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RESUMEN

En el siguiente trabajo se llevo a cabo la sintesis de anti-f#-aminoalcoholes a partir de a-
N,N-dibencilamino bencil ésteres, utilizando a-aminodcidos como material de partida. La
reaccion se realizo de manera secuencial a través de la formacion del aldehido con DIBAL-H a -
78°C y la adicion in situ de reactivos de Grignard. Con esta metodologia se obtuvieron tanto
anti-g-amino alcoholes asi como también anti-2-amino-1,3-dioles y anti-3-amino-1,4-dioles,
con buenos rendimientos (60-95%) y excelente estereoselectividad (de > 95%). Esta técnica fue
también compatible con a-N,N-dibencilamino ésteres que presentan un grupo hidroxilo libre en

Su estructura.

Para demostrar la versatilidad del método, se sintetiz6 una pequefia biblioteca de
analogos de espisulosina y esfinganina. Luego, se determind su actividad antiproliferativa frente
a un panel de 5 lineas tumorales celulares de origen humano dando valores de Gls, en el rango
1-20 uM. El cribado reverso realizado con métodos computacionales frente a 58 proteinas
involucradas en cancer determin6 que las quinasas podrian ser la posible diana. Por otro lado, la
determinacion de la capacidad de inhibicion de manera experimental en un panel de 456
quinasas mostré que los compuestos obtenidos presentaban la caracteristica de ser inhibidores
selectivos de CK1e. Con estos resultados encontramos el primer inhibidor de CK1le que a su vez

presenta una importante actividad antiproliferativa en lineas celulares de cancer.

Ademas, en este trabajo investigamos la bencilacién regioselectiva del acido L-
glutdmico con cantidades subestequiométricas del agente alquilante. Nuestros resultados,
demuestran de manera inequivoca que no se puede obtener el monoéster bencilico en y del acido
N,N-dibencilglutdmico por bencilacion directa del &cido L-glutdmico, como fue descrito
errbneamente por otros autores. Sin embargo, si pudo ser obtenido bajo las mismas condiciones

el monoéster bencilico en a del acido N,N-dibencilglutamico.

Finalmente, empleando los monoésteres bencilicos en a- y vy- del acido N,N-
dibencilglutamico se sintetiz6 una libreria de 22 dipéptidos modificados. El estudio de la
actividad antiproliferativa frente a lineas tumorales celulares de origen humano mostr6 que los
compuestos mas activos fueron el derivado de y-glutamil metionina (Gls, = 6.0-41 uM) vy el
derivado de a-glutamil prolina (Glsg = 7.5-18 uM). En particular los dipéptidos derivados de
glutamil serina y glutamil prolina fueron més activos que el cisplatino y el etopdsido en la linea
celular resistente WiDr. También observamos que el dipéptido derivado de triptéfano no afecta
el crecimiento celular de HBL-100 mientras que si afecta a T-47D, siendo selectiva para esta

linea celular.
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ABSTRACT

In this work, we showed that enantiomerically pure anti-g-amino alcohols were
synthesized from optically pure o-N,N-dibenzylamino benzyl esters, derived from a-amino
acids. The synthesis was carried out by the sequential reduction to aldehyde with DIBAL-H at —
78 °C and subsequent in situ addition of Grignard reagents. With this methodology we were able
to obtain anti-g-amino alcohols, anti-2-amino-1,3-diols and anti-3-amino-1,4-diols in good
yields (60-95%) and excellent stereoselectivity (de > 95%). This technique was also compatible
with free hydroxyl groups present in the substrate.

To demonstrate the versatility of the method, a small and structure-biased library of
enantiopure anti-B-amino alcohols (sphinganine and spisulosine analogues) was prepared in a
straightforward manner. Their antiproliferative activity was tested against a panel of five human
solid tumor cell lines gave Gls, values in the range 1-20 UM. The reverse screening by
computational methods against 58 proteins involved in cancer pointed out kinases as possible
therapeutic target candidates. The experimental determination of the interaction with 456
kinases indicated that the compounds behave as selective CK1¢ inhibitors. These findings have
demonstrated that the lead compound represents the first selective CK1¢ inhibitor with proven

antiproliferative activity in cancer cell lines.

Furthermore, in the present work we explored the regioselective benzylation of L-
glutamic acid under substoichiometric amounts of the alkylating agent. Our results
demonstrated unambiguously that N,N-dibenzylglutamic acid y-benzyl ester was not obtained by
direct benzylation of  -glutamic acid as reported by other authors. Instead, under such reaction

conditions N,N-dibenzylglutamic acid a-benzyl ester was obtained.

Then, a small and focused library of 22 dipeptides derived from N,N-dibenzylglutamic
acid a- and y-benzyl esters was prepared in a straightforward manner. Their antiproliferative
evaluation in the human solid tumor cell lines provided y-glutamyl methionine (Gls, = 6.0-41
uM) and a-glutamyl proline (Glsy = 7.5-18 uM) as lead compounds. In particular, glutamyl
serine and glutamyl proline dipeptides were more active in the resistant cancer cell line WiDr
than the conventional anticancer drugs cisplatin and etoposide. Glutamyl tryptophan dipeptides
did not affect cell growth of HBL-100, whilst in T-47D cells proliferation was inhibited.

xii



CHAPTER 1
GENERAL INTRODUCTION






1. Introduction

1.1. Cancer

Nowadays, cancer is one of the key problems in health care services around the world.
It leaves a negative impact in the societies, above all in the more economically disadvantaged.
The five most frequent type of cancer in the world that affect both women and men, are
stomach, colon/rectum, breast, cervix and liver. In Spain, cancer incidence scheduled for the
2015 is about 200.000 people,’ with Canary Islands on the top of statistics.

Cancer is a multifactorial disease, it is mainly associated with mutagenic process, where
cancer cells show common particular fixtures call hallmarks.>* There are uncontrolled cellular
proliferation and inability to recognize signaling pathway related to the cellular growth and cell
survival, like apoptosis or inhibition of cellular proliferation. In addition, tumor cells have the
potential to recruit cells from the near stroma, attracting new blood vessels to acquire nutrients
and oxygen. Moreover, they also have the ability to evade the immune system. All these
processes take part in the progress and develop of cancer pathology which finally triggers
metastases to other tissue and organs. Besides the complexity occurring in cancer pathology,
tumor cells present interconnected signaling pathways for growth and survival. Therefore, the
success in a good cancer therapy treatment depends on recognizing these critical pathways in

the oncogenic network.

Cancer detection has been pointed out as an important problem in its treatment. At this
moment, there are a lot of strategies for cancer treatment. In one hand, surgery and radiation are
the most important. However, these are effective if cancer is detected in an initial stage of its
development. It means that, once the disease progress to a more advanced stage, or even
metastases, these therapies are less efficient. On the other hand, the combination of cytotoxic or
antiproliferative drugs with radiation and surgery has been exceptionally effective in the
treatment of tumors in a more advanced stage. It is particular relevant in epithelial tumors (e.g.
lung, colorectal, breast, prostate and pancreas). Unfortunately, as it was aforementioned, cancer
is a multifactorial disease. Therefore it is very difficult to find a clinical effective drug to treat
primary and disseminated forms of cancer. In this sense, there remains the need to develop new
cytotoxic agents, which must have certain requisites, to improve and to increase the antitumor
efficiency, to reduce the toxicity in normal cells and to prevent the drug resistance which is

caused by the genomic instability of tumor cells.



1.2. Drug discovery strategies

Nowadays it does not exist a unique established method to develop new drugs. In an
indicative way it is considered that there are two fundamentally different strategies for drug
discovery. One is focused on the target, whereas the other focused on the complete system. In
the first one named Target Drug Discovery (TDD), a molecule is tested to interact with a single
biological target, which is thought being crucial in the disease process. Phenotypic Drug
Discovery (PDD) is the second approach and uses more complex systems in order to obtain

more data relevant to the real in vivo situation.

1.2.1. Target Drug Discovery (TDD)

TDD has also been known as a reductionist approach. TDD refers to the fact that the
responsible entity for a pathological process or disease is thought to be a single gene product (or
small group of defined gene products) and is based on the premise that isolation of that gene
product in a system is the most efficient and least ambiguous method of determining an
attractive molecule for a target.> The TDD approach detects molecules of interest by their
effects on specific cellular targets. They primarily target precise and measurable functions of a
protein or complex of proteins, either particular enzymatic activities or specific functional
interaction between defined proteins. Examples of molecules discovered by this approach

include imatinib mesylate (Gleveec) (Figure 1.1).

1.2.2. Phenotypic Drug Discovery (PDD)

PDD instead of TDD approach uses cell-based assays to find the target on the basis of
phenotypic changes induced by candidate drugs. Compounds can target any protein, regardless
of any measurable activity, and must display some specificity to cause a precise phenotype. It
starts with a phenotype that a compound of interest cause in cells or in organisms and its goal is
to go from the global phenotype in a stepwise fashion to eventually arrive to the (protein) target.
PDD tests molecules in complex biological systems and monitors physiological responses with
minimal assumptions concerning the participation of a specific molecular target and/or signaling
pathway.” In contrast to TDD, one of the main advantages of whole-cell system is that gives
information of the ability of the molecule to penetrate the cell membrane, as well as an acute
cytotoxicity profile. Nonetheless, the data obtained from cell-based assays cannot be considered

definitive indicators of lead compounds absorption or toxicity; they could serve to provide an



alert for encumbered chemical series early in the lead generation process. Some successful

examples of PDD approach are taxol® and monastrol (Figure 1.1).°

In chapter 4 we show that using an alternative PDD approach, we were able to find a

new selective Casein Kinase le inhibitor implicated in cancer.

TDD discovery

_N NHBz AcO OOH
o, N %
HN N L_NH
HO Qmm
o) .CH3SO5H 3

imatinib mesylate
Gleevec-Novartis taxol

PDD discovery

OH
(@]
AN o
S)\N
H
monastrol

Figure 1.1. Drugs discovery under TDD and PD approach.

1.3.  Privileged structures

Small organic molecules can be powerful tools with important functions in biology and
medicine, as therapeutics and as probes to shed light on the macromolecules regulating
biological processes.’ It was thought that the discovery of new lead drugs in cancer treatment
could have been increased with the advances of new techniques like high-throughput synthetic
(HTPS) process to generate efficiently thousands of compounds with certain structural
similarity. Nevertheless, the ability to make critical discoveries related to diseases remains a
slow and, arguably, serendipitous process. It was demonstrated that the HTPS strategies were
not entirely successful. In great extent, this state of affairs reflects the fact that we simply do not
understand all the factors necessary to create compound collections that have potent and specific

biochemical activity. One of the main problems in HTPS strategies is that it focused on the



guantity and not in the quality, which it is determinate by the diversity, and structural similarity

with bioactive products.

The term “privileged structures” or “privileged scaffolds” (PSs) was proposed by Evans
and co-workers at the end of 1980." The work recognized the potential of certain molecular
framework as template for derivatization to discover novel ligands for more than one type of
receptor. These PSs are frequently observed in natural products or bioactive small molecules
(Figure 1.2). The use of PSs in drug candidates discovery is very important due to the fact that it
is efficient with high potential to unexploited bioactive regions in chemical space through a
small molecule library.** What is clear is that certain PSs are capable of providing useful ligands
for more than one receptor and that judicious modification of such structures could be a viable

alternative in the search for new receptor agonists or antagonists.

Over the years, it has been demonstrated that the major challenge in the drug research
field is the limited number of PSs. There are mainly two forms to identify privileged scaffolds.
On one side molecules created de novo, which are now drugs, largely from the pharmaceutical
industry. On the other side, compounds provided by nature in the form of natural products that
either are, or have served as inspiration for, pharmaceuticals. With no doubt, this approach
facilitates the discovery of new biologically useful structures and may allow for the
identification of new privileged scaffolds as data on particular skeletons are collected. A second
possibility is to evaluate structural motifs that have traditionally proven difficult to access, but

which are present in dozens of natural products. Such examples are certainly rarer.

In this context, in chapter 4 and chapter 6 we introduce two new structural privileged
motifs to maximize the unbiased coverage of chemical space with high biological relevance in

cancer research through chemical libraries with some selective modification.

1.4.  Natural products from marine source used in cancer therapy

Approximately one third of the compounds with therapeutic activity have been derived
from natural products, or have been developed through modifications of PSs found in nature.”
If we think about natural-product-based architectures it seems to have phylogenetically diverse
origins. This diversity might suggest an evolutionary driving force to generate a particular
arrangement of atoms. This outcome may not be so surprising in the sense that nature often
repeats itself once it has found a suitable solution to a particular biochemical problem, and, of
course, the macromolecular structures in living systems have a high level of non-random

patterning.
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Figure 1.2. Examples of privileged scaffolds in drugs and natural products.

In the last 40 years, the pharmaceuticals companies have focused their interest in the
development and discovery of natural products from marine source with relevant biological
activity. Such develop have gone hand in hand with the progress of new chromatographic
techniques like high-performance liquid chromatography (HPLC), or structural elucidation such

as nuclear magnetic resonance (NMR), or high-resolution mass spectrometry (H-RMS) as well.



Being cancer chemotherapy the most relevant biological activity searched by pharmaceutical

companies.

In this context, it was found a huge number of compounds in the area of cancer
chemotherapy. **** The first product from marine origin used in cancer therapy was found by
Bergmann and col. in 1950 at the Caribbean sea in the organism called Cryptotehya cripta and it
was called spongosin (Figure 1.3)."**" Since then, it was used as lead structure for drug research
against cancer. Nowadays, it is used for cancer chemotherapy a derivative of spongosin named

araC or cytrabine, sold with the name Cytosar-U (Figure 1.3).

NH, NH,
N7 >N SN
A AL A
N
N
MeO”™ "N HO N~ 0
HO 0
0 o
HO OH HO
; cytrabine
spongosin
bong Cytosar-U

Figure 1.3.  Structure of spongosine and its derivative cytrabine used in cancer therapy.

It is important to mention that almost all the marine products found come from
invertebrates.'® These molecules, which could be implicated in biological activity are called
secondary metabolites (SMs). SMs play important roles in the survival of these organisms,
because they present certain characteristic fixtures, e.g. soft body, slow movements and in most

cases they have lacked morphologically structural defenses like shells or spines.

From the big number of invertebrates presented in marine sources the tunicates have
received the major attention. Tunicates, spend practically all the time of their lives joined to
rocks and bogged boats, so its recollection is very easy. In this context, very important and well
documented classes of tunicates are the ascidians. Their SMs have focused the attention of the
scientific community because they have produced compound with diverse interesting biological
properties. For instance the amino alcohols, which are not presented in mammals, are one of the
most important metabolites due to their structural simplicity and high potential in cancer

research.



1.5. Long chain 1,2-amino alcohols in cancer therapy

Sphingolipids (SLs) represent a group of natural products, which by definition present a
long alkyl chain 2-amino-1,3-diol scaffold or sphingoid base.’* The mammal SLs are mainly
represented by sphinganine, which show a (2S,3R)-2-aminooctadecano-1,3-diol structure and a
long alkyl chain composed by 18 carbon atoms (Figure 1.4). Structurally, this central scaffold
can be attached at different functionalities which give the different families of SLs found in
nature (Figure 1.4). They are very important for the normal function of the mammal cells, since
they play important structural roles and regulate physical properties of cell membranes. Besides,

they also participate in cell signaling pathways controlling a big number of cellular functions.?

Another important group of long-chain amino alcohols are the 1-deoxy SLs, mainly
from marine origin. These compounds have lost the C1 hydroxyl group of the SLs motif. It was
found two main classes of 1-deoxy SLs. One group comprises those compounds that have an
anti-2R,3S amino alcohol motif e.g. clavaminols A-C, G-J and M-N.??*> The other group is

represented by spisulosine®?

that present the same anti-2S,3R amino alcohol configuration as
SLs (Figure 1.5). Spisulosine was isolated from a clam tunicate Episula polynyma and it was
initially a promising antiproliferative agent against diverse tumor cell lines.”® However, clinical
studies were discontinued in phase | because they have showed neurotoxicity, nausea, vomits,
anemia, lymphopenia and skin rashes in the injection zone. In addition a low antitumor activity
was observed increasing the relation risk/benefit of the patient.®?’ After the discovery of
spisulosine, a big number of antiproliferative anti-2S,3R amino alcohols form tunicates
(Clavelina phlegraea) have been isolated in the Mediterrean sea. For example xestoaminol C,

halamainol, amaminol (Figure 1.5) and the number is still growing.?

All these results make us think that there could be close structural relationships between
long-chain aminoalcohols and cytotoxicity properties, which make them an attractive scaffold
for anticancer drug discovery.

Due to their importance in drug research a big number of analogues have been

synthetized.?*%

1.6.  Synthetic strategies for the synthesis of 1,2-amino alcohols

In the literature, it is reported several ways to synthetize different diastereomers of 1,2-
amino alcohols. However, the most widely used method is the Manfred T. Reetz strategy, due to

their simplicity, big scope tolerance and high diastereoselectivity.
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Figure 1.4, Structures of sphingosine and related sphingoid bases.

1.6.1. Manfred T. Reetz strategy

One of the most important diastereoselective methodology employed in the synthesis of
anti-1,2-amino alcohols was developed by Manfred T. Reetz.* It is based on the addition of
organometallic reagents to o-N,N-dibenzylamino aldehydes 4 (Scheme 1.1). These aldehydes
are derived from diverse amino acids and are used as chiral building blocks. There have been
reported two different strategies to obtain the aldehydes 4 (Scheme 1.1) and they only vary in

the reaction sequence.

The reaction steps involved in the sequence are reduction, benzylation, and oxidation,*
meanwhile the other sequence is benzylation, reduction and oxidation.**** Both methods use
amino acids as starting material. It is important to note that the aldehyde should be used in crude
form avoiding chromatographic purification. Storing the aldehydes for long periods of time
(months) should be avoided due to the ability of the a-amino aldehyde to suffer partial
racemization and to undergo side reactions.**° In this context, there have been reported two
one-pot alternatives to avoid the aldehyde purification, thus reducing the time of aldehyde
manipulation. Both strategies are based in the same Reetz protocol (Scheme 1.2). In the first
one, benzostabase (BSB) is employed as N-protecting group, and the desire amino alcohol 5 is

obtained by ester reduction to aldehyde, which is then submitted to the sequential addition of

10



the organometallic reagent.”” The second method starts with the oxidation of the N,N-dibenzyl-
aminoalcohol 2 to the aldehyde 4 and continues with the sequential addition of the
corresponding organometallic reagent (Scheme 1.3).*

OH
g OH
%Y NN “__NHR
NHR NH, 8

(-)-clavaminol H

R = H, clavaminol A H,
Ac, (+)-clavaminol G

R
R = Ac, clavaminol C  clavaminolB R

OR? OR?

mQ
T

8
NHAC NHR'
R' = Ac, R% = H, clavaminol |

clavaminol N 5 5 )
R =R =H, clavaminol J

OH OH OH
NH, NH, NH,

spisulosine  xestoaminol C halaminol A

(2S,3R)-2-aminodecan-3-o0l amaminol A

Figure 1.5. Examples of 1-deoxy-sphingolipids bases.

Once the aldehyde 4 is obtained, the next step is the diasteroselective nucleophilic
addition of different organometallic reagents to form the new C-C bond (Scheme 1.1). The
diastereoselectivity of the -amino-alcohol obtained depends on the type of organometallic
reagent used. In this sense there are two mechanism implicated in the addition of the
organometallic reagents, named non-chelating controlled addition (NCA) to give the anti-5
adduct as major product and chelation controlled addition (CCA) to obtain mainly the syn-5
adduct.

11
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Scheme 1.1.  Synthetic strategy for the synthesis of B-aminoalcohols.
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Scheme 1.2.  One-pot strategy reduction to aldehyde and organometallic addition.
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1.6.2. Non-chelating controlled addition (NCA)

The reaction which goes through a NCA is observed when Grignard reagents are
employed. Although it was thought that a tertiary amine group could be a better donor ligand for
Mg (Il), giving a pronounced chelation control, this speculation turned out to be false.
Experimentally, it was observed that the amino alcohol with an anti-configuration was the main
obtained.* It means that a re-face attack at the aldehyde was occurring. Over the time, it was
found that there are a diverse family of organometallic reagents which react to form NCA with
high levels of diastereoselectivity.* For instance, MeLi, MeTi(Oi-Pr);, MeCeCl, and MeMnX.
In general, conventionally used reagents like RLi or RMgX give in almost all cases an
enantiomeric purity > 98%.

The stereochemical course of the reaction is consistent with a nucleophilic attack of the

Grignard reagent on the carbonyl and follows a non-chelating Felkin-Anh model.*

According to
the Felkin-Anh model, the eclipsed interactions are avoided, and the largest substituent should
be perpendicular to the plane of the carbonyl (Figure 1.6). So, the most reactive aldehyde
conformer is the one which C-NBn, o-bond is aligned with the n-system of the carbonyl moiety
in such a way that 7*-o* ¢ ngn2 CONjugation is maximized, causing the highest degree of LUMO
lowering. Such conformers have the highest reactivity, attack of the nucleophile reagent which

is then attacked in a Blrgi-Dunitz trajectory from the least hindered face.
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Figure 1.6. Conformational structure more stable by Felkin Anh model.

Accordingly, two electronically similar conformers are considered (conformer 6 and
conformer 7, Figure 1.6). However, one reacts faster, due to the steric interaction between the
incoming nucleophile and the R a-substituent group. Nevertheless, studies in silico have shown
that both conformations do not have indicative LUMO lowering, one respect to the other.*
Consequently, it was thought that the metal may coordinate to the amino function without
undergoing chelation to the carbonyl group adduct 8 (Figure 1.6), which was then confirmed in
silico, showing a considerable LUMO lowering associate with the carbonyl function, caused by

the drastic lowering of the o™c.y orbital.**

Another important consideration to be taken into account in the inhibition of the
chelation model is the steric effect produced by the N,N-protecting groups. It was demonstrated
that the bulkiness of the N-protecting group plays an important role in the diastereoselectivity.
Thus, it was observed that the N,N-dimethyl aldehyde (9) react with organometallic reagents®
with almost complete chelation control. It was also found that a-amino aldehydes protected in
the form of 2-isoindoliyl derivatives (10), less sterically hindered than the N,N-dibenzyl
analogues, react with low diastereolselectivity or even in a chelation controlled adducts.*

Moreover, when the bulkiness increases, the diastereoselectivity goes in the same direction as it

14



was observed for the N,N-diallyl analogue of 11 reacting with MeLi to form the NCA
preferentially with a diastereoselectivity >80%.

In contrast, when the steric bulkiness of the protecting group is increased, a high
diastereoselectivity takes place, e.g. when N,N-di(o-methyl)benzylamino aldehyde (12) react
with RMgX to form a NCA with a diastereoselectivity >99%.">* The same trend is also
observed in the reaction of sulfur ylides with sterically more hindered aldehydes (d.r. >90%).%
In addition, other N,N-disubstituted amino aldehydes such as N-benzyl-N-t-butoxycarbonyl
(13), N-benzyl-N-benzyloxy carbonyl (14), or N-benzyl- N-tosyl (15) derivatives also react
under NCA (Figure 1.7).*** However, these protecting groups require additional steps of

protection and deprotection and the diastereoselectivity is reduced in some cases.

o) o) o) o) o)
HJ\;R HJ\;R HJYR H/UYR HJ\;R
NMe, N N N(o-Tol), NBnPg
9
/j z\ Pg=Bn, 4
11 12 Boc, 13

COan, 14

10 Ts, 15

CCA | NCA

anti-diastereoselectivity

Figure 1.7. Dependence of the steric bulkiness in the N-protecting group on the
diastereoselectivity.

1.6.3. Chelation controlled addition (CCA)

The organometallic addition in which the chelation is controlled, is obtained in non-
ethereal solvents by treating the aldehyde with a Lewis acid capable of bis ligation (e.g., TiCl,,
SnCls, MgX,) and reacting the intermediate chelates with nucleophiles which present organic-
Zn, allylsilanes, enolsilanes, or Me;SiCN.>**? It is worth mentioning that these kind of reactions
are very difficult to be carried out because of the steric factor present in the aldehyde 4 (as
aforementioned). To achieve this CCA, a Lewis acid MXn is needed to generate the
intermediate 16 (Figure 1.8). However, in most cases low diastereoselectivity is observed. The
steric hindrance of the N,N-dibenzyl substituent produce the hypothetical chelate 17 (Figure 1.8)

but it is not the only species observed.
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Figure 1.8. Conformational structure in a chelating controlled addition.

In fact, it was demonstrated that there may be two or three (Figure 1.9) different species
in solution even at low temperatures, similar in energy, when aldehyde 4 is treated with TiCl,.
The two main species present in the reaction are shown in Figure 1.9. The chelated intermediate
17 is the main species that gives the syn amino alcohol and coexists with the acyclic adduct 18

in a proportion 2:1.%

Ci 3y C! 0—= TiCl,

Ph
™ AN R
NCo H
Ph—* \_/< N_Ph
y ¢

h 18

-
N
v

Figure 1.9. Species observed in the chelating controlled addition.

It was observed that the highly Lewis acidic methyl reagent MeTiCl; also leads to
chelation control.* However, diastereseoelctivity decreases with the increase of the bulkiness of
the R-group at the stereogenic center. Although some studies seem to indicate that chelated
aldehydes such as bidentate complexes 17 and related species are more reactive than mono-
complexed analogues 18, it cannot be generalized.®****® It was also observed that the
stereochemistry depends on the nature of the reagent added in the second stage of the one pot

process when the system is comprised of 4/TiCl,.

16



There are some exceptional cases were the reaction occur following a CCA model. It is
the case of diethylzinc (Et,-Zn) and aldehyde 4. The reaction of this organometallic reagent with
4 at 0°C to afford the CCA preferentially, resulted in a diastereosoelectivity ranging 88-99%.°’
Normal aldehydes do not react with dialkylzinc reagents unless promoters such as TiCl,*® or
catalysts such as a-amino alcohols® are present. It is proposed that the amino alcohol formed

could act in autocatalytic fashion.”

In chapter 3 and 4 we show the development of a one pot methodology based on M. T
Reetz approach. The method is based on the reduction of a-N,N-dibenzylamino benzyl esters to
the aldehyde and the sequential addition of the corresponding Grignard reagent, without
isolation of the aldehyde. This methodology has shown a wide scope range, even using amino

acids without O-protecting groups.

1.7.  Peptides in cancer therapy

Peptides are largely employed in a considerable number of biologically activities. Their
small size and compatibility with biological systems and their synthetic accessibility, including
those with a structurally complex architecture make them very important in biological structure
research programs. As a consequence, structure-activity relationship (SAR) studies are
relatively easy to perform. This big success is in part because they present a sequential
architecture and can be synthetized step by step from monomeric building blocks in solution or
in solid phase. Therefore, peptides can be efficiently modified in the backbone and in the

substituent pattern of the side chain of the monomers.®*®

Particularly, peptides play a very important role in cancer research. They seem to solve
the main problems of conventional chemotherapy, the inability to deliver the correct amount of
drug directly to cancer cells without affecting normal cells,*® drug resistance, altered
biodistribution, biotransformation and drug clearance.*® Peptides have the ability to allow the
selective and effective localization of drugs at predefined targets (e.g., overexpressed
protein/peptide receptors in cancer), reducing their access to normal cells thus maximizing

therapeutic index and reducing toxicity.*>®

Clinical treating cancer peptides are used in different ways, directly as drugs (e.g., as
angiogenesis inhibitors), tumor targeting agents that carry cytotoxic drugs and radionuclides
(targeted chemotherapy and radiation therapy), hormones and vaccines, among others (Figure
1.10).
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Figure 1.10.  Different clinical strategies of cancer using peptides.
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Nowadays there are a big number of peptides used as chemotherapeutic agents in cancer
treatment. Examples of them are leuprolide (used in prostate cancer treatment), carfilzomib
(used in the treatment of multiple myeloma, hematological cancer) and goserelin (used in breast

cancer) (Figure 1.11).

Although the importance of the peptides in cancer treatment, in the literature we found
that small peptides (< 5 amino acids) have not been explored exhaustively as potential
anticancer agents.®” Tyrosine- and cysteine-based dipeptides have been reported to exhibit

antiproliferative activity in human solid tumor lines (Figure 1.12).% %

1.8. _-Glutamic acid as building block for the construction of biologically

relevant molecules

1.8.1. N,N-Dibenzylglutamyl derivatives as chiral building blocks

L-Glutamic acid is a potentially valuable building block provided that the two carboxyl
groups could be differentiated. In the literature, it has been explored extensively the use of
diverse N-protecting groups, from which the benzyl group remains as highly useful in synthetic

organic chemistry. Likewise N,N-perbenzylated glutamic acid has demonstrated being a
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valuable intermediate for the preparations of important bioactive molecules. It has showed been

a valuable intermediate for the preparation of biologically significant compounds (Figure

1.13).%7

OH

O.__NH )
HN \ N=\ 0] carfilzomib
Wy A
NH /J/N\H

NH goserelin

]

Figure 1.11.  Peptides used in clinical treatment of cancer.

1.8.2. | -Glutamic acid in cancer therapy

There seems to be a close relation between | -glutamic acid and cytotoxicity properties.

It is a common motif which is present in a number of molecules with antitumor activity. For

81-82 and

instance, thalidomide,’*™ aminopterin’® and their analogues phtalomide
methotrexate® respectively. Moreover, recent studies have pointed out -theanine as a potential

compound in cancer tetraement (Figure 1.14).*
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Additionally, the natural amino acid -glutamine (Figure 1.14) (biosynthesized from -
glutamic acid in human cells by _-glutamine synthetase) has been studied for such
antiproliferative activity. It is essential for cell growth and proliferation and cannot be
synthetized in neoplastic cells due to the lower reactivity of | -glutamine synthetase. Thus,
antagonists of this enzyme can interfere with the metabolic process of | -glutamine and could act
as anticancer agents.® In addition to glucose; cancer cells utilize glutamine as a carbon source
for ATP production and biosynthesis. Glutamine can be internalized through cell surface
transporters. One of them is a primary sodium-dependent transporter of glutamine, called
ASCT2 (gene symbol SLC1A5), and it has been employed as a promising target for anticancer
therapy. In cancer cells, SLC1A5 expression is associated with oncogenic MYC and KRAS.
Accordingly, Ny-glutamylanilde analogues (Figure 1.14) have been reported as novel ASCT2
probes.?®®” N-(benzenesulfonyl)- -glutamic acid derivatives (Figure 1.14) have also been
designed as -glutamine analogues.?®*® Glutamic acid is also used to form conjugates as
polyglutamic (Poly-Glu) acid and can be used as a drug carrier because it increases the efficacy

of anticancer drug and decreases its toxicity toward normal cells.”**

@)
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SN e rde s

Q:((N---z\;):o HZN)\N/ N© R HO o}

R O

H

nn Z

(@)
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R = NH,, Phtalomide R = Me, Metotrexato
(@] (@] o) o)
EtHNWOH HQNWOH
NH, NH,
L-Theanine L -Glutamine
O (@] X 0 0
PP WP
RHN v~ “OH Z>N " “OH
NHSO,Ar H NH,

N-(benzenesulfonyl)- -glutamic acid derivatives N -glutamylanilde derivatives

Figure 1.14. | -Glutamic acid derivatives with antiproliferative activity and | -glutamine.
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CHAPTER 2
HYPOTHESIS AND OBJECTIVES






2.

2.1.

Hypothesis and Objectives

Hypothesis

Our working hypothesis results from using commercial amino acids as a powerful

source for the construction of compounds with antiproliferative and/or cytotoxic activity.

2.2.

Objectives

2.2.1. General Objectives

The main objective of this study is to synthetize new molecular entities using natural

amino acids as starting materials, and study their antiproliferative activity.

2.2.2. Specific Objectives

To develop a one pot methodology for the synthesis of anti-#-amino alcohols,
using N,N-dibenzylamino-benzyl esters derived from amino acids as chiral

building blocks.

To design and to synthesize a small and structure-biased library of enantiopure
anti-g-amino alcohols (sphinganine and spisulosine analogues) and a small and
focused library of dipeptides derived from N,N-dibenzylglutamic acid a- and y-

benzyl esters.

To determine the antiproliferative activity of the synthesized compounds against

a panel of representative human solid tumor cell lines,.

To establish structure activity relationships (SAR) to determine the essential

structural requirements necessary for the antiproliferative activity.

To perform computational studies (in silico) to explain the results obtained by in

vitro assays.
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CHAPTER 3

DIRECT STEREOSELECTIVE
SYNTHESIS OF ENANTIO-
MERICALLY PURE ANTI-4-AMINO
ALCOHOLS






3. Direct stereoselective synthesis of enantiomerically pure anti-£-

amino alcohols

3.1. Introduction

S-Amino alcohols have received much attention in the scientific community due to their
versatility. They can be used as chiral ligands in asymmetric synthesis,* as chiral synthons in

34

the synthesis of natural products,™ as well as in the synthesis of products with diverse

biological activities.>” In addition, long chain amino alcohols exhibit promising activity as
antitumor agents.? An important class of amino alcohols are the sphingolipids (SLs)°
represented by dihydrosphingosine (1a) and sphinganine (1b), which show a 2-amino-1,3-diol
fragment with an anti-2S,3R configuration (Figure 3.1).°> Another relevant group of long-chain
amino alcohols are the 1-deoxysphingolipids from marine origin, such as the clavaminols A
(2a), C (2b) and H."** (Figure 3.1) These compounds have an anti-2R,3S amino alcohol motif,
opposite to SLs, and have shown cytotoxic and pro-apoptotic properties.® Furthermore,
spisulosine™ (2c) having the same anti-2S,3R configuration as SLs, was initially a promising
antiproliferative agent against diverse human tumor cell lines.** However, clinical studies were
discontinued in Phase 1. In the literature, there are many SLs reported with antiproliferative

15-17

activity " and the number is still growing.

mQ

H

OH OH OH
H — = g

HO™ Y N M HOT Y g Ot
NH; NH; HR NH,

Znm

1a dihydrosphingosine  1b sphinganine 2a R = H, (-)-clavaminol A 2c spisulosine
2b R = Ac, (+)-clavaminol C

Figure 3.1. Dihydrosphingosine, sphinganine and related 1-deoxysphingolipids.

There is a close structural relationship between long-chain amino alcohols, including
SLs, and cytotoxic properties, which make this type of compounds an attractive scaffold for
anticancer drug discovery programs.

To shed light on the above compounds and their associated bioactive properties, and as
part of our interest in synthesis of nitrogen-containing bioactive molecules,®** we were
engaged in the development of a more versatile and efficient methodology to synthesize anti-f-

amino alcohols, in order to obtain new SLs analogues and test their antiproliferative activity.
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We pondered a general one-pot methodology for the synthesis of functionalized anti--
amino alcohols based on the in situ DIBAL-H reduction of a-(N,N-dibenzylamino)benzyl esters
(4, 6, 10 and 11, Table 3.1-3.4) to their corresponding aldehyde, followed by the sequential
addition of commercially available Grignard reagents. This methodology is an extension of the
well-known Reetz protocol, but avoiding the three step sequence, hamely reduction of the ester
to alcohol, later oxidation to aldehyde and addition of the organometallic reagent.?*?® A related
one-pot process has been explored in the literature, using N-Boc protected amino esters, but
obtaining syn-f-amino alcohols.?* We found also a precedent in the synthesis of anti-A-amino
alcohols using benzostabase (BSB) as N-protecting group.*® However, this methodology has
never been further used, maybe due to the difficulty in preparing N-BSB-protected amino esters.
In this chapter, we describe how our one-pot approach is a very attractive form to generate anti-
S-amino alcohols (1), anti-2-amino-1,3-diols (2) and anti-3-amino-1,4-diols (3) (Figure 3.2),
reducing the number of chemical steps when compared to the methods reported in the literature

for the synthesis of similar compounds (Figure 3.2).3*%

We also demonstrate that our method can be applied to serine and threonine derivatives
without the need to use protecting groups for the hydroxyl moiety. This reaction proceeds in
good vyields and high enantioselectivity (de >95%). Therefore, we report the first one-pot
diastereoselective addition of Grignard reagents using serine and threonine derivatives without

O-protecting groups.

In addition, to test the applicability of this new methodology, we describe the synthesis

of the naturally occurring compounds spisulosine and sphinganine.

3.2. Results and Discussion
3.2.1. Synthesis of anti-g-amino alcohols

The key step of this one-pot reaction is the DIBAL-H reduction of a N,N-dibenzyl-o.-

8940 0 jts

amino ester (synthesized by perbenzylation of the corresponding a-amino acid)
corresponding aldehyde, at —78 °C, followed by the in situ sequential addition of the suitable
Grignard reagent. First, we studied the influence of the reaction conditions taking into account
the effect of solvents on the nucleophilicity, basicity of organomagnesium, and reducing ability
of DIBAL-H.?® *° We also evaluated the amount of DIBAL-H equivalents, as well as reduction
time, using 3 equivalents of EtMgBr. The ratio of Grignard reagent used was chosen based on
literature precedents* and it is consistent with our observations. The results obtained using the

benzyl ester of N,N-dibenzyl-L-alanine (4a) as starting material are summarized in Table 3.1.
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OH OH

OH O OPg O R ~R2
P 4 steps
R’ oBn —Z» R OBn ———» NBn;
NBn, NBn, R*MgBr anti-2-amino-1,3-diols
1
Thiswor pgiee |
R2MgBr
OH
0 RL_~p2
: Y R
NBn, R?MgBr | anti-B-amino alcohols
2
Thiswork! |
R2MgBr
o)
5 st
OWJ\OBH = T\/IepBS OH
OBn NBn, ger | HO R2
This work; N,
------- anti-3-amino-1,4-diols
0 NBn, RZMgBr 3

Pg = Protecting group
R2 = alkyl, vinyl, allyl

Figure 3.2. One-pot synthesis of anti-S-amino alcohols.

We observed that Et,O was the best solvent, and we also determined that DIBAL-H
amount and reduction time were a contributing factor in the yield of the reaction. When 3.6
equivalents of DIBAL-H during 1 h were used, a complete over-reduction to the alcohol was
observed (entries 2 and 9, Table 3.1). After the amount of DIBAL-H was decreased to 1.4 equiv
and the time reduction was increased to 2 h, a better yield (70%) was obtained (entry 4). The
anti/syn ratio was determined by 'H-NMR (400 MHz) of the crude reaction. The anti-
diastereoisomer was always formed as the major stereoisomer and the ratio was not affected

either by the reaction solvent, the amount of DIBAL-H or the reduction times.
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Table 3.1. Reaction parameters for the synthesis of 5a.

o) i) DIBAL-H, OH

OBn —78°C
NBn2 iy Etmgr B2
Entry Reductioan time  EtMOBY Solvent PIBALH anti/syn”  Yield(%)
(h) (equiv) (equiv)

1 1 3 Et,O 2.5 >95/1 35
2 1 3 Et,O 3.6 - -

3 2 3 Et,O 25 >95/1 55
4 2 3 Et,O 1.4 >95/1 70
5 2 1 Et,O 14 >95/1 26
6 2 2 Et,O 14 >95/1 33
7 2 4 Et,O 14 >05/1 68
8 2 3 Et,O 11 >95/1 48
9 1 3 DCM 3.6 - -

10 2 3 DCM 25 >05/1 28
11 2 3 DCM 14 >95/1 13
12 2 3 THF 14 >95/1 38
13 2 3 Toluene 14 >05/1 63

2 Delay time between the addition of DIBAL-H and the Grignard reagent. ° Diastereoisomeric ratio as

determined by *H NMR analysis of the crude product 5a.

The stereochemical course of the process is consistent with the generation of a free
aldehyde, while the nucleophilic attack of the Grignard reagent on the carbonyl follows a non-
chelating Felkin-Anh model.* A Sy2-like mechanism involving elimination of a metalalkoxy
group could explain the intermediate aldehyde.* In agreement with this proposal, the identity of

the alkoxy group of the aluminoxy acetal should not affect the stereoselectivity of the alkylation
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reaction. To test this hypothesis, a series of alanine esters (synthesized using different

44 were analyzed by 'H-NMR to determine the effect of increasing the steric bulk

procedures)
of the alkoxy group of the ester on the stereoselectivity of the DIBAL-H reduction in Et,O and
subsequent EtMgBr addition (Table 3.2). From the results, we inferred that there is no
correlation between the bulkiness of the ester group and the stereoselectivity of the reaction. We
also concluded that the ester did not affect the yield of the reaction. The benzyl ester was the
best choice because it is synthesized in one step by the direct perbenzylation of the free a-amino

acid.

Table 3.2. Influence of the alkoxy group bulkiness in esters of N,N-dibenzyl-_-alanine.

0 i) DIBAL-H, OH

ﬁ)k -78°C
OR

NBn: iy EtmgBr B
Entry Compound R anti/syn® Yield (%)
1 4a Bn >95/1 70
2 4b t-Bu 92/8 68
3 4c Et 94/6 65
4 4d Me >95/1 66

2 Diastereoisomeric ratio determined by *H NMR analysis of the crude products.

Once we had adjusted the conditions, we studied the scope. Thus, 4 and 6 (Synthesized
by perbenzylation of the a-amino acids -alanine and -phenylalanine, respectively) were
submitted, at —78 °C, to our one-pot sequence using commercially available ethyl-, vinyl- and
ethynylmagnesium bromide solutions affording the corresponding amino alcohols 5a-c and 7a-c
(Table 3.3).
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Table 3.3. Synthesis of anti-B-amino alcohols 5 and 7.

i) DIBAL-H,
0 78°C ¢
1 - 1
NBrz i)R2mgBr P2
4a, R'= Me Et,0 5, R'=Me
6,R'=Bn 7,R"=Bn
Entry Compound R R? anti/syn*  Yield (%)
1 ba Me Et >95/1 70
2 5b Me Vinyl >95/1 60
3 5¢ Me Ethynyl 87/13 65
4 7a Bn Et >95/1 72
5 b Bn Vinyl >95/1 63
6 7c Bn Ethynyl 90/10 70

2 Diastereoisomeric ratio determined by *H NMR analysis of the crude products.

The anti diastereoselectivity (>95/1) of the reaction was determined by 'H-NMR
spectroscopy (400 MHz). We observed that the diastereoselectivity was not affected by the size
of the substituent R (Table 3.3), while the Grignard reagent produced a small influence. In this
particular context, we observed a lower diastereomeric ratio using ethynylmagnesium bromide
(entries 3 and 6). Fortunately, pure diastereoisomers of compounds 5 and 7 were obtained in
good yields by flash column chromatography. The pure compounds showed good physical and
spectroscopic data compliance, within the limits of experimental error, with those reported

3133 5¢,% 7a%% and 7¢.* To the best of our knowledge, products 5b and 7b

previously for 5a,
are described for the first time in this work. To corroborate their structures, we synthesized the
amino alcohols 8 and 9 by N-deprotection and double bond reduction of 5b and 7b respectively,
with Pearlman’s catalyst under hydrogen pressure (Scheme 3.1). The physical and spectral data

of these compounds agree with those reported for 8 and 9 (Scheme 3.1).*

It has been described in the literature that during the DIBAL-H treatment, it is possible
that some racemization of the enantiomerically pure aldehydes occurs. Therefore, we submitted

both commercially available . -phenylalanine and -phenylalanine to our one-pot procedure
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using as Grignard reagent ethylmagnesium bromide. The resulting compounds rac-7a and 7a
were analyzed by chiral HPLC to check their enantiomeric purity. The results showed that no

loss of enantiomeric purity was observed.

OH OH
RW Hz‘ Pd(OH)2 R‘l\‘/g\/
_—

NBn, NH,
5b, R' = Me 8, R'=Me
7b, R' =Bn 9,R'"=Bn

Scheme 3.1.  Synthesis of amino alcohols 8 and 9.

3.2.2 Preparation of anti-2-amino-1,3-diols.

We wondered if our technique could be extended to the synthesis of more substituted /-
amino alcohols and, more importantly, if it is compatible with free hydroxyl groups present in
the substrate. To test this idea we selected N,N-dibenzylamino esters 10 and 11, which were
prepared by conventional methods using -serine and -threonine, respectively.”® Gratifyingly,
the synthesis of amino alcohols 12a-c and 13a-c were carried out using the same one-pot

approach described above with good yields and excellent stereoselectivity (Table 3.4).

In this particular case, we needed to fine-tune the reaction conditions to improve the
yield of 12 and 13. We found that by using the general conditions described above, namely 1.4
equiv of DIBAL-H in ether (-78 °C, 2 h) and 3 equivalents of Grignard reagent, we could obtain
12 and 13 although in low yields (= 40 %). The contaminating products were the carbinols
resulting of the undesired addition of Grignard reagents to the ester groups. We suspected that
because the presence of the free hydroxy group, an additional amount of DIBAL-H should be
used. Fortunately, when we added, after 1 h, an extra amount of 0.7 equivalents of DIBAL-H
allowing the reduction time to reach 2 h, the Grignard reagent addition produced the anti-diols
12 and 13 in good yields as shown in Table 3.4. It should be pointed out that necessarily the
DIBAL-H addition must be done in two portions. When 2.1 equiv of the reducing agent was
added in one portion and maintained during 2 h, a substantial amount of the primary alcohol
was produced. In all cases, the reaction took place with a good yield and excellent
stereoselectivity (anti/syn >95/1). Once again, the stereochemical course of the reaction could

be explained by a Felkin-Anh model where the presence of a free hydroxy group did not affect
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the stereoselectivity. Finally, it is important to mention that our approach avoids the use of O-
protecting groups, the latter being used in all previously reported procedures for the synthesis of

related compounds.*®*

Table 3.4. Synthesis of anti-2-amino-1,3-diols 12 and 13.

o )DIBAL-H oH
-78°C :
R! OBn R' R?
NBn2 i) R2MgBr NBn,
10,R'=H Et,O 12, R'=H
11, R'=Me 13, R'=Me
Entry Compound R R? anti/syn® Yield (%)

1 12a H Et >05/1 60
2 12b H Vinyl >05/1 70
3 12¢ H Ethynyl >05/1 63
4 13a Me Et >05/1 60
5 13b Me Vinyl >95/1 63
6 13c Me Ethynyl >05/1 58

% Diastereoisomeric ratio determined by *H NMR analysis of the crude products.

In order to determine the relative configuration of the obtained 1,3-diols, the six-
membered acetonides 14a-c and 15a-c were synthesized (Figure 3.3) by treatment of diols 12a-c
and 13a-c, respectively, with 2,2-dimethoxypropane (DMP) in the presence of pyridinium p-
toluensulfonate (PPTS) in DCM (Figure 3.3).
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Me_g _Me Me_g _Me Me_gs_Me
o0 O><O O><Q
R 3 4 f; R 3 > ; = R 3 4 5 \\
NBn2 NBn2 NBn2
14a,R=H 14b,R=H 14c,R=H
15a, R = Me 15b, R = Me 15¢c, R = Me

Figure 3.3. Acetonides prepared to assign the relative configuration.

The acetonides 14a-c showed a J,5 value of approximately 9.8 Hz which is in
agreement with the anti-configuration reported.*>* Moreover, in acetonides 15a and 15b the
1,3-anti relation was established by **C NMR analysis of methyl (marked in bold blue face,
Figure 3.3) signals (24.5 and 24.8 ppm for 15a and 24.6 and 24.9 ppm for 15b), and C-6 (100.3
and 100.4 ppm for 15a and 15b, respectively). In addition, the anti-relation of H-4 and H-5 was
determined by the value of the coupling constant (J;5 = 7.4 Hz for both) which is in agreement
with previous data reported.*” The relative configuration of compound 15¢ was determined by
the Js s = 4.8 Hz value, which is in agreement with the anti-configuration data reported.>

3.2.3. Synthesis of anti-3-amino-1,4-diols.

In a third application of the methodology, we examined the addition of EtMgBr to
lactone 16 previously treated with DIBAL-H (Table 3.5). Lactone 16 was synthesized using -
methionine as starting material.>* For the synthesis of 17a we decided to test the same one-pot
methodology as for the compounds 3a-c and 4a-c (1.4 equiv of DIBAL-H, at —78 °C for 2 h and
subsequently addition of EtMgBr). Under the reaction conditions, the desired product 17a was
obtained in high yield and stereoselectivity (95% yield and anti/syn >95/1, Table 3.5).
Furthermore, we tested this reaction with diverse Grignard reagents, allowing the synthesis of
17b and 17c.

The relative configuration of 17a-c was determined by converting them to the lactones
18a-c with tetrapropylammonium perruthenate (TPAP) and N-methylmorpholine N-oxide
(NMO) (Figure 3.4). The 'H NMR vicinal coupling constant between the protons H-3 and H-4

in the lactones 18a-c showed a Js 4 = 4.3 Hz, indicating an anti-configuration.®"*>%
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Table 3.5. Synthesis of anti-3-amino-1,4-diols 17a-c.

o i) DIBAL-H OH
— o z
O\b}NBng 78°C HO\/Y\R
ii) RMgBr NBn;
16 Et,0 17a-c
Entry Compound R anti/syn®*  Yield (%)

1 17a Et >05/1 95
2 17b Vinyl >05/1 96
3 17¢ Ethynyl >95/1 80

? Diastereoisomeric ratio determined by *H NMR analysis of the crude products.

H4 H4 H4
@) o o
O @) _ @)
$ s 5 s
H§ NBn2 H§ NBn2 H; NBn2
18a 18b 18c

Figure 3.4. Lactones prepared to assign the relative configuration.

3.2.4 Synthetic applications.

In order to assess the wider application of our methodology, we turned our attention to
spisulosine (2c). Using the same experimental procedure described above for the synthesis of
anti-g-amino alcohols, 2c could be prepared in just two steps from 4a using
pentadecynylmagnesium bromide as the Grignard reagent (Scheme 3.2). We observed that our
one-pot methodology provided 19 as only one diastereomer (within limits of *H NMR detection
in the crude reaction mixture) in good yield. The N-deprotection and reduction of the triple bond
using hydrogenation with Pearlman’s catalyst provided spisulosine (2c¢), in 42% overall

yiel

d 6,57,58
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5 i) DIBAL-H oH o

\HJ\ EtZO, _78°C R Y\(\/)/ H2, Pd(OH)Z Ym
OBn N NH,
NBn, 12 | MeOH, rt

NBn, i) BrMgC=C(CH,)1,CH; spisulosine

4a Et,0 19 70% 2
2~ 60% (anti/syn >95/1) ° ¢

one-pot

Scheme 3.2.  Synthesis of spisulosine (2c).

Similarly, the synthesis of sphinganine (1b) was carried out using the same
experimental procedure described for the synthesis of compounds 12a-c and it is shown in
Scheme 3.3. First, we obtained product 20 by the addition of pentadecynylmagnesium bromide
to the aldehyde previously formed from 10, in 75% yield and with high diastereoselectivity
(anti/syn >95/1), without using protecting groups.*® Further hydrogenation of 20 with

Pearlman’s catalyst provided sphinganine (1b) in 45% overall yield.>

o i) DIBAL-H OH oH
ﬁ)k Et,O, —-78°C Ho, Pd(OH),
> HO NV
HO OBn AN HO
. _ m MeOH, rt Ty
NBn, ii) BrMgC=C(CH,),,CH; NH,
10 Et,O 20 60% sphinganine
75% (anti/syn >95/1) 1b
one-pot

Scheme 3.3.  Synthesis of sphinganine (1b).

3.3. Conclusion

In summary, a new general one-pot methodology has been developed for the synthesis
of enantiopure anti-p-amino alcohols from a-dibenzylamino esters having their origin in o-
amino acids, in good yields and excellent diastereoselectivity. Our results showed that optically
active a-dibenzylamino esters can be reduced and converted into g-amino alcohols by
subsequent addition of diverse Grignard reagents avoiding the problem of instability of the
aldehydes. Presumably, these additions proceed under nonchelation control involving the

aldehyde formed in situ using DIBAL-H at —78 °C. Similarly, anti-2-amino-1,3-diols and anti-
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3-amino-1,4-diols were obtained. Our technique is compatible with free hydroxyl groups
present in the substrate. Considering the simplicity of preparing these products, we tested this
methodology synthesizing spisulosine and sphinganine. Further studies on the synthesis of other
derivatives and related natural products are in progress. The in vitro antiproliferative activity
against human solid tumor cells is being evaluated with promising results and will be reported

in due course.
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3.5.  Experimental Section
3.5.1. General Remarks

Reactions were performed using oven-dried glassware under an atmosphere of argon. Reagent-
grade chemicals were obtained from diverse commercial suppliers and were used as received.
Optical rotations were measured with a polarimeter at the sodium line at different temperatures
in CHCI;. "H/™C NMR spectra of the samples as CDCI; solutions were recorded at 400/100
MHz or at 500/125 MHz or 600/150 MHz respectively at 298 K. Chemical shifts (o) are quoted
in ppm and referenced to internal TMS (6 = 0 ppm) for *H NMR and CDCl; (6 = 77.0 ppm) for
C NMR; coupling constants (J) are quoted in Hz. Data are reported as follows: s, singlet; d,
doublet; t, triplet; g, quartet; quin, quintet, sex, sextet, sep, septet, m, multiplet; br, broad. 2D
NMR techniques were used to assist in structure elucidation. IR spectra were recorded neat on a
FT-ATR IR system and the data are reported in reciprocal centimeters (cm™). Accurate mass
(HRMS) were determined by electrospray ionization (ESI-TOF) and electronic impact (El-
TOF). Reactions were monitored using thin-layer chromatography (TLC) on aluminum packed
percolated Silica Gel 60 F,s4 plates. Flash column chromatography was carried out with silica
gel 60 (particle size less than 0.020 mm) by using appropriate mixtures of ethyl acetate and
hexanes as eluent. Compounds were visualized by use of UV light and 2.5% phosphomolybdic
acid in ethanol. All reactions involving air- or moisture-sensitive materials were carried out
under Argon atmosphere. Anhydrous magnesium sulfate was used for drying solutions. Melting
points were measured with micro melting point apparatus. Chemical nomenclature was

generated using Chem Bio Draw Ultra 13.0.
3.5.2. Synthetic procedures and characterization for the glutamic acid derivatives

(2S,3R)-2-(dibenzylamino)pentan-3-ol (5a).** To a cooled (~78 °C) solution of 4a (100 mg,
0.28 mmol) in dry Et,0O (3 mL) under argon was added DIBAL-H (0.4 mL, 0.4 mmol, 1 M in
hexane). After stirring for 2 h, ethylmagnesium bromide solution (0.3 mL, 0.84 mmol, 3 M in
Et,O) was carefully added at —78 °C, and the mixture was allowed to warm to —10 °C and stirred
for 18 h. Then, the mixture was warmed up to 0 °C and quenched with saturated NH,CI (8 mL).
The mixture was extracted with Et,O (10 mL x 3). The combined organic phases were washed
with brine, dried over MgSQ,, filtered and concentrated in vacuum. The residue was purified by
flash chromatography on silica gel (eluent AcOEt/PE, 98:2), to give 5a (56.6 mg, 0.20 mmol,
70% yield) as a colorless oil. [a]*p +48.1 (c, 1.0, CHCIs).

(3R,4S5)-4-(dibenzylamino)pent-1-en-3-ol (5b). The procedure described above was applied to
4a on a 0.28 mmol (100 mg) scale with vinylmagnesium bromide solution (0.84 mL, 0.84
mmol, 1 M in THF), to give 5b (47 mg, 0.17 mmol, 60% yield) as a colorless oil. [0]*°p = +5.99
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(c, 1.03, CHCI,); '"H NMR (400 MHz, CDCl,): 8= 1.05 (d, 3H, J = 6.9 Hz), 2.76 (br, 1H), 2.87
(g, 1H J = 6.6 Hz), 3.33 (d, 2H, J = 13.7 Hz), 3.73 (d, 2H, J = 13.7 Hz), 3.94 (br, 1H), 5.07 (d,
1H, J = 10.4 Hz), 5.26 (dd, 1H, J; = 17.3, J,= 1.3 Hz), 5.90 (ddd, 1H, J; = 16.2, J, = 10.5, J; =
5.5 Hz); BC NMR (100 MHz, CDCly): 6=139.8, 139.2, 128.9, 128.4, 127.1, 115.2, 73.8, 57.1,
54.9, 9.0; IR (ATR-neat) Vs = 3409, 3031, 1644, 1605, 1455, 924; HRMS (ESI-TOF) (m/z)
[M + H*] = calcd for Cy9H,,NO 282.1858, found 282.1861.

(3R,4S)-4-(dibenzylamino)pent-1-yn-3-ol (5¢).* The procedure described above was applied
to 4a on a 0.28 mmol (100 mg) scale with ethynylmagnesium bromide solution (1.68 mL, 0.84
mmol, 0.5 M in THF), to give 5¢ (50.8 mg, 0.18 mmol, 65% yield) a solid. mp = 54-55 °C;
[a]®p = +31.0 (c, 0.6, CHCI,).

(2S,3R)-2-(dibenzylamino)-1-phenylpentan-3-ol (7a).”** The procedure described for the
synthesis of compound 5a was applied to 6 (100 mg, 0.23 mmol) using DIBAL-H (0.32 mL,
0.32 mmol, 1 M in hexane) and ethylmagnesium bromide solution (0.23 mL, 0.69 mmol, 3 M in
Et,0), to give 7a (59.4 mg, 0.17 mmol, 72% yield) as a colorless oil. [a]®p = +21.0 (c, 1.0,
CHCly).

(3R,45)-4-(dibenzylamino)-5-phenylpent-1-en-3-ol (7b). The procedure described for the
synthesis of compound 7a was applied to 6 (100 mg, 0.23 mmol) using vinylmagnesium
bromide solution (0.69 mL, 0.69 mmol, 1 M in THF), to give 7b (51.8 mg, 0.15 mmol, 63%
yield) as a colorless oil. [0]*°p = +3.6 (¢, 1.0, CHCI;); *H NMR (400 MHz, CDCl,): § = 2.76
(dd, 1H, J; = 13.7, J, = 8.1 Hz), 2.92 (d, 1H, J = 7.3 Hz), 3.10 (dd, 1H, J; = 13.7, J, = 6.5 Hz),
3.17-3.21 (m, 1H), 3.52 (d, 2H, J 13.6 Hz), 3.86 (d, J = 13.6 Hz), 4.04-4.05 (m, 1H), 5.17 (d, J
=10.5 Hz), 5.38 (d, J = 17.3 Hz), 6.06 (ddd, 1H, J; = 15.9, J, = 10.5, J; = 5.0 Hz), 7.17-7.31 (m,
15H); **C NMR (100 MHz, CDCl5): § = 139.8, 139.5, 138.5, 129.3, 128.9, 128.5, 128.4, 127.2,
126.2, 115.5, 71.0, 63.2, 55.3, 31.7; IR (ATR-neat) vna = 3435, 3026, 1641, 1602, 1453, 922,
920; HRMS (ESI-TOF) (m/z) [M + H'] = calcd for CysH,sNO 358.2171, found 358.2160.

(3R,4S)-4-(dibenzylamino)-5-phenylpent-1-yn-3-ol (7c).*> The procedure described for the
synthesis of compound 7a was applied to 6 (100 mg, 0.23 mmol), with ethynylmagnesium
bromide solution (1.38 mL, 0.69 mmol, 0.5 M in THF), to give 7c (57.2 mg, 0.161 mmol, 70%
yield) as a colorless solid. mp = 131-132 °C; [a]®p = +63.1.0 (c, 1.0, CHCI,).

(2S,3R)-2-aminopentan-3-ol (8).2 To a solution of 5b (100 mg, 0.36 mmol), in 5 mL of dry
MeOH were added 10 mg of 20% Pd (OH),-C in one portion. The mixture was stirred under 1
atm of H,, at room temperature for 18 h. After completion of the reaction, the catalyst was

removed by filtration through Celite and washed with 20 mL of MeOH. The solvent was
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evaporated under reduced pressure to afford 8 (36.2 mg, 0.32 mmol, 90% yield) as colorless oil.
[a]®p = +14.6 (c, 1.0, CHCIy).

(2S,3R)-2-amino-1-phenylpentan-3-ol (9).”® The procedure described above was applied to 7b
on a 0.28 mmol (100 mg) scale, to give 9 (42.5 mg, 0.26 mmol, 92% yield) as a colorless solid;
mp = 104-106 °C; [a]*p = +39.0 (c, 1.0, CHCIs).

(2S,3R)-2-(dibenzylamino)pentane-1,3-diol (12a). To a cooled (—78 °C) and stirred solution of
N,N-amino benzyl ester 10 (100 mg, 0.27 mmol) in dry Et,O (3 mL), under argon was added
DIBAL-H in two portions (0.38 mL, 0.38 mmol, 1 M in hexane; and 1 h later 0.19 mL, 0.19
mmol). One hour after the addition of the second portion of DIBAL-H, ethylmagnesium
bromide solution (0.27 mL, 0.81 mmol, 3 M in Et,0) was carefully added and the mixture was
allowed to warm to —10 °C and stirred for 18 h. Then, the mixture was warmed to 0 °C and
guenched with saturated NH4CI (8 mL). The mixture was extracted with Et,O (10mL x 3), the
combined organic phases were washed with brine, dried over MgSQ,, filtered and concentrated
in vacuum. The residue was purified by flash chromatography on silica gel flash (eluent
gradient AcCOEY/PE, 8:2 to 7:3), to give 12a (48.5 mg, 0.16 mmol, 60% yield) as a colorless oil.
[a]®, = -7.5 (¢, 1.2, CHCI5); *H NMR (400 MHz, CDCl,): 6= 0.82 (t, 3H, J = 7.4 Hz), 1.34
(sep, 1H, J = 7.5 Hz), 1.67 (m, 1H), 2.63 (q, 1H, J = 5.8 Hz), 3.64 (d, 2H, J = 13.7 Hz), 3.72-
3.75 (m, 3H), 3.82 (m, 1H), 7.18-7.27 (m, 10H); *C NMR (100 MHz, CDCls): & = 139.6,
129.0, 128.4, 127.1, 72.7, 61.9, 59.0, 54.6, 28.6, 9.9; IR (ATR-neat) vy = 3371, 3062, 3028,
2962, 1493, 1453, 1365; HRMS (ESI-TOF) (m/z) [M + H'] = calcd for CyH,sNO, 300.1964,
found 300.1968.

(2S,3R)-2-(dibenzylamino)pent-4-ene-1,3-diol (12b). The procedure described above for the
synthesis of compound 12a was applied to 10 on a 0.27 mmol (100 mg) scale using
vinylmagnesium bromide solution (0.81 mL, 0.81 mmol, 1 M in THF) to give 12b (56 mg, 0.19
mmol, 70% vyield) as a colorless oil. [a]®p = —23.0 (¢, 1.2, CHCI3); 'H NMR (400 MHz,
CDCls): 5=2.80 (g, 1H, J = 5.8 Hz), 3.67-3.79 (m, 5H), 3.84-3.87 (m, 1H), 4.41 (t, 1H, J=5.8
Hz), 5.14 (d, 1H, J = 10.4 Hz), 5.25 (d, 1H, J = 17.3 Hz), 5.88 (ddd, J; = 16.8, J, = 10.4; J; =
6.1 Hz), 7.18-7.27 (m, 10H); *C NMR (100 MHz, CDCl3): § = 139.9, 139.5, 129.0, 128.6,
128.4, 127.2, 115.7, 72.0, 62.4, 59.0, 54.6; IR (ATR-neat) vy =3361, 3063, 3027, 1602, 1493,
1452, 1365; HRMS (ESI-TOF) (m/z) [M + H'] = calcd for CigH,3NO, 298.1807, found
298.1816.

(2S,3R)-2-(dibenzylamino)pent-4-yne-1,3-diol (12c). The procedure described above for the
synthesis of compound 12a was applied to 10 on a 0.27 mmol (100 mg) scale using

ethynylmagnesium bromide solution (1.62 mL, 0.81 mmol, 0.5 M in THF) to give 12c (50.2
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mg, 0.17 mmol, 63% yield) as a colorless oil. [a]®, = —18.8 (c, 0.83, CHCI,); *H NMR (400
MHz, CDCly): §=2.46 (d, 1H, J = 1.9 Hz), 3.04 (t, 1H, J = 6.1 Hz), 3.17 (br, 1H), 3.72 (d, 2H,
J = 13.3 Hz), 3.81-3.84 (m, 1H), 3.92-3.98 (m, 3H), 4.46 (br, 1H), 7.19-7.27 (m, 10H); °C
NMR (100 MHz, CDCl,): §=139.1, 129.2, 128.5, 127.4, 83.8, 74.8, 61.8, 60.3, 59.6, 54.8; IR
(ATR-neat) Vs =3371, 3292, 3062, 3028, 1602, 1494, 1452, 1366; HRMS (ESI-TOF) (m/z)
[M + Na™] = calcd for C1oH»;NO, 318.1470, found 318.1474.

(2R,3S,4R)-3-(dibenzylamino)hexane-2,4-diol (13a). The procedure described above for the
synthesis of compound 12a was applied to 11 on a 0.26 mmol (100 mg) scale using
ethylmagnesium bromide solution (0.26 mL, 0.78 mmol, 3 M in Et,0) to give 13a (50.1 mg,
0.16 mmol, 60% yield) as a colorless oil. [a]*p = —43.0 (c, 1.0, CHCI;); *H NMR (400 MHz,
CDCly): §=0.91 (t, 3H, J = 7.6 Hz), 1.18 (d, 3H, J = 6.1 Hz), 1.67-1.58 (m, 2H), 2.10 (br, 1H),
2.36 (dd, 1H,J; =7.1, J, = 1.9 Hz), 3.48 (d, 2H, J = 13.5 Hz), 3.93-3.96 (m, 1H), 4.01 (d, 2H, J
= 13.5 Hz), 4.13 (quin, 1H, J = 6.2 Hz), 7.16-7.29 (m, 10H); *C NMR (100 MHz, CDCl,); 6=
139.4, 129.1, 128.4, 127.2, 70.9, 65.8, 64.9, 55.1, 30.2, 20.9, 18.8; IR (ATR-neat) Vya = 3415,
3062, 3026, 2968, 2922, 1496, 1455, 1374; HRMS (ESI-TOF) (m/z) [M + H'] = calcd for
C,H2NO; 314.2120, found 314.2118.

(2R,3S,4R)-3-(dibenzylamino)hex-5-ene-2,4-diol (13b). The procedure described above for
the synthesis of compound 12a was applied to 11 on a 0.26 mmol (100 mg) scale using
vinylmagnesium bromide solution (0.78 mL, 0.78 mmol, 1 M in THF) to give 13b (50.9 mg,
0.16 mmol, 63% yield) as a colorless oil. [0]*°p = —42.7 (¢, 0.93, CHCI5); 'H NMR (400 MHz,
CDCly): §=1.14 (d, 3H, J = 6.1 Hz), 2.52 (dd, 1H, J, = 7.6, J, =2.2 Hz), 3.60 (d, 2H, J = 135
Hz), 4.03 (d, 2H, J = 13.5 Hz), 4.12 (quin, 1H, J = 6.3 Hz), 4.56 (br, 1H), 5.11 (d, 1H, J =
10.5), 5.27 (d, 1H, J = 17.2 Hz) 5.86 (ddd, 1H, J; =16.7, J, = 10.5, J; = 5.2 Hz), 7.17-7.31 (m
10H); *C NMR (100 MHz, CDCls): § = 140.4, 139.2, 129.1, 128.9, 128.5, 127.3, 114.8, 69.9,
66.4, 65.2, 55.3, 21.0; IR (ATR-neat) vy =3391, 3063, 3026, 1603, 1494, 1454; HRMS (ESI-
TOF) (m/z) [M + H'] = calcd for CyoHsNO, 312.1964, found 312.1972.

(2R,3S,4R)-3-(dibenzylamino)hex-5-yne-2,4-diol (13c). The procedure described above for the
synthesis of compound 12a was applied to 11 on a 0.26 mmol (100 mg) scale using
ethynylmagnesium bromide solution (1.56 mL, 0.78 mmol, 1 M in THF) to give 13c (46 mg,
0.15 mmol, 58% yield) as a colorless oil. [a]*p = —33.8 (¢, 1.02, CHCI5); *H NMR (400 MHz,
CDCly): §=1.25 (d, 3H, J = 6.0 Hz), 2.49 (d, 1H, J = 1.7 Hz), 2.77 (dd, 1H, J; =8.9, J, =4.9
Hz), 4.01 and 4.06 (2 x 2H, AB system, J = 13.1 Hz), 4.34-4.44 (m, 2H), 7.23-7.34 (m, 10H);
3C NMR (100 MHz, CDCl,): §=139.2, 129.5, 128.5, 127.3, 83.7, 74.7, 66.8, 65.6, 59.5, 55.5,
21.2; IR (ATR-neat) v =3379, 3224, 3063, 3025, 1495, 1454, 1364; HRMS (ESI-TOF) (m/z)
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[M + H*] = calcd for CyH23NO, 310.1807, found 310.1805.

(4R,5S5)-N,N-dibenzyl-4-ethyl-2,2-dimethyl-1,3-dioxan-5-amine (14a). To a solution of 12a
(20.0 mg, 0.07 mmol) were added DMS (0.8 mL, 0.85 mmol) and PPTS (5 mg, 0.02 mmol) in 2
mL of dry DCM. The solution was stirred for 18 h at room temperature. The solvent was then
evaporated and the residue was chromatographed on silica gel flash (eluent AcOEt/PE, 95:5) to
give 14a (19.0 mg, 0.06 mmol, 80% yield) as a colorless oil. [a]®, = +68.1. (c, 0.93, CHCIs);
'H NMR (500 MHz, CDCl3): 5= 0.75 (t, 3H, J = 7.4 Hz), 1.22 (s + m 4H), 1.29 (s, 3H), 1.83
(dsext, 1H, J; = 7.4, J, = 2.6 Hz), 2.64 (td, 1H, J, = 9.6, J, = 5.6 Hz), 3.45 (d, 2H, J = 14.3 Hz)
3.62 (dt, 1H, J; = 9.6, J, = 2.6 Hz), 3.76 (dd, 1H, J; = 11.9, J, = 5.6 Hz), 3.83 (d + dd, 3H, J; =
14.3, J, = 11.9, J; = 5.6 Hz) 7.13-7.26 (m, 10H); *C NMR (100 MHz, CDCly): & = 139.7,
128.7, 128.0, 127.0, 99.0, 71.3, 58.2, 57.8, 54.8, 26.6, 25.6, 21.7, 9.7; IR (ATR-neat) Vpaxx =
3068, 2938, 2880, 1457, 1379, 1227, 1204, 1116; HRMS (ESI-TOF) (m/z) [M + H*] = calcd for
CaH3oNO, 340.2277, found 340.2271.

(4R,5S)-N,N-dibenzyl-2,2-dimethyl-4-vinyl-1,3-dioxan-5-amine ~ (14b). The procedure
described above for the synthesis of compound 14a was applied to 12b (20 mg, 0.067 mmol) to
give 14b (18.5 mg, 0.05 mmol, 82% yield) as a colorless oil. [a]*p = +19.7 (c, 1.01, CHCI5); *H
NMR (500 MHz, CDCls): 8= 1.37 (s, 3H), 1.47 (s, 3H), 2.88 (ddd, 1H, J; =9.5, J, = 7.8, J; =
5.6 Hz), 3.66 (d, 2H, J = 13.8 Hz), 3.88 (dd, 1H, J, = 11.7, J, = 5.6 Hz), 3.93 (d, 2H, J = 13.8
Hz), 3.97 (dd, 1H, J, = 11.7, J, = 7.8 Hz), 4.40 (dd, 1H, J; = 9.8, J, = 6.5 Hz), 5.32 (d, 1H, J =
10.5 Hz), 5.42 (d, 1H, J = 17.1 Hz), 5.93 (ddd, 1H, J; = 17.1, J, = 10.5, J3 = 6.5 Hz), 7.24-7.37
(m, 10H); *C NMR (100 MHz, CDCl,): § = 139.5, 137.7, 128.7, 127.1, 117.5, 98.8, 71.4, 59.1,
57.4,54.7, 27.6; IR (ATR-neat) v = 3503, 3063, 3027, 2989, 2936, 2887, 1602, 1493, 1453,
1200; HRMS (ESI-TOF) (m/z) [M + H*] = calcd for C,,H,;NO, 338.2120, found 338.2117.

(4R,5S)-N,N-dibenzyl-4-ethynyl-2,2-dimethyl-1,3-dioxan-5-amine  (14c). The procedure
described above for the synthesis of compound 14a was applied to 12¢ (20 mg, 0.068 mmol) to
give 14c (18.2 mg, 0.05 mmol, 80% yield) as a colorless oil. [a]* = +29.2 (c, 0.96, CHCI5); *H
NMR (500 MHz, CDCls): §=1.36 (s, 3H), 1.39 (s, 3H), 2.59 (d, 1H, J =2.1 Hz), 3.18 (ddd, 1H,
J;=98,J,=75,J;=5.6 Hz), 3.74 (d, 2H, J = 13.9 Hz), 3.79 (dd, 1H, J; = 10.4, J, = 5.6 Hz), ,
3.84 (dd, 1H, J, =10.4, J, = 7.5 Hz), 3.97 (d, 1H, J = 13.9 Hz), 4.66 (dd, 1H, J; =9.8,J,=2.1
Hz), 7.22-7.40 (m, 10H); *C NMR (100 MHz, CDCly): § = 139.4, 128.7, 128.3, 127.1, 99.4,
82.6, 74.3, 61.3, 60.2, 57.6, 54.7, 27.1, 20.8; IR (ATR-neat) v, = 3288, 3062, 3028, 2991,
2124, 1703; HRMS (ESI-TOF) (m/z) [M + H'] = calcd for Cx,HsNO, 336.1964, found
336.1969.

(4R,5S,6R)-N,N-dibenzyl-4-ethyl-2,2,6-trimethyl-1,3-dioxan-5-amine (15a). The procedure
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described above for the synthesis of compound 14a was applied to 13a (20 mg, 0.064 mmol) to
give 15a (18.1 mg, 0.05 mmol, 80% yield) as a colorless oil. [a]®, = +27.2 (¢, 0.3, CHCI,); 'H
NMR (600 MHz, CDCl,): 5= 0.83 (s, 3H), 1.26 (s, 3H), 1.33 (s, 3H), 1.27 (m, 1H), 1.40 (d, 1H,
J =7.0 Hz), 1.69 (dsext, 1H, J; = 7.4, J, = 2.8 Hz), 2.60 (dd, 1H, J, = 7.4, J, = 5..0 Hz), 3.68 (td,
1H, J; = 7.4, J, = 2.8 Hz), 4.01-4.03 (br + m, 3H), 7.19-7.27 (m, 10H); *C NMR (100 MHz,
CDClj): 6= 1405, 128.6, 128.2, 126.8, 100.3, 70.9, 68.6, 61.0, 55.8, 24.8, 24.5, 17.8, 10.3; IR
(ATR-neat) vyax = 3067, 2987, 2936, 2855, 1458, 1380, 1228; HRMS (ESI-TOF) (m/z) [M +
H*] = calcd for C,3H3:NO, 354.2433, found 354.2437.

(4R,5S,6R)-N,N-dibenzyl-2,2,4-trimethyl-6-vinyl-1,3-dioxan-5-amine (15b). The procedure
described above for the synthesis of compound 14a was applied to 13b (20 mg, 0.057 mmol) to
give 15b (15.8 mg, 0.05 mmol, 79% yield) as a colorless oil. [a]*p = —7.5 (c, 0.30, CHCI,); *H
NMR (600 MHz, CDCls): = 1.29 (s, 3H), 1.39 (s, 3H), 1.37 (d, 3H, J =6.9 Hz), 2.79 (dd, 1H,
Jy = 7.4, 3, = 5.3 Hz), 3.89 (br, 2H), 4.07-4.11 (br + m, 3H), 4.46 (t, 1H, J = 7.4 Hz), 5.21
(d,1H, J = 10.4 Hz), 5.32 (d, 1H, J = 17.2 Hz), 5.88 (ddd, 1H, J, = 17.2, J, = 10.4, J; = 6.6 Hz),
7.19-7.37 (m, 10H); **C NMR (100 MHz, CDCl,): §= 140.1, 139.1, 128.6, 128.2, 126.8, 116.7,
100.4, 69.7, 67.9, 60.7, 55.4, 29.7, 25.0, 24.6, 17.4; IR (ATR-neat) v = 3330, 3063, 3027,
2925, 2852, 1603, 1494, 1454, 1224; HRMS (ESI-TOF) (m/z) [M + H'] = calcd for Cy3H,sNO;
352.2277, found 352.2268.

(4R,5S,6R)-N,N-dibenzyl-4-ethynyl-2,2,6-trimethyl-1,3-dioxan-5-amine (15¢). The
procedure described above for the synthesis of compound 14a was applied to 13c (20 mg, 0.065
mmol), to give 15c¢ (18.8 mg, 0.05 mmol, 83% yield) as a colorless oil. [a]*°p = +3.5 (c, 0.34,
CHCI5); *H NMR (600 MHz, CDCl3): 5= 1.34 (d, 3H, J =6.5 Hz), 1.37 (s, 3H), 1.48 (s, 3H),
2.54 (d, 1H, J = 2.4 Hz), 2.87 (1H, t, J = 4.8 Hz), 3.70 (d, 2H, J = 13.4 Hz), 4.16 (br, 2H), 4.29
(dg, 1H, J; = 6.6, J, = 4.8 Hz), 4.94 (dd, 1H, J1 = 4.8, J2 = 2.4 Hz), 7.20-7.36 (m, 10H); “*C
NMR (100 MHz, CDCl3): 6 = 139.8, 128.7, 128.3, 126.9, 100.7, 84.4, 74.6, 66.5, 59.6, 58.8,
55.3, 27.2, 23.4, 17.4; IR (ATR-neat) vpa =3400, 3063, 3028, 2925, 2336, 2963, 1734; HRMS
(ESI-TOF) (m/z) [M + H'] = calcd for C,3H,;NO, 350.2120, found 350.2129.

(3S,4R)-3-(dibenzylamino)hexane-1,4-diol (17a). The procedure described for the synthesis of
compound 5a was applied to 16 on a 0.7 mmol (200 mg) scale using ethylmagnesium bromide
solution (0.7 mL, 2.1 mmol, 3 M in Et,0). The residue was purified by flash chromatography on
silica gel (eluent gradient AcOEL/PE, 8: 2 to 7:3) to give 17a (203.9 mg, 0.65 mmol, 95% vyield)
as a colorless oil. [a]®, = —34.0 (c, 1.18, CHCIs); *H NMR (400 MHz, CDCl5): 6= 0.82 (t, 3H,
J = 7.4 Hz), 1.30 (sep, 1H, J = 7.4 Hz), 1.43-1.56 (m, 1H), 1.96-2.05 (m, 1H), 2.60-2.64 (m,
1H), 3.46 (d, 2H, J = 13.6 Hz), 3.58 (br, 2H), 3.72-3.74 (d + m, 3H, J = 13.6 Hz), 7.50-7.24 (m,
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10H); 3C NMR (100 MHz, CDCly): 5= 139.4, 129.1, 128.4, 127.2, 71.4, 62.4, 61.1, 54.5, 28.7,
27.2,10.4; IR (ATR-neat) Vima =3314, 3063, 3028, 2930, 2960, 1494, 1453, 1365; HRMS (ESI-
TOF) (m/z) [M + H'] = calcd for CxH2;NO, 314.2120, found 314.2119.

(3S,4R)-3-(dibenzylamino)hex-5-ene-1,4-diol (17b). The procedure described for the synthesis
of compound 5a was applied to 16 on a 0.7 mmol (200 mg) scale using vinylmagnesium
bromide solution (2.1 mL, 2.1 mmol, 1 M in THF) to give 17b (209.1 mg, 0.67 mmol, 96%
yield) as a colorless oil. [0]*p = —31.4 (c, 1.26, CHCI); *H NMR (400 MHz, CDCl,): & = 1.59-
1.68 (m, 1H), 2.10-2.19 (m, 1H), 2.88-2.92 (m, 1H), 3.68-3.72 (d + m, 4H, J = 13.5 Hz), 3.83
(d, 2H, J = 13.5 Hz), 4.45 (br, 1H), 5.2 (d, 1H, J = 10.4 Hz), 5.33 (d, 1H, J = 17.2 Hz), 5.93
(ddd, 1H, J; = 16.4, J, = 10.4, J; = 5.4 Hz), 7.28-7.37 (m, 10H); **C NMR (100 MHz, CDCl,): §
= 140.1, 139.3, 129.1, 128.5, 127.3, 115.1, 70.9, 62.0, 60.8, 54.7, 27.2; IR (ATR-neat) Vmax
=3337, 3063, 3027, 1602, 1494, 1452, HRMS (ESI-TOF) (m/z) [M + H'] = calcd for
CaoH2sNO, 312.1964, found 312.1964.

(3S,4R)-3-(dibenzylamino)hex-5-yne-1,4-diol (17c). The procedure described for the synthesis
of compound 5a was applied to 16 on a 0.7 mmol (200 mg) scale using ethynylmagnesium
bromide solution (4.2 mL, 2.1 mmol, 0.5 M in THF) to give 17c¢ (173.1 mg, 0.56 mmol, 80%
yield) as a colorless oil. [a]®, = —13.7. (¢, 1.03, CHCI5); *H NMR (400 MHz, CDCl,): 6= 1.78-
1.86 (m, 1H), 2.01-2.09 (m, 1H), 2.40 (d, 1H, J = 6.2 Hz), 3.55-3.57 (d + m, 3H, J = 13.3 Hz),
3.62-3.69 (m, 1H), 3.92 (d, 2H, J = 13.3 Hz), 4.38 (d, 1H, J = 4.4 Hz), 7.18-7.25 (m, 10H); ©°C
NMR (100 MHz, CDCls): 6 = 139.0, 129.3, 128.6, 127.4, 84.1, 74.6, 60.9, 60.7, 58.8, 54.8,
28.2; IR (ATR-neat) Vmax =3379, 3296, 3066, 3032, 1498, 1456, 1370; HRMS (ESI-TOF) (m/2)
[M + H™] = calcd for C,0H3NO, 310.1807, found 310.1813.

(4S,5R)-4-(dibenzylamino)-5-ethyldihydrofuran-2(3H)-one (18a).** TPAP (32.0 mg, 0.09
mmol) was added to a stirred mixture of 17a (278.7 mg, 0.89 mmol), NMO (320.0 mg, 2.67
mmol) and activated powdered molecular sieves (60 mg) in dry DCM (1 mL) at room
temperature under argon. After stirring for 2 h, the reaction mixture was purified by column
chromatography flash (eluent AcOEt/PE, 8:2) to give 18a (137.6 mg, 0.45 mmol, 50% yield) as
a colorless oil. [a]®p = +84.3 (c, 0.4, CHCIy).

(4S,5R)-4-(dibenzylamino)-5-vinyldihydrofuran-2(3H)-one (18b). The procedure described
for the synthesis of compound 18a was applied to 17b (50 mg, 0.16 mmol) to give 18b (26.0
mg, 0.08 mmol, 51% yield) as a colorless oil. [a]*°p = +27.8 (c, 0.7, CHCI3); 'H NMR (500
MHz, CDCly): 5= 2.60.(d, 2H, J = 7.1 Hz), 3.53 (ddd, 1H, J, = 7.3, J, = 6.7, J; = 4.6 Hz), 3.57
(d, 2H, J = 13.8 Hz), 3.71 (d, 2H, J =13.8 Hz), 4.98 (ddd, 1H, J; = 5.4, J, = 4.6, J; = 1.4 Hz),
5.24 (dd, 1H, J; = 10.5, J, = 1.0), 5.34 (dt, 1H, J; = 17.2, J, = 1.0 Hz), 5.76 (ddd, 1H, J; = 5.4,
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J, = 4.6, J; = 1.4 Hz), 7.25-7.34 (m, 10H); *C NMR (100 MHz, CDCl,): & = 175.6, 138.2,
134.8, 128.5, 127.5, 117.3, 81.7, 60.6, 54.3, 29.7; IR (ATR-neat) vpa = 3029, 2921, 1778, 1646,
1184, 1163, 987, 738, 700; HRMS (ESI-TOF) (m/z) [M + H*] = calcd for C,0H»NO, 308,1651,
found 308.1651.

(4S,5R)-4-(dibenzylamino)-5-ethynyldihydrofuran-2(3H)-one ~ (18c).  The  procedure
described for the synthesis of compound 18a was applied to 17¢ (50 mg, 0.16 mmol) to give 18c
(24.4 mg, 0.08 mmol, 49% yield) as a colorless oil. [a]®p = +25.0 (c, 0.3, CHCI;); '"H NMR
(500 MHz, CDCl,): 6= 2.57 (dd, 1H, , J; =18.4, J, = 4.4 Hz), 2.65 (d, 1, H, J = 2.2 Hz), 2.79
(dd, J; = 18.4, J, = 8.8 Hz), 3.63 2x2AB system, 4H, J = 13.8 Hz), 3.89 (qd, 1H, J; = 4.3, J, =
4.3 Hz), 5.13 (dd, J; = 4.3, J, = 2.2 Hz), 7.26-7.34 (m, 10H); **C NMR (100 MHz, CDCl3) & =
174.7,137.7,128.7, 128.6, 127.6, 79.4, 70.3, 62.6, 54.1, 29.7; IR (ATR-neat) V.« = 3283, 2925,
2123, 1787, 1453, 1194, 970, 911, 736, 631 ; HRMS (ESI-TOF) (m/z) [M + Na'] = calcd for
C,0H1sNO, 328.1313 found.328.1316.

(2S,3R)-2-(dibenzylamino)octadec-4-yn-3-ol (19). To a solution of 1-nonyne (0.14 mL, 0.84
mmol) in dry Et,O (10 mL) was added ethylmagnesium bromide solution (0.28 mL, 0.84 mmol,
3 M in THF). The mixture was refluxed for 2.5 h and then it was allowed to cool down to room
temperature. In parallel, to a cooled (—78 °C) solution of 4a (100 mg, 0.28 mmol) in dry Et,O (3
mL) was added DIBAL-H (0.4 mL, 0.4 mmol, 1M in hexane) under argon atmosphere. After
stirring for 2 h, a solution of alkynyl magnesium bromide previously formed was carefully
added at —78 °C. The mixture was allowed to warm to —10 °C and stirred for 18 h. Then, the
mixture was warmed to 0 °C and quenched with saturated NH,CI (8 mL). The mixture was
extracted with Et,0 (10 mL x 3), the organic phases were washed with brine, dried over
MgSO,, filtered and concentrated in vacuum. The residue was purified by flash chromatography
on silica gel (eluent ACOE/PE, 9:1) to give 19 (77.5 mg, 0.17 mmol, 60% yield) as a colorless
oil [0]*°p = —10.2 (c, 0.89, CHCI5); 'H NMR (400 MHz, CDCls): 6 = 0.83 (t, 3H, J = 7.0 Hz),
1.14-1.25 (m, 23H), 1.39 (quin, 2H, J = 7.0 Hz), 2.13 (td, 2H, J; = 7.0, J, = 2.0 Hz), 2.95 (quin,
1H, J =6.6 Hz), 3.32 (d, 2H, J = 13.3 Hz), 3.89 (br, 1H), 4.14 (d + m, 3H, J = 13.3 Hz), 7.17-
7.27 (m, 10H); *C NMR (100 MHz, CDCl,): § = 139.4, 129.1, 128.4, 127.2, 86.8, 80.0, 63.2,
56.0, 54.7, 31.9, 29.7, 29.5, 29.4, 29.1, 28.9, 28.6, 22.7, 18.8, 14.1, 9.5; IR (ATR-neat) v =
3425, 2925, 2853, 1332, 747, 699; HRMS (EI-TOF) (m/z) [M - H,0"] = calcd for C;,H,/NO
443, 3552, found 443.3541.

(2S,3R)-2-(dibenzylamino)octadec-4-yne-1,3-diol (20).*® To a solution of 1-nonyne (0.13 mL,
0.81 mmol) in dry Et,0 (10 mL) was added ethylmagnesium bromide solution (0.27 mL, 0.81

mmol, 3 M in THF). The mixture was refluxed for 2.5 h and then it was allowed to cool down to
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room temperature. In parallel, to a cooled (—78°C) solution of 10 (100 mg, 0.27 mmol) in dry
Et,O (3 mL), under argon was added DIBAL-H in two portions (0.38 mL, 0.38 mmol, 1 M in
hexane; and 45 min later 0.19 mL, 0.19 mmol). After additional stirring for 40 min at —78 °C, a
solution of the alkynyl magnesium bromide previously formed was carefully added at —78 °C
and the mixture was allowed to warm to —10 °C and stirred for 18 h. Then, the mixture was
cooled to 0 °C and quenched with saturated NH,CI (8 mL). The mixture was extracted with
Et,O (10 mL x 3), the organic phases were washed with brine, dried over MgSQ,, filtered and
concentrated in vacuum. The residue was purified by flash chromatography on silica gel flash
(eluent AcOE/PE, 8:2) to give 20 (90.2 mg, 0.19 mmol, 70% yield) as a colorless oil [0]*°p = —
37.6 (c, 0.94, CHCIy).

(2S,3R)-2-aminooctadecan-3-ol (spisulosine, 2c).***** The procedure described for the
synthesis of compound 8 was applied to 19 (50 mg, 0.11 mmol) to give 2c¢ (25,1 mg, 0.09
mmol, 70% yield) as a white solid. mp = 65-67 °C; [a]*p.= +25.3 (c, 0.94, CHCIL,).

(2S,3R)-2-aminooctadecane-1,3-diol (sphinganine, 1b).>> The procedure described for the
synthesis of compound 8 was applied to 20 (50 mg, 0.10 mmol) to give 1b (19.0 mg, 0.06
mmol, 60% yield) as a white solid. mp = 70-72 °C; [a]*p.= +0.62 (c, 0.57, EtOH).
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3.5.3. High-performance liquid chromatography (HPLC)
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Figure S39.  HPLC analysis of rac-7a and 7a. Chiral The enantiomeric ratio was

determined by HPL.C analysis in comparison with racemic material (CHIRALCEL OJ-H
column, 99.0/1.0 n-hexane/2-propanol, 0.5 mL/min, major isomer: tg = 71.53 min, UV
detection at 254.0 nm, 25°C).
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3.5.4. NMR data comparison with literature data

(:)H
NBn2
Table S1.  'H NMR data (CDCIls;) comparison with literature data for 5a.
This work Ref 1 Ref 2 Ref 3
400 MHz 300 MHz 300 MHz 200 MHz
0.89 0.87 0.89 0.87
(t,3H,J=7.3Hz) (t, 3H, J=7.4 Hz) (d, 3H, J = 7.3 H2) (t, 3H, J = 7.4 Hz)
1.13 1.11 111 1.11
(d,3H,J=6.8Hz) | (d,3H, J=6.8Hz) (d, 3H, J = 6.9 Hz) (d, 3H, J = 7.4 Hz)
1.28-1.39 1.30 1.23-1.42 1.32
(m, 1H) (m, 1H) (m, 1H) (m, 1H)
1.76-1.82 1.77 1.69-1.93 1.60 (br, 1H)
(m, 2H) (m, 2H) (m, 2H) 1.76 (m, 1H)
2.74 2.71 2.75 2.72
(quint, 1H, J = 6.7 Hz) (m, 1H) (m, 1H) (m, 1H)
320 (d 2H3’Lf17 13.8 (AB tsj-? J=134 347
—_ 1 1] = . Sys 1 L] = . —_
(d, 2H, J = 13.9 Hz) Ho) ) (d, 2H, J = 14.0 Hz)
3.55 3.52 3.52 3.52
(m, 1H) (m,1H) (m, 1H) (m, 1H)
379 (d ZH?,Z6 13.8 (AB tgéLg J=134 376
— ] 1] = . Sys ] 1] = . —_
(d, 2H, J = 13.9 Hz) H2) il (d, 2H, J = 13.6 Hz)
7.23-7.37 7.15-7.40 7.23-7.51 7.23 (m, 2H)
(m, 10H) (m, 10H) (m, 10H) 7.32 (m, 8H)
Table S2. 3C NMR data (CDCls) comparison with literature data for 5a.
This work Ref 1 Ref 2 Ref 3
100 MHz 75 MHz 75 MHz 50 MHz
140.2 140.0 140.0 140.1
128.8 128.6 128.7 128.8
128.2-126.9 128.1-126.8 128.2-126.8 128.2-126.9
75.3 75.0 75.1 75.2
57.1 56.9 57.0 57.1
54.8 54.6 54.7 54.8
27.2 27.1 27.1 27.2
10.4 10.2 10.3 10.3
8.6 8.5 8.6 8.6
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Table S3.

This work
400 MHz
1.16
(d,3H,J=6.8 Hz)
2.37
(m, 1H)
2.97
(quint, 1H, J = 6.6 Hz)
3.31
(d, 2H, J=13.3 Hz)
4.01
(m, 1H (OH))
4.10
(m, 1H)
4.09
(d, 3H,J=13.3Hz)
7.18-7.27
(m, 10H)

Table S4.

This work
100 MHz

139.1
129.2
1285
127.3
83.9
74.3
62.8
55.6
54.7

mQ

7

'H NMR data (CDCI3) comparison with literature data for 5c.

Ref 4
300 MHz
1.27
(d, 3H, J=6.9 Hz)
2.48
(d, 1H,J=13H2z)
3.08
(m, 1H)
3.42
(d, 2H, J=13.3 Hz)

4.19
(m, 1H)
4.21
(d, 2H, J=13.3 Hz)
7.25.7.50
(m, 10H)

3C NMR data (CDCI;) comparison with literature data for 5c.

Ref 4
75 MHz
139.0
129.0
128.4
127.2
83.8
74.2
62.6



H

mn O

Table S5. 'H NMR data (CDCls) comparison with literature data for 7a.
This work Ref 1 Ref 2
400 MHz 300 MHz 300 MHz
0.90 0.88 1.00
(t,3H,J =73 Hz) (t,3H,J=7.3 Hz) (t,3H,J = 7.3Hz)
1.35-1.44 1.37 1.39-1.59
(m, 1H) (m, 1H) (m, 1H)
1.66-1.74 1.68 1.69-1.82
(m, 1H) (m, 1H) (m, 1H)
1.87 1.90
(d, 1H, J = 6.9 Hz) (br, s, 1H)
2.82 2.80 2.85-2.96
(dd, 1H, J; = 12.9, J, = 5.8 Hz) (dd, 1H, J; = 12.7, J, = 5.8 Hz) (m, 1H)
3.01-3.12 3.05 3.05-3.13
(m, 2H) (m, 2H) (m, 2H)
3.63 3.60
(m, 1H) (m, 1H)
367 365 3.62-3.65 (m,5H)
(d, 2H, J = 13.8 Hz) (d, 2H, J = 13.8 Hz)
3.77 3.77
(d, 2H, J = 13.8 Hz) (d, 2H, J = 13.8 Hz)
7.16-7.31 7.10-7.40 7.12-7.45
(m, 15H) (m, 15H) (m, 15H)
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Table S6.

3C NMR data (CDCI;) comparison with literature data for 7a.

This work Ref1 Ref 2

100 MHz 75 MHz 75 MHz
140.7 140.6 140.4
139.8 139.7 1394
129.4 129.3 129.1
128.8 128.7 128.4
128.4 128.3 127.9
128.3 128.2 126.6
126.9 126.9 126.5
125.9 1259 | -
73.4 73.2 72.6
63.1 63.0 62.6
55.1 55.0 54.5
32.0 31.9 31.6
27.8 27.6 27.4
10.9 10.9 10.6
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Table S7.  'H NMR data (CDCIls;) comparison with literature data for 7c.
This work Ref 4
400 MHz 300 MHz
2.49 2.60
(d, 1H,J=1.7 Hz) (d, 1H, J = 2.0 Hz)
2.92 3.03
(dd, 1H, J; = 12.4, J, = 10.2 Hz) (dd, 1H, J; = 12.2, J, = 9.7 Hz)
3.03-3.08 3.16
(m, 1H) (m, 1H)
3.12 3.24
(dd, 1H, J; = 4.2, J, = 12.7 Hz) (dd, 1H, J; =1 2.2, J, = 4.1 Hz)
3.43 3.53
(d, 2H, J = 13.2 Hz) (d, 2H, J = 13.2 Hz)
3.97 4.07
(br, 1H) (m, 1H)
4.03 4.19
(m, 1H) (brs, 1H)
4.25 4.36
(d, 2H, J = 13.2 Hz2) (d, 1H,J=13.2 Hz)
7.13-7.28 7.20-7.50
(m, 15H) (m, 15H)
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Table S8.

3C NMR data (CDCI;) comparison with literature data for 7c.

This work Ref 4

100 MHz 75 MHz
138.9 138.8
138.5 138.3
129.3 129.2
129.2 129.1
128.7 128.6
128.6 128.5
127.5 127.4
126.5 126.4
83.9 83.8
75.2 75.1
62.3 62.1
60.2 60.0
55.1 54.9
31.6 314
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Table S9. 'H NMR data (CDCIls;) comparison with literature data for 8.
This work Ref 4
400 MHz 300 MHz
1.01 0.98
(t,3H,J =7.2 Hz) (t,3H,J = 7.4 Hz)
1.24 1.04
(d, 3H, J = 6,3 Hz) (d, 3H, J = 6,6 Hz)
1.52 142
(m, 2H) (m, 2H)
3.33 291
(brs, 1H) (brs, 3H)
3.59 3.01
(brs, 3H) (dg, 1H, J; = 6.6, J, = 3.2 Hz)
3.76 3.44
(m, 1H) (m, 1H)
Table S10. 3C NMR data (CDCI5) comparison with literature data for 8.

This work Ref 4

400 MHz 75 MHz
73.2 75.4
51.2 50.2
25.7 25.4
13.3 16.1
10.5 10.5




nm O
I

NH,

Table S11. *H NMR data (CDCIl3) comparison with literature data for 9.

This work Ref 4
400 MHz 300 MHz
1.04 1.05
(t, 3H, J = 5.6 Hz) (t,3H,J =7.4 Hz)
1.57 1.56
(brs, 2H) (m, 2H)
1.85
(brs, 3H)
2.61 2.45
(t, 1H, J = 9.2 Hz) (dd, 1H, J; = 13,5, J, = 10.5 Hz)
291 2.89
(d, 1H, J = 10.4 Hz) (dg, 1H, J; = 13.5, J, = 3.4 Hz)
3.17 3.07
(brs, 1H) (m, 1H)
3.66 3,51
(brs, 4 H) (m, 1H)
7.22-7.32 7.20-7.40
(m, 5H) (m, 5H)

Table S12.

3C NMR data (CDCI;) comparison with literature data for 9.

This work Ref 4

100 MHz 75 MHz
138.6 139.3
129.3 129.1
128.7 128.5
126.6 126.2
74.5 75.3
56.7 56.4
36.4 37.6
25.3 25.3
10.6 10.6
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Table S13. 'H NMR data (CDCIls;) comparison with literature data for 18a.

This work Ref 5
500MHz 300 MHz
0.90 0.90
(t,3H,J =7.4 Hz) (t,3H,J=7.4 Hz)
1.52-1.66 1.59
(m, 2H) (m, 2H)
2.56 2.55
(dd, 1H, J; =18.2, J, =8.8 H2) (dd, 1H, J; =18.2,J, = 8.6 Hz)
2.65 2.65
(dd, 1H, J; = 18.2, J, = 5.5 Hz) (dd, 1H, J; = 18.2, J, = 5.7 Hz)
3.40 3.39
(ddd, 1H, J; = 8.6, J, = 5.7, J3 = 4.6 Hz) (ddd, 1H, J; =8.6,J,=5.7, J3= 4.6 Hz)
3.47 3.46
(d, 2H, J = 13.8 Hz) (d, 2H, J = 13.7 Hz)
3.73 3.72
(d, 2H, J = 13.7 Hz) (d, 2H, J = 13.7 Hz)
4.44 4.43
(ddd, 1H, 3, =7.2,J,=5.7, J;= 4.6 Hz) (m, 1H)
7.25-7.35 7.20-7.40
(m, 10H) (m, 10H)
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Table S14.

3C NMR data (CDCI5) comparison with literature data for 18a.

This work Ref 5

125 MHz 75 MHz
175.9 175.9
138.4 138.3
128.6 128.5
128.5 128.4
127.4 127.3
84.0 83.9
59.4 59.2
54.3 54.1
28.9 28.8
27.5 27.4
9.4 9.4
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Table S15. 'H NMR data (CDCls) comparison with literature data for 20.

This work Ref 6
400 MHz 300 MHz
0.82 0.89
(t,3H,J=7.0H2) (t, 3H,J=7.0Hz)
1.31-1.75 1.25
(m, 20H) (m, 20H)
1.43 1.48
(q,2H,J=7.5H2z) (m, 2H)
2.15 2.22
(app.t, 2H, J = 6.8 Hz)) (td, 2H, J; = 7.1, J, =2.0 Hz)
2.98 3.04
(9, 1H, J = 6.3 Hz) (m, 1H)
3.74 3.79
(d, 2H, J = 13.3 Hz) (d, 2H, J = 13.3 Hz)
3.81 3.85
(dd, 1H, J;=11.4, J, = 6.3 Hz) (dd, 1H, J;=11.0, J, =6.0 Hz)
3.88 3.94
(dd, 1H, J; = 10.7, J2=7.7 Hz) (dd, 1H, J; = 11.0, J, = 7.7 Hz)
3.96 4.02
(d, 2H, J = 13,3 Hz,) (d, 2H, J = 13.3 Hz)
4.47 4.52
(app. d, 1H, J = 5.6 Hz) (dt, 1H, J; = 6.0, J, = 2.0 Hz)
7.17-7.28 7.20-7.40
(m, 10H) (m, 10H)
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Table S16.

3C NMR data (CDCI;) comparison with literature data for 20.

This work Ref 6
400 MHz 75 MHz
139.3 139.2
129.2 129.1
128.5 128.4
127.2 127.2
87.6 87.4
79.9 79.9
62.3 62.0
60.8 60.6
59.7 59.6
54.7 54.6
31.9 31.9
29.6 29.6
29.5 29.5
29.3 29.3
29.1 29.1
29.0 29.0
28.5 28.5
22.7 22.6
18.8 18.8
141 141
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NH,
spisulosine
Table S17. 'H NMR data (CDCIls;) comparison with literature data for spisulosine (2c).
This work Ref 7 Ref 8
400MHz 300 MHz 400 MHz
0.88 0.84-0.88 0.88
(t,3H,J =7.0 Hz) (m, 3H) (t, 3H, J = 6.4Hz)
1.05 0.99 1.00
(d, 3H, J = 6.2Hz) (d, 3H, J= 6.4 Hz) (d, 3H, J = 6.4Hz)
1.25-1.49 1.24-1.37 1.26-1.50
(m, 28H) (brm, 27H) (m, 28H)
1.46-1.48
(brm, 1H)
2.62 1.83 1.65
(brs, 3H) (brs, 3H) (brs, 3H)
3.02 2.94 2.97
(brs, 1H) (brm, 1H) (m, 1H)
3.52 3.42 3.44
(brs, 1H) (brm, 1H) (m, 1H)

Table S18.

3C NMR data (CDCI;) comparison with literature data for spisulosine (2c).

This work Ref 7 Ref 8

100MHz 75 MHz 100 MHz
74.0 75.1 74.9
50.6 50.8 50.5
32.5 32.9 32.6
31.9 32.3 32.1

29.7-29.4 30.2-29.7 29.9-29.5
26.2 26.6 26.4
22.7 231 22.8
16.0 17.3 17.3
141 145 15.2
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Table S19. 'H NMR data (CD;OD) comparison with literature data for sphinganine

This work
400 MHz

0.92-0.91
(m, 3H)
1.31-1.55
(m, 28H)
2.78-2.82
(m, 1H)
3.51-3.57
(m, 2H)
3.75-3.78
(m,1H)

(1b).

Ref 9
400 MHz
0.90
(t, 3H,J =6.6 Hz)
1.28-1.67
(m, 28H)
2.78-2.82
(m, 1H)
3.47-3.57
(m, 2H)
3.74
(dd, 1H,,J=6.6 Hz)

Table S20. **C NMR data (CD;OD) comparison with literature data for sphinganine

This work
100 MHz

73.3
63.2
58.2
344
331
30.8
30.5
27.1
23.7
14.4

(1b).

Ref 9
100 MHz
73.4

63.4
58.1
34.3
33.0
30.7
30.4
27.0
23.7
14.5
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'H and *C NMR spectra
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'H (400 MHz) and **C (100 MHz) NMR spectra of 8 in CDCls.
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'H (400 MHz) NMR spectra of 11 in CDCls.

Figure S15.
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Figure S32. 'H (500 MHz) and *C (100 MHz) NMR spectra of 18a in CDCls.
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Figure S33. 'H (500 MHz) and **C (100 MHz) NMR spectra of 18b in CDCl.
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CHAPTER 4

SYNTHESIS AND IDENTIFICATION
OF UNPRECEDENTED SELECTIVE

INHIBITORS OF CKleg






4. Synthesis and identification of unprecedented selective inhibitors
of CKle

4.1. Introduction

Naturally occurring sphingoid bases (sometimes referred to as “long chain bases” or
“sphingosines”, containing two or three hydroxyl groups)' have shown a number of relevant
biological activities.” In particular, long chain amino alcohols from Nature have demonstrated
significant activity as antitumor and cytotoxic drugs.® Representative examples include the
marine compounds spisulosine (1),* pachastrissamine (2),> and clavaminols (3) (Figure 4.1).%7
Besides structural components of membranes, this family of compounds controls cellular
processes such as migration, differentiation, proliferation, growth, senescence, and apoptosis.
Therefore, they appear as promising structures for designing and developing new anticancer

drugs.

H,oN

Y sl .
i <oj\vﬂ3 PR
NH, NHR

1 spisulosine 2 pachastrissamine 3a, (-)-clavaminol A, R = H
3b, (+)-clavaminol C, R = Ac

Figure 4.1. General structure of sphingoid bases with antiproliferative activity.

In the last decades, drug discovery has primarily been based on the search for drug leads
against a preselected therapeutic target followed by subsequent testing of the derived drug
candidates. While this so-called Targeted Drug Discovery (TDD) strategy has demonstrated
useful in the discovery of new drugs, the unbiased identification of the molecular mechanism of
action provided by empirical phenotypic approaches, i.e. Phenotypic Drug Discovery (PDD),®
has proven more successful for small-molecules and first-in-class medicines.® In the particular
scenario of antineoplastic drugs, a significant number of drugs whose discovery depended on
phenotypic screening approaches have been identified.' Still, the discovery of new anticancer
drugs remains a key factor to progress in cancer treatment. Anticancer therapy is the biggest
area in drug development in terms of spending and number of clinical trials. Nonetheless, this
disease class was reported to have 468 research targets versus 78 successful targets.'* PDD
measures the effect of compounds in cells as a whole, whereas TDD determines the potency of a

molecule against one single target. In essence, a PDD screen generates additional data about that
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molecule which is missed in a TDD screen. In spite the fact that cancer is a disease with
multiple phenotypes or molecular mechanisms, a PDD strategy for anticancer drugs uses
antiproliferative assays in tumor cell lines, which have a common phenotype of uncontrolled
growth. With these premises in mind, we have applied successfully phenotypic assays that led
to the discovery of an unprecedented family of human DNA topoisomerase Ilo catalytic

inhibitors.*?

In an effort to enhance our PDD strategy, we have envisioned the use of computational
methods in combination with the data obtained from the phenotypic screen. Noteworthy,
computational methods have played a major role in the development of therapeutically
important small molecules in the last decades.** Computational methods can be classified in
two, virtual screening (VS) and reverse screening (RS), also known as computational target
fishing.* In VS, large libraries of compounds are used to identify the molecules that are most
likely to bind a specific target. In contrast, RS methods intend to identify the most probable
target of a given molecule. While VS methods have been extensively used in TDD strategies,
RS has not been linked to PDD. Recently, we have started the development of artificial neural
networks (ANNSs) modeling to correlate the chemical structure with the experimental data of the
phenotypic assays in order to allow the prediction of activity, to run virtual screenings, or to

anticipate pharmacokinetic and pharmacodynamics.®

As part of our interest in antiproliferative sphingoid bases, we have been involved in the
synthesis and biological evaluation of diverse long chain amino alcohols.*®* More recently, we
have described a more versatile and efficient methodology to synthesize anti-B-amino
alcohols.?? With this methodology in hand, we have prepared a small and structure-biased
library of sphingoid bases, which was tested for antiproliferative activity against a
representative panel of human solid tumor cell lines. Computational methods were applied
subsequently to the resulting data in an effort to relate PDD and RS. Herein we report on our
preliminary results on this searching, which successfully afforded an unprecedented selective

inhibitor of casein kinase 1, epsilon (CK1e).

4.2. Results
4.2.1. Chemistry

The synthesis of the enantiopure anti-B-amino alcohols included in this work was
accomplished using an in-house one pot methodology.?? The method is a simplified version of

the well-known Reetz protocol® that avoids the three step sequence a) reduction of the ester to

124



alcohol, b) oxidation to aldehyde, and c) addition of the organometallic reagent. Scheme 4.1
depicts the general procedure. Briefly, optically active a-N,N- dibenzylamino esters (4-11) can
be reduced and converted into 3-N,N-dibenzylamino alcohols by subsequent addition of diverse
Grignard reagents. The key step of the process is the one-pot sequential reduction to aldehyde
with DIBAL-H at-78 °C and subsequent in situ addition of Grignard reagents. This one-pot
procedure avoids the problem of instability of the aldehydes. Finally, hydrogenation allowed us

to obtain the anti-p-amino alcohols for biological testing.

| o  1.DIBAL-H OH |
(R Et,0, -78°C (R {Ha, Pd(OH), -

R
(R o - IS T/
! NBn, NBn, i MeOH, rt NH,

! 2. BrMgC=C(CHy),CH; ,
L 411 Et.O. —78°C 4a-11an=6 4c-11cn==6
| 2= 4b-11b n = 12! 1, 5d-11d n = 12

OH

Scheme 4.1.  General procedure for the synthesis of anti-g-amino alcohols.

With this tool in hand, we synthesized a small and structure-biased library of sphingoid
bases. We selected -alanine, ,-valine, -leucine, -isoleucine, -phenylalanine,  -tyrosine, -
serine and _-threonine as source to prepare by direct perbenzylation the corresponding a-N,N-
dibenzylamino esters 4-11, respectively.?*? In addition, we chose two Grignard reagents, 1-
noninyl and 1-pentadecinylmagnesium bromide, to study the effect of short and long alkyl
chains, respectively. As shown in Table 4.1, all the p-N,N-dibenzylamino alcohols (4a-11a, 4b-
11b) were obtained in 55-75% yield, with high diastereomeric excess. Compound 4a was the
only product obtained with lower diastereomeric excess. This decrease in selectivity was
observed also when ethynylmagnesium bromide was used as Grignard reagent. However, when
compound 4 was reacted, under the same one-pot conditions with ethyl-, and vinylmagnesium
bromide solutions, the selectivity anti:syn of the process was reported to be >95:1.%
Remarkably, our method can be applied to serine (10) and threonine (11) derivatives without the
need to use protecting groups for the hydroxyl moiety. The removal of the benzyl groups and
the reduction of the triple bond were carried out in one single step using standard
hydrogenocatalytic conditions. With the exception of compound 9d (decomposes under this
hydrogenation conditions), all the corresponding anti-B-amino alcohols were obtained in 50-
75% yield.
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4.2.2. Antiproliferative activity

The in vitro antiproliferative activity was determined in HBL-100, HeLa, SW1573, T-
47D and WiDr human solid tumor cells. Table 4.2 shows the results (expressed as Glsp) using
the SRB assay.”® In addition, Figure 4.2 shows the mean graph derived from the obtained dose-
response data given in Table 4.2. Overall, the data on antiproliferative activity show that all
tested compounds exhibited growth inhibition in all cell lines of the panel. All compounds
showed similar Gls, values when compared to the standard anticancer drugs cisplatin (CDDP)
and etoposide (VP-16) that were used as positive controls. The most active compound of the
series was spisulosine (1) and exhibited Gls, values against all cells in the range 0.7-2.6 pM.
When compared to CDDP and VP-16, compounds 1 and 8d showed an improved biological
activity in the resistant cell lines T-47D and WiDr.

The structure-activity relationship (SAR) study revealed that the side chain R (Scheme
4.1) is not a critical factor for modulating the activity. The analysis of the Glso values showed
that in SW1573 cells the analogs with larger alkyl chain (1, 5d-11d) are more active than their
corresponding derivatives with short alkyl chain (4c-11c). This trend is not observed in the other
cell lines. The anti-2-amino-1,3-diols (sphinganine analogs), derived from ,-serine (10c-d) and
.-threonine (11c-d), were in general less active than the anti-p-amino alcohols.

HBL-100 HelLa SW1573 T-47D WiDr
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25 O 5 10 15 20 25 0 5 10 15 20 25
4c — —— u - —

5c 1 ™ — - I
C% 6c ] | | | |
5 1 I ] n | —

'g 8¢ 1 ! — - 1
& e 1 = — - 1

10c ] — — - —

11c I I — [ -

T e [T —— || m—— | | B | |
I 1 = - - —
® 6 — = — —=
S 14 1 ) — m
2 s u — — — —

S 1w ——— o — — —
11d —— ] — -— —
132 17.3 13 14.3 13

Figure 4.2. Mean graph profiles for anti-g-amino alcohols. The middle line represents
the median Glsy (WM) value of the set of compounds against each individual cell line. The

median Gls, (uM) value is given at the bottom.
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Table 4.2. Antiproliferative activity (Glsy) against human solid tumor cells of

compounds produced via Scheme 4.1.2

HBL-100 HelLa SW1573 T-47D WiDr
Compound ]
(breast) (cervix) (lung) (breast) (colon)

4c 6.6 (+0.2) 9.2 (£1.7) 9.5 (+3.7) 12 (£5.3) 17 (+3.9)

1 2.3 (+0.3) 2.6 (+0.7) 1.3 (£ 0.6) 0.9 (+0.4) 0.7 (£0.3)
5¢ 14 (+ 3.0) 20 (+ 1.5) 17 (£ 1.9) 17 (£0.7) 11 (£ 2.0)
5d 4.9 (+2.4) 21 (+6.2) 7.2 (+2.4) 18 (£ 6.4) 20 (+5.6)
6c 14 (+3.1) 21 (+4.4) 14 (£ 3.4) 11 (£6.9) 5.9 (+3.8)
6d 2.4 (£0.8) 19 (+4.2) 2.8 (+0.9) 15 (£ 1.2) 4.9 (£3.1)
7c 13 (+ 1.4) 20 (+1.7) 13 (£1.3) 14 (£2.2) 2.3 (£0.9)
7d 2.4 (£0.5) 20 (£ 4.5) 3.4 (+0.7) 17 (+5.5) 13 (+0.9)
8c 14 (£ 0.8) 18 (£ 2.4) 16 (£ 1.2) 17 (+ 1.7) 12 (+5.4)
8d 2.9 (+0.2) 1.3(£0.2) 2.1(£0.1) 1.8 (+0.1) 2.3(£0.1)
9 14 (£ 0.4) 20 (£ 2.5) 18 (£ 1.7) 17 (+0.9) 12 (+ 1.5)
10c 15 (+ 1.7) 36 (+ 10) 27 (£ 10) 17 (+5.2) 18 (+ 6.8)
10d 25 (£ 8.8) 15 (£ 2.6) 45 (+1.7) 22 (+2.7) 19 (+3.8)
11c 13 (+2.4) 17 (£ 0.6) 17 (£ 1.1) 16 (+ 1.5) 14 (+0.5)
11d 21(£1.1) 19 (£ 1.6) 17 (£ 3.5) 19 (+1.2) 18 (+0.6)
CDDP 1.9 (x0.2) 2.0 (+0.3) 3.0 (+0.4) 15 (+2.3) 26 (+5.3)
VP-16 1.4 (x0.1) 3.3(x1.6) 15(+1.5) 22(+5.5) 23(+3.1)

# Values are given in uM and are means of two to three experiments; standard deviation is given in
parentheses.

4.2.3. Computational calculations

After this initial identification, we attempted to predict the targets involved in the
bioactivity of our compounds using molecular docking. To reach this goal we docked the series
of lipidic amino alcohols 1 and 4c-11d against 58 different targets involved in cancer
(Experimental Section). The purpose of these docking calculations was to obtain the protein-
ligand interaction energies and subsequently determine if any set of interaction energies
between studied compounds and a particular protein target correlated with the biological activity
experimental data (Glsy) of the same compounds for a particular cancer cell line. We considered
that there was a correlation when R? between docking interaction energies and Gls, values was
greater than 0.60 (meaning R observed > 0.77). Under these premises, we obtained the
correlations shown in Table 4.3. With the exception of HeLa cells, correlations were obtained

for the remaining cell lines. Although the obtained correlations point to several potential targets,
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all of them share the characteristic of being kinases. Thus, we speculated that a kinase might be

the therapeutic target responsible for the bioactivity of our compounds.

Table 4.3. Correlation between docking interaction energies and experimental Gls,
values.
Cell line Target Correlation coefficient (R)
SW1573 HGFR (c-Met kinase domain) 0.87
T-47D Tyrosine protein kinase receptor RET 0.83
HBL-100 Protein kinase C 0.80
HBL-100 HGFR (c-Met kinase domain) 0.78
T-47D Casein kinase 1, epsilon 0.78
WiDr IGF-1R kinase 0.78

4.2.4. Experimental target identification

To confirm experimentally the theoretical prediction that kinases were the targets of our
compounds, we submitted 1, 6d, 8c, and 11d for testing. Since the biological activity was in the
same range, these derivatives were selected on the basis of diversity in their molecular structure
and the docking results. Besides the most active compound of the series 1, we included analogs
with long (6d, 11d) and short (8c) side chain, derivatives bearing aromatic side chain (8c), and
the amino diol framework (11d). The kinase selectivity of these compounds was evaluated
using the KINOMEscan™ active site-directed competition-binding methodology (DiscoveRx
Corporation). The compounds were assayed at a single concentration (10 uM) against a panel of
456 kinases (scanMAX®M) using the method described in the literature.*® This scan revealed a
single hit, compound 8c as a selective inhibitor of CKle. In this method, interactions are
reported as percent control (%Ctrl), where negative control (DMSO) means 100%Ctrl and the
positive control denotes 0%Ctrl. The cut-off is set at 35%Ctrl, which represents 65% inhibition
of Kkinase activity. Consequently, lower %Ctrl numbers indicate stronger hits. Table 4.4
summarizes the results obtained against casein kinases for comparison. Compound 8¢ exhibited
a 73% inhibition of CKle activity. To follow-up this discovery, the Ko (KdELECT™) of

compound 8c against CK1e was determined experimentally and was found to be 29 uM.
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Table 4.4. Percent control (%Ctrl) values obtained against casein kinases for selected

compounds.
Gene Symbol Kinase 1 6d 8c 11d
CSNK1A1l Casein kinase 1, alpha 1 100 93 95 100
CSNK1A1L Casein kinase 1, alpha 1-like 100 91 88 100
CSNK1D Casein kinase 1, delta 100 89 93 90
CSNKI1E Casein kinase 1, épsilon 60 48 27 43
CSNK1G1 Casein kinase 1, gamma 1 98 98 100 100
CSNK1G2 Casein kinase 1, gamma 2 100 94 96 87
CSNK1G3 Casein kinase 1, gamma 3 100 93 71 82
CSNK2A1 Casein kinase 2, alpha 1 polypeptide 87 84 70 71

CSNK2A2  Casein kinase 2, alpha prime polypeptide 98 100 100 100

4.2.5. CKle docking studies

Figure 4.3 shows the docked conformation of compound 8c within the binding site of
CKle. The predicted protein-ligand complex shows that the hydrophobic tail of compound 8c
inserts in the narrow and deep pocket of CKle binding site which is lined mostly of
hydrophobic residues (Figure 4.3B). The polar atoms of compound 8c establish 4 H-bonds with
CKlg residues Ser88, Asp91 and Aspl32. We can also forecast that addition of substituents on
the aromatic ring might improve the interaction with CK1¢ since there is an unoccupied crevice
in the protein structure available to establish interactions with the ligand straight along the

direction pointed by compound 8¢ aromatic ring.

4.3. Discussion

A major concern for PDD is that determining the relevant target(s) of molecules
identified by phenotypic screening has often proven slow or impossible. However, the ability to
identify the target is improving, and there will be additional technologies that come out to
pinpoint the target, which will make researchers much more comfortable with PDD. In this
particular context, we explored in this work the possibility of combining the phenotypic screen
results on antiproliferative activity with computational methods and in particular with target

fishing.**
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Figure 4.3. Docked conformation of compound 8¢ within the binding site of CKle

(PDB ID: 4HNI): a) Binding mode of 8c. Only amino acids that establish H-bonds with
inhibitor are specified; b) Predicted protein-ligand complex.
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To test our hypothesis we designed a small but focused library of enantiopure anti-f-
amino alcohols, which resemble the structure of sphingoid bases. Our previous SAR studies on
lipidic 3-amino-1,2-diols, lipidic 2-amin-1-ols and lipidic 1,2-diamines revealed that active
compounds should present a long aliphatic side chain and bear a free amino group.?* That was

set as the minimal structural requirements for the new analogs.

When considering the synthesis of the library, we avoided the use of our previous
(lengthy) methods.*®# Thus, short synthetic routes were necessary in order to achieve our goal.
In turn, we selected our recently described methodology for the synthesis of enantiopure anti-f3-
amino alcohols in three steps from readily available natural amino acids (Scheme 4.1).% Thus,
the method was applied to amino acids with hydrophobic side chain (.-alanine, -valine, |-
leucine, -isoleucine, -phenylalanine, -tyrosine). When compared to sphingoid bases,
compounds 5-9 bring to mind an internalization of the polar groups (NH, and OH) present on
the carbon chain. The new synthetic tool allowed us to prepare compounds belonging to a
congeneric series. In addition, when amino acids -serine and L-threonine were used as starting

material, sphinganine analogs were obtained.

Our PDD strategy starts with the study of in vitro antiproliferative activity in a panel of
human solid tumor cell lines.® Ideally, the results allow obtaining 1 or 2 drug leads and
establishing some SARs. Drug leads are further tested to unravel the mechanism of action, using
more time-consuming and expensive techniques. The antiproliferative data from Table 4.2
shows that all compounds have moderate activity in the low micromolar range and this result is
consistent with our past observations in terms of SAR."?! In essence, all tested compounds
could be considered initial hits for further testing. However, further experimental testing of all
the compounds is not affordable. At this point, we considered introducing computational

methods.

The combination of PDD with RS we described here, is based upon the assumption that
a positive correlation between experimental Gls, values and calculated docking interactions may
reveal a potential target. We are aware that, probably, in most cases this will not produce the
positive outcome that we got. Phenomena such as cell membrane penetration, efflux
mechanisms, and unique cellular responses cannot be incorporated in docking calculations that
focus on a single therapeutic target. Since we did not test our compounds, either
computationally or experimentally, against all available targets, we cannot discard that our

compounds may have other targets that elicit the phenotypic response.

Therefore, we attempted to predict the targets involved in the bioactivity of our

compounds using molecular docking. From the Protein Data Bank, we selected a set of 58
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structures of proteins known to be research or successful targets in anticancer therapy.™
Docking calculations predicted that the series of compounds would interact with kinases (Table
4.3). Since all the predicted targets, for which correlation with experimental Gls, values could
be established, are kinases we safely assumed that the therapeutic target would be one (or more)
of the kinases listed in the above table. Kinases regulate multiple cellular processes that
contribute to tumor development and progression, and many human tumors are dependent on
kinases activity for survival. In addition, sphingoid bases have been reported to inhibit kinases.®

Therefore, the assumption that kinases could be the targets of these compounds is sensible.

In order to check experimentally the obtained correlations, we submitted a small subset
of compounds (1, 6d, 8c and 11d) for testing against the largest commercial kinase panel
available, scanMAX™. The results showed that all four derivatives behave as inhibitors of
CKlg, being compound 8c the most potent derivative (Table 4.4). More importantly, none of the
compounds interact with other kinases, not even with those ones for which correlations were
found. On the one hand, this could be regarded as a failure of our docking predictions that can
be attributed to the fact that docking scoring functions tend to be “optimistic” when describing
the protein-ligand interaction energy. That is, the scoring functions were not constructed to
eliminate ligands that are poor binders but rather not to miss ligands that are good binders. On
the other hand, we cannot neglect this approach since the predictions indicated a correlation
between Glsg values and docking interaction with CKle in T-47D breast cancer cells.
Nevertheless, docking studies (Figure 4.3) are in agreement with the experimental finding of
CK ¢ inhibition.

CKleg belongs to a family of serine/threonine-specific kinases comprised of seven
members (o, B, 9, €, v1, Y2 and y3). CKle activity is implicated in human pathologies such as
neurodegenerative diseases, drug addiction and cancer. CKleg plays a role in the cleavage of
amyloid precursor protein, which makes it an attractive target for the treatment of Alzheimer’s
disease.*” CK 1¢ along with CK 13 are involved in drug addiction induced behaviors by acting on
the Darpp-32-PP1 signaling pathway to regulate AMPA receptor phosphorylation.** Regarding
its role in cancer, CKle is required for the survival of breast cancer subtypes and myristoylated
CKle is sufficient to provoke transformation via stabilization of -catenin and activation of Wnt
transcription targets.*® RNAi screens showed that CKle knockdown slowed cancer cell

growth,* and CK1¢ play roles in breast,*® ovarian®” and oral cancers.®

CKle is the closest homologue to CK13 (>98% sequence identity between these two
kinases) and thus, reported inhibitors described in the literature behave as non-selective CK 16/

inhibitors.***° However, CKle and CK18 have roles distinct from each other as it was
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confirmed with the selective CKle inhibitor PF-4800567 (Figure 4.4).*" To the best of our
knowledge, no other selective CKle inhibitor has been reported. It is noteworthy that
PF4800567 (ICsp = 32 nM for CKlg) does not inhibit human cancer cell growth at 1 uM, even
after seven days of treatment.*” Thus, our data demonstrate that compound 8c represents the first
selective CK1¢ inhibitor with proven antiproliferative activity in cancer cell lines. Notably, we
should highlight the identification of CKle as a selective target of our compounds. Should
CKle not happen to be the single target of our compound, which leads to the phenotypic
alterations experienced by the cancer cell lines, we would still have unraveled a therapeutic
target for this class of compounds that holds a lot of potential to treat several pathologies that

affect humans.

PF-4800567

Figure 4.4 Structure of selective CK1g inhibitor PF-4800567.

4.4. Conclusion

In summary, we have described the synthesis of a small and biased library of
enantiopure anti-p-amino alcohols. The compounds were tested against human solid tumor cell
lines showing all of them the ability to inhibit cell growth, with Gls, values in the range 1-20
uM. A computational approach was designed to anticipate the molecular target(s) on the basis
of the chemical structure and the antiproliferative activity. The methods pointed to kinases as
plausible candidates. Experimental determination of the interaction with 456 kinases indicated
that the anti-pf-amino alcohols behave as selective CK1¢ inhibitors. Docking studies agreed with
these findings. Results from our study evidence that the combination of phenotypic drug
discovery and computational studies to predict a therapeutic target might contribute to improve

the efficiency of the drug discovery process.
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With the pieces of information here presented, we will run an optimization program to
improve the activity of our compounds against CK1ge. Additional experiments will be necessary
to determine the exact mechanism of action of these anti-p-amino alcohols inside the cells and
thus, whether CKle (or some other target) triggers the antiproliferative effect. Although
preliminary, our combination of computational approach and PDD merits further exploration in
order to be implemented as a tool in drug discovery processes. The outcome of all those studies

stands outside the scope of this work and will be reported elsewhere.
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4.6. Experimental section
Chemistry
4.6.1. General remarks

Reactions were performed using oven-dried glassware under an atmosphere of argon. *"H NMR
spectra were recorded at 400 and 500 MHz at 298K, *C NMR spectra were recorded at 100 and
125 MHz respectively. Chemical shifts were reported in units (ppm) by assigning TMS
resonance in the *H NMR spectrum as 0.00 ppm (CDCls, 7.26 ppm; CsDs, 7.2 ppm and CD50D,
3.35, 4.78 ppm). Data were reported as follows: chemical shift, multiplicity (s = singlet, d =
doublet, t = triplet, g = quartet, quin = quintuplet, sex = sextet, dd = double doublet, ddd =
double double doublet, m =multiplet and br = broad), coupling constant (J values) in Hz and
integration. Chemical shifts for **C NMR spectra were recorded in ppm from tetramethylsilane
as the internal standard. Using the central peak of CDCI; (77.0 ppm), C¢Ds (128.0 ppm) and
central peak of CD;OD (49.3 ppm). Reagent-grade chemicals were obtained from diverse
commercial suppliers and were used as received. Optical rotations were measured with a
polarimeter at the sodium line at different temperatures in CHCIs. Accurate mass (HRMS) were
determined by electrospray ionization (ESI-TOF) and electronic impact (EI-TOF). Reactions
were monitored using thin-layer chromatography (TLC) on aluminum packed percolated Silica
Gel 60 F,z4 plates. Flash column chromatography was carried out with silica gel 60 (particle size
less than 0.020 mm) by using appropriate mixtures of ethyl acetate and hexanes as eluent.
Compounds were visualized by use of UV light and 2.5% phosphomolybdic acid in ethanol. All
reactions involving air- or moisture-sensitive materials were carried out under Argon
atmosphere. Anhydrous magnesium sulfate was used for drying solutions. Melting points were
measured with micro melting point apparatus. Chemical nomenclature was generated using
Chem Bio Draw Ultra 13.0.

Data for compounds 1, 4b, 10b and 10d have been described previously.?
4.6.2. General procedure and characterization for the preparation of 4a-11b.

To a solution of the alkyne (0.73 mmol) in dry Et,O (10 mL) was added ethylmagnesium
bromide solution (0.24 mL, 0.73 mmol, 3 M in THF). The mixture was refluxed for 2.5 h and
then it was allowed to cool down to room temperature. In parallel, to a cooled (—78 °C) solution
of a-N,N-dibenzylamino ester (0.29 mmol) in dry Et,O (3 mL) was added DIBAL-H (0.4 mL,
0.4 mmol, 1M in hexane) under argon atmosphere. For compounds 10-11 a second portion of
DIBAL-H (0.2 mL, 0.2 mmol, 1M in hexane) was added 45 min later. After stirring for 2 h, the

solution of alkynyl magnesium bromide previously formed was carefully added, at —78 °C. The
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mixture was warmed to —10 °C. Then, the mixture was quenched with saturated NH,CI (8 mL).
The mixture was extracted with Et,0 (10 mL x 3), the organic phases were washed with brine,
dried over MgSQ,, filtered and concentrated in vacuum. After the evaporation of solvent under
reduced pressure, the residue was purified by flash column chromatography eluting with
hexane-ethyl acetate mixtures to give the corresponding 3-N,N-dibenzylamino alcohol.

(2S,3R)-2-(dibenzylamino)dodec-4-yn-3-ol (4a). Colorless oil. Yield 58%. [a]®p —13.5 (c
0.96, CHCI5). *H NMR (400 MHz, CDCl,): 6 = 0.79 (t, 3H, J = 7.2 Hz), 1.09-1.26 (m, 11H),
1.35 (m, 2H), 2.09-2.13 (m, 2H), 2.92 (q, 1H, J = 6.8 Hz), 3.29 (d, 2H, J = 13.4 Hz), 3.87 (br,
1H), 4.09 (d, 2H, J = 13.4 Hz), 7.16-7.23 (m, 10H) ppm. *C NMR (100 MHz, CDCl5): ¢ = 9.5,
14.1, 18.8, 22.6, 28.6, 28.8, 28.9, 31.7, 54.7, 56.0, 63.2, 80.1, 86.8, 127.2, 128.4, 129.2, 139.4
ppm. HRMS (EI-TOF) (m/z) [M - H]" = calcd for C,sH3sNO 377.2797, found 377.2728.

(3S,4R)-3-(dibenzylamino)-2-methyltridec-5-yn-4-ol (5a). Colorless oil. Yield 65%. [0]%p —
79.8 (¢ 0.99, CHCI3). *H NMR (400 MHz, CDCl,): 6 = 0.76 (t, 3H, J = 6.9 Hz), 0.87 (d, 3H, J =
6.5 Hz), 1.04-1.36 (m, 13H), 2.07 (td, 2H, J = 6.9, 2.3 Hz), 2.27-2.36 (m, 1H), 2.42 (dd, 1H, J =
10.3, 5.0 Hz), 3.63 (d, 2H, J = 13.0 Hz), 4.05 (br, 1H), 4.23 (d, 2H, J = 13.0 Hz), 7.15-7.23 (m,
10H) ppm. *C NMR (100 MHz, CDCl5): ¢ = 14.1, 18.8, 20.6, 22.6, 28.6, 28.8, 28.8, 29.3, 31.7,
55.9, 60.4, 66.7, 79.9, 85.8, 127.3, 129.6, 128.5, 139.7 ppm. HRMS (ESI-TOF) (m/z) [M —
H,0]" = calcd for C,sH3oNO 387.2926, found 387.2939.

(3S,4R)-3-(dibenzylamino)-2-methylnonadec-5-yn-4-ol (5b). Colorless oil. Yield 68%. [a]*p
_61.5 (c 1.05, CHCIy). *H NMR (400 MHz, CeDs): 6 = 0.92 (d, 3H, J = 6.3 Hz), 1.03 (t, 3H, J =
7.0 Hz), 1.21-1.46 (m, 25H), 2.11-2.14 (m, 2H), 2.48-2.58 (m, 1H), 2.69, (dd, 1H, J = 10.4; 5.6
Hz), 3.77 (d, 2H, J = 13.2 Hz), 4.15 (d, 1H, J = 8.9 Hz), 4.48 (d, 2H, J = 13.2 Hz), 4.53-4.56 (m,
1H), 7.17 (t, 2H, J = 7.2 Hz), 7.25-7.29 (m, 4H), 7.44 (d, 4H, J = 7.2 Hz) ppm. *C NMR (100
MHz, C¢Ds): 0 = 14.3, 19.0, 20.6, 22.6, 23.1, 29.0, 29.21, 29.5, 29.8, 29.9, 30.0, 30.1, 32.3,
56.4, 60.9, 67.1, 81.6, 85.6, 127.5, 128.7, 129.9, 140.3 ppm. HRMS (ESI-TOF) (m/z) [M + H]"
= calcd for C3,Hs:NO 490.4048, found 490.4046.

(4S,5R)-4-(dibenzylamino)-2-methyltetradec-6-yn-5-ol (6a). Colorless oil. Yield 62%. [a]*p
~13.0 (c 1.01, CHCI3). *H NMR (400 MHz, C¢De): 6 = 0.87, (d, 2H, J = 5.6 Hz), 0.96-1.01 (m,
6H), 1.21-1.46 (m, 10H), 1.63-1.68 (m, 2H), 1.90 (t, 1H, J = 8.8 Hz), 2.09-2.12 (m, 2H), 3.08-
3.11 (m, 1H), 3.47 (d, 2H, J = 13.4 Hz), 4.09 (d, 1H, J = 7.0 Hz), 4.34 (d, 2H, J = 13.4 Hz), 4.61
(br, 1H), 7.18 (t, 2H, J = 7.4 Hz), 7.30 (m, 4H), 7.48 (d, 4H, J = 7.4 Hz) ppm. *C NMR (100
MHz, CsDg): 6 = 14.3, 18.9, 22.2, 22.9, 23.9, 25.0, 29.0, 29.1, 32.0, 34.6, 55.2, 58.6, 61.4, 81.5,
86.5, 127.5, 128.7, 129.6, 140.1 ppm. HRMS (ESI-TOF) (m/z) [M + H]* = calcd for CaH,NO
420.3266, found 420.3268.
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(4S,5R)-4-(dibezylamino)-2-methylicos-6-yn-5-ol (6b). Colorless oil. Yield 70%. [0]*°p —10.5
(c 1.12, CHCI3). *H NMR (400 MHz, C¢Dg): 6 = 0.87, (d, 2H, J = 5.6 Hz), 1.00-1.05 (m, 6H),
1.21-1.46 (m, 22H), 1.62-1.68 (m, 2H), 1.91 (t, 1H, J = 9.0 Hz), 2.11-2.14 (m, 2H), 3.07-3.11
(m, 1H), 3.47 (d, 2H, J = 13.4 Hz), 4.08 (d, 1H, J = 5.8 Hz), 4.34 (d, 2H, J = 13.4 Hz), 4.61 (br,
1H), 7.19 (t, 2H, J = 7.4 Hz), 7.29 (m, 4H), 7.48 (d, 4H, J = 7.4 Hz) ppm. **C NMR (100 MHz,
CeDs): 6 = 14.3, 19.0, 22.3, 23.0, 23.9, 25.0, 29.0, 29.2, 29.5, 29.8, 29.9, 30.1, 32.3, 34.6, 55.2,
58.6, 61.4, 81.5, 86.5, 127.5, 128.7, 129.6, 140.1 ppm. HRMS (ESI-TOF) (m/z) [M + H]* =
calcd for C3sHs3NO 504.4205, found 504.4203.

(3R,4S,5R)-4-(dibenzylamino)-3-methyltetradec-6-yn-5-ol (7a). Colorless oil. Yield 59%.
[a]®5 —72.0 (¢ 1.12, CHCI5). *H NMR (400 MHz, C¢Ds): 6 = 0.92-1.04 (m, 9H), 1.19-1.46 (m,
11H), 1.91-2.01 (m, 1H), 2.10-2.13 (m, 2H), 2.34-2.40 (m, 1H), 2.35 (br, 1H), 2.80 (dd, 1H, J =
10.3, 5.3 Hz), 3.79 (d, 2H, J = 13.4 Hz), 3.97 (d, 1H, J = 8.9 Hz), 4.47 (d, 2H, J = 13.4 Hz),
4.56-4.59 (m, 1H), 7.18 (t, 2H, J = 7.5 Hz), 7.25-7.29 (m, 4H), 7.45 (d, 4H, J = 7.5 Hz) ppm.
B3C NMR (100 MHz, Cq¢Dg): = 10.9, 14.0, 15.7, 18.8, 22.7, 27.2, 28.8, 28.9, 31.8, 35.3, 56.3,
60.9, 65.5, 81.5, 85.5, 127.3, 128.5, 129.7, 140.2 ppm. HRMS (ESI-TOF) (m/z) [M + H]" =
calcd for Cy9H4 NO 420.3266, found 420.3272.

(3R,4S,5R)-4-(dibenzylamino)-3-methyl-6-yn-5-ol (7b). Colorless oil. Yield 55%. [0]*°p —62.8
(c 0.98, CHCI5). "H NMR (400 MHz, C¢De): 6 = 0.93 (d, 3H, J = 6.7 Hz) 1.01-1.04 (m, 6H),
1.23-1.47 (m, 23 H), 1.92-2.01 (m, 1H), 2.12-2.15 (m, 2H), 2.32-2.40 (m, 1H), 2.80 (dd, 1H, J =
10.3; 4.5 Hz), 3.79 (d, 2H, J = 13.4 Hz), 3.97 (d, 1H, J = 8.9 Hz), 4.47 (d, 2H, J = 13.4 H2),
4.57-4.60 (m, 1H), 7.18 (t, 2H, J = 7.5 Hz), 7.27-7.30 (m, 4H), 7.46 (d, 4H, J = 7.5 Hz) ppm.
C NMR (100 MHz, C¢De): 6 = 9.8, 14.5, 17.7, 21.7, 26.1, 27.7, 27.9, 28.2, 28.4, 28.6, 28.6,
28.7,30.9, 34.2, 55.2, 59.8, 64.4, 80.4, 84.3, 126.1, 127.4, 128.5, 139.1 ppm. HRMS (ESI-TOF)
(m/z) [M + H]" = calcd for C5HssNO 504.4205, found 504.4193.

(2S,3R)-2-(dibenzylamino)-1-phenyldodec-4-yn-3-ol (8a). Colorless oil. Yield 63%. [0]*p
+46.3 (¢ 1.03, CHCIs5). 'H NMR (400 MHz, C¢Dg): 0 = 0.98 (t, 3H, J = 6.9 Hz), 1.21-1.49 (m,
10H) 2.14 (td, 2H, J = 6.8, 1.6 Hz), 3.10-3.21 (m, 2H), 3.32-3.37 (m, 1H), 3.51 (d, 2H, J = 13.2
Hz), 3.96 (d, 1H, J = 8.3 Hz), 4.44-4.47 (m, 3H), 7.16-7.19 (m, 3H) 7.24-7.27 (m, 6H), 7.34 (d,
2H, J = 7.4 Hz), 7.43 (d, 4H, J = 7.2 Hz) ppm. *C NMR (100 MHz, C¢Ds): J = 14.3, 19.0, 22.9,
28.9,29.1, 32.0, 32.4, 55.3, 61.3, 63.2, 81.5, 87.2, 126.5, 127.5, 128.7, 128.8, 129.5, 130.5, 139,
8 ppm. HRMS (ESI-TOF) (m/z) [M + H]" = calcd for C3,H3gNO 454.3110, found 454.3108.

(2S,3R)-2-(dibenzylamino)-1-phenyloctadec-4-yn-3-ol (8b). Colorless oil. Yield 72%. [a]*p
+42.2 (¢ 1.03, CHCI5). "H NMR (400 MHz, C¢Ds): 6 = 1.03 (t, 3H, J = 7.4 Hz), 1.28-1.49 (m,
22H) 2.14-2.17 (m, 2H), 3.10-3.21 (m, 2H), 3.32-3.37 (m, 1H), 3.51 (d, 2H, J = 13.7 Hz), 3.96
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(d, 1H, J = 8.7 Hz), 4.44-4.47 (m, 3H), 7.16-7.19 (m, 3H) 7.25-7.27 (m, 6H), 7.34 (d, 2H, J =
7.2 Hz), 7.43 (d, 4H, J = 7.2 Hz) ppm. *C NMR (100 MHz, C¢Ds): J = 14.3, 19.0, 23.0, 29.0,
29.3, 29.6, 29.8, 29.9, 30.1, 32.1, 32.3, 32, 4, 55.4, 61.3, 63.2, 81.5, 87.2, 126.5, 127.5, 128.7,
128.8, 129.5, 130.0, 139, 8 ppm. HRMS (ESI-TOF) (m/z) [M + HJ* = calcd for CasHs;NO
538.4049, found 538.4048.

(2S,3R)-1-(4-(benzyloxy)phenyl)-2-(dibenzylamino)dodec-4-yn-3-ol (9a). Colorless oil. Yield
68%. [0]®p +71.2 (c 1.03, CHCI3). *H NMR (400 MHz, C¢Dg): = 0.94 (t, 3H, J = 8.0 Hz),
1.18-1.46 (m, 10H), 2.10-2.13 (m, 2H), 3.04, 3.15 (m, 2H), 3.27-3.32 (m, 1H), 3.49 (d, 2H, J =
12.7 Hz), 3.99 (d, 1H, J = 9.0 Hz), 4.43-4.48 (m, 3H), 4.82 (s, 2H), 6.93 (d, 2H, J = 8.4 Hz),
7.12-7.25 (m, 11H), 7.36 (d, 2H, J = 7.0 Hz), 7.41 (d, 4H, J = 7.5 Hz) ppm. *C NMR (100
MHz, Ce¢Dg): 0 = 14.3, 19.0, 22.9, 29.0, 29.15, 29.2, 31.5, 32.0, 55.4, 61.3, 63.3, 70.1, 81.6,
87.1, 115.4, 127.5, 127.6, 128.7, 128.8, 129.5, 130.5, 131.7, 137.8, 139.8, 157.9 ppm. HRMS
(ESI-TOF) (m/z) [M + H]" = calcd for C3gH,sNO,560.3528, found 560.3522.

(2S,3R)-1-(4-(benzyloxy)phenyl)-2-(dibenzylamino)octadec-4-yn-3-ol  (9b). Colorless oil.
Yield 50%. [a]®, +67.3 (¢ 1.03, CHCI5). *H NMR (400 MHz, C¢D): 6 = 1.03 (t, 3H, J = 7.3
Hz), 1.28-1.53 (m, 22H), 2.16-2.20 (m, 2H), 3.09, 3.20 (m, 2H), 3.31-3.36 (m, 1H), 3.59 (d, 2H,
J=13.7 Hz), 4.03 (d, 1H, J = 8.4 Hz), 4.47-4.53 (m, 3H), 4.86 (s, 2H), 6.97 (d, 2H, J = 8.3 Hz),
7.17-7.21 (m, 3H), 7.25-7.30 (m, 8H), 7.40 (d, 4H, J = 7.5 Hz), 7.45 (d, 4Hz, J = 7.5 Hz) ppm.
3C NMR (100 MHz, C¢Dg): § = 14.3, 19.1, 23.1, 29.1, 29.3, 29.6, 29.8, 29.9, 30.1, 31.5, 32.3,
55.4, 61.3, 63.3, 70.0, 81.6, 87.1, 115.4, 127.5, 127.6, 128.7, 128.8, 129.5, 130.5, 131.7, 137.8,
139.8, 157.9 ppm. HRMS (ESI-TOF) (m/z) [M + H]" = calcd for CysHs;NO, 644.4468 found
644.4458.

(2S,3R)-2-(dibenzylamino)dodec-4-yne-1,3-diol (10a). Colorless oil. Yield 73%. [0]*°p —39.2
(c 0.91, CHCl5). "H NMR (400 MHz, CeDs): 6 = 0.98 (t, 3H, J = 7.0 Hz), 1.25-1.50 (m, 10H),
1.84 (br, 1H), 2.09-2.13 (m, 2H), 2.78 (br, 1H), 3.18-3.23 (m, 1H), 3.84-3.87 (m, 3H), 3.84-4.02
(dd, 1H, J = 11.1, 7.8 Hz) 4.14 (d, 2H, J = 13.4 Hz), 4.56 (br, 1H), 7.17-7.21 (m, 2H), 7.27-7.30
(m, 4H), 7.46 (d, 4H, J = 6.9 Hz) ppm. 3C NMR (100 MHz, C¢Ds): 6 = 14.3, 19.0, 22.9, 28.9,
29.1,29.2, 32.0, 55.2, 60.2, 61.3, 62.8, 81.3, 86.7, 127.7, 128.7, 129.5, 140.1 ppm. HRMS (ESI-
TOF) (m/z) [M + H]" = calcd for C,sHssNO, 394.2668, found 394.2741.

(2R,3S,4R)-3-(dibenzylamino)tridec-5-yne-2,4-diol (11a). Colorless oil. Yield 75%. [0]*p —
53.1 (¢ 1.07, CHCI5). *H NMR (400 MHz, C¢Ds): 6 = 0.98 (t, 3H, J = 7.4 Hz), 1.20-1.47 (m,
10H), 2.07-2.10 (m, 1H), 2.17 (br, 3H), 2.93 (dd, 1H, J = 8.7, 4.8 Hz), 3.34 (d, 1H, J = 6.6 Hz),
4.23 (q, 4H, J = 13.2 Hz), 4.41-4.42 (m, 3H), 4.52 (br, 1H), 7.16-7.24 (m, 3H), 7.27-7.30 (m,
4H), 7.49 (d, 4H, J = 7.4 Hz) ppm. *C NMR (100 MHz, C¢De): 6 = 14.3, 18.9, 22.9, 28.8, 28.9,
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29.1, 32.0, 55.2, 59.2, 60.7, 61.8, 81.5, 86.5, 127.5, 128.7, 129.6, 139.9 ppm. HRMS (ESI-TOF)
(m/z) [M + H]" = calcd for C,H3;NO, 408.2903, found 408.2908.

(2R,3S,4R)-3-(dibenzylamino)nonadec-5-yne-2,4-diol (11b). Colorless oil. Yield 69%. [a]*,
—43.7 (¢ 1.02, CHCI5). *H NMR (400 MHz, CDCl5): 6 = 0.93 (t, 3H, J = 6.8 Hz), 1.25-1.31 (m,
22H), 1.49 (q, 2H, J = 7.4 Hz), 2.20-2.24 (m, 2H), 2.76 (dd, 1H, J = 8.8, 4.6 Hz), 2.91 (br, 1H),
3.52-3.56 (m, 1H), 4.05-4.11 (m, 4H) 4.31-4.35 (m, 1H), 4.52 (br, 1H), 7.28-7.36 (m, 10H)
ppm. *C NMR (100 MHz, CDCl,): 6 = 14.1, 18.8, 21.1, 22.7, 28.5, 28.9, 29.1, 29.4, 29.5, 29.6,
29.7, 31.9, 55.5, 60.1, 66.2, 66.6, 80.1, 87.3, 127.2, 128.5, 129.5, 139.5. HRMS (ESI-TOF)
(m/z) [M + H]" = calcd for C33H4NO,492.3842 , found 492.3845.

4.6.3 General procedure for the hydrogenation of N,N-dibenzylamino alcohols 4a-11b.

To a solution of N,N-dibenzylamino alcohol (0.50 mmol) in dry MeOH (5 mL), were added in
one portion 20 mg of 20% Pd(OH),/C. The mixture was stirred under 1 atm of H, at room
temperature for 18 h. The reaction was monitored by TLC. After completion of the reaction, the
catalyst was removed by filtration through celite and washed with 20 mL of MeOH. The solvent

was evaporated under reduced pressure to afford the corresponding anti--amino alcohol.

(2S,3R)-2-aminododecan-3-ol (4c).”*** White solid; m.p. = 62-63 °C. Yield 68%. [0]%p +4.5 (c
1.07, MeOH). *H NMR (400 MHz, CD;0D): & = 0.80 (t, J = 7.2 Hz, 3H), 0.99 (d, J = 6.7 Hz,
3H), 1.21-1.41 (m, 16H), 2.83 (br, 1H), 3.20-3.22 (m, 1H), 3.39-3.41 (m, 1H) ppm. *C NMR
(100 MHz, CD;0D): & = 14.4, 15.6, 23.7, 27.2, 30.5, 30.7, 30.8, 33.1, 33.9, 52.3, 75.0 ppm.
HRMS (ESI-TOF) (m/z) [M + H]" = calcd for C1,H,;NO 202.2093; found 202.2095.

(3S,4R)-3-amino-2-methyltridecan-4-ol (5¢). White solid; m.p. = 65-66 °C. Yield 52%. [a]*
+32.2 (¢ 0.90, CHCls). 'H NMR (400 MHz, CDCl5): 6 = 0.79-0.93 (m, 9H), 1.95-1.24 (m, 14H),
1.48-1.62 (m, 2H), 2.36-2.45 (m, 3H), 3.57 (br, 1H) ppm. *C NMR (100 MHz, CDCly): 6 =
14.1, 19.3, 19.9, 22.6, 26.1, 29.3, 29.6, 29.7, 29.8, 30.5, 31.9, 61.8, 71.5 ppm. HRMS (ESI-
TOF) (m/z) [M + H]" = calcd for C1,H3,NO 230.2483, found 230.2484.

(3S,4R)-3-amino-2-methylnonadecan-4-ol (5d).*> White solid; m.p. = 67-68 °C. Yield 72%.
[a]%5 +10.7 (¢ 1.03, CHCI3). *H NMR (400 MHz, CDCL,): & = 0.88-0.94 (m, 9H), 1.27-1.41 (m,
26H), 1.55-1.62 (m, 1H), 1.69-1.73 (m, 1H), 2.53-2.60 (m, 4H), 3.66 (br, 1H) ppm. °C NMR
(100 MHz, CDCly): 6 = 14.1, 195, 19.9, 22.7, 26.1, 29.4, 29.7, 30.6, 31.9, 62.3, 70.9 ppm.
HRMS (ESI-TOF) (m/z) [M + H]" = calcd for CooHssNO 314.3345; found 314.3343.

(4S,5R)-4-amino-2-methyltetradecan-5-ol (6¢). White solid; m.p. = 67-69 °C. Yield 55%.
[a]®5 —49.6 (¢ 0.67, CHCIs). "H NMR (400 MHz, CDCl5): 6 = 0.67-1.08 (m, 9H), 0.91-0.93 (m,
1H), 1.08-1.57 (m, 20H), 2.43-2.67 (m, 3H) ppm. **C NMR (100 MHz, CDCls): § = 14.1, 21.6,
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22.7, 23.8, 24.7, 26.2, 26.4, 29.3, 29.6, 29.7, 29.8, 31.6, 31.9, 40.2, 53.3, 73.9 ppm. HRMS
(ESI-TOF) (m/z) [M + H]" = calcd for Cy5H33NO 244.2640; found 244.2642.

(4S,5R)-4-amino-2-methylicosan-5-ol (6d). White solid; m.p. = 69-70 °C. Yield 60%. [a]*p —
1.2 (¢ 0.81, CHCIs). *H NMR (400 MHz, CDCl5): § = 0.79-0.90 (m, 9H), 1.18-1.68 (m, 31H),
3.34-3.62 (m, 3H) ppm. °C NMR (100 MHz, CDCl,): 6 = 14.1, 21.6, 22.7, 23.7, 24.5, 26.2,
29.3,29.7, 31.9, 38.7, 53.8, 72.9 ppm. HRMS (ESI-TOF) (m/z) [M + H]" = calcd for C»Hs;sNO
328.3579 found 328.3577.

(3R,4S,5R)-4-amino-3-methyltetradecan-5-ol (7c¢). White solid; m.p. = 66-68 °C. Yield 67%.
[a]®p +44.3 (¢ 0.92, CHCI5). *H NMR (400 MHz, CDCl5): ¢ = 0.79-0.85 (m, 9H), 1.05-1.36 (m,
16H), 1.49-1.51 (m, 1H), 1.57-1.65 (m, 1H), 2.42 (br, 3H), 2.49-2.52 (m, 1H), 3.57-3.59 (m,
1H) ppm. *C NMR (100 MHz, CDCl5): § = ppm 10.8, 14.1, 15.6, 22.7, 25.4, 26.2, 29.3, 29.6,
29.7, 29.8, 30.2, 31.9, 37.2, 60.3, 71.3. HRMS (ESI-TOF) (m/z) [M + H]" = calcd for Cy5H33NO
244.2640 found 244.2646.

(3R,4S,5R)-4-amino-3-methylicosan-5-ol (7d).?® White solid; m.p. = 69-71 °C. Yield 62%.
[4]%5 +14.1 (¢ 0.92, CHCI,). *H NMR (400 MHz, CDCly): 6 = 0.88-0.94 (m, 9H), 1.27-1.41 (m,
28H), 1.51-1.62 (M, 1H), 1.68-1.73 (m, 1H), 2.53-2.60 (m, 4H), 3.66-3.69 (m, 1H) ppm. “C
NMR (100 MHz, CDClz): 6 = ppm 10.8, 14.1, 15.6, 22.7, 25.4, 26.2, 29.3, 29.7, 30.2, 31.9,
37.1, 60.4, 71.2. HRMS (ESI-TOF) (m/z) [M + HJ* = calcd for CoiHaNO 328.3579; found
328.3582.

(2S,3R)-2-amino-1-phenyldodecan-3-ol (8c). White solid; m.p. = 110-112 °C. Yield 72%.
[a]®p —10.8 (c 0.79, CHCI5). *H NMR (400 MHz, CDCl5): 6 = 0.84 (t, 3H, J = 6.7 Hz), 1.19-
1.23 (m, 14H), 1.41-1.48 (m, 2H), 2.15 (br, 3H), 2.38-2.44 (dd, 1H, J = 10.8; 13.1 Hz), 2.98-
3.01 (m, 1H), 7.11-7.25 (m, 5H) ppm. **C NMR (100 MHz, CDCls): § = 14.1, 22.7, 26.2, 29.3,
29.5, 29.6, 29.7, 29.8, 31.9, 32.3, 37.3, 56.7, 73.8, 126.4, 128.6, 129.2, 139.2 ppm. HRMS (ESI-
TOF) (m/z) [M + H]" =calcd for C15H3;NO 277.2484; found 278.2486.

(2S,3R)-2-amino-1-phenyloctadecan-3-ol (8d). White solid; m.p. = 113-115 °C. Yield 69%.
[a]®5 —11.5 (¢ 1.13, CHCI;). "H NMR (400 MHz, CDCls): 9 = 0.81 (t, 3H, J = 6.6 Hz), 1.19 (m,
24H), 1.44 (br, 2H), 2.57-2.60 (m, 1H), 2.81-2.84 (m, 1H), 3.12 (br, 1H), 3.71-3.79 (m, 5H)
ppm. *C NMR (100 MHz, CDCly): 6 = 14.1, 22.7, 26.2, 29.3, 29.6, 29.66, 29.7, 31.9, 126.7,
128.8, 129.29, 138.1 ppm. HRMS (ESI-TOF) (m/z) [M + H]" = calcd for C,4H,;sNO 362.3423;
found 362.3432.

((2S,3R)-2-amino-3-hydroxydodecyl)phenol (9¢). White solid; m.p. = 110-112 °C. Yield 50%.
[a]® —5.8 (¢ 1.07, MeOH). *H NMR (400 MHz, CD;0D): & = 0.80 (t, 3H, J = 7.0 Hz), 1.20-
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1.45 (m, 16H), 2.27 (br, 1H), 2.83-2.73 (m, 1H), 3.21 (br, 1 H), 3.40-3.38 (m, 1H), 6.64 (d, 2H,
J=8.4Hz), 6.94 (d, J = 8.4 Hz, 2H) ppm. *C NMR (100 MHz, CD;0OD): & = ppm 14.4, 23.7,
27.2, 305, 30.8, 33.1, 33.4, 38.1, 58.7, 74.6, 157.1 ppm. HRMS (ESI-TOF) (m/z) [M + H]* =
calcd for Ci5H3,NO, 294.2433 found 294.2434.

(2S,3R)-2-aminododecane-1,3-diol (10c). Colorless oil. Yield 56%. [a]*p —1.6 (¢ = 1.2
MeOH). *H NMR (400 MHz, CDCl,): & = 0.81 (t, J = 6.8 Hz, 3 H), 1.19-1.41 (m, 14 H), 3.34-
3.41 (m, 1 H), 3.87-3.95 (m, 2 H), 5.50 (br, 2 H) ppm. *C NMR (100 MHz, CDCl5): & = ppm
14.1, 22.7, 26.3, 29.3, 29.4, 29.5, 29.7, 29.8, 31.9, 33.3, 58.4, 70.5 ppm. HRMS (ESI-TOF)
(m/z) [M + H]" = calcd for C1,H»;NO, 218.2042; found 218.2121.

(2R,3S,4R)-3-aminotridecane-2,4-diol (11c). Colorless oil. Yield 50%. [a]®, +6.8 (¢ 1.07,
CHCI5). 'H NMR (400 MHz, CDCl,): § = 0.81 (t, 3H, J = 7.6 Hz), 1.09 (d, 2H, J = 6.3H2),
1.16-1.45 (m, 16H), 2.41 (br, 1H), 3.20 (br, 1H), 3.59-3.60 (m, 1H), 3.96-3.98 (m, 1H) ppm. **C
NMR (100 MHz, CDClz): 6 = ppm 14.0, 20.0, 22.6, 26.2, 29.3, 29.6, 29.7, 31.9, 33.5, 58.4,
64.8, 66.4, 74.5 ppm. HRMS (ESI-TOF) (m/z) [M + H]" = calcd for C13H,NO, 232.2277; found
232.2274.

(2R,3S,4R)-3-aminononadecane-2,4-diol (11d). Colorless oil. Yield 60%. [0]*°p +1.4 (c 0.91,
CHCly) '"H NMR (400 MHz, CDCl3): 6 =0.91 (t, 3H, J = 6.6 Hz), 1.14 (d, 2H, J = 6.1Hz), 1.29-
1.49 (m, 30H), 2.42 (br, 1H), 3.23 (br, 2H), 3.66-3.69 (m, 1H), 4.02 (br, 1H) ppm. *C NMR
(100 MHz, CDCly): 6 = ppm 14.0, 20.0, 22.7, 26.2, 29.3, 29.7, 29.8, 31.9, 33.6, 58.3, 64.8, 66.4,
74.6 ppm. HRMS (ESI-TOF) (m/z) [M + H]" = calcd for CyoH,;NO, 316.3216; found 316.3211.
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4.6.4. NMR data comparison with literature data

OH
NH>
Table S1. 'H NMR data (CD;0D) for compound 4c and its comparison to literature.
This work Ref 43 Ref 44
400 MHz 400 MHz 400 MHz
3.39-3.41 (m, 1H) 3.64 (m, 1H) 3.44 (m, 1H)

3.20-3.22 (m, 1H)

3.18 (ddd, 1H, J=2.9,5.4,

10.6 Hz)

2.83 (br, 1H)

2.82(ddd,J=2.1,4.2,6.2 Hz,

1H)

1.43 and 1.25 (m, 2H)

1.36 (m, 2H)

1.21-1.41 (m, 16H)

1.22-1.20 (m, 10H)

1.28-1.60 (m, 16H)

0.99 (d, 3H, J = 6.7 Hz)

1.12 (d, 3H, J=5.4 Hz)

1.05 (d, 3H, J=6.6 Hz)

0.80 (t, 3H, J = 7.2 Hz)

0.8 (t, 3H, J = 6.7 Hz)

0.90 (t, 3H, J=6.9 Hz)

Table S2.  *C NMR data (CD,0D) for compound 4c and its comparison to literature.

This work Ref 43 Ref 44

100 MHz 100 MHz 100 MHz
75.0 70.5 74.3
52.3 51.5 50.2
33.9 31.6 32.0
33.1 30.6 31.1
30.8 28.3 28.83
30.7 28.2 28.78
30.5 28.1 28.7
27.2 28.0 28.5
23.7 24.5 25.3
15.6 21.3 21.7
14.4 12.0 15.0
9.6 125
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Table S3. 'H NMR data (CDClI;) for compound 5d and its comparison to literature.
This work Ref 45
400 MHz 300 MHz
3.66 (br, 1H) 3.54-3.62 (M, 1H)
2.53-2.60 (M, 4H) 2.41(dd, 1H, J = 7.9, 4.7 Hz)
1.69-1.73 (m, 1H) 2.02 (br s, 3H)
1.55-1.62 (m, 1H) 1.50-1.65 (m, 3H)
1.27-1.41 (m, 26H) 1.20-1.40 (m, 26H)
0.88-0.94 (m, 9H) 0.85 (t, 3H, J =7.0 Hz); 0J.88 ((3d7 :|%_|H,)J =6.7 Hz); 0.95 (d, 3H,
= 0. z

Table S4. **C NMR data (CDCI5) for compound 5d and its comparison to literature.

This work Reference 45

100 MHz 75 MHz
70.9 715
62.3 61.7
31.9 31.9
30.6 30.8
29.7 30.4
29.4 29.7 (x 2); 29.6
26.1 26.1
22.7 22.6
19.9 19.8
19.5 19.2
14.1 14.1
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Table S5. 'H NMR data (CDClI3) for compound 7d and its comparison to literature.

This work Reference 45
400 MHz 300 MHz
4.25-4.60 (m, 2H)
3.66-3.69 (m, 1H) 3.62-3.69 (m, 1H)
2.68-2.72 (m, 1H)
2.53-2.60 (m, 4H) 2.45-2,51 (m, 2H)
1.68-1.73 (m, 1H) 1.65-1.69 (m, 1H)
1.51-1.62 (m, 1H)
1.27-1.41 (m, 28H) 1.15-1.46 (m, 31H)
0.88-0.94 (m, 9H) 0.91-1.10 (m, 6H)
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Biology
4.6.5. Biological assays. General remarks

All starting materials were commercially available research grade chemicals and used without
further purification. RPMI 1640 medium was purchased from Flow Laboratories (Irvine, UK),
fetal calf serum (FCS) was from Gibco (Grand Island, NY), trichloroacetic acid (TCA) and
glutamine were from Merck (Darmstadt, Germany), and penicillin G, streptomycin, DMSO and
sulforhodamine B (SRB) were from Sigma (St Louis, MO).

4.6.6. Cells, culture and plating

The human solid tumor cell lines HBL-100, HeLa, SW1573, T-47D and WiDr were used in this
study. These cell lines were a kind gift from Prof. G. J. Peters (VU Medical Center, Amsterdam,
The Netherlands). Cells were maintained in 25 cm? culture flasks in RPMI 1640 supplemented
with 5% heat inactivated fetal calf serum and 2 mM L-glutamine in a 37 °C, 5% CO,, 95%
humidified air incubator. Exponentially growing cells were trypsinized and re-suspended in
antibiotic containing medium (100 units penicillin G and 0.1 mg of streptomycin per mL).
Single cell suspensions displaying >97% viability by trypan blue dye exclusion were
subsequently counted. After counting, dilutions were made to give the appropriate cell densities
for inoculation onto 96-well microtiter plates. Cells were inoculated in a volume of 100 pL per
well at densities of 10 000 (HBL-100, HeLa and SW1573), 15 000 (T-47D), and 20 000 (WiDr)

cells per well, based on their doubling times.

4.6.7. Chemosensitivity testing

Compounds were initially dissolved in DMSO at 400 times the desired final maximum test
concentration. Control cells were exposed to an equivalent concentration of DMSO (0.25% v/v,
negative control). Each agent was tested in triplicate at different dilutions in the range of 1-100
uM. The drug treatment started on day 1 after plating. Drug incubation times were 48 h, after
which cells were precipitated with 25 uL ice-cold TCA (50% w/v) and fixed for 60 min at 4°C.
Then the SRB assay was performed.? The optical density (OD) of each well was measured at
492 nm, using BioTek’s PowerWave XS Absorbance Microplate Reader. Values were corrected

for background OD from wells only containing medium
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4.6.8. Computational calculations

All calculations were performed in commodity PCs running Windows 7 operating system. Open
Babel was used to manipulate the various file formats of ligands. PyMol was used for visual
inspection of results and graphical representations. All the tested compounds were drawn and
minimized using AM1 semi-empirical method, using the Polak-Ribiere conjugate gradient
energy minimization algorithm until the energy change between steps was lower than 0.01
kcal/mol using Hyperchem 8.0 (Hypercube, Inc., Florida, USA). The protein structures were
downloaded from the Protein Data Bank and for the purpose of the docking calculations, we
removed ligands and water molecules present in the crystal structure and added polar hydrogen
atoms to the protein chain before running any docking calculations. AutoDock Vina was used to
perform docking calculations. Docking was performed with the prepared ligand files against all
the crystal structures with grid box dimensions of 30x30x30 A. The docking accuracy, meaning
the AutoDock Vina parameter ‘exhaustiveness’, was set to 100 and all the output files were
visually inspected to check the correctness of obtained docked conformations. We used the
MASC formula to correct the docking interaction energy results and subsequently calculated
linear correlations between corrected interaction energy results and biological activity
experimental data.
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4.6.9. List of targets

Table S6. Anticancer targets used in the virtual screening of 1, 4c-11d.
Protein PDB Code Protein PDB Code
26S Proteasome 1UOH MET 3CCN
AURKA 1MQ4 MTAP 1SD1
B-tubulin 3E22 mTOR 2NPU
CAPN1 1ZCM MYC INKP
CCNA2-CDK2 2C50 PCAF 3GG3
CDC25A 1C25 PDF 3G5K
CDC25B 1QB0 PDK1 2R7B
CDK1 1LC9 PIK3CG 1E8Y
CDK4 3G33 PIN1 1PIN
Chk1 2HYO PKB 1UNQ
COX-2 1VOX PLAU 208T
CSNK1E 4HNI PIk1 20WB
EGFR 2RGP PP2A 2IE4
FAK1 1MP8 PPAR-y 3ET3
FLT-3 1RJB PKC 2FK9
FNTB 1MzC Rac GTPase 20VJ
GART INJS RAF-1 1C1Y
GLO1 1QIP RET 2X2L
HDAC1 1TVYI RhoA 1KMQ
Hdm2 3LBL ROC1 3DPL
HER2 2A91 SHIP2 2K4P
HIF1A 1H2K SRC 1YOJ
HSP90A 1UYL Tdpl Iyl
hTERT 2BCK TNKS-1 2RF5
IDO1 2D0T TOP1 1KAT
IGF1R 3181 TOP2A 1ZXN
KIF11 2PG2 TP53 20CJ
MEK1 1S9] TUBA 2E4H
MEK?2 1591 TXNRD1 2CFY
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Figure S40. Kinome interaction map for 8c tested against 456 kinases in the DiscoveRx
scanMAX™ panel. The red circle indicates CK1g, found to bind to 8c tested at 10 pM.
Image generated using TREEspof™ Software Tool and reprinted with permission from
KINOMEscan®, a division of DiscoveRx Corporation, © DISCOVERX CORPORATION
2010.
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'H (400 MHz) and *C (100 MHz) NMR spectra of 7d in CDCl.

Figure S32.
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CHAPTER 5

DIRECT SYNTHESIS OF POLY-
BENZYLATED GLUTAMIC ACID
MONOESTERS.
DISAMBIGUATION OF N,N-DI-
BENZYLGLUTAMIC ACID a- AND
y-BENZYL ESTERS






5. Direct synthesis of polybenzylated glutamic acid monoesters.
Disambiguation of N,N-dibenzyl-glutamic acid o- and y-benzyl
esters

51 Introduction

Amino acids represent a natural source of enantiomerically pure building blocks useful
in organic synthesis. In this particular context,  -aspartic and -glutamic acids are potentially
valuable provided that the two carboxyl groups could be differentiated. Within our program
directed at the discovery of biologically active sphingosine analogues," we have developed
general methodologies for the synthesis of saturated® and unsaturated® lipidic a.-amino acids.
The latter method is based on the regioselective w-reduction of N,N-di-Boc-aspartic or glutamic
dialkyl esters. The resulting semialdehydes have proven to be versatile intermediates in the

synthesis of biologically relevant substances.”

In addition to Boc, other suitable amino protecting groups have been explored
extensively, from which the benzyl group remains as highly useful in synthetic organic
chemistry.” In the particular case of ,-glutamic acid (1), methods have been reported to prepare
diverse N,N-dibenzylamino acid derivatives (Scheme 5.1). Thus, the perbenzylation of -
glutamic acid (1) with excess of BnBr under basic conditions is a commonly used process to
obtain derivative 2 in 61-96% yield.® The regioselective reduction of perbenzylated ,-glutamic
acid 2 affords the corresponding y-aldehyde of N,N-dibenzylglutamic acid o-benzyl ester (3).*
Although in less extent, the latter has been used as intermediate for the preparation of
biologically significant compounds.” Additionally, perbenzylated , -glutamic acid (2) served also
as the precursor of y-alcohol 4° and diol 5° (Scheme 5.1). Similarly, the y-benzyl ester of -

glutamic acid (6) is prepared typically under acidic conditions in 84% yield.®

Recently, the use of N,N-dibenzylglutamic acid y-benzyl ester (7) in the synthesis of
schulzeines was reported.'® However, a complete experimental procedure for its preparation and
full characterization with relevant spectroscopic data were never reported in the literature. After
a thorough search, we found that the preparation of compound 7 in 18% yield was described in
a PhD thesis." The low yield of the reaction together with the synthetic versatility of

intermediate 7 encouraged us to study the process in more detail.

In this chapter, we investigated the benzylation reaction of -glutamic acid and the
unexpected results obtained when we tried to repeat the procedure reported for the synthesis of
7.
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{BnO,C COH |
HOzC\/\rcozH ref. 10 V\N/an
L-glutamicacid (1)
ref. 9 This work

BnO,C CO,H
Y NBn,

Equation 5.1. Reported methods for the synthesis of (poly)-benzylated .-glutamic acid

derivatives.

5.2 Results and discussion

A direct comparison of the *"H NMR spectra of compounds 2 and 3 reported earlier by
us® and the *H NMR spectrum for compound 7 was described by Akkarasamiyo,™* that showed
marked differences in the signals of the benzyl ester protons Ph-CH,-O (Figure 5.1). Indeed, the
'H NMR spectrum reported for 7 showed the appearance of the a-ester derivative and not the y-
ester analogue. The same typical *"H NMR signal was found for the reported intermediate in the

synthesis of schulzeines.'

At this point, we suspected that the compound resulting from the experimental
conditions described by Akkarasamiyo was N,N-dibenzylglutamic acid a-benzyl ester (8). This
subtle difference was unnoticed for the authors since the N,N-dibenzylglutamic acid
monobenzyl ester was transformed into a 3-amino-2,6-piperidinedione intermediate. The
reaction conditions are leading to the synthesis and the undoubtedly identification of

compounds 7 and 8 will be discussed below.
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a) o-ester y-ester b) c) d)

Figure 5.1. 'H NMR signals of benzylic protons (Ph-CH,-O) in .-glutamic acid benzyl
esters. (a) 2; (b) compound 43 in ref. 11; (c) compound 11 in ref. 10a; (d) compound 13 in
ref. 10b.

As shown in Scheme 5.2, when we repeated the benzylation of  -glutamic acid (1) under
the experimental conditions described by Akkarasamiyo,'® N,N-dibenzylglutamic acid a-benzyl
ester (8) was obtained in 20% yield (Table 5.1, entry 1). As a byproduct of the reaction, the
perbenzylated derivative 2 was isolated in 1% yield. More important, compound 7 was not
obtained. Subsequent selective reduction of the carboxylic acid group of 8 using standard
methods allowed us to obtain compound 4. The spectroscopic data was in full agreement with
that reported in the literature. Consequently, the compound synthesized using the reported

protocol is the a-benzyl ester 8 and not the y-benzyl ester 7.

HO,C CO-H HO,C CO,Bn
2 v\‘/ 2 a 2 \/\‘/ 2
1 NH, 8NBn2
a b
BnOzC\/\rCOzH HO/\/\(Co2E3In
- NBn, 4Nan

Scheme 5.2.  Reagents and conditions: (a) ref. 10, i.e.,, [BnCl (3.5 eq), K,CO;, KOH,
MeOH-H,0 (1:1), 4, overnight]., 20%; (b) BHs-Me,S, THF, 0 °C, 4 h, 86%.
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In order to synthesize compound 7, we envisioned a strategy based on the widely known
process to prepare derivative 6 (Scheme 5.2). Our first attempt to prepare 7 was the benzylation
of 6 under basic conditions. However, the desired compound could not be obtained.
Alternatively, compound 2 was treated under saponification conditions to give diacid 9 in high
yield. Selective benzylation of 9 under acidic conditions led to the expected compound 7 in 70%
yield. This time the ‘H NMR spectrum was consistent, as shown in Figure 5.2.

a
BnOZC\/\rCOZH X~ Bnozc\/\rcozH
NH, , NBn;
6
fe
BnOZC\/\‘/Coan b HOZC\/YCOZH

—_—
NBn NBn
2 2 9 2

ld
H02C\/YC02BI1

NBn
8 2

Scheme 5.3.  Reagents and conditions: (a) BnCl (2.5 eq), K,COs, KOH, MeOH-H,0 (1:1),
A, overnight; (b) NaOH, MeOH, A, 20 h, 90%; (c) CH3:SO3H, BnOH, toluene, A, 5 h, 70%;
(d) BnBr (1.1 eq), K,CO3, KOH, MeOH-H,0 (1:1), 70 °C, 5 h, 25%.

=L .JJI\...-_J'»"\_V—)‘J'J‘(.A \-*.

——e————— ———— - “

6.5 6.0 55 45 40 35 30 25 20 ppm

Figure 5.2. Partial '"H NMR spectra of compounds 2, 7 and 8.
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Interestingly, we found that upon treatment of 9 under the conditions reported by
Akkarasamiyo, but using instead 1.1 equiv of benzyl bromide, the a-benzyl ester 8 was obtained
in 25% vyield (Scheme 5.3). This intriguing result, due to the similarity with that obtained by the
direct benzylation of  -glutamic acid (1) with 3.5 equivalents of benzyl bromide, together with
the low yield obtained led us to explore the influence of the reaction conditions.

The reaction conditions for the perbenzylation of 1 described in the literature uses
indistinctly benzyl chloride or benzyl bromide as alkylating agents and NaOH or KOH as base
(together with K,CO3). In addition, some methods described the use of MeOH as co-solvent. As
additional factors in our study, we selected time and temperature. With these premises we ran a

set of reactions and the results are given in Table 5.1.

Table 5.1. Effect of the reaction conditions in the polybenzylation of | -glutamic
acid(1).
Reaction conditions® Yield (%)
Entry MeOH Time | Temp BnX Base ) .
(%) (h) °C) | (equiv) | X | (2.3 equiv)
1 50  overnight reflux 35 Cl NaOH 20 1 nd
2 50 5 70 3,5 Cl KOH 25 7 1
3 50 5 70 35 Br KOH 30 20 4
4 50 5 70 3 Cl NaOH 12 2 n.d.
5 25 2 50 3 Br KOH nd. nd. nd.
6 25 2 reflux 4 Br KOH 19 26 1
7 25 12 80 3.25 Br NaOH 12 19 n.d
8 25 12 80 3.25 Cl NaOH 12 14 n.d
9 25 12 80 3.25 Cl KOH 17 16 n.d
10 25 12 80 3.25 Br KOH 13 19 n.d
11 0 overnight 70 3 Cl KOH 9 13 n.d
12 75 2 reflux 3 Br KOH 14 10 n.d
13 75 2 50 4 Br KOH 23 10 7
14° 75 8 reflux 4 Br KOH 73  nd. 1

41 (1 equiv), K,COs (2.3 equiv), solvent (H,O0-MeOH for 0.23 M). ° reaction conditions of Ref 11. © n.d.
= not detected. ¢ the a-methyl ester was obtained in 10% yield as a subproduct.

203



We speculated that under the aforementioned perbenzylation conditions the partial
hydrolysis of 2 might occur. This might be an explanation for the low yields obtained by
Akkarasamiyo. Thus, initially, we studied the benzylation process at shorter reaction times (5 h)
and lower temperature (70 °C). The results (Table 5.1, entries 2 and 3) showed that lower
reaction times and temperature benefit the process since compounds 8 and 2 are obtained in
slightly higher yields, while compound 7 is obtained as minor compound. Under these
conditions, the base KOH seems to increase the overall yield while the halide BnBr favors the
formation of 2. However, at longer reaction times the effect on the outcome of the reaction was
independent of the base or halide used (Table 5.1, entries 7-10). The reduction of the amount of
alkylating agent (Table 5.1, entry 4) is concomitant with a decrease in yield. Another point of
attention is the solvent. When reducing the percentage of MeOH in the mixture (Table 5.1,
entries 5-11) no improvement in yield is obtained, regardless of the other reaction conditions.
Similarly, a MeOH-H,0 (3:1) mixture (Table 5.1, entries 12-13) produced 8 in low yields at low
reaction times. To our surprise, when we increased the reaction time (Table 5.1, entry 14), the
benzylation of 1 to give 8 proceeded in 73% yield giving N,N-dibenzylglutamic acid a-methyl
ester as side product of the process (10% yield). For processes where the o ester should be

transformed and thus transesterification is not an inconvenient, the yield adds up to 83%.

5.3 Conclusions

In summary, we have described a methodology to obtain both N,N-dibenzylglutamic
acid monobenzyl esters 7 and 8, from commercially available -glutamic acid (1). Both
compounds can be differentiated in terms of their 'H NMR spectra. The unprecedented
compound 7 is reported and characterized for the first time. The preferred method to obtaining 7
from _-glutamic acid is the three-step process reported herein. We explored the reaction
conditions leading to the formation of 8. A not optimized 73% yield was achieved plus 10%

yield of the N,N-dibenzylglutamic acid a-methyl ester.
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5.5. Experimental section
5.5.1 General Remarks

Reactions were performed using oven-dried glassware under an atmosphere of argon. *H NMR
spectra were recorded at 400 at 298K, **C NMR spectra were recorded at 100. Chemical shifts
were reported in units (ppm) by assigning TMS resonance in the *H NMR spectrum as 0.00 ppm
(CDCls, 7.26 ppm). Data were reported as follows: chemical shift, multiplicity (s = singlet, d =
doublet, t = triplet, @ = quartet, quin = quintuplet, sex = sextet, dd = double doublet, ddd =
double double doublet, m =multiplet and br = broad), coupling constant (J values) in Hz and
integration. Chemical shifts for **C NMR spectra were recorded in ppm from tetramethylsilane
as the internal standard. Using the central peak of CDCI; (77.0 ppm). Reagent-grade chemicals
were obtained from diverse commercial suppliers and were used as received. Optical rotations
were measured with a polarimeter at the sodium line at different temperatures in CHCls.
Accurate mass (HRMS) were determined by electrospray ionization (ESI-TOF) and electronic
impact (EI-TOF). Reactions were monitored using thin-layer chromatography (TLC) on
aluminum packed percolated Silica Gel 60 F,s, plates. Flash column chromatography was
carried out with silica gel 60 (particle size less than 0.020 mm) by using appropriate mixtures of
ethyl acetate and hexanes as eluent. Compounds were visualized by use of UV light and 2.5%
phosphomolybdic acid in ethanol. All reactions involving air- or moisture-sensitive materials
were carried out under Argon atmosphere. Anhydrous magnesium sulfate was used for drying
solutions. Melting points were measured with micro melting point apparatus. Chemical

nomenclature was generated using Chem Bio Draw Ultra 13.0.
5.5.2 Synthetic procedures and characterization for the glutamic acid derivatives

(2S)-5-(benzyloxy)-2-(dibenzylamino)-5-oxopentanoic acid (7). Methane sulfonic acid (3.6
mmol, 0.2 mL) was added dropwise to a suspension of 9 (1.0 g, 3 mmol) and benzyl alcohol
(4.8 mmol, 0.5 mL) in dry toluene (30 mL). The resulting mixture was heated at reflux in a
Dean Stark system for 5 h, after which time it was allowed to cool to room temperature. Then,
the solvent was evaporated under reduced pressure. The residue was diluted with water (30 mL),
and extracted with Et,O (2 x 20 mL). The combined organic extracts were washed with brine
(30 mL) and dried over MgSO,, filtered and the solvent was removed under reduced pressure.
The residue was purified by flash column chromatography (hexanes-EtOAc 20:50) to give 1.3 g
of 7 (70% vyield) as pale-yellow oil. [a]® -31.3° (¢ = 0.98, CHCI;). '"H NMR (400 MHz,
CDCly): 6 = 2.11-2.21 (m, 2 H), 2.53-2.66 (m, 2 H), 3.47 (t, J = 7.0 Hz, 1 H), 3.78 (d, J = 13.4
Hz, 2 H), 3.91 (d, J = 13.4 Hz, 2 H), 5.08 (AB system, 2 H) 7.29-7.42 (m, 15 H) ppm. *C NMR
(100 MHz, CDCly): 0 = 22.9, 31.1, 54.5, 60.2, 66.3, 127.6, 128.3, 128.6, 129.2, 135.9, 138.2,
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172.9, 176.5 ppm. IR: vy = 3362.1-2328.4, 1729.2, 1257.4, 1162.4 cm™. HRMS (ESI): calcd.
for CosHsNO, [M + H]" 418.2018; found 418.2002.

(4S)-5-(benzyloxy)-4-(dibenzylamino)-5-oxopentanocic acid (8). To a solution of _-glutamic
acid (1.0 g, 6.8 mmol), K,CO3 (2.2 g, 15.6 mmol) and KOH (0.87 g, 15.6 mmol) in MeOH:H,0
(75:25, 30 mL) was slowly added benzyl bromide (4.08 g, 27.2 mmol) at room temperature. The
mixture was stirred at reflux for 8 h. After being cooled to 0 °C, it was neutralized (pH = 7) with
5% solution of HCI. Then, the mixture was extracted with CH,CI, (2 x 50 mL) and the organic
layer was dried over MgSQ,, filtered and the solvent was removed under reduced pressure. The
residue was purified by flash column chromatography (hexanes-EtOAc 90:10-70:30) to give
2.84 g of 8 (73% yield) as a colorless oil. [0]®p -72.7° (¢ = 1.11, CHCI5). *H NMR (400 MHz,
CDCl,): 6 = 2.00-2.14(m, 2 H), 2.33-2.40 (m, 1 H), 2.46-2.54 (m, 1 H), 3.45 (dd, J = 6.7, 9.5
Hz, 1 H), 3.54 (d, J = 14.3 Hz, 2 H), 3.94 (d, J = 14.3 Hz, 2 H), 5.26 (AB system, 2 H), 7.22-
7.48 (m, 15 H) ppm. *C NMR (100 MHz, CDCl): § = 23.9, 30.4, 54.5, 59.6, 66.2, 127.2,
128.3, 128.4, 128.6, 128.6, 128.4, 135.9, 138.9, 172.0, 178.79.ppm. IR: vy = 3450.3-2500.2,
1729.7, 1711.1, 1247.8, 1160.7 cm™. HRMS (ESI): calcd. for CysH,sNO4 [M + Na]* 440.1838;
found 440.1846.

(2S)-2-(dibenzylamino)pentanedioic acid (9). Perbenzylated L-glutamic acid (2) (10 g, 19.7
mmol) was dissolved in MeOH (70 mL). A freshly prepared, ice-cold aqueous solution of 2.4 m
NaOH (22 mL, 50 mmol) was added to the solution and the resulting mixture heated at reflux
for 20 h. The reaction mixture was then allowed to cool to room temperature and the solvent
was evaporated under reduced pressure. The residue was diluted with water, and extracted with
CH,CI, to remove the benzyl alcohol formed in the hydrolysis. The basic aqueous layer was
acidified (pH = 3-4) with concentrated HCI and a precipitate was formed. The water layer was
extracted with EtOAc (3 x 50 mL). The organic extracts were combined and the solvent was
removed under reduced pressure. The solid residue was recrystallized from MeOH to give 9 as a
white solid (5.8 g, 90% vyield). M.p. 228-229 °C. [a]*5 -71.3° (¢ = 1.03, DMSO). 'H NMR (400
MHz, DMSO-dg): 6 = 1.84-1.90 (m, 2 H), 2.13-2.21 (m, 1 H), 2.29-2.36 (m, 1 H), 3.12-3.16 (m,
1H),359(d, J=14.2,2 H), 3.80 (d, J = 14.2, 2 H), 7.20-7.32 (m, 10 H) ppm. *C NMR (100
MHz, DMSO-ds): 6 = 24.2, 30.6, 50.0, 59.86, 126.3, 128.2, 128,4, 139.6, 173.6, 174.05 ppm.
IR: Vmax = 3340.3-2750.4, 2672.3- 2172.5, 1729.3, 1612.6, 1452.6, 1245.5 cm™. HRMS (ESI):
calcd. for C1oHNO, [M + 2Na]* 372.1188; found 372.1180.
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'H and *C NMR spectra
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CHAPTER 6

SYNTHESIS AND ANTIPRO-
LIFERATIVE ACTIVITY OF
GLUTAMIC ACID-BASED
DIPEPTIDES







6. Synthesis and antipro-liferative activity of glutamic acid-based

dipeptides

6.1 Introduction

Naturally occurring amino acids represent a powerful source of relatively inexpensive,
widely available and enantiomerically pure building blocks, even on a bulk scale. They have
been largely used in organic chemistry as intermediates in peptide synthesis or in the synthesis
of more complex structures with diverse applications. Of particular interest to us is the use of
amino acids as source for antitumor compounds. In this context, .-glutamic acid is present in the
antitumor drug aminopterin (1a)' and its well-known N-methylated derivative methotrexate
(1b).% Other anticancer drug’s derivatives of ,-glutamic acid are thalidomide (2a) and its analogs
pomalidomide (CC-4047, 2b) and lenalidomide (CC-5013, 2c).* In these compounds, ,-glutamic
acid binds through its amino group to the rest of the molecule forming amide or imide bonds
(Figure 6.1a). Another use of -glutamic acid is as poly-glutamic acid conjugates, which act as
drug carrier because they increase the efficacy of anticancer drugs and decrease their toxicity
toward normal cells.” In this strategy, the drug is mostly linked to the y-carboxyl group through

ester or amide bonds.

The natural amino acid -glutamine (3a) is the y-amide of _-glutamic acid and it is
essential for cell growth and proliferation. In healthy cells, -glutamine is synthesized from -
glutamic acid by -glutamine synthetase. However, in neoplastic cells -glutamine cannot be
produced due to the lower reactivity of _-glutamine synthetase. In addition to glucose, cancer
cells utilize _-glutamine as a carbon source for ATP production and biosynthesis. ,-Glutamine
can be internalized through cell surface transporters such as ASCT2.° These considerations have
increased the interest of targeting glutamine internalization® and metabolism’ in cancer therapy.
.-Glutamine derivatives (Figure 6.1b) investigated along these lines include the natural product

theanine (3b),? the glutamine-utilizing enzyme inhibitors 3c-3e, or the ASCT2 inhibitor 4.°

In addition to enzyme inhibitors or drug carriers, amino acids constitute peptides that
are being used for the therapy of a significant number of diseases.’® ™ In particular, anticancer
peptides (ACPs) have shown relevant since they exhibit cancer-selective toxicity while avoiding
the shortcomings of the conventional chemotherapy.'? ACPs are small peptides with less than

50 amino acids. The CancerPPD (http://crdd.osdd.net/raghava/cancerppd/) database contains

over 3400 experimentally verified ACPs. The statistical analysis in terms of amino acid residues
show that small peptides (<5 amino acids) have not being explored exhaustively as potential

anticancer agents (Figure 6.1c¢). When it comes to the study of anticancer dipeptides, literature is
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scarce in examples. Although tyrosine- and cystine-based dipeptides have been reported to

13,14

exhibit antiproliferative activity in human solid tumor cell lines. to the best of our

knowledge there are no reports on the antiproliferative activity of glutamic acid-based dipetides.

ﬁrdm @EK%

2a Talldomlde, R=H,X=0

1a Aminopterine, R=H 2b Pomalidomide, R = NH,; X =0
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Figure 6.1. a. -Glutamic acid derivatives with anticancer activity. Bond thickness

emphasizes the -glutamic acid fragment. b. -Glutamine and N'-alkylated derivatives. c.

Statistical analysis of amino acid residues of the ACPs listed in the CancerPPD database.
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.-Glutamic and -aspartic acid are potentially valuable molecules providing that the two
carboxylic groups could be synthetically differentiated. Recently, we have explored the
regioselective esterification of -glutamic acid.™ Our methodology allows to obtain
unambiguously both N,N-dibenzylglutamic acid o- (5) and y-benzyl esters (6) from
commercially available -glutamic acid (Figure 6.2). As a part of our screening program directed
at the discovery of new biologically active molecules with antiproliferative activity, we found
that both 5 and 6, were active against human solid tumor cells. These results together with the
lack of antiproliferative activity studies on glutamic acid-based dipeptides encouraged us to
explore further this type of molecules as scaffolds for new anticancer drugs. Herein, we report
on the synthesis of glutamic acid-based dipeptides and their antiproliferative activity against

human solid tumor cells.

6.2 Results and discussion

During the course of our investigation on the regioselective benzylation of -glutamic
acid, we analyzed the antiproliferative activity of compounds 5-8. As a model to study the
antiproliferative activity, we selected the panel of representative human solid tumor cell lines
HBL-100 (breast), HeLa (cervix), SW1573 (non-small cell lung), T-47D (breast), and WiDr
(colon). The in vitro antiproliferative activity was evaluated using the National Cancer Institute
(NCI) protocol.® The standard anticancer drugs cisplatin'’ and etoposide® were used as
reference agents. The results expressed as Glso, are shown in Table 6.1. We found that
monobenzyl esters 5-6 were able to induce cell growth inhibition in all cell lines with Gls,
values in the range 22-46 puM, whereas the perbenzylated analog 7 and the diacid 8 were
inactive. In addition, compound 5 showed slightly more active than compound 6. This result
encouraged us to synthesize a small library of a- and y-glutamyl dipeptides and test their

antiproliferative activity.

6.2.1 Synthesis of glutamic acid-based dipeptides

The general synthetic pathway for the preparation of the glutamic acid-based dipeptides
is outlined in Figure 6.2. The direct regioselective benzylation of commercially available -
glutamic acid afforded N,N-dibenzylglutamic acid a-benzyl ester (5) in 73% yield. We have
reported recently that the reaction conditions play a critical role in the outcome of the

products.” However, N,N-dibenzylglutamic acid y-benzyl ester (6) cannot be obtained directly
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from -glutamic acid. Instead, a three-step sequence is needed. Briefly, conventional

perbenzylation of L-glutamic acid afforded compound 7 in high yields as reported earlier.™

Table 6.1. Antiproliferative activity (Glsy) against human solid tumor cells of

compounds 5-8.%

Cell line
Compound

HBL-100 HelLa SW1573 T-47D WiDr
5 39 (£2.6) 22 (+6.6) 38 (+4.1) 29 (£5.6) 29 (£7.8)
6 46 (+9.0) 30 (+6.8) 40 (+4.4) 34 (£7.2) 44 (£9.4)

7 >100 >100 >100 >100 >100

8 >100 >100 >100 >100 >100
Cisplatin 1.9 (+0.2) 2.0 (+0.3) 3.0 (+0.4) 15 (£2.3) 26 (+5.3)
Etoposide 2.3 (+0.9) 3.0 (£0.9) 15 (+1.5) 22 (45.5) 23 (£3.1)

®Values are given in uM and are means of two to five experiments; standard deviation is given in
parentheses.

Then, hydrolysis of the benzyl ester groups of 7 under standard basic conditions led to
diacid 8 in almost quantitative yield. Finally, esterification under acid conditions® allowed us to
obtain exclusively the y-benzyl ester 6 in 70% vyield. Intermediates 5 and 6 were coupled
successfully with the commercially available methyl ester hydrochlorides of the amino acids
alanine (a), valine (b), leucine (c), isoleucine (d), phenylalanine (e), tyrosine (f), tryptophan (g),
threonine (h), serine (i), proline (j) and methionine (k) to provide dipeptides 9a-k and 10a-k,
respectively. In  this  process, 2-(1H-benzotriazole-1yl)-1,1,3,3-tetramethyluronium
tetrafluoroborate (TBTU) was selected as coupling agent. The reactions were carried out in
DMF and N,N-diisopropylethyl amine was used as based. Yields were in the range 50-70%.
With this methodology we obtained a small library of dipeptides comprising two sets of

regioisomers, the y- (9a-K) and the a-glutamyl series (10a-k).
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Figure 6.2. Synthesis of glutamic acid-based dipeptides 9-10. Reagents and conditions:
(a) BnBr, K,CO3;-KOH, MeOH-H,0 (75:25), A, 8h, 73%; (b) BnBr, K,CO3;, MeOH-H,0
(1:1), A, 20 h, 90%; (c) NaOH, MeOH (1:1), A, 20 h, 98%; (d) CH;SOsH, BnOH, toluene,
A, 5 h, 70%; (¢) TBTU, DIPEA, DMF, rt, overnight, 50-70%.

6.2.2 Biological evaluation of glutamic acid-based dipeptides

The antiproliferative activity of y-glutamyl (9a-k) and a-glutamyl dipeptides (10a-k)
was evaluated and the results are shown in Table 6.2 and Figure 6.3. Although the set of
compounds is not large, some structure-activity relationships could be inferred from the
antiproliferative data. The data showed a clear difference in potency between both set of
compounds. Based on average Gls, values, a-glutamyl dipeptides (10a-k) were more active than
the y-glutamyl derivatives (9a-k) in HBL-100, HeLa and SW1573 cells. In the more resistant
cell lines T-47D and WiDr, the overall effect favored the y-glutamyl derivatives. The most
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potent compound of both series was the a-glutamyl dipeptide 10j and exhibited Gls, values in

the range 7.5-18 uM. In the y-glutamyl set, the lead in terms of Gls, values was 9k with Gls,

values in the range 6.0-41 uM. However, in SW1573 cells, none of the designated lead was the

most potent compound. Instead, the phenylalanine dipeptide (e) was the most active. It is

noteworthy that when compared to the standard anticancer drugs etoposide and cisplatin,

dipeptides 9i, 9j, 10i and 10j were more active in the resistant cell line WiDr.

Table 6.2.

Compound

%9a
9b
9c
9d
%e
of
9
9h
9i
9
9k
10a
10b
10c
10d
10e
10f
10g
10h
10i
10j
10k

compounds 9-10.

HBL-100
24 (£2.2)
22 (+8.5)
35 (+2.8)
22 (+0.8)
36 (+6.2)
20 (+7.2)
>100
37 (£7.1)
17 (x2.2)
20 (+4.6)
6.0 (+1.1)
17 (£1.2)
9.1 (x1.2)
16 (+6.0)
16 (+0.1)
24 (+9.6)
18 (+2.9)
>100
19 (+4.0)
16 (£1.3)
7.5 (+0.6)
14 (+5.9)

HelLa
22 (+4.4)
19 (£2.7)
25 (+8.2)
23 (£5.5)
27 (£7.0)
14 (+1.6)
18 (+4.0)
31 (+2.0)
15 (+2.2)
17 (+1.3)
7.9 (x1.2)
10 (£6.5)
9.0 (6.5)
12 (£5.1)
19 (£2.8)
35 (x14)
19 (x2.4)
21 (+6.3)
18 (x2.1)
16 (+0.3)
9.3 (£2.9)
17 (£1.8)

Cell line
SW1573
36 (+2.6)
65 (+26)
30 (+9.8)
26 (+4.5)
14 (£4.1)
18 (+6.1)
20 (£7.1)
44 (£7.2)
17 (+4.4)
24 (£4.2)
41 (+9.6)
31 (+0.1)
23 (£7.8)
25 (+4.1)
41 (x21)
7.4 (x0.9)
26 (£2.0)
31 (+6.8)
30 (+4.6)
18 (£2.1)
13 (£4.9)
25 (£0.5)

T-47D
22 (+2.9)
38 (+10)
33 (+2.6)
21 (+1.9)
21 (+0.1)
22 (+7.7)
33 (+2.5)
39 (+8.4)
18 (+2.5)
19 (+1.1)
11 (£2.3)
27 (+0.4)
23 (3.3)
24 (+6.5)
33 (+4.9)
48 (+3.5)
30 (+1.4)
36 (+7.8)
31 (#5.9)
19 (£2.3)
18 (+4.4)
31 (+2.7)

Antiproliferative activity (Gls)) against human solid tumor cells of

WiDr
24 (+1.2)
40 (+4.8)
40 (+3.1)
26 (+2.8)
36 (+9.0)
20 (+4.9)
40 (£11)
33 (+8.2)
18 (£5.6)
21 (+1.1)
13 (+5.3)
32 (+0.3)
17 (+2.4)
33 (£2.1)
36 (+5.2)
37 (¥15)
37 (£5.6)
57 (+2.8)
24 (£2.7)
18 (+1.7)
10 (+4.0)
39 (+8.6)

Values are given in pM and are means of two to five experiments; standard deviation is given in

parentheses.
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All compounds were able to inhibit cell growth in all cell lines with Gls, values in the
range 6-65 uM with the exception of compounds 9g and 10g (tryptophan dipeptides) against
HBL-100 cells. We speculate that the difference in activity observed against the mammary
epithelial cancer cell lines HBL-100 and T-47D might relate to the ATB®* (SLC6A14, solute
carrier family 6 member 14) transporter. ATB®* accepts tryptophan as a substrate with high
affinity and is up-regulated markedly in some types of cancer.?** Diverse tryptophan
derivatives inhibit ATB®" causing antiproliferative effects in cell lines overexpressing the
transporter such as MCF-7, ZR-75.1 and T-47D.% However, in HBL-100, HMEC and MCF10A
cells the expression of ATB®" is undetectable and the tryptophan derivatives do not affect cell

growth. Our findings for 9g and 10g are consistent with these results.

HBL-100 Hela SW1573 T-47D WiDr

0 10 20 30 40 0 10 20 30 40 0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
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Figure 6.3. Mean graph plots for the antiproliferative activity of glutamic acid-based

dipeptides 9a-k (top) and 10a-k (bottom). The middle line represents the median Glg, (uM)

value of each set of compounds against each individual cell line.

When considering the aliphatic side chain in the o-glutamyl series 10a-d, valine
dipeptide 10b stands out against all cell lines. However, in the y-glutamyl set 9a-d this trend
was not observed. The antiproliferative activity of the compounds with an aromatic side chain
(9e-g and 10e-g) did not show clear tendency. In peptides containing a hydroxyl group, serine
dipeptides (i) resulted more active than the corresponding threonine derivative (h) in all cell
lines tested. Finally, proline dipeptide (j) in terms of activity was significant in the y-glutamyl

set, while methionine dipetide (k) was relevant in the y-glutamy! series.
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6.3. Conclusion

In summary, we have reported the synthesis of a novel class of N,N-dibenzylglutamic
acid-based dipeptides. Commercially available amino acids were coupled to the appropriate
carboxylic acid of glutamic acid to generate the a- and the y-glutamyl series of dipeptides. The
dipeptides were tested for their antiproliferative activity against five human solid tumor cell
lines. Overall, the compounds show active against all cancer cell lines tested. Remarkably, some
dipeptides were more active in the resistant cancer cell line WiDr than conventional anticancer
drugs. From the data on growth inhibition, y-glutamyl methionine 9k and a-glutamyl proline
10j were identified as lead compounds. More experiments are needed to establish the scope and
limitations of N,N-dibenzylglutamic acid derivatives as novel anti-cancer agents, as well as to
identify their mechanism of antiproliferative activity. Further research involving novel
derivatives of N,N-dibenzylglutamic acid is in progress and will be reported elsewhere. Finally,
the results obtained for the tryptophan dipeptides 9g and 10g in breast cancer cells merit further
investigation, which remain beyond the scope of our study. In particular, their ability to inhibit
the ATB®" transporter.
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6.5. Experimental section
Chemistry

6.5.1 General Remarks

Reactions were performed using oven-dried glassware under an atmosphere of argon.
'"H NMR spectra were recorded at 400 at 298K, *C NMR spectra were recorded at 100.
Chemical shifts were reported in units (ppm) by assigning TMS resonance in the ‘*H NMR
spectrum as 0.00 ppm (CDCl;, 7.26 ppm). Data were reported as follows: chemical shift,
multiplicity (s = singlet, d = doublet, t = triplet, g = quartet, quin = quintuplet, sex = sextet, dd =
double doublet, ddd = double double doublet, m =multiplet and br = broad), coupling constant
(J values) in Hz and integration. Chemical shifts for **C NMR spectra were recorded in ppm
from tetramethylsilane as the internal standard. Using the central peak of CDCl; (77.0 ppm).
Reagent-grade chemicals were obtained from diverse commercial suppliers and were used as
received. Optical rotations were measured with a polarimeter at the sodium line at different
temperatures in CHCIs. Accurate mass (HRMS) were determined by electrospray ionization
(ESI-TOF) and electronic impact (EI-TOF). Reactions were monitored using thin-layer
chromatography (TLC) on aluminum packed percolated Silica Gel 60 F,s, plates. Flash column
chromatography was carried out with silica gel 60 (particle size less than 0.020 mm) by using
appropriate mixtures of ethyl acetate and hexanes as eluent. Compounds were visualized by use
of UV light and 2.5% phosphomolybdic acid in ethanol. All reactions involving air- or
moisture-sensitive materials were carried out under Argon atmosphere. Anhydrous magnesium
sulfate was used for drying solutions. Melting points were measured with micro melting point

apparatus. Chemical nomenclature was generated using Chem Bio Draw Ultra 13.0.
6.5.2 General procedures and characterization of the glutamic acid-based dipeptides

Monobenzyl ester 5 or 6 (150 mg, 0.4 mmol), N-N-diisopropyl ethyl amine (94.2 mg, 0.12 mL,
0.8 mmol), and TBTU (176.6 mg, 1.5 mmol) were dissolved in DMF (5 mL). The reaction
mixture was stirred at room temperature for 30 min. Amino acid methyl ester (71.6 mg, 0.4
mmol) was added and stirring was continued overnight. The reaction mixture was diluted with
water (25 mL) and extracted with Et20 (3 x 25 mL). The combined organic phases were dried
over magnesium sulfate, filtered, and the solvent was evaporated. The crude product was
purified by column chromatography (silica gel, Hexane:AcOEt 8:2 or 7:3). The title compound
9 or 10 was obtained in 70-80 % yield.

(S)-benzyl 2-(dibenzylamino)-5-(((S)-1-methoxy-1-oxopropan-2-yl)amino)-5-oxopenta-
noate (9a). [o]°,5 = -65.6 (c, 1.15, CHCIs). "H NMR (400 MHz, CDCl5, 298 K): & ppm: 1.31 (d,

229



J = 6.5 Hz), 2.07-2.13 (m, 3H), 2.30-2.37 (m, 1H), 3.37 (t, J = 6.4 Hz, 1H), 3.54 (ABsystem, J
= 13.9 Hz, 2H), 3.74 (s, 3H), 3.90 (ABsystem, J = 13.9 Hz, 2H), 4.50 (quint, J = 7.0Hz, 1H),
5.24 (ABsystem, 2H), 5.79 (d, J = 6.4 Hz, 1H), 7.24-7.46 (m, 15H). *C NMR (100 MHz,
CDCl,, 298 K): & ppm: 173.5, 172.2, 171.7, 139.3, 136.0, 128.9, 128.6, 128.5, 128.3, 127.1,
66.2, 60.4, 54.6, 52.4, 47.9, 32.8, 25.0, 18.4. HRMS (EI): m/z: calcd for CaHgaN,05 [M+Na']:
525.2365, found: 525.2370.

(S)-benzyl  2-(dibenzylamino)-5-(((S)-1-methoxy-3-methyl-1-oxobutan-2-yl)amino)-5-oxo-
pentanoate (9b). [0 = -49.0 (¢, 1.08, CHCIs). *H NMR (400 MHz, CDCl;, 298 K): & ppm:
0.78 (q, J = 6.8 Hz, 6H), 1.96-2.02 (m, 3H), 2.23-2.31 (m, 1H), 3.29 (t, J = 7.5 Hz, 1H), 3.45
(ABsystem, J = 14.0 Hz, 2H), 3.63 (s, 3H), 3.82 (ABsystem, J = 14.0 Hz, 2H), 4.41 (dd, J =
8.3; 5.1 Hz, 1H), 5.14 (ABsystem, 2H), 5.68 (d, J = 8.78 Hz, 1H), 7.13-7.35 (m, 15 H). *C
NMR (100 MHz, CDCls, 298 K): & ppm: 172.6, 172.2, 172.1, 139.3, 136.0, 128.9, 128.6, 128.5,
128.3, 127.1, 66.2, 60.7, 56.9, 54.6, 52.1, 33.1, 31.3, 25.2, 18.9, 17.9. HRMS (EIl): m/z: calcd
for Ca;H3sN,0s [M+Na']: 553.2678, found: 553.2658.

(S)-benzyl 2-(dibenzylamino)-5-(((S)-1-methoxy-4-methyl-1-oxopentan-2-yl)amino)-5-oxo-
pentanoate (9¢). [a]°»s = -49.5 (c, 1.10, CHCI3). *H NMR (400 MHz, CDCls, 298 K): & ppm:
0.82 (d, J =5.7 Hz, 7H), 1.30-1.58 (m, 4H), 1.99-2.01 (m, 2H), 2.20-2.29 (m, 1H), 3.28 (m,
1H), 3.45 (ABsystem, J = 14.0 Hz, 2H), 3.62 (s +m, 3H + 1H), 3.82 (ABsystem, J = 14.0 Hz,
2H), 4.43-4.49 (m, 1H), 5.14 (ABsystem, 2H), 5.47 (d, J = 5.8 Hz, 1H), 7.13-7.35 (m, 13H).
3C NMR (100 MHz, CDCls, 298 K): & ppm: 173.5, 172.2, 172.0, 139.3, 136.0, 129.0, 128.6,
128.5, 128.4, 128.3, 127.1, 66.2, 60.1, 54.6, 52.2, 50.5, 41.7, 33.0, 25.2, 24.8, 22.7, 22.0. HRMS
(EI): m/z: calcd for Cy3HaoN,Os [M+Na']: 567.2835, found: 567.2830.

(S)-benzyl 2-(dibenzylamino)-5-(((2S,3R)-1-methoxy-3-methyl-1-oxopentan-2-yl)amino)-5-
oxopentanoate (9d). [0] s = -39.5 (c, 0.93, CHCIs). *"H NMR (400 MHz, CDCls, 298 K): &
ppm: 1.74-1.83 (m, 1H), 1.97-2.01 (m, 7H), 2.27-2.37 (m, 3H), 3.28 (t, J = 7.3Hz, 1H), 3.45
(ABsystem, J = 13.9 Hz, 2H), 3.60 (s, 3H), 3.81 (ABsystem, J = 13.9 Hz, 2H), 4.51 (dd, 1H, J =
13.0, 7.3 Hz, 1H), 5.15 (ABsystem, 2H), 5.78 (d, J = 7.6Hz, 1H), 7.15-7.34 (m, 15H). **C
NMR (100 MHz, CDCls, 298 K): 6 ppm: 172.4,172.2,172.1, 139.3, 135.9, 128.9, 128.6, 128.5,
128.4, 128.3, 127.1, 66.2, 60.5, 54.6, 52.4, 51.4, 32.9, 31.7, 30.0, 25.1, 15.5. HRMS (El): m/z:
calcd for Ca3H4N,05 [M+Na']: 567.2835, found: 567.2836.

(S)-benzyl 2-(dibenzylamino)-5-(((S)-1-methoxy-1-oxo-3-phenylpropan-2-yl)amino)-5-
oxopentanoate (9¢). [a]%s = -23.4 (¢, 1.11, CHCls). '"H NMR (400 MHz, CDCl;, 298 K): &
ppm: 1.91-2.04 (m, 2H), 2.31-2.39 (m, 1H), 2.55-2.63 (m, 1H), 2.95-3.02 (m ,2H), 3.14 (dd, 1H,
J=5.7, 14.1 Hz), 3.46 (s, 4H), 4.73 (q, 1H, J = 6.4 Hz), 4.98 (s, 2H), 6.98-7.28 (m, 20H). **C
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NMR (100 MHz, CDCls, 298 K): 8 ppm: 173.2, 172.6, 172.0, 138.8, 135.9, 129.1, 128.6, 128.5,
128.5,128.2, 127.2, 127.1, 66.2, 61.1, 54.3, 53.2, 52.3, 38.0, 32.2, 21.0. HRMS (EIl): m/z: calcd
for CssH3sN,0s [M+Na']: 601.2678, found: 601.2696.

(S)-benzyl 2-(dibenzylamino)-5-(((S)-3-(4-hydroxyphenyl)-1-methoxy-1-oxopropan-2-
yl)amino)-5-oxopentanoate (9f). [a] s = -18.9 (¢, 1.07, CHCIs). *H NMR (400 MHz, CDCls,
298 K): 6 ppm: 0.86 (d, J = 6.8 Hz, 3H), 0.92 (t, J = 7.41 Hz, 3H), 1.09-1.17 (m, 1H), 1.37-
1.46 (m, 1H), 1.80-1.83 (m, 1H), 2.10-2.11 (m, 3H), 2.40-2.32 (m, 1H), 3.37-3.41 (m, 1H), 3.55
(ABsystem, J = 13.9 Hz, 2H), 3.72 (s, 3H), 3.91 (ABsystem, J = 13.9 Hz, 2H), 4.55 (dd, J = 8.3,
5.1 Hz, 1H), 5.24 (ABsystem, 2H), 5.81 (d, J = 8.4 Hz, 1H), 7.23-7.46 (m, 15H). **C NMR (100
MHz, CDCls, 298 K): 6 ppm: 172.5, 172.2, 171.9, 139.3, 136.0, 128.9, 128.6, 128.5, 128.4,
128.3, 127.1, 66.1, 60.7, 56.2, 54.5, 52.0, 37.9, 33.1, 25.3, 25.2, 15.4, 11.5. HRMS (EI): m/z:
calcd for CasH3gN,Og [M™]: 595.2808, found: 595.2802.

(S)-benzyl 5-(((S)-3-(1H-indol-2-yl)-1-methoxy-1-oxopropan-2-yl)amino)-4-(dibenzyl-
amino)-5-oxopentanoate (99). [a]°s = -32.9 (c, 0.93, CHCI,). ‘H NMR (400 MHz, CDCl;, 298
K): & ppm: 2.11-2.13 (m, 2H), 2.45-2.53 (m, 1H), 2.69-2.77 (m, 1H), 3.12-3.15 (m, 1H), 3.33
(dd, J =9.4, 5.6 Hz, 1H), 3.43-3.55 (m, 5H), 4.90 (q, J = 6.0Hz, 1H), 5.10 (d, J = 2.4 Hz, 2H),
6.90 (s, 1H), 7.11-7.44 (m, 18H), 7.58 (d, J = 8.0 Hz, 1H), 8.00 (br, 1H). **C NMR (100 MHz,
CDCls, 298 K): 6 ppm: 173.3, 172.7, 172.5, 138.8, 136.1, 128.6, 128.4, 128.2, 127.6, 127.1,
122.6, 122.2, 119.6, 118.6, 111.3, 109.9, 66.2, 61.1, 54.2, 52.4, 32.3, 27.7, 20.9. HRMS (EI):
m/z: calcd for CagH3gN3;O5 [M+Na']: 640.2787, found: 640.2825.

(S)-benzyl 2-(dibenzylamino)-5-(((2S,3S)-3-hydroxy-1-methoxy-1-oxobutan-2-yl)amino)-5-
oxopentanoate (9h). [a]®s = -56.6 (¢, 1.07, CHCI5). *"H NMR (400 MHz, CDCls, 298 K): &
ppm: 1.15 (d, J = 6.1, 3H), 2.11-2.18 (m, 3H), 2.40-2.45 (m, 1H), 3.39-3.42 (m, 1H), 3.54
(ABsystem, J = 13.9 Hz, 2H), 3.74 (s, 3H), 3.92 (s, 3H), 4.28-4.30 (m, 1H), 4.52 (dd, J = 8.7,
2.2 Hz), 5.24 (ABsystem, 2H), 6.13 (d, J = 8.4 Hz, 1H), 7.23-7.34 (m, 15H). *C NMR (100
MHz, CDCls, 298 K): 6 ppm: 172.9, 172.2, 171.5, 139.3, 135.9, 128.9, 128.6, 128.5, 128.4,
128.3, 127.1, 68.0, 66.2, 60.6, 57.2, 54.5, 52.5, 33.0. HRMS (EI): m/z: calcd for Cs;HzsN,Og
[M+Na']: 555.2471, found: 555.2460.

(S)-benzyl  2-(dibenzylamino)-5-(((S)-3-hydroxy-1-methoxy-1-oxopropan-2-yl)amino)-5-
oxopentanoate (9i). [a]®s = -50.6 (¢, 1.22, CHCI3). 'H NMR (400 MHz, CDCl;, 298 K): &
ppm: 2.10-2.18 (m, 3H), 2.37-2.42 (m, 1H), 3.38 (t, J = 6.5Hz, 1H), 3.53 (ABsystem, J = 13.4
Hz, 2H), 3.76 (s, 3H), 3.83-3.92 (ABsystem + m, J = 13.4 Hz, 2H + 1H), 4.53-4.55 (m, 1H),
5.24 (ABsystem, 2H), 6.34 (t, J = 7.5 Hz, 1H), 7.22-7.46 (m, 15H). *C NMR (100 MHz,
CDCls, 298 K): 6 ppm: 172.7, 172.3, 170.9, 139.3, 135.9, 128.9, 128.6, 128.5, 128.3, 127.1,
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66.2, 63.2, 60.4, 54.8, 54.5, 52.6, 38.6, 32.8, 24.9. HRMS (EIl): m/z: calcd for CzH34N,06
[M+Na']: 541.2319, found: 541.2319.

(S)-methyl 1-((S)-5-(benzyloxy)-4-(dibenzylamino)-5-oxopentanoyl)pyrrolidine-2-carboxyl-
ate (9j). [a]°2s=-100.3 (c, 1.04, CHCI,). 'H NMR (400 MHz, CDCls, 298 K): & ppm: 1.89-2.41
(m, 8H), 3.29-3.34 (m, 1H), 3.40-3.60m, 4H), 3.71+3.73 (s + s, 3H + 1H), 3.88 (ABsystem, J =
13.7 Hz, 2H), 4.31-4.34 (m, 1H), 5.24 (ABsystem, 2H), 7.24-7.46 (m, 15H). *C NMR (100
MHz, CDClz, 298 K): & ppm: 172.9, 172.44, 170.8, 139.5, 136.1, 129.0, 128.6, 128.5, 128.3,
128.2, 127.0, 66.1, 60.2, 58.5, 54.5, 52.1, 46.7, 30.7, 29.1, 24.7, 23.9. HRMS (EIl): m/z: calcd
for C3,H3sN,05 [M+Na']: 551.2522, found: 551.2525.

(S)-benzyl 2-(dibenzylamino)-5-(((S)-1-methoxy-4-(methylthio)-1-oxobutan-2-yl)amino)-5-
oxopentanoate (9K). [0] s = -37.4 (c, 1.09, CHCIs). *"H NMR (400 MHz, CDCls, 298 K): &
ppm: 0.86 (d, J =6.8 Hz, 3H), 0.92 (t, J = 7.4 Hz, 3H), 109-1.17 (m, 1H), 1.37-1.46 (m, 1H),
1.80-1.83 (m, 1H), 2.10-2.11 (m, 3H), 2.32-2.40 (m, 1H), 3.37-3.41 (m, 1H), 3.55 (ABsystem, J
= 13.9 Hz, 2H), 3.72 (s, 3H), 3.91 (ABsystem, J = 13.9 Hz, 2H), 4.55 (dd, J = 5.1, 8.3 Hz, 1H),
5.24 (ABsystem, 2H), 5.81 (d, J = 8.4 Hz, 1H), 7.23-7.46 (m, 15H). *C NMR (100 MHz,
CDCls, 298 K): 6 ppm: 1725, 172.2, 171.9, 139.3, 136.0, 128.9, 128.6, 128.5, 128.4, 128.3,
127.1, 66.1, 60.7, 56.2, 54.5, 52.0, 37.9, 33.1, 25.3, 25.2, 15.4, 11.5. HRMS (EIl): m/z: calcd for
CaH3sN205S [M+Na']: 585.2399, found: 585.2397.

(S)-benzyl 4-(dibenzylamino)-5-(((S)-1-methoxy-1-oxopropan-2-yl)amino)-5-oxopenta-
noate (10a). [a]°s = -8.4 (c, 1.26, CHCI5). *H NMR (400 MHz, CDCls, 298 K): & ppm: 1.44 (d,
J = 6.8 Hz, 3H), 2.14-2.16 (m, 2H), 2.43-2.51 (m, 1H), 2.71-2.79 (m, 1H), 3.17-3.19 (m, 1H),
3.64-3.78 (m, 8H), 4.56 (quint, J = 7.3 Hz, 1H), 5.11 (s, 3H), 7.26-7.40 (m, 16H). *C NMR
(100 MHz, CDCls, 298 K): & ppm: 173.2, 172.6, 138.9, 136.0, 128.9, 128.6, 128.5, 128.2, 127.3,
66.2, 61.0, 54.4, 54.2, 50.5, 42.1, 32.2, 24.9, 22.6, 21.9, 20.7. HRMS (EIl): m/z: calcd for
C30H4N,05 [M+Na']: 525.2365, found: 525.2354.

(S)-benzyl 4-(dibenzylamino)-5-(((S)-1-methoxy-3-methyl-1-oxobutan-2-yl)amino)-5-
oxopentanoate (10b). [a]®s = -11.7 (c, 1.07, CHCls). '"H NMR (400 MHz, CDCl;, 298 K): &
ppm: 0.80 (d, J = 6.8 Hz, 3H), 0.85 (d, J = 6.8 Hz, 3H), 2.01-2.12 (m, 3H), 2.35-2.43 (m, 1H),
2.62-2.70 (m, 1H), 3.10 (dd, J = 8.5, 4.6 Hz, 1H), 3.59-3.71(m, 8H), 4.42 (dd, J =8.7, 4.7, 1H),
5.00 (ABsystem, J = 2H), 7.18-7.33 (m 16H). *C NMR (100 MHz, CDCls, 298 K): & ppm:
173.2, 172.7, 172.2, 139.0, 138.8, 136.8, 136.0, 129.0, 128.6, 128.5, 128.4, 128.2, 127.3, 66.2,
61.2, 57.1, 54.4, 54.0, 52.1, 32.3, 31.4, 21.0, 19.1, 18.0. HRMS (EI): m/z: calcd for C3,H3sN,05
[M+Na*]: 553.2678, found: 553.2678.
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(S)-benzyl 4-(dibenzylamino)-5-(((S)-1-methoxy-4-methyl-1-oxopentan-2-yl)amino)-5-
oxopentanoate (10c). [a]®s = 17.3 (¢, 0.91, CHCI;). '"H NMR (400 MHz, CDCls, 298 K): &
ppm: 0.9-0.96 (d + d, J =5.9 + 5.9 Hz, 6H), 1.52-1.69 (m, 3H), 2.09-2.15 (m, 2H), 2.43-2.51
(m, 1H), 2.72-2.79 (m, 1H), 3.19 (dd, J = 8.0, 5.1 Hz, 1H), 3.77-3.65 (m, 8H), 4.56-4.64 (m,
1H), 5.10 (ABsystem, 2H), 7.15 (d, J = 8.8 Hz, 1H), 7.26-7.39 (m, 15 H). *C NMR (100 MHz,
CDCls;, 298 K): 6 ppm: 173.2, 172.6, 138.9, 136.0, 128.9, 128.6, 128.5, 128.2, 127.3, 66.2, 61.0,
54.4, 52.2, 50.5, 42.1, 32.2, 24.9, 22.6, 21.9, 20.7. HRMS (EI): m/z: calcd for CasH4N»O5
[M+Na*]: 567.2835, found: 567.2836.

(S)-benzyl 4-(dibenzylamino)-5-(((2S,3R)-1-methoxy-3-methyl-1-oxopentan-2-yl)amino)-5-
oxopentanoate (10d). [0]°s = -6.4 (¢, 1.02, CHCIs). '"H NMR (400 MHz, CDCls, 298 K): &
ppm: 0.78-0.85 (m, 6H), 1.01-1.09 (m, 1H), 1.32-1.36 (m, 1H), 1.78-1.83 (m, 1H), 2.01-2.09
(m, 1H), 2.35-2.43 (m, 1H), 2.62-2.70 (m, 1H), 3.10 (dd, J = 8.3, 4.5 Hz, 1H), 3.58-3.70 (m,
8H), 4.46 (dd, J = 8.5, 4.8 Hz, 1H), 5.00 (ABsystem, 2H), 7.17-7.32 (m, 15H). *C NMR (100
MHz, CDCls, 298 K): 6 ppm: 173.2, 172.6, 172.1, 139.0, 138.8, 136.0, 128.9, 128.6, 128.5,
128.4,128.2, 127.3, 66.2, 61.1, 56.4, 54.3, 52.0, 38.2, 32.4, 25.4, 20.9, 15.6, 11.6. HRMS (EI):
m/z: calcd for Ca3H4N,Os [M+Na']: 94.0419, found: 94.0415.

(S)-benzyl 4-(dibenzylamino)-5-(((S)-1-methoxy-1-oxo-3-phenylpropan-2-yl)amino)-5-
oxopentanoate (10e). [a]®»s = +3.3 (¢, 1.05, CHCI;). *H NMR (400 MHz, CDCls, 298 K): &
ppm: 2.01-2.11 (m, 3H), 2.28-2.36 (m, 1H), 3.07 (ABXsystem, J = 14.0, 6.0 Hz, 2H), 3.35-3.38
(m, 1H), 3.55 (ABsystem, J = 13.9Hz, 2H), 3.72 (s, 3H), 3.90 (ABsystem, J = 13.9Hz, 2H),
4.81 (q, J = 5.9 Hz, 1H), 5.26 (ABsystem, 2H), 5.74 (d, J= 7.1 Hz, 1H), 7.07 (d, J=7.2 Hz,
2H), 7.23-7.44 (m, 18H). *C NMR (100 MHz, CDCl;, 298 K): & ppm: 172.1, 172.0, 171.8,
139.3, 135.9, 129.2, 128.9, 128.6, 128.5, 128.4, 127.1, 66.2, 60.5, 54.5, 53.0, 52.2, 37.9, 33.0,
25.1. HRMS (EI): m/z: calcd for C3sH3sN,Os [M+Na']: 601.2678, found: 601.2684.

(S)-benzyl  4-(dibenzylamino)-5-(((S)-3-(4-hydroxyphenyl)-1-methoxy-1-oxopropan-2-yl)-
amino)-5-oxopentanoate (10f). [a]° = -1.8 (¢, 0.91, CHCI). 'H NMR (400 MHz, CDCls, 298
K): 6 ppm: 1.94-2.03 (m, 3H), 2.30-2.38 (m, 1H), 2.55-2.63 (m, 1H), 2.86-2.92 (m, 1H), 3.02-
3.08 (m, 2H), 3.48-3.65 (m, 7H), 4.68 (g, J = 6.7 Hz, 1H), 4.99 (ABsystem, 2H), 5.67 (br, 1H),
6.53 (d, J =8.1 Hz, 2H), 6.83 (d, J = 8.1 Hz, 2H), 7.13-7.26 (m, 17H). *C NMR (100 MHz,
CDCl3, 298 K): 6 ppm: 173.3, 172.8, 172.1, 155.1, 138.7, 135.9, 130.2, 128.9, 128.6, 128.5,
128.4,128.2, 127.2, 115.5, 66.3, 61.2, 54.3, 53.4, 52.3, 37.3, 32.2, 20.9. HRMS (EI): m/z: calcd
for CasH3sN20s [M+Na']: 617.2628, found: 617.2631.

(S)-benzyl 5-(((S)-3-(1H-indol-2-yl)-1-methoxy-1-oxopropan-2-yl)amino)-4-(dibenzyl-
amino)-5-oxopentanoate (10g). [a]°»s = +11.3 (¢, 0.93, CHCI;). *H NMR (400 MHz, CDCl,,
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298 K): & ppm: 2.11-2.13 (m, 2H), 2.45-2.53 (m, 1H), 2.69-2.77 (m, 1H), 3.12-3.15 (m, 1H),
3.33 (dd, J = 9.4, 5.6 Hz, 1H), 3.43-3.55 (m, 5H), 4.90 (g, J = 6.0Hz, 1H), 5.10 (d, J = 2.4 Hz,
2H), 6.90 (s, 1H), 7.11-7.44 (m, 18H), 7.58 (d, J = 8.0 Hz, 1H), 8.00 (br, 1H). *C NMR (100
MHz, CDCl, 298 K): § ppm: 173.3, 172.7, 172.5, 138.8, 136.1, 128.6, 128.4, 128.2, 127.6,
127.1, 122.6, 122.2, 119.6, 118.6, 111.3, 109.9, 66.2, 61.1, 54.2, 52.4, 32.3, 27.7, 20.9. HRMS
(EI): m/z: calcd for CagHagN305 [M+Na*]: 640.2787, found: 640.2825.

(S)-benzyl 4-(dibenzylamino)-5-(((2S,3S)-3-hydroxy-1-methoxy-1-oxobutan-2-yl)amino)-5-
oxopentanoate (10h). [o]%s = -11.2 (c, 1.38, CHCI,). 'H NMR (400 MHz, CDCls, 298 K): &
ppm: 1.21 (d, J= 6.2 Hz, 3H), 2.14-2.21 (m, 3H), 2.46-2.54 (m, 1H), 2.72-2.80 (m, 1H), 2.64
(dd, J=38.2, 4.8 Hz, 1H), 3.69-3.81 (m, 7H), 4.38 (bt, 1H), 4.57 (dd, J=8.9, 2.0 Hz, 1H), 5.11
(ABsystem, 2H), 7.25-7.45 (m, 15H), 7.62 (d, J = 8.9 Hz, 1H). *C NMR (100 MHz, CDCl,,
298 K): & ppm: 173.5, 173.2, 171.2, 138.8, 136.0, 129.0, 128.7, 128.6, 128.5, 128.2, 127.4, 68.2,
66.2, 61.2, 57.2, 54.4, 52.5, 32.3, 20.9, 20.3. HRMS (EI): m/z: calcd for C3;H3sN,06 [M+Na']:
555.2471, found: 555.2504.

(S)-benzyl  4-(dibenzylamino)-5-(((S)-3-hydroxy-1-methoxy-1-oxopropan-2-yl)amino)-5-
oxopentanoate (10i). [a] s = +1.0 (¢, 1.35, CHCIs). *H NMR (400 MHz, CDCl;, 298 K): &
ppm: 2.13-2.19 (m, 2H), 2.44-2.52 (m, 1H), 2.70-2.78 (m, 2H), 3.22 (dd, J = 7.8, 4.7 Hz, 1H),
3.64-3.80 (m, 8H), 3.93-4.02 (m, 2H), 4.60-4.63 (m, 1H), 5.11 (ABsystem, 2H), 7.27-7.42 (m,
15H), 7.79 (d, J = 7.2 Hz, 1H). *C NMR (100 MHz, CDCls, 298 K): & ppm: 173.4, 173.2,
170.6, 138.9, 138.8, 135.9, 128.9, 128.8, 128.6, 128.5, 128.2, 127.4, 66.3, 63.8, 61.1, 54.8, 54.4,
52.7, 32.2, 20.5. HRMS (EI): m/z: calcd for C3H3:N,0g [M+Na']: 541.2315, found: 541.2313.

(S)-methyl 1-((S)-5-(benzyloxy)-2-(dibenzylamino)-5-oxopentanoyl)pyrrolidine-2-carboxyl-
ate (10j). [a]®2s = -28.4 (c, 0.97, CHCI3). *H NMR (400 MHz, CDCls, 298 K): & ppm: 1.71-1.90
(m, 3H), 2.07-2.21 (m, 3H), 2.38-2.25 (m, 1H), 2.65-2.72 (m, 1H), 2.92-3.06 (m, 2H), 3.58 (t, J
= 6.7 Hz, 1H), 3.71 (s, 3H), 3.77 (ABsystem, J = 14.1 Hz, 2H), 3.91 (ABsystem, J = 14.1 Hz,
2H), 450 (g, J = 4.1 Hz, 1H), 5.09 (ABsystem, J = 12.2, 5.0 Hz), 7.25-7.37 (m, 15H). **C
NMR (100 MHz, CDCls, 298 K): 6 ppm: 173.0, 172.7,171.7, 139.9, 135.9, 129.2, 128.9, 128.6,
128.5, 128.2, 127.1, 66.2, 60.5, 54.5, 53.0, 52.2, 37.9, 33.0, 25.1. HRMS (EI): m/z: calcd for
CsH36N,05 [M+Na']: 551.2522, found: 551.2525.

(S)-benzyl 4-(dibenzylamino)-5-(((S)-1-methoxy-4-(methylthio)-1-oxobutan-2-yl)amino)-5-
oxopentanoate (10Kk). [a]®s = -1.6 (¢, 1.09, CHCIls). '"H NMR (400 MHz, CDCl;, 298 K): &
ppm: 1.65-1.68 (m, 1H), 2.05-2.18 (m, 7H), 2.37-2.51 (m, 3H), 2.72-2.80 (m, 1H), 3.18-.22 (m,
1H), 3.67 (ABsystem, J = 14.3 Hz, 2H), 3.75-3.78 (m, 5H), 4.65 (q, J = 6.8 Hz, 1H), 5.11
(ABsystem, 2H), 7.26-7.41 (m, 15H), 7.50 (d, J = 7.7 Hz, 1H). *C NMR (100 MHz, CDCl,,
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298 K): 6 ppm: 173.2, 172.8, 172.2, 138.7, 136.0, 128.6, 128.5, 128.2, 127.4, 66.2, 61.0, 54.4,
52.5, 51.4, 32.3, 32.0, 30.0, 20.6, 15.4. HRMS (EI): m/z: calcd for CjH3sN,05S [M+Na']:
585.2399, found: 585.2391.

Biology
6.5.3 General Remarks

Cells were maintained in 25 cm? culture flasks in RPMI 1640 supplemented with 5% heat
inactivated fetal calf serum and 2 mM L-glutamine in a 37 °C, 5% CO,, 95% humidified air
incubator. Exponentially growing cells were trypsinized and re-suspended in antibiotic
containing medium (100 units penicillin G and 0.1 mg of streptomycin per mL). Single cell
suspensions displaying >97% viability by trypan blue dye exclusion were subsequently counted.
After counting, dilutions were made to give the appropriate cell densities for inoculation onto
96-well microtiter plates. Cells were inoculated in a volume of 100 pL per well at densities of
10 000 (HBL-100, HeLa and SW1573), 15 000 (T-47D), and 20 000 (WiDr) cells per well,
based on their doubling times.

6.5.4 Chemosensitivity testing

Cells were inoculated onto 96-well microtiter plates in a volume of 100 uL per well at densities
of 10,000 (HBL-100, HelLa and SW1573), 15,000 (T-47D), and 20,000 (WiDr) cells per well,
based on their doubling times. Compounds 9-10 were initially dissolved in DMSO at 400 times
the desired final maximum test concentration. Control cells were exposed to an equivalent
concentration of DMSO (0.25 % v/v, negative control). Each agent was tested in triplicate at
different dilutions in the range of 1-100 uM. The drug treatment started on day 1 after plating.
Drug incubation times were 48 h, after which cells were precipitated with 25 uL ice-cold TCA
(50 % wi/v) and fixed for 60 min at 4 °C. Then, the SRB assay was performed. The optical
density (OD) of each well was measured at 492 nm, using BioTek’s PowerWave XS
Absorbance Microplate Reader. Values were corrected for background OD from wells only
containing medium. The antiproliferative activity for each compound, expressed as G150 values,

was calculated according to NCI formulas.™
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'H and *C NMR spectra
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CHAPTER 7
CONCLUSIONS






7.1

7.2

7.3

7.4

7.5

7.6

Conclusions

Our investigations have afforded the following conclusions:

A new general one-pot methodology has been developed for the synthesis of
enantiopure anti-g-amino alcohols from a-dibenzylamino esters having their origin in
a-amino acids, in good vyields and excellent diastereoselectivity. This strategy has
avoided the problem of instability of the aldehydes. We have also demonstrated that this
methodology is compatible with free hydroxyl groups present in the substrate. The
potential of this methodology was applied to the synthesis of a small and biased library

of enantiopure anti-p-amino alcohols.

The small and biased library of enantiopure anti-p-amino alcohols were tested against
human solid tumor cell lines showing all of them the ability to inhibit cell growth, with
Glso values in the range 1-20 uM. This study allowed us to define a structural activity-
relationship (SAR), where we observed that the side chain of the amino acid, did not
affect the activity, however the large of the alkyl chain affect the activity, mainly
observed in SW1573 cells. We also observed that hydroxyl groups presented in the side

chain did not improve the activity.

A computational approach was designed to anticipate the molecular target(s) on the
basis of the chemical structure and the antiproliferative activity. The methods pointed to
kinases as plausible candidates. Experimental determination of the interaction with 456
kinases indicated that the anti-B-amino alcohols behave as selective CKlg inhibitors.
Docking studies agreed with these findings, being the compound 8d (Chapter 4) the
lead compound.

We have described a methodology to obtain both N,N-dibenzylglutamic acid
monobenzyl esters 7 and 8, from commercially available  -glutamic acid (1). Both
compounds could be differentiated in terms of their 'H NMR spectra, The

unprecedented compound 7 is reported and characterized for the first time.

We have reported the synthesis of a novel class of N,N-dibenzylglutamic o- and y-

glutamyl acid-based dipeptides series.

The dipeptides were tested for their antiproliferative activity against five human solid
tumor cell lines. Remarkably, some dipeptides were more active in the resistant cancer
cell line WiDr than conventional anticancer drugs. From the data on growth inhibition,
y-glutamyl methionine 9k and a-glutamyl proline 10j were identified as lead

compounds.
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