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CONCEPTUAL LANDMARKS OF THE INVESTIGATION

Timeliness of the subject

Natural products are an invaluable resource for the discovery of therapeutic agents,
sometimes directly or more often as “natural product-derived” analogues. They have played an
important role in guiding researchers to develop amazing compounds with promising biological
activities. The achievement of selective chemical modifications of these complex natural
structures is highly challenging. Thus, simple procedures involving a very limited number of
steps should allow accessing new, complex analogues that might provide improved
pharmacological properties. Since many complex terpenoids are becoming easily available via
biotransformation processes, their modification may represent one of the most efficient and
straightforward approaches for the development of drug and therapeutic candidates.

The total synthesis of natural products and analogues has proven over the years its
efficiency for the discovery of optimization of drug candidates. However, this approach becomes
extremely laboratory consuming and costly when complex natural products are targeted.
Nowadays, an increasing number of natural products can be prepared efficiently via isolation
processes. These products are becoming very attractive starting material for the preparation of
analogues and derivatives. Therefore, the development of reactions, allowing site-selective
modification of natural products is highly demanded. Due to the presence of several functional
groups in most of the natural products, chemistry has to set very strict requirements in term of
selectivity and reactivity. Despite their very high reactivity radicals tolerates a wide range of
functional groups, and therefore may play an important role for site-selective modification of
natural products. The potential of this approach is particularly significant when the natural
products are readily available from natural sources or by biotransformation processes. Therefore,
the isolation of terpenoids from plant wastes, such as sunflower and sage, has proven to be the
most effective resource them in our research study.

As we know, terpenoids are one of the most numerous and important classes of natural
compounds which are isolated from different natural sources. They have been used by humans in
the food, pharmaceutical, and chemical industries. Whereas, due to their diverse biological
activities, they have simulated intensive medicinal chemistry studies, culminating in sound
results and relevant applications. For this reason, the chemical transformation of the relatively
abundant natural substances is an important and promising direction of chemistry and is

currently the subject of numerous theoretical and applicative investigations, and the



functionalization and modification of their carbon skeleton is a problem of major fundamental
and applicative importance.
The aim of the thesis
Due to the presence of several functional groups in most of the natural products with
promising biological activities, the aim of the current work was functionalization of the available
terpenoids via radical reactions, especially, the introduction of the functional groups (-Ns, -CFs3, -
I, etc.) which improve biological activities of the starting terpenic compounds, and the synthesis
of hardly available compounds with halimane, hyrtiosane and ent-verrucosin skeleton by using
cationic isomerization reactions.
The research objectives
v' Application of radical reactions, such as hydroazidation, carboazidation and
carbohydrogenation for the functionalization of terpenic compounds;
v’ Elaboration of methods of diversifying the structure of functionalized compounds
radically;
v" Introduction of the fluoride groups into terpenic compounds by the carbohydrogenation
reactions;
v" Conversion of the resulting azides into amines, amides, triazoles and guanidines which
have a high potential for the biological activity;
v Synthesis of the functionalized terpenic compounds being key intermediates in the
pharmaceutical and medicinal chemistry;
v’ Skeletal rearrangements of terpenes via cationic reactions in the production of the
compounds with halimane, hyrtiosane and ent-verrucosin skeleton;
v Determination of the structure of resulting compounds through modern analysis, such as
'H, ¢, F NMR, IR, HRMS and X-ray diffraction.
The research hypothesis
One of the current challenges of organic synthesis is the need to introduce various
functional groups into the structure of interest compounds. This problem is increasingly
important for the chemistry of natural compounds, which, on the one hand, are present in
terrestrial or marine sources in very small amount, and on the other hand, their use as objects of
applicative studies requires a flexible modification of the structure through the introduction of
heteroatomic functional groups. For this reason, the elaboration of the methods for the efficient
functionalization of the natural compounds in preparative quantities and will remain a major

topical problem in organic synthesis.



The most often "requested™ functional groups in the structure-activity studies, as we have
noticed, are the oxygenated and nitrogen derivatives, which are important biomimetic functional
groups. The presence of these functional groups offers a specific interaction of small molecules,
with potential for biological activity, with biomacromolecules that represent mediators of
biochemical processes in the living systems. In this context, obtaining the polyfunctional
derivatives of terpenic compounds is a logical approach, as the importance of isoprene
derivatives in cellular biochemical processes is well known.

The synthesis of the research methodology and justification of the research methods

All modern physico-chemical methods of analysis of the products were used to achieve
the above objectives. The NMR spectra were recorded on a Bruker AVANCE-300 and on a
Bruker AVANCE 11-400. Infrared spectra were recorded on a Jasco FT-IR-4700 spectrometer
and the values are reported in wave numbers (cm™). HRMS analyses and elemental composition
determinations were performed on a Thermo Scientific LTQ Orbitrap XL mass spectrometer
using ESI and NSI mode. The X-Ray experiments are carried out using Oxford Diffraction (now
Agilent) SuperNova equipped with Mo micro-source and Oxford cryosystem 700 for low/high
temperature measurements.

All reactions were performed under nitrogen atmosphere, unless otherwise stated.
Reactions were monitored by thin-layer chromatography (TLC) performed on SILICYCLE silica
gel 60 A (F-254) analytical plates followed by visualization under UV light (254 nm) or dipping
in the different staining solutions: KMnO, (5 g), Na,COs3 (30 g), in H,O (500 mL); ammonium
molybdate (50 g), cerium sulfate (2 g), H,SO4 (conc. 100 mL) in H,O (1000 mL). Sodium
sulfate was used as a drying agent. Yields refer to chromatographically or spectroscopically pure
compounds. Silica gel 60 A (63-200 pm) was used for column chromatography. All commercial
reagents have been used as received from the supplier.

Thesis overview

The thesis contains 111 pages of the main text, 65 figures, 6 tables, 203 references,
annotation in three languages, list of abbreviations and symbols, introduction, 4 chapters: the
first representing the literature review and next 3 chapters include the experimental results on the
thesis, general conclusions and recommendations, declaration on the assumption of

responsibility and author’s CV.



THESIS CONTENT
Chapter 1. Functionalization and rearrangement of natural compounds via free radical and
cationic induced reactions

1.1. The radical C-H functionalization of natural compounds

The first subchapter presents a literature review of the radical chemistry, exactly C-H
functionalization of natural compounds using radical reactions [1]. Thus, in the structures of the
terpenic compounds can be introduced different functional groups that can be further used as
intermediates for the drugs in the medicinal chemistry.
1.2. The C-C and C-X bonds formation via atom transfer radical addition methodology

In the second subchapter were presented the most relevant publications of creating C-C
and C-X bonds using atom transfer radical addition methodology (ATRA).
1.3. Recent examples of natural compounds synthesized via cationic reactions

In the last subchapter were presented recent syntheses of natural compounds by using
cationic skeleton rearrangements that are found in vegetal sources in a small amount.

Chapter Il. Radical transformations of ent-kaurane diterpenoids

Kaurane diterpenes have diverse biological activities and have been identified from
numerous medicinal plants. Functionalization of ent-kaurane derivatives can lead to the
formation of different products that may have more pronounced biological activities than the
starting derivatives. In this chapter, methyl ent-kaurenoate and its derivatives have undergone
radical transformations, such as hydroazidation, carboiodination, carboazidation and
carbohydrogenation.
2.1. Hydroazidation of methyl ent-kaur-16-en-19-oate

Radical hydroazidation of 1 led to the formation of azide 2 in a good yield and its spectral

data confirmed the selectivity of addition (Figure 2.1) [2].

To,Me

Fig. 2.1. A. Hydroazidation of methyl ent-kaurenoate. B. X-ray structure of azide 2.
Reagents and conditions: a. CatBH (3 equiv.), DMA (0.1 mmol), DCM; 3-PySO,N; (3 equiv.), DMF,

DTBHN (0.1 mmol); b. BHz*Me,S, THF; NaOH, H,0; ¢. MsCl, EtsN, DCM; d. NaN3, DMF.



z 9 (26%)
COo,Me 7 R= CO,Et (78%)
8 R=Ph (94%)

Fig. 2.2. Transformations of methyl 17-azido-ent-kaurenoate.
Reagents and conditions: a. Cul, DIPEA, AcOH, alkynes (1. HC=CC(CHs),0H, 2. HC=CCO,C,Hs,
3. HC=CC¢Hs), DCM; b. Cul, sodium ascorbate, DBU, propiolic acid, DMF; c. AcCl, PhsP, CsHg;
d. PhgP, H,O, THF; e. Boc,0, Et3N, THF; f. H,, Pd/C, triflyl guanidine, DIPEA, EtOAc; g. TFA.

In our hands, the alternative procedure gave the azide 2 identical in all aspects with
material obtained via radical hydroazidation. This is an additional proof of the suggested
stereochemistry, which was finally demonstrated basing on the X-ray crystallographic analysis
of 2 (Figure 2.1B). Following transformation of azide 2 included click reactions with a set of
alkynes, obtaining triazoles (5-8), and its reduction under mild conditions to furnish amine 10
and amides (9-11) and guanidine 12. The resulting di-boc-guanidine 12 was obtained in 98%
yield, followed by deprotection with trifluoroacetic acid generated guanidine 13 (Figure 2.2).
The triazoles 5-8 and amine 10 have been tested for cytotoxicity and toxicity on different
bacteria and fish. Surprisingly, the amine 10 showed relevant cytotoxicity against several tumor
cell lines, including Capan-1 (pancreatic adenocarcinoma) and NCI-H460 (pulmonary
carcinoma) at 107 Mol/L concentrations (Table 2.1). A paralel zebrafish (Danio rerio) toxicity
tests showed negligible in vivo toxicity of the title compound 10 [3].

Table 2.1. Cytotoxic activities of amine 10 against selected cell lines.

= Conc. 1Cso

[

§_ unit hTERT | Capan- | Hap-1 | HCT- NCI- DND- | HL-60 | K-562 | Z-138
% RPE-1 1 116 H460 41

O

10 uM 7.7 0.8 1.8 1.1 0.7 1.7 2.0 8.3 1.2




2.2. Carboazidation and carboiodination of ent-kaurane derivatives

Radical carboazidation became a very useful tool for preparation of alkyl azides due to
mild reaction conditions as well as good levels of chemoselectivity. Carboazidation reaction of
methyl ent-kaurenoate 1 with ethyl iodoacetate led to full consumption of the starting material in
only 2 h. The reaction product 15 was obtained in 83% yield. Therefore, ent-kaurenoic acid 14
treated with ethyl iodoacetate as a radical precursor and phenyl sulfonyl azide, afforded the azide
16 in 70% vyield. Because the product was contaminated with hexabutylditin, azide was
methylated with an ethereal solution of diazomethane. Carboazidation of methyl ent-kaurenoate
1 with 3 equiv. of triethylborane gave the desired product 15 in good yield (60%), and the
reaction between ent-kaurenoic acid 14 and triethylborane afforded azide 16 in similar yields
(Figure 2.3).

“__Co,Et

17 (A15,16)
18 (A16,17)

—_—
d (17+18=21%)

e (17+19=49%,

1(99%) 18=50%)

CO.Et | (83%)
-~
c (60%)

CO,Et

CO.Et b (70%)
c (60%)

COOH

‘COOH

Fig. 2.3. Carboazidation and carboiodination of methyl ent-kaurenoate 1.

Reagents and conditions: a. CH,N,, Et,O; b. ICH,CO,Et (2 equiv.), BusSn, (1.5 equiv.), PhSO,N; (3
equiv.), DTBHN (0.03 equiv.), benzene, A, 2 h; ¢. ICH,CO,Et (2 equiv.), PhSO,N; (3 equiv.), Et:B (3
equiv.), r.t., overnight; d. ICH,CO,Et, DLP, benzene, A, 24 h; e. ICH,CO,Et (2 equiv.), BugSn, (1.5
equiv.), DTBHN (0.03 equiv.), benzene, A, 2 h; f. H,, Pd/C (10% w/w), EtOAC, r.t., 48 h;

0. NaBHg,, I,, THF, A, 8 h.

Carboiodination reaction of methyl ent-kaurenoate 1 took place under two different
conditions. First, treatment of 1 with ethyl iodoacetate in the presence of dilauroyl peroxide
(DLP) as a radical initiator in refluxing benzene led to a complex mixture. Chromatographic
separation of the crude afforded 21% of the mixture 17 and 18 and approximately 40% of
starting material 1. Unfortunately, the iodinated product has involved in a process of HI
elimination, with the formation of unsaturated products 17 and 18 after 24 h of reflux.

9



Carboiodination using BugSn, as a radical transfer
reagent and di-tert-butyl hyponitrite (DTBHN_ as
radical initiator improves the yield of the reaction

5

and led to the formation of a new product. The

Fig. 2.4. X-Ray structure of compound starting material was consumed within 2 h and the
10. formation of a mixture of three products in 99%
yield was observed. The unsaturated compounds 17
and 18 were obtained in 75% total yield. The saturated product 19 was formed in 24% yield and
its structure was determined by X-ray diffraction (Figure 2.4). The azide 15 was converted into
lactam 20 by simple hydrogenation with 1 atmosphere of
H,, was catalyzed by Pd/C in ethyl acetate. The
stereochemistry was determined by X-Ray diffraction
(Figure 2.5). The lactam 20 is reduced by sodium
borohydride and iodine in THF, and converted into
pyrrolidine 21 in 85% yield (Figure 2.3).

As in the previous case of methyl ent-kaurenoate 1

Fig. 2.5. X-Ray structure of
compound 20.

transformations shown in Figure 2.3, methyl 15~
hydroxy-ent-kaurenoate 22 was used in the same carboazidation and carboiodination reactions.
Treatment of 22 with ethyl iodoacetate, DLP as a radical initiator on heating at 95 °C in benzene
led to the formation of a mixture of two compounds. Following acetylation of reaction products
with acetic anhydride and DMAP in pyridine led to the formation of lactone 23 in 11% yield and
unsaturated compound 24 in 24% yield. Unexpectedly, submission of 22 to radical
carboazidation conditions led to the formation of the same products as in the carboiodination
reaction in 22% yield. Carboazidation reaction of methyl 15a-hydroxy-ent-kaurenoate 22 with
ethyl iodoacetate, triehtylborane (1M in THF) at room temperature led to the formation of a
mixture cis 25 and trans 26 in a 1:1 ratio according to *H spectrum (Figure 2.6). The unsaturated
compounds were easily separated by column chromatography.

Carboazidation of alcohol 22 was performed with iodoacetic acid as a radical precursor,
phenyl sulphonyl azide as azide source and DTBHN as radical initiator, in refluxing benzene.
The crude reaction product was methylated with an ethereal solution of diazomethane leading to
compound 24 in 42% yield and the lactone 23 in 28% after cyclization. The structure of lactone
was demonstrated based on X-ray diffraction (Figure 2.6). Azide 27 was further converted into
lactam 28 by hydrogenation reaction under 1 atmosphere of H,, catalyzed by Pd/C in ethyl
acetate. The hydroxyl group was further protected using tert-butyldimethylsilyl chloride and

10



imidazole in dimethylformamide. The corresponding ether 29 was treated with ethyl iodoacetate,
3-PySO;N3 and DTBHN after which provided azide 30 in 73% yield. Treatment of azide 30 with
TBAF in THF led to the formation of azide 31 in 51% yield (Figure 2.7).

CO,Et

or

a (23=11%, 24=24%)
b (23+24=22%)

tOzMe o
25 (25%) 26 (27%)

Fig. 2.6. Carboazidation and carboiodination of methyl 15a-hydroxy-ent-kaurenoate.
Reagents and conditions: a. ICH,CO,Et, DLP, benzene, A, 24 h then Ac,0, DMAP, Py; b. ICH,CO,Et (2
equiv.), BusSn, (1.5 equiv.), PhSO,N; (3 equiv.), DTBHN (0.03 equiv.), benzene, A, 5 h then Ac,0,
DMAP, Py; c. ICH,CO,Et (2 equiv.), PhSO,N; (3 equiv.), EtsB (3 equiv.), r.t., overnight.

O

co,Me 28 (30%)

CO,Et e CO,Et
—_—

E—

OTBDMS OTBDMS

TOMe 31 (51%)

COzMe 29 (90%) COzMe 30 (73%)

Fig. 2.7. Carboazidation and carboiodination of methyl 15a-hydroxy-ent-kaurenoate.
Reagents and conditions: a. ICH,COOH (2 equiv.), BusSn, (1.5 equiv.), PhSO,N; (3 equiv.), DTBHN
(0.03 equiv.), benzene, A, 5 h then CH,N,; b. H,, Pd/C (10% w/w), EtOAC, r.t., 64 h; c. imidazole (4
equiv.), TBDMSCI (2 equiv.), DMF, r.t., 12 h; d. ICH,CO,Et (2 equiv.), BugSn, (1.5 equiv.), 3-PySO,N;
(3 equiv.), DTBHN (0.03 equiv.), benzene, A, 10 h; e. TBAF (3 equiv.), THF, r.t., 12 h.
2.3. Carbohydrogenation of ent-kaurane derivatives

Carbohydrogenation of methyl ent-kaurenoate 1 with iodo-radical precursor under very
mild conditions, in the presence of triethylborane and air as a radical initiator and 4-tert-
butylcatechol as a reducing agent afforded good results. The hydroalkylation of methyl ent-
kaurenoate 1 with ethyl iodoacetate led to quick consumption of the starting material and the

desired product 32 was obtained in 86% yield (Figure 2.8). The structure of compound 32 was

11



confirmed using the NMR data, HRMS and IR analysis. The reaction of olefin 1 with
iodomethylphenylsulfone during 2 h gave the product 33 in 75% yield. Carbohydrogenation
using isobornyl iodoacetate afforded the desired product 34 in 84% yield. Contrary to our
expectations, the reaction with dihydrocholesteryl iodoacetate as a radical alkylating reagent was

unsuccessful and 70% of the starting material was recovered after purification.

CeF13  1CeFys
-

37 (78%)

35 (75%)

Fig. 2.8. Carbohydrogenation of methyl ent-kaurenoate.
Reagents and conditions: iodides (1.2 equiv.), olefin (1 equiv.), 4-methoxycatechol (2 equiv.),
triethylborane (1.3 equiv.), DCM, r.t., 2 h.

Treatment of ester 1 with ethyl difluoroacetate (1.2 equiv.), triethylborane (1.3 equiv.)
and TBC (2 equiv.) as a radical reductant gave the product 35 in good yield (75%). Surprisingly,
carbohydrogenation of methyl ent-kaurenoate 1 with perfluoroalkyl iodides afforded desired
products (36-39) in excellent yields (Figure 2.8).

Unexpectedly, hydroalkylation of methyl 15a-hydroxy-ent-kaurenoate 22 led to the
elimination of hydroxyl group and formation of the double bond in the cycle D. Treatment of the
compound 22 with ethyl iodoacetate as a radical precursor and 4-methoxycatechol as a reducing
agent afforded the product 40 in 40% yield and decomposition of the initial olefin. The reaction
of 22 with ethyl difluoroiodoacetate led to the formation of compound 41 in 43% yield, whereas
iso-bornyl iodoacetate afforded the product 42 in 50% vyield. The structure of all isolated
products was confirmed by spectral data. We proposed that on carbohydrogenation of methyl 15-
hydroxy ent-kaurenoate 22 the protonation of hydroxyl group occurred under the action of the

12



slightly acidic 4-methoxycatechol, followed by water elimination and formation of the double
bond (Figure 2.9).

TO,Me

Fig. 2.9. Carbohydrogenation of methyl 15a-hydroxy-ent-kaurenoate.
Reagents and conditions: iodides (1.2 equiv.), olefin (1 equiv.), 4-methoxycatechol (2 equiv.),
triethylborane (1.3 equiv.), DCM, r.t., 2 h.

CFo 1c,p, ICH,CO,Et
R — I

4 47 (45%)
bOzMe dr2:0.3

SO,Ph

CoF1s  1caFy, ICH,S0,Ph
B — >

48 (48%) 45 (54%)

dr2:0.3

CoF17  |cgFy, IF,CCO,Et
e

|

OAC 49 (45%)
dr2:0.2

46 (58%)

TOo,Me TO,Me

Fig. 2.10. Carbohydrogenation of methyl 15a-acetoxy-ent-kaurenoate.
Reagents and conditions: iodides (1.2 equiv.), olefin (1 equiv.), 4-methoxycatechol (2 equiv.),
triethylborane (1.3 equiv.), DCM, r.t., 2 h.

Carbohydrogenation reactions with methyl 15a-acetoxy-ent-kaurenoate 43 were not so
selective and the yields were lower than when methyl ent-kaurenoate was used. Treatment of
methyl 15a-acetoxy-ent-kaurenoate 43 with ethyl iodoacetate afforded the desired product 44 in
only 46% vyield (Figure 2.10). Hydroalkylation of 43 with iodomethylphenylsulfone provided the
compound 45 in 54% yield. Reaction with ethyl difluoroiodoacetate as radical precursor and 4-
methoxycatechol at room temperature afforded the difluoro product 46 in moderate yield (58%)
[4]. Coupling of olefin 43 with perfluoroalkyl iodides led to formation of epimers (47-49) at C-

16 position according to *H spectrum. The resulting epimers were not individually separated

13



(Figure 2.10). The hydroalkylation of olefin 43 with trifluoroiodomethane failed, only
decomposition of the starting material was observed.
Chapter I11. Radical transformations labdanic and isocopalic diterpenoids

3.1. Hydroazidation of epi-manoyl oxide

Anti-Markovnikov hydroazidation of 50 was performed according to the procedure
reported by Renaud [5] and the azide 51 was obtained in 40% yield. Following transformation of
azide 51 included its reduction under mild conditions to furnish amine 56 and click reaction with
a set of alkynes. The structure of the obtained triazoles 52-55 was elucidated basing on spectral

data (Figure 3.1).

NH,

56 (72%)

54 (90%)

55 (83%)

Fig. 3.1. Anti-Markovnikov hydroazidation of epi-manoyl oxide and versatility of azido
group.

Reagents and conditions: a. HBCat, DMA, DCM; 3-PySO,N3z;, DTBHN, DMF; b. alkynes

(1. HC=CC(CHj3),0H, 2. HC=CCO,C;Hs, 3. HC=CCgHs), Cul, DIPEA, AcOH, DCM, rt.;

c. propiolic acid, Cul, sodium ascorbate, DBU, DMF; d. H,, Pd/C, EtOAc, r.t., overnight.
3.2. Carboazidation and carboiodination of manoyl oxides

Synthesis of natural products and their analogues provide a fruitful field for ATRA
methodology and in our opinion this potential is underexplored. There is still prevalence in the
scientific publications of ionic processes reported for assembling C-C bonds in complex
molecular frameworks, although successful examples involving ATRA are also known in natural
product synthesis. Sometimes radical additions represent the only solutions to overcome
synthetic challenges connected to substrate reactivity and stereochemistry issues.

For the carboazidation or carboiodination reactions, we have chosen several alkylating

agents with electron-accepting functional groups adjacent to a halogenated sp® carbon. The

14



character of these halides can be conveniently modulated based on their sterical bulk and
halogen ability to radical transfer. Therefore, we have chosen iodoacetic acid and its esters, as
well as iodomethylphenylsulfone and bromotrichloromethane for ATRA to both substrates 50
and 57.

60 R=Me (59+60=38%)
63 R=Et (62+63=10%)

58 R=Me (50%)
61 R=Et (45%)

63 (62+63=35%)

| w~_-CCls

64 (18%) 65 (38%) 66 (22%)

Fig. 3.2. Carboazidation and carboiodination of manoyl oxide.
Reagents and conditions: a. ICH,CO,H (2 equiv.) or ICH,CO,Et, DLP, benzene, A, then CH;,N, for acid,;
b. ICH,CO,Et (2 equiv.), BusSn, (1.5 equiv.), PhSO,N; (3 equiv.), DTBHN, benzene, A, 8 h;
c. BrCCl;, DLP, benzene, A.

Treatment of 57 with iodoacetic acid led to the quick consumption of the starting material
in the presence of dilauroyl peroxide (DLP) as a radical initiator in refluxing benzene. The
reaction product represented a rather complex mixture. A tentative separation by flash
chromatography failed, and to reduce the tail effect of the free carboxylic acids, methylation with
an ethereal solution of diazomethane was performed. Chromatographic separation of obtained
methyl esters resulted in the isolation of the expected 1,2-addition product 58 and a fraction
containing alkylated compounds which lack the iodine in their structure. A careful examination
of NMR data led to the conclusion that this fraction represents a mixture of two compounds, the
major one being olefin 59, which could be possibly formed after a 1,5-radical migration,
followed by elimination (Figure 3.2).

The complex nature of reaction products suggested parallel substrate reactivity, due to

acid-catalyzed transformations induced by free iodoacetic acid. To diminish this effect, reaction
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of 57 with ethyl iodoacetate under the same conditions has been investigated. The conversion
rate was slightly slower in this case, but reaction selectivity was improved. The main reaction
product was isolated by flash chromatography and according to NMR data, its structure was
assigned as iodide 61. A minor fraction was also isolated, and the NMR data showed a mixture
of esters 62 and 63, like esters 59 and 60 derived from reaction of 57 with iodoacetic acid. All
attempts to separate individual 62 and 63 failed. Surprisingly, interaction of oxide 57 with
bromotrichloromethane occurred with a totally opposite selectivity. Bromide 64, resulting from
1,2-addition, was minor in this case and the predominating products 65 and 66 have been
isolated in individual form. On the other hand, the reaction of the same substrate under
carboazidation conditions with ethyl iodoacetate and phenylsulfonyl azide as azide source led to
the same mixture of esters 62 and 63. No azide radical transfer was observed (Figure 3.2).
Performing carboiodination of 50 with iodoacetic acid and its esters (methyl and ethyl)
under the DLP initiation conditions resulted in the formation of similar iodides 68, 69, 71 as
major reaction products (Figure 3.3). Along with these major products, a minor fraction of
iodides has been also isolated and its structural characterization led us to the conclusion that an
unprecedented iodine migration has happened during alkylation, involving 3 successive 1,5-HAT
and final addition of iodine at the distal methyl from cycle A of the substrate. Following our
assumption that steric effects govern the radical translocations, we investigated alkylation of 50
under the action of a bulkier agent — iodomethylphenylsulfone. In this case the reaction was
much more sluggish showing a modest conversion rate of 25%. However, the product
distribution was in favor of the distal iodide 78, which formed along with the alkylated sulfone
77. Switching to the BrCCl; alkylation gave a better overall yield of radical translocation
products. Moreover, the identification of products 74 and 75 deriving from all the successive
radical shifts was made possible by a careful HPLC of the reaction products and following NMR

studies.
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74 (16%, brsm)

(e}

68 R=H (61%)
69 R=Me (59%)
71 R=Et (48%)

70 R=Me (17%)
71 R=Et (30%)

SO,Ph

77 (28%, brsm) 78 (36%, brsm)

67 (57%, brsm)

Fig. 3.3. Carboazidation and carboiodination of epi-manoyl oxide.
Reagents and conditions: a. ICH,CO,Et (2 equiv.), BugSn, (1.5 equiv.), PhSO,N; (3 equiv.), benzene,
A, 7 h; b. ICH,CO,H (2 equiv.) or ICH,CO,Et, DLP, benzene, A, then CH;N, for acid;
c. BrCCls, DLP, benzene, A; d. ICH,SO,Ph (2 equiv.), DLP, benzene, A.
3.3. Carboazidation of natural compound Forskolin

Forskolin is a secondary metabolite isolated from Coleus forskohlii plant and shows a
myriad of therapeutic activities, such as antihypertensive and broncho-spasmolytic [6]. Its main
mechanism of action relates to the ability to penetrate the cell membranes and stimulate the
enzyme adenylyl cyclase. A lot of work has been done on the chemical synthesis of 79 and
diverse strategies have been demonstrated for its total and semisynthesis [7].

Carboazidation of forskolin with ethyl iodoacetate and pyridinsulfonyl azide under
DTBHN initiation conditions resulted in the formation of azide 80 in 68% yield (Figure 3.4).
Only one diastereomer was observed by carbon NMR. When comparing the **C NMR spectrum
of forskolin azide with epi-manoyl oxide azide, we observed a peak at 70.5 ppm which

corresponds to the CH-N3 of compound 67 and a peak at 79.9 ppm for compound 80.
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+ 82 (30%)

OAC 80 (68%)

Fig. 3.4. Radical transformation of forskolin.
Reagents and conditions: a. ICH,CO,Et (2 equiv.), 3-PySO,N3 (3 equiv.), BugSn, (1.5 equiv.), DTBHN
(0.03 equiv.), benzene, 6 h, A; b. ICH,CO,Et (1.2 equiv.), Et;sB (1.3 equiv.), 2 h, r.t.;
c. NaN; (1.25 equiv.), DMF, 65 °C. A.

Carboiodination of forskolin with ethyl iodoacetate and triethylborane (1M in pentane) in
dichloromethane afforded epimeric-iodides 81 and reduced compound 82 in 62% combined
yield. All attempts to separate individual compounds 81 and 82 failed. According to NMR data,
the mixture of epimeric iodides 81 contains approximately 10% of minor epimer. The mixture of
the iodide and reduced product was used in the next step without separation. Azidation with
sodium azide in dimethylformamide at 65 °C overnight led to formation of azides 83 in 44 %
yield with the ratio 70:30 and the reduced product 82 in 30% yield. The major compound in the
azides mixture 83 coincides with the one from the carboazidation of the forskolin. Conversion of
forskolin azide into lactam or simple amine failed. We tried conversion of azide 80 by
hydrogenation reaction using two different catalysts Pd/C and Pd/CaCO;. We assumed that the
azido group is hindered due to the functional groups and the azide modification in the amine was

unsuccessful.

3.4. Carbohydrogenation of manoyl oxides

The carbohydrogenation of olefin upon initiation with triethylborane and air in presence
of tert-butylcatechol (TBC) as a reducing agent was performed. We have chosen several iodides
as electron-poor radical precursors, such as ethyl iodoacetate, difluoroiodoacetate, terpenic
iodoacetates and perfluoroalkyl iodides.
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SIS0,
TBC (2 equiv.) o
Et;B (1M/1.3 equiv.)
2h, r.t., DCM 84 (52%)

Fig. 3.5. Carbohydrogenation of manoyl oxide with ethyl iodoacetate.

Carbohydrogenation of manoyl oxide with ethyl iodoacetate, TBC and triethylborane in
dichloromethane afforded the desired product 84 in 52% vyield after 2 h (Figure 3.5).
Unexpectedly, when we tried carbohydrogenation with ethyl difluoroiodoacetate, decomposition
of the olefin was observed, and no desired product could be obtained. We then decided to do all
the transformations only with epi-manoyl oxide, which probably is more stable due to its
stereochemistry.

First, epi-manoyl oxide was treated with ethyl iodoacetate, 4-tert-butylcatechol followed
by triethylborane in dichloromethane in an open-air flask to afford the desired product 85 in 58%
yield (Figure 3.6). The reaction of olefin with iodophenyl sulfone provided the product 86 in
moderate yield. We tried as well to perform C-C coupling with other isoprenic iodoacetates as
radical precursor, such as acetyl-iodocholesterol and acetyl-iodoisoborneol. Unfortunately,
carbohydrogenation reaction of 50 with both iodides failed and the starting material partially
decomposed after 2 h. We then added different quantities of bases (0.2-0.5 equiv. of Na,CO3 and
2,6-lutidine) to the reaction mixture, but not improvement was observed.

The hydroalkylation of epi-manoyl oxide with perfluoroalkyl iodides (CF3(CF,),-1) with
n=0, 3,5and 7 afforded the products (88-90) in excellent yields (Figure 3.6).

CO,Et

o) o

IC4Fs ICH,COEY
~—

88 (59%) 85 (58%)

SO,Ph

o
ICH,SO,Ph
|ICH2S0,Ph.

86 (38%)

ICgF 47 IF,CCO,Et

0,
90 (63%) 87 (61%)

Fig. 3.6. Carbohydrogenation of epi-manoyl oxide.

Reagents and conditions: iodides (1.2 equiv.), olefin (1 equiv.), TBC (2 equiv.), Et;B 1M in pentane (1.3
equiv.) in DCM, r.t., 2 h.
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3.5. Carboazidation of isocopalic related diterpenoids

Spongiane diterpenoids are natural compounds isolated form sponges, corals and marine
mollusks. Most of them play a key role as physiological mediators and are of interest for
potential applications as therapeutic agents. These diterpenoids possess biological properties
including antifungal, anti-inflammatory, cytotoxic and anti-HIV activities [8].

Methyl ent-isocopalate 91, the tricyclic diterpene intermediate is used as a good precursor
in the total synthesis of natural compounds. The first synthesis of ent-isocopalate was reported
by Cimino [9], starting from grindelic acid in 5-steps (45% vyield). Later, another approach to the
synthesis of methyl ent-isocopalate was reported [10].

Sclareol

Fig. 3.7. Carboazidation of methyl ent-isocopalate and NOESY correlation of compound
Reagents and conditions: ICH,CO,Et (2 equiv.), 2?F.)ySOZN3 (3 equiv.), BusSn, (1.5 equiv.), DTBHN
(0.03 equiv.), benzene, 10 h, A.

In the continuation of our studies, two other isocopalate diterpenoids 91 and 93 have been
investigated as substrates for ATRA processes. Carboazidation of methyl ent-isocopalate 91 with
ethyl iodoacetate and phenylsulfonyl azide under DTBHN initiation conditions resulted in the
formation of azide 92 in 55% yield (Figure 3.7) [11]. The relative stereochemistry of azide 92
was determined based on NOESY NMR data which attests correlation between the hydrogen
atoms at the 3H-213H-18-3H-17, 3H-18-H-11 and H-9H-14 (Figure 3.7).

As we know, free hydroxyl group can interfere with radical chains and our alcohol was
protected with a silyl group. Treatment of protected diterpenoid 94 with ethyl iodoacetate,
pyridine-sulfonyl azide and DTBHN resulted in a 7:3 mixture of products. According to **C
NMR spectra, two sets of carbons were registered and the major tertiary azide gave peak at 72.72
ppm and the minor at 70.37 ppm. Their individual separation was unsuccessful. Surprisingly, the
subsequent removal of the TBDMS protection with TBAF led to one azide 96 in 40% vyield.
Stereochemistry of the tertiary azide 96 was not determined. Following hydrogenation of azide
96 resulted into lactam 97 in quantitative yield. Cyclization of amine group with carbonyl is
faster than with hydroxyl group (Figure 3.8) [12].
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d
CO,Me <~——

97 (quant.)

Fig. 3.8. Carboazidation of hydroxy ent-isocopalate.
Reagents and conditions: a. imidazole (4 equiv.), TBDMSCI (2 equiv.), DMF, r.t., 12 h; b. ICH,CO,Et
(2 equiv.), BugSn, (1.5 equiv.), 3-PySO,N; (3 equiv.), DTBHN (0.03 equiv.), benzene, A, 12 h;

c. TBAF (3 equiv.), THF, r.t., overnight; d. H,, Pd/C (10% w/w), EtOAc, r.t., 12 h.

Chapter 1V. Synthesis of some terpenoids via cationic rearrangements
The broad range of terpenoids is due to the tremendous diversity of isomerization and
skeletal rearrangements that can occur in the final steps of their biosynthesis. Based on
biosynthetic hypotheses, it is possible to devise biomimetic approaches for the chemical
synthesis of different groups of terpenoids which are scarcely available from natural sources, but
which possess relevant properties. The best example of such an approach is the cation-induced
cyclization of linear isoprenoids leading to different polycyclic compounds under efficient
chemo-, regio- and stereocontrol [13]. Examples of deeper skeletal rearrangements, ring
contractions and expansions are also present in diverse synthetic applications, despite the

difficulties connected to control and cascade events affecting the reaction course and selectivity.

4.1. Synthesis of ent-verrucosin and hyrtiosane skeleton

Verrucosins A 98 and B 99 are two acylglycerols isolated for the first time from Doris
verrucosa mollusks collected in the Mediterranean Sea (Figure 4.1) [14, 15]. Diterpenoids 98
and 99 are highly ichthyotoxic and have demonstrated in vivo bioactivity as morphogens in the
Hydra tentacle regeneration assay and their parallel function as activators of rat brain protein
kinase C was also described. It should also be noted that the synthesis of terpenoids with the
verrucosin A and B carbon skeleton has not yet been achieved. The biogenetic pathway leading
to 98 and 99 has been below suggested. We elaborated a synthetic scheme for the synthesis of
bicyclic framework of ent-verucosins via a cationic-induces rearrangement of available iso-

copalic derivatives.
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= Verrucosin A (98)

Verrucosin B (99)

Fig. 4.1. Natural verrucosins A and B.

(-)-Sclareol served as a starting compound, which was converted into the methyl ester of

ent-isocopalic acid 91, according to the known procedure [16]. The latter compound was in turn

transformed into the methyl ester of 12a-hydroxy-ent-isocopal-13(16)-en-15-oic acid 93 and

12 a-hydroxy-ent-isocopal-13(14)-en-15-oic acid 100, according to the reported two-step

sequence [17]. Afterward, the mixture of alcohols 93 and 100 was treated with 6N H,SO4 in

dioxane, which led to the formation of some lactone 101 (37%) along with major unreacted A

alcohol 100 and a minor amount of the rearranged compound 102 in 7% yield (Figure 4.2).

py COZMG

52% (2:1)
93 =A13(16)
100 =A"3014)

102 (7%)

Fig. 4.2. Isomerization of isocopalic diterpenes.
Reagents and conditions: a. KMnO,4, Me,CO, r.t., 12 h, 90%; b. I,, PhMe, A, 3 h, 78%;

¢. (Me0),P(0)CH,CO,Me, PhH, MeONa, A, 2 h, 98%, (13E/13Z = 10:1); d. FSO;H (5 equiv.), i-PrNO,,
-78 °C, 15 min, then Et3N, 92%; e. m-CPBA, CH,Cl,, 0 °C, 12 h, 97%; f. Al(Qi-Pr);, PhMe, A, 24 h, 78%;

g. H,SO,4 6N, dioxane, A, 4 h; h. AcOH, Ac,0, Na,Cr,O,4, CgHs, A, 48 h.

Then, oxidation of j<lactone 101 with sodium chromate led to spongiane «,f-unsaturated

keto-lactone 103 in 82% vyield, functionalized in C-12 position (Figure 4.2) [18].
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The reaction of ester 93 with p-toluenesulfonic acid in chloroform at reflux for 4 h
afforded a 5:2 mixture of two compounds. The polar minor compound was identified by its
spectroscopic data and other properties as the known diterpenic lactone 101 in only 4% yield and
compound 104 in 67% yield (Figure 4.3). According to elemental analysis, IR and NMR spectra,
the major compound 104 was identified as a diterpenic diene ester with the molecular formula
C21H3,0,. The relative configuration of diene 104 was deduced from NOESY correlations of its

reduction product, alcohol 105.

o)
101 (4%)

— 'H-"H cosy
~ 'H-3C HMBC

Fig. 4.3. Isomerization of diterpenic alcohol 93. COSY and HMBC correlations of
compound 104 and NOESY of compound 105.
Reagents and conditions: a. p-TsSOH/CHCI;, A, 3 h; b. LiAlH,, THF, A, 4 h.

CO,M
Ve + 101 (27%)

104 (46%)

CO,Me

107 (70%)

108 (5%)

Fig. 4.4. Skeletal rearrangements of epoxide 106 under acidic conditions.
Reagents and conditions: a. p-TSOH/CHCls, A, 3 h; b. FSO3H, 2-NO,Pr, MeOH, -78 °C.

We demonstrated the synthesis of the diene 104 from epoxide 106 in the same conditions

of the reaction as we did with alcohol 93 (Figure 4.4). In this case, the yield is lower than above,

but the yield of j-lactone 101 increased from 4% to 27%. The alternative transformations of
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methyl ester under superacidic conditions gave the mixture of two rearranged diterpenoids. The
isomerization of compound 106 in 2-nitropropan with 5 equiv. FSOsH in mild conditions at -78
°C, led to the formation of the aldehyde 107 (70% yield) and compound 108 (5% yield) in only
30 min. The aldehyde 107 was also synthesized from epoxide 106 by Basabe et. al [19], but
these authors used 50 equiv. of BF3*Et;O and high temperature compared with our mild
conditions of the reaction. Surprisingly, the isomerization of epoxide 106 [20] under mild
conditions gave the new compound 108 with a very interesting rearranged skeleton, which was

not observed in the reaction with BF3-Et,0.

4.2. The acid-induced rearrangement of homodrimanic epoxide

The synthesis of austrodoric acid, a perhydrindanic sesquiterpenoid isolated from a
Austrodoris Querguelensis has been reported starting from homodrimanic epoxide 111 [21].
When we used pillared clay for the rearrangement of 111 we obtained not the same compounds
as in [21], but with a totally opposite selectivity. The prevailing rearrangement products 112-114
represented the bicyclic fragment of halimanes (Figure 4.5).

The starting material for the rearrangement reaction can be easily synthesized from
commercially available sclareolide 109 via a short synthetic sequence [22]. The tertrasubstituted
acetate 110 was treated with meta-chloroperbenzoic acid in dichloromethane led to the formation
of epoxide 111 in 52% yield. The isomerization of epoxide 111 led to the formation of a mixture
of several compounds. The reaction with Al-H-Na-Lar pillared clay as a heterogeneous catalyst,
on heating in 2-nitropropane at 100 °C results in a substantial prevalence of the oxide 112 (75%
yield), over olefin 113 (20%) and alcohol 114 (5%) (Figure 4.5).

OAc OAc OAc

114 (5%) - 113 (20%) 112 (75%)

Fig. 4.5. Isomerization of homodrimane epoxide 111.
Reagents and conditions: a. m-CPBA, CH,Cl,, 0 °C, 12 h; b. pillared clay, 2-NO,Pr, 100 °C, 2 h.
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OVERALL CONCLUSIONS AND RECOMMENDATIONS

The main scientific problem addressed in the current thesis represents the expansion of
structural diversity of some available terpenic scaffolds basing on free radical processes and
cationic rearrangements. As it was shown in the chapters above, the solution of this problem was
convincingly provided by an array of transformations that have been demonstrated with readily
available terpenic substrates of ent-kauranic, labdanic, isoagatanic and homodrimanic structure,
which generated a broad range of functionalized derivatives and rearranged carbon backbones.
These transformations represented both free radical processes and cationic rearrangements, that
is totally in line with formulated thesis goal, which has been convincingly achieved.

The conclusions presented below are based entirely on the author’s contributions, and
correlate perfectly with the thesis specific objectives. These also include some recommendations,
which could provide further impetus for the development of the research in the field of late stage
functionalization of terpenic compounds and contribute to the identification of potential
applications of terpenoids and their derivatives.

1. The stereoselective, free radical, anti-Markovnikov hydroazidation of methyl ent-kaur-
16-en-19-oate has been demonstrated. The elaborated procedure is based on the ,,one pot”
strategy and allows the isolation of the corresponding primary azide with a high yield. Its
parallel synthesis according to an alternative 4-steps pathway has revealed the advantage
of the ,,one pot” strategy, which comprises less steps and provides a better yield. The
structure of the obtained azide has been confirmed basing on X-ray crystallographic
analysis [chapter 2, § 2.1].

2. The feasibility of preparation of 15a-hydroxy-ent-kaur-16-en-19-oic acid from sunflower
wastes has been demonstrated. A series of new compounds with multiple functional
groups has been synthesized basing on free radical transformations of methyl 15a-
hydroxy-ent-kaur-16-en-19-oate. These include nitrogen and oxygen condensed and spiro
heterocycles. Their structure has been determined unambiguously basing on X-ray
crystallographic analysis [chapter 2, § 2.2].

3. The synthetic utility of free radical hydroazidations, carboazidations and
carbohydrogenations has been demonstrated for the advanced functionalization of labile
compounds belonging to labdanic and isocopalic series [chapter 3, § 3.5].

4. Basing on the 13-epi-manoyl oxide anti-Markovnikov hydroazidation new nitrogen-
containing derivatives have been obtained for the first time, including 1,2,3-triazoles

which represent amides bioisosteres [chapter 3, § 3.1].
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5. The synthetic value of free radical carbohalogenation has been demonstrated for the
generation of halogenated derivatives of manoyloxides. As the result, a series of halo-
compounds having the tricyclic skeleton similar to natural, biologically active forskolin
has been synthesized [chapter 3, § 3.2 and § 3.3].

6. The carboazidation reaction has been applied on labile diterpenic substrates of isocopalic
structure, which have both exocyclic and endocyclic double bonds as reactive moieties.
As the result, highly functionalized carbo- and heterocyclic derivatives have been
synthesized. A method for the synthesis of isocopalic spiro lactams has been
demonstrated for the first time [chapter 3, § 3.5].

7. Broadening the structural diversity of available isocopalic compounds has been
demonstrated on the example of cationic isomerization of methyl isocopalate 93, which
led under acidic conditions to the one-step generation of tricyclic verucosin skeleton 104
[chapter 4, § 4.1].

8. Optimization of isocopalic skeleton rearrangement has been demonstrated on the
identification of selective conditions for the direct transformation of methyl 12,13-
epoxyisocopalate into compounds of verrucosinic structure [chapter 4, § 4.1].

9. The selective rearrangement of homodrimanic skeleton, involving a successive migration
of the angular methyl and a hydrogen atom, has been demonstrated. In such a way, the
energetic sink, corresponding to an alternative deprotonation process, has been avoided
and a selective method for the synthesis of bicyclic fragment of ent-halimanic framework
has been elaborated. The obtained rearranged compound represents an important platform
for the synthesis of some natural products with relevant biological activity [chapter 4, §
4.2].

The most relevant findings of significant theoretical and practical value can be summarized as
follows:

1. The selective functionalization of the ent-kauranic skeleton by free radical alkylation at
C-17 carbon atom has been realized for the first time. Carboazidation and
carbohydrogenation reactions represented an efficient tool for the synthesis of
functionalized derivatives, including nitrogen-, oxygen- and fluorine-containing ones.
The following transformations provided access to spiro heterocycles of ent-kaurane
series. The chemical structure of these compounds has been unambiguously demonstrated
basing on X-ray diffraction analysis. The total stereoselectivity of the observed ATRA
process has been demonstrated basing on the steric effect of the ent-kauranic tetracyclic

framework. This result represents a significant theoretical value and is a convincing proof
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that free radical processes involving chiral terpenoids can be efficiently controlled by
steric factors leading to highly selective transformations [chapter 2, § 2.2 and § 2.3].

2. The practical value of methyl 17-azido-163-ent-kauran-19-oate 2 has been demonstrated
by its following chemical transformations, which led to the synthesis of a series of
nitrogen-functionalized derivatives, including 1,2,3-triazoles, amines and guanidines.
These nitrogen derivatives have been submitted to a broad study of cytotoxic activity. As
a result, a series of new compounds with relevant cytotoxicity and selectivity towards
several tumour cell lines has been revealed. Methyl 17-amino-16(3-ent-kauran-19-oate
showed the most promising results and basing on these a patent application has been filed
[chapter 2, § 2.1].

3. An unique, triple sequence of successive 1,5-hydrogen atom transfers has been
demonstrated for the first time in radical chemistry, leading to remote functionalization of
13-epi-manoyl oxide with iodine and bromine at the gem-dimethyl position of cycle A
[chapter 3, § 3.2].

4. The selective functionalization of forskoline has been achieved under protecting group
free conditions. Application of carboazidation resulted in the synthesis of a nitrogen-
containing derivative of forskolin with a good yield [chapter 3, § 3.3].

5. The application of free radical carbofunctionalization of ent-kauranic framework has
been demonstrated under triethylborane initiation conditions. It avoids the use of toxic tin
compounds under stoichiometric conditions and provides opportunities for
environmentally friendly reaction conditions [chapter 2, § 2.2]. In line with this idea,
montmorillonite pillared clay has been shown to efficiently catalyse the cationic
rearrangements of the homodrimanic epoxide under heterogeneous conditions and
catalyst recycling. The use of similar adsorbents, prepared from local mineral raw
material, can provide an efficient avenue for the complex transformations of terpenic

compounds in preparative amounts and minimal environmental impact [chapter 4, § 4.2].

The overall recommendation relates to the exploitation of the whole range of substances obtained
synthetically in the current work and reaching the value of 90 new compounds, which could be
submitted to a broader set of biologically activity tests in order to entirely reveal their application

potential.

27



REFERENCES

1.

10.

11.

12.

GIRBU, V. Functionalizarea radicalica a legiturilor C-H in compusii naturali. In: Studia
Universitatis Moldaviae, 2019, 6(116), p. 77-88. ISSN 1814-3237.

GIRBU, V. et al. Radicalic hydroazidation of terpenoids. Synthesis of ent-kaurenoic
deivatives functionalized with triazole fragments. Conferinta Stiintifica a Doctoranzilor.
Moldova, 24 mai 2016, p. 81-85. ISBN 978-9975-3131-3-1.

KULCITKI, V. et al. Ent-kauranic derivative and the use thereof. Patent application
CO7C 229/46 [2006.01]. 20109.

GIRBU, V. et al. Radical perfluoroalkylation of ent-kaurenoate derivatives. At:
International Conference “Achievements and Perspectives of Modern Chemistry”, 9-11
October 2019, Moldova, p. 219. ISBN 978-9975-62-428-2.

KAPAT, A. et al. A radical procedure for the anti-Markovnikov hydroazidation of
alkenes. In: Journal of the American Chemical Society, 2011, 133, p. 13890-13893. DOI:
10.1021/ja2054989.

LICHEY, J. et al. Effect of Forskolin on methacholine-induced Brochonstriction in
extrinsic asthmatics. In: The Lancet, 1984, 2, p. 167. DOI: 10.1016/s0140-
6736(84)91084-5.

HYLSE, O. et al. A concise synthesis of forskolin. In: Angewandte Chemie International
Edition, 2017, 56, p. 12586-12589. DOI: 10.1002/anie.201706809.

BASABE, P. et al. Synthesis of three marine natural sesterterpenolides from methyl
isoanticopalate. First enantioselective synthesis of luffolide. In: Journal of Organic
Chemistry, 2005, 70, p. 9480-9485. DOI: 10.1021/j00515529.

CIMINO, G. et al. Isoagatholactone, a diterpene of a new structural type from the sponge
Spongia officinalis. In: Tetrahedron, 1974, 30, p. 645-649. DOI: 10.1016/S0040-
4020(01)97059-0.

GIRBU, V. Sinteza unor derivati isocopalici din sclareoli. Conferinta Stiintifica
Internationald a Studentilor si Masteranzilor. 10 aprilie 2014, Moldova, p. 89. ISBN 978-
9975-4257-3-5.

GIRBU, V. et al. Radical transformations of ent-isocopalic diterpenes. At: International
Conference “Achievements and Perspectives of Modern Chemistry”, 9-11 October 2019,
Moldova, p. 220. ISBN 978-9975-62-428-2.

GIRBU, V. Synthesis of polyfunctionalized terpenic derivatives via radical and cationic
reactions. At: International Conference “Achievements and Perspectives of Modern

Chemistry”, 9-11 October 2019, Moldova, p. 62. ISBN 978-9975-62-428-2.

28



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

BARKHASH, V. A., POLOVINKA, M. P. Cationic molecular rearrangements of natural
terpene compounds in superacidic media: reality and predictions. In: Russian Chemical
Reviews, 1999, 68, p. 393-414. DOI: 10.1070/RC1999v068n05ABEH000469.

CIMINO, G. et al. Verrucosin-a and -b, ichthyotoxic diterpenoic acid glycerides with a
new carbon skeleton from the dorid nudibranch doris verrucosa. In: Tetrahedron 1988,
44, p. 2301-2310. DOI: 10.1016/S0040-4020(01)81739-7.

GAVAGNIN, M. et al. Novel verrucosins from the skin of the mediterranean nudibranch
Doris verrucosa. In: Tetrahedron, 1997, 53, p. 1491-1504. DOI: 10.1016/S0040-
4020(96)01083-6.

GRINCO, M. et al. The first biomimetic synthesis of a diterpenoid with the ent-
Verrucosin A/B skeleton. In: Tetrahedron Letters, 2016, 57, p. 2084-2086. DOI:
10.1016/j.tetlet.2016.03.106.

MISCHNE, M. P., SIERRA, M. G., RUVEDA, E. A. Synthesis of the novel marine
diterpenes (.+-.)-isocopal-12-ene-15,16-dial, (.+-.)-14-epiisocopal-12-ene-15,16-dial, and
(.+-.)-15-acetoxyisocopal-12-en-16-al from methyl isocopalate. In: Journal of Organic
Chemistry, 1984, 49, p. 2035-2037. DOI: 10.1021/jo00185a048.

GIRBU, V., GRINCO, M., UNGUR, N. Synthesis from (-)-sclareol of some spongiane
diterpenoids functionalized in the cycle C. 55th International Conference, 28-30 May
2014, Moldova, p. 201. ISBN 978-9975-62-371-1.

BASABE, P. et al. Hyrtiosanes from labdanes: (-)-Hyrtiosal from sclareol. In: Synthesis,
2002, p. 1523-1529. DOI: 10.1055/s-2002-33332.

GRINCO, M. et al. Isomerisation of methyl 12a,13a-epoxy-ent isocopal-153-oate under
some acid agents. At: 55th International Conference, 28-30 May 2014, Moldova, p. 203.
ISBN 978-9975-62-371-1.

KULCITKI, V. et al. Synthesis and absolute stereochemistry of marine nor-sesquiterpene
austrodoric acid. In: Tetrahedron: Asymmetry 2004, 15, p. 423-428. DOI:
10.1016/j.tetasy.2003.10.024.

SIRBU, T. et al. Selectivity control in terpene rearrangements: A biomimetic synthesis of
the halimanic bicyclicore. In: Synthesis, 2019, 51(09), p. 1995-2000. DOI: 10.1055/s-
0037-1610686.

29



LIST OF THE AUTHOR'S PUBLICATIONS RELATED TO THE THESIS

1. Articles in the scientific journals

1.1. from the Web of Science and SCOPUS databases

1. GRINCO, M. et al. The first biomimetic synthesis of a diterpenoid with the ent-Verrucosin
A/B  skeleton. In:  Tetrahedron  Letters, 2016, 57, p. 2084-2086. DOI:
10.1016/j.tetlet.2016.03.106.

2. SIRBU, T. et al. Selectivity control in terpene rearrangements: A biomimetic synthesis of the
halimanic bicyclicore. In: Synthesis, 2019, 51(09), p. 1995-2000. DOI: 10.1055/s-0037-1610686.
1.2. from the National Register of profile journals, Category B

1. GIRBU, V. Functionalizarea radicalica a legaturilor C-H in compusii naturali. In: Studia
Universitatis Moldaviae, 2019, 6(116), p. 77-88. ISSN 1814-3237.

2. Articles at the scientific conferences

1. PRUTEANU, E. et al. Generating diversity in natural product scaffolds. Efficient C-17
alkylation of ent-kaur-16-enic derivatives. Analele Stiintifice ale Universitatii" Al 1. Cuza",
2016, Tasi, p. 88-89. ISSN: 2247-2711.

2. MORARESCU, O. et al. Towards mimics of Forskolin. Efficient free radical alkylations of
Manoyloxides. Analele Stiintifice ale Universitatii" Al. 1. Cuza", 2016, lasi, p. 126-127. ISSN:
2247-2711.

3. GIRBU, V. et al. Generating diversity in natural products scaffolds. Synthesis of ent-kauranic
derivatives functionalized with triazole frangments. Analele Stiintifice ale Universitatii" Al. L.
Cuza", 2016, lasi, p. 144-145. ISSN: 2247-2711.

4. GIRBU, V. et al. Radicalic hydroazidation of terpenoids. Synthesis of ent-kaurenoic
deivatives functionalized with triazole fragments. Conferinta Stiintifica a Doctoranzilor.
Moldova, 24 mai 2016, p. 81-85. ISBN 978-9975-3131-3-1.

5. GIRBU, V. Procese radicalice initiate de lumina vizibili. Conferinta Stiintifici a
Doctoranzilor. Moldova, 15 iunie 2017, p. 126-130. ISBN 978-9975-108-15-7.

3. Abstracts at the scientific conferences

1. GRINCO, M. et al. Biomimetic synthesis of a diterpenoid with ent-verrucosin A skeleton.
Conference ZAl, 3-5 october 2013, lasi, Romania, p. 86.
https://academiaromana.ro/com2013/pag_com13 1003ZAl.htm

2. MORARESCU, O. et al. Unusual Remote C-H Functionalization of Manoyl Oxides by

“Travelling” Radical. Summer school ‘Trends in Organic Synthesis’ Villars-sur-Ollon,

30


https://academiaromana.ro/com2013/pag_com13_1003ZAI.htm

Switzerland, 27-31 august 2017, P-14.
http://www.chem.uzh.ch/static/lectures/summerSchool/villars2017/

3. GIRBU, V. et al. Structural modification of ent-kaurane diterpenoids by atom transfer radical
addition. Summer school ‘Trends in Organic Synthesis’ Villars-sur-Ollon, Switzerland, 27-31

august 2017, P-28. http://www.chem.uzh.ch/static/lectures/summerSchool/villars2017/

4. MORARESCU, O. et al. Unusual remote C-H functionalization of monoyloxides.
International Symposium on Bioorganic Chemistry (ISBOC-11), Konstanz, Germany, 27-29
September 2017, p. 145. https://www.uni-konstanz.de/isboc-11/about-isboc-11/

5. PRUTEANU, E. et al. Expanding structural diversity of ent-kaurane diterpenoids by free
radical chemistry. International Symposium on Bioorganic Chemistry (ISBOC-11), Konstanz,
Germany, 27-29 September 2017, p. 149. https://www.uni-konstanz.de/isboc-11/about-isboc-11/
6. GIRBU, V., GRINCO, M., UNGUR, N. Synthesis from (-)-sclareol of some spongiane
diterpenoids functionalized in the cycle C. 55th International Conference, 28-30 May 2014,
Moldova, p. 201. ISBN 978-9975-62-371-1.

7. GRINCO, M. et al. Isomerisation of methyl 12a,13a-epoxy-ent isocopal-1583-oate under some
acid agents. At: 55th International Conference, 28-30 May 2014, Moldova, p. 203. ISBN 978-
9975-62-371-1.

8. GRINCO, M. et al. Convenient Synthesis of methyl (8S,9R,13S,14R)-4,4,8,9,13-pentamethyl-
20-(10-9)-abeo-ent-isocopala-5(10),11(12)-dien-15boate. At:  The XVIII-th International
Conference Physical methods in Cordination and Supramolecular Chemistry. 8-9 october 2015,
Moldova, p. 69. ISBN 978-9975-71-692-5.

9. GIRBU, V. et al. Radical perfluoroalkylation of ent-kaurenoate derivatives. International
Conference “Achievements and Perspectives of Modern Chemistry”, 9-11 October 2019,
Moldova, p. 219. ISBN 978-9975-62-428-2.

10. GIRBU, V. Synthesis of polyfunctionalized terpenic derivatives via radical and cationic
reactions. International Conference “Achievements and Perspectives of Modern Chemistry”, 9-
11 October 2019, Moldova, p. 62. ISBN 978-9975-62-428-2.

11. GIRBU, V. et al. Radical transformations of ent-isocopalic diterpenes. International
Conference “Achievements and Perspectives of Modern Chemistry”, 9-11 October 2019,
Moldova, p. 220. ISBN 978-9975-62-428-2.

12. GIRBU, V. Sinteza unor derivati isocopalici din sclareold. Conferinta Stiintifica
Internationala a Studentilor si Masteranzilor. 10 aprilie 2014, Moldova, p. 89. ISBN 978-9975-
4257-3-5.

31


http://www.chem.uzh.ch/static/lectures/summerSchool/villars2017/
http://www.chem.uzh.ch/static/lectures/summerSchool/villars2017/
https://www.uni-konstanz.de/isboc-11/about-isboc-11/
https://www.uni-konstanz.de/isboc-11/about-isboc-11/

ADNOTARE

Girbu Vladilena, ”Sinteza derivatilor terpenici polifunctionalizati prin intermediul
reactiilor radicalice si cationice”, teza de doctor in stiinte chimice, Chisiniau 2019.
Structura tezei: introducere, 4 capitole, concluzii generale si recomandari, bibliografie din 203
titluri, 111 pagini de text de baza, 65 figuri, 6 tabele, 1 anexd. Rezultatele obtinute sunt publicate

in 20 lucrari stiintifice.

Cuvintele-cheie: terpenoide, chimie radicalica, carboazidare, carbohidrogenare, hidroazidare,
transpozitii cationice, compusi biologic activi.

Scopul lucririi: consta in functionalizarea terpenoidelor cu heteroatomi de azot, oxigen sau
halogen prin intermediul reactiilor radicalice, astfel obtindndu-se compusi cu un potential sporit
de activitate biologicd; modificarea terpenoidelor usor disponibile cu ajutorul transpozitiilor
cationice si generarea compusilor cu schelete regrupate.

Obiectivele cercetirii: utilizarea reactiilor de hidroazidare, carboazidare si carbohidrogenare
radicalica 1n functionalizarea diterpenoidelor naturale si sintetice; modificarea scheletului
carbonic in derivatii isocopalici si homodrimanici prin migrari cationice cu obtinerea derivatilor
terpenici, analogii carora se gasesc in natura in cantitati mici; caracterizarea compusilor obtinuti
prin metode moderne de analiza.

Noutatea si originalitatea stiintificd: Pentru prima data a fost demonstrata utilitatea aditiilor
radicalice cu transfer de atomi pentru functionalizarea compusilor diterpenici, cum ar fi derivatii
ent-kauranici, labdanici si isocopalici. Au fost sintetizati 90 compusi noi, unii manifestand
activitate biologica pronuntatd. Pentru prima datd, cu ajutorul transpozitiilor cationice au fost
sintetizati compusi cu schelet halimanic, ent-verrucosinic si hirtiosanic.

Rezultatele obtinute care contribuie la solutionarea unei probleme stiintifice importante in
teza constau In introducerea simultand a grupelor functionale de interes prin intermediul
reactiilor radicalice si obtinerea compusilor de tip labdanic, ent-kauranic si isocopalic
functionalizati cu heteroatomi de azot, oxigen sau halogeni, unii demonstrand activitate
biologica; au fost obtinute o serie de sesquiterpenoide cu schelet halimanic, hirtiosanic si ent-
verrucosinic, compusi cu valoare teoretica si aplicativa.

Semnificatia teoretica a lucrarii constd in aplicarea cu succes a transformarilor radicalice pentru
largirea diversitatii structurale a compusilor terpenici cu structura complexd, demonstrarea
influentei efectelor stereoelectronice asupra selectivitatii proceselor abordate si elaborarea unor
cai eficiente de functionalizare a substratelor selectate in baza baza reactiilor radicalice si
cationice.

Valoarea aplicativa a lucrarii: viabilitatea chimiei radicalice pe substrate terpenice complexe;
demonstrarea reactiei click pe substrate diterpenice si utilizarea lor in studiile activitdtii
biologice.

Implementarea rezultatelor stiintifice: o serie de compusi obtinuti in cadrul lucrarii, au
demonstrat activitate citotoxicd selectivd. In baza acestor rezultate au fost inregistrate patru
cereri de brevet.
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ANNOTATION

Girbu Vladilena, ""Synthesis of polyfunctionalized terpenic derivatives via radical and
cationic reactions', PhD thesis in chemical science, Chisinau 2019.

Structure of the thesis: Introduction, 4 chapters, general conclusions and recommendations,
bibliography of 203 references, 111 basic text pages, 65 figures, 6 tables, 1 annex. The results of
the research have published in 20 scientific papers.
Key-words: terpenoids, radical chemistry, carboazidation, carbohydrogenation, hydroazidation,
skeletal rearrangements, biologically active compounds.
The aim of the thesis: is functionalization of terpenoids with nitrogen, oxygen and halogen
heteroatoms through radical reactions thus obtaining compounds with high potential biological
activity; modification of readily available terpenoids via skeletal rearrangements and generation
of compounds with rearranged skeletons.
Research objectives: the use of hydroazidation, carboazidation and carbohydrogenation radical
reactions for the functionalization of natural and synthetic diterpenoids; modification of the
carbonic skeleton in isocopalic and homodrimanic derivatives through cationic migrations to
obtain the terpenic derivatives, the analogues of which are found in nature in a small amount;
characterization of the compounds using modern methods of analysis.
Scientific novelty and the originality: For the first time, the usefulness of radical addition with
atom transfer has been demonstrated for the functionalization of diterpenic compounds, such as
ent-kaurane, labdane and isocopal derivatives. Ninety new compounds have been synthesized,
some showing pronounced biological activity. For the first time, due to cationic transpositions,
compounds with halimane, ent-verrucosin and hyrtiosane skeleton have been synthesized.
The results which can contribute to the solution of an important scientific problem in the
thesis consist in the simultaneous introduction of functional groups via radical reactions and
obtaining labdanic, ent-kauranic and isocopalic compounds functionalized with nitrogen, oxygen
or halogen heteroatoms, some demonstrating biological activity; a series of sesquiterpenoids
with halimane, hyrtiosane and ent-verrucosin skeleton, compounds with theoretical and
applicative value have been obtained.
The theoretical value: consists in the successful application of radical transformations for
broadening the structural diversity of terpenic compounds with complex structure, demonstrating
the influence of stereoelectronic effects on the selectivity of the processes approached and
developing efficient ways of functionalization of the selected substrates based on radical and
cationic reactions.
The applicative value of the research is the viability of radical chemistry on complex terpenic
substrates; demonstration of the click reaction on diterpenic substrates and their use in biological
activity studies.
The implementation of scientific results: a number of compounds synthesized throughout the
research demonstrated selective cytotoxic activity. Based on these results, four patent
applications have been filed.
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AHHOTAIUA

I'vip0y Baaaniena, «CuHTe3 NOMHQYHKIHOHATBbHBIX TePIHEHOBBIX NPOU3BOIHBIX
NOCPEeICTBOM PAIUKAJIbHBIX U KATHOHHBIX PeaKIuii», JUccepTAlUs HA COMCKAHUe YUEHOH
CTeNeHH JOKTOPa XMMUYeCcKUuX HayK, Kummnes, 2019.

CTpykTypa [auMcceprauMM: BBeaeHue, 4 TJaBbl, OOIIKME BBIBOABI U PEKOMEHJAIHH,
ouomorpadus, Brmovaromas 203 ccbutok, 111 cTpaHull OCHOBHOrO TeKcTa, 65 pHUCYHKOB, 6

tabmui, | npunoxenue. [lonydeHHble pe3ynbTaTsl OMyOInKoBaHb! B 20 HayyHBIX paboTax.
KuroueBble cj10Ba: TEPIECHOU B, XUMHUS PAAUKAIOB, KapOoa3uupoBaHue, KapOoruaprupoBaHue,
THJIPOA3UAUPOBAHNE, KATHOHHBIC IEPErPYNIHUPOBKHU, OMOJIOTMYECKH aKTUBHBIE COSAMHEHUSI.
Leab padoThl: cOCTOUT B QYHKIHMOHAIM3ANN TEPIEHOUIOB FeTepOoaToMaMi a30Ta, KUCIopoa
WIM TajoreHa MOCPEICTBOM PAIMKAIBHBIX PEAaKIUi, Moiaydas TakuM o0pa3oM COECIUHEHHS C
BBICOKMM TOTEHIHMAIOM OHOJIOTUYECKON aKTHUBHOCTH; MoAU(UKAIMS JIErKO JOCTYMHBIX
TEPIEHOUJOB IPHU IIOMOIIb KAaTUOHHBIX NEPErpyNIUPOBOK U IOJYyYEHHE COEIUHEHUN C
neperpynupoBaHbIMU CKEIIETaAMH.

3agaum  Mccie0BaHUS: HCIIOJIIb30BAHME PAJAMKAIBHBIX peakUui T'MIpOa3uIMpOBAHUSA,
KapOoa3uIMpoOBaHUsA H  KapOOTHIPHUPOBaHUS B  (YHKIMOHATU3ALUU  MPUPOAHBIX U
CHHTETUYECKUX JUTEPIICHOUAOB; MOAU(DUKAIUSA YIJIIEPOAHOTO CKEJlIeTa HW30KOMAJIOBhIX U
TOMOJPUMAHOBBIX TMPOHM3BOAHBIX MOCPEACTBOM KATHOHHBIX MUTPAlMi JUIS  [OJy4eHUs
TEPIEHOBbIX IPOU3BOJHBIX, AHAJIOTU KOTOPHIX BCTPEYAlOTCd B NPUPOJE B HEOOJBIIMX
KOJIMYECTBAX; OXapaKTepU30BaHUE IIOJIYUEHHBIX COCJAMHEHUNH COBPEMEHHBIMH METOJaMHU
aHayu3a.

HoBu3Ha u HayyHasi OPUTMHAJIBHOCTH: BriepBrie ObUia MPOJEMOHCTPHUPOBAHA IOJIE3HOCTH
paZMKaIbHOTO MPHCOCIMHEHHUS C MEPEeHOCOM aroma s (PYHKIMOHAIM3AUUU JUTEPIICHOBBIX
COCIMHEHUH, TaKUX KaK dHmM-KaypaHOBbIC, Ja0JaHOBBIC U M30KOIAJIOBBIE MPOU3BOIHBIE. BbLIO
CUHTE3UpOBaHO 90 HOBBIX COEAMHEHHUH, HEKOTOPbIE M3 KOTOPHIX MPOSBISIOT BBIPAKEHHYIO
OMOJIOTHYECKYI0 AaKTHBHOCTb. BIiepBble C MOMOIIBIO KaTHOHHBIX NEpErpynimupoBOK ObUIN
CUHTE3UPOBAHbl COEAMHEHUS C TaJIMMaHOBBIM, OHM-BEPPYKOCMHOBBIM U T'HPTHO3aHOBBIM
CKEJIETOM.

ITosyuyeHHble pe3yJibTaThbl, KOTOpPbie CIHOCOOCTBYIOT PpeEIICHHI0 BaKHOW Hay4HOI
npood/eMsbl B UCCEPTALUU, COCTOAT B OJHOBPEMEHHOM BBEJIEHUU INPEACTABIIOINX HHTEPEC
(yHKIIMOHAIBHBIX TPYIII MOCPEICTBOM PAAUKAIBHBIX PEAKIIUNA U MTOJyY€HUHU Ja0JaHOBBIX, IHM-
KaypaHOBBIX U M30KONAJIOBBIX COEAMHEHUH, (YHKIMOHAIM3UPOBAHHBIX I'eTepoaToMaMH a3oTa,
KHCJIOpPO/1a UJIH TaJloTe€Ha, HEKOTOPbIE U3 KOTOPHIX MPOSIBUIIM OMOJIOTHUEKY0 aKTUBHOCTD; ObLIN
IIOJIyYEHBbl CEPUM TEPIEHOMAOB C TaIMMAaHOBBIM, TMPTHO3aHOBBIM U 3HM-BEPPYKOCHHOBBIM
CKEJIETOM, COEIMHEHMSI C TEOPETUUECKON U MPAKTUYECKON 1IEHHOCTHIO.

Teopernueckasi 3HAYMMOCTb pPaOOTBl COCTOMT B YCIEUIHOM IPUMEHEHUH paJuKaJIbHbBIX
peakuuu A paclIMpeHuss CTPYKTYPHOTO pa3HOOOpa3usi TEPIIEHOBBIX COSAMHEHUN CO CIOXKHOU
CTPYKTYpO#, JEMOHCTpallMM BIUSHUS TPOCTPAHCTBEHHBIX 3JEKTPOHHBIX 3(dexkToB Ha
CEJIKTUBHOCTh ~ HM3YYEHHBIX  MpoleccoB M pa3paboTke  3(PPEeKTUBHBIX  CIOCOOOB
(GyHKIMOHAIM3AIMK BBIOPAHHBIX CYOCTPAaTOB HA OCHOBE PATUKAIBHBIX U KaTHOHHBIX PEAKIIH.
[IpakTHyeckas HeHHOCTh PA0OTHI: HAJECKHOCTh XMMHUH PAJUKAIOB HAa CIIOKHBIX TEPIIEHOBBIX
COCIMHEHUSX; JIEMOHCTpAllMsl peakuuu ~KIUMK® Ha JUTEPHEHOBBIX CyOCTpaTax U HX
MCIIOJIb30BaHUE B UCCIEAOBAHUAX OMOIOTHYECKON aKTUBHOCTH.

BHegpeHue Hay4HBIX Ppe3yJbTAaTOB: psJ COCIMHEHMH, TOJY4YEeHHBIX B  pabote,
MIPOJIEMOHCTPUPOBAIIN CEJIEKTUBHYIO IUTOTOKCUYHOCTh. Ha OCHOBaHMU 3TUX pe3ynbTaToOB ObLIN
II0JIaHbl YETHIPE TATEHTHBIE 3aBKU.
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