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1. Introduction

A severe worldwide health problem is posed by the increasing number of cancer cases, with
an expectation to reach 24 million by 2035.} Despite modern therapies, several limitations are
encountered in current cancer treatment, including side effects and the high costs of anticancer
agents.>3* Therefore, the development of new compounds, such as cheaper anticancer agents with
higher bioactivities and weaker side effects, is deemed imperative. Natural products and their
modifications have been considered as vital as anticancer agents, with metabolites of diterpenoids
increasingly recognised as a significant part of anticancer drug research.>®

In recent times, particular attention has been paid to the glycosides of the plant Stevia
rebaudiana, not only because of their sweeter taste compared to sucrose and their application as a
zero-calorie artificial sweetener’, but also because of their wide range of biological activities,
including antibacterial, antiviral and anticancer properties.®® Additionally, isosteviol, a derivative of
the stevioside aglycone steviol, has also been found to exhibit several biological activities.

In recent years, the significance of aminodiols and their N-heterocyclic analogues as crucial
building blocks for complex bioactive molecules with notable biological activities has been
underscored.”® Various aminodiol-based nucleoside analogues synthesised recently have been found
to possess cardiovascular, cytostatic and antiviral effects.%112 The Abbott aminodiol, recognised as
a valuable building block for synthesizing the potent renin inhibitors Zankiren® and Enalkiren®, has
been integrated into hypertension therapy.'®

In our study, a series of isosteviol- and steviol-based aminodiols (1) and aminoalcohols (I1)
were synthesised, highlighting the advantage of the antiproliferative activity exhibited by the
prepared compounds. Our objective is to observe the structure—activity relationship through the
examination of the effects of N-substitution, as well as variations in the ester function at position 4,
including conversion to a free carboxylic acid function or other ester groups, such as benzyl or methyl

functionalities.




2. Literature survey

2.1 General information of diterpenoids

Diterpenoids are a diverse group of natural compounds that are characterised by their
hydrocarbon skeleton and various degrees of cyclisation.™® They can be found in a wide range of
organisms including plants, fungi, insects, sea organisms and more.'®!" According to the degree of
cyclisation of the hydrocarbon skeleton, diterpenoids can be divided into acyclic (Phytanes and
others), monocyclic (Cembrene A), bicyclic (Sclarenes, Labdanes, Clerodanes, etc.), tricyclic
(Pimaranes, Abietanes, Taxanes, etc.) and tetracyclic (Beyeranes, Kauranes, Atisiranes, Stemarene
etc.) products. Despite the wide variety of structures and natural sources of diterpenoids, they all
originate from the same biosynthetic precursor, the isoprenoid 2E,6F,10E-geranylgeranyl
pyrophosphate (GGPP).!® At present, three pathways have been found, which lead to the formation
of primary isoprenyl fragments, from which all isoprenoids are built up (Scheme 1). These are
mevalonate, mevalonate-independent and amino acid pathways, with the first one ruling in nature.
The mevalonate pathway is one of three pathways for the formation of primary isoprenyl fragments,
which are the building blocks for all isoprenoids. The starting step in this pathway is the reaction
between pyruvic acid and a thiol group of Coenzyme A (CoA) in the presence of NAD™. This reaction
produces acetyl coenzyme A, which then interacts with another molecule to produce
acetoacetylcoenzyme A. Another reaction with acetylcoenzyme A produces mevalonic acid, which
is a precursor for nearly all isoprenoids. Phosphorylation of mevalonic acid leads to the release of
CO. and water and the formation of 3-isopentenyl pyrophosphate (IPP) and dimethylallyl
pyrophosphate (DMAP). These are the primary "isoprene” blocks for biosynthesis of almost all
known isoprenoids. The biosynthesis of isoprenoids begins with the interaction of IPP and DMAP
through the nucleophilic substitution of the pyrophosphate group in DMAP. This reaction and
subsequent steps involve the enzyme geranylgeranyl diphosphate synthase. Geranyl pyrophosphate,
the product of this reaction, is a precursor to all monoterpenoids. Its reaction with IPP leads to the
formation of farnesyl pyrophosphate, which is a precursor to triterpenoids and steroids. The reaction
of farnesyl pyrophosphate with another IPP molecule produces geranylgeranyl pyrophosphate
(GGPP). GGPP is a precursor to a wide range of isoprenoids including diterpenoids. Among all
GGPP biotransformation pathways in nature, we only consider those leading to tetracyclic

diterpenoids. In this pathway, cyclisation is initiated by protonation the C-14—C-15 double bond
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followed by nucleophilic attacks of C-10 on C-15 and C-7 on C-11, which lead to four products with
structures dependent on the conformation of GGPP. We are only interested in the biotransformation
pathway that leads to the formation of the diterpene ent-kaurene. This pathway, known as the
"enantio” (ent) conformation, involves the cyclisation of geranylgeranyl pyrophosphate (GGPP) into
ent-copalyl pyrophosphate (ent-CPP) through the participation of the enzyme kaurene synthase. The
intramolecular cyclisation of ent-CPP leads to the formation of a carbocation, which reacts further in

two pathways, leading to the formation of either ent-kaurene or ent-beyerene.

o O
I .
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Scheme 1. Biosynthesis of ent-kaurene and ent-beyerene.
2.2 General information of ent-kaurane glycosides

The glycosides of ent-kaurane-type diterpenes form an important class of natural substances,
which have been studied because of their obvious biological activity. Atractyloside 1 (Scheme 2) is
a naturally occurring glycoside that has been studied for its biological activity.*® It was first isolated
from Atractylis gummifera and later found in Wedelia glauca herbs. It has toxic effects in animals,
causing hypoglycemia, respiratory depression, neurotoxicity and cell damage. In humans,
atractyloside 1 can cause hepatic failure and necrosis because of its ability to inhibit oxidative

phosphorylation in mitochondria.?® Atractylis gummifera plants contain the glycoside



carboxyatractyloside 2 (Scheme 2), which is about ten times more toxic than atractyloside 1.2 The
toxicity is due to the presence of a second carboxyl group at C-4 of the ent-kaurene skeleton. The
glycoside also has cancer-preventive activity. Wedeloside 3 (Scheme 2), an aminoglycoside isolated
from Wedelia asperrima, is the first example of a glycoside with an amide-bound sugar moiety in
diterpenoids. This aminoglycoside inhibits the mitochondrial ADP/ATP transport.??

0SO4H 0SO;H

HO,SO

HOOC COOH HOOC ‘COOH

Atractyloside 1 Carboxyatractyloside 2 Wedeloside 3
Scheme 2. Glycosides 1 and 2 isolated from Atractylis gummifera and glycoside 3 isolated from Wedelia asperrima.

Stevioside and its derivatives found in the leaves of Stevia rebaudiana are the most widely
known ent-kaurene glycosides (Rebaudiosides), because they are used as highly effective low caloric
sugar substitutes (sweeteners) worldwide.?>?4% The following beneficial features explain these
properties: (1) low caloric sweeteners are usable for diabetics;?® (2) stevioside is nontoxic and
nonmutagenic;?’ (3) it also has therapeutic properties such as antihypertensive,2%30
antihyperglycemic,3322 immunomodulatory,3+353¢ antiinflammatory,3"-® cancer-preventive3404!

and insulinotropic activity.4>43

R'ooC”
19
Structure of steviol 4 General structures of steviol glycosides

Scheme 3. The structure and numbering of sugar moieties of steviol and steviol glycosides.

The sweetness of S. rebaudiana leaves is due to glycosides, with stevioside being the major
component.

In addition to stevioside, this plant also contains steviol glycosides, such as Rebaudiosides

A-F and Dulcoside. All steviol glycosides have steviol 4 as a common aglycone and they differ from
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each other by the structure and number of sugar moieties (Scheme 3, Table 1). Most Rebaudiosides
are sweeter than sucrose and the sweetness of these glycosides increases with the number of glucose

derivatives bound to the aglycone (steviol 4).4445

Table 1. Structures of different steviol glycosides.

Rebaudiosides R! (C-19) R? (C-13) Miot (%0)*
Stevioside Glc(p1)- Glc(p1-2)Glc(p1)- 2.0
Rebaudioside A Glc(p1)- Glc(p1-2)[Gle(p1-3)]Glc(p1)- 5.0
Rebaudioside B H- Glc(p1-2)[Gle(p1-3)]Glc(8L)- 0.5
Rebaudioside C Glc(p1)- Rha(al1-2)[Glc(51-3)]Glc(p1)- 2.0
Rebaudioside D Glc(p1-2)Glc(51)- Glc(p1-2)[Glc(p1-3)]Glc(51)- 3.3
Rebaudioside E Glc(p1-2)Glc(51)- Glc(p1-2)- Glc(p1)- ND
Rebaudioside F Glc(p1)- Xyl(51-2)[Glc(B1-3)]1Glc(p1)- ND
Dulcoside A Glc(p1)- Rha(al-2) Glc(p1)- 1.0

*According to Jaworski et al.: Analysis of dried Stevia rebaudiana leaves (100 g dry weight basis)*
ND: not determined
Glc: D-glucose; Rha: L-rhamnose; Xyl: D-xylose

2.3. Biological activity of ent-kaurane diterpenoids

Natural products have been valuable sources of inspiration for researchers, and they have
made a significant impact on chemical, biological and drug discovery. Ent-kaurane diterpenoids,
found in liverworts*’#84% and other higher plants®®®!, have demonstrated various pharmacological
activities such as cancer-preventive,> antituberculosis,> antibacterial® and acetylcholinesterase
inhibitor® properties. Moreover, some of them have been developed as cancer therapeutic agents,
further emphasizing their potential in the field. The biological activity of ent-kauranes is discussed

separately in the following chapters.

2.3.1 Ent-kaurane diterpenoids with anticancer properties

Jing Li et al. tried to build some steviol derivatives to establish novel anticancer compounds
preserving crucial structural fragments of exo-methylene cyclopentanone in the ring D of steviol.>®

They worked on developing novel anticancer compounds based on steviol derivatives. They
have demonstrated previously that certain modification of steviol can increase its cytotoxicity. In this
work, they synthesised four different tetracyclic diterpenoids and evaluated their biological activities.
Steviol was treated with SeO; and tert-BuOOH to form 16-hydroxysteviol 5. PDC oxidation of this

compound gave the desired compound 6,° which was then successfully esterified with benzyl
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bromide to form 7. In order to achieve the structural isomer of product 7, another reaction path was
used, where steviol 4 was transformed into ent-13-acetoxyl-16-oxo-17-dimethyl kaurane-19-acid 8.
This was achieved by protecting the 13-hydroxy group, while the double bond was oxidised with the
Ac20/03 system.>® To protect the primary alcohol function in 9 before oxidizing the 15-hydroxy
group, TsCl was used, because of its large steric effect. Oxidation of 10 utilising PDC and Ts
deprotection resulted in target compound 11 (Scheme 4). Antiproliferative activities were evaluated
on the synthesised compounds against human gastric carcinoma MGC-803, HepG-2 and breast
carcinoma MDA-MB-231 cell lines. Derivatives 7 and 11 were found to be the strongest and most
selective anticancer agents, with 1Cso values of 1.80 and 0.95 uM, respectively, against the two cancer
cell lines. In summary, a beneficial attribute on the anticancer effect is observed with the formation
of the exo-methylene cyclopentanone moiety of steviol. Significant values were achieved by the
products containing the benzyl ester function. The activity of compounds containing free carboxylic
acid groups, in turn, was not detectable.

OH

Scheme 4. Reagents and conditions: (a) SeO, tert-BuOOH, THF; (b) PDC, DMF; (c) BnBr, K,COs, DMF, KI; (d)

Ac,0, DMAP, TEA, THF; (e) O3/0O2, DCM, PhsP; (f) HCHO, NaOH, C,Hs0H, 75 °C, 3 h; (g) BnBr, K,.CO3, DMF,

Kl; (h) TsClI, pyridine, DMAP, rt; (i) PDC, DMF; (j) pyridine, DMAP, reflux. Yield for product 7: 71.5%. Yield for
product 10: 53.6%.

It is generally accepted that the cytotoxicity of ent-kaurane diterpenoids is due to the
formation of reactive oxygen species (ROS) through Michael modification of protein thiols and
depletion of glutathione. The a,4-unsaturated carbonyl moiety is considered to be a key factor in this
process. Lin et al. isolated 32 new and 12 known ent-kaurane diterpenoids from two Chinese
liverworts.>

The study conducted by Lou et al. confirmed these findings by screening newly isolated and



known ent-kaurane diterpenoids and found that they showed anticancer activities through ROS
formation. The authors started the synthesis with steviol 4, which was oxidised using SeO. and tert-
BuOOH to form compound 5 (Scheme 5). PDC oxidation of 5 resulted in the desired compound 6,
which was esterified with methyl iodide to form 12. To build up the carboxyl group (C-19), the
esterified product 14 was synthesised from 5 applying 1,2-dibromoethane and N-methylpiperazine.
The final step involved PDC oxidation of 14 to give the desired compound 15, which has the a,f-
unsaturated carbonyl moiety. Derivatives 12 and 15 had remarkable anticancer activity [12: I1Cso =
1.50 uM, 15: ICso = 3.00 uM against HL-60 cancer cell lines (myelogenous leukemic cell lines)].

Scheme 5. Reagents and conditions: (a) SeO., tert-BuOOH, THF; (b) PDC, DMF; (c) CHsl, DMF, rt; (d)
BrCH,CH2Br, Ko,CO3, DMF, rt; (¢) N-methylpiperazine, DMF, reflux. Yield for product 14: 68%. Yield for product 17:
29%.

In summary, the structure-activity relationship (SAR) investigation revealed that the
presence of an exo-methylene cyclopentanone system in the D ring is crucial for the cytotoxicity of
the compounds (Scheme 6: 16—17).2* Any modification that disrupts this system leads to a complete
loss of cytotoxicity. The rearrangement of the exo-methylene cyclopentanone system causes no
influence in cytotoxic activity (Scheme 6: 16—18). The comparison of the ICso values of some
compounds indicated that the presence of a hydroxyl group at the C-13 position can enhance
cytotoxicity and compounds with a hydroxyl group at C-18 also showed high activity (Scheme 6:
16—19—20). However, the biological activity decreased, when the hydroxymethyl group (22) was
oxidised to a formyl (23) or a carboxylic acid group (24). This activity loss could be partially reversed

by esterification of the carboxylic acid, especially through methyl esterification (21). These findings
10



provide valuable information for future drug design and development efforts (Scheme 6).

17
ICs= >50 pM

16 19 20
IC50= 3.20 uM IC50= 5.50 pM IC50=21.45 pM

21 22 23 24
IC50=6.10 pM IC50= 6.60 uM IC50= 11.40 pM IC50= 30.10 uM

Scheme 6. The structure—activity relationship summary for cytotoxicity. ICso values were measured against PC3 cells.

In connection with the previous study, Zou et al. synthesised steviol derivatives with either
the exo-methylene cyclopentanone or the a-methylene lactone structure, where some glycoside
moieties were connected to the carboxyl group (Scheme 7).%° The starting material was stevioside,
which was converted to steviol. In the first pathway, the exo-methylene cyclopentanone derivative
was prepared. Steviol 4 was treated with SeO» and tert-BuOOH to produce 16-hydroxy steviol 5,
which was then oxidised with PDC to form the desired compound 6 with the exo-methylene
cyclopentanone system. Compound 6 was treated with 2,3,4,6-tetra-O-acetylglucopyranosyl bromide
in the presence of K2CO3 and KI in DMF to form 25.%! In the next step, deacetylation of 25 was
performed in the presence of 10% KHCO3z in methanol to obtain the required compound 26. The
second pathway described in the study involves the treatment of steviol 5 with chloromethyl methyl
ether (MOMCI) and N,N-diisopropylethylamine as base to produce compound 27. Then, compound
27 was reacted with SeO» and tert-BuOOH to produce compound 28. Oxidation of 28 with PDC
produced compound 29. Then the a-methylene unit was protected with the phenylthio group. The
addition of p-thiocresol on compound 29 produced g-thioketone 30, which was then transformed into
sulfone lactone 31 through Baeyer—Villiger oxidation with excess mCPBA. Finally, the sulfonyl

11



group of 31 was removed via desulfonylation with DBU in THF under mild conditions, producing
the desired compound 32. Compound 33 was then prepared from 32 by removing the methoxymethyl
group with 10% HCI in THF. The synthesis of compound 36 involved the treatment of compound 33
with 2,3,4,6-tetra-O-acetylglucopyranosyl bromide in the presence of KoCO3z and Kl in DMF as
solvent. This reaction resulted in compound 36 an acetylated glucopyranoside derivative. In the next
step, deacetylation of compound 34 was performed in the presence of 10% KHCOs in methanol,
resulting in the formation of compound 35. Finally, compound 35 was reacted with 2,2-
dimethoxypropane with a catalytic amount of pyridinium p-toluenesulfonate (PPTs) in DMF to
obtain compound 36. Compound 26 was found to be strong against numerous cancer cell lines,
including HepG-2, Bel-7402 (human hepatocellular carcinoma), A549 (human lung cancer), MCF-7
and MDA-MB-231 (breast carcinoma) with ICso values between 0.07 and 0.91 uM. Compound 36
showed even more potent and selective antiproliferative activity against the HepG-2 cell line, with
an 1Cso value of 0.01 uM. This indicates that compound 36 has strong potential for use as an

anticancer agent specifically against HepG-2 cells.

d *H 9 S H
- P -— -
N 2
N 0 "0 O o 07 0n O 0nc
HO" "’o)( HO™ ™Y “OH AcO" Y "OAc
OH OH OAc
36 35 34

Scheme 7. Reagents and conditions: (a) 1) SeO,, tert-BuOOH, THF; 2) PDC, DMF; (b) 2,3,4,6-tetra-O-acetyl-
glucopyranosyl bromide, K,COs, DMF, KI; (c) 10% KHCO3, CH30H; (d) 1) MOMCI, DIPEA, DMF; 2) SeO., tert-
BuOOH, THF; 3) PDC, DMF; (e) 1) p-thiocresol, EtsN, THF; 2) 85% mCPBA, NaHCOs, DCM; 3) DBU, THF; 4) 10%
HCI, THF, H.0; (f) 2,3,4,6-tetra-O-acetyl-glucopyranosyl bromide, K,CO3, DMF, KI; (g) 10% KHCO3, CH30H; (h)
2,2-dimethoxypropane, DMF, PPTs.
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Due to its cytotoxic effect, it is worth mentioning oridonin the skeleton of ent-kaurane and its
derivatives.52%2 Oridonin 37 is a natural product with cancer-preventive properties, but its limitations
in terms of potency, solubility and bioavailability have limited its potential use in cancer treatment
(Scheme 8).64556¢ This has led to the development of derivatives of oridonin, such as L-alanine-(14-
oridonin) ester trifluoroacetate 38 (HAO472), to enhance its pharmacological properties and advance
its clinical development.®” It is important to note that HAO472 is in Phase | human clinical trial in
China by Hengrui Medicine Co. Ltd. However, more research is needed to determine its safety and

efficacy in humans.

37 38

Scheme 8. The structure of oridonin 37 and its derivative L-alanine-(14-oridonin) ester trifluoroacetate 38 (HAO472).
2.3.2 Ent-kaurane diterpenoids with antimycobacterial and antituberculotic properties

Two series of steviol derivatives were synthesised by Lin and co-workers using similar
methods.% Steviol 4 was converted to intermediate 39 by reacting it with diphenylphosphoryl azide
(DPPA) in benzene (Scheme 9). C-4 ureido compounds with specific substituents were obtained by
reacting 39 with various primer or secondary amines in DMF in the presence of triethylamine at room
temperature.

Compound 40 with R*=H and R? = C4Hjy substituents showed excellent results in suppressing
HBV DNA replication, with an ICso value of 16.9 uM and a selectivity index (SI) of 57.7, which
were better than those of the reference molecule lamivudine (3-TC). The anti-HBV mode of action

of 40 was examined to find a particularly decreased viral gene levels.

AN HN\“
4 39 O)\NR1 R?

C-4 ureido compounds

Scheme 9. Synthesis of C-4 ureido libraries. Reagents and conditions: (a) DPPA, benzene, reflux; (b) RNH; or
R'R?NH, Et;N, DMF, rt.
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2.1. Biological activity of ent-beyerane diterpenoids

Steviol glycosides (Table 1) contain an ent-kaurene core, which is a diterpene molecule
consisting of a cyclopentane ring (D) and 3 cyclohexane rings (A, B, C). Three glucose molecules
are attached to this core, making it a glycoside.

Enzymatic hydrolysis or alkaline hydrolysis of the glycosidic bonds in steviol glycosides
leads to the formation of steviol 4. It has the same ent-kaurene core as steviol glycosides but lacks
the glucose molecules,® while isosteviol 41 belongs to the ent-beyerane series of compounds. It has
a tetracyclic skeleton that is similar in appearance to the kaurene skeleton. Isosteviol is one of the
most well-known molecules in the ent-beyerane series. It can be obtained from steviol glycosides or
steviol through an acid-catalysed Wagner—Meerwein rearrangement (Scheme 10).7%"* The
rearrangement involves the protonation of the C-16—C-17 double bond in steviol, which leads to the
formation of a C-16 tertiary carbocation with the ent-kaurane structure (State A). This carbocation
then undergoes a 1,2 sigmatropic shift, which cleaves the C-12—C-13 bond and results in an ent-
beyerane structure (State B). Finally, a deprotonation occurs, resulting in the formation of isosteviol
(State C).

Scheme 10. Wagner—Meerwein rearrangement of steviol 4 into the isosteviol 41.

Isosteviol has been found to exhibit a wide range of biological activities, including
antihyperglycemic,? antihypertensive,’?%° cancer-preventive, 34! and immunomodulatory actions®

beside several other biological activities.”>"

2.4.1 Ent-beyerane diterpenoids with anticancer properties

The ongoing study of the relationship between the structure and activity of isosteviol
derivatives has indicated that components previously used with steviol were not effective. This may
be due to many reasons. First, the change in structure from ent-kaurane to ent-beyerane; second, the
lack of an OH group in the C-13 position, resulting in a more apolar molecule, etc. Scheme 12
displays some ineffective isosteviol derivatives that are remarkably similar to steviol derivatives
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found to possess high cytotoxic activity. These derivatives have a common feature: they are
connected to the A or D ring in some way.
(1) Most of the derivatives glycosylated at the C-19 carboxyl group on the A ring did not exhibit
potent antiproliferative activities (related cell lines: HepG2, Bel-7402, A549, U251, MCF-7, MDA-
MB-231).%°
(2) None of the products, except for a single one with an exo-methylene cyclopentanone structure on
the D ring, had positive effects on the cytotoxic activity of isosteviol derivatives (related cell lines:
MDA-MB-231, Hep-G2, MGC-803).°
(3) Similarly, products containing the a-methylenelactone moiety did not show any activity against
cancer cell lines (related cell lines: PC-3, HCT-116, MDA-MB-231, K562, HepG2, MGC803).7
(4) Several cell lines, including A549, ASPC-1, MDA231, PC-3, HCT116 and HeLa, were tested
with a significant number of isosteviol triazole derivatives.’

Derivatives that had the triazole moiety connected to position C-15 were found to be almost
ineffective. However, it is interesting to note that compounds with an OH group at the C-15 position
showed better inhibitory activities. This suggests that the OH group is a crucial moiety, as confirmed

by numerous previous studies.

rRooc" ;H

R:H, Bn etc.

Scheme 11. Some ineffective isosteviol derivatives, which were very similar to steviol derivatives except the triazol
derivatives.
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Liu et al. synthesised a variety of isosteviol derivatives that were modified with nitric oxide
(NO) donors and tested them for their ability to inhibit the growth of four human cancer cell lines.”
Nitric oxide has a complex role in physiological and pathophysiological processes,’® as it can
promote tumour angiogenesis at low concentrations and inhibit at high concentrations.” NO donors
are compounds that can release NO via enzymatic or non-enzymatic mechanisms. Furoxans are a
type of NO donors that can generate high levels of NO through a known release process.®°

In many studies, in situ synthesis of important intermediate compounds of furoxan was
accomplished. First, isosteviol 41 was submitted to esterification with ethyl bromide or benzyl
chloride to obtain the corresponding esters 42 and 43.Then these underwent a condensation reaction
between the ketone functional group and hydroxylamine hydrochloride to produce 44 and 45
(Scheme 15). Next, compounds 46 and 47 were prepared by reacting 44 and 45 with succinic
anhydride through O-acylation. Finally, compounds 46 and 47 were combined with furoxan
derivatives in the presence of 4-dimethylaminopyridine (DMAP) and 1-ethyl-(3-dimethylamino-
propyl)carbodiimide hydrochloride (EDCI) to form the target compounds. Among the isosteviol
derivatives synthesised, 48 and 52 exhibited the most potent antitumor activities (48, I1Cso = 0.48 puM;
52, ICs0 = 0.94 uM), which were higher than that of the positive control. In conclusion, from these
results some structure—effect relationship could be established. Namely, ethyl esters from 48 to 66
were found to be effective, while benzyl esters 53-57 were not. This suggests that esters with less
large groups at the C-19 position are more favourable, whereas compounds 52 and 57 with branched
linker derivatives are more effective than straight linker with the same number of carbons (50 and
51). Derivatives containing the longest straight linker showed the lowest cytotoxic activity, which
indicates that the aliphatic chain extension weakened the activity. The researchers then investigated
whether the antitumor activity of these derivatives was affected by the release of NO from furoxan
derivatives. Derivatives with higher potency in releasing NO demonstrated stronger antitumor
activity as well, indicating a positive correlation between antitumor activity and the release of NO

from furoxan-based derivatives.
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WO d
1 S O / N\O 1 O
R'0OOC R'00C"
46 R" = Et
48 R' = Et, R%= O(CH,),0 53 R' = Bn, R%= O(CH,),0 47R"=Bn
49 R = Et, R? = O(CH,)30 54R'= Bn, R2 = O(CH,);0
50 R' = Et, R? = O(CH,),0 55 R' = Bn, R = O(CH,),0
51 R = Et, R? = OCH(CH,)CH,0 56 R! = Bn, R? = OCH(CH3)CH,0

52 R = Et, R? = OCHCH;(CH,),0 57 R'= Bn R2 = OCHCH5(CH,),0

Scheme 12. Introduction of furoxan derivatives 48-57. Reagents and conditions: (a) EtBr or BnCl, KOH, DMSO, rt;
(b) NH2OH=HCI, pyridine, rt; (c) succinic anhydride, DMAP, DCM, reflux; (d) EDCI, DMAP, dry DCM, rt.

Liu et al. also synthesised different types of furoxan-isosteviol derivatives by connecting them
to the C-19 carboxylic acid (Scheme 13).8! They prepared isosteviol 41 using the acid hydrolysis
method, while derivative 58 containing an a-lactone function was synthesised by Baeyer—Villiger
reaction from isosteviol.>®

Moreover, the exo-methylene cyclopentanone 59 compound was synthesised using the
method applied for the steviol derivative (product 6). Thionyl chloride was used to treat the three
starting compounds to create the corresponding acyl chloride derivatives 60—62. Glycine methyl ester
was then added with TEA to prepare compounds 63-65 and the methyl ester group was removed
using methanol solution of sodium hydroxide. Finally, compounds 6668 were reacted with furoxan
derivatives, 4-dimethylamino pyridine (DMAP) and 1-ethyl-(3-dimethylamino-propyl) carbodiimide
hydrochloride (EDCI) to produce several furoxan-isosteviol derivatives. All derivatives underwent
testing for cytotoxicity against two cancer cell lines, HepG2 (hepatocellular liver carcinoma) and
B16F10 (highly metastatic melanoma), with Comptothecin chosen as the positive control drug. Most
of the derivatives exhibited greater cytotoxicity against the B16F10 cells than the control drug.
However, these derivatives were ineffective against HepG2, as indicated by the information in
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summaries on page 17.

Application of linkers with two or three carbons were found to be more potent than longer-
chain linkers. Compound 70c, which contains an allyl moiety, exhibited greater efficiency than
compound 69c, which has a straight-chain linker with the same number of carbon atoms. Finally, the

derivative containing an exo-methylene cyclopentanone moiety (71b) proved to be the most effective
with an 1Csp value of 0.02 uM against B16F10 cells.

60-62

L, 71a-b
00

69a R' = (CH,), 70a R' = (CH,), 71aR" = (CH,)

69b R' = (CHy)3 70b R" = (CHy)3 bR = (CH).

69b R = (CH,), 70c R' = CH,C=CCH, 23

Scheme 13. Introduction of furoxan derivatives (C-19) 69a—71b. Reagents and conditions: (a) mCPBA, H2SO4, 0 °C to
rt; (b) four steps by the known method; (c) SOCIy, ice bath, 2 h; (d) Glycine methyl ester, TEA, rt; () NaOH, MeOH,
rt; (f) EDCI, DMAP, dry DCM, rt.

It is challenging to find isosteviol derivatives with an aminoalcohol moiety in the literature.
This is also true for derivatives that contain thiourea moieties. Aminoalcohols are significant
components of many natural or artificial products, and they exhibit a broad range of cytotoxic

activities. Similarly, thiourea derivatives exhibit good inhibitory activity against numerous
proteins 8283

18



Liu et al. synthesised several isosteviol derivatives that contain aminoalcohol and thiourea
fragments and investigated their activity against three human cancer cell lines. First, the researchers
synthesised the ethyl ester derivative using isosteviol and then 1,3-diol key intermediate 72 via a one-
pot aldol-Cannizzaro reaction process was obtained (Scheme 14).8% Afterwards, they successfully
produced hydroxy keto product 73 by selectively oxidizing the OH group at the C-16 position using
trimethylammonium chlorochromate.2®

When 73 was treated with hydroxylamine hydrochloride hydroxyoxime derivative 74 was
obtained, which was then converted into the 1,3-aminoalcohol derivative 75 by reducing it with
NaBHjs in the presence of MoOs as catalyst. Moreover, hydroxyaldehyde 76 was also successfully
synthesised by the selective oxidation of the primary OH group in a TEMPO-catalysed oxidation
process.” The resulting product (77) was then subjected to an oximation reaction with
hydroxylamine hydrochloride and subsequently converted to another 1,3-aminoalcohol (78), through
hydrogenation catalysed by Raney Ni. An alternative method for the preparation of 1,3-aminoalcohol
was also reported, where the corresponding toluenesulfonate ester 79 was first obtained by converting
the key intermediate 1,3-diol 72, applying 4-methylphenylsulfonyl chloride in the presence of
pyridine, which absorbed the liberated hydrogen chloride.®® Additionally, allyl aldehyde 80 was
formed by transforming compound 79 through a process called Grob fragmentation using NaOH in
MeCN.2° The reaction of 80 with hydroxylamine hydrochloride and NaHCOs3 in EtOH resulted in
the formation of only the allyl oxime isomer 79. Compound 82 was produced by an intramolecular
1,3-dipolar cycloaddition of compound 81 with a catalytic amount of BFz+OEt. Furthermore,
catalytic hydrogenolysis of the N-O bond with Raney Ni/H. produced compound 83, which is an
epimer of 75. The obtained derivatives were tested against several human cancer cell lines comparing
them with cisplatin as the positive control. It was observed that there was no significant difference in
cytotoxicity between the two epimers (75 and 83) and regioisomer 78 (75: ICso values of 4.49 uM,
5.83 uM and 3.54 uM, 83: ICso values of 4.90 uM, 7.25 uM and 2.47 uM, 78: I1Cso values of 12.25
uM, 4.01 puM and 5.02 pM against HCT-116, EC9706, Ecal09 cells). Note, however, that any
modification of the aminoalcohol moiety resulted in decreased activity.**%! Based on the information
presented, it can be concluded, that the cytotoxic activity of the compounds was affected by both the

aminoalcohol function and the chirality of the molecules.
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Scheme 14. Introduction of aminoalcohol derivatives (75, 78 and 83). Reagents and conditions: (a) 1) CH3sCH-Br,
DMSO, KOH, rt; 2) HCHO, Na, EtOH, 55 °C; (b) TCC, DCM, rt; (c) NH,OH=HCI, NaHCOs3, EtOH, reflux; (d)
NaBHa4, M0oOs, MeOH, rt; (€) TEMPO, NBS, DCM/H.0, TBAB, reflux; (f) NH,OH+HCI, NaHCO3;, EtOH, reflux; (g)
Raney Ni/Hz, THF, 50 °C; (h) TsCl, pyridine, rt; (i) NaOH, MeCN, rt; (j) HONH2+HCI, NaHCOs, EtOH, 60 °C; (k)
toluene, BF3+OEt,, 110 °C; (1) Raney Ni/H2, 1MPa, MeOH, 60 °C.

Several compounds containing thiourea function at C-16 were synthesised by condensation
of compound 75 with various substituted phenyl isothiocyanates in DCM (Scheme 15).8* The
substituent effect in the ortho, para or meta positions of the aromatic ring of the thiourea fragments
was also studied and the inclusion of substituted thiourea moieties into the structure further increased
the cytotoxic activities of the compounds. Among the compounds, those containing electron-
withdrawing groups in the para position exhibited greater activity compared to those with groups in

the ortho and meta positions. Specifically, para-nitro-substituted derivative 89c showed the strongest
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cytotoxic activity with ICsg values of 1.45 uM, 2.36 uM and3.54 uM against HCT-116, HGC-27 and
JEKO-1 cells.

R': 84a: 0-CHj, 84b: m-CH,,, 84c: p-CH,4

R': 85a: o-F, 85b: m-F, 85c: p-F

R': 86a: 0-Cl, 86b: m-Cl, 86¢: p-Cl

R': 87a: 0-Br, 87b: m-Br, 87c: p-Br

R': 88a: 0-OCHj, 88b: m-OCHj, 88¢: p-OCH,4
R': 89a: 0-NO,, 89b: m-NO,, 89c: p-NO,

Scheme 15. Introduction of thiourea derivatives (84a—89c). Reagents and conditions: (a) isothiocyanates, DCM, rt.
2.4.2 Ent-beyerane diterpenoids with antibacterial activity

Kataev et al. prepared several isosteviol derivatives substituted at the 19-position.®? All
products were macromolecules based on isosteviol, in which two units were connected by a
polymethylene chain containing quaternary N atoms. First, isosteviol 41 was treated with thionyl
chloride to obtain the corresponding acyl chloride derivative 90, which was then reacted with N,N’-
dimethylaminoethanol without purification in an O-acylation reaction, to produce 91 containing the

linker (Scheme 16).% Bis-quaternary ammonium derivatives 92a—d were obtained by connecting two

identical 91 products with 1, -dibromoalkanes of various lengths.

\\o H

Z | 4
41 90 S 91 7o a0
\ Br
St. aureus 209p MIC

92a n=5 7.80
92b n=9 3.00
92¢ n=10 0.78
92d n=12 0.50

Scheme 16. Introduction of antimicrobacterial derivatives (92a—d). Reagents and conditions: (a) SOCI,, (b)
MezN(CHz)on, (C) BT(CHz)nBr.
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All compounds were tested for bacteriostatic, fungistatic, bactericidal and fungicidal
activities. The results indicated that the length of dibromoalkanes determined the antimicrobial
activity, which, in all cases, was stronger when the chain was lengthened. The connected
macromolecule 92d exhibited the strongest activity and could be compared with positive control
drugs (Ciprofloxacin and Clotrimazole). The strongest effect was measured with an MIC value of

0.50 ng/mL against the Staphylococcus aureus 209p Gram-positive bacteria.

2.4.3 Ent-beyerane diterpenoids with cardioprotective activity

Over the past few decades, zebrafish has become a popular animal model for in vivo
compound screening in the early phase of drug discovery.®* At the anatomical, cellular and
membrane-biology levels, cardiovascular physiology are highly similar between humans and
zebrafish. Several cardiovascular drugs have been found to exhibit the same effects on zebrafish
physiology as they do on humans.®>% Isosteviol has been reported several times to have remarkable
cardioprotective activity. To discover new cardioprotective derivatives, many compounds were
synthesised and evaluated in vivo using the easy-to-handle and efficient zebrafish model.®’

The first step of the synthetic route was the hydroxylation of isosteviol 41 via aldol-
Cannizzaro reaction with a large amount of paraformaldehyde and NaOH in ethanol, which produced
1,3-dihydroxy derivative 93 in high yield (Scheme 17). Selective acylation of the hydroxymethyl
group of 93 with acetic anhydride (Ac20), nicotinic acid, 4-methoxybenzoic acid, 2,3-
dimethoxybenzoic acid, 2,3,4-trimethoxybenzoic acid or 3,4,5-trimethoxybenzoic acid gave 94a—e.
Further oxidation of the 16-OH with PDC produced their keto derivatives 95a—e. Starting from 1,3-
dihydroxy derivative 93, the 19-COOH group was modified to the 96 primary NH2 group via Curtius
rearrangement and it was reacted with the same acid derivatives mentioned above. These acylations
gave compounds 97a—e. Finally, keto products 98a—e were obtained via an oxidation reaction with
PDC reagents. A cardioprotective effect was demonstrated by the products produced according to
preliminary screening results. The most effective products contained the O-2,3,4-trimethoxybenzoyl
(95d) and O-3,4,5-trimethylbenzoyl (95e) unit. The survival rate was increased from 77% to 82%
and from 68% to 80% by the oxidation of the 16-OH group. Mortality was increased by replacing
the 19-COOH group with an NH> group. Moderately active derivatives were obtained by acylating
compound 96 with different acids. Further oxidation of the 16-OH group resulted in the
corresponding keto derivatives where the 98d and 98e were found to be the most potent. At 40 uM,

the survival rate was increased to approximately 98% and 87%.
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Scheme 17. Introduction of cardioprotective derivatives. Reagents and conditions: (a) acid, DMAP, EDCI, DCM; (b)
PDC, DMF; (c) DPPA, EtsN, tert-BuOH, reflux.
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3. Results and discussion

3.1. Steviol-based trifunctional chiral derivatives
3.1.1 Steviol-based epoxyalcohol key intermediates

In our study, we undertook the preparation of steviol 4 utilizing natural stevioside 99, which
can easily be obtained from the market. To synthesise steviol, we employed two literature methods,
as described in previous studies.®®* Diazomethane was used to esterify compound 4, resulting in the
formation of steviol methyl ester 100.%8 The preparation of diazomethane was conducted in situ by
reacting N-methyl-N-nitroso-p-toluenesulfonamide (Diazald) and NaOH was used immediately. It
was necessary to use diazomethane carefully, as it could react with the allyl group, resulting in the
formation of a cyclopropane product 101, which is an unusable by-product in the synthesis.

Next, we subjected compound 100 to epoxidation using tert-BuOOH and vanadyl
acetylacetonate (VO(acac)z2) as the catalyst resulting in cis-epoxyalcohol 102. The reaction proceeded
in a stereospecific manner and the stereochemistry of the product was known in advance, as shown

in Scheme 18.100.101

OH o
.\\O
HO” Y O
OH 9

101

102 100

Scheme 18. Reagents and conditions: (a) 1) NalO4, H20, 25 °C, 16 h, 2) KOH, H>0, 100 °C, 2 h, 60%; (b) CH2N,
Et,0, 25 °C, 3 min, 72%; (c) VO(acac),, 70% tert-BuOOH, dry toluene, 25 °C, 12 h, 65%.

Various methods have been attempted to synthesise diastereoisomeric trans-epoxyalcohol

24



103. However, in most cases, cis-epoxyalcohol 102 was isolated as the sole product. Despite the
challenges, a few attempts were made to produce diastereoisomer 103 through epoxidation
reactions. Notably, application of dimethyldioxirane (DMDO) as a mild epoxidation reagent led to
the formation of diastereoisomer 103 as a minor component (102:103 = 2:1 ratio) (Scheme 19). The

two isomers were separated by preparative column chromatography.%?

Me0OC™
100 102 2:1 103

Scheme 19. Reagents and conditions: (a) Dimethyldioxirane (DMDOQO), acetone/H-0, 25 °C, 12 h, 64%.
3.1.2 Synthesis of steviol-based aminodiol derivatives

A highly diverse library of 3-amino-1,2-diols can be efficiently prepared through aminolysis
of 102 and 103, which involves the nucleophilic addition of amines to epoxyalcohols. Previous
studies have demonstrated the effectiveness of this method.1931941%5 The reaction involves the
opening of the oxirane ring of compound 102 using primary and secondary amines as well as LiClO4
as catalyst. The resulting diastereomers were transformed into 3-amino-1,2-diols in moderate yield
through hydrogenolysis over Pd/C. Products 104 and 113 as well as 112 and 114 are diastereomers
of each other. To minimize by-product formation, reactions were performed at room temperature

rather than at higher temperatures (Scheme 20).

102 104-111 112

MeOOC
103 113 114

Scheme 20. Reagents and conditions: (a) R'R?NH, LiClO4, MeCN, 25 °C, 3 d, 32-75%; (b) Product 104,
5% Pd/C, H: (1 atm), MeOH, 25 °C, 12 h, 57%; (c) BnNH, LiClO4, MeCN, 25 °C, 3 d, 77%; (d) 5% Pd/C, H, (1
atm), MeOH, 25 °C, 12 h, 58%.
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Table 2 presents a library of tridentate aminodiol derivatives (104-114) resulting from the

reaction. The relative configurations of the compounds were not experimentally determined as the

configuration of the epoxyalcohol 102 products was already known from the literature. %

Table 2. Library of tri

dentate aminodiol derivatives.

Entry Compound R! R? Yield (%)
1 104 H Benzyl 67
2 105 Methyl Benzyl 75
3 106 H (R)-a-Methylbenzyl 52
4 107 H (S)-a-Methylbenzyl 59
5 108 H i-Propyl 57
6 109 Ethyl Ethyl 63
7 110 H Propargyl 72
8 111 H 3,5-bis(trifluoromethyl)benzyl 32

Ring closure of diterpene-based 3-amino-1,2-diols can increase their catalytic potential.

Treatment of aminodiol 104 with formaldehyde at room temperature afforded spiro-oxazolidine

derivative 115 through a highly regioselective ring-closing reaction. In contrast, an interesting

phenomenon was observed when 113 was treated with formaldehyde. Namely, another product was

observed in small amounts in the solution during thin-layer chromatography tests (TLC). After the

reaction, the product was purified by column chromatography (Scheme 21).

OH

104

115

Scheme 21. Reagents and conditions

. (a) 35% HCHO, Et,0, 25 °C, 2 h, 88-91%.
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After purification, the above-mentioned product also appeared in small quantities. During *H-
NMR measurements, it was observable that there were two similar products in a 1:3 ratio. Thanks to
the ratio, the structures of the two products were easily determined. It can be declared that the new
product that appeared next to spiro-oxazolidine product 116 was a so-called 1,3-oxazine product 117.
After repeated purification, the amount of 1,3-oxazine product 117 decreased, but after a certain time,
it increased again until the 1:3 ratio was reached at 25 °C. Afterwards, the ratio of the two products

did not change.

3.1.3 Synthesis of steviol-based dihydroxytriazoles via azidodiol

Reaction of cis-epoxyalcohol 102 with sodium azide resulted in azidodiol 118 in the presence
of ammonium chloride in an EtOH/water mixture (Scheme 22). Applying "click™ reaction, triazoles
119-122 were synthesised from 118 with various substituted alkynes."1% Additionally, a triazol-
type tridentate product (123) was synthesised with "click" reaction, starting from N-propargyl-
substituted aminodiol 110 and 2-phenylethyl azide. However, the Huisgen 1,3-dipolar cycloaddition
reaction between alkynes and azides requires higher temperatures and usually gives mixtures of the
two regioisomers. Therefore, copper-catalysed azide—alkyne cycloaddition was used instead, which
operates at room temperature and produces specifically 1,4-disubstituted regioisomers. In this
reaction, Cu(l) is the active agent, and it is generated from the Cu(ll) salt using sodium ascorbate.

Table 3 presents a library of triazole-type tridentate derivatives (119-123).

119-122

MeOOC

\/Q/\
110 /} 123 ; N\/\©

Scheme 22. Reagents and conditions: (a) NaNs, NH4Cl, EtOH/H20, 70-80 °C, 6 h, 57%; (b) Propargylamine, LiClOa4,
MeCN, 25 °C, 3 d, 72%; (c) Alkyne, 2 mol% CuSO4+5H,0, 10 mol% sodium ascorbates, DCM, 25 °C, 16 h, 74-91%;
(d) 2-(Azidoethyl)benzene, 2 mol% CuSO4*5H,0, 10 mol% sodium ascorbates, DCM, 25 °C, 16 h, 62%.

MeOOC
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Table 3. Library of triazol-type tridentate derivatives.

Entry Compound R Yield (%)
1 119 Phenyl 83
2 120 Ferrocenyl 91
3 121 Pyridyl 89
4 122 Cyclopropyl 74

3.2 Isosteviol-based bifunctional chiral derivatives

3.2.1 Synthesis of isosteviol-based 1,3-aminoalcohols

Starting from commercially available stevioside or mixtures of steviol glycosides, key
intermediates 3-hydroxyaldehyde 126 and 1,3-aminoalcohol 128 were synthesised through a four-
and six-step synthesis, respectively (Scheme 23). To obtain isosteviol 41, stevioside 99 was
subjected to acid-catalysed hydrolysis and rearrangement.!® The stereoselective synthesis of diol
124 was accomplished with good yield in a one-pot aldol-Cannizzaro process in two steps using
literature methods. %11 The esterification of 124 was then carried out with diazomethane in Et,0,
which resulted in methyl ester 125.2° The TBAB-catalysed oxidation of 125 using TEMPO and
NCS led to the regioselective formation of 126 in excellent yield.8” Subsequently, compound 127
was synthesised by oximation of 126 with hydroxylamine hydrochloride in the presence of
NaHCO3z in ethanol. Compound 127 was then hydrogenated using Raney-Ni in THF to

successfully obtain 1,3-aminoalcohol 128 with good yield.

\N R
bH MeOOC
128 127 126

Scheme 23. Introduction of isosteviol-based 1,3-aminoalcohols. Reagents and conditions: (a) HCHO, NaOH, EtOH,1
h, 60 °C, 70%; (b) CH2N2, Et20, 5 min, 25 °C, 72%; (¢) 10 mol% TEMPO, NCS, TBAB, DCM/H;0, 12 h, reflux,
90%; (d) NH2OH-HCI, EtOH, 12 h, reflux, 76%; (e) Raney-Ni, H, (10 atm), THF, 12 h, 25 °C, 83%.
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3.2.2. Synthesis of isosteviol-based 1,3-aminoalcohols via Schiff bases

Based on the results of our previous study on N-substituted steviol-based aminodiols and

related literature data on the antiproliferative activity of primary 1,3-aminoalcohols based on

isosteviol, we anticipated that N-substituted 1,3-aminoalcohols would be of interest. Therefore, we

synthesised a small library of 1,3-aminoalcohols to investigate the structure—bioactivity relationship

of N-substitution and antiproliferative activity, 12113

Two pathways were used to accomplish the synthesis of these compounds: reductive

amination of hydroxy aldehyde 126 with primary amines and reductive alkylation of primary 1,3-

amino alcohol 128 with various aldehydes through the formation of Schiff bases, followed by

reduction with NaBHs under mild conditions. The desired N-substituted 1,3-aminoalcohols (129-

134) were isolated in acceptable yields. The reaction conditions and yields are presented in Scheme

24 and Table 4.

Me0OC"

Scheme 24. Synthesis of isosteviol-based 1,3-aminoalcohols. (a) 1) RNH,, dry EtOH, 3 h, 25 °C; 2) dry MeOH,

129-132

133-134

"’/ .\\OH

ey .\\OH

NaBHa, 3—4 h, 25 °C, 64-83%; (b) 1) aldehydes, dry EtOH, 3 h, 25 °C; 2) dry MeOH, NaBHj4, 3—4 h, 25 °C, 64-65%.

Table 4. Library of isosteviol-based 1,3-aminoalcohols.

Entry Compound R Yield (%)
1 129 Methyl 77
2 130 Benzyl 83
3 131 (S)-a-Methylbenzyl 70
4 132 (R)-a-Methylbenzyl 64
5 133 4-Methoxybenzyl 64
6 134 4-Fluorobenzyl 65
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3.2.3. Syntheses and reduction of isosteviol-based 1,3-aminoketones obtained via Mannich
condensation

Isosteviol methyl ester 135 was prepared with excellent yield from 41 by treating it with
diazomethane.!** The Mannich condensation of 135 was carried out in glacial acetic acid with
paraformaldehyde and various secondary amine hydrochloride salts, resulting in a library of
aminoketones with good to moderate yields (Scheme 25, Table 5).8° Mannich condensation, i.e.,
amino alkylation, was possible in the case of isosteviol, because it has an acidic proton adjacent to
the carbonyl (C=0) functional group. The final product is a g-amino carbonyl compound, also
known as a Mannich base. The condensation reaction proceeded with exclusive stereoselectivity,
resulting in the formation of a single diastereoisomer with a (7R) configuration of the new

stereocenter at C-15. The results are summarised in Table 5.

"’//O

<HR1R2

41 135 136-140

HooC

Scheme 25. Synthesis of isosteviol-based Mannich base. (a) CH2Nz, Et;0, 5 min, 25 °C, 79%; (b) NHR'R? -HClI,
(CH20)n, AcOH, 24 h, reflux, 13-68%.

Table 5. Library of isosteviol-based 1,3-aminoalcohols.

Entry Amine HCI Compound R! R? Yield (%)
1 Morpholine 136 Ethoxyethylene 68
2 N-Methyl-N-benzylamine 137 Methyl Benzyl 47
3 Pyrrolidine 138 Butylene 59
4 Dimethylamine 139 Methyl Methyl 62
5 Diethylamine 140 Ethyl Ethyl 56
6 Dibenzylamine 137 Methyl Benzyl 13

Table 5 indicates that the reaction of 135 with dibenzylamine hydrochloride produced the
unexpected N-methyl-N-benzyl derivative 137 in a low yield of 13%, instead of the anticipated N,
N-dibenzyl-substituted product. To investigate this unexpected result, the reaction was performed
again with N-benzyl-N-(S)-a-methylbenzylamine, and the corresponding (7R) enantiomer and the

isolated product was found to be 137 as a single compound (Scheme 26).

30



135 137

Scheme 26. Unexpected substituent exchange in Mannich condensation. R = H, Me(S), Me(R). (a) (CH20)n, AcOH, 24
h, reflux, 13%.

The reason behind the intriguing exchange of N-benzyl — N-methyl substituent can be
attributed to the specific steric hindrance of the diterpenoid skeleton. In this ring system (Scheme
27), N-methyl-N-benzylamine represents the extreme of the Mannich condensation limit. As per the
standard Mannich condensation mechanism, the first step involves the creation of an iminium ion by
reacting dibenzylamine with formaldehyde (Scheme 31). Due to steric hindrance, iminium species C
fails to respond to the ketone enolate. Instead, under the given circumstances, an isomeric iminium
salt D is produced. This step is then followed by the addition of water and the elimination of
benzaldehyde, which results in the formation of N-methyl-N-benzylamine (F). This final product is
then ready for the condensation process to yield 137. The steps allude to the intricate process involved
in this chemical reaction.

H H* H NH H D i H* H i H* @ H i

—~+‘/ HO——N-H HO——N
OZ< O_< " R C OH R C

o _H
_é H\
5 steps H O-H H H
H =—=H — Me—N _OH HoO—N® = )=N®
AT TP OO
H \ H \ Me R

F E

e ﬁ/ =4

N
/

135 137

Scheme 27. Proposed mechanism in Mannich condensation of dibenzylamine and reaction with isosteviol methyl ester.
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3.2.3. Synthesis of isosteviol-based 1,3-aminoalcohols from 1,3-aminoketones

The reduction of aminoketones 136-140 with NaBH4 under mild reaction conditions
produced a diastereomeric mixture of 1,3-aminoalcohols, as shown in Scheme 28. The reduction was
highly selective in the case of pyrrolidinoaminoketone (138) or dimethylaminoketone (139)

derivatives, resulting in single diastereoisomers 143 and 144.

MeOOC"
141a 142a, 145a

136-140 L >

MeOOC"
141b, 142b, 143, 144, 145b

Scheme 28. Synthesis of aminoalcohols from Mannich bases. (a) NaBHs, MeOH, 2-3 h, 25 °C, 10-75%

However, in other instances, a mixture of diastereomers were produced, as indicated in Table
6. The observed diversity in stereoselectivity during the reduction of aminoketones can be explained
by the different steric hindrances of their N-substituents. It is possible that in the case of aminomethyl
substituents with less hindrance, a cyclic complex can form with the protic solvent, allowing the
hydride to attack only from the less hindered side. However, this complex cannot form in the case of
bulky N-substitution. Hence, the hydride can attack both sides of the carbonyl function, resulting in

a mixture of diastereoisomers. This explanation is based on previous research.*®

Table 6. Library of isosteviol-based 1,3-aminoalcohols.

Entry Aminoketones Product dr (a:b)* Yield (a:b) (%)
1 136 141a, 141b 11 28:24
2 137 142a, 142b 1.5 10:42
3 138 143 0:1 70
4 139 144 0:1 75
5 140 145a, 145b 11 10:10

*Ratio of diastereomeric pairs
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3.2.4. Determination of the relative configuration

NMR spectroscopy with NOESY spectral analysis was used to determine the relative and,
therefore, the absolute configuration of the new stereocenters of aminoalcohols 141-145 at positions
C-15 and C-16. The analysis was based on the observed NOE effects between H-C (14) and H-C
(16), H-C (16) and H-C (20), H-C (16) and Me—C (17), as well as between H-C (14) and H-C (20).
Therefore, the structure of 141b, 142b, 143, 144 and 145b were determined, as outlined in Scheme
29. Similarly, NOE effects were observed in the case of 141a, 142a and 145a between H-C (14) and
H-C (20) and H-C (15) and H-C (16). The NMR analysis and NOE effects provided valuable

information regarding the configurations of the new stereocenters of aminoalcohols.

H H

141b, 142b, 143, 144, 145b 141a, 142a, 145a

Scheme 29. The most important NOE *H-'H correlations.

In addition to the NOESY experiments, the configurations of the newly formed stereocenters
of 1,3-aminoalcohols were determined through two synthetic pathways, as depicted in Scheme 30.
The reductive amination of known 126 with benzylamine, followed by the methylation of 130 with
iodomethane, produced a product identical to 142b, which was the major product obtained from the
reduction of aminoketone 137.% Alternatively, debenzylation of 142b using a 5% Pd/C catalyst in
methanol resulted in an N-methyl aminoalcohol, which was identical to 129 produced by the
reductive amination of 126 with methylamine. Diastereoisomer 146 was also prepared by

debenzylation of 142a over 5% Pd/C catalyst, as shown in Scheme 30.
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142a 146

Scheme 30. Determination of the structure of 1,3-aminoalcohols. (a) 1) BnNH,, dry EtOH, 3 h, 25 °C; 2) dry MeOH,
NaBH., 3-4 h, 25 °C, 83%; (b) DCM, Et3sN, Mel, 4 h, 25 °C, 77%; (c) MeOH, 5% Pd/C, H; (1 atm), 12 h, 25 °C, 24%;
(d) 1) MeNH, EtOH, 3 h, 25 °C; 2) MeOH, NaBH4, 34 h, 25 °C, 77%; (€) MeOH, 5% Pd/C, Hz (1 atm), 12 h, 25 °C,

28%.

3.2.5. Ring closure of isosteviol-based thiourea derivative

In our previous research, we found that monoterpene-fused 2-phenylimino[1,3]oxazines and
-[1,3]thiazines exhibited significant cytotoxic activity against human cancer cell lines.!''!3 Based
on this finding, we aimed to synthesise 1,3-oxazine and 1,3-thiazine derivatives of primary 1,3-
aminoalcohol 128. Treatment of 128 with phenyl isothiocyanate in DCM at room temperature
resulted in the formation of hydroxy-thiourea 147 with high yield (Scheme 31). We attempted to
convert 147 to the target compound through a well-known two-step procedure involving treatment
with methyl iodide followed by alkaline-induced elimination of methyl mercaptol, but only
methylthio ether intermediate 148 was formed. Alternatively, acid-promoted dehydrative cyclisation
of 147 with EtOH containing 18% hydrochloric acid yielded only ethylthio ether 149 in moderate
yield instead of the expected 2-phenylimino[1,3]thiazine.!** This unexpected result can be explained
by the steric hindrance of the diterpene skeleton, which hindered the attack of sulphur on the H-C
(16) carbon. Additionally, the reaction of HCI with EtOH under the applied conditions generated

EtCl in situ, which reacted with thiourea 147 similar to iodomethane.
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149

Scheme 31. Ring closure of hydroxy-thiourea derivative 147. (a) PhNCS, DCM, 2 h, 25 °C, 91%; (b) Mel, EtOH, 2 h,
25 °C, 69%; (c) 18% HCI, EtOH, 12 h, reflux, 46%.

3.2.6. Allyl and acetylene derivatives of isosteviol-based 1,3-aminoalcohols

The antiproliferative investigation revealed that 1,3-aminoalcohol 134, containing the 4-
fluorobenzyl moiety, was the most effective derivative against cancer cell lines (see in section 3.4.2).
Consequently, this compound was chosen for further modifications. Two possibilities were
considered: several new moieties (mainly benzyl-type functions) were contemplated to be built on
the secondary amino group, or an alternative functional group was considered to be formed on the
carboxyl function at position C-19. The second substitution of the amino function was excluded since
the NH group was found in our previous study to be essential for cytotoxic activity. Therefore, only
an additional modification of the benzylamino function seemed to be promising. In the literature, the
carboxyl group of isosteviol was not found to play any role in the cytotoxic activity, making it a good
starting point. We aimed to prepare a derivative containing a free carboxyl group by the removal of
the methyl ester group. However, in our experiments, this was proven to be unsuccessful, and this
led to a change in the entire synthesis route. The use of a free carboxyl group in the synthesis was
not feasible because of cross-reactions during the building of the amino functionality, and the
resulting products were not purifiable. The benzyl ester functional group was chosen, since it could
be easily removed by a debenzylation reaction (giving the possibility to introduce a further ester
function). Furthermore, the purification of the resulting intermediates seemed to be easier by column
chromatography. The desired key intermediate 155 was produced in six steps with an acceptable
yield (Scheme 32).

Isosteviol 41 was obtained through acid-catalysed hydrolysis and the Wagner—Meerwein
rearrangement of a natural mixture of stevioside was carried according to a literature process.®* The
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benzyl ester derivative of isosteviol 150 was prepared with benzyl bromide in a good yield. Benzyl
ester diol 151 was prepared with a good yield applying a one-pot aldol-Cannizzaro process, a well-
known stereoselective method as described in the literature.2® Compound 152 was prepared in a
regioselective manner with an excellent yield by the TBAB-catalysed oxidation of 151 with TEMPO
and NBS.%" The synthesis of N-4-fluorobenzyl-substituted benzyl ester 152 was carried out through
a two-step synthesis. First, the reductive amination of hydroxyaldehyde 151 with 4-
fluorobenzylamine formed a Schiff base, followed by its reduction with NaBH4 under mild
conditions. To circumvent the unavoidable N-debenzylation of 156 during the catalytic debenzylation
of the ester function, the nitrogen was protected with the Boc group. Boc-protected 155 with a free
carboxyl function was obtained in an excellent yield during the debenzylation of 154 by
hydrogenolysis over Pd/C in a 1:1 mixture of EtOAc/n-hexane without the elimination of the 4-
fluorobenzyl function.

Removal of the N-Boc protecting group under acidic conditions was achieved by TFA
treatment, resulting in the corresponding 156 salt, which was dissolved in DCM, neutralised with

TEA to yield free base 156 in a pure form (Scheme 32).

“r, wOH

156 155 154

Scheme 32. Synthesis of isosteviol-based 4-fluorobenzyl 1,3-aminoalcohol 134. (a) BnBr, K.CO3, dry acetone, 4 h, 60
°C, 87%; (b) HCHO, NaOEt, dry EtOH, 1 h, 60 °C, 78%; (c) 10 mol% TEMPO, NBS, TBAB, DCM/H-0, 12 h, reflux,
83%; (d) 1) 4-Fluorobenzylamine, dry EtOH, 3 h, 25 °C; 2) MeOH, NaBHa, 4 h, 25 °C, 70%; (¢) Boc20, dry DCM, 1
h, 25 °C, 79%; (f) EtOAc/n-hexane, 5% Pd/C, Hz (1 atm), 24 h, 25 °C, 82%; (g) 1) TFA, dry DCM, 3 h, 25 °C; 2) EtsN,
dry DCM, 3 min, 25 °C. 77%.

In the next step of the synthesis, a linker containing an acrylic acid unit was prepared through
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a simple esterification reaction between acrylic acid and 1,4-dibromobutane. The use of 1,4-
dibromobutane in excess was deemed necessary to suppress diester formation. However, due to the
fast dimerisation of acrylic acid and the extended reaction time, both esterified monomer and dimer
products were formed and isolated in the esterification reaction (Scheme 33). This provided an
opportunity to explore the contribution of carbon chain length to the development of cytotoxic
effects. During the synthetic process, acrylic acid esters containing one or two acrylic units were
coupled to product 155 via a simple ester formation, resulting in 159 and 160. N-Boc protection was
necessary to prevent the N-alkylation reaction. Unfortunately, the removal of the Boc groups could
not be achieved due to the occurrence of many side reactions. It was assumed that these products
were formed in inter- or intramolecular aza-Michael reactions between the free NH group and the
acryloyloxy function (Scheme 33).

Finally, compound 162 with an alkyne function on C-19 was prepared by reacting 155 with

propargyl bromide, followed by the removal of the Boc-protecting group.

e} O o} e} (e} O
r/\/\/Br
\)kOH + \)J\O/\)J\OH B - \)J\O/\M:\Br + \)J\O/\)J\O/M:\Br

a

Dimer
3-(acryloyloxy)propanoic acid 157 158

Acrylic acid

Scheme 33. Synthesis of allyl and acetylene derivatives. (a) Acrylic acid, K.COs, 1,4-dibromobutane, dry acetone, 24

h, 25 °C, 61%, 26%; (b) 4-bromobutyl acrylate (157), K2COs, dry acetone, 24 h, 25 °C, 83%; (c) 3-(4-bromobutoxy)-3-

oxopropy| acrylate (158), KoCOs, dry acetone, 24 h, 25 °C, 77%; (d) Propargyl bromide, KoCOs, dry acetone, 24 h, 25
°C, 88%; (e) 1) TFA, dry DCM, 3 h, 25 °C; 2) EtsN, dry DCM, 3 min, 25 °C. 79%.
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3.2.7. A library of isosteviol-based 1,3-aminoalcohols with diverse ester groups

Isosteviol-based 1,3-aminoalcohols were determined to be the most effective products against
cancer cell lines among those synthesised to date (see in Chapter 3.4.2). Therefore, the decision was
made to expand the library of 1,3-aminoalcohols by reacting hydroxyaldehyde benzyl ester 152 with
six different primary amines. The syntheses were conducted in two parts. Initially, hydroxyaldehyde
152 underwent reductive amination with primary amines to form Schiff bases. The second step
involved reduction with NaBH4 under mild conditions. The desired N-substituted 1,3-aminoalcohols
160-165 were obtained in moderate yields. All products were purified by crystallisation, resulting in
aminoalcohols with a purity of 98% with low product recovery. Scheme 34 and Table 7 display the

synthesised products and the corresponding yields.

152 163-168

Scheme 34. Synthesis of isosteviol-based 1,3-aminoalcohols. (a) 1) R!NH,, dry EtOH, 3 h, 25 °C; 2) MeOH, NaBH,, 4
h, 25 °C, 7-44%.

To determine the extent to which the development of the cytotoxic effect was correlated with
various NH-linked units, a 6-membered 1,3-aminoalcohol library (170-175) was prepared, starting
from benzyl ester 152 as a key intermediate. Acid 169 was derived from 152 through debenzylation
over 5% Pd/C in a 1:1 mixture of n-hexane/EtOAc, followed by re-esterification with diazomethane
to obtain 126 (Scheme 33). The 1,3-aminoalcohol library 170-175 was prepared by reacting
hydroxyaldehyde 126 with six primary amines, followed by the reduction of the resulting Schiff
bases (Scheme 35 and Table 7).
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NHR

169 126 170-175

Scheme 35. Synthesis of isosteviol-based 1,3-aminoalcohols. (a) EtOAc/n-hexane 1:1, 5% Pd/C, H (1 atm), 24 h,
25 °C, 63%; (b) CH2N2, Et0, 5 min, 25 °C, 81%; (c) (1) RNHp, dry EtOH, 3 h, 25 °C; (2) MeOH,
NaBHg, 4 h, 25 °C, 38-88%.

Table 7. Library of isosteviol-based 1,3-aminoalcohols.

Entry R Product Yield (%)
1 (R)-1-(4-fluorophenyl)ethyl 163, 170 21,50
2 (R)-1-phenylpropyl 164,171 52, 88
3 (S)-1-phenylpropyl 165, 172 68, 48
4 (S)-1-(naphthalen-1-yl)ethyl 166, 173 40, 42
5 (R)-1-(naphthalen-1-yl)ethyl 167,174 46, 38
6 3-(1H-imidazol-1-yl)propyl 168, 175 33,58
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3.3. Application of steviol-based chiral aminodiols as chiral catalyst in the model reaction

The catalytic effect of aminodiol derivatives 104-123 was investigated using them as chiral
catalysts in the formation of (S)- or (R)-1-phenyl-1-propanol 177 and 178 by the enantioselective
addition of diethylzinc to benzaldehyde 176 (Scheme 36).

O._H HO HO,,
a (S) (R)
R +
176 177 178
Scheme 36. Model reaction of enantioselective catalysis. (a) Et.Zn, n-hexane, 10 mol% catalyst, 25 °C.

The enantiomeric purity of the major product 1-phenyl-1-propanol enantiomers 177 and 178
was determined using literature methods!*®'7 through GC analysis on a Chirasil-DEX CB column.
Low to moderate enantioselectivities were observed. It was clearly shown by the obtained results that
the formation of the (R)-enantiomer was favoured by all aminodiol derivatives, whereas triazol-type
compounds had only a weak catalytic effect on the transformation. Table 8 displays a selection of

the best results.
Table 8. Addition of diethylzinc to benzaldehyde, catalysed by aminodiol derivatives.

Entry Ligand!® Yield® (%) ee'” (%0) Configuration(
1 104 78 23 (R)
2 105 85 52 (R)
3 110 77 33 (R)
4 111 85 31 (R)
5 115 79 30 (R)

a1 10 mol%. PIAfter silica column chromatography. I Determined on the crude product by
GC (Chirasil-DEX CB column). ¢ Determined by comparing the t; of GC analysis and
optical rotations with literature data.

The best ee value (ee = 52%) with an (R)-selectivity was achieved by aminodiol 105, which
still showed moderate results. Contrary to our earlier findings, the catalytic activity did not increase
by ring closure of 104 and 113 towards oxazolidines 114 and 115, or by decreasing the temperature
(0 °C) or by changing the solvent (from n-hexane to toluene). All other compounds were also

examined as chiral ligands, but their selectivity was less than 10%.
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3.4. Antiproliferative activity of the prepared new compounds
3.4.1. Antiproliferative activity of steviol-based trifunctional chiral derivatives

The antiproliferative activities of the prepared diterpene analogues were determined via an
MTT assay on a range of human adherent cancer lines, including cells derived from cervical (HeLa,
SiHa), breast (MDA-MB-231, MCF-7) and ovarian (A2780) cancers, as shown in Table 9.

Table 9. Antiproliferative properties of the tested diterpene analogues.

Calculated I1Cso (uM)
Compound
A2780 HelLa SiHa" MDA-MB-231"
104 6.68 9.37 24.68 26.16
105 17.34 23.49 - -
106 4.19 4.79 6.07 4.32
107 491 3.96 6.54 4.39
111 6.25 5.73 7.84 4.76
115 1.07 1.05 1.62 1.25

“Cell growth inhibition values less than 20% were considered negligible and are not given numerically.

No relevant effect was elicited by a few of them, while the activities of others were
comparable to those of the reference agent cisplatin (Table 9).1'° Based on these data, conclusions
concerning structure—activity relationships could be drawn. It was observed that 103, 112 and 118
were ineffective, suggesting that the presence of the aromatic ring is a requirement for the cell-growth
inhibiting effect of the compounds. Testing the set of aminodiol analogues (104-111) with secondary
or tertiary amino function, it was consistently found that the N-benzyl substituent is an essential part
of the molecule. When 104 and 105 were compared, it was evident that the secondary amino function
was favoured over the tertiary group.
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3.4.2. Antiproliferative activity of isosteviol-based 1,3-aminodiol derivatives

The antiproliferative activities of the prepared diterpene analogues were determined on a
panel of human adherent cancer cell lines, similar to the previous investigation. Some conclusions
could be arrived at with respect to structure—activity relationships based on the obtained activities. It
was concluded that the simultaneous presence of the ester function and the basic secondary amino
function was essential for the inhibition of cell growth, as no relevant effect on the growth of cancer
cells was elicited by diol (125 and 151), hydroxyaldehyde analogues (126 and 152), N-Boc-protected
aminoalcohols (154, 155, 159 and 160), the corresponding oxime (127), or even compound 156 with
a free carboxylic function. Similar pronounced antiproliferative action was exerted by primary amine
128 as well as secondary amine derivatives 129-134, and the calculated 1Cso values of these
compounds are comparable to or lower than those of cisplatin. It seems to be clear from the results
presented in Table 10 that both the aminoalcohol function and the N-benzyl-type substitution (130-
134) are essential for the remarkable antiproliferative activity. No consistent and substantial
difference was recognised comparing the activity of the benzyl esters (163-168) and their methyl
analogues (170-175), indicating that the behaviour of the ester function had no crucial impact on the
antiproliferative properties. The further change in the 4-fluorobenzyl substituent into other aromatic
systems did not increase the activity. Surprisingly, compound 168 substituted with the N-(1H-
imidazol-1-yl)propyl group was proven to be the most active derivative (best ICso value: 1.37 uM
for MCF-7 cells), despite our previous observation that an N-alkyl substitution reduced the

antiproliferative activity.

Table 10. Antiproliferative properties of the tested diterpene analogues.

Calculated 1Cso (uM)

Compound HelLa | SiHa | MDA-MB-231 MCF-7 A2780
128 411 | 473 5.25 4.13 6.52
130 5.47 6.43 5.37 7.44 7.96
131 3.09 4.75 7.34 4.36 421
132 2.92 4.95 8.28 4.34 4.29
133 2.55 4.37 5.58 251 4.04
134 2.75 4.19 4.40 2.14 3.81
168 1.99 - 1.78 1.37 3.74

“Cell growth inhibition values was not measurement.
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4. Summary

In my thesis work, systematic synthesis and the study of new diterpene-based chiral
aminoalcohols and aminodiols derivatives derived from natural diterpenes such as steviol and
isosteviol were performed.

We undertook the preparation of steviol 4 by utilizing stevioside 99. Compound 4 was
esterified resulting in the formation of steviol methyl ester. Compound 100 was subjected to
epoxidation, yielding cis-epoxyalcohol 102 and its diastereoisomeric pair, trans-epoxyalcohol 103
as a minor component. A wide range of 3-amino-1,2-diols can be effectively synthesised, a process
entailing the nucleophilic addition of amines to epoxyalcohols. Treatment of aminodiol 104 with
formaldehyde afforded spiro-oxazolidine derivative 115 through a highly regioselective ring-closing
reaction. In contrast, primary aminodiol 113 yielded a mixture of spiro-oxazolidine 116 and 1,3-
oxazine derivative 117. cis-Epoxyalcohol 102 reacted with sodium azide to give azidodiol 118. Using
"click™ reaction with various substituted alkynes, triazoles 119-122 were synthesised. Copper-
catalysed azide—alkyne cycloaddition can be used, and it produces specifically 1,4-disubstituted
regioisomers.

To obtain isosteviol 41, natural stevioside 99 was subjected to acid-catalysed hydrolysis and
rearrangement. The stereoselective synthesis of diol 124 was accomplished in two steps. The
esterification of 124 was then carried out and oxidation of the ester led to the regioselective formation
of 126. Subsequently, compound 127 was synthesised by oximation of 126 and compound 127 was
then hydrogenated to successfully obtain 1,3-aminoalcohol 128.

A small library of 1,3-aminoalcohols were synthesised using two pathways: reductive
amination of hydroxyaldehyde 126 with primary amines, and reductive alkylation of primary 1,3-
aminoalcohol 128 with various aldehydes.

Isosteviol methyl ester 135 was prepared in excellent yield from 41. The Mannich
condensation of 135 was carried out with various secondary amine hydrochloride salts, resulting in
a library of aminoketones. The reduction of aminoketones 136140 were produced the corresponding
diastereomeric mixture of 1,3-aminoalcohols. Treatment of 128 with phenyl isothiocyanate resulted
in the formation of hydroxy-thiourea 147. We attempted to convert 147 to the target compound, but
only hydroxy-thiomethyl ether intermediate 148 was formed. Alternatively, acid-promoted
dehydrative cyclisation of 147 yielded hydroxy-thioethyl ether 149 instead of the expected 2-
phenylimino- [1,3]-thiazine.

Additionally, benzyl ester diol 151 was synthesised from the benzyl ester derivative 150.
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Compound 152 was obtained through a regioselective oxidation of 151. The preparation of N-(4-
fluorobenzyl)-1,3-aminoalcohol benzyl ester 153 involved the reductive amination of
hydroxyaldehyde 152. To prevent any further undesired reactions, nitrogen was protected. Boc-
protected 155, featuring a free carboxyl function, was obtained through the debenzylation of 154.
The removal of the N-Boc-protecting group under acidic conditions was achieved.

In subsequent synthesis, a linker incorporating an acrylic acid moiety was synthesised. Within
the synthetic pathway, acrylic acid esters, featuring one or two acrylic units, were linked to yield
products 159 and 160 through an ester formation reaction with product 155. Furthermore, compound
162, containing an alkyne functionality at C-19, was generated by reacting 155 with propargyl
bromide, followed by the removal of the Boc-protecting group.

Diversification of the 1,3-aminoalcohols involved the reaction of hydroxyaldehyde benzyl
ester 152 with six different primary amines. To determine the influence of different NH-linked units
on the development of cytotoxic effects, a library of 1,3-aminoalcohols 170-175 were synthesised,
substituting the benzyl ester with a methyl ester functional group.

Aminodiols were applied as chiral catalysts in the enantioselective addition of diethylzinc to
benzaldehyde. Product 105 proved to be the best catalyst from the library (ee = 80%) with (R)-
selectivity, which still showed moderate results.

The antiproliferative activities of aminoalcohols and aminodiols were explored and the
structure—activity relationships were studied. The resulting products (115, 168) exert marked
antiproliferative action on a panel of human cancer cell lines. The in vitro pharmacological studies
have clearly shown that both the aminoalcohol function and the N-benzyl substitution are essential

for the remarkable antiproliferative activity.
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