®*
concentration at different pH (3.5, 3.8, 4.1, 4.9). Lines represent the linear fit of each
pH.

The results indicate that the dissociation of the complex accelerates when
the pH is decreased but it is independent of the Cu®* concentration. The linear fit of
the kopbs vValues of each pH range confirmed that dissociation of Gd(L2) is not
dependent of Cu?* concentration showing in all cases a slope of 0. So, the release
of Gd*" in this complex is produced mostly through a spontaneous and acid
catalyzed dissociation, in contrary of some complexes formed by linear ligands like
DTPA. %

As it is mentioned above, the concentration of Cu?* ions did not play any role
in the complex dissociation, so we plotted the dependency of the rate constants kops

in function of the proton concentration (Figure 68).

The fitting of the experimental data as well as the quadratic dependency of

kops With the proton concentration indicate that Ki[H*] + KuK1"[H']? << 1. Then, in
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our case, Equation 8 that describes all possible dissociation pathways can be

simplified to Equation 9.
kObS = kO + kl [H+] + k2 [H+]2 Equation 9
7.0x10™

6.0x10™ 1

5.0x10™ 4

-1
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4.0x10™ 1

3.0x10™

2.0x10™ . T r T T T
0.0000 0.0001 0.0002 0.0003

[H'] (mol L)

Figure 68. k,ns values for the exchange reaction of Gd(L2) in function of proton

concentration. The red line represents the linear fit using Equation 9.

In Figure 68 we can observe that the fitting of ks values using Equation 9
are coherent with the experimental values. Quantitative results are shown in Table
12. In this Table, the dissociation constants from some relevant and related ligands

studied before in the literature are shown too.

Three different rate constants were determined for the exchange reaction of
Gd(L2) with Cu®*. The spontaneous dissociation characterized by k, was found to
be 3-10“ s. It cannot be compared with the values of analogous complexes
because usually this constant value is zero, or its standard deviation is higher than
itself. In our case, the standard deviation found was acceptable. The

monoprotonated and diprotonated dissociations are characterized by ky and k» that
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contain the kinetic rates constants ky and kx4, respectively. The value of ky is 0.49

M s and k2 is 1583 M" s and their standard deviations are acceptable (< 10%).

Table 12. Dissociation rate constants of Gd(L2) and their s.d., as well as the

constants of some relevant ligands used in Gd** complexes as MRI contrast agents.
162,172,173,175

L2 Py?® DTPA | Cddadpa DO3A

ko (s™) 3.0-10%+3.5-10° - - - -

ki (M's™ 0.49+0.05 0.17 0.58 0.016 0.023
ko (M s72) 1583+151 520 9.7:10* - -
ksS4 (M's™T) - - 0.93 6.8:10" -

Dissociation rate constants of Gd complexes using Cu®*.  Eu®** was used as exchanging

metal ion.

The rate constant ki of Gd(L2) complex is almost three times higher than
the values measured for the analogous Gd(Py) complex, and much higher than
Gd(Cddadpa) and Gd(DO3A), complexes with high kinetic inertness. Gratefully, it
is a little lower than the constant for Gd(DTPA). The constant k» that characterizes
the diprotonated dissociation of the complex is also higher than the one for Gd(Py)
and much lower than Gd(DTPA). For Gd(Cddadpa) and Gd(DO3A) this constant

was not observed, or it was found to be almost zero.

As explained above, the use of up to 40 equivalents the endogenous Cu?®*
ion does not affect the dissociation process of Gd(L2) in contrast to Gd(DTPA)
under same conditions. Under physiological conditions, the dissociation of
Gd(DTPA) occurs mostly by Zn?* or Cu?®* transmetallation, which is not important
for Gd(L2), and also the proton assisted dissociation of Gd(L2) is smaller.'®® The

lower basicity of Gd(L2) could explain the difference between both complexes.

. Gd(DTPA) was approved as MRI contrast agent for United States Food

and Drugs Administration for medical applications. Therefore, Gd(L2)’s in vivo
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toxicity should be at least lower than Gd(DTPA) since toxicity should be directly
proportional to the thermodynamic stability combined with kinetic inertness.?°#?%
Then, we can conclude that Gd(L2) could be used safely and without risk for healthy
patients (Most contrast agents are contraindicated for patients with kidney

diseases).?**

5.3.4 Luminescence studies for determining q

Luminescence spectroscopy was carried out to to analyze the number of
water molecules coordinated to the metal ion, q. The determination of this
parameter in aqueous solution is essential to comprehend the features that rule the
relaxivity since the inner sphere proton relaxivity is linearly proportional to g.'*
There are different methodologies to obtain g for lanthanide complexes, but none

of them can be applied directly to Gd** complexes with accuracy.

The most widely method used for determining the hydration number of
lanthanide complexes is luminescence spectroscopy by measuring the
luminescence lifetimes of solutions of Eu** and Tb** chelates.?*® Most of lanthanide
ions present luminescence, but some of them have higher emission due to the
energetic differences between the excited and the ground state of each one. Eu®*
and Tb®" are the most used, because their emission is in the visible range and their
luminescence lifetimes are long, in contrast to Gd*".'*%?%® Ey** and Tb®* are
neighbors of Gd®* in the periodic table, so they have very similar ionic radius, thus,
this methodology applied to their chelates should provide a good estimation for the

hydration number of the corresponding Gd>* complex.

Horrocks and Sudnick®*"?®® proposed a method that consists in the
measurement of luminescence lifetimes of excited states of Eu®* and Tb®' in
separated solutions of H,O and D>O. OH oscillators of coordinated water molecules
provide an efficient non-radiative pathway for deexcitation of the excited state of
the lanthanide ion. These oscillators act independently, and OD oscillators of
coordinated D,O molecules are more inefficient to achieve this deexcitation. This
difference between the efficiency of both oscillators is directly related with the

number of water molecules coordinated to the lanthanide ion. The following empiric
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equation (Equation 10) is used to calculate g from the differences of luminescence

decay lifetimes in H>O and D20, 4.0 and 1p.0, respectively.

1 1
(52571
TH,0 D,0

Where A is a specific constant for each lanthanide ion related to the

Equation 10

efficiency of this ion to deexcitation, and B is a correction factor when
polyaminopolycarboxylate-based ligands are used. These empirical constant take
values of A= 1.2 and B=0.25**° or A=1.11 and B = 0.312'° both for Eu*".

In this thesis, the luminescence decay lifetimes of Eu(L1) and Eu(L2) have
been recorded to study the number of water molecules directly coordinated to the
metal, q. Then, the results will give us a robust estimation of this values in Gd(L1)
and Gd(L2). First, the absorption, emission and excitation spectra of Eu(L2) were
recorded to know the maximum wavelength where the decay lifetime would be
registered. The absorption spectrum of L2 and Eu(L2), as well as the emission and

excitation spectra of Eu(L2) are shown in Figure 69.
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Figure 69. Absorption spectra of L2, and absorption, excitation and emission
spectra of Eu(L2). (0.21 mM EuL, 0.1 M Hepes buffer, pH = 7, 25 °C).
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Absorption spectra showed a single band due to the combination of n-n* and
n-7* transitions of the picolinate function. The maximum in the excitation spectrum
is at 272 nm. The picolinate function is used to produce a more efficient excitation,
so then a higher emission of Eu®* is obtained. Eu(L1) does not have a picolinate
function or any other UV-Vis chromophore, so the excitation was performed directly
through the Eu®* ion at 396 nm. The emission spectra of Eu®* complexes showed
°Do—'F, (J = 0 - 4) transitions with maxima at 616 nm expected for this metal ion.
Then, the decay of the emission intensity was recorded at 616 nm, following an
excitation at 272 nm for the Eu(L2) and at 396 nm for the Eu(L1). The direct
excitation of the metal at 396 nm in the Eu(L2) gave similar results. In Figure 70

the time-dependence of the emission intensity of Eu(L1) and Eu(L2) is shown.
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Figure 70. Time-dependence on luminescence intensity of Eu(L1) (left) and Eu(L2)
(right) in H2O (red) and D,O (blue). Concentrations of complexes were 0.21 mM,

0.1 M Hepes buffer, pH, pD = 7, 25 °C. Monoexponential fits are in black.
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In Figure 70, it is shown that the decay of the intensity of the emission in H,O
is much faster than in D>O, because the O-H oscillator is more efficient than the O-
D oscillator. These curves were fitted using the exponential fit to obtain the number
of molecules directly coordinated to Eu**, Luminescence lifetimes and g values are

shown in Table 13.

Table 13. Luminescence lifetimes (t) of Eu(L1) and Eu(L2) complexes and number

of water molecules coordinated (g) to Eu** ion.

Complex T Heo (MS) T p20 (MS) q? q°
[Eu(L1)] 0.241 0.760 3.1 .8
[Eu(L2)] 0.405 216 2.1 1.9

q obtained from ?Equation 10 with A = 1.2 and B = 0.25. g Equation 10 with A =1.11 and
B =0.31.

As explained above, the luminescence lifetime values in DO are much
higher than those in H,O. The hydration values (q) obtained with Beeby’s

constants®®®

are a slightly higher than 3 and 2 for Eu(L1) and Eu(L2), respectively,
but lower than 3 and 2 using Horrocks A and B empirical constants.?’® Then, we
can consider that the calculated number of water molecules (q) for Eu(L1) is 3 and

for the Eu(L2) is 2, as expected.

In conclusion, g = 3 for Gd(L1) and g = 2 for Gd(L2) (Figure 71). Thus, we
can assume that Gd** ion in the Gd(L1) has 9 coordinating sites, 6 of them occupied
by L1 (it coordinates 4 oxygen atoms from carboxylate functions and 2 nitrogen
atoms from the tertiary amines) and the other 3 sites are occupied by water
molecules. On the other hand, Gd** ion in the Gd(L2) complex has 9 coordinating
sites, 7 of them occupied by L2 (it coordinates 4 oxygen atoms from carboxylate
functions and 3 nitrogen atoms from the tertiary amines and the pyridine) and 2

water molecules.
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L
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q=3 q=2

Figure 71. Structures and g values of Gd(L1) and Gd(L2) in water. Charges have

been omitted for clarity.

5.3.4.1 Anion binding studies

The replacement of water molecules by endogenous anions has been tested
to investigate the potential of Gd(L2) in in vivo applications. Also, Gd(L1) has been
studied to investigate the effect of adding a third water molecule in the first
coordination sphere. Unsaturated lanthanide complexes that contain more than one
inner-sphere water molecules are able to bind biological relevant anions, such as
carbonate, phosphate o citrate to form ternary complexes.?''?'® The formation of
these adducts requires a replacement of one or more Gd-bonded water molecules
by the anions. The resistance to anion binding is a crucial property for retaining high
relaxivity in a biological environment.?'® Indeed, the relaxivity will drastically
decrease if one or more water molecules are displaced by an anion. For example,
the relaxivity of the macrocylic Gd(DO3A) complex, which contains 2 water
molecules, decreases to the half in the presence of different anions.?™ However,
several Gd linear complexes with two water molecules like Gd(HYD) do not bind
anions or the binding is very weak.'®®?'® In some cases, the ability to resist the
binding is due to water molecules of the inner sphere occuping non-adjacent
locations around the metal.?'® In other cases, like Gd(CyPic3A) the absence of
ternary complex formation with biological relevant anions is explained by the

electrostatic repulsion between the negatively charged complex and the anions.'”
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The structure of Gd(L2) is analogous to Gd(CyPic3A), so beforehand we could

expect the same behavior.

There are different methodologies to study the anion binding, like measuring
the relaxivity or the luminescence decay lifetimes in the presence of different
equivalents of anions. In this thesis, the formation of ternary complexes between
Gd(L1) or Gd(L2) and carbonate and phosphate has been studied by measuring
the luminescence lifetime of their related Eu** complexes in H»O and D»0. We have
chosen carbonate and phosphate because they are generally responsible for the
relaxivity decrement in biological media. Furthermore, they interact with the metal
ion in a different manner; phosphate has been demonstrated to interact in a
monodentate way, while carbonate interacts in a bidentate manner. The decay of
the emission intensity of Eu(L1) and Eu(L2) in the presence of 10 and 50
equivalents of carbonate and phosphate were independently recorded in H,O and
D.O. 50 equivalents of carbonate or phosphate are above the physiological
concentrations of this anions in human plasma. The conditions were the same that
those in section 5.3.4 for determining the g in the absence of anions, but in this
case, the pH was shifted to 7.4. In Table 14, g° values in the absence and presence
of phosphate and carbonate are shown, and in Figure 72, g is plotted in function of

the anion equivalents for an easier visualization.

Table 14. ¢° Values of Eu(L1) and Eu(L2) in the absence and the presence of 10

and 50 equivalents of phosphate and carbonate, respectively.

q° values
Complex EuL phosphate carbonate
10 eq 50 eq 10 eq 50 eq
[Eu(L1)] 3.1 2.4 2.4 2.0 2.1
[Eu(L2)] 2.1 2.2 2.1 2.1 2.0

g° obtained from Equation 10 with A = 1.2 and B = 0.25. 0.21 mM EuL, 0.1 M Hepes buffer,
pH, pD =7.4, 25 °C
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Figure 72. g° values of Eu(L1) (triangles) and Eu(L2) (circles) in the absence and

presence of different equivalents of carbonate (black) and phosphate (red).

The resulting g values of Eu(L2) did not show any decrease with the addition
of 10 and 50 equivalents of phosphate or carbonate. This result excludes the
formation of ternary Eu®* complexes with these anions. So, we could expect the
same behavior in the analogous Gd(L2) complex, making this complex suitable for
biological experiments without suffering any relaxivity decreasement. On the
contrary, the number of water molecules of the Eu(L1) complex decreased 22%
when phosphate was added and up to 35% in the presence of carbonate. In this
case, we observed the same behavior using 10 or 50 equivalents, so the
concentration of the anion molecule doesn’t play a key role. Then, the presence of
anions at any concentration would decrease the relaxivity in the analogous Gd(L1)

complex.

The reduction of g value of Eu(L1) complex in the presence of carbonate or

phosphate compared to the maintenance of the g value for Eu(L2) is very
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interesting. Both complexes have the same negative charge (one negative),
preventing the interaction with anions. Eu(L2) has one picolinate moiety which
could change the distribution of the charge density but not the global charge. So,
we could hypothesize that the reason of the different behavior of both complexes
could be the structural location of the water molecules in the complexes (Figure
73).

Figure 73. Proposed relative location of water molecules in the structure of Eu(L1)

and Eu(L2) in water.

As remarked in Figure 73, one possible explanation could be that the two
water molecules in the Eu(L2) complex are separated, occupying non-adjacent
positions in the structure of the complex, preventing the binding of bidentate anions
like carbonate. When the third water molecule is added in the Eu(L1) complex, this
water could be located close to another water molecule. This could explained why
the g value of Eu(L1) is smaller in the presence of carbonates (that binds in a

bidentate manner) than in the presence of phosphate anions.

We wanted to study the structure of Eu(L1) and Eu(L2) complexes, as well
as the Gd(L1) and Gd(L2) by X-ray diffraction analyses, in order to get more insight
of the relative position of the water molecules in the complex. Unfortunately,

unsuitable crystals were obtained.
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5.3.5 Relaxivity studies

As mentioned in the Introduction of this chapter, the efficiency of a contrast
agent (CA) for magnetic resonance imaging is described with its relaxivity (ry),
which is defined as the enhancement of the longitudinal relaxation rate of the water

protons per millimol per liter of paramagnetic compound (see Equation 1).

The relaxivity is governed by different physico-chemical parameters,
including electron relaxation parameters, rotational correlation times and water
exchange rate. To ensure robust results, it is convenient to estimate these
parameters independently. In this part of the thesis, the relaxivity and the
parameters that influence it for Gd(L1), Gd(L2), and Mn(L1) have been studied by
proton nuclear magnetic relaxation dispersion (‘H NMRD) profiles and temperature-
dependent '’O NMR. The mentioned physico-chemical parameters were calculated
using simultaneously the data of both techniques. In the following pages, the results
of both techniques are explained and after the resulting determined physico-

chemical parameters are discussed.

5.3.5.1 NMRD Profiles

'"H NMRD profiles represent the dependence of the relaxation rates or
relaxivity in function of the applied magnetic field (By) or the Larmor frequency in a
logarithmic scale. The relaxivity of a proton spin is function of several parameters,
like temperature, sample composition, pressure and magnetic field. NMRD profiles
are useful tools to separate the interaction mechanisms and dynamics that
influence the relaxation. All the equations and parameters that describes the

relaxivity are explained in detail in section 7.14.

NMRD profiles of Gd(L1), Gd(L2) and Mn(L1) were recorded in aqueous
solution at 25 °C, 37 °C and 50 °C in the frequency range of 0.04 to 80 MHz, that
corresponds to magnetic fields of 9.4-10“ T to 1.9 T. An extra amount of ligand
(more than 1:1 metal-ligand ratio) was added to the solutions of metal complexes
to ensure the complete complexation and avoid the presence of free Gd** or free
Mn?*ions. The 'H NMRD profiles of Gd(L1) and Gd(L3) are shown in Figure 74
and Figure 75.
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Figure 74. NMRD profiles of 1.88 mM Gd(L1) + 6% L1 at 25 °C (black), 37 °C (red)

and 50 °C (blue) at pH = 7. Black curves represent the simultaneous fit.
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Figure 75. NMRD profiles of 1.91 mM Gd(L2) + 5% L1 at 25 °C (black), 37 °C (red)

and 50 °C (blue) at pH = 7. Black curves represent the simultaneous fit.

The NMRD profiles and the values of relaxivities of Gd(L1) and Gd(L2) are

coherent with three and two water molecules in the inner sphere, respectively
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(Table 15). The relaxivity values decrease with the temperature, which is consistent
with a faster rotation of the complex at higher temperatures, being the limitant factor
of the relaxivity. The shapes of the NMRD curves for Gd(L1) and Gd(L2) are typical
for small and non-macromolecular Gd** chelates as we expected. Relaxivity values
are constant at low Lamor frequency, and at higher values than 1 MHz, ry starts to
diminish until approximately 60 MHz, where the values are almost constant again.
The fitting with the Solomon-Bloembergen and Morgan (SBM) theory are
represented in black curves, and explained in section 5.3.5.1. The relaxivity values
of Gd(L1) and Gd(L2) were compared with those values of some relevant and

related ligands from the literature (Table 15).

Table 15. Relaxivity values of Gd(L1) and Gd(L2), and Gd complexes from the

literature. 163173174
Field and g | Gd(L1) | Gd(L2) | Gd(CyPic3A) | Gd(HYD) | Gd(DTPA)
20 MHZz? 8.78 7.86 8.3 7.71 4.3
60 MHZz° 8.13 7.42 7.9 - -
q 3 2 2 p) 1

ryvalues in mM's' at25°C. 2047 T.21.4 T.

Coherently, the relaxivity of Gd(L1) is 0.92 units higher at 20 MHz than
Gd(L2) because it has one more water molecule coordinating in the inner sphere.
This difference is even smaller at 60 MHz. The relaxivity of a Gd** complex with
one water molecule, which it is usually around 4 mM”s™ at 25 °C, can be doubled by
adding a second water molecule by modifying the structure of the ligand. If a third
water molecule is added, the relaxivity will increase a little bit more, but not the
double, and more importantly, the stability and the inertness of the complex will
decrease significatively. So, globally, it is not worth designing complexes with three
water molecules in the inner sphere, and we could suggest that the optimal

hydration number for a small complex is two.
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Comparing the relaxivity of Gd(L2) with the values of analogous complexes
we can observe that the relaxivity is similar. The relaxivity of Gd(L2) at 20 MHz and
25 °C is 0.15 units higher than Gd(HYD), but lower than Gd(CyPic3A).
Gd(CyPic3A) has a cyclohexane unit in its structure instead of a cyclobutane, and
it presents 0.44 units higher relaxivity than Gd(L2). So, in this case, the cyclobutane
unit does not favors the relaxivity compared with a cyclohexane bridge.
Unfortunately, there is no information about the rotational correlation times or
electron-spin relaxation rates of Gd(CyPic3A) in the literature, so we cannot

rationalize the differences between the relaxivity of both complexes.

The 'H NMRD profiles of Mn(L1) are shown in Figure 76.
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Figure 76. NMRD profiles of 3.29 mM Mn(L1) + 15% L1 at 25 °C (black) and 37 °C
(red) at pH = 7.4.

Even the "H NMRD profiles of Mn(L1) are coherent with one water molecule
in the inner sphere, the profiles were not as we expected. At low magnetic fields
the relaxivity values are not constant and they still increase at lower magnetic fields.
This effect could be explained by the presence of free Mn®*. For that reason, we

repeated the experiments adding an extra 5%, 10% and 15% (Figure 76) amount
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of L1 and we also increased the pH to 7.4 to avoid the presence of free Mn®*. Even
adding up 15% of extra amount of L1 the same results were obtained. That fact as
well as the low thermodynamic stability of Mn(L1) found in the potentiometric
studies of this complex (section 5.3.2) could explain the presence of free Mn*. For
this reason, we compared the relaxivity of Mn(L1) with the values for some
analogous Mn®* complexes from the literature to investigate if Mn(L1) relaxivity is

higher to find other evidence of free Mn®* (Table 16).

Table 16. Relaxivity values of Mn(L1), and Mn(EDTA), Mn(CDTA) and
Mn(CyPy3A) from the literature. '°>*"’

Temperature | Mn(L1) | Mn(EDTA) | Mn(CDTA) | Mn(CyPy3A)

25°C 3.3 - - 2.8
37 °C 2.4 2.2 2.1 2.1
q 1 1 1 1

ryvalues inmM's' at60 MHzor 1.4 T

The relaxivity of Mn(L1) at 25 °C is 3.3 mM's™ and it is 0.5 units higher than
Mn(CyPy3A) at the same temperature. Increasing the temperature, the relaxivity
of Mn(L1) decreases to 2.4 mM™'s™ and it is more similar but still higher than the
values of Mn(EDTA), Mn(CDTA) and Mn(CyPy3A). This comparison and the
evidence that the thermodynamic stability of Mn(L1) is the lowest of all the table
could be another confirmation of the presence of free Mn®*. It should be remarked
that looking at the NMRD profile and comparing the ryvalues, the proportion of free
Mn?* could be very small, even less than 1%. Notwithstanding, free Mn?* is toxic at
very low concentrations and safe contrast agents should avoid any presence of this
cation. These results suggested that Mn(L1) is not interesting for clinical

applications.
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5.3.5.2 70O NMR studies

7O NMR variable temperature measurements are used to evaluate the
parameters that describe the water exchange rate and rotational dynamics on
paramagnetic complexes. Equations and parameters that describes '’O NMR are

explained in detail in 7.15.

In 7O NMR experiments, the transverse and longitudinal '’O relaxation
rates, 1/T, 1/T2, and the '’O chemical shifts, m, are independently measured from
samples containing the paramagnetic compound and from a reference, such as
acidic water or a diamagnetic compound. The differences of these parameters
between the sample and the reference are named reduced transverse or

longitudinal 'O relaxation rate, 1/Ty,, 1/T2 and '"O reduced chemical shift, Aw;.

The ""O NMR measurements are done at different temperatures because
there are different water exchange kinetics at different temperature ranges. In the
slow exchange region, the reduced transverse relaxation rates increase with
temperature. In this region, the water exchange rate, ke, is determined by 1/T5. In
the fast exchange rate region at high temperatures, T, decreases with temperature
and it is determined by 1/T.n, which is the transverse relaxation rate of the
coordinated water. Sometimes, the inflection point of these two different kinetic
regions can be observed in the working temperature range of this method (273-373
K).

The longitudinal and transverse 'O relaxation rates (1/Ty, 1/T2) and the
chemical shifts were measured at 9.36 T in aqueous solutions of Gd(L1), Gd(L2)
and Mn(L1) in a temperature range of 275-348 K. Longitudinal '’O relaxation rates
(1/T7) data were not used because the differences between the paramagnetic
solutions and the references were not high enough to get reproducible results. It is
common for diluted systems at high magnetic fields. Nevertheless, the transverse
0 relaxation rates (1/T2) and chemical shifts data were robust and they are plotted
in function of temperature in Figure 77 for Gd(L1) and Gd(L2) and in Figure 78 for
Mn(L1).
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Figure 77. Reduced transverse 'O NMR relaxation rates (top) and O NMR
chemical shifts (bottom) of a solution of 15.3 mM Gd(L1) and 14.5 mM Gd(L2) at

pH = 6.5. The black lines represent the simultaneous fit.

In Figure 77 and Figure 78, we can observe the logarithmic dependency of
the reduced transverse relaxation rates 1/T, and chemical shifts with the
temperature. For the Gd(L1) and Mn(L1) only the fast-kinetic region is observed,
where T, decrease with temperature. The solvent limitation didn’t permit to perform
the experiments at lower temperature to observe the slow exchange region. On the
contrary, in the 1/T, and Aw, plots of Gd(L2) a change over of the function
associated with the two different exchange regions is observed. The fitting of these
curves at the slow kinetic region allowed to determine the water exchange rate more

accurately than in the cases where this region is not observed.
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Figure 78. Reduced transverse 'O NMR relaxation rates (top) and 'O NMR
chemical shifts (bottom) of a solution of 4.9 mM Mn(L1) at pH = 7.0. The black lines

represent the simultaneous fit.

The black lines shown in Figure 77 and Figure 78 correspond to the
simultaneous fitting of these experiments and the NMRD curves with the SBM

theory. In the Aw, curves, we noticed that the fit is slightly worse than the 1/Tfit.

Moreover, at higher temperatures the fitted curves are always lower than the
experimental points while at low temperatures it is the other way. For this fitting, we
fixed the hydration number (g) found in the luminescence experiments, but this
value can be temperature-dependent. Usually, at high temperature, the complex
tends to dehydrate and at low temperature to hydrate. Thus, in the calculations at
high temperature the g values used are higher that the real ones and at low
temperatures the g values used are lower. This effect could explain the differences
between the fitting and the data points at high and low temperatures. Nevertheless,

globally, it did not change the resulting parameters that are explain below.
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5.3.5.3 Physicochemical parameters that rule the relaxivity

The parameters that describe the relaxivity of Gd(L1), Gd(L2) and Mn(L1)
complexes have been determined by analyzing simultaneously the experimental 'H
NMRD and ""O NMR data using the Solomon-Bloembergen-Morgan (SBM) theory.
Details and equations used for the least-square fitting are widely explained in
section 7.14 and 7.15.

The simultaneous fitting of Gd(L1) was achievable at all frequencies range,
but the fitting of Gd(L2) was not good at low Larmor frequencies, so only data up
to 5 MHz were used. The simultaneous fitting of '"H NMRD and '"O NMR can be
complicated at low magnetic fields. At that region, the electronic contribution of
relaxation times is more important, but in our case, we were not interested in
detailed information about electron spin relaxation. So, we used the SBM theory at
medium and high Larmor frequencies, where it gives us information about dynamic
processes, like rotational correlation times and water exchange rates.

In the analysis of Gd(L1) and Gd(L2), the following parameters have been

calculated: the water exchange rate (ke'™?), the activation enthalpy of the water

exchange (AH'), the rotational correlation time (7z+°>® and 7r0°%) and its activation

energy (Eg), the electron spin relaxation parameters (7,°°®and A?) and the scalar

coupling constant (A/h). The diffusion constant (Dgar”>?) and its activation energy

(Eca™®) were fixed to 26:107° m?s™ and 20 KJ mol™, respectively. Also, the Gd-
water oxygen (rgq0) distance was fixed to 2.5 A, the Gd-water proton (rgqy) distance
to 3.1 A.2"® The closest approach between the outer sphere protons and the Gd**

ion (agan) Was fixed to 3.5 A and the quadrupolar coupling constant (x(1+1%3)"?)

has been set to the value of pure water, 7.58 MHz. As it was demonstrated in the
luminescence experiments, hydration numbers (q) were fixed to 3 and 2 for Gd(L1)
and Gd(L2), respectively. Furthermore, the scalar coupling constant was fixed at -
3.1-10%rad s™' for Gd(L1).""178219

The best fit parameters obtained from O NMR and NMRD profiles
experiments are shown in Table 17. Furthermore, the parameters of the analogous
complexes Gd(HYD) and Gd(DTPA) are also shown in the Table.'”>?%
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Table 17. Parameters and standard deviations obtained from the simultaneous
fitting YO NMRD and NMRD profiles of Gd(L1), Gd(L2), Gd(HYD), and
Gd(DTPA).'">220

Gd(L1) Gd(L2) | Gd(HYD) | Gd(DTPA)

kex’?2 (10° s7) 127.4+15 | 10.0+£2.3 7.8 3.3
AH? (ki mol™) 21.7+3.6 | 36.1+7.3 43.5 51.6
TRHZ® (PS) 66.0+1.7 | 91.9+3.4 92.6 58
Er (kJ mol™) 23.8+0.6 | 20.1+1.3 21.0 17.3
%8 (ps) 14.9+2.0 2.6+0.5 2.1
Ah (10°rad s™) -3.12 -3.0+0.4 -4.0 -3.8

A% (10%° s 0.44+0.07 | 0.46+0.13 0.55

7 3 2 2 1

TrRH/TRO 18 18 0.79 -

? Fixed values were used in the optimization.

The resulting fit values of water exchange rate, kex, were 127.4-10° s and
10.0 10° s™" for Gd(L1) and Gd(L2), respectively, which is one order of magnitude
higher for Gd(L1). The complex Gd(L1) has three water molecules in the inner
sphere and it explains the higher k. value, being within the same order of
magnitude as the Gd(Hz0)s*" ion (800-10° s™'). On the contrary, the calculated
values of rotational correlation time, 7z+*%, were 66 and 91.9 ps, for Gd(L1) and
Gd(L2), respectively. In this case, this value is higher for Gd(L2) because its ligand
is bigger due to the presence of the picolinate function. The electron-spin parameter

1**8 is one order of magnitude higher for Gd(L1), but same values of A?were found.

The small differences in the relaxivity of Gd(L1) and Gd(L2) are explained because

the higher values kox and 1,**®

of Gd(L1) are counteracted by the lower value of
TrH>® compared with Gd(L2). So, as commented before, the incorporation of a third

water molecule in the inner sphere of the complex is not worth it, because it favors
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a faster water exchange rate but lowers the rotational correlation time and resulting

similar values of relaxivities.

The analysis of the data of Gd(L2) shows some similar results to the

parameters of the Gd(HYD) complex. ?* The rotational correlation time (7a+~"°) and
its activation energy (Er) have almost the same values, due to the similar size and

2
T, 98

molecular weight of both complexes. Also, the electron-spin parameters ( and

A?) are within the same magnitude order. The major differences between these two
complexes are in the values of water exchange rate, that is 2.2:10° s units higher
for Gd(L2). The similitude of these parameters and the slightly higher water
exchange rate found for Gd(L2) explain the slightly higher relaxivity of our complex
compared with Gd(HYD).

Comparing the parameters found for the Gd(L2) complex with the values of
some approved and commercial contrast agents such as Gd(DTPA) and
Gd(DOTA) we can observe that our complex values are optimized.'”® The water
exchange rate of Gd(L2) is three times higher than the value of Gd(DTPA) and two
times higher than Gd(DOTA) (kex = 4.1-10° s7)."® Furthermore, the rotational
correlation time of Gd(L2) is around 1.5 times higher than Gd(DTPA) and similar
than Gd(DOTA) (77 or 90 depending on the optimization).?® These results could
conclude that changes in the ligand structures can notably modify the physico-

chemical parameters of their corresponding complexes.

The analysis of Mn(L1) was carried out a little bit differently. The NMRD
profiles of this complex were not good enough for the fitting of the SBM theory, and
only the YO NMR data was used. For that reason, only the water exchange rate
(kex*®®) and its the activation enthalpy (AH), and the scalar coupling constant (A/h)
were calculated. The 1/75/°% parameter, which is the sum of the of kex and 1/Tye,

and the hydration number (q) were fixed.

The best fit parameters obtained 'O experiments with Mn(L1) are shown in
Table 18. Furthermore, the parameters of some analogous complexes from the

literature are also shown.'®®
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Table 18. Parameters and standard deviations obtained in the fitting of 'O NMR of
Mn(L1), Mn(EDTA), Mn(CDTA) and Mn(PyC3A)."°

Mn(L1) Mn(EDTA) | Mn(CDTA) | MnPyC3A
ko228 (108 s71)) 247.8+11.5 590° 270P 100°
AH* (kI mol™) 21.5+1.8 36.7 35.8 37.2
A (10°rad s™) 37.1+0.6 37.9 31.4 28.7
1/25°% (10°kJ mol)? 30 - - -
q 1 1 1 1

2 Fixed values were used in the optimization. ® water exchange rate at 310 K.

The scalar coupling constant of Mn(L1) is equal to the constant of Mn(EDTA)
and similar to the values of the others Mn®* complexes, indicating that our
calculations were robust. The calculated water exchange rate of Mn(L1) was 247.8
10° s, Even if a direct comparison with the values of Mn(EDTA), Mn(CDTA) and
Mn(PyC3A) is not possible because they are at different temperatures, the
calculated kex for Mn(L1) could be acceptable. We can compare the activation
enthalpy of the water exchange (AH’), and the Mn(L1) value is the highest of all the
Table. Although it is hard to rationalize the absolute value of this constant, our

results could confirm once again, the presence of a small amount of free Mn?*.

The 1/75/°%® parameter, which is the sum of the of the water exchange rate
(kex) and the electron-spin relaxation rate (1/T+e) was fixed to 3-107 s™'. Changing
the value in the range of 3-7:107 s didn’t change significatively the kex. The
contribution of ke is the 89% of 1/7s:°°%. It confirms that the weight of the water
exchange rate in the correlation time that rules the relaxation processes is very
important in the Mn?* complexes, and it explains why we only observe the fast

kinetics region in the O NMR experiments.
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5.4 Summary and conclusions

In this part of the thesis, two ligands containing 1,2-cyclobutane diamines
were synthesized and complexed with Gd* and Mn?*. Potentiometric
measurements showed that Gd(L2) has a high stability constant, K; (17.4),
comparable with other bishydrated Gd*>* complexes, while that for Gd(L1) is lower
(14.7). Unfortunately, the thermodynamic stability of Mn(L1) was lower than other
Mn®* complexes (10.3). Thus, the incorporated picolinate function played an

important role in the properties of these complexes.

The kinetic inertness of Gd(L2) was studied using the exchange reaction with
Cu®*. The spontaneous and acid catalyzed dissociation pathways were
investigated, obtaining lower dissociation constants for Gd(L2) than those for
Gd(DTPA), which is a contrast agent approved for medical applications. Since
toxicity is proportional to the kinetic inertness, we can assume that Gd(L2) could

be used without risk in patients.

Luminescence experiments of analogous Eu®** complexes confirmed that g =
3 for Gd(L1) and g = 2 for Gd(L2). In the presence of phosphate or carbonate
anions, the hydration number of Eu(L1) decreased while it kept constant for Eu(L2).
This result predicts that Gd(L2) relaxivity should remain constant in in vivo

applications.

Relaxivity values (ry) of Gd(L1), Gd(L2) and Mn(L1) were 8.78, 7.86 and 3.3
mM's™at 20 MHz and 25 °C, respectively. Overall, the incorporation of a third water
molecule in Gd(L1) is not worthy because the stability decreases considerably.
Gd(L2) relaxivity is similar to the values of bishydrated Gd>* complexes.
Unfortunately, the NMRD profiles of Mn(L1) suggested the presence of free Mn?*,
making this complex not suitable for clinical applications. The fitting of the SBM
theory in 'H NMRD profiles and '’O NMR revealed a high water exchange rate

constant, ke>>°, (10-10° s™') and long rotational correlation time, a2, (91.9 ps) for

Gd(L2), explaining the good relaxivity values of this complex.

Overall, results suggest that Gd(L2) is a good and safe candidate to be used

as contrast agent for clinical MRI.
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6. General Conclusions

The study of three different systems containing chiral cyclobutane-based
molecules has been carried out during this thesis. The previous experience of our
research group on stereoselective synthetic strategies has been used to prepare
the new compounds. Many different techniques have been used to study these

systems.

Functionalized low molecular weight gelators (LMWG): Two peptide-
based LMWGs have been functionalized with a terpyridine-based moiety. These
new compounds were able to gelate different solvents. The properties and
morphology of these gels have been studied by SEM, CD and theoretical
calculations, suggesting that the aggregation of these compounds followed a
helical-like structure. These two new gelators were complexed with Ru? and Pd**
to get metallogelators, but the resulting complexes were not able to gelate any
solvents. Ru?* complexes were tested as catalysts in expoxidation of alkenes,

presenting results comparable with analogous Ru®* complexes from the literature.

Tripeptides as catalysts. Different hybrid tripeptides containing proline and
B- or y-CBAA residues were studied. 3-Amino acid containing peptides presented
poor reactivity and enantioselectivitiy, while y-amino acid containing peptides gave
excellent reactivity and good enantioselectivity in the aldol reaction. The absolute
D or L configuration of proline was the factor controlling the enantioselectivity.
Noteworthy, this enantioselectivity was reversed in the presence of water.
Computational calculations indicated that a change in the geometry of the transition

state could explain this reversion.

MRI contrast agents. Two new cyclobutane diamine-based ligands were
studied and complexed with Gd** and Mn?*. Gd** complexes showed suitable
features as contrast agents for MRI, due to their high stability, inertness and
relaxivity, mainly found for the bishydrated complex. Results were rationalized and
compared with clinically approved agents, indicating that one of these new
complexes is a potential candidate for medical applications. The low stability of the
Mn?* complex together with the results from relaxometric studies indicated that this

complex is not applicable for clinical purposes.
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7.1 'H NMR and *C NMR spectroscopy

'"H NMR and ®C NMR spectra were recorded at Servei de Ressonancia
Magnética Nuclear from the Universitat Autonoma de Barcelona (UAB) in Bellaterra

and at Centre de Biophysique Moléculaire (CBM) from CNRS in Orléans, France.
The spectrometers used in the UAB were:

. AC 250 Bruker for 'H at 250 MHz and '*C at 62.5 MHz.

. AVANCE 360 Bruker for 'H at 360 MHz and '°C at 90 MHz.

. ARX 400 Bruker for 'H at 400 MHz and '°C at 100 MHz.

. AV 600 Bruker for 'H at 600 MHz and '°C at 150 MHz.

The spectrometers used in the CBM was:
. Avance Ill HD 600 equipped with a BBFO probe for 'H at 600 MHz and °C
at 150 MHz.

Chemical shifts of signals are given in ppm, using as reference the following values:

. CDCls: § 7.28 and 77.16 for 'H and '°C, respectively.

. CD30D: § 3.31 and 49.00 for 'H and '*C, respectively.

. DMSO-ds: & 3.33 and 39.52 for 'H and '3C, respectively.

. D,0: § 4.79 for 'H.

. Acetone-ds: § 2.05 and 29.84, 206.26 'H and °C, respectively.

The abbreviations used to describe multiplicity of signals are: s (singlet), d
(doublet), dd (doublet of doublets), t (triplet), dt (doublet of triplets), g (quartet), p
(pentet), broad s (broad singlet), broad d (broad doublet), m (multiplet, denotes
complex pattern).

NMR signals were assigned with the help of DEPT, NOESY, ROESY,
COSY, TOCSY, HMBC and HSQC experiments.
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7.2 Infrared spectroscopy (IR)

IR spectra in solid state were recorded on a Sapphire-ATR
spectrophotometer, being the signal an average of 16 scans. Peaks are reported in

cm™.

7.3 High resolution mass spectrometry (HRMS)

HRMS were recorded at Servei d’Analisi Quimica from the Universitat
Autonoma de Barcelona in a Bruker Squire 3000 micoTOFTQ spectrometer using
ESI-MS (QTOF).

7.4 UV spectroscopy

The UV-Vis absorption spectra were measeured in the Laboratori
d’Espectroscopia Molecular from the Universitat Autobnoma de Barcelona in a
Hewlett Packard 8453 spectrophotometer and in a PerkinElmer Lamda 19
spectrometer equipped with Huber ministat cc1 thermostated cell holder in Centre
de Biophysique Moléculaire (CBM) from CNRS in Orleans, France. Methanol and

water were used as solvents, in the region A = 190-800 nm with data steps of 0.5

nm, with a 1 cm path length.

7.5 Circular dichroism spectroscopy (CD)

7.5.1 CD in solution

The sample was dissolved in MeOH or H>O and it was measured in a 1 cm
width quartz cuvette. CD spectra were recorded with JASCO-715
spectropolarimeter and were processed using Spectra Manager Software. In Table
19 the experimental conditions used for recording the spectra are shown. A

systematic treatment of the obtained data was done using the mentioned software.
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Table 19. Experimental conditions to record the CD spectra.

Parameter Value
Range 190-500 nm
Data pitch 0.5 nm
Scanning mode continuous
Scanning speed 50-200 nm/min
Response 1-2 sec.
Band width 2-5nm
Accumulation 1-4

7.5.2 CD in xerogel phase

Xerogels were prepared following the procedure described in section 7.9.
Samples discs were prepared by mixing the xerogels at around 0.020-0.025 mmol/g
of KBr (1.2-1.6 wt. %) in an agate mortar and pressing the mixture for 10
minutes.”>?*" Homogeneous translucid disks were obtained and the CD spectra
were recorded using a JASCO-715 spectropolarimeter and were processed using
the associated software. Smoothing and noise elimination were applied to obtain

proper spectra following a systematic treatment.

Data recording was repeated at least 3 times rotating the pellet 120° in each
one to obtain representative data and to avoid macroscopic influences. Solid state
CD spectra were represented by dividing the obtained signal by the number of
mmols of gelator per gram of KBr. As the optical length is not known, the units of
the spectrum are mdeg mmol”. However, to compare the shape of the spectra

qualitatively, normalisations of the signal respect to the highest value were done.
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7.6 Scanning electron microscopy (SEM)

SEM micrographs were recorded in Quanta 200 ESEm FEG apparatus
equipped with a field-emission gun (FEG) in the Institut de Ciencia de Materials de
Barcelona (ICMAB). Wet gels were disposed on a carbon film coated copper grid
and dried by standing for 30 minutes on the grid. The resulting xerogels were
introduced into the microscope chamber working at 30 Pa and 5 kV. For the EDX
analyses the same apparatus equipped with an Energy Dispersive X ray (EDX)

system for chemical analysis was used.

7.7 Chromatography

7.7.1 Flash chromatography

Column chromatography was performed with Scharlau™ silica gel for flash
chromatography (mean pore: 60 A; particle size: 0.04-0.06 mm, 230-400 mesh
(ASTM), using nitrogen as driving gas.

Some reactions were monitored by thin-layer chromatography (TLC) using
ALUGRAM™ SIL/UVas4 pre-coated aluminium sheets. Layer of 0.20 mm of

thickness covered with silica gel 60 with fluorescent indicator UVzsa.
Different methods were used to visualise the spots:

- Irradiation under a LED UV-light (UV2s4) using a VILBER LOURMAT™ lamp,
VL-4LC model.

- Staining thin-layers under acidic solutions of vainillin in ethanol and heating
them with a heat gun.

- Staining thin-layers under solutions of KMnO, in water and heating them with
a heat gun.

- Saining thin-layers under acidic Hanessian solution (Cerium Molybdate) in

water and heating with a heat gun.
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7.7.2 Gas chromatography (GC)

Gas chromatographies were performed with an Agilent Technologies 6850
model equipped with FID detector. Samples were dissolved in an inert solvent and
filtered through a microfilter. A capillary column Agilent HP-5MS (30 m x 250 um x
0.25 um) was used. The GC conditions for the separation of different products are

shown in section 7.19.

7.7.3 High-performance liquid chromatography (HPLC)

Enantiomeric excess was dermined using a Waters 2690 chromatography
system equipped with a Waters 996 ultraviolet detector. The HPLC conditions for
the separation of enantiomers of each compound are shown in section 7.20.
Samples were dissolved in an inert solvent (preferably in the used eluent) to afford

1-5 mg/mL solutions and filtered through a microfilter. Chirals columns used:

- CHIRALPACK™ AS column (25 cm x 0.46 cm). particle size: 10 um.
-  CHIRALPACK AD column (25 cm x 0.46 cm). particle size: 10 um.
- CHIRALPACK AD-H column (25 cm x 0.46 cm). particle size: 5 um.

7.8 Electrochemical studies

Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) experiments
were performed on a BioLab potentiostat using three-electrode cell. A glassy
carbon electrode (aprox 2 mm diameter) was used as working electrode, a platinum
wire as auxiliary electrode, and a saturated calomel electrode (SCE) as a reference
electrode. Working electrodes were polished with 0.05 um alumina paste and
washed with distillated water and acetone before mesurements. The complexes
were dissolved in methanol containing 0.1M of TBABF, as supporting electrolyte.
CV were recorded at 0.1 V/s scan rate. DPV were recorded using pulse height of
0.01 V, pulse widths of 0.05 s, sampling widths of 0.02 s, pulse periods of 0.1 s,
and quiet times of 2 s. In CV experimets we obtained reversible redox wave, so E1/»

values reported were estimated using Equation 11.2%2
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1
(Epa + Epe)

Eip = 5
Equation 11

Epa is the anodic peak potential and E, is the cathodic peak potential.

In DPV experiments E4, reported values were estimated using Equation
1222

E,=FE
» =Eip— —
2 Equation 12

E, is the peak potential and AE is the pulse height.

7.9 Gelation studies

A small amount (5.0 £ 0.1 mg) of LMWG was weighed in a 2 mL transparent-
glass vial with a septum screw-on cap. Then, a certain volume of the desired solvent
was added and the vial closed. The minimum volume added was 0.05 mL. Then
the mixture was heated under the boiling point of the solvent using a balloon system
in order to avoid solvent pressure. Once a solution was obtained, the mixture was
sonicated for 1 to 5 minutes. For high concentrations and for some solvents, a
previous sonication was needed for a good solubilisation during heating and
sonication time was usually shorter than for diluted gels. Then, the mixture was led
to stabilize and to reach room temperature. To state that the mixture was a gel the
tube inversion test was done just by turning the vial upside down. If the sample was
a gel, it did not drop. The mixtures could also be classified as solutions or insoluble
systems. To determine the minimum gelation concentration (mgc), a new volume
of solvent was added to the gel and the process was repeated until no gel was

formed: the last volume added determines the mgc.

Xerogels were prepared by removing the solvent of the gel under reduced
pressure. When the amount of the required xerogel was high, this simple procedure
was not followed because the gel splashed outside the vial. For that reason,

xerogels were obtained after lyophilisation of the gels by immersion into liquid
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nitrogen and connected to a Telstar Lyoquest freeze-drying system operating at -
85 °C and 0.01 mbar.

7.10 Sample preparation for metal complexes

The ligand concentrations were determined by calculating the difference
between two observed equilibrium points in the pH-potentiometric titration of the
ligands alone. Also, calculating the difference between equilibrium points of the
ligands alone and the ligands with the metals (1 eq) gave the same results. Gd, Zn
and Eu (for luminescence lifetimes) concentrations were determined by titrating the
metal solutions with standardised Na;H>EDTA in urotropine buffer (pH 5.6 — 5.8) in

the presence of xylenol orange as an indicator.

Mn concentrations were studied by bulk magnetic susceptibility (BMS)
measurements. Also, in the end of 'O NMR experiments Gd complex
concentration was rechecked by bulk magnetic susceptibility (BMS) shift. The BMS
shifts of '"H NMR signals for an inert reference caused by the addition of
paramagnetic compounds were studied in order to determine the concentration of

paramagnetic metal in solution Equation 13.2%°

A, = 4”“(—”@7 ) 10°
T \284

Equation 13

Where the concentration of paramagnetic solute is given by cin mol I'', sis
dependent on the shape of the sample and its position in the magnetic field. s =
1/3, -1/6 and 0 for a cylinder parallel to the main field, a cylinder perpendicular to

the main field, and a sphere, respectively. T is the absolute temperature and esis
the effective magnetic moment for a particular lanthanide ion. A« is measured for a

reference compound, in our case, tert-butanol.

7.11 Potentiometric studies

Carbonate-free 0.1 M KOH and 0.1 M HCI were prepared from Fisher
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chemical concentrates. Potentiometric titrations were performed in 0.1 M aqueous
KCI under nitrogen atmosphere, and the temperature was controlled to 25 + 0.1 °C.
The pH was measured in each titration with a combined micro pH glass electrode
(Metrohm 6.0224.100) filled with 3 M KCI, and the titrant addition was automated
by use of a 785 DMP titrino system (Metrohm). The electrode was calibrated in
hydrogen ion concentration by titration of HCI with KOH in 0.1 M electrolyte
solution.??* The the electrode standard potential (E°) and the slope factor (f) were
determined before titrations using the Glee software.?*® Continuous potentiometric
titrations with HCl and KOH 0.1 M were conducted in aqueous solution containing
5 mL of L1 and L2 2 mM in KCI 0.1 M, with 2 min waiting between successive
points. The titrations of the metal complexes were performed with the same ligand
solutions containing 1 equivalent of metal cation, also with 2 min waiting time

between two points.

Protonation constants of ligands, stability constants of complexes and

protonation constants of complexes are described and defined in Equation 4-6.

o [HL)
' [Hioi LI[H*] Equation 4
[ML]
ML =
[M][L] Equation 5
Koo — _ MEL)]
M [M(H;—1 D)I[H*] Equation 6

Where [M], [L], and [ML] are the equilibrium concentrations of free metal ion,
deprotonated ligand, and deprotonated complex, respectively. Experimental data
were refined using the computer software Hyperquad 2008.'% Species distribution
plots were calculated taking the experimental constants using the computed
software HySS."®® The ionic product of water used at 25 °C was pKy = 13.77, while
the ionic strength was kept at 0.1 M.?*® Fixed values were used for pK,, ligand

acidity constants, and total concentrations of metal, ligand, and acid.
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7.12 Kinetic measurements

The rates of the metal exchange reactions of GdL2 were studied by following
the formation of the CuL2 complex using conventional UV-vis spectrophotometry.
The exchange reactions were followed at 245 nm in the pH range of 3.35-4.90. The
concentration of the complex was 0.11 mM, while Cu®** ion was added at high
excess (10-40 equivalents) to ensure pseudo-first order conditions. The
temperature in the samples was kept at 25 °C and the ionic strength of the solutions
was kept constant by using 0.15 M NaCl. For keeping the pH constant, 50 mM
methylpiperazine buffer was used. The pseudo-first-order rate constants (kops) Were
calculated by fitting the absorbance vs the time data to the monoexponential

function (Equation 14).

_ —kopst
A=A —Ae "™ + A, Equation 14

Where Ay, A, and Ae are the absorbance at time = 0 s, at time f, and at
equilibrium, respectively. The fittings were performed with Origin 9.1 software by

using standard least-squares procedure.

7.13 Lifetime measurements

Europium luminescence lifetimes were recorded on an Agilent Cary Eclipse
fluorescence spectrophotometer by recording the decay of the emission intensity at
616 nm, following an excitation at 272 nm for the L2 and at 396 nm for the L1.
Excitation of the metal in the L2 gave similar results. Concentrations of EuL of 0.21
mM in Hepes buffer 0.1 M in H,O and D,O solutions at pH, pD = 7. Same
experiments but adding 10 and 50 equivalents of phosphate and carbonate were
performed. The settings are showed in Table 20. Different decay curves were
collected for each sample and the lifetimes were analysed as monoexponential

decays and fitted using the spectrophotometer software.
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Table 20. Experimental conditions to record luminiscence decay lifetimes.

Parameter Value
Gate time 0.05 ms
Delay time 0.1 ms
Flash count 1
Total decay time (H20) 5 ms
Total decay time (D20) 15 ms
Cycles 100
PMT detector 800 mV

Equation 10 was used to calculate the number of water molecules

coordinated to the europium chelate.

1 1
s 2571
TH,0 D,0

where 7420 and 7p,o are the luminescence decay lifetimes recorded in water

Equation 10

and deuterium oxide, respectively. A and B are constants that take values of values
of A=1.2 and B=0.25**° or A=1.11 and B=0.31?"° for Eu®".

7.14 Relaxometric mesurements

'"H NMRD profiles were recorded on a Stelar SMARTracer Fast Field Cycling
relaxometer (0.01-10 MHz) and a Bruker WP80 NMR electromagnet adapted to
variable field mesurements (20-80 MHz) and controlled by a VTC91 temperature
control unit and maintained by a gas flow at CBM in Orléans. The concentrations
of the dissolutions used were 1.88 mM Gd(L1) + 6% L1, 1.91 mM Gd(L2) + 5% L2
and 3.29 mM Mn(L1)+ 15% L1 at pH = 7. The temperature was determinated by

previous calibration with a Pt resistance temperature probe.

The least-squares fit of the "H NMRD data and simultaneous fit with the 'O

NMR data were performed using Visualiseur/Optimiseur in MATLAB 8.3

196



7. Experimental Methodologies

softwareg??’:228

7.14.1 Equations used for the analysis of the NMRD profiles

The observed longitudinal proton relaxation rate, 1/T; s is the sum of the
diamagnetic and paramagnetic contributions as showed in Equation 1. The
equations are expressed for Gd** complexes, and analogous equations were used

for Mn?*.

1
= + = + r[Gd]
’ Equation 1

Where ryis the proton relaxivity, and the concentration of the paramagnetic
species (in this case Gd) is usually given in millimoles per litre (mmol L") for dilute
systems.”® The relaxivity can be separated into two terms; the inner and outer

sphere, as showed in Equation 2.

_ IS | ,0S
re=rnr Equation 2

The inner sphere term is obtained in Equation 3, where @ is the number of

water molecules in the inner sphere, 1 is the lifetime of a water molecule in the

inner sphere (equal to 1/kex kex IS the water exchange rate) and Ty, is the

longitudinal relaxation rate of inner sphere protons,'’¢#2%-2%

s _ 1 q 1
: 1000 55.5 Ty, + 7

Equation 3

The longitudinal relaxation rate of inner sphere protons, T1, is expressed by

Equation 15, where rggn is the electron spin-proton distance, y is the nuclear
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gyromagnetic ratio, w,is the proton resonance frequency and wsis the Larmor

frequency of the Gd** electron spin.

L i(ﬂ_o> Privs

T == \2 S+ 1) BJ(wr;ta1) + T (ws;Ta2)]

r GdH

Equation 15

1 1 + 1 + 1
Tdi  Tm Tie i=12 Equation 16

The gy is the overall rotational correlation time, and its assumed to have a

simple exponential temperature dependence as showed in Equation 17. Egis the

corresponding activation energy.

_ 298 Eg (1 1
TRH =Tk P Y TR\ T T 20815

Equation 17

The longitudinal and transverse electronic relaxation rates, 1/T;. and 1/T5
are expressed by Equations 18 and 19, where 1, is the electronic correlation time

for the modulation of the zero-field-splitting interaction, Ev is the corresponding

activation energy and A® is the mean square zero-field-splitting energy. We

assumed a single exponential dependence of 1, versus temperature (Equation

1 8).233,234

( ! >ZFS ! A%z, {4S(S+ 1) = 3} ( ! + 4 )
= — Ty —
T, 25 1+ a)g.rg 1+ 4a)STV

Equation 18

< 1 >ZFS A2 ( 5.26 7.18 >
=A"1,
Ts 1 +0.372037 Y 240272
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E (1 1
o =13986xp{?v<? 298 15>}

The outer sphere contribution can be described by Equation 21, where J°°

Equation 19

Equation 20

is associated spectral density function (Equation 22)and j = 1,2.2%%2%

32Na7 ( Ho )2 n*v3r;
08 = 22 (=) — =L S+ 1) 3%y, T1,) + 7T (ws, T
"1 405 (47[ acan Dcan ( ) [ (wr,The) (ws 26)]
Equation 21
172
L+ 4 (iwrcan + 552 )
JOS(C(), T]e) = Je

12 32
1+ <ia)erH + T?.{H ) + %(inGdH + r?m > + é(iwerH + T?‘?H )
je je Jje

Equation 22

The diffusion coefficient for the diffusion of a water proton from the bulk of
the solvent to the Gd>*, Dgq is assumed to follow an exponential function versus
the inverse of the temperature (Equation 23), where EgqH is the activation energy

and Dgq2%8 is the diffusion coefficient at 298.15 K.

Ecan 1 1
)
R 29815 T Equation 23

7.15 Temperature-dependent '’O NMR spectroscopy

7O NMR spectroscopy was recorded at Centre de Biophysique Moléculaire
(CBM) from CNRS in Orléans, France. The spectrometer used was Bruker Avance
400 (9.36 T, 54.2 MHz). The longitudinal and transverse 'O relaxation rates (1/T7,
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1/T,) and the chemical shifts were measured in aqueous solutions of GdL1 (15.3
mM, pH = 6.5), GdL2 (14.5 mM, pH = 6.5) and MnL1 (4.9 mM, pH = 7) in a
temperature range of 275-348 K. The temperature was calculated according to
previous calibration with ethylene glycol and methanol.?®” An acidified water
solution (HCIO4, pH = 3.3) was used as external reference for the Gd complexes
and ZnL1 (5.0 mM, pH = 7) for the Mn complex. Longitudinal relaxation times (T;)
were obtained by the inversion-recovery method. The transverse relaxation times
(T2) were obtained by the Carr-Purcell-Meiboom-Gill spin-echo technique.?®® The
samples were sealed in glass spheres fitted into 10 mm NMR tubes to avoid
susceptibility corrections of chemical shifts.?*® To improve sensitivity, '’O-enriched
water (10% H,'’0) was added to the solutions to reach around 1% enrichment. The
70 NMR data have been treated according to the Solomon-Bloembergen-Morgan
theory of paramagnetic relaxation (equations below). The least-squates fit of the
O NMR data was performed using Visualiseur/Optimiseur in MATLAB 8.3

software.??7:228

7.15.1 Equations used for the analysis of the ’O NMR

From the measured '’O NMR relaxations rates and angular frequencies of
the paramagnetic solutions, 1/T,, 1/T;, o, and from the reference, 1/T,4, 1/T14 and
wa, itis possible to calculate the reduced relaxation rates and chemical shifts, 1/T;,
1/T;- and Aw, (Equations 24-26), where 1/T,,, 1/T1m are the relaxation rate of the
bound water and Awn, is the chemical shift difference between bound and bulk
water, 7, is the mean residence time or the inverse of the water exchange rate ke

and P,, is the mole fraction of the bound water. 77:23°

11 [1 1 ]_ 1
T, Pyu|Ti Ta Tim +7m Thos Equation 24
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1 1 [1 1] 1 Ty +7a T5, + Ao, 1

= — = +
Top Py |Ty Tog T (' + 1502 4+ Awi,  Taos

Equation 25
1 Aw,,
Aw, = —(w —wy) = + Aw
" Pu (1 +7,T5,1)? + w7 Awy, ”
Equation 26

The outer sphere contributions to the O relaxation rates 1/T;0s and 1/Tz0s
can be neglected according to previous studies.'”” Then Equations 24-26, can be

further simplified into Equations 27 and 28.

I 1

Ti,  Tim +7m Equation 27
I 1

Tor  Tom +Tm Equation 28

The exchange rate is assumed to be described by the Eyring equation

(Equation 29), where AS* and AH* are the entropy and enthalpy of activation for

the water exchange process, and k.2 is the exchange rate at 298.15 °K. Riis the

usual gas constant whereas h and kg are the Planck and Boltzmann constants,

respectively.

L, kT AS*  AH* | kX°T AH* 1 1
TR =T TEPY TR T RT (T 208 15°P YR \ 20815 T

Equation 29
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In the transverse relaxation, the scalar contribution, 1/T5s, is the most
important. In Equation 30, 1/7s; is the sum of exchange rate and the electron spin

relaxation rate constants.

1 1 S(S+1)<A>2< T )
= = — ) za+ —S—
T2m T2sc 3 1+ w? 1'32

h :
Equation 30
| 1 1
= —+
T Tm Ty, Equation 31

The "0 longitudinal relaxation rates in Gd** solutions are the sum of the
contribution of the dipole-dipole (dd) and quadrupolar (q) mechanism as expressed
by Equations 32-34 for non-extreme narrowing conditions, where vys is the electron
and vy is the nuclear gyromagnetic ratio (ys = 1.76:10"'rad s T, y = -3.626-10’
rad s™ T, raqo is the effective distance between the electron charge and the 'O
nucleous, /is the nuclear spin (5/2 for '’0), y is the quadrupolar coupling constant

and n is an asymmetry parameter.

L_ 1,1
Tvw Thaa Tig

Equation 32

Ar

1 2 h 2 s2
(ﬂO) TS G608+ 1) [3J(wri tar) + T (@s: 7))

T, 15 6

Tiaa 15 e
Equation 33
1 372> 2I+3

2 2
= 14+n°/3)[0.2] + 0.8J
To 10 2l 1))( (1 +#n7/3)[0.2J1(wy) 2(wr)]

Equation 34
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In Equation 26, the chemical shift of the bound water molecule, Awpm,

depends on the hyperfine interaction between Gd>* electron spin and the 'O

nucleous and is directly proportional to the scalar constant A/%, as expressed in

Equation 35.2%°

_ &keS(S+ 1B A
B 3kgT h

Aw,,
Equation 35

The isotropic Landé g factor is equal to 2.0 for Gd**, B represents the

magnetic field, and kg is the Boltzmann constant.

7.16 Other details

e Optical rotations, [o]o, were measured using an a JASCO-715
spectropolarimeter and calculated from associated software. Moreover,
some measurements were done using a PERKIN ELMER Polarimeter 341
using a 1 dm path in /IQAC institute, from CSIC in Barcelona.

¢ Melting points were determinated on a hot stage using a Kofler apparatus,
REICHERT AUSTRIA model.

e Micro-distillations were carried out in a BUCHI distiller, GKR-51 model.

¢ Lyophilisation of samples were done using a TELSTAR lyophilisator, model
LyoQuest-85 and a Bioblock Scientific Advantec, alpha 2-4 LD model.

e Photochemical reactions were performed in a pyrex T-shaped
photochemical reactor from TRALLERO&SCHLEE. Irradiation was emitted
from a mercury lamp of 400 W medium pressure ELECTRO DH.
Refrigeration at -40 °C was performed using a C40P TERMO Scientific
refrigerator, Phoenix Il model.

¢ Reagents were used from different commercial sources and Solvents were
directly used due to their high quality (synthesis and HPLC grade).

Deuterated solvents were used directly from commercial source. If
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necessary, reagents and solvents were further purified and dried using

standard organic chemistry procedures.?*!

7.17 Computational details

Computational studies were carried out with the help of Dr. Bernat Pi. A
conformational search of each system was carried out using a mixed low
mode/torsional sampling with the OPLS-2005 force field implemented in the
MacroModel program to find and select an approximation of the most stable
conformers.?*>?* The geometries of the lowest energy conformers of each system
were optimized using Density Functional Theory (DFT) with the Gaussian09
program. We have used the M06-2X functional with the 6-31G(d) basis set. This

functional was shown to describe correctly non-covalent interactions.?*>2%

For all the studied organogelators, once the geometry was obtained, the
dimer was built up and the procedure was repeated. Then, the procedure was
repeated with the tetramer. From the structure of the tetramer optimized with DFT,
the internal dimer of the aggregate was selected to be the model of aggregation to
build up the octamer and the dodecamer with the OPLS_2005 force field. A
minimization of the energy using molecular mechanics of the octamer and the
dodecamer was carried out. Finally, a single point energy calculation in gas phase
at the M06-2X/6-31G(d) level of theory is carried out to get the energy of each

system.

Circular dichroism spectra were calculated by taking the optimized structure
of the monomer in methanol solution and calculating 10-30 excited states with
Gaussian09 using the TDDFT method with the M06-2X/6-311+G(d,p) level of
theory. The prediction of the CD spectra of the dimer aggregates was carried out
from the geometry of the internal tetramer of the octameric aggregate studying 20
excited states with the CAM-B3LYP/6-31G(d,p) level of theory. Representation of

the predicted circular dichroism spectra were done using GaussSum software.”®%
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7.18 Synthetic procedures

3-Oxabicyclo [3.2.0] heptane-2,4-dione, 32

O O
hv, acetone J(
[ - T o
-35°C, 3 h ~
O O
1 2 32

A solution of maleic anhydride, 2, (1.52 g, 15.3 mmol) in acetone (500 mL)
was cooled down to -35 °C. The solution was saturated with ethylene for 10
minutes. The system was irradiated through a Pyrex filter for 30 minutes using a
mercury-vapour lamp. After that, the system was cooled down again and the
procedure was repeated three times. The solvent was removed under vacuum to

afford pure compound 32 as a pale solid (1.93 g, 15.3 mmol, quantitative yield).

Spectroscopic data for compound 32:
'H NMR (250 MHz, CDCls): & 2.35 (m, 2H), 2.74 (m, 2H), 3.52 (m, 2H, H4, Hy).

Spectroscopic data are consistent with those reported in reference:

Tufariello, J. J.; Milowsky, A. S.; Al-Nuri, M.; Goldstein, S. Tetrahedron Lett.,
1987, 28, 267.

Dimethyl (1R,2S)-cyclobutane-1,2-dicarboxylate, 33

O

COQMG
A MeOH, H,SO, _
D @) - 32
\\< rt., 18 h \COZMG
O
32 33

A solution of 32 (1.92 g, 15.1 mmol) and concentrated H>SO4 (1.0 mL) in

methanol (50 mL) was stirred at room temperature for 18 h. Dichloromethane (100

205



7. Experimental Methodologies

mL) was added to the organic phase and it was successively washed with water (2
x 50 mL) and brine (1 x 50 mL). The organic layer was then dried over MgSQe.,
filtered and concentrated to provide the crude as yellowish oil. The distillation of this
crude under reduced pressure affords 33 as a colourless oil (2.15 g, 12.5 mmol,
83% yield).

Spectroscopic data for compound 33:

'H NMR (250 MHz, CDCls): & 2.10 (m, 2H), 2.29 (m, 2H), 3.31 (m, 2H, Hs, H2),
3.58 (s, 6H, Me).

Spectroscopic data are consistent with those reported in reference:

Sabbioni, G.; Jones, J. B. J. Org. Chem. 1987, 52, 4565.

(1R,2S)-2-Methoxycarbonylcyclobutane-1-carboxylic acid, 27

L] - B
Nco,Me r.t., buffer (pH=7), 18 h NCOo,H
33 27

Diester 33 (3.61 g, 21.0 mmol) was dissolved in 250 mL of a buffer previously
prepared from 0.1 M KH,PO4 at pH 7.00. Pig liver esterase (PLE) (98 mg) was
added to the solution and the mixture was stirred at room temperature for 18 h. The
reaction was kept at pH 7 by adding a 1 M solution of NaOH. Then, the reaction
mixture was washed with diethyl ether (2 x 100 mL), and 5% HCI was added to
reach pH 2-3. The acid solution was extracted with ethyl acetate (4 x 150 mL) and
the organic extracts were dried over magnesium sulfate. The solvent was
evaporated under vacuum to dryness obtaining half-ester 27 as a yellow oil (3.15
g, 19.9 mmol, 95% yield, 97% ee).
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Spectroscopic data for compound 27:

'H NMR (250 MHz, CDCls): § 2.23 (m, 2H), 2.41 (m, 2H), 3.43 (m, 2H, H1, Hy),
3.69 (s, 3H, Me).

Spectroscopic data are consistent with those reported in reference:

Sabbioni, G.; Jones, J. B. J. Org. Chem. 1987, 52, 4565.

Methyl (1R,2S5)-2-azidocarbonylcyclobutane-1-carboxylate, 107

1) Et;N, CICO,EY,

,C0:Me acetone, 0 °C, 30 min COMe
[ ] -
\COZH 2) NaN3, water, r.t., 2 h CONj;
27 107

To an ice-cooled solution of half-ester 27 (5.73 g, 36.2 mmol) in anhydrous
acetone (80 mL), triethylamine (6.5 mL, 47.1 mmol, 1.3 eq) and ethyl chloroformate
(4.5 mL, 47.1 mmol, 1.3 eq) were subsequently added. The mixture was stirred at
0 °C for 30 minutes. Then, sodium azide (5.9 g, 90.6 mmol, 2.5 eq) in 100 mL of
water was added and the resultant solution was stirred at room temperature for 2
h. The reaction mixture was extracted with dichloromethane (4 x 100 mL), and the
organic extracts were dried over magnesium sulphate. Solvents were removed
under reduced pressure to give acyl azide 108 as a colourless oil (5.18 g, 28.3
mmol, 78 % yield), which was used in the next step without further purification.
WARNING: This product should be carefully manipulated because of its explosive

nature.
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Spectroscopic data for compound 108:

"H RMN (250 MHz, acetone-ds): 6 2.27 (m, 4H, Hs, Ha), 3,54 (m, 2H, Hy, Hy),
3.68 (s, 3H, Me).

Spectroscopic data are consistent with those reported in reference:

Martin-Vila, M.; Muray, E; P. Aguado, G.; Alvarez-Larena, A.; Branchadell, V.;
Minguillon, C.; Giralt, E.; Ortufio, R. M. Tetrahedron: Asymmetry, 2000, 17,
3569.

METHOD A:

Methyl (1R,25)-2-(tert-butoxycarbonylamino)cyclobutane-1 -

carboxylate, 31

CO,Me
D/ ? ‘BUOH . 1/C02Me
2
N reflux, 18 h
CONgj \NHBoc
108 31

Acyl azide 108 (5.18 g, 28.3 mmol) was dissolved in 30 mL of tert-butanol.
The mixture was heated to reflux and stirred for 18 h. Then, the solvent was
evaporated under vacuum, and the residue was purified by column chromatography
(4:1 hexane-EtOAc as eluent) affording the carbamate 31 as a white solid (4.21 g,
18.4 mmol, 65% yield).

METHOD B, Step 1:

Methyl (1R,25)-2-(benzyloxycarbonylamino)cyclobutane-1-

carboxylate, 30

/COQMG BnOH /COQMG
m ¢
CON; reflux, toluene, 18 h NHCbz
108 30
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A solution of 108 (2.54 g, 13.8 mmol) and benzyl alcohol (1.43 mL, 16.6
mmol, 1.2 eq) in toluene (50 mL) was heated to reflux for 18 hours. Toluene was
removed under reduced pressure and then the excess of benzyl alcohol was
eliminated by lyophilisation or by distillation under vacuum at 150 °C. The residue
was chromatographed on silica gel (3:1 hexane-EtOAc as eluent) to afford

carbamate 30 as an oil (3.39 g, 12.8 mmol, 92% vyield).

Spectroscopic data for compound 30:

'H NMR (250 MHz, CDCls): § 1.97 (m, 2H), 2.18-2.43 (m, 2H), 3.39 (m, 1H, H1),
3.66 (s, 3H, Me), 4.46 (m, 1H, Hy), 5.08 (s, 2H, CH.-Ph), 5.64 (broad s., 1H,
NH), 7.34 (m, 5H, Ha).

Spectroscopic data are consistent with those reported in reference:

Martin-Vila, M.; Muray, E; P. Aguado, G.; Alvarez-Larena, A.; Branchadell, V.;
Minguillon, C.; Giralt, E.; Ortufio, R. M. Tetrahedron: Asymmetry, 2000, 71,
3569.

METHOD B, Step 2:

Methyl (1R,25)-2-(tert-butoxycarbonylamino)cyclobutane-1-carb-

oxylate, 31
JC02Me  H, (7 atm), Pd(OH),/C, (Boc),0 ,COzMe
L i
NHCbz MeOH, rt., 18 h NHBoG
30 31

Carbamate 30 (3.04 g, 11.5 mmol) in methanol (15 mL) was hydrogenated
under 7 atmospheres of pressure in the presence of Pd(OH)./C (0.35 g, 20%
weight) and Boc:O (3.2 mL, 13.9 mmol, 1.2 eq) at r.t. overnight. The reaction
mixture was filtered through Celite and solvent was removed under vacuum and
the residue was purified by column chromatography (4:1 hexane-EtOAc as eluent)

affording carbamate 31 as a white solid (2.17 g, 9.5 mmol, 82% yield).
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Spectroscopic data for compound 31:

'H NMR (250 MHz, CDCl5): & 1.38 (s, 9H, 1Bu), 1.87-1.97 (m, 2H), 2.25 (m, 2H),
3.35 (m, 1H, H4), 3.67 (s, 3H, Me), 4.41 (m, 1H, H,), 5.33 (br. s., 1H, NH).

Spectroscopic data are consistent with those reported in reference:

Izquierdo, S.; Rla, F.; Sbai, A.; Parella, T.; Alvarez-Larena, A.; Branchadell, V.;
Ortunio, R. M. J. Org. Chem., 2005, 70, 7963.

(1R,2S)-2-(tert-Butoxycarbonylamino)cyclobutane-1-carboxylic
acid, 34

M H
D/COZ © 0.25 M NaOH : 1/002
= 32
“NHBoc THF/H20,0°C, 3 h “NHBoc
31 34

To an ice-cooled solution of ester 31 (790 mg, 3.4 mmol) in a 1:10 THF-
water mixture (55 mL), a 0.25 M NaOH solution (34 mL, 8.6 mmol, 2.5 eq) was
added and the resultant mixture was stirred for 3 h (Reaction progress was
monitored by TLC). The reaction mixture was washed with dichloromethane (20
mL), and 5% HCI aqueous solution was added to the aqueous phase to reach pH
2. The acid solution was extracted with ethyl acetate (4 x 50 mL) and dried over
magnesium sulphate. The solvent was removed at reduced pressure to afford 34

as a white solid (720 mg, 3.3 mmol, 98% yield) without purification.

Spectroscopic data for compound 34:

'"H NMR (250 MHz, CDCls): 8 1.45 (s, 9H, Bu), 1.70-2.35 (m, 4H, Hs, Hs), 3.36
(m, 1H, H4y), 4.35 (m, 1H, H>), 5.57 (broad s, 1H, NH).

Spectroscopic data are consistent with those reported in reference:

Izquierdo, S.; Rua, F.; Sbai, A.; Parella, T.; Alvarez-Larena, A.; Branchadell, V.;
Ortuno, R. M. J. Org. Chem., 2005, 70, 7963.
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tert-Butyl ((1S,2R)-2-carbamoylcyclobutyl)carbamate, 35

1) Et3N, CICO,E,
/CO2H acetone, 0 °C, 30 min /CONH2
4 1
[ - [
1S 2) NH4,HCO,
NHBoc  iridine, rt., 2 h

\NHBoc

34 35

A mixture containing the free acid 34 (2.01 g, 9.34 mmol) in anhydrous
acetone (50 mL), ethyl chloroformate (1.8 mL, 10.5 mmol) and triethylamine (1.9
mL, 14 mmol) was stirred at 0 °C and under a nitrogen atmosphere for 30 minutes.
Then, ammonium bicarbonate (2.21 g, 28.01 mmol, 3 eq) and pyridine (1.9 mL,
23.34 mmol, 2.5 eq) were added and the mixture was stirred at room temperature
for 2 h. EtOAc was added and the solution was washed with water (4 x 15 mL) and
then dried under vacuum to give the desired product. Flash chromatography
(EtOAc/hexane, 3:2) provided the free amide 35 as a white powder (1.70 g, 7.94
mmol, 85% yield).

Spectroscopic data for compound 35:

'H NMR (250 MHz, CDCly): & 1.42 (s, 9H, 1Bu), 1.83-2.41 (c.a., 4H), 3.49 (m,
1H, Hy), 4.41 (m, 1H, Ho), 5.33 (br. s., 2H, NH,), 5.53 (br. s., 1H, NH).

Spectroscopic data are consistent with those reported in reference:

Fernandes, C.; Pereira, E.; Faure, S.; Aitken, D. J., J. Org. Chem.2009, 74, 3217.
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(1S,25)-2-(tert-Butoxycarbonylamino)cyclobutane-1-carboxylic
acid, 36

JCONH, 6.25 M NaOH COH
N =
\NHBoc MeOH, reflux, 18 h NHBoc
35 36

A solution of 36 (140 mg, 0.65 mmol) in MeOH (15 mL) was treated with 6.25
M NaOH aqueous solution (5.2 mL) and the mixture was heated to reflux overnight.
Methanol was then removed by careful evaporation under reduced pressure and
the residual aqueous phase was washed with EtOAc (3 x 20 mL). The aqueous
phase was then cooled at 0 °C, while concentrated HCI was added slowly until pH
2. The aqueous phase was then extracted with EtOAc (3 x 60 mL) and the
combined organic extracts were dried with MgSO, and concentrated under
vacuum. After flash chromatography (EtOAc as eluent) the free acid 36 was

obtained as a white powder (110 mg, 0.51 mmol, 78% yield).

Spectroscopic data for compound 36:

'H NMR (250 MHz, CDCls): § 1.44 (s, 9H, tBu), 1.88-2.22 (c.a., 4H, Hs, Hs), 3.10
(m, 1H, Hy), 4.14 (m, 1H, H>), 6.28 (broad s, 1H, NH).

Spectroscopic data are consistent with those reported in reference:

Fernandes, C.; Pereira, E.; Faure, S.; Aitken, D. J., J. Org. Chem.2009, 74, 3217.
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Methyl (1S,2S)-2-(tert-butoxycarbonylamino)cyclobutane-1-

carboxylate, 26

.\\C02H Mel, CSQCO3 .\\C02Me
32
NHBoc DMF, r.t., 18 h NHBoc
36 26

Acid 36 (0.12 g, 0.51 mmol) and Cs,CO;3 (0.16 g, 0.56 mmol, 1.1 eq) were
dissolved in DMF (5 mL). Then, Mel (0.08 mL, 0.56 mmol, 1.1 eq) was added and
the mixture was stirred at room temperature overnight. The excess of Mel was
removed by bubbling N> and EtOAc (5 mL) was added. The solution was washed
with saturated NaHCO3; (3 x 5 mL) and brine (5 mL). The organic phase was dried
over MgSQ,, filtered and evaporated under reduced pressure to give ester 26 as
an oil (0.11 g, 0.44 mmol, 86% vyield).

METHOD B

Methyl (1S,2S)-2-(tert-butoxycarbonylamino)cyclobutane-1-

carboxylate, 26

/COQMG Na, MeOH .\\COZMG
NHBoc reflux, 1h NHBoc
31 26

Na (190 mg, 8.26 mmol) was dissolved in anhydrous MeOH (85 mL) at room
temperature under nitrogen. Compound 31 (420 mg, 1.83 mmol) was added to the
resulting solution and the mixture was stirred at reflux for 1 h. After cooling in an ice
bath, the reaction was quenched by addition of 1 M HCI (17 mL). Excess of MeOH
was evaporated under reduced pressure and the aqueous layer was extracted with
EtOAc (3 x 40 mL). The combined organic layers were dried (MgSQO.), filtered and
evaporated to give a white solid that was purified by chromatography
(hexane/EtOAc,1:3) to afford 26 as a white powder (250 mg, 1.10 mmol, 60%).
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Spectroscopic data for compound 26:

'H NMR (250 MHz, CDCls): § 1.43 (s, 9 H, 1Bu), 1.93 (m, 3H, Ha.4), 2.25 (m, 1H,
Ha), 2.98 (m, 1 H, Hy), 3.67 (s, 3H, CHa), 4.21 (m, 1 H, Hy), 4.77 (br s, 1H, NH).

Spectroscopic data are consistent with those reported in reference:

Fernandes, C.; Gauzy, C.; Yang, Y.; Roy, O.; Pereira, E. ; Faure, S. ; Aitken, D.
J. Synthesis 2007, 14, 2222.

(1S,25)-2-(tert-Butoxycarbonylamino)cyclobutane-1-carboxylic
acid, 36

CO,M CO,H
~o2Me 0.25 M NaOH R
> 32
NHBoc THF/H,0, 0°C, 3 h NHBoG
26 36

To an ice-cooled solution of ester 26 (790 mg, 3.4 mmol) in a 1:10 THF-
water mixture (55 mL), 0.25 M sodium hydroxide aqueous solution (34 mL, 8.6
mmol, 2.5 eq) was added and the resultant mixture was stirred for 3 h. (Reaction
progress was monitored by TLC). The reaction mixture was washed with
dichloromethane (20 mL), and 5% HCI aqueous solution was added to the aqueous
phase to reach pH 2. The acid solution was extracted with ethyl acetate (4 x 50
mL) and dried over MgSO,. Solvent was removed at reduced pressure to afford 36
as a white crystalline solid (720 mg, 3.34 mmol, 98% yield) without need of further

purification.

214



7. Experimental Methodologies

Spectroscopic data for compound 36:

'"H NMR (250 MHz, CDCl): & 1.44 (s, 9H, tBu), 1.88-2.22 (m, 4H, Hs, Hs), 3.10
(m, 1H, Hy), 4.14 (m, 1H, H>), 6.28 (broad s, 1H, NH).

Spectroscopic data are consistent with those reported in reference:

Fernandes, C.; Pereira, E.; Faure, S.; Aitken, D. J. J. Org. Chem. 2009, 74, 3217.

(1S,25)-2-(Methoxycarbonyl)cyclobutan-1-amonium

trifluoroacetate, 37

LOzMe TFA, EtsSiH LOzMe
- 32
NHBoc CH2C|2, r.t., 2h NH; TFA—
26 37

To a solution of compound 26 (0.34 g, 1.48 mmol) in anhydrous CH2CI2 was
added Et3SiH (0.71 mL, 4.45 mmol, 3.0 eq) and TFA (1.49 mL, 19.24 mmol, 13 eq)
at 0 °C with continuous stirring. The temperature was gradually increased to room
temperature, and the mixture was stirred for 2 h. The organic solvent was
evaporated under reduced pressure and the excess of TFA was eliminated by
lyophilisation. The crude obtained 37 (0.34 g, quantitative yield) was used in the

next step without further purification.

Spectroscopic data for compound 37:

'H NMR (250 MHz, CD30D): § 2.13-2.40 (m, 4H, Ha, Ha), 3.41 (m, 1H, H,), 3.69
(s, 3H, Me),4.05 (m, 1H, H,), 7.88 (broad s, 1H, NH5").

Spectroscopic data are consistent with those reported in reference:

Torres, E.; Gorrea, E.; Da Silva, E.; Nolis, P.; Branchadell, V.; Ortufio, R. M. Org.
Lett., 2009, 11, 2301-2304
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Dipeptide, DP
MeO,C
¥
COH LOzMe FDPP, DIPEA e
+
D\ +ea” DMF, r.t., 18 h »“l%o
NHBoc NH3; TFA Bl et}
3 2
NHBoc
36 37 DP

A solution containing the free carboxylic acid 36 (0.31 g, 1.44 mmol), the
amine 37 (0.34 g, 1.44 mmol, 1.0 eq), DIPEA (0.74 mL, 4.32 mmol, 3.0 eq), and
FDPP (0.66 g, 1.73 mmol, 1.2 eq) in anhydrous DMF (15 mL) was stirred at room
temperature overnight. Then, ethyl acetate (20 mL) was added and the combined
organic layers were washed with saturated aqueous NaHCOg3 (3 x 15 mL). The

organic layer was dried over MgSQO,4 and solvents were removed under reduced

pressure. The residue was purified by column chromatography using ethyl acetate-
hexane (3:2) as eluent to afford DP (0.36 g, 77%) as a white solid.

Spectroscopic data for compound DP:

'H NMR (250 MHz, CDCly): § 1.48 (s, 9H, Bu), 1.68-2.29 (m, 8H, Ha, Ha, Hs,
He), 2.87 (m, 1H, Hy), 3.13 (m, 1H, Hg), 3.74 (s, 3H, Me), 4.14 (m, 1H, Hy), 4.55
(m, 1H, H5), 4.92 (m, 1H, NH), 8.50 (m, 1H, NH).

Spectroscopic data are consistent with those reported in reference:

Torres, E.; Gorrea, E.; Da Silva, E.; Nolis, P.; Branchadell, V.; Ortufio, R. M. Org.
Lett., 2009, 11, 2301-2304
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Trifluoroacetate salt of DP, 39

MeOzC M602C
O )
7 6
AN TFA, Et3SiH HNY
,e\l%o CH,Cl,, rt., 6h _ .»‘l%o
3 2
NHBoc NH3 TFA™
DP 39

To a solution of compound DP (0.13 g, 0.40 mmol) in anhydrous CH>Cl, was
added Et3SiH (0.08 mL, 0.52 mmol, 1.3 eq) and TFA (0.40 mL, 5.18 mmol, 13.0
eq) at room temperature, and the mixture was stirred for 6 h. The organic solvent
was evaporated under reduced pressure and the excess of TFA was eliminated by
lyophilisation. The crude of 39 (0.13 g, 98%) was used in the next step without

further purification.

Spectroscopic data for compound 39:

'H NMR (250 MHz, CDsOD): & 1.66-2.40 (m, 8H, Hs, Ha, Hs, Hg), 2.90 (m, 1H,
Hy), 3.36 (m, 1H, Hg), 3.71 (s, 3H, Me), 4.16 (m, 1H, H,), 4.50 (m, 1H, H;), 7.72
(m, 1H, NH5", 8.72 (m, 1H, NH).

Spectroscopic data are consistent with those reported in reference:

Torres, E.; Gorrea, E.; Da Silva, E.; Nolis, P.; Branchadell, V.; Ortufio, R. M. Org.
Lett., 2009, 11, 2301-2304
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Methyl ((1R,2S)-2-(tert-butoxycarbonylamino)cyclobutane-1-
carbonyl)glycinate, 29

o)
COzH PyBOP, DIPEA 5
D/ )\N/\COZMe
> CH,Cl,, r.t., 18 h 33 M
2Ll I,
NHBoc \NHBoc
34 29

Acid 34 (1.10 g, 5.11 mmol) and PyBOP (3.45 g, 6.64 mmol, 1.3 eq) were
dissolved in CH.Cl, (15 mL) and DIPEA (4.6 mL, 25.6 mmol, 5 eq) was added under
nitrogen atmosphere. After stirring for 10 min GlyMe-HCI (083 g, 6.64 mmol, 1 eq)
in DMF (5 mL) were added and the reaction was stirred at room temperature
overnight. Then, the solution was washed with saturated NaHCO;3 (3 x 20 mL) and
brine (20 mL). The organic phase was dried over MgSOQy, filtered and evaporated
under reduced pressure to give crude compound. The crude was purified by column
chromatography (EtOAc/hexane, 5:1) to give 29 (0.85 g, 2.96 mmol, 58%) as a

white solid.

Spectroscopic data and physical constants for compound 29:
Mp: 84-86 °C (CHCl,).

[a]2):-104 (c = 1.0, CH;0H).

IR (ATR): 3336, 1759, 1682, 1681, 1650, 1513, 1170.

'H NMR (CDCls, 250 MHz): § 1.40 (s, 9H, 1Bu), 1.90-2.30 (m, 4H, Ha, Hs), 3.28
(m, 1H, Hy), 3.75 (s, 3H, Me), 4.06 (m, 2H, Hs), 4.42 (m, 1H, Hy), 5.45 (m, 1H,
NH), 6.08 (m, 1H, NH).

3C NMR (CDCls, 62.5 MHz):5 18.7, 28.7, 29.9, 41.7, 46.7, 52.8, 79.8, 155.6,
170.6, 173.6.

HRMS (ESI) calculated for C13H22N2OsNa (M+Na*): 309.1421. Found: 309.1419

218



7. Experimental Methodologies

((1R,2S)-2-(tert-Butoxycarbonylamino)cyclobutane-1-carbonyl)

glycine, 43
o) o
0.25 M NaOH
)\N/\COZMe )\N/\COZH
\ H THF/H,0, 0°C, 4 h 3 %\ H
NHBoc NHBoc
29 43

To an ice-cooled solution of dipeptide 29 (370 mg, 1.29 mmol) in a 1:4
mixture of THF/water (60 mL), 0.25 M aqueous NaOH solution (13 mL, 3.23 mmol)
was added. The mixture was stirred at 0 °C for 4 h. The mixture was washed with
CH2Cl2 (1 x 20 mL) before being acidified to pH 2 with 2 M HCI. The aqueous layer
was extracted with EtOAc (8 x 20 mL) and the organic layer was dried over

anhydrous MgSOy, filtered and evaporated under reduced pressure to afford the
corresponding carboxylic acid 43 (360 mg, quantitative) as a white solid. This

compound was used without further purification.

Spectroscopic data and physical constants for compound 43:
Mp: 112-114 °C (CHCl,).

[a]2): -80 (c = 1.0, CH;OH).

IR (ATR): 3336, 2966, 1679, 1648, 1513.

'H NMR (CDCls, 250 MHz): 5 1.39 (s, 9H, 1Bu), 1.90-2.31 (m, 4H, Has, Ha), 3.34
(m, 1H, Hy), 3.96 (m, 1H, Hs), 4.11 (m, 1H, Hs), 4.41 (m, 1H, Hp), 5.57 (m, 1H,
NH), 6.66 (m, 1H, NH).

3C NMR (CDCl3, 62.5 MHz):5 18.0, 28.2, 30.2, 41.6, 46.1, 79.8, 155.7, 173.7.

HRMS (ESI) calculated for C12H20N2OsNa (M+Na*): 295.1264. Found: 295.1261
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Trifluoroacetate salt of 29, 44

0 o
)LN/\ CO,Me TFA, Et;SiH )LN/\COzMe
H _ 4 1 H
> CH,Cl,, r.t., 5h N
NHBoc 2l L NH; TFA
29 44

To a solution of compound 44 (0.35 g, 1.22 mmol) in anhydrous CHCl, (20
mL) was added Et3SiH (0.58 mL, 3.66 mmol, 3 eq) and TFA (1.22 mL, 15.9 mmol,
13.0 eq) at room temperature, and the mixture was stirred for 5 h. The organic
solvent was evaporated under reduced pressure and the excess of TFA was
eliminated by lyophilisation. The crude of 44 (0.37 g, quantitative yield) was used

in the next step without further purification.

Spectroscopic data for compound 44:

'H NMR (250 MHz, CD;0D): & 2.15-2.48 (m, 4H, Ha, Ha), 3.43 (m, 1H, H,), 3.71
(s, 3H, Me), 3.96 (m, 2H, Hs), 4.01 (m, 1H, Hy).

Spectroscopic data are consistent with those reported in reference:

Celis, S.; Gorrea, E.; Nolis, P.; llla, O.; Ortuno, R, M. Org. Biomol. Chem., 2012,
10, 861-868.
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E{LNAC%H . N~ CO,Me
H H
NHBoc NH; TFA™
43 44

7. Experimental Methodologies

10 Cl)
MeO b,
. \”/\H ™6
FDPP, DIPEA 0 87
O S
5
DMF, rt., 18 h NH
tOR
32
NHBoc

TPb

A solution containing the free carboxylic acid 43 (0.35 g, 1.29 mmol), the
amine 44 (0.36 g, 1.22 mmol, 1.0 eq), DIPEA (1.6 mL, 7.32 mmol, 6.0 eq), and
FDPP (0.61 g, 1.59 mmol, 1.3 eq) in anhydrous DMF (21 mL) was stirred at room

temperature overnight. Then, ethyl acetate (20 mL) was added and the combined

organic layers were washed with saturated agueous NaHCOg3 (3 x 15 mL). The

organic layer was dried over MgSQO,4 and solvents were removed under reduced

pressure. The residue was purified by column chromatography using ethyl acetate
as eluent to afford TPb (0.30 g, 57%) as a white solid.

Spectroscopic data and physical constants for TPb:

Mp: 168-170 °C (CHZCIZ)

[a]7):-157 (c = 1.0, CH30OH).

IR (ATR): 3327, 2952, 1733, 1681, 1639, 1516.

'H NMR (CDCls, 400 MHz):  1.38 (s, 9H, Bu), 1.88 (m, 2H), 2.05-2.29 (m, 6H),
3.27 (m, 2H, Hs, Ho), 3.74 (s, 3H, Me), 3.83 (m, 3H), 4.14 (m, 1H), 4.38 (m, 1H,
H,), 4.69 (m, 1H, Hg), 5.79 (m, 1H, NH), 6.61 (m, 1H, NH), 7.39 (m, 1H, NH,

7.89 (m, 1H, NH).

3C NMR (CDCl3, 100 MHz):5 18.1, 18.5, 28.2, 28.8, 29.4, 41.3, 41.5, 43.0, 44.9,
45.5, 45.9, 46.4, 48.1, 52.3, 79.3, 155.3, 169.1, 171.0, 173.0.

HRMS (ESI) calculated for CooH3oN4O7Na (M+Na*): 463.2163. Found: 463.2163
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Trifluoroacetate salt of TPb, 45

O 10 OI
MeO | MeO
Y eyl
o | TFA, Et;SiH 0 g7
O 3 - o 5 N
P NH CH,Cly, ., 6h P NH
D o) 32\ O
“NHBoc NHz TFA~
TPb 45

To a solution of compound TPb (0.36 g, 0.85 mmol) in anhydrous CHxClI>
(20 mL) was added Et3SiH (0.4 mL, 2.55 mmol, 3 eq) and TFA (0.85 mL, 11.05

mmol, 13.0 eq) at room temperature, and the mixture was stirred for 6 h. The
organic solvent was evaporated under reduced pressure and the excess of TFA
was eliminated by lyophilisation. The crude of 45 (0.37 g, quantitative yield) was

used in the next step without further purification.

Spectroscopic data for compound 45:

'H NMR (250 MHz, CD30D): § 1.91-2.44 (m, 8H, Has, Ha, He, H-), 3.34-3.53 (m,
2H, Hy, Ho), 3.75 (s, 3H, Me), 3.79-4.06 (m, 5H, Ha, Hs, Hio), 4.67 (m, 1H, Hs)

Spectroscopic data are consistent with those reported in reference:

Celis, S.; Gorrea, E.; Nolis, P.; llla, O.; Ortuno, R, M. Org. Biomol. Chem., 2012,
10, 861-868.
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4-([2,2':6',2"-Terpyridin]-4'-yl)benzoic acid, 40

0 0 | NH,OH, NaOH
H OH I EoH,40°C, o

40

4-Formylbenzoic acid (5.57 g, 37.1 mmol) was dissolved in ethanol (120
mL). To this mixture was added 1-(pyridine-2-yl)ethanone (8.55 g, 70.6 mmol, 1.9
eq) and 6 mL of concentrated NH,OH followed by the addition of NaOH (2.5 g)
dissolved in 6 mL of H,O. The reaction was stirred open to the air at 40 °C overnight
during which time a white precipitate began to form. The reaction was cooled, and
the precipitate was collected to give 40 (5.5 g). Allowing the filtrate to sit for an
additional day yielded more precipitate, which yielded additional product (2.5 g). 40

was used without further purification (8.0 g, 61%) as a white solid.

Spectroscopic data for compound 40:

'H NMR (250 MHz, DMSO-dg): 5 7.52 (dd, 2H), 7.83 (d, 2H), 8.04 (dt, 2H), 8.07
(d, 2H), 8.64 (d, 2H), 8.72 (s, 2H), 8.76 (d, 2H).

Spectroscopic data are consistent with those reported in reference:

Ashford, D. L.; Song, W.; Concepcion, J. J.; Glasson, C. R. K.; Brennaman, M.
K.; Norris, M. R.; Fang, Z. F.; Templeton, J. L.; Meyer, T. J. J. Am. Chem. Soc.
2012, 134, 19189
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terpyDP

HNY 40, FDPP, DiPEA

O DMF, r.t.,, 18 h

39 terpyDP

Acid 40 (0.141 g, 0.4 mmol) and FDPP (0.2 g, 0.52 mmol, 1.3 eq) were
dissolved in DMF (8 mL) and DIPEA (0.25 mL, 1.6 mmol, 4 eq) was added under
nitrogen atmosphere. After stirring for 10 min the amine 39 (0.136 g, 0.4 mmol, 1
eq) in DMF (6 mL) were added and the reaction was stirred at room temperature
overnight. Then, the solution was washed with saturated NaHCO;3 (3 x 10 mL) and
brine (10 mL). The organic phase was dried over MgSOQy, filtered and evaporated
under reduced pressure to give crude compound. The crude was purified by column
chromatography (EtOAc, 1:1 to EtOAc/MeOH, 1:1) to afford terpyDP (0.140 g, 0.33

mmol, 63%) as a white solid.

Spectroscopic data and physical constants for terpyDP:
Mp: decomposition at 239 °C (CH3zOH).

[a]2): +23 (c = 1.0, CH3OH).

IR (ATR): 3280, 2921, 2851, 2358, 1729, 1632, 1584 1541.

'H NMR (CDCls, 400 MHz): § 2.03 (m, 5H), 2.25-2.37 (m, 3H), 3.05 (m, 1H, H12),
3.24 (m, 1H, Hg), 3.74 (s, 3H, Me), 4.59 (m, 2H, H7, H11), 6.69 (m, 1H, NH), 7.39
(m, 2H), 7.92 (m, 4H), 7.98 (m, 2H), 8.69 (m, 2H), 8.75 (m, 4H), 9.00 (m, 1H,
NH).

3C NMR (CDCl3, 100 MHz): & 18.7, 18.8, 24.5, 26.9, 46.6, 47.2, 49.6, 51.7,

118.8, 121.4, 124.0, 127.6, 133.5, 136.9, 142.2, 148.8, 149.1, 155.9, 156.1,
168.0, 172.1, 173.6.

HRMS (ESI) calculated for C33H31NsOsNa (M+Na*): 584.2268. Found: 584.2259
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terpyTP
0] 11 17 -CO,Me
| 10 [
MeOW/\NJ, L Oy NH
H . =
0O D 40, FDPP, DIiPEA H H T14
o} $ g N\H\\<Nun0
NH 13\~ 18
DMF, r.t.,, 18 h 12
[&HW N
NH; TFA~
45 terpyTP

Acid 40 (0.170 g, 0.46 mmol) and FDPP (0.230 g, 0.6 mmol, 1.3 eq) were
dissolved in DMF (15 mL) and DIiPEA (0.5 mL, 3.2 mmol, 8 eq) was added under
nitrogen atmosphere. After stirring for 10 min the amine 45 (0.160 g, 0.46 mmol, 1
eq) in DMF (6 mL) were added and the reaction was stirred at room temperature
overnight. Then, the solution was washed with saturated NaHCO;3 (3 x 10 mL) and
brine (10 mL). The organic phase was dried over MgSOQy, filtered and evaporated
under reduced pressure to give crude compound. The crude was purified by column
chromatography (EtOAc, 1:1 to EtOAc/MeOH, 1:1) to afford terpyTP (0.280 g, 0.22

mmol, 49%) as a white solid.

Spectroscopic data and physical constants for terpyTP:
Mp: decomposition at 245 °C (CH3zOH).

[a]?):-40 (c = 0.29, CH3;0OH).

IR (ATR): 3285, 2948, 1737, 1630, 1585 1537.

'H NMR (CDCls, 400 MHz): & 1.92-2.06 (m, 2H), 2.23 (m, 4H), 2.47 (m, 2H),
3.30 (m, 1H, H14), 3.43 (m, 1H, Hy), 3.73 (s, 3H, Me), 3.82 (m, 2H), 4.05 (m, 1H),
4.21 (m, 1H), 4.68 (m, 1H), 4.99 (m, 1H), 6.44 (m, 1H, NH), 6.48 (m, 1H, NH),
7.06 (d, 1H, NH), 7.36 (m, 2H), 7.80 (d, 1H, NH), 7.88-7.93 (m, 6H), 8.65 (m,
2H), 8.72 (m, 4H).

3C NMR (CDCls, 100 MHz): & 18.1, 18.9, 28.8, 29.4, 30.5, 41.3, 45.0, 45.4,
52.4, 118.8, 121.3, 123.9, 127.9, 134.5, 136.9, 149.0, 149.3, 155.9, 171.1,
172.9.

HRMS (ESI) calculated for C3;H37N7OgNa (M+Na*): 698.2698. Found: 698.2702

225



7. Experimental Methodologies

Ru(pydic)(terpyDP)

Ru(p-cymene)Cl,

sodium pyridine-2,6
-dicarboxylate

terpyDP
MeOH / H,O , reflux, 24 h

Ru(pydic)(terpyDP)

[Ru(p-cymene)Clz]> (43 mg, 0.07 mmol, 0.5 eq) and terpyDP (80 mg, 0.14
mmol, 1 eq) were dissolved in MeOH (2 mL) under N, atmosphere. Sodium 2-
pyridine-2,6-dicarboxylate (30 mg, 0.14 mmol, 1 eq) was added in 0.6 mL of H,O
and 1.2 mL of MeOH and the whole reaction mixture was heated at 60 °C for 1 h.
After the reaction mixture was cooled to r.t. and CH2Cl, (20 mL) and H-O (20 mL)
were added. The organic layer was separated and the aqueous layer was extracted
with CH2Cl> (3 x 5 mL). The combined organic layer was dried over MgSQy,, filtered
and evaporated under reduced pressure to give crude compound. The crude was
purified by column chromatography (CH.Cl, to CH.Cl,/MeOH, 100:5) to afford
Ru(pydic)(terpyDP) (70 mg, 0.084 mmol, 60%) as a purple solid.

Spectroscopic data and physical constants for Ru(pydic)(terpyDP):
IR (ATR): 3261, 1725, 1615, 1540.

'H NMR (DMSO-ds, 400 MHz): 5 1.78-1.99 (m, 5H), 2.12 (m, 3H), 3.12 (m, 2H,
Hs, Hi2), 3.58 (s, 3H, Me), 4.34 (m, 1H), 4.53 (m, 1H), 6.84 (m, 1H), 7.46 (m,
1H), 7.57 (m, 2H), 7.78 (m, 1H), 7.91 (m, 1H), 8.00 (m, 2H), 8.10 (m, 2H), 8.20
(m, 2H), 8.34 (m, 3H), 8.87 (m, 2H), 8.95 (s, 2H).

3C NMR (DMSO-ds, 100 MHz): & 18.8, 18.9, 22.6, 26.0, 26.9, 29.2, 29.5, 45.8,
47.1,47.4,51.9,119.4,123.9, 124.1, 124.2, 127.4, 127.7, 128.5, 135.2, 138.3,
138.8, 139.2, 144.2, 150.6, 150.9, 160.4, 160.9, 165.6, 166.5, 171.5, 171.8,
173.6.

HRMS (ESI) calculated for C4oHz4NsOgRuNa (M+Na®): 851.1385. Found:
851.1384
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Ru(pydic)(terpyTP)

Ru(p-cymene)Cl,

sodium pyridine-2,6
-dicarboxylate

terpyTP
MeOH / H,0 , reflux, 24 h

Ru(pydic)(terpyTP)

[Ru(p-cymene)Clz]> (17 mg, 0.028 mmol, 0.5 eq) and terpyTP (38 mg, 0.055
mmol, 1 eq) were dissolved in MeOH (1 mL) under N. atmosphere. Sodium 2-
pyridine-2,6-dicarboxylate (12 mg, 0.055 mmol, 1 eq) was added in 0.3 mL of H,O
and 0.6 mL of MeOH and the whole reaction mixture was heated at 60 °C for 1 h.
After the reaction mixture was cooled to r.t. and CH2Cl, (20 mL) and H-O (20 mL)
were added. The organic layer was separated and the aqueous layer was extracted
with CH2Cl> (3 x 5 mL). The combined organic layer was dried over MgSQy,, filtered
and evaporated under reduced pressure to give crude compound. The crude was
purified by column chromatography (CH.Cl, to CH.>Cl,/MeOH, 100:5) to afford
Ru(pydic)(terpyTP) (28 mg, 0.030 mmol, 54%) as a purple solid.

Spectroscopic data and physical constants for Ru(pydic)(terpyTP):
IR (ATR): 3385, 1733, 1599, 1541.

'H NMR (DMSO-ds, 400 MHz): 5 1.84-2.29 (m, 8H), 3.01 (m, 1H), 3.23 (m, 1H),
3.53 (m, 2H), 3.60 (s, 3H, Me), 3.83 (m, 2H), 4.50 (m, 1H), 4.80 (m, 1H), 6.88
(m, 1H), 7.52 (m, 2H), 7.61 (m, 1H), 7.81 (m, 2H), 7.96 (m, 2H), 8.05 (m, 2H),
8.19 (m, 2H), 8.34 (m, 3H), 8.51(m, 1H), 8.65 (m, 1H), 8.89-8.97 (m, 4H).

3C NMR (DMSO-ds, 100 MHz): & 18.8, 22.6, 27.0, 28.8, 29.0, 29.2, 29.3, 29.5,
31.8, 45.2, 52.2, 55.4, 119.4, 123.9, 124.1, 124.3, 127.3, 127.6, 127.8, 128.3,
135.5, 138.3, 138.8, 150.4, 150.6, 150.8, 160.4, 161.0, 168.5, 170.8, 171.0,
171.4,171.5,172.7,173.1.

HRMS (ESI) calculated for CssH4NgO10RuNa (M+Na®): 965.1815. Found:
965.1824
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Pd(terpyTP)(CI)

Pd(MeCN),Cl,
terpyTP

cl
THF , reflux, 48 h

Pd(terpyTP)(Cl)

Pd(MeCN).Cl, (40 mg, 0.148 mmol, 1 eq) and terpyTP (100 mg, 0.148
mmol, 1 eq) were dissolved in THF (5 mL) under N> atmosphere and the reaction
mixture was heated to reflux for 48 h. After the reaction mixture was cooled to r.t.,
filtered and washed with CH>Cl, (3 x 5 mL) and H>O (2 x 5 mL). The precipitate was
collected to afford Pd(terpyTP)(Cl) (101 mg, 0.117mmol, 78%) as a dark solid.

Spectroscopic data and physical constants for Pd(terpyTP)(Cl):
IR (ATR): 3315, 1720, 1645, 1543.

'H NMR (DMSO-djs, 400 MHz): 5 1.85-2.31 (m, 8H), 3.24 (m, 2H), 3.52 (m, 1H),
3.60 (s, 3H, OMe), 3.80 (m, 3H), 4.51 (m, 1H), 4.77 (m, 1H), 7.80 (m, 1H), 7.89
(m, 2H), 7.98 (m, 1H), 8.06 (m, 2H), 8.27 (m, 2H), 8.51 (m, 2H), 8.74 (m, 3H),
8.88 (m, 2H), 9.03 (s, 2H).

3C NMR (DMSO-ds, 100 MHz): & 18.5, 18.9, 28.1, 28.7, 29.1, 29.4, 31.1, 41.0,
42.6, 44.6, 45.0, 46.0, 52.1, 121.9, 126.2, 128.3, 128.6, 129.3, 136.8, 137.2,
142.8, 152.1, 152.6, 154.9, 157.9, 165.3, 168.6, 171.0, 172.8, 173.0.

HRMS (ESI) calculated for C37H37N7OsCIPd (M*¥): 816.1534. Found: 816.1568

228



7. Experimental Methodologies

Benzyl ((1R,2S)-2-(tert-butoxycarbonylamino)cyclobutane-1-
carbonyl)-L-prolinate, 83

34
21
COM PyBOP, DIPEA o
D/ ’ NH(HCI)-Pro-OBn BocHN )
>~ 6
7
\NHBOC CH2C|2, r.t., 18 h BnO 9 8
0
27 83

Acid 27 (0.88 g, 4.1 mmol) and PyBOP (3.21 g, 6.2 mmol, 1.5 eq) were
dissolved in CHxCl, (50 mL) and DiPEA (2.83 mL, 16.4 mmol, 4 eq) was added
under nitrogen atmosphere. After stirring for 10 min NH(HCI)-Pro-OBn (1.0 g, 4.1
mmol, 1 eq) in CHxCl> (20 mL) was added and the reaction was stirred at room
temperature overnight. Then, the solution was washed with saturated NaHCOg (3
x 20 mL) and brine (20 mL). The organic phase was dried over MgSOQy, filtered and
evaporated under reduced pressure to give crude compound. The crude was
purified by column chromatography (EtOAc/hexane, 1:1) to give 83 (0.99 g, 2.5

mmol, 60%) as an oil.

Spectroscopic data and physical constants for compound 83:
[a]}):-123 (c = 1.2, CH,Cly)
IR (ATR): 3327, 2976, 1744, 1706, 1633, 1500, 1434.

'H NMR (CDCls, 250 MHz): 5 1.33 (s, 9H, tBu), 1.88-2.66 (m, 8H, Hs, Ha, H7,
Hg), 3.43 (m, 3H, Hs, He), 4,45 (m, 2H, Hy, Ho), 5.16 (m, 2H, CH»-Ph), 5.75 (br
d, 1H, J= 8.4 Hz), 7.27 (m, 5H, Ha).

3C NMR (CDCls, 62.5 MHz):5 18.5, 25.1, 28.7, 29.5, 29.6, 44.4, 46.4, 47.1,
59.1, 67.1, 79.4, 128.4, 128.6, 128.8, 136.1, 155.3, 172.4.

HRMS (ESI) calculated for CooHzoNoOsNa (M+Na®): 425.2134. Found:
425.2047.
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tert-Butyl(S)-2-(((1S,2R)-2-((S)-2-((benzyloxy)carbonyl)pyrrolidine-

1-carbonyl)cyclobutyl)carbamoyl)pyrrolidine-1-carboxylate, 84

1)2.0 M HCI in THF o e
CH.Cl, rt. 18 h
BocHN O 2 4 N O
5 H 14

80 N 2) N-Boc-L-proline  *K_NBoc ' s
PyBOP, DiPEA > BnO /
CH20|2, r.t., 18 h

0]

83 84

Protected dipeptide 83 (0.22 g, 0.55 mmol) was dissolved in CH2Cl, (20 mL).
A solution 2 M of HCI in THF (3.6 mL, 7.2 mmol, 13 eq) was added and the mixture
was stirred overnight at room temperature. The evaporation of the solvent under
reduced pressure affords the half-deprotected dipeptide. This product in CH>Cl, (6
mL) was added to a solution of N-Boc-L-proline (0.12 g, 0.55 mmol, 1 eq), PyBOP
(0.43 g, 0.83 mmol, 1.5 eq) and DIiPEA (0.38 mL, 2.2 mmol, 4 eq) in CHxCl, (12
mL), which was stirred beforehand for 10 min under nitrogen atmosphere. The
reaction mixture was stirred overnight at room temperature. The solution was
washed with saturated NaHCO3; (3 x 10 mL) and brine (10 mL). The organic phase
was dried over MgSOQO,, filtered and evaporated under reduced pressure.
Purification by column chromatography (EtOAc/hexane, from 1:1 to 1:0) gives 84
(0.22 g, 0.44 mmol, 80%) as an oil.

Spectroscopic data and physical constants for compound 84:
[CI]%O :-40 (c = 1.6, CHgClg)
IR (ATR): 3327, 2976, 1744, 1705, 1633, 1500.

"H NMR (CDCls, 250 MHz): 5 1.39 (s, 9H, 1Bu), 1.77-2.24 (m, 12H, Ha, Ha, He,
Hi1o, H1s, H1e), 3.39 (m, 5H, Hp, H11, H14), 4.17 (m, 1H, Hs), 4.51 (m, 1H, Hy7),
4.72 (m,1H, Ha), 5.07 (m, 2H, CH-Ph), 7.28 (m, 5H, Ha).

3C NMR (CDCl;, 62.5 MHz):5 18.3, 24.2, 24.7, 28.2, 28.4, 28.9, 29.2, 30.0,
42.9, 43.9, 46.8, 47.2, 58.4, 60.5, 66.7, 80.2, 128.0, 128.4, 135.6, 155.2, 171.7,
172.4.

HRMS (ESI) calculated for Co7H37N3Og (M*): 499.2714. Found: 499.2712.
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Tripeptide A
0 1) 2.0 M HCl in THF o 3 |°
N 0 CH,Cl,, r.t. 18 h { 0
H 2) NaHCO3 y, 5 6 H 4
N N
NBoc > 3 NH . 15
BnO 3) H,, Pd(OH),/C 2 ' HO /
18
O MeOH, r.t., 18 h o
84 A

Protected tripeptide 84 (0.15 g, 0.3 mmol) was dissolved in CH.Cl, (10 mL).
A solution of 2 M of HCI in THF (2 mL, 3.9 mmol, 13 eq) was added and the mixture
was stirred overnight at room temperature. The solvent was evaporated under
reduced pressure. The resulting crude was dissolved in water (4 mL) followed by
the addition of a NaHCOQOj3 solution until pH = 9 was reached. This aqueous solution
was extracted with CHxCl, (3 x 20mL), dried over MgSOQy, filtered and evaporated
to give the half-protected tripeptide. This product was dissolved in CH3zOH (8 mL)
and Pd(OH)./C (12 mg, 10% weight) was added. The mixture was stirred under 7
atm of H, at room temperature overnight. After this period, the crude was filtered
through Celite and washed with CH3zOH. The collected solvent was evaporated to

provide A (92 mg, 0.3 mmol, 99%) as a white solid.

Spectroscopic data and physical constants for A:
Mp: 142-144 °C (CHzOH)

[a]}):-107 (c = 1.0, CH3OH)

IR (ATR): 3321, 2967, 2872, 1747, 1628, 1543.

1H NMR (CDsoD, 600 MHZ)8 1.83-2.17 (m, 9H, H3, H3,, H4, Hg, H1o, H15, H15,,
H16, H16,), 2.38 (m, 3H, H4,, Hg,, H1o,), 3.27-3.36 (m, 2H, Hg, Hg,), 3.55 (m, 2H,
H14, H14,), 3.67 (m, 1H, H11), 4.26 (m, 2H, H5, H17), 4.65 (m, 1H, Hs)

3C NMR (CD3OD, 150 MHz):8 18.4 (C+o), 23.7 (Cg), 24.3 (C1s), 25.8 (Co), 29.1
(C16), 30.2 (C4), 43.6 (C11), 46.1 (C»), 46.4 (Cg), 46.9 (C14), 59.0 (C17), 59.5 (Cs),
167.8 (Cs), 171.0 (C12), 174.5 (C1s).

HRMS (ESI) calculated for C15H23N304 (M¥): 309.1791. Found: 309.1782.
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1-(tert-Butyl) 2-methyl (1S5,2R)-cyclobutane-1,2-dicarboxylate, 74

/COZMG

[]

Nco,H

27

Boc,O, DMAP

'BUOH, r.t., 4 h

71
32

/C02Me

\COQtBU

74

A solution of half-ester 27 (2.61 g, 16.5 mmol) in 54 mL of tert-butanol, Boc,O
(10.8 g, 49.5 mmol, 3 eq) and DMAP (0.60 g, 4.95 mmol, 0.3 eq) were subsequently
added. The mixture was stirred at room temperature for 4 h. Then, the solvent was
evaporated and the residue was purified by column chromatography (3:1 hexane-
EtOAc as eluent) affording the product 74 as a white solid (2.58 g, 12.1 mmol, 73%
yield).

Spectroscopic data for compound 74:

'H NMR (250 MHz, CDCl3): & 1.43 (s, 9H, Bu), 2.16 (m, 2H), 2.35 (m, 2H), 3.32
(m, 2H, Hs, Hp), 3.68 (s, 3H, Me).

Spectroscopic data are consistent with those reported in reference:

Izquierdo, S.; Martin-Vila, M.; Moglioni, A. G.; Branchadell, V.; Ortuno, R. M.,
Tetrahedron: Asymmetry, 2002, 13, 2403.

(1R,2S)-2-(tert-Butoxycarbonyl)cyclobutane-1-carboxylic acid, 75

D/COZMG 0.25 M NaOH i /COZH
3 2
Moo, THF/H,0, 0 C, 3 h Moo,
74 75

To an ice-cooled solution of ester 74 (1.57 g, 7.33 mmol) in a 1:10 THF-
water mixture (40 mL), 0.25 M sodium hydroxide aqueous solution (70 mL, 18.32
mmol, 2.5 eq) was added and the resultant mixture was stirred for 3 h. The reaction
mixture was washed with dichloromethane (50 mL), and 5% HCI aqueous solution
was added to the aqueous phase to reach pH 2. The acid solution was extracted

with ethyl acetate (4 x 80 mL) and dried over magnesium sulphate. Solvent was
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removed at reduced pressure to afford crude 75 as a yellowish oil (1.46 g, 7.29

mmol, 99% yield) without need of further purification.

Spectroscopic data for compound 75:

'H NMR (250 MHz, CDCls): 5 1.46 (s, 9H, Bu), 2.22 (m, 2H), 2.38 (m, 2H), 3.38
(m, 2H, H1, Hg)

Spectroscopic data are consistent with those reported in reference:

Izquierdo, S.; Martin-Vila, M.; Moglioni, A. G.; Branchadell, V.; Ortuno, R. M.,
Tetrahedron: Asymmetry, 2002, 13, 2403.

tert-Butyl (1S,2R)-2-((benzyloxycarbonyl)amino)cyclobutane-1-
carboxylate, 76

1) EtsN, CICO,Et,

/COZH acetone, 0 C, 30 min ,NHCbz
[ ] T
o 32
\COZtBu 2) NaN3, water, r.t., 2 h \COQtBu
3) BnOH, toluene, reflux, 18 h
75 76

To an ice-cooled solution of half-ester 75 (1.46 g, 7.3 mmol) in anhydrous
acetone (40 mL), triethylamine (1.3 mL, 9.5 mmol, 1.3 eq) and ethyl chloroformate
(1.3 mL, 9.5 mmol, 1.3 eq) were subsequently added. The mixture was stirred at O
°C for 30 minutes. Then, sodium azide (1.19 g, 18.2 mmol, 2.5 eq) in 25 mL of water
was added and the resultant solution was stirred at room temperature for 2 h. The
reaction mixture was extracted with dichloromethane (4 x 20 mL), and the organic
extracts were dried over magnesium sulphate and the solvents were removed
under reduced pressure. The crude was dissolved in toluene (50 mL) and benzyl
alcohol (1.43 mL, 16.6 mmol, 1.2 eq) was added. Then, the mixture was heated to
reflux for 18 hours. Toluene was removed under reduced pressure and then the
excess of benzyl alcohol was eliminated by lyophilisation. The residue was
chromatographed on silica gel (1:4 ethyl acetate-hexane as eluent) to afford
carbamate 76 (1.19 g, 3.90 mmol, 54% yield).

233



7. Experimental Methodologies

Spectroscopic data for compound 76:

'H NMR (250 MHz, CDCls): & 1.43 (s, 9H, Bu), 1.95 (m, 2H), 2.20 (m, 1H), 2.34
(m, 1H), 3.25 (m, 1H, Hy), 4,49 (m, 1H, H;), 5.08 (m, 2H, CH,-Ph), 5.65 (d, 1H,
J=9.4 Hz, NH), 7.34 (m, 5H, Ha).

Spectroscopic data are consistent with those reported in reference:

Izquierdo, S.; Martin-Vila, M.; Moglioni, A. G.; Branchadell, V.; Ortuno, R. M.,
Tetrahedron: Asymmetry, 2002, 13, 2403.

(1S,2R)-2-((Benzyloxy)carbonylamino)cyclobutane-1-carboxylic
acid, 77

NHCbz TFA, Et,SiH NHCbz
- 32

COztBU CHQCIZ, r.t., 12 h COZH

76 77

A mixture containing compound 76 (3.37 g, 11.0 mmol), TFA (11.7 mL, 152.1
mmol, 13 eq) and triethylsilane (2.5 mL, 30.0 mmol, 2.5 eq) in anhydrous
dichloromethane (25 mL) was stirred at room temperature for 12 h. The solvent was
evaporated and excess of TFA acid was removed by lyophilisation affording acid
77 as a yellowish oil (2.70 g, 10.8 mmol, 98% yield).

Spectroscopic data for compound 77:

'H NMR (250 MHz, CDCl3): 5 2.04 (m, 2H), 2.36 (m, 2H), 3.40 (m, 1H, Hy), 4,54
(m, 1H, H), 5.09 (m, 2H, CH»-Ph), 5.83 (m, 1H, NH), 7.35 (m, 5H, Ha).

Spectroscopic data are consistent with those reported in reference:

Izquierdo, S.; Martin-Vila, M.; Moglioni, A. G.; Branchadell, V.; Ortuno, R. M.,
Tetrahedron: Asymmetry, 2002, 13, 2403.
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Methyl (1S,2R)-2-((benzyloxy)carbonylamino)cyclobutane-1-

carboxylate, 70

,NHCbZ Mel, 082CO3 ,NHCbZ
m( s ¢
CO,H DMF, r.t. 18 h CO,Me
77 70

Acid 77 (0.9 g, 3.61 mmol) and Cs,CO3 (1.29 g, 3.96 mmol, 1.1 eq) were
dissolved in DMF (35 mL). Then, Mel (0.3 mL, 4.82 mmol, 1.3 eq) was added and
the mixture was stirred at room temperature overnight. The excess of Mel was
removed by bubbling N> and EtOAc (25 mL) was added. The solution was washed
with saturated NaHCOg3 (3 x 20 mL) and brine (20 mL). The organic phase was dried
over MgSQ,, filtered and evaporated under reduced pressure to give ester 70 as
an oil (0.99 g, 3.76 mmol, 95% yield).

Spectroscopic data for compound 70:

'H NMR (250 MHz, CDCls): & 1.97 (m, 2H), 2.18-2.43 (m, 2H), 3.39 (m, 1H, Hy),
3.66 (s, 3H, Me), 4.46 (m, 1H, H1), 5.08 (m, 2H, CH,-Ph), 5.64 (m, 1H, NH), 7.32
(M, 5H, Ha).

Spectroscopic data are consistent with those reported in reference:

Izquierdo, S.; Martin-Vila, M.; Moglioni, A. G.; Branchadell, V.; Ortuno, R. M.,
Tetrahedron: Asymmetry, 2002, 13, 2403.

Benzyl(S)-2-(((1R,2S)-2 (methoxycarbonyl)cyclobutyl)carbamoyl)

pyrrolidine-1-carboxylate, 85

1) Hy, Pd(OH),/C, HCI

NHCbz MeOH, r.t., 18 h o 33
D — NS =0
\ 2) N-Cbz-L-proline, —~ K [
CO,Me PyBOP, DiPEA 8, NCbz MeO
CH,Cly, r.t., 18 h
70 85
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Amino acid 70 (0.8 g, 3.0 mmol) was dissolved in CH3;OH (40 mL). Then,
Pd(OH)./C (80 mg, 10% weight) and 2 M HCl in THF (1.5 mL, 1eq) were added and
the mixture was stirred under 7 atm of Hz at r.t. overnight. After this period, the crude
was filtered through Celite and washed with CH3zOH. The collected solvent was
evaporated to provide the half-deprotected amino acid. This product in CHxCl, (20
mL) was added to a solution of N-Cbz-L-proline (0.75 g, 3.0 mmol, 1 eq), PyBOP
(2.34 g, 4.5 mmol, 1.5 eq) and DIPEA (2.1 mL, 12 mmol, 4 eq) in CHxCl, (25 mL),
which was stirred beforehand for 10 min under nitrogen atmosphere. The reaction
mixture was stirred overnight. The solution was washed with saturated NaHCO3 (3
x 10 mL) and brine (10 mL). The organic phase was dried over MgSOQy, filtered and
evaporated under reduced pressure. Purification by column chromatography
(EtOAc/hexane,1:) gives 85 (0.94, 2.6 mmol, 86%) as a white solid.

Spectroscopic data and physical constants for compound 85:
Mp: 46-47 °C (CH3;OH)

[a]?): +3 (c = 1.0, CH30OH)

IR (ATR): 3401, 2956, 1671, 1526, 1421.

'H NMR (CDCls, 250 MHz): & 1.88-2.22 (m, 8H, Hs, Ha, H7, Hg), 3.35 (m, 1H,
Hy), 3.52 (m, 2H, Hs), 3.65 (s, 3H, Me), 4.31 (m, 1H, Hy), 4.67 (m, 1H, He), 5.20
(m, 2H, CH,-Ph), 7.33 (m, 5H, Ha).

3C NMR (CDCls, 90 MHz): 8 18.7, 19.1, 23.5, 24.4, 29.1, 31.0, 44.1, 44.5, 51.7,
60.6, 67.3, 127.9, 128.5, 136.4, 171.2, 174.4.

HRMS (ESI) calculated for Ci9H24NoOsNa (M+Na®): 383.1577. Found:
383.1580.
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(1S,2R)-2-((S)-1-((Benzyloxy)carbonyl)pyrrolidine-2-carboxamido)

cyclobutane-1-carboxylic acid, 86

®) ®) 34
D 0.25 M NaOH Szl
N ’//40 > N 740
H' Meo THF/H,0,0C, 4 h T H o
NCbz 9_NCbz
85 86

To an ice-cooled solution of protected dipeptide 85 (0.5 g, 1.4 mmol) in 1:10
THF/water (60 mL), 0.25 M of NaOH aqueous solution (14 mL, 3.5 mmol, 2.5 eq)
was added and the resultant mixture was stirred for 4 h. Then, the mixture was
washed with CH2Cl, (20 mL) and 5% HCI aqueous solution was added to the
aqueous phase to reach pH 2. The acid solution was extracted with EtOAc (3 x 20
mL) and the organic phases were dried over MgSQOy, filtered and evaporated under
reduced pressure to give compound 86 (0.47 g, 1.4 mmol, 98%) as white solid

without need for further purification.

Spectroscopic data and physical constants for compound 86:
Mp: 70-71 °C (CH3OH).

[a]}):-18 (c = 0.8, CH30OH).

IR (ATR): 3306, 2952, 2881, 1701, 1655, 1524, 1409.

'H NMR (CDCls, 250 MHz):5 1.81-2.11 (m, 8H, Hs, Ha, H7, Hs), 3.36 (m, 1H, H1),
3.50 (m, 2H, Ho), 4.34 (m, 1H, Ho), 4.71 (m, 1H, He), 5.02 (m, 2H, CH,-Ph), 7.29
(M, 5H, Ha).

3C NMR (CDCls, 90 MHz):5 18.8, 28.4, 28.8, 29.5, 31.2, 43.9, 44.6, 47.0, 47.4,
60.9, 67.4, 127.8, 128.1, 128.5, 136.0, 155.8, 171.7, 176.5

HRMS (ESI) calculated for C1gH2oN2OsNa (M+Na*): 369.1421. Found: 369.1425
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Benzyl (S)-2-(((1R,2S)-2-((S)-2-((benzyloxy)carbonyl)pyrrolidine-1-

carbonyl)cyclobutyl)carbamoyl)pyrrolidine-1-carboxylate, 87

O 9 10
sl
o [] PyBOP, DIPEA . N w0
ST, _0 NH(HCI)-Pro-OBn 5 H 14
H [ > 3 NCbz N 15
HO CH-Cl,, r.t., 18 h BnO_Y
NCbz 2Llg, ILL, 2 7
0
86 87

Acid 86 (0.33 g, 0.95 mmol) and PyBOP (0.73, 1.4 mmol, 1.5 eq) were
dissolved in CH>Cl>(12 mL) and DiPEA (0.25 mL, 3.8 mmol, 4 eq) was added under
nitrogen atmosphere. After stirring for 10 min NH(HCI)-Pro-OBn (0.23 g, 0.95 mmol,
1 eq) in CH2Cl, (5 mL) were added and the reaction was stirred at room temperature
overnight. Then, the solution was washed with saturated NaHCO; (3 x 10 mL) and
brine (10 mL). The organic phase was dried over MgSOQy, filtered and evaporated
under reduced pressure to give crude compound 87. The crude was purified by
column chromatography (EtOAc/hexane, from 1:1 to 1:0) to afford 87 (0.35 g, 0.66

mmol, 69%) as a white solid.

Spectroscopic data and physical constants for compound 87:
Mp: 52-54 °C (CH3zOH).

[a]7):-30 (c = 1.0, CH30OH).

IR (ATR): 3315, 2951, 2880, 1685, 1629, 1524.

1H NMR (CDsoD, 400 MHZ)8 1.88-2.30 (m, 12H, H3, H4, Hg, H1o, H15, H16), 3.51-
3.60 (m, 5H, Hg, H11, H14), 4.27 (m, 1H, H5), 4.58 (m, 1H, H17), 4.96 (m, 1H, Hs),
5.24 (m, 4H, CHo-Ph), 7.39 (m, 10H, Ha).

3C NMR (CD3s0D, 150 MHz):5 17.4, 22.3, 23.6, 24.4, 24.7, 26.6, 28.9, 29.0,
29.8, 30.7, 31.7, 43.3, 43.9, 45.2, 45.5, 46.5, 59.4, 60.5, 67.1, 127.7, 128.1,
128.5, 136.2, 137.23, 155.6, 173.3.

HRMS (ESI) calculated for CaoHssN3OeNa (M+Na®): 556.2418. Found:
556.2432.
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Tripeptide B

11
N’ ""fo Ha, Pd(OH),/C 4 N w20
Ho R S T

3
NCbgnOYQ MeOH, rt., 18 h T s

16

0 0

87 B

Protected tripeptide 87 (0.24 g, 0.45 mmol) was dissolved in CH3zOH (12 mL)
and Pd(OH)./C (24 mg, 10% weight) was added. The mixture was stirred under 7
atm of H, at room temperature overnight. After this period, the crude was filtered
through Celite and washed with CH3zOH. The collected solvent was evaporated to
provide B (0.14 g, 0.45 mmol, 99%) as a white solid without need for further

purification.

Spectroscopic data and physical constants for B:
Mp: 173-176 °C (CH3OH).

[a]?): -33 (c = 1.0, CH;OH).

IR (ATR): 3204, 2950, 1673, 1573, 1447.

1H NMR (CDsoD, 400 MHZ)8 1.92-2.17 (m, 9H, H3, H3,, H4, Hg, H1o, H15, H15,,
H16, H16,), 2.30-2.44 (m, 3H, H4,, Hg,, H1o,), 3.38 (m, 2H, Hg, Hg,), 3.48 (m, 2H,
H14, H14,), 3.69 (m, 1H, H11), 4.31 (m, 1H, H5), 4.43 (m, 1H, H17), 4.81 (m, 1H,
Hs).

3C NMR (CD3s0D, 150 MHz):5 16.7, 23.7, 24.1, 27.9, 29.4, 29.7, 43.3, 45.8,
59.7,61.2, 168.2, 170.3, 177.9.

HRMS (ESI) calculated for C15H24N304 (M+H"): 310.1761. Found: 310.1760.
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(1S,3R)-3-Acetyl-2,2-dimethylcyclobutane-1-carboxylic acid, 78

RuCl3-H,0, NalO N 0 S o)
CH,Cl,/CH3CN/H,0, @
OH

0 rt, 18 h

//'/

73 78

To a stirred solution of (—)-verbenone 73 (4.5 mL, 29.3 mmol) in 2:2:3
dichloromethane/acetonitrile/water (240 mL) were added catalytic RuCl; hydrate
(0.12 g, 0.02 eq) and NalO4 (26.3 g, 123.0 mmol, 4.2 eq). The mixture was stirred
at room temperature for 18 h. The crude obtained was filtered through Celite® and
the organic layer was extracted with dichloromethane (3 x 40 mL). Then, the
combined organic extracts were dried over MgSO, and concentrated under vacuum
to afford the (—)-cis-pinonic acid 78 (4.74 g, 95% yield), which is used without further

purification.

Spectroscopic data for compound 78:

'H NMR (250 MHz, CDCls): & 0.97 (s, 3H, CHa), 1.45 (s, 3H, CHs), 1.91 (m, 1H,
H.), 2.07 (s, 3H, COCHa), 2.62 (m, 1H, Hy)), 2.86 (m, 2H, Hy, Ha).

Spectroscopic data are consistent with those reported in reference:

Burgess, K.; Li, S.; Rebenspies, J.; Tetrahedron Lett. 1997, 38, 1681-1684.

tert-Butyl (1S,3R)-3-acetyl-2,2-dimethylcyclobutane-1-

carboxylate, 79

o) S 0 Boc,O, DMAP 0] s 0]
OH BuOH, r.t., 4 h OBy

78 79

A solution of half-ester 78 (1.70 g, 9.99 mmol) in 35 mL of tert-butanol, Boc,O
(6.54 g, 29.96 mmol, 3 eq) and DMAP (0.37 g, 3.00 mmol, 0.3 eq) were

subsequently added. The mixture was stirred at room temperature for 4 h. Then,
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the solvent was evaporated and the residue was purified by column
chromatography (3:1 hexane-EtOAc as eluent) affording the product 79 as a white
solid (2.10 g, 9.29 mmol, 93% vyield).

Spectroscopic data for compound 79:

'H NMR (250 MHz, CDCls): § 0.90 (s, 3H, CHa), 1.39 (s, 3H, CHg), 1.42 (s, 9H,
tBu), 1.65-2.01 (m, 1H, Ha), 2.03 (s, 3H, COCHjs), 2.48-2.69 (m, 2H, Hi, Hs),
2.81 (m, 1H, Ha).

Spectroscopic data are consistent with those reported in reference:

Rouge, P.; Monglioni, A.; Moltrasio, G.; Ortuno, R., M., Tetrahedron: Asymmetry
2003, 742, 193-195

(1R,3S)-3-(tert-Butoxycarbonyl)-2,2-dimethylcyclobutane-1-

carboxylic acid, 80

0 E\ e} NaBrO 0O i\ e}
Dioxane/H50, 0 °C, 6h a

O'Bu HO O'Bu
79 80

To an ice cooled solution of ketone 79 (0.410 g, 1.8 mmol) in dioxane-water
(7:2, 13 mL) was added a sodium hypobromite solution, prepared from bromine
(0.33 mL, 6.5 mmol, 3.6 eq) and sodium hydroxide (0.50 g, 12.6 mmol, 7 eq) in 3:1
mixture of water-dioxane (24 mL). The resulting mixture was stirred for 6 hours at
0 °C. Then, sodium bisulphite was added (7 mL) and the mixture was brought to
acidic pH by adding 5% hydrochloric acid. The acid solution was extracted with
dichloromethane (4 x 30 mL) and the organic phases were dried over magnesium
sulphate and the solvent was evaporated under to dryness to afford carboxylic acid
80 as a white powder (0.383 g, 93% vyield).

241



7. Experimental Methodologies

Spectroscopic data for compound 80:

'H NMR (250 MHz, CDCls): & 1.01 (s, 3H, CHs), 1.30 (s, 3H, CHa), 1.41 (s, 9H,
1Bu), 1.90-2.05 (m, 1H, Ha), 2.39-2.55 (m, 1H, Hx’), 2.59-2.86 (m, 2H, H1, Ha).

Spectroscopic data are consistent with those reported in reference:

Aguado, G. P.; Moglioni, A. G.; Brousse, B. N.; Ortuno, R. M. Tetrahedron:
Asymmetry 2003, 14, 2445-2451.

tert-Butyl(1S,3R)-3-((benzyloxycarbonyl)amino)-2,2-dimethyl
cyclobutane-1-carboxylate, 81
. 1) EtsN, CICOzE, - .
0 S0 acetone, 0 C, 30 min S0
> 2> < 2) NaN3, water, r.t., 2 h CbzHN ‘ <

3) BnOH, toluene, reflux, 18 h

80 81

To an ice-cooled solution of acid 80 (0.30 g, 1.3 mmol) in anhydrous acetone
(10 mL), triethylamine (0.29 mL, 1.5 mmol, 1.5 eq) and ethyl chloroformate (0.2 mL,
2.0 mmol, 1.5 eq) were subsequently added. The mixture was stirred at 0 °C for 30
minutes. Then, sodium azide (145 mg, 2.2 mmol, 1.7 eq) in 5 mL of water was
added and the resultant solution was stirred at room temperature for 2 h. The
reaction mixture was extracted with dichloromethane (4 x 20 mL), and the organic
extracts were dried over magnesium sulphate and the solvents were removed
under reduced pressure. The crude was dissolved in toluene (13 mL) and benzyl
alcohol (0.17 mL, 1.95 mmol, 1.5 eq) was added. Then, the mixture was heated to
reflux for 18 hours. Toluene was removed under reduced pressure and then the
excess of benzyl alcohol was eliminated by lyophilisation. The residue was
chromatographed on silica gel (1:2 ethyl EtOAc-hexane as eluent) to afford

carbamate 81 as an oil (0.307 g, 0.92 mmol, 71% yield).
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Spectroscopic data for compound 81:

"H NMR (250 MHz, CDCls): § 0.95 (s, 3H, CHs), 1.30 (s, 3H, CHs), 1.46 (s, 9H,
Bu), 2.02 (m, 1H, Ha4), 2.25-2.36 (m, 1H, H4’), 2.51 (m, 1H, Hy), 3.90 (m, 1H, Hs),
5.13 (m, 2H, CH»>-Ph), 7.36 (m, 5H, Ha).

Spectroscopic data are consistent with those reported in reference:

Aguilera, J.; Moglioni, A. G.; Moltrasio, G. Y.; Ortuno, R. M. Tetrahedron:
Asymmetry 2008, 19, 302-308.

tert-Butyl(1S,3R)-3-amino-2,2-dimethylcyclobutane-1-carboxylate,
71
2 o Hp, Pd(OH),/C i o
CbzHN g HoN
OBy MeOH, r.t., 18 h 2
81 71

Carbamate 81 (0.50 g, 1.75 mmol) in methanol (5 mL) was hydrogenated
under 7 atmospheres of pressure in the presence Pd(OH)./C (0.1 g, 20% weight)
at r.t. overnight. The reaction mixture was filtered through Celite and solvent was
removed under vacuum to provide amine 71 as an oil (0.330 g, 1.66 mmol, 95%

yield), which is used without further purification.

Spectroscopic data for compound 71:

'H NMR (250 MHz, CDCls): & 1.08 (s, 3H, CHs), 1.24 (s, 3H, CHa), 1.42 (s, 9H,
1Bu), 1.95-2.34 (m, 2H, Ha, Hy), 2.46 (m, 1H, Hy)), 3.21 (m, 1H, Ha), 5.76 (m, 2H,
NH,).

Spectroscopic data are consistent with those reported in reference:

Aguilera, J.; Moglioni, A. G.; Moltrasio, G. Y.; Ortuno, R. M. Tetrahedron:
Asymmetry 2008, 19, 302-308.
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Benzyl(S)-2-(((1R,3S)-3-(tert-butoxycarbonyl)-2,2-
dimethylcyclobutyl)carbamoyl)pyrrolidine-1-carboxylate, 88

$ N-Cbz-L-proline, O O
L0 PyBOP, DiPEA SN @
HoN 7 H

O'Bu
OtBu CHQC|2, r.t., 18 h 6 NCbz

71 88

N-Cbz-L-proline (1.13 g, 4.5 mmol, 1 eq) and PyBOP (3.51 g, 6.8 mmol, 1.5
eq) were dissolved in CH2Cl, (30 mL) and DIPEA (3.2 mL, 18 mmol, 4 eq) was
added under nitrogen atmosphere. After stirring for 10 min amine 71 (0.90 g, 4.5
mmol) and CH.Cl, (16 mL) were added. The reaction was stirred at room
temperature overnight. Then, the solution was washed with saturated NaHCOs (3
x 20 mL) and brine (20 mL). The organic phase was dried over MgSOy, filtered and
evaporated under reduced pressure. The residue was purified by column
chromatography (EtOAc/hexane, 2:3) to afford 88 (1.21 g, 2.8 mmol, 62%) as a

white solid.

Spectroscopic data and physical constants for compound 88:
Mp: 47-48 °C (CH3;OH)

[a]2): -4 (c = 1.0, CH30OH)

IR (ATR): 3310, 2958, 1703, 1534.

'H NMR (CDCls, 400 MHz): 5 0.81 (s, 3H, CHa), 1.25 (s, 3H, CHg), 1.44 (s, 9H,
1Bu), 1.90-2.33 (m, 6H, Ha, He, Hy), 2.49 (dd, 1H, J = 9.7, 7.9 Hz, H,), 3.50 (m,
2H, Hs), 3.99 (m, 1H, Ha), 4.32 (m, 1H, Hg), 5.16 (m, 2H, CH,-Ph), 7.35 (m, 5H,
Har).

3C NMR (CDCl3, 100 MHz):8 16.8, 17.0, 24.5, 25.7, 28.2, 29.0, 43.9, 45.7, 48.6,
50.0, 60.3, 67.2, 80.5, 127.8, 128.5, 136.5, 161.1, 172.1.

HRMS (ESI) calculated for Co4HzsNo.OsNa (M+Na®): 453.2360. Found:
453.2369.
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(1S,3R)-3-((S)-1-((Benzyloxy)carbonyl)pyrrolidine-2-

carboxamido)-2,2-dimethylcyclobutane-1-carboxylic acid, 89

0O S 0 @) - @)
H3PO, (85%
N—2>—< POB) H—‘—«

H -
O'Bu toluene, r.t., 6 h

88 89

To a solution of dipeptide 88 (0.11 g, 0.26 mmol) in toluene (0.2 mL) was
added aqueous phosphoric acid (0.25 mL, 3.8 mmol, 15 eq, 85% weight) dropwise
and the resulting mixture was stirred for 6 h at room temperature. Water (5 mL) was
added, and the mixture was extracted with EtOAc (3 x 10 mL). The organic phases
were dried over MgSOQO., filtered and evaporated under reduced pressure to give

the compound 89 (96 mg, 0.26 mmol, 99%) as a white solid.

Spectroscopic data and physical constants for compound 89:
Mp: 65-66 °C (CH30OH)

[a]?): +4 (c = 0.8, CH30H)

IR (ATR): 3338, 2956, 1701, 1648, 1533.

'H NMR (CD50D, 400 MHz): 5 0.96 (s, 3H, Me), 1.28 (s, 3H, Me), 1.92-2.20 (m,
6H, Ha, He, H7), 2.59 (m, 1H, H1), 3.51 (m, 1H, Hs), 3.58 (m, 1H, Hs), 3.91 (m,
1H, Ha), 4.25 (m, 1H, Hg), 5.09 (m, 2H, CH,-Ph), 7.31 (m, 5H, Ha).

3C NMR (CD3s0D, 100 MHz):5 16.0, 23.1, 24.2, 26.2, 28.0, 31.5, 42.6, 45.7,
50.0, 59.8, 66.7, 127.6, 128.1, 136.5, 154.9, 173.7, 174.5.

HRMS (ESI) calculated for CooHzsNoOsNa (M+Na®): 397.1734. Found:
397.1735.
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Protected tripeptide 90

13 12
o) S0 PyBOP, DIPEA Q o Ao L
N NH(HCI)-Pro-OBn N $
H OH 4 5 H N—16
NCbz CH2C|2, r.t., 18 h 3 NCbz BnO 19 17
N o
89 90

Acid 89 (0.36 g, 0.96 mmol) and PyBOP (0.76 g, 1.45 mmol, 1.5 eq) were
dissolved in CH.Clx(12 mL) and DIiPEA (0.26 mL, 3.84 mmol, 4 eq) was added
under nitrogen atmosphere. After stirring for 10 min NH(HCI)-Pro-OBn (0.23 g, 0.96
mmol, 1 eq) in CHxCl, (5 mL) were added and the reaction was stirred at room
temperature overnight. Then, the solution was washed with saturated NaHCOg (3
x 10 mL) and brine (10 mL). The organic phase was dried over MgSOQy, filtered and
evaporated under reduced pressure. The crude was purified by column
chromatography (EtOAc /hexane, from 1:1 to 1:0) to give 90 (0.37 g, 0.66 mmol,

68%) as a white solid.

Spectroscopic data and physical constants for compound 90:
Mp: 91-92 °C (CH3;OH)

[a]?): -40 (c = 1.0, CH;0OH)

IR (ATR): 2957, 1686, 1625, 1529.

'H NMR (CDCls, 400 MHz):6 0.88 (s, 3H, Me), 1.37 (s, 3H, Me), 1.92-2.16 (m,
10H, Hs, Ha, Hi1, Hiz, Hig), 2.77 (&, 1H, J = 7.9 Hz, Hio), 3.54 (m, 4H, Ha, Hie),
4.06 (m, 1H, Hg), 4.33 (m, 1H, Hs), 4.55 (m, 1H, Hsg), 5.16 (m, 4H, CH,-Ph),
7.34 (m, 10H, Ha).

3C NMR (CDCl3, 100 MHz):8 17.5, 24.9, 25.5, 29.0, 30.0, 31.3, 43.4, 47.1, 50.2,
58.9, 60.8, 66.7, 67.3, 127.9, 128.1, 128.6, 135.7, 136.5, 171.1, 172.1.

HRMS (ESI) calculated for CasH3zgN3OeNa (M+Na®): 584.2731. Found:
584.2737.

246



7. Experimental Methodologies

Tripeptide C

O 'h:\ O O .:\\\ O
N H,, Pd(OH),/C N 810
H N 4 5 H N—6
NCbz Bno\ro MeOH, r.t., 18 h L\ HO%Q”
18

90 Cc

Protected tripeptide 90 (0.18 g, 0.32 mmol) was dissolved in CHzOH (10 mL)
and Pd(OH)./C (0.018 g, 10% weight) was added. The mixture was stirred under 7
atm of H, at room temperature overnight. After this period, the crude was filtered
through Celite and washed with CH3zOH. The collected solvent was evaporated to
provide tripeptide C (0.11 g, 0.32 mmol, 99%) as a white solid without need for

further purification.

Spectroscopic data and physical constants for C:
Mp: 154-156 °C (CH3OH)

[a]2):-10 (c = 0.5, CH;0OH)

IR (ATR): 2956, 1671, 1608, 1552, 1448.

'H NMR (CDsOD, 400 MHz):5 0.98 (s, 3H, Me), 1.40 (s, 3H, Me), 2.04 (m, 9H,
Has, H' Ha, Hi1, Hit, Hiz, Hi7', Hig, Hig), 2.44 (m, 2H, Hy', Hio), 2.99 (m, 1H,
Ha), 3.38 (M, 2H, Hz’ Hse), 3.59 (m, 1H, Hg), 3.71 (m, 1H, Hg), 4.06 (m, 1H, Hs),
4.22 (m, 1H, Hie).

3C NMR (CDsOD, 100 MHz):5 16.2, 16.5, 22.1, 23.6, 23.9, 24.4, 28.8, 29.8,
42.0, 45.9, 50.4, 59.6, 168.1

HRMS (ESI) calculated for C17H2sN304Na (M+H"): 338.2074. Found: 338.2085.
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tert-Butyl ((1S,3R)-3-acetyl-2,2-dimethylcyclobutyl)carbamate, 82
1) EtzN, CICO,EH,

\ acetone, 0 C, 30 min S
O>\|||--2>---ll/<o > \ /O
HO 2) NaN3, water, r.t., 2 h BOCHN""""'<

3) 'BUOH, reflux, 18 h

78 82

To an ice-cooled solution of acid 78 (3.01 g, 17.7 mmol) in anhydrous
acetone (80 mL), triethylamine (2.96 mL, 21.2 mmol. 1.2 eq) and ethyl
chloroformate (2.02 mL, 21.2 mmol, 1.2 eq) were subsequently added. The mixture
was stirred at 0 °C for 30 minutes. Then, sodium azide (1.84 g, 28.3 mmol, 1.6 eq)
in 25mL of water was added and the resultant solution was stirred at room
temperature for 2 h. The reaction mixture was extracted with dichloromethane (4 x
30 mL), and the organic extracts were dried over magnesium sulphate and the
solvents were removed under reduced pressure. The crude was dissolved in tert-
butanol (80 mL)and the mixture was heated to reflux for 18 hours. The solvent was
evaporated under reduced pressure and the residue was chromatographed on
silica gel (1:3 ethyl acetate-hexane as eluent) to afford carbamate 82 as a white
solid (2.21 g, 9.20 mmol, 52% vyield).

Spectroscopic data for compound 82:

'H NMR (250 MHz, CDCls): & 0.70 (s, 3H, Me), 1.26 (s, 3H, Me), 1.30 (s, 9H,
1Bu), 1.94 (s, 3H, COCHj), 2.00 (m, 2H, Ha), 2.60 (m, 1H, Hs), 3.70 (m, 1H, Hy),
4.85 (brs, 1H, NH).

Spectroscopic data are consistent with those reported in reference:

Aguilera, J.; Moglioni, A. G.; Moltrasio, G. Y.; Ortuno, R. M. Tetrahedron:
Asymmetry 2008, 19, 302-308.
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(1R,3S)-3-((tert-Butoxycarbonyl)amino)-2,2-dimethylcyclobutane-

1-carboxylic acid, 72

° o NaBrO \ o)
e --|||/ = ||----|||/
BocHN 2> { Dioxane/H,0,0°C, 6n 22N ‘ <OH

82 72

To an ice cooled solution of ketone 82 (1.0 g, 4.14 mmol) in dioxane-water
(7:2, 30 mL) was added a sodium hypobromite solution, prepared from bromine
(0.76 mL, 14.9 mmol, 3.6 eq) and sodium hydroxide (1.15g, 29.0 mmol, 7 eq) in 3:1
mixture of water-dioxane (55 mL). The resulting mixture was stirred for 6 hours at
0 °C. Then, sodium bisulphite was added (16 mL) and the mixture was brought to
acidic pH by adding 5% hydrochloric acid. The acid solution was extracted with
dichloromethane (4 x 40 mL) and the organic phases were dried over magnesium
sulphate and the solvent was evaporated under to dryness to afford carboxylic acid
72 as a white solid (0.907 g, 3.73 mmol, 90% yield).

Spectroscopic data for compound 72:

'H NMR (250 MHz, CDCls): & 0.99 (s, 3H, Me), 1.30 (s, 3H, Me), 1.45 (s, 9H,
1Bu),2.17 (m, 2H, Ha), 2.59 (m, 1H, Hs), 3.83 (m, 1H, Hy), 4.70 (brs, 1H, NH).

Spectroscopic data are consistent with those reported in reference:

Aguilera, J.; Moglioni, A. G.; Moltrasio, G. Y.; Ortuno, R. M. Tetrahedron:
Asymmetry 2008, 19, 302-308.
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Benzyl((1R,35)-3-((tert-butoxycarbonyl)amino)-2,2-

dimethylcyclobutane-1-carbonyl)-L-prolinate, 91

.f\\ 0
PyBOP, DIPEA B HN........./
B i /<0 NH(HCI)-Pro-OBn o <N 5
ocC fre e =
OH CH,Cly, r.t., 18 h B”ON 6
7

72 91

Acid 72 (1.00 g, 4.1 mmol) and PyBOP (3.21 g, 6.2 mmol, 1.5 eq) were
dissolved in CHxCl, (50 mL) and DiPEA (2.83 mL, 16.4 mmol, 4 eq) was added
under nitrogen atmosphere. After stirring for 10 min NH(HCI)-Pro-OBn (1.0 g, 4.1
mmol, 1 eq) in CH.Cl> (20 mL) were added and the reaction was stirred at room
temperature overnight. Then, the solution was washed with saturated NaHCOg (3
x 20 mL) and brine (20 mL). The organic phase was dried over MgSOQy, filtered and
evaporated under reduced pressure to give crude compound. The crude was
purified by column chromatography (EtOAc/hexane, 1:1) to afford 91 (0.94 g, 2.2

mmol, 53%) as a white solid.
Spectroscopic data and physical constants for compound 91:
Mp: 95-98 °C (EtOAc).
[a]):-50 (c = 0.8, CH;OH)
IR (ATR): 3391, 2971, 2863, 1749, 1705, 1634, 1507.

'H NMR (CDCls, 400 MHz): 5 0.88 (s, 3H, Me), 1.36 (s, 3H, Me), 1.43 (s, 9H,
1Bu), 1.95-2.25 (m, 6H, Ha, He, H7), 2.78 (t, 1H, J =8.0 Hz, Ha), 3.46 (m, 1H, Hs),
3.64 (m, 1H, Hs), 3.80 (m, 1H, H), 4.52 (d, 1H, J = 7.2 Hz, Hg), 5.11 (m, 2H,
CHa-Ph), 7.33 (m, 5H, Ha).

3C NMR (CDCls, 100 MHz):5 17.9, 25.2, 26.3, 28.8, 29.6, 30.3, 43.8, 45.8, 47.6,
51.9, 59.3, 67.2, 128.5, 128.9, 136.2, 155.9, 171.5, 172.6.

HRMS (ESI) calculated for Co4HzsNo.OsNa (M+Na®): 453.2523. Found:
453.2528.
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Protected tripeptide, 92

R 1) 2.0 M HCl in THF
' CH,Cly, rt. 18 h
BocHN'---2>I--'-/< 272 N %>°/(
N 16
BnO 2) N-Cbz-L-proline BnO
YQ PyBOP, DIPEA NCbz 8

(@) CH2C|2, rt., 18 h

91 92

Protected dipeptide 91 (0.65 g, 1.5 mmol) was dissolved in CH2Cl, (40 mL).
A solution 2M of HCI in THF (10 mL, 20 mmol, 13 eq) was added and the mixture
was stirred at room temperature overnight. The evaporation of the solvent under
reduced pressure affords the half-deprotected dipeptide. This product dissolved in
CHxCI, (16 mL) was added to a solution of N-Cbz-L-proline (0.37 g, 1.5 mmol, 1
eq), PyBOP (1.19 g, 2.3 mmol, 1.5 eq) and DiPEA (1.0 mL, 6 mmol, 4 eq) in CH.Cl,
(33 mL), which was stirred beforehand for 10 min under nitrogen atmosphere. The
reaction mixture was stirred overnight at room temperature. The solution was
washed with saturated NaHCO3; (3 x 25 mL) and brine (25 mL). The organic phase
was dried over MgSOQO,, filtered and evaporated under reduced pressure.
Purification by column chromatography (EtOAc/hexane, from 1:2 to 1:0) gives 92
(0.51 g, 0.91 mmol, 61%) as a white solid.

Spectroscopic data and physical constants for compound 92:

Mp: 54-55 °C (EtOAc).

[a]2):-113 (c = 1.1, CH;0H).

IR (ATR): 3312, 2952, 1702, 1677, 1636, 1529.

'"H NMR (CDCls, 400 MHz): & 0.90 (s, 3H, Me), 1.40 (s, 3H, Me), 1.94-2.34 (m
10H, Hs, H4, Hi1, Hi7, Hig), 2.85 (t, 1H, J =7.1 Hz, Hyp), 3.49-3.65 (m, 4H, Hy,

H16), 4.09 (m, 1H, Hs), 4.36 (m, 1H, H5), 4.55 (m, 1H, H19), 5.16 (m, 4H, CHg-
Ph), 7.36 (m, 10H, Ha).

3C NMR (CDCl3, 100 MHz):8 17.8, 24.7, 25.5, 29.2, 29.8, 43.9, 47.1, 50.4, 58.8,
60.7, 66.6, 67.2, 128.0, 128.4, 135.7, 171.2, 172.2.

HRMS (ESI) calculated for CzoHzgN3zOeNa (M+Na*): 584.2731. Found: 584.2732

251



7. Experimental Methodologies

Tripeptide D

o) S0
H /( H,, Pd(OH),/C /<
N 16
NCbz BnON MeOH, r.t., 18 h
@] 8
92 D

Protected tripeptide 92 (0.25 g, 0.45 mmol). was dissolved in CH3;OH (12
mL) and Pd(OH)./C (10% weight) was added. The mixture was stirred under 7 atm
of Hz at room temperature overnight. After this period, the crude was filtered through
Celite and washed with CH3OH. The collected solvent was evaporated to provide
tripeptide D (0.15 g, 0.45 mmol, 99%) as a white solid.

Spectroscopic data and physical constants for D:
Mp: 137-140 °C (CH3OH). [a]2):-110 (c = 0.90, CH3;OH).

IR (ATR): 3383, 3067, 2956, 1721, 1671, 1609, 1562, 1447.

"H NMR (CD3s0D, 600 MHz): major conformation:5 0.92 (s, 3H, Me;,), 1.40 (s,
3H, Me13), 1.96-2.09 (m, 6H, Hs, Hs', Ha, Hi7, Hi7', Hig), 2.21-2.26 (m, 2H, Hi4,
Hig’), 2.42 (m, 1H, H41"), 2.49 (m, 1H, Hy'), 3.04 (t, 1H, J=8.6 Hz, H1c), 3.41 (m
2H, Hy, Hy'), 3.54 (m, 1H, Hig), 3.74 (m, 1H, Hi¢'), 4.13 (t, 1H, J = 9.1 Hz, Hs),
4.31 (m, 1H, Hs), 4.38 (m, 1H, H1g). minor conformation: & 0.99 (s, 3H, Me12),
1.31 (s, 3H, Me3), 1.96-2.09 (m, 5H, Hs, Hs', Ha, Hi7, H17'), 2.17-2.25 (m, 3H,
H11, His, Hig'), 2.42 (m, 1H, H41’), 2.49 (m, 1H, Hy'), 2.87 (t, 1H, J= 8.6 Hz, Hyo),
3.41 (m, 2H, Ha, Hy’), 3.61 (m, 1H, Hs6), 3.74 (m, 1H, H4¢'), 4.05 (t, 1H, J=8.9
Hz, Hg), 4.31 (m, 1H, Hs), 4.50 (m, 1H, Hyo).

3C NMR (CDsOD, 150 MHz): major conformation:5 16.5 (C12), 23.8 (Cs), 24.3
(C11, C17), 29.0 (C13), 29.3(C1g), 30.3 (C4), 42.7 (C1o), 45.9 (Cy, Co), 47.3 (Ce),
50.0 (Cg), 59.5 (Cs), 60.2 (C1g), 168.3 (Cg), 170.9 (C1s), 176.3 (Czo). minor
conformation:5 16.1 (C12), 21.8 (C17), 23.7 (C3), 25.2 (C11), 28.5 (C13), 30.2 (C4),
31.3 (Cyg), 42.2 (C1), 46.1 (Cy), 46.4 (Cy), 47.3 (C1s), 50.4 (Cg), 60.2 (Cs), 61.1
(C1g), 168.1 (Cg), 171.5 (C14), 176.5 (Co).

HRMS (ES') calculated for C17H27N304 (M+): 337.2001. Found: 337.2002.
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Benzyl tert-butyl ((1S,25)-cyclobutane-1,2-diyl)dicarbamate, 99

1) EtsN, CICO,Et,

COH acetone, 0 °C, 30 min NHCbz
- 32
2) NaNj, water, r.t.,, 2 h
NHBoc NHBoc
3) BnOH, toluene, reflux, 18 h
36 99

Carboxylic acid 36 (400 mg, 1.9 mmol) was dissolved in anhydrous acetone
(40 mL) and ethyl chloroformate (0.2 mL, 2.1 mmol) and triethylamine (0.26 mL, 1.9
mmol) were added at 0 °C under nitrogen atmosphere and the reaction mixture was
stirred for 30 minutes. Then, NaN3 (0.19 g, 1.6 eq, 3.0 mmol) dissolved in water (5
mL) was added and the mixture was stirred at room temperature for 2 hours. After
that, the reaction mixture was extracted with CH2Cl2 (3 x 30 mL) and the organic
layer was dried with MgSO4 and the solvent was evaporated. 0.36 g (1.5 mmol, 80
% yield) of the acyl azide were obtained as a yellow oil, which was used directly in
the following step. Acyl azide (0.36 g, 1.5 mmol) was dissolved in anhydrous
toluene (80 mL) and 0.4 mL (3.9 mmol) of benzyl alcohol were added. The mixture
was refluxed for 18 hours. After that, the solvent was evaporated under vacuum
and the excess of benzyl alcohol was lyophilised. The reaction crude was purified
by column chromatography using silica gel (EtOAc-hexane; 1:3) to obtain 9 (410
mg, 1.3 mmol, 70 % vyield) as a yellow oil. WARNING: Acyl azide intermediate

should be carefully manipulated because of its explosive nature.

Spectroscopic data for compound 99:

'H NMR (250 MHz, CDCls): 5 1.45 (s, 9H, Bu), 1.50 (m, 2H), 2.16 (m, 2H), 3.88
(m, 2H, Hy, Hy), 4.93 (broad s, 1H, NH), 5.10 (m, 2H, CH,-Ph), 5.83 (broad s,
1H, NH), 7.37 (m, 5H, Ha,).

Spectroscopic data are consistent with those reported in reference:

Sans, M.; llla, O.; Ortufio, R. M. Org. Letters 2012, 14, 10, 2431-2433
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tert-Butyl ((1S,2S)-2-aminocyclobutyl)carbamate, 100

~NHCbz H,, Pd(OH),/C _ NH2
> 32
NHBoc MeOH, r.t., 18 h NHBoc
99 100

Protected diamine 99 (0.3 g, 0.93 mmol) was dissolved in MeOH (15 mL)
and Pd(OH). (0.09 g, 30% weight) was added. The reaction mixture was stirred at
room temperature under 7 atm of pressure for 18 h. Then, the crude was filtered
through Celite and washed with MeOH (3 x 15 mL). The solvent was evaporated

under reduced pressure to afford 100 (0.15 g, 0.73 mmol, 84% yield) as a colourless

oil.

Spectroscopic data for compound 100:

'H NMR (250 MHz, CD50D): & 1.43 (s, 9H, Bu), 1.6 (m, 2H), 2.01 (m, 2H), 3.12

(m, 1H, H4), 3.61 (m, 1H, Hy).

Spectroscopic data are consistent with those reported in reference:

Sans, M.; llla, O.; Ortuno, R. M. Org. Letters 2012, 14, 10, 2431-2433.

(1S,25)-Cyclobutane-1,2-diamine, 101

1) 2.0 M HCl in ether

NH CH,Cly, r.t. 4 h NH;
2) K,CO ] iz
2 3
NHBoc CH,Cly, rt. 2h NH
100 101

Half protected diamine 100 (0.07 g, 0.38 mmol) was dissolved in DCM (5
mL). Then, a solution of 2 M HCI in ether (2.8 mL, 5.63 mmol, 15 eq) was added.
The reaction was stirred at room temperature for 4 h. After this period, the solvent
was evaporated under reduced pressure. Then, the crude product was dissolved in
DCM (10 mL) and stirred over an excess of K.CO3 (0.41 g, 3 mmol). After 2 h, the
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solution was filtered and evaporated to reduced pressure to afford 101 (0.25 g, 0.3
mmol, 80% vyield) as a yellow oil. It should be noted that the filtrate often contained
very little product when the reaction was performed on a larger scale. When this
occurred, the slurry containing product and Ko.COj3 could be carried directly through

to the next step (assuming 100% product) and afforded excellent yields.

Spectroscopic data for compound 101:
"H NMR (250 MHz, CDs0D): § 1.61 (m, 2H), 2.14 (m, 2H), 3.30 (m, 2H, H1, H)

Spectroscopic data are consistent with those reported in reference:

Sans, M.; llla, O.; Ortuno, R. M. Tetrahedron 2016, 72, 2913-2919.

Tetra-tert-butyl 2,2',2",2"'-(((1S,2S)-cyclobutane-1,2-
diyl)bis(azanetriyl))tetraacetate, 102

NH tert-butyl bromoacetate, 43
SR Kl, DiPEA ju NN
L DMF,rt,18h  BUOL )N NL CO7Bu
NH, o 'BUO,C CO,Bu
101 102

To a solution of 101 (65.6 mg, 0.75 mmol), potassium iodide (480 mg, 2.89
mmol, 3.85 eq), and DiPEA (1.08 mL, 6.2 mmol, 8.3 eq) in DMF (2 mL) was added
tert-butyl bromoacetate (0.49 mL, 3.3 mmol, 4.4 eq) and the reaction mixture was
stirred at room temperature for 18 h under N> atmosphere. Then, the solution was
diluted with CH.Cl> (20 mL) and washed with satd K-.CO3 (2 x 5 mL), and brine (1
x 5 mL). The organic layer was dried over MgSQ,, filtered and evaporated under
reduced pressure. Purification by column chromatography (EtOAc/hexane, 1:3)

affords 102 (288 mg, 0.53 mmol, 70% vyield) as a yellow oil.
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Spectroscopic data and physical constants for compound 102:
[a]7): +8 (c = 1.0, CH30OH).
IR (ATR): 2978, 2931, 1729.

"H NMR (CDCls, 360 MHz): & 1.44 (s, 28H, Bu, H, Ha), 1.79 (m, 2H, Hg’, Hy),
3.32 (m, 2H, Hy, Ha), 3.41 (m, 1H, Hs), 3.46 (M, 3H, Hs), 3.49 (m, 3H, Hs), 3.54
(m, 1H, Hs).

3C NMR (CDCls, 90 MHz): § 20.3 (Cs, C4), 28.1 (Bu), 52.9 (Cs), 62.9 (C4, C»),
80.6 (C-tBu), 171.1 (CO).

HRMS (ESI) calculated for CogHs1N2Og (M+H*): 543.3640. Found: 543.3647

Ligand L1
4 3
12
,D N 4.0 M HCI 5 ,. Y
/N N ¢ /N N
f CO,'B CO5H
BuO,C 2Bu dioxane, r.t., 18 h HO,C ) k 2
'BUO,C CO,Bu HO,C CO,H
102 L1

A solution of compound 102 (0.18 g, 0.33 mmol) in 4 M HCI in dioxane (12
mL) was stirred at room temperature for 18 h. Then, the solvent was evaporated
under reduced pressure, and after a small amount of water (2 mL) was added and
the mixture was evaporated to dryness. This process was repeated once with the
addition of water and twice with an addition of diethyl ether (2 mL) to afford L1 - 2
HCI (0.11 g, 0.25 mmol, 77% vyield) as a yellow solid without need for further

purification.
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Spectroscopic data and physical constants for L1 - 2HCI:

'H NMR (D;0, 600 MHz): 5 1.67 (m, 2H, Hs, Ha), 1.97 (m, 2H, Ha, H.), 3.88 (m,
8H, Hs), 3.94 (m, 2H, Hy, Ho).

3C NMR (D20, 150 MHz): § 18.1 (Cs, C4), 52.5 (Cs), 61.7 (C4, Cs), 171.2 (CO).

MS (ESI) calculated for C12H1gN2Og (M+H"): 319.1. Found: 319.1

Methyl 6-formylpicolinate, 104

1) NaBH, 0

MeO,C. _N_ _CO,Me MeOH, 0 °C, 3 h MeO,C. N
| N _ ' H
U 2) Se0 g

dioxane, reflux, 2.5 h

103 104

To a stirred solution of 103 (5 g, 25.5 mmol) in CH3zOH (200 mL), was added
NaBH, (3.65 g, 96.5 mmol) at 0 °C. The solution was stirred 3 h at 0 °C and then
poured into a saturated NaHCO3; aqueous solution (100 mL). The methanol was
evaporated, and the resulting aqueous solution was extracted with CHCI3 (4 x 50
mL). The organic phase was dried over MgSQ,, filtered and evaporated under
reduced pressure. The resulting residue was dissolved in dioxane (100 mL) and
Se0, (1.4 g, 12.5 mmol) was added. The solution was heated to reflux for 2.5 h,
filtered while hot, and evaporated to dryness. The crude residue was purified by
column chromatography (CH2Cl,) to afford 104 (2.88 g, 17.4 mmol, 68% yield) as

a yellow oil.

Spectroscopic data for compound 104:

'H NMR (250 MHz, CDCls): 5 4.07 (s, 3H, Me), 8.06 (m, 1H), 8.15 (m, 1H), 8.36
(dd, 1H, J=7.6 Hz, J= 1.5 Hz), 10.19 (s, 1H, CHO).

Spectroscopic data are consistent with those reported in reference:

Platas-Iglesias, C.; Mato-lglesias, M.; Djanashvili, K.; Muller, R. N.; Vander Elst,
L.; Peters, J. A.; de Blas, A.; Rodriguez-Blas, T. Chem. Eur. J. 2004, 10, 2579.
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Methyl 6-((((1S,25)-2-((tert-butoxycarbonyl)amino)cyclobutyl)

amino)methyl)picolinate, 105

13
1) 104 .,
NH; MeOH, rt., 2.5 h , N NHBoc
» 7 A 5
2) NaBH, |
NHBoc  MeoH, 0°C, 2h s~z N
CO,Me
100 105

To a solution of 100 (0.140 g, 0.75 mmol) in CH3OH (5 mL) was added 104
(0.124 g, 0.75 mmol, 1 eq) and the reaction mixture was stirred at room temperature
for 2.5 h. Small aliquots of this reaction were removed and concentrated to dryness
for NMR analysis to confirm full Schiff base formation. Then, the reaction diluted
with CH3OH (5 mL), cooled to 0 °C and NaBH,4. (31 mg, 0.81 mmol) was added.
After 2 h of stirring at 0 °C, the reaction was quenched with satd. NaHCO3; and
extracted with CH.Cl,. The organic layer was dried over MgSOQO,, filtered and
evaporated under reduced pressure to afford 105 (0.218 g, 0.65 mmol, 87% vyield)

as a yellow oil.
Spectroscopic data and physical constants for compound 105:
[a]2): +5 (c = 1.0, CH3OH).

IR (ATR): 3117, 2975, 1687.

'H NMR (CDCls, 400 MHz): 5 1.42 (s, 11H, $Bu, Ha, Ha), 1.95 (m, 1H), 2.12 (m,
1H), 2.87 (br s, 2H, NH), 3.15 (m, 1H), 3.79 (m, 1H), 3.98 (s, 3H, Me), 4.01 (m,
2H, Hs), 7.55 (m, 1H), 7.78 (m, 1H), 7.97 (m, 1H).

3C NMR (CDCls;, 90 MHz): & 23.3, 23.5, 28.3, 52.2, 52.8, 61.5, 64.5, 77.2,
123.7, 125.7, 137.6, 146.9, 154.9, 160.3, 165.5.

HRMS (ES') calculated for C17H25N304Na (M+Na+) 358.1737. Found: 358.1724
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Protected Ligand 106

4 3
5 12
1) 1.0 M HCl in EtOAc o~ PPN
HN" NHBoc 0, CH,Cly, rt 6 h Buo,C N N “co,Bu
AN 8 X 8 CO,/Bu
| N 2) tert-butyl bromoacetate, | N
= Kl, DIPEA, DMF, rt., 18 h SN
CO,Me CO,Me
105 106

Half protected diamine 105 (0.218 g, 0.65 mmol) was dissolved in CHxCl, (5
mL). Then, a solution of 1 M HCI in EtOAc (11.25 mL, 11.25 mmol, 15 eq) was
added and the reaction was stirred at r.t. for 4 h. After this period, the solvent was
evaporated under reduced pressure. Then, the crude product was dissolved in
CHxCI> (20 mL) and stirred over an excess of Ko.COj3 (0.83 g, 6 mmol). After 2 h,
the solution was filtered and evaporated. The slurry containing product and KoCOs
could be carried directly through to the next step (assuming 100% product). Then,
the mixture was dissolved in DMF (2 mL) under N, atmosphere. Kl (0.312 g, 1.88
mmol, 2.89 eq), DIPEA (0.71 mL, 4.10 mmol, 6.3 eq) and tert-butyl bromoacetate
(0.315 mL, 2.14 mmol, 3.3 eq) were added and the reaction mixture was stirred at
r.t. for 18 h. Then, the solution was diluted with CH>Cl> (20 mL) and washed with
satd K.CO3 (2 x 5 mL), and brine (1 x 5 mL). The organic layer was dried over
MgSQ;,, filtered and evaporated under reduced pressure. Purification by column
chromatography (EtOAc/hexane, 1:3 to 1:1) affords 106 (0.263 g, 0.455 mmol, 74%

yield) as a yellow oil.
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Spectroscopic data and physical constants for compound 106:
[a]7): +17 (c = 1.0, CH30OH).
IR (ATR): 2978, 1722.

'H NMR (CDCls, 400 MHz): & 1.43 (m, 29H, $Bu, Ha, Ha), 1.82 (m, 2H, Ha, Ha),
3.32 (m, 3H), 3.48 (m, 5H), 3.99 (s, 3H, Me), 4.02 (m, 1H, Hg), 4.09 (m, 1H, H),
7.80 (t, 1H, J= 7.6 Hz, Hg), 7.91 (d, 1H, J= 7.6 Hz), 7.98 (d, 1H, J = 7.5 Hz).

3C NMR (CDCls;, 100 MHz): § 18.6, 20.5, 28.0, 28.1, 52.7, 54.1, 56.8, 61.8,
63.3, 80.6, 123.4, 126.1, 137.2, 147.0, 161.2, 165.9, 170.9.

HRMS (ESI) calculated for CzoHs7N3OgNa (M+Na*): 600.3255. Found:
600.3267

Lligand L2

73
Jj 5 1 2‘
g 1) LIOH NN

a N N
Buo,c” N cosBu THF/H,0, rit., 4 h HOC, L COH
| N CO,Bu 8 | ~ CO.H
_N 2)4.0 M HCI 9~ _~-N
dioxane, r.t., 18 h
CO,Me CO2H
106 L2

A solution of compound 106 (0.18 g, 0.31 mmol) was dissolved in THF/H,O
(1:1, 5 mL), LiOH (0.052 g, 1.25 mmol, 4 eq) was added and the reaction mixture
was stirred at room temperature for 4 h. Then, the mixture was concentrated to
dryness under reduced pressure and the resultant residue was dissolved in 4 M
HCI in dioxane (8 mL) and stirred at room temperature for 18 h. Then, the solvent
was evaporated under reduced pressure. A small amount of water (2 mL) was
added and the mixture was evaporated to dryness. This process was repeated once
with the addition of water and twice with an addition of diethyl ether (2 mL) to afford
L2 - 2HCI (0.11 g, 0.25 mmol, 77% yield) as a yellow solid without need for further

purification.
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Spectroscopic data and physical constants for compound L2 - 2HCI:

'H NMR (D>0, 600 MHz): & 1.75 (m, 2H, Hs, Ha), 2.06 (m, 2H, H3, H4), 3.76 (m,
1H), 3.75 (m, 1H), 3.83 (m, 1H), 4.00 (m, 4H), 4.16 (m, 1H), 4.32 (m, 2H, Hs),
8.01 (d, 1H, J= 7.7 Hz), 8.28 (d, 1H, J = 6.2 Hz), 8.46 (1, 1H, J= 7.6 Hz, Hg).

3C NMR (DO, 150 MHz): & 17.3, 18.2, 52.0, 53.1, 53.4, 60.6, 62.3, 126.2,
129.0, 146.6, 154.0, 163.0, 168.7, 174.25.

MS (ESI) calculated for C17H21N3Og (M+H*): 396.1. Found: 396.1

7.19 Details for the catalysis presented in chapter 3

7.19.1 General epoxidation for uncatalyzed reactions

In a 50 mL flask containing 3.8 mmol of the desired olefin dissolved in 4 mL
of CH.Cl,, a solution of 4.2 mmol (1.1 eq) of m-chloroperbenzoic acid in 9 mL of
CH.CI, was added dropwise at r.t. under stirring. After 2 hours, an additional 0.38
mmol (0.1 eq) of m-chloroperbenzoic acid in 1 mL of CHxCl, was added to the
resulting suspension. After stirring for an additional 2 h, the suspension was
washed successively with aqueous solutions of NaHCO3; and brine. Then, it was
dried over MgSO,, and the solvent was removed under reduced pressure. The

resulting products were analysed by '"H NMR and GC.

7.19.2 General epoxidation for catalyzed reactions

In a 25 mL flash, the catalyst (0.005 mmol, 0.005 eq) was sonicated in 10
mL of CH.Cl,/MeOH, 9:1 (v/v). Then, the desired olefin (1 mmol, 1 eq) and

undecane (GC internal standard, 100 uL) were added. After, urea hydrogen
peroxide complex (188 mg, 2 mmol, 2 eq) was added in three portions at 0, 1 and

2 h. The reaction mixture was stirred at r.t. and aliquots were taken from the reaction
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mixture and subjected to GC analysis for the determination of yield and conversion
data. When the reaction was finished, the suspension was washed successively
with aqueous solutions of NaHCO3; and brine. Then, it was dried over MgSO,, and
the solvent was removed under reduced pressure. The resulting products were

analysed chiral HPLC for the determination of the enantiomeric ratio.

7.19.3 Experimental data of the catalyzed reaction products

Styrene oxide, 108:

108

"H NMR (CDCls, 250 MHz): & 2.84 (dd, 1H, J=5.5, 2.6 Hz), 3.18 (dd, 1H, J = 5.5,
4.1 Hz), 3.90 (dd, 1H, J = 4.1, 2.6 Hz), 7.35 (m, 5H).

Yields of the epoxidation of styrene to obtain styrene oxide were determined
using GC analysis. Calibration using 5 standard samples containing different ratios
of concentrations of 108 and undecane (internal standard) was performed. Then,
the fraction of the relative areas of 108 and undecane versus the amount of 108
was plotted. Then the experimental data was fitted and the following linear function
was obtained: y = 0.003x + 0.0334; x in mg (R? = 0.98). Yields of the catalyzed
reactions were calculated from the linear interpolation of the previous function.
Detector: FID; column: Agilent HP-5MS; Temp program: 80 °C -0 min-5 °C/min-175
°C-5 min; Inlet: 200 °C; Detector: 300 °C; flow: 3.2 mL/min. tg = 6.875 min for

styrene oxide; tg = 7.398 min for undecane.

Enantiomeric ratio determined by chiral HPLC analysis. Chiralpak AS

column, hexane/2-propanol 98/2, 0.5 mL/min tg = 13.45 and 15.66 min.
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trans-2-Methyl-3-phenyloxirane, 109

109

"H NMR (CDCls, 250 MHz): 5 1.37 (d, 3H, J = 5.1 Hz), 2.98 (m, 1H), 3.55 (m, 1H),
7.38 (m, 5H).

Yields of the epoxidation of (trans)-prop-1-en-1-ylbenzene to obtain (trans)-
2-methyl-3-phenyloxirane were determined using GC analysis. Calibration using 5
standard samples containing different ratios of concentrations of 109 and undecane
(internal standard) was performed. Then, the fraction of the relative areas of 109
and undecane versus the amount of 109 was plotted. Then the experimental data
was fitted and the following linear function was obtained: y = 0.0032x + 0.0165; x
in mg (R® = 0.996). Yields of the catalyzed reactions were calculated from the linear
interpolation of the previous function. Detector: FID; column: Agilent HP-5MS;
Temp program: 100 °C -0 min-5 °C/min-175 °C-5 min; Inlet: 200 °C; Detector: 300
°C; flow: 3.2 mL/min. tg = 5.459 min for 109; tr = 5.069 min for undecane.

Enantiomeric ratio determined by chiral HPLC analysis. Chiralpak AD-H
column, hexane/2-propanol 98/2, 0.3 mL/min tg = 18.45 and 23.27 min.

trans-2,3-Diphenyloxirane:
o I

110

'"H NMR (CDCls, 250 MHz): & 3.94 (s, 2H), 7.43 (m, 10H). *C NMR (CDCls, 62.5
MHz): 8 63.3, 126.0, 129.0, 137.6.

Yields of the epoxidation of (trans)-1,2-diphenylethene to obtain (trans)-2,3-

diphenyloxirane were determined using GC analysis. Calibration using 5 standard
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samples containing different ratios of concentrations of 110 and undecane (internal
standard) was performed. Then, the fraction of the relative areas of 110 and
undecane versus the amount of 110 was plotted. Then the experimental data was
fitted and the following linear function was obtained: y = 0.0083x + 0.0053; x in mg
(R® = 0.997). Yields of the catalyzed reactions were calculated from the linear
interpolation of the previous function. Detector: FID; column: Agilent HP-5MS;
Temp program: 120 °C -0 min-5 °C/min-200 °C-10 min; Inlet: 250 °C; Detector: 300
°C; flow: 3.2 mL/min. tg = 13.845 min for 110; tg = 3.651 min for undecane.

Enantiomeric ratio determined by chiral HPLC analysis. Chiralpak AD-H
column, hexane/2-propanol 95/5, 0.5 mL/min tg = 12.34 and 26.56 min.

7.20 Details for the catalysis presented in chapter 4

7.20.1 General procedure for catalytic asymmetric aldol reactions

Water free conditions: 0.01 to 0.04 mmol (5 to 20%) of the selected catalyst
were added to 0.2 mmol of aldehyde and dissolved in 0.75to 2 mL (0.1 M to 0.3 M)
of solvent (acetone or acetone/methanol 10:1) under N> atmosphere in the desired
temperature. The reaction was stirred for the time indicated. The solvent was
evaporated and 5 mL of EtOAc and 5 mL of water were added. The organic phase
was washed with 2 x 3 mL of water, dried over MgSOQOs., filtered and evaporated
under reduced pressure. Purification by column chromatography (EtOAc/hexane

1:3) yields the desired aldol product.

Acetone/solvent mixture: 0.01 to 0.04 mmol (5 to 20% catalyst) of the
selected catalyst were added to 0.2 mmol of aldehyde and dissolved in 0.75 to 2
mL (0.1 M to 0.3 M) of acetone/solvent (at desired ratio). The reaction mixture was
stirred for the time indicated. The acetone was evaporated and 5 mL of EtOAc and
5 mL of water were added. The organic phase was washed with 2 x 3 mL of water,
dried over MgSQy, filtered and evaporated under reduced pressure. Purification by

column chromatography (EtOAc/hexane 1:3) yields the desired aldol product.
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Catalyst recovery: The combined water phases were washed with 3 x 5 mL
of Et,O. The lyophilisation of the water phases allowed the recovery of the catalyst

(90 %), which could be reused without any loss of catalytic activity.

Reaction between p-nitrobenzaldehyde and cyclohexanone: The
catalyst 4 (3.4 mg, 0.01 mmol, 0.05 eq) and p-nitrobenzaldehyde (30 mg, 0.2 mmol)
were dissolved in 2 mL of cyclohexanone under N> atmosphere. The reaction was
stirred for 5 h and the solvent was evaporated. 5 mL of EtOAc and 5 mL of water
were added and the organic phase was washed with 2 x 3 mL of water, dried over
MgSQ;,, filtered and evaporated under reduced pressure. Purification by column

chromatography (EtOAc/hexane 1:1) gives the diastereomeric mixture of aldols.

7.20.2 General procedure for catalytic asymmetric Michael

reactions

Reaction between ketone and trans-B-nitrostyrene: 0.01 mmol (5%
catalyst) of the selected catalyst and trans-p-nitrostyrene (30 mg, 0.2 mmol) were
dissolved in 2 mL of solvent (acetone, cyclohexanone or acetone/methanol 1:4)
under Ny atmosphere and the reaction mixture was stirred 24 h at room
temperature. The solvent was evaporated and 5 mL of EtOAc and 5 mL of water
were added. The organic phase was washed with 2 x 3 mL of NaHCO3; and 3 mL
of brine, dried over MgSOQOs., filtered and evaporated under reduced pressure.
Purification by column chromatography (EtOAc/hexane 1:2) yields the desired nitro

ketone product.

7.20.3 Experimental data of the catalyzed reaction products
4-Hydroxy-4-(4-nitrophenyl)butan-2-one (59a):
O OH

NO,
59a
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'"H NMR (CDCls, 360 MHz):8 2.22 (s, 3H), 2.86 (m, 2H), 3.58 (d, 1H, J = 3.2 Hz),
5.26 (m, 1H), 7.54 (d, 2H, J = 8.4 Hz), 8.21 (d, 2H, J = 8.4 Hz).

Enantiomeric ratio determined by chiral HPLC analysis. Chiralpak AS
column, hexane/2-propanol 70/30, 0.5 mL/min tg = 25.37 min for (R)-enantiomer,
tr = 34.50 min for (S)-enantiomer. The absolute configuration was assigned by

comparison with the values reported in literature. '2°

4-Hydroxy-4-(2-nitrophenyl)butan-2-one (599):
O OH NO,

599
'"H NMR (CDCls, 250 MHz):8 2.25 (s, 3H), 2.76 (m, 1H), 3.14 (m, 1H), 3.78 (br s,
1H), 5.69 (dd, 1H, J=9.4, 2.2 Hz), 7.45 (m, 1H), 7.68 (m, 1H), 7.95 (m, 2H).

Enantiomeric ratio determined by chiral HPLC analysis. Chiralpak AS
column, hexane/2-propanol 70/30, 0.5 mL/min tg = 17.03 min for (S)-enantiomer, tg

= 20.68 min for (R)-enantiomer. The absolute configuration was assigned by

comparison with the values reported in literature. 26248

4-(4-Bromophenyl)-4-hydroxybutan-2-one (59c):
O OH

Br
59c¢

"H NMR (CDCls, 250 MHz):5 2.22 (s, 3H), 2.82 (m, 2H), 5.13 (m, 1H), 7.27 (m, 2H),
7.48 (m, 2H).

Enantiomeric ratio determined by chiral HPLC analysis. Chiralpak AS

column, hexane/2-propanol 90/10, 0.5 mL/min tg = 30.57 min for (R)-enantiomer,
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tr = 41.62 min for (S)-enantiomer. The absolute configuration was assigned by

comparison with the values reported in literature. #*°

4-(2-Bromophenyl)-4-hydroxybutan-2-one (59h):
O OH Br

59h

"H NMR (CDCls, 250 MHz):8 2.22 (s, 3H), 2.67 (m, 1H), 3.02 (m, 1H), 5.43 (m, 1H),
7.14 (t, 1H, J= 7.6 Hz), 7.35 (t, 1H, J = 7.6 Hz), 7.51 (d, 1H, J = 7.9 Hz), 7.61 (d,
1H, J= 7.7 Hz).

Enantiomeric ratio determined by chiral HPLC analysis. Chiralpak AS
column, hexane/2-propanol 90/10, 0.3 mL/min tgr = 37.34 min for (S)-enantiomer, tg
= 43.54 min for (R)-enantiomer. The absolute configuration was assigned by

comparison with the values reported in literature. 22>

4-(4-Chlorophenyl)-4-hydroxybutan-2-one (59d):

O OH

Cl
59d

"H NMR (CDCls, 250 MHz):8 2.22 (s, 3H), 2.81 (m, 2H), 5.13 (m, 1H), 7.30 (m, 1H).

Enantiomeric ratio determined by chiral HPLC analysis. Chiralpak AS
column, hexane/2-propanol 90/10, 0.5 mL/min tg = 27.64 min for (R)-enantiomer,
tr = 35.84 min for (S)-enantiomer. The absolute configuration was assigned by

comparison with the values reported in literature. #*°

267



7. Experimental Methodologies
4-Hydroxy-4-(4-(trifluoromethyl)phenyl)butan-2-one (59e):
O OH

CF3
59%e

"H NMR (CDCls, 250 MHz):8 2.21 (s, 3H), 2.86 (m, 2H); 5.22 (m, 1H), 7.50 (m, 2H),
7.60 (m, 2H).

Enantiomeric ratio determined by chiral HPLC analysis. Chiralpak AS
column, hexane/2-propanol 92/8, 0.5 mL/min tg = 22.79 min for (R)-enantiomer, tg
= 28.85 min for (S)-enantiomer. The absolute configuration was assigned by

comparison with the values reported in literature. #*°

4-Hydroxy-4-phenylbutan-2-one (59b):
O OH

59b

"H NMR (CDCls, 250 MHz):5 2.25 (s, 3H), 2.87 (m, 2H), 4.40 (br s, 1H), 5.23 (m,
2H), 7.47 (m, 5H).

Enantiomeric ratio determined by chiral HPLC analysis. Chiralpak AS
column, hexane/2-propanol 90/10, 0.5 mL/min tg = 28.01 min for (R)-enantiomer,
tr = 35.76 min for (S)-enantiomer. The absolute configuration was assigned by

comparison with the values reported in literature. #*°

4-cyclohexyl-4-hydroxybutan-2-one (59i):
O OH

59i
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'H NMR (CDCls, 250 MHz):5 0.84—1.22 (m, 6H), 1.50-1.74 (m, 5H), 2.06 (s, 3H),
2.45 (m, 2H), 3.28 (br s, 1H), 3.69 (m, 1H).

Enantiomeric ratio determined by chiral HPLC analysis. Chiralpak AS
column, hexane/2-propanol 92/8, 0.5 mL/min tg = 16.75 min for (R)-enantiomer, tg
= 19.37 min for (S)-enantiomer. The absolute configuration was assigned by

comparison with the values reported in literature. #*°

2-(Hydroxy(4-nitrophenyl)methyl)cyclohexan-1-one (95):
O OH

NO,
95

'H NMR (CDCls, 250 MHz):5 1.531.83 (m, 5H), 2.10 (m, 1H), 2.35-2.59 (m, 3H),
4.90 (d, 1H, J = 8.4 Hz), 7.51 (d, 2H, J = 8.7 Hz), 8.21 (d, 2H, J = 8.8 Hz).

Enantiomeric and diastereomeric ratio determined by chiral HPLC analysis.
Chiralpak AD-H column, hexane/2-propanol 88/12, 0.7 mL/min tg = 23.60 min for
(R)-enantiomer, tg = 25.79 min for (S)-enantiomer for the anti diastereomer. tg =
28.73 min for (R)-enantiomer, tg = 37.65 min for (S)-enantiomer for the syn
diastereomer. The absolute configuration was assigned by comparison with the

values reported in literature. '?°

5-Nitro-4-phenylpentan-2-one (96):

O Ph
)U\/NOZ
96

"H NMR (CDCls, 250 MHz):5 2.12 (s, 3H), 2.93 (m, 2H), 3.98 (m, 1H), 4.61 (m, 2H),
7.31 (m, 5H).
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Enantiomeric ratio determined by chiral HPLC analysis. Chiralpak AS
column, hexane/2-propanol 87/13, 1 mL/min tg = 12.09 min for (S)-enantiomer, tg
= 14.89 min for (R)-enantiomer. The absolute configuration was assigned by

comparison with the values reported in literature. 2’

2-(2-nitro-1-phenylethyl)cyclohexan-1-one (97):

O Ph
NO,

97

'H NMR (CDCls, 250 MHz) syn diastereomer: & 1.60-1.75 (m, 5H), 2.08 (m, 1H),
2.44 (m, 2H), 2.68 (m, 1H), 3.75 (m, 1H), 4.63 (dd, 1H, J=12.5, 9.9 Hz), 4.94 (dd,
1H, 12.4, 4.5 Hz), 7.29 (m, 5H). '"H NMR (CDCls, 250 MHz) anti diastereomer:
8 1.60—-1.75 (m, 5H), 2.08 (m, 1H), 2.44 (m, 2H), 2.68 (m, 1H), 4.02 (m, 1H), 4.63
(dd, 1H, J=12.5, 9.9 Hz), 4.94 (dd, 1H, 12.4, 4.5 Hz), 7.29 (m, 5H).

Diastereomeric ratio determined by 'H NMR and enantiomeric ratio
determined by chiral HPLC analysis. Chiralpak AS column, hexane/2-propanol
81/19, 1 mL/min tg = 9.90 min for (S)-enantiomer, tg = 12.57 min for (R)-enantiomer
for the syn diastereomer. The absolute configuration was assigned by comparison

with the values reported in literature. 1'%
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