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Abstract

Podophyllotoxin is a naturally occurring lignan with a wide range of biological activities, including anti-
cancer and anti-viral properties. Total synthesis of podophyllotoxin has been a long-standing challenge in
organic synthesis due to its complex and highly functionalized structure. In this work, we present our

approach toward the total synthesis of podophyllotoxin using a fully stereoselective strategy.

Our approach involves the enantioselective vinylation of 2-bromo-piperonal followed by a stereoselective
conjugate addition reaction combined with the addition of methylene unit and a metathesis reaction, that
provides starting material for another conjugate addition, which could lead to the target. The key step of
our synthesis is the stereoselective conjugate addition of an organolithium to an o,-unsaturated ester, which
leads to the formation of a chiral quaternary center with high selectivity and metathesis that successfully

joins parts into the desired cycle.

Despite the success of our strategy in achieving the desired stereoselectivity, we encountered some
challenges in the subsequent steps of the synthesis, which prevented us from completing the total synthesis
of podophyllotoxin. However, our results demonstrate the potential of enantioselective vinylation and

stereoselective conjugate addition reactions in the total synthesis of complex natural products.

Future studies will focus on optimizing the reaction conditions and developing new strategies to overcome
the remaining challenges in the total synthesis of podophyllotoxin. Overall, our work provides valuable
insights into the development of new methods for reaching not only podophyllotoxin, but also the synthesis

of complex natural products and will inspire new directions for future research in this field.



Abstrakt

Podophylotoxin je pfirozen¢ se vyskytujici lignan se Sirokou Skalou biologickych aktivit, vcetné
protirakovinnych a antivirovych vlastnosti. Celkova syntéza podophylotoxinu je dlouhodobou vyzvou v
organické syntéze diky své komplexni a vysoce funkcionalizované struktuie. V této praci prezentujeme nas

pristup k celkové syntéze podophylotoxinu pomoci zcela stereoselektivni strategie.

Nas pfistup zahrnuje enantioselektivni vinylaci trimethoxyvinylsilanu nasledovanou stereoselektivni
konjugovanou adici kombinovanou s ptidanim methylenové jednotky a metatézni reakci, ktera poskytuje
vychozi material pro dal$i konjugovanou adici, ktera zakon¢i celou syntézu. Klicovym krokem nasi syntézy
je stereoselektivni konjugovana adice organolithiu k a,B-nenasycenému esteru, coz vede k vytvoreni
chiradlniho kvartérniho centra s vysokou selektivitou a metatezi, které UspéSné spojuje casti do

pozadovaného cyklu.

Navzdory uspéchu nasi strategie pti dosahovani pozadované stereoselektivity jsme se v naslednych krocich
syntézy setkali s nékterymi problémy, které vedly k podophylotoxinu. NaSe vysledky vSak prokazuji
potencial enantioselektivni vinylace a stereoselektivnich konjugovanych adi¢nich reakci v celkové syntéze

komplexnich pfirodnich produkti.

Budouci studie se zaméii na optimalizaci reakénich podminek a vyvoj novych strategii k prekonani
zbyvajicich problému v celkové syntéze podophylotoxinu. Celkové nase prace poskytuje cenné poznatky o
vyvoji novych metod pro dosaZeni nejen podophylotoxinu, ale syntézy komplexnich pfirodnich latek a bude

inspirovat nové smeéry pro budouci vyzkum v této oblasti.
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in vacuo in a vacuum

et al. “et alii” and others
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1 Introduction

1.1 Structure of podophyllotoxin!" >

(-)-Podophyllotoxin 1 is a natural product and secondary metabolite of various plants. The scaffold of 1
contains two phenylpropanoid units (cinnamic acid/alcohol residues) connected via 8-8” linkage (see fig.
1). The two units differ in their oxidation state and substitution pattern on the phenyl rings. Cyclolignans
in contrast to lignans contain also 2-7° bond, that forms ring C (see fig. 1). As a characteristic of
cyclolignans, 1 possesses typical lignan features, including a carbocycle formed by two single bonds that
connect both phenylpropanoid units between 8 and 8', as well as a bond between 2 and 7' carbon. Positioned
at the 8 and 8' of ring C, 1 exhibits additional distinctive features such as a 1,2,3,4-tetrahydronaphtalene
core, a 3,4,5-trimethoxyphenyl group at position 7', and a butyrolactone ring fused to the aforementioned
positions. The trans fusion of rings C and D is crucial for biological activity. The whole structure contains
4 chiral centers which in particular influence the mechanism of action. The hydroxy function at position 7

and its substitution play an important role in protein-ligand interaction.

Podophyllotoxin

Figure 1: Podophyllotoxin structure and typical lignan-like numbering.

1.2 Podophyllotoxin origin and history

Origins of 1 can be traced back to ancient times, where it was first discovered in certain plant species. It
can be found e.g., in Dysosma versipellis, Diphylleia sinensis, Sinopodophyllum hexandrum and other
plants all over the world but the most common sources are the rhizomes of Podophyllum Peltatum
(American mayapple) and the Sinopodophyllum hexandrum (Himalayan mayapple) found in the region of
western China and the Himalayas [ 2. The pure compound is predominantly obtained from an alcoholic
extract of podophyllum species called podophyllin. Podophyllum species were first described by Swedish
botanist C. Linaeus™ but the compound itself was first isolated in 1880 by V. Podwyssotzki at the
University of Dorpat (nowadays Tartu, Estonia). The structure wasn’t known until 1930 when W. Borsche
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and J. Niemann suggested an ultimately incorrect structure 1. The correct structure was elucidated 20 years
later by A. Schrecker and J. Hartwell by means of chemical degradation [°). However, the medicinal
properties of 1 in the form of podophyllin resin have been known for a long time. Preparations of 1 were
described in Chinese medicine books hundreds of years old. Western medicine discovered podophyllin in
the 19" century when it was included in the first U.S. Pharmacopoeia in 1820 and was retained until the
twelfth revision in 1942. It has at some point appeared in most European, South American, and Asian
Pharmacopoeias!’l. The pure form of 1 was discovered roughly in the 1940s when it was introduced as a
treatment for Condyloma accuminata (HPV — human papillomavirus) and Verruca vulgaris (warts

manifestation caused by HPV) 8,

1.3 Podophyllotoxin effects and Chinese medicine

People from many places and ethnicities throughout history independently found out that these plants had
healing effects and used them for this purpose. Ancient healers used the plants and predominantly their
alcoholic extract podophyllin for a broad range of human health problems. It was later found that 1 exhibits
antitumor, antibacterial, antiviral, immunosuppressive, analgesic, antioxidative as well as anti-
inflammatory and antiasthmaticl®! effects, lending modern scientific explanation for its widespread use
against a range of illnesses and diseases. Plants containing 1 such as Bajiaolian or Chinese mayapple are
in Chinese books described as a remedy for snake bites, weakness, Condyloma accuminata, tumors,
lymphadenopathy, and other disorders!®’, however, resin application can be accompanied by negative side
effects. After drinking Bajiaolian blends the reported manifestations are not only nausea, vomiting,
diarrhoea and abdominal pain, but also thrombocytopenia, leucopenia, peripheral tingling or numbness,
sensory ataxia, abnormal liver function, and disturbance of consciousness. Interestingly, the literature
reports poisonings from topical use or accidental ingestion of Podophyllin resin, but no case of lethal
poisoning from drinking infusions of crude plant blends has been reported. It’s known that cow milk from
cows grazing on the land inhabited by these plants tends to be extremely cathartic. The main active
ingredient of Podophyllin resin is known to be 1 accompanied by deoxypodophyllotoxin, B-sitosterol,
astragalin (see fig. 2), reaching up to other 16 substances. The rhizome of plants contains roughly 2-4% of
resin by dry weight which itself contains approximately 20% of 1. The plant is traditionally sliced or
smashed and extracted by water or ethyl alcohol. Conventional methods stated in books recommend loading
5 to 50 g of the rhizomes, which corresponds to approximately 20 to over 200 mg of 1, depending on the
content in the plant. Loading values are stated in books as in therapeutic range but the amount can actually
cause severe toxicity. The acute symptoms developed during acute poisoning include nausea, vomiting,
diarrhoea, and leukocytosis followed by leucopenia, prolonged areflexia, sensory ataxia, fever, memory

impairment, visual and auditory hallucinations, paranoia, fainting, and coma. These clinical manifestations
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of Podophyllin correlate with 1 intoxication, from which can be concluded that the active ingredient of
Podophyllin is 1. The treatment of acute poisoning is principally supportive. There is no conclusive
information regarding the usefulness of hemoperfusion as it was only useful in 60% of cases during which

hemoperfusion was applied.

H
O =
< o)
o -
= H o)
Me0/<;,\OMe -~ OH
OMe OH OH
Deoxypodophyllotoxin B-sitosterol Astragalin

Figure 2: Structure of compounds found in Podophyllin resin.

1.4 Podophyllotoxin in plants

The highest amounts of 1 contain three genera from the Berberidaceae family. Those genera are namely
Dysosma woodson, Diphylleia michx, and Sinopodophyllum ying and contain mostly between 2.7-4.2% of
the dry weight but reaching up to 9.58% which was measured in Sinopodophyllum hexadrum collected in
western China. Traces of 1 can be find also in Thuja, Callitris, Thujopsis, Hernandia, Juniperus, Nepeta,
and Thymus, but concentrations are considerably lower than in the Berberidaceae family. The highest
concentration of resin is in the roots and rhizomes of plants but the whole plant is poisonous. Most of the
plants that contain 1 in high concentrations need 5-7 years of growth to be harvested. Those plants also
have very low reproducing ability, therefore these plants are close to extinction for the reason of

overexploitation.

American mayapple is a spring wildflower that produces a single, nodding white flower under umbrella-
like leaves in April (see fig. 10). These plants only bloom when mature enough to produce two leaves per
stem. The flower develops into an edible, greenish fruit, turning golden when ripe, and is used for preserves.
All other parts of this plant are poisonous. By the end of June, this species has gone dormant. Native to
much of the eastern US, it prefers rich, moist soil but is also tolerant of poor soil conditions and drought. It

mostly grows in areas that are devoted almost exclusively to mayapple, as it tends to colonize shady areas.
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Figure 10: American Mayapple schematic drawing.

Plants containing 1 do share morphological signs thus do belong to obvious morphological kindship of
Podophyllum, Diphylleia, and Hydrastis. Therefore, they are corroborated by alkaloid chemistry. Plant
itself is highly toxic, which is caused by the presence of Podophyllin resin. Rhizomes, leaves, and stems

contain high concentrations as well as unripe fruit, but once the fruit is fully ripe, it is not toxic anymore.

Sinopodophyllum genus is a thizomatous perennial with creeping rootstocks producing 2-branched petioles,
each branch bearing a large, usually peltately divided, umbrella-like leaf blade. 9-petalled, cup-shaped

flowers are borne on short stems from the junction of the leaf branches, followed by red or yellow fruit

1.5 General bioactivity'

The main effects that 1 exhibit in a cell is the ability to arrest the cell cycle in the S phase, target the
colchicine binding domain with the 3,4,5-trimethoxyphenyl unit of the E ring, and the effect of inhibition
of topoisomerase Il enzyme that cuts both strands of DNA helix simultaneously to manage DNA tangles
and supercoils. 1 is highly in vivo toxic, therefore it cannot be administered orally nor by injection. 1 was
recently used for the treatment of cytokine storm during COVID-19 infection. All naturally occurring 1
derivatives have low bioavailability and considerable systemic toxicity such as neurotoxicity, hair loss,
gastrointestinal toxicity, and bone marrow suppression. These natural compounds also very quickly induce
drug resistance, therefore 1 was used as a starting point for finding novel, less toxic derivatives rather than

being used for therapeutic purposes.

131 Breast cancer

According to ECIS (European Cancer Information Systém), ,,One of the most prevalent cancers worldwide
is breast cancer. Over 12% of all women in the United Stated experience invasive breast cancer in their life.

Almost 3.8 million women had this type of cancer by the time of January 2022. The U.S. World Health
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Organization postulated that the incidence of breast cancer in Europe in 2022 was almost 600 000. Breast

cancer is also the leading cause of women's death linked to cancer worldwide, accounting for 16%”.

Many 1 derivatives can effectively inhibit the proliferation, migration, and invasion of cancer cells in vitro
and in vivo making it a promising treatment for this type of cancer. Compounds were observed to cause
damage to the human breast cancer cell line (MCF-7) by blockade of the G2/M cell cycle and distortion of
microtubules. No damage was detected against the non-cancerous cells. Different derivatives stopped the
growth of cancerous cells by the increase of p53 expression, cyclin B1 protein expression, and decrease in
Cdkl, so the mechanism of action is probably somehow connected to mitosis. Proteins regulating the tumor
microenvironment were observed to be affected, therefore 1 derivative can influence the angiogenesis of
tumors. At least one 1 derivative also had significant cytotoxic activity against cancer cells utilizing
different mechanisms. It led to the formation of ROS particles, ATM/p53/p21 pathway distortion followed
by DNA damage in cancerous cells, and mitochondrial apoptosis along with the cell cycle arrest.

1.5.2  Lung cancer!”

According to ECIS (European Cancer Information Systém), ,,In 2020 was estimated lung cancer accounted
for 11.9% of all new cancer diagnoses (excluding non-melanoma skin cancers) and 20.4% of all deaths due
to cancer in european countries. That made it the fourth most frequently occurring cancer (after prostate,

breast, and colorectal cancers) and the leading cause of cancer death.”

Various studies concluded that 1 derivatives have the potential for inhibition of the growth of lung cancer
utilizing ROS production and G2/M cell cycle blockade. It was found that c-MET (tyrosine-protein kinase
MET) inhibition caused apoptosis that can be explained by 1 presence [, Semi-synthetic compound
Apopicropodophyllotoxin (see fig. 11) has also high cytotoxic activity against lung cancer cells. It leads to
the accumulation of CHK21 and phosphorylated p21 and Cdc2 proteins that discombobulate microtubule

polymerization and therefore cause DNA damage. It also led to the activation of the caspase (-3, -8, -9)

<
R

MeO OMe
OMe

Apopicropodophyllotoxin

pathway.

Figure 11: Structure of Apopicropodophyllotoxin.
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1.5.3  Colorectal cancer ™™

According to ECIS (European Cancer Information Systém), “It is estimated that in 2020, colorectal cancer
accounted for 12.7% of all new cancer diagnoses and 12.4% of all deaths due to cancer in European
countries. That made it the second most frequently occurring cancer (after breast cancer) and the second

cause of cancer death (after lung cancer)”

CRC cell lines are usually used for pharmacology studies. 1 derivatives were found to be effective for all 7
major types of CRC cell lines. A mechanism is targeting Topoisomerase II and G2/M cell cycle arrest
resulting in cell apoptosis. Western blotting showed that cell cycle arrest was associated with a decrease in
cdc2 kinase activity and increased cdc2 phosphorylation. A regular chemotherapeutic agent used for the
treatment of colorectal cancer is 5-Flurouracil (5-FU), it however causes considerable resistance. It was
shown that deoxypodophyllotoxin (see fig. 2) showed relevant inhibitory activity against the 5-FU resistant

cell lines in in situ mouse model, where it effectively stopped metastasis?®

1.6  Lignan classification

Lignans are composed of phenylpropanoid units, specifically cinnamic acid. Biosynthetically they come
from tyrosine and phenylalanine amino acids. Those units also form lignin — a pre-eminent polymer in the
plant cell walls forming wood. Wood in Latin is “ligna”, hence the name. Lignan name is usually restricted
to a 2-unit dimer connected via 8-8’ linkage. Molecules formed by alternative coupling are called
neolignans. Lignans can also be subdivided into Cyclolignans, a cyclized lignans containing 2-7’ bond or
Oxyneolignans with the presence of oxygen (see fig. 3). Lignans can be classified into eight subgroups:
arylnaphthalenes, aryltetralins, dibenzocyclooctadienes, dibenzylbutanes, dibenzylbutyrolactones,
dibenzylbutyrolactols, furans, and furofurans. The phenylpropanoid dimer can be post-processed in the

plant to varying degrees of oxidation.

s N\ B\

Lignans Neolignans

o
8 \©\/\

Neolignan Cycloneolignan Oxyneolignan

Figure 3. Lignan structural division. The bold bond illustrates the position of lignan coupling.
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1.6.1 Arylnaphtalene structure group

The most important compounds from Arylnaphtalene group are Diphyllin and Justicidin B (see fig. 4) with
antiviral and antiproliferative effects '%!!], Diphyllin is also known as an effective inhibitor of Severe Acute
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2). Arylnaphthalene lignans are characterized by
unsaturated 7—8 and 7'—8’ bonds. Arylnaphtalenes are widely distributed in Linum (flax) species. Exhibiting
noteworthy analgesic and anti-inflammatory properties, Sevanol, a naturally occurring lignan extracted
from Thymus armeniacus, effectively hinders the activity of ASIC1a and ASIC3 amiloride-sensitive cation

channel isoforms'?.

O  COOH /=0 /9

0 (0]
peceh ol BN
O COOH
HO Y 0 o
. O._.COOH 0 0
T O JOCr
~N
o \_COOH ~ o
OH

COOH
OH

Sevanol Justicidin B Diphyllin

Arylnaphtalene structure group

Figure 4: Sevanol, Justicidin B and Diphyllin structures.

1.6.2  Aryltetralin structure group
Even though lignans are found in over 70 families of plants, aryltetralins were only found in a few. The two

most important aryltetralins are 1 and B-peltatine (see fig. 5). Both of those have anticancer and antimitotic

properties.

B-peltatine
Aryltetraline group

Figure 5: Aryltetraline group.

1.6.3  Dibenzocyclooctadiene structure group!’”’

Dibenzocyclooctadienes are found in the genus Kadsura (Schisandraceae family) of plants distributed in
Asian countries. The group is not well explored, though a couple of compounds such as Gomisin A (see
fig. 6) are known and were isolated and well characterized. Compounds also exerted various beneficial

biological activities such as anti-inflammatory and cytotoxic activities, as well as being potent antiviral
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agents. Gomisin A, in animal models of acute hepatic injury, has demonstrated the ability to enhance
hepatocyte growth factor, restrain lipid peroxidation, and impede apoptosis. Additionally, it exhibits anti-

inflammatory properties by inhibiting the release of arachidonic acid from macrophages!'**

Gomisin A
Dibenzocyclooctadiene group

Figure 6: Structure of Dibenzocyclooctadiene lignan Gomisin A.

1.6.4  Dibenzylbutane structure group '/

Dibenzylbutane lignans are two benzyl units connected via a butane linker. £.g. Nordihydroguaiaretic Acid
(see fig. 7) and its derivatives belong to the group and can be found in leaves and twigs of the evergreen
desert shrub Larrea tridentata. The compound has antioxidant and anti-inflammatory properties and can
therefore easily quench hydroxy radicals generated via the Fenton reaction. It also showed cytotoxic
properties in mice, where it activated the MAP kinase pathway causing apoptosis of pro-B lymphocytes

and evoke cell death inducing oxidative damage of proteins in the medulloblastoma-derived Daoy cell line.

Meso-dihydroguaiaretic acid
Dibenzylbutane structure group

Nordihydroguaiaretic Acid

Figure 7: Meso-dihydroguaiaretic acid and Nordihydroguaiaretic acid structures.

1.6.5  Dibenzylbutyrlactone structure group !'*'”/

Dibenzylbutyrlactone lignans come from plants and exert antioxidant, anti-inflammatory, antimicrobial,
and antitumor properties. Arctigenin (see fig. 8) was isolated from Torreya nucifera barks but can be found
in a variety of plants including Bardanae fructus (Goboshi), Saussurea medusa (Compositae), and more.
Arctigenin was found to inhibit the replication of the human immunodeficiency virus, whereas savinin, a
butyrolactone lignan from Pterocarpus santalinus was found to inhibit tumor necrosis factor-a (TNF-a)
production and T-cell proliferation. Lactone-containing molecules exhibit a greater antitumor potency.
However, lactones can be easily metabolized in the gastrointestinal tract by esterases, which decompose

the molecule. Most of the structures of this group vary mostly just in ring A and ring B.
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Figure 8: Dibenzylbutyrlactone lignan Arctigenin structure.

1.6.6  Furanoid structure group ['¥

(+)-9’-isovaleroxylariciresinol (see fig 9) was obtained from Valeriana jatamansi plant. The compound
was found to have significant in vitro cytotoxic activity against metastatic prostate cancer cell lines and
colon cancer cell lines with ICso of 8.1 and 5.3 mM respectively. Tripterygiol lignan, which was isolated
from the Tripterygium wilfordii exhibited various activities including downregulation of cyclooxygenase-2
(COX-2), inducible nitric oxide synthase (iNOS) and interleukin-1b (IL-1b) gene expressions in a dose-

dependent manner in LPS-elicited mouse macrophages.

(+)-9-isovaleroxylariciresinol
Furanoid structure group

Figure 9: Furanoid lignan (+)-9 -isovaleroxylariciresinol structure.

1.7 Biosynthesis'"

The first step of biosynthesis is the deamination of phenylalanine I which is the starting substrate for the
whole biosynthesis via phenylalanine ammonia-lyase PAL enzyme forming cinnamic acid II. The latter is
then converted with a series of enzymes via p-coumaric acid, caffeic acid caffeoyl CoA, and feruloyl CoA
into the coniferyl aldehyde II1, which is then reduced forming coniferyl alcohol IV via cinnamyl alcohol

dehydrogenase CAD enzyme.

Os_OH Os~_OH (0] H OH
NH PAL = Series of enzymes = CAD —
2 - 0000 . [ - @ O O @ @ -
o~ o~
OH OH
! 1 I v

Scheme 1: Biosynthetic pathway from phenylalanine I to coniferyl alcohol 1V.
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Stereoselective coupling of two coniferyl alcohol IV molecules yields one molecule of (+)-pinoresinol V
which is the step with the highest structure complexity increase. It sets two new stereocenters to the
molecule. Stereoselectivity is mediated by the dirigent protein DIR which is not an enzyme as it does not
have any actual enzymatic activity, however, it attaches substrates in a certain stereoselective manner.
(+)-pinoresinol V is then reduced by a ring-opening mechanism with pinoresinol-lariciresinol reductase
PLR, forming (+)-lariciresinol VI. The molecule has one free hydroxyl group and is then transformed into
the secoisolariciresinol VII, which is a molecule with both rings opened into 2 free hydroxyl groups

utilizing the same enzyme PLR.

OH

- g
OMe HO HO

OH OMe OMe

Scheme 2: Biosynthetic pathway from coniferyl IV alcohol to secoisolariciresinol VII.
Secoisolariciresinol dehydrogenase SDH then transforms VII to the matairesinol VIII with lactone ring D
being formed. The latter is then transformed into pluviatolide IX which already has podophyllotoxin-like
ring A formed. Pluviatolide is then methylated on the hydroxyl group located on the ring E with
O-methyltransferase 3 OMT3 yielding 5’-desmethoxy-yatein X.

VI VIII X X

Scheme 3: Biosynthetic pathway from Secoisolariciresinol VII to 5'-desmethoxy-yatein X.

5’-desmethoxy-yatein X is methoxylated in the ring E forming a typical podophyllotoxin-like
3,4,5-trimethoxybenzyl unit with o-methoxytransferase 1 OMT1 forming Yatein XI.
2-oxoglutarate/Fe(Il)-dependent dioxygenase 2-ODD  then cyclizes ring C which forms the
deoxypodophyllotoxin scaffold. XII is hydroxylated on position 7 with yet unknown enzymatic reaction

sequence forming the final product of biosynthesis.
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Scheme 4: Biosynthetic pathway from 5 -desmethoxy-yatein X to 1.

1.8 Structure-activity relationships

Almost all naturally occurring 1 derivatives are accompanied by high systematic toxicity, drug resistance,
and low bioavailability. Structurally different 1 derivatives exhibit various antitumor mechanisms based on
the motifs they are composed of and cause only mild side effects. The most common derivation is at the 7
position and represents either substitution of hydrogen attached to the oxygen or total interchange of the
whole hydroxy group, however, a lot of different modification positions were explored and reported.

Further, it was also proved that free rotation of the E-ring is necessary for antitumor activity.

1.8.1 Ring A modifications *"

Ring A plays a major role in the selection of the mechanism of action and the extent of bioactivity. Opened
ring A forming 4,5-dihydroxy compound showed significant activity in inhibition of topoisomerase II
corresponding to an approximately 2-fold increase in potency than the etoposide molecule (see fig. 12). It
was concluded that 4 and 5 hydroxy functions are as important as 7 hydroxy functions in interaction with
enzymes. Protection of those hydroxy functions supported this claim, yielding almost zero bioactivity in
the inhibition of topoisomerase II. Protecting hydroxyl groups with variously space-consuming protection
groups showed that less bulky substitutions on 4 and 5 had higher bioactivities compared to the ones with
more bulky ones. The observed effect can be elucidated with different rates of uptake into the cells, although
naturally occurring compounds such as Justicidin B or Diphyllin (see fig. 4) are analogs of 1 with
disconnected ring A, and those compounds were reported to be even more bioactive than plain 1 at some
cell lines. The exchange of the dihydroxy system for phenylenediamine forming phenazine unit in
podophenazine (see fig. 12) showed an entirely different mechanism of action which supports the claim

that the A ring is responsible for the mechanism selection.
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Figure 12: Podophenazine, Etoposide and Teniposide structure.

1.8.2  Ring C modifications

Justicia procumbens plant contains two analogs of 1 that contain an aromatized C-ring. Significant
inhibitory activity in vivo against P-388 lymphocytic leukemia growth in BDFj male mice (T/C=150% at
50 mg/kg/day) was observed, as well as in vitro cytotoxicity in the 9-KB (human nasopharyngeal
carcinoma) (EDsp < 1.0 pg/mL each) cell culture assay *2\. Aromatization of the C-ring withdraws any
topoisomerase Il inhibitory activity!?]. Withdrawal is probably caused by dislocation of axially attached
D-ring which is essential for bioactivity. The most important modification on the C-ring is a substitution of
the hydroxyl group at position 7. Free 7 hydroxy function is essential for DNA strand break activity. All
derivatives methylated at the hydroxy group exhibited zero activity . However, Apopicropodophyllotoxin
(see fig. 11) was reported to have high cytotoxic activity and showed many-times stronger antimitotic
activity than 1. The positive antimitotic activities of delactonized products indicated that the lactone ring
was not needed for antimitotic activity in podophyllotoxin-like compounds. Only 7 hydroxy substitutions

were accompanied by cytotoxic properties.

1.8.3  C7-O modifications'™’

Many ether substituents have been incorporated for the purpose of lowering toxicity while maintaining or
enhancing activity. The introduction of aminoalkoxy substitution to the 7 position increased both
topoisomerase Il inhibitory activity and cytotoxic properties of the compound. The ester group can be an
important factor for antileukemic and cytotoxic properties, so Lee and co-workers synthesized 1 esters and
examined their activities with no major increase detected, but the complete loss of activity seen at most of
the compounds. Recently Lopez-Pérez et al. extended a study on esters but introduced linear or aromatic
acyl moieties. This modification has either no effect on the resulting activity or even decreasing effect
which corresponds with Lee’s results. It also indicates that the cytotoxic activity is not primarily due to a

lipophilic factor and the precise spatial arrangement of a bulky moiety may contribute to additional nonpolar
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interactions that can enhance binding to the target site. Compound with N-methyl-N-azidopropylcarbamate
group displayed potent cytotoxicity against the L-1210 cell line (ICso, 0.038 pM compared with 0.83 uM
for Etoposide) and proved to be a more potent topoisomerase 11 poison than Etoposide. Kamal et al. also
prepared a series of new 4p-carbamoyl-1 analogs and found higher growth-inhibition activity for 11

different cancer cell lines.

Long-chain fatty acids have recently shown a high impact in terms of cytotoxic properties. Mustafa et al.
prepared a series of 1 conjugate with various C10-C20 unusual fatty acids. Serie was tested in vitro for
cytotoxic properties against a panel of human cancer cell lines including HL-60 and all of them showed
significant cytotoxic properties in all tumor cell lines. ICsy of compounds was in the range of 0.07 pM for
HL-60 cells to 0.4 uM for KB cells. Interestingly, they did not affect the growth of noncancerous
mammalian VERO cells up to the highest concentration (15 uM) used in the assay, demonstrating promising

selectivity toward tumor cells.

1.8.4 C7-N modifications

Nitrogen-containing substituents carry an important role in the structure optimization of 1. Many structures
were found to have higher cytotoxicity potency than etoposide. The problem is often basal drug resistance
profiles of compounds. Even though many were found to be more potent than etoposide none of them
reached clinical status. Even the simplest 7o and 7f alkylamino derivatives did enhance the ability of
topoisomerase Il inhibition and cellular protein-linked DNA strand breakage. Most potent were found to
be 7a isomers, which indicates that the 7 relative configuration is important in determining the inhibitory
potency. Various arylamines were introduced into the structure and most of the 7-f arylamines were as
much or more potent than etoposide in topoisomerase Il inhibition and cellular protein—-DNA complex
formation assays. The best values were measured for the derivative with p-nitrobenzylamin that showed
10-fold higher topoisomerase II inhibitory activity and caused 2-3 times more protein—DNA complex
formation than Etoposide (see fig. 13). The compound also caused G2/M phase arrest and could also induce

cell death by stimulating tyrosine phosphatase activity and apoptotic DNA formation.

MeO OMe
OMe

Figure 13: Structure of 1 substituted with p-nitrobenzylamine on C-7.
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The compound had a great pharmacokinetic profile as well as good stability and bioavailability. This

compound reached clinical trials but unfortunately didn’t acquire clinical status!?¢).

1.8.5  Ring D modifications

Picropodophylotoxin (see fig. 14) lacks inhibitory effects on microtubules and cytotoxicity, also does not
have an inhibitory effect on topoisomerase II and tubulin and consequently does not cause DNA strand
breaks. It is a selective and very effective inhibitor of insulin-like growth factor-1 receptor, which is
important for the proliferation of malignant cells. In the presence of a weak base, 1 easily epimerizes to the

picropodophyllotoxin and therefore loses most of its properties 7).

MeO OMe
OMe

Picropodophyllotoxin

Figure 14: Structure of Picropodophyllotoxin.

1.9  Approved drugs

1.9.1 Etoposide®

Etoposide (also commonly known as VP-16) is a mitotic inhibitor that is used in the treatment of neoplastic
diseases. Etoposide is epi-podophyllotoxin with a free 5’ hydroxy group and glycosylated 7 hydroxy group
(see fig. 4). The mechanism of action of a drug is dependent on the concentration. In the case of high
concentrations (10 mg/mL or more), lysis of cells entering mitosis is observed. At low concentrations (0.3
to 10 mg/mL), cells are inhibited from entering prophase. The drug does not interfere with microtubule
assembly. The main purpose of the drug is to influence topoisomerase II or the formation of ROS species
causing DNA strand breaks. The half-life of the drug is approx. 1.5 hours, and it does not accumulate in the
plasma. It is highly protein bound (97% bound in plasma proteins). The excretion is 60% over the urine, by
which 45% was excreted as Etoposide. Fecal recovery was 15%. There is no evidence for a first-pass effect.

The drug is mainly indicated for refractory Testicular tumors and small-cell lung cancer.
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1.9.2  Teniposide '

Teniposide is structurally very similar to Etoposide with a 2-thienyl group attached to the glycoside moiety
(see fig. 4). Teniposide is a phase-specific cytotoxic drug, acting in the late S or early G2 phase of the cell
cycle. Teniposide prevents cell mitosis by blocking single and double-stranded DNA breaks and causes
cross-linking between protein and DNA. The mechanism of action is similar to the Etoposide inhibition of
the Topoisomerase Il enzyme. Decomposition half-time is 5 hours and secretion is similar to Etoposide. It

is mostly indicated for Refractory Childhood Acute Lymphoblastic Leukaemia.

1.9.3  Podofilox

Podophyllox is a pharmaceutical agent composed of 1 as an active ingredient. Podofilox is a topical
antimitotic drug utilized in the treatment of genital warts caused by HPV. The drug acts by binding to
microtubules, which prevents cell division and growth, ultimately leading to the regression of warts. The
therapeutic efficacy of Podofilox has been established in several clinical trials, demonstrating a favourable
response rate with limited systemic toxicity. However, there are potential side effects associated with its
use, such as local irritation, itching, and burning. Furthermore, given the potential for teratogenicity,
Podofilox is contraindicated in pregnancy. Overall, Podofilox is a well-tolerated and effective treatment
option for genital warts, but its administration should be conducted under the supervision of a healthcare

provider.

1.10 Known synthetic approaches to Podophyllotoxin.

Many approaches leading to the 1 or its derivatives were published. Most of them are well-reviewed™>3"!
In a publication from 2008, Linker et. al. presented a novel methodology for the synthesis of
epi-podophyllotoxin, which is most probably going to be product of our synthesis as well. It lead to product

similar to etoposide and teniposide, which are potent antineoplastic agents.
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Scheme 5: Linkers total synthesis of epipodophyllotoxin.
The key-step in this synthesis involves the dearomatization of the naphtalenic system, which was achieved
through an annelating approach of piperonal into the desired three-cyclic compound, which served as the
precursor for the subsequent transformation steps leading to 1. Linker and co-workers employed a method
for introducing oxazoline, which was previously developed by A. I. Meyers in 2009, to transform the nitrile
moiety into an oxazoline ring. The synthetic route involved the hydrolysis of the nitrile group to the
corresponding carboxylic acid using hydrochloric acid in ethanol and that was followed by treatment with
a 2-amino-3,3-dimethylbutanol, which underwent cyclization to form the desired oxazoline ring. The
incorporation of an oxazoline group has been demonstrated to be an effective strategy for facilitating the
dearomatization of the naphtholic system and subsequent substitution at position 7. Specifically, oxazoline
acts as an electron-withdrawing group, which enhances the reactivity of the aromatic system and enables
more facile substitution. In this step, 3,4,5-trimethoxyphenyl lithium was utilized to attach to the position
7’, whereas oxazoline was then subjected to acidic treatment to promote hydrolysis to a tert-butyl ester. The
next step in the reaction was utilizing a double bond at 7,8 position using stereoselective epoxidation with
an epoxide ring formation. This ring can be opened leaving the hydroxy group in the correct configuration.

Hydroxyl at position 7 was attached to the molecule utilizing 8-8” double bond formed by previous step.

1.11 Synthetic Methodology

1.11.1 Olefin Metathesis
Olefin metathesis was similarly to many technological discoveries and inventions discovered by accident.

As part of ongoing research that ended with the invention with the name of Ziegler-Natta catalysis, Karl
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Waldemar Ziegler converted ethylene into 1-butenel®!). Olefin metathesis is therefore a reaction recruiting
metal catalysts that can attach or detach molecule synthons via their double or triple bonds between carbon
atoms. Olefin metathesis can be divided into two types depending on if the reaction mechanism closes a
ring - RCM or if the reaction proceeds intermolecularly - CM. This enables one to construct a wide range

of cyclic compounds including macrocycles, heterocycles, or natural products.

The reaction is catalyzed by metal carbenes, which are generated in situ from metal alkylidenes. Research
on these alkylidenes took already a long journey that awarded some scientists Nobel prizes, including

Robert H. Grubbs, who explored various catalysts, many of which are named after him.

Alkylidene metal initiates in reaction as a first step of mechanism. Alkene inserts itself to the carbon-metal
double bond, forming a metallacyclobutane ring composed of catalyst and substrate. Complex drops
ethylene and forms a substrate connected via double bond to the metal. Therefore, this particle acts as
catalyst and can include another double bond forming metallacyclobutane. Cleavage of fused product from

catalyst complex leaves two molecules interconnected via their double bond system.

q}x
aad

Scheme 6: Mechanism of olefin cross-metathesis.

<

In the case of ring-closing metathesis, where both double-bond systems are in the same molecule, no side
products can be expected. In the case of cross-metathesis, statistical proportions of various parts can be

expected (Molecule 1 — Molecule 1, Molecule 1 — Molecule 2, Molecule 2 — Molecule 2).
1.11.2 Conjugate addition

Conjugate addition is a special case of nucleophilic addition to a system of conjugated double bonds.

Nucleophiles of various types attack the a,B-unsaturated carbonyl system in the 1,4-manner instead of
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regular 1,2-addition. This reaction forms a carbon-carbon bond in close proximity to the electrophilic

carbonyl.

The reaction mechanism proceeds through the formation of nucleophile, which can be any type of
organometallics such as cuprate, organolithium, or in situ generated enolate. The nucleophilic attack results
in the formation of a new bond between the nucleophile and the f-carbon of the o,B-unsaturated carbonyl
compound. This breaks the m bond between the a- and P-carbons, generating a negatively charged
intermediate. Negatively charged intermediate can be easily quenched with protic solvent resulting in

desired product.

Nu~

\ Oy Nu O Nu O
P B ——
NS = )\A
J ;
H+
Scheme 7: Mechanism of conjugate addition quenched by protic solvent.

Conjugate additions can be classified into several types depending on the Nucleophile and electrophile e.g.
Michael addition is a reaction between Michael donor (enolate) and Michael acceptor (a,B-unsaturated
carbonyl). This method is a classical approach for the preparation of B-substituted carbonyls. It can also

proceed diastereoselectively and enantioselectively as many asymmetric variants exists.

An electron-poor double-bond system is desirable. Aldehydes and ketones are among the most reactive
species. Carboxylic acids cannot be successfully used, as acidic hydrogen quenches most of the
nucleophiles used in conjugate additions, and regular carboxylic acid derivatives can be too deactivated.

Diastereo- and enantioselectivity can be challenging.
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2 Aims of the work

Derivatives of 1 were acknowledged as potent drugs against various neoplastic illnesses. The main purpose
of this study is to design an enantioselective method leading to the total synthesis of the natural product 1

or some of its derivative. We have established several partial goals, which follows:

1. Optimize the conjugate addition without electrophile capture of 2 and 3 (see scheme 8).

2. Optimize the deprotonation of 4 and the addition of electrophile.

3. Optimize the conjugate addition with electrophile capture of 2 and 3 as one of a key step of the
reaction scheme.

4. Optimize elimination leading to general methylenation of 4.

5. Optimize the olefin metathesis reaction for low- and large-scale production of 8 as one of a key
step of the reaction scheme.

6. Optimize the conjugate addition of 8.

1.
[e) 2e
o OMOM 7/ 2.
o}
2-bromo- plperonal Br
OfBu OMOM
3,4,5-trimethoxybenzaldehyde ;
R = CH,NMe,...5

R=MOM ........ 6

L4.

OMOM OMOM
OH <O
OtBu o OtBu OtBu
6. z
) ~_ O :
OMe
8 7

Scheme 8: Reaction scheme of synthesis toward podophyllotoxin derivative.



3 Experimental part

3.1 (S)-1-(6-Bromobenzo[d][1,3]dioxol-5-yl)prop-2-en-1-ol (2)

05 2 N0
1o< ! 8
074 2 Br

Preparation

2-Bromopiperonal (802 mg, 3.5 mmol) was added to a dried 100mL round bottom flask equipped with a
magnetic stirring bar and dissolved in 20 mL of dry THF. The solution was cooled to 0 °C by an ice bath
and vinylmagnesiumchloride (3.85 mL, 3.85 mmol, 1.1 equiv.) was added dropwise. After 5 min, the
reaction was heated to rt. TLC was used to monitor the reaction progress, and full conversion was achieved
as the temperature reached room temperature. DIPEA (1.34 mL, 7.7 mmol), TBAI (65 mg, 0.175 mmol),
and MOMCI (530 pL, 7 mmol, 2 equiv.) were subsequently added to the reaction mixture, and the reaction
was stirred overnight. TLC was used to confirm the completion of the reaction. The reaction mixture was
quenched with a saturated NaHCOj solution (50 mL). The mixture was transferred to a separatory funnel,
diluted with an additional 50 mL of NaHCOs3, and extracted with petroleum ether (3x50 mL). The combined
organic layers were dried with saturated brine, anhydrous magnesium sulfate, and evaporated under vacuum
to give a slightly yellowish-gelly compound. The bromide was purified by column chromatography (SiO»,
Et;,O: Hexane 1:4) to yield 0.97 g (92%) of pure product 2.

Rf: = 0.3 (1:6 EtOAc:Hex); IR v [em™'] (m/z , rel. intensity): (3657-3085, w), (2980, w), (2898, w), (1502,
w), (1474, s), (1408, w), (1389, w), (1359, w), (1234, m), (1115, w), (1038, m),(987, w), (932, w), (870,
w), (840, w), (798, w); MS (ESI+) (m/z , rel. intensity [%]): (325/323, 11/12, [M + Na]"), (241/239, 11/12,
[M + H - MeOH - CH20]"), (215/213, 18/18, [M + H — MeOH — CH20 — C2H2]"), (188, 20), (160, 100,
[M + H — MeOH — CH20 -Br]"), (130, 26); HRMS (ESI+) m/z [M+Na'] calcd for Ci>H304BrNa:
322.9889 found: 322.9892; '"H NMR (400 MHz, CDCl;): § = 6.98 (s, 1H, H-3/6), 6.97 (s, 1H, H-3/6), 5.97
(m, 2H, H-10), 5.85 (ddd, J = 17.2, 10.35, 5.99 Hz, 1H, H-8), 5.48 (dt, J = 6.02, 1.34 Hz, 1H, H-7), 5.36
(dt, J = 17.16, 1.44 Hz, 1H, H-9a), 5.23 (dt, J = 10.40, 1.44 Hz, 1H, H-9b), 4.70 (d, J = 6.6 Hz, 1H, C7-
OCH,HyOCH3), 4.60 (d, J = 6.66 Hz, 1H, C7-OCH.H,OCH3), 3.41 (s, 3H, C7-OCH,OCH3); *C NMR
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(400 MHz, CDCls): & = 147.8 (s, C-4/5), 147.9 (s, C-4/5), 136.8 (d, C-8), 133.3 (s, C-1), 116.5 (t, C-9),
113.4 (s, C-2), 112.4 (s, C-3/6), 108.1 (s, C-3/6), 101.8 (t, C-10), 94.0 (t, C7-OCH,OCH3), 76.6 (d, C-7),
55.7 (g, C- C7-OCH,OCH3).

3.2 trans-3,4,5-trimethoxybenzyl-tBu-prop-2-enoate (3)

Preparation

t-Butyl-diethylphosphoacetate (7.94 g, 31.5 mmol) was added to a dried 500mL round bottomed flask
equipped with a magnetic stirring bar and dissolved in 150 mL of dry THF. #~BuOK (7.06 g, 63 mmol, 2
equiv.) was dissolved in THF and injected to the flask. The solution was cooled to 0 °C in a water-ice bath
and 3,4,5-trimethoxybenzaldehyde (6.18 g, 31.5 mmol) was added dropwise dissolved in 2 mL of dry THF.
The reaction was stirred overnight. NMR analysis showed the absence of starting material, so the reaction
was quenched by saturated NaHCOj3 solution (50 mL) and transferred into a separation funnel. The reaction
mixture was extracted with deionized water (2 x 50 mL) and brine solution (1 x 50 mL). The combined
organic layers were dried with anhydrous sodium sulfate and evaporated in vacuo. The product was filtered

over a small silica column, yielding 3.14 g of pure product (33.8%).

R;=0.65 (EtOAc:Hex 1:3); M.p. = 76-77 °C; IR v [em™'] (m/z, rel. intensity): (3022-2850, w), (2826, w),
(1696, m), (1582, m), (1504, m), (1467, w), (1457, w), (1448, m), (1420, m), (1312, m), (1276, m), (1247,
m), (1144, s), (1121, vs), (1009, m), (995, m), (846, s), (834, w), (742, w), (622, w); MS (ESI+) (m/z, rel.
intensity [%]): (411.0, 25), (323.0, 10), (239, 13), (215, 20), (188, 21), (161.1, 10), (160.1, 100), (130, 25),
(102, 73); HRMS (ESI+) m/z: caled for CisH21OsNa: 317.1359 found: 317.1359 ([M+Na]*); '"H NMR (400
MHz, CDCl): 6 = 7.49 (d, J = 15.87 Hz, 1H, H-7), 6.73 (s, 2H, H-2,6), 6.27 (d, ] = 15.84 Hz, 1H, H-8),
3,88 (s, 9H, Ar-"POCH;), 1.53(s, 9H, tBu); *C NMR (400 MHz, CDCls): 8 = 166.7 (s, C-9), 153.8 (s, C-
4), 143. (d, C-7), 140.26 (s, C-1), 130.6 (d, 2C, C-3, C-5), 119.9 (d, C-8), 104.8 (d, 2C, C-2, C-6), 80.9 (s,
C(CHs)3), 61.3 (q, Ar-PO-Me), 56.5 (q, Ar-"0-Me), 29.3 (q, C(CHs)3).
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3.3 (S)-1-(6-Bromobenzo[d][1,3]dioxol-5-yl)prop-2-en-1-ol (2e)

OH
6
<O 5 -7 =°
10 8
O 4 3 2 Br

Preparation

To degas reaction solvent, 10 mL of methanol was combined with 2 drops of water, and the mixture was
added to the large Schlenk flask. Five cycles of reducing pressure to the boiling point of MeOH using a
high vacuum pump, allowing for a few seconds of boiling, and then injecting nitrogen to relieve pressure,
were performed. Another Schlenk flask was vacuum-dried and filled with a nitrogen atmosphere. Copper
fluoride CuF»>-H>O (3 mg, 0.025 mmol, 0.037 equiv.) and (R)-DTBM-SEGPHOS (50 mg, 0.042 mmol,
0.063 equiv.) were added to the flask. The system was subjected to vacuum for approx. 2 min and then
filled with nitrogen. Degassed MeOH was added to the Schlenk flask leading to the formation of a white
precipitate, which eventually changed color to the slight purple hue. The reaction was heated to reflux for
30 min and dry THF (0.4 mL) was added to dissolve the white precipitate. No blue copper salt residue was
detected. The reaction was refluxed for another 20 min, after which a reaction mixture was evaporated. The
same mixture of solvents was added 2 more times and the process was repeated. Dry toluene was added
(0.5 mL) completely dissolving the reaction mixture. The toluene was evaporated under a vacuum to
remove solvent residues and humidity, and the process was repeated one more time. 6-Bromo-piperonal
(153 mg, 0.67 mmol) was added. The flask was subjected to vacuum and then filled with nitrogen. DMF (1
mL) and trimetoxyvinylsilane (205 pL, 1.34 mmol, 2 equiv.) were added and the reaction mixture was
stirred for 30-40 min after which NMR measurement was performed. Measurement gave full conversion
so the reaction was quenched with water. The crude reaction mixture was transferred to a tall beaker and
the flask was flushed with water and EtOH mixture approx. 1:1. to ensure full transfer of the mixture. A
10% KOH solution (5 mL) was added to the mixture heated to 50 °C and stirred for 20 min. The mixture
was extracted with 40 mL of water and 2 x 30 mL of Et;O:PE mixture in a ratio of 1:1. The aqueous phase
was reextracted with an additional 20 mL of Et,O. The combined organic layers were reextracted with brine
and filtered over anhydrous sodium sulfate. Residue recrystallized in 10% EtOAc:PE mixture. The
recrystallization process yielded 143 mg of pure product corresponding to 93% yield and enantiomeric
excess ee of 94%. The crystals were suitable for X-ray analysis, which was used to establish absolute

configuration as (S)-2e.
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Rf: = 0.3 (EtOAc:Hex 1:6); IR v [em™'] (m/z, rel. intensity): (3658-3085, b), (2980, 0. w), (2899, w), (1502,
m), (1475, vs), (1408, w), (1390, w), (1359, w), (1234, s), (1115, w), (1039, s), (987, w), (933, m), (870,
W), (840, w), (799, w); MS (APCI+) (m/z, rel. intensity [%]): (483.2, 15), (241.0, 90), (239.0, 100), (217.4,
10), (209.0, 14), (171.1, 30); HRMS (APCI+) m/z: caled for CisH2»OsNa: 317.1359 found: 317.1359; 'H
NMR (401 MHz, CDCI3): & = 7.01 (s, 1H, H-3/6), 6.98 (s, 1H, H-3/6), 5.98 (dd, J = 1.37, 4.45 Hz, 2H, H-
10), 5.97 (ddd, J = 15.9, 10.5, 5.4 Hz 1H, H-8), 5.54 (ddd, J = 5.07, 3.21, 1.49 Hz, 1H, H-7), 5.40 (ddd, ] =
17.2, 1.5, 1.5 Hz, 1H, H-9a), 5.22 (ddd, J = 10.4, 1.4, 1.4 Hz, 1H, H-9b), 2.02 (s, IH, C7-OH); 3C NMR
(401 MHz, CDCI3): & = 179.9 (s, C-4/5), 148.0 (s, C-4/5), 138.5 (d, C-8), 135.0 (s, C-1), 115.5 (t, C-9),
113.1 (s, C-2), 112.7 (d, C-3/6), 107.9 (d, C-3/6), 101.9 (t, C-10), 73.5 (d, C-7).

3.4 tert-Butyl (R*)-3-(6-{(S)-1-[ (methyloxy)methoxy]allyl}benzo[d][1,3]dioxol-5-yI)-3-(3,4,5-
trimethoxyphenyl)propanoate (4)

Preparation
Bromide 2 and Cinnamate 3 were 3x dissolved in benzene and evaporated in vacuo for a removal of residual

humidity. Compounds were dried for 10 min at the vacuum pump. Schlenk flask was fitted with a magnetic
stirrer and dried with a heat gun. A nitrogen atmosphere was introduced after couple min of drying. Dry
toluene (2 mL) was injected into the flask and bromide 2 (45 mg, 0.015 mmol) was weighted in a syringe,
in which it was dissolved and washed into the reaction mixture in dry toluene. The apparatus was cooled
by a dry ice-acetone cooling bath to -78 °C. Dry TMEDA (150 uL, 1.5 mmol) and BuLi (87 uL, 1.6M, 0.14
mmol) were added dropwise and the reaction was stirred for 10 min at -78 °C, and then 10 min slightly
pulled out of bath. Cinnamate 3 (19 mg, 0.1 mmol) was added dissolved in a syringe and the reaction was
stirred for 3-4 hours during what the reaction was gradually heated to rt. The reaction mixture was quenched
with wet Et,0O and stirred overnight at rt. The reaction mixture was then filtered over a silica column, eluted
with Et;O and evaporated in vacuo. Ester 4 was isolated by flash chromatography which obtained a single

diastereomer. The reaction yielded 26 mg of pure product (62%) as 5.5:1 diastereomer mixture.
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Rf: = 0.4 (EtOAc:Hex 1:3); IR v[cm'] (m/z, rel. intensity): (3057-2887, b), (2838, w), (1712, w), (1628,
w), (1588, m), (1504, m), (1482, w), (1461, w), (1419, w), (1367, w), (1328, m), (1253, m), (1234, m),
(1125, vs), (1028, s), (933, m), (849, m), (733, s), (701, w); MS (ESI+) (m/z, rel. intensity [%]): (669, 5),
(540, 20), (539, 65), (535, 10), (400, 25), (399, 100), (340, 40), (339, 92); HRMS (ESI+) m/z: calcd for
CasH3609Na: 539.2251 found: 539.2249; "TH NMR (400 MHz, CDCl): & = 6.91 (s, 1H, H-3/6), 6.68 (s,
1H, H-3/6), 6.39 (s, 2H, H-2’, H-6’), 5.96 — 5.88 (m, 2H, H-10a, H-10b), 5.79 (ddd, J=16.8, 10.7, 6.0 Hz,
1H, H-8), 5.47 (dt, J= 6.1, 1.4 Hz, 1H, H-7), 5.16 — 5.01 (m, 2H, H-9), 4.77 (dd, J = 8.8, 7.2 Hz, 1H, H-
7),4.67 —4.56 (m, 2H, H-10), 3.78 (s, 9H, Ar-"*O-Me), 3.40 (s, 3H, C7-OCH,OCH3)2.92 — 2.77 (m, 2H,
H-8%), 1.33 (s, 9H, C(CH3)3); *C NMR (400 MHz, CDCI3): = 170.9 (s, C-9°), 153.2 (s, 2C, C-3’, C-5),
147.3 (s, C-4/5), 146.4 (s, C-4/5), 139.4 (s, C-17), 138.4 (d, C-8), 136.6 (d, C-4’), 135.3 (s, C-2), 131.9 (s,
C-1), 116.1 (t, C-9), 108.1 (d, C-3/6), 107.3 (d, C-3/6), 105.1 (d, 2C, C-2’, C-6), 101.2 (t, C-10), 93.6 (t,
C7-OCH20CH3), 80.7 (s, C(CH3)3), 73.7 (d, C-8), 60.9 (q, PO-Me), 56.2 (q, 2C, "O-Me), 55.6 (q, C7-
OCH:20CH3), 42.6 (t, C-8), 42.2 (d, C-7"), 28.1 (q, C(CH3)3).

3.5 tert-Butyl (3R*)-2-((dimethylamino)methyl)-3-(6-((S*)-1-
(methoxymethoxy)allyl)benzo[d][1,3]dioxol5-yl)-3-(3,4,5-trimethoxyphenyl)propanoate (5)

Preparation

A 250mL Schlenk flask was heated with a heat gun under vacuum for humidity removal. A nitrogen
atmosphere was introduced. Bromide 2 (7.16 g, 23.78 mmol, 1.4 equiv.) was weighted into the flask and
placed under vacuum for drying. A flask was filled with a nitrogen atmosphere. Dry toluene was added to
the flask and TMEDA (25.5 mL, 33.9 mmol, 2 equiv.) was added dropwise via syringe. The system was
cooled to -78 °C and BuLi (16.6 mL, 23.8 mmol, 1.4 equiv.) was added dropwise. The reaction mixture
turned bright yellow and was stirred for 15 min. Cinnamate 2 (5.0 g, 16.9 mmol) was dissolved in toluene
and added dropwise by syringe. The reaction went from bright yellow to dark orange and back again to
bright yellow within 2 min. The reaction was stirred for 2 hours at -78°C. Dry THF (5 mL) was added

followed by Eschenmoser’s salt (6.3 g, 33.9 mmol, 2 equiv.). The mixture was vigorously stirred, and the
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reaction temperature was gradually increased to room temperature over the course of 1-2 hours. 6.5 g of
the mixture was subjected to column (1 1 of 30% Et,0, then pure ether), which acquired 6 g of product
(60%).

R; = 0.15 (Et0); IR v[cm''] (m/z , rel. intensity): (3078, w), (2974, w), (2865, w), (1726, w), (1588, w),
(1505, w), (1484, m), (1367, w), (1233, m), (1125, vs), (1030, vs), (932, m), (846, w); MS (ESI+) (m/z, rel.
intensity): (574, 1.0, [M + H] "), (512, 0.16, [M — CH30CH20]"), (456, 0.32, [M — CH30OCH20 — isobutene]
), (339, 0.35); HRMS (ESI+) m/z: [M + H]" caled. for C31H44O9N 574.3011; found: 574.3008; '"H NMR
(401 MHz, CsDs): 6 7.40 (s, 1H, H-3/6), 7.29 (s, 1H, H-3/6), 6.62 (s, 2H, H-2’, H-6), 5.99 (dt, /= 5.8, 1.4
Hz, 1H, H-7), 5.81 (ddd, /= 17.1, 10.3, 5.8 Hz, 1H, H-8), 5.37 (d, /= 1.3 Hz, 1H, C4-OCH.H+0), 5.28 (d,
J = 1.3 Hz, 1H, C4-OCH.Hv0), 5.21 (dt, J = 17.2, 1.6 Hz, 1H, H-9a), 4.97- 4.90 (m, 2H, H-9b, C7-
OCH.HvOCH3), 4.74 (d, J= 6.5 Hz, 1H, C7-OCH.HyOCH3), 4.61 (d, J= 11.4 Hz, 1H, H-7"), 3.78 (s, 3H,
C4’-OCH:3), 3.57-3.50 (m, 1H, H-8"), 3.43 (s, 3H, C7-OCH20CHs), 3.36 (s, 6H, C3’-OCH3, C5’-OCHs),
298 (t,J=11.5Hz, 1H, H-10’a), 2.32-2.23 (m, 1H, H-10’b), 2.12 (s, 6H, N(CH?3)2), 1.32 (s, 9H, OC(CH53)3);
BC NMR (401 MHz, CsDs): 8 173.6 (s, COO-Bu), 154.2 (s, 2C, C-3°, C-5"), 147.5 (s, C-4/5), 147.0 (s, C-
4/5),139.5 (d, C-8), 138.3 (s, C-1"), 138.2 (s, C-4"), 134.6 (s, C-1/2), 133.8 (s, C-1/2), 115.9 (t, C-9), 108.6
(d, C-3/6), 108.0 (d, C-3/6), 106.3 (d, 2C, C-2’, C-6"), 101.1 (t, C-10), 94.3 (t, C7T-OCH20CH3), 80.0 (s,
OC(CH3)3), 73.9 (d, C-7), 62.2 (t, C-9’), 60.5 (d, Ar-"O-Me), 55.9 (q, 2C, Ar-"O-Me), 55.7 (q, C7-
OCH:20CH3), 50.9 (d, C-8’), 47.5 (d, C-7"), 45.7 (q, 2C, N(CH3)2), 28.0 (q, OC(CH3)3).

3.6 tert-Butyl (3R*)-3-(6-((S*)-1-(methoxymethoxy)allyl)benzo[d][1,3]dioxol-5-yl)-2-(methoxymethyl)-
3-(3,4, 5-trimethoxyphenyl)propanoate (6)

Preparation
A Schlenk flask was dried using a heat gun and fitted with a magnetic stirring bar. The flask was purged

with nitrogen. Dry THF was injected in the flask and tetramethylpiperidine (TMP) (55 nL, 0.328 mmol)
was added. The reaction mixture was cooled to -78 °C with an acetone/dry ice cooling bath. BuLi (180 pL,
1.7M, 0.289 mmol, 1.5 equiv.) was added dropwise and the reaction mixture was stirred for 30 min during

which the temperature was gradually increased to 0 °C. The reaction temperature was again cooled to — 78
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°C, and compound 3 (100 mg, 0.193 mmol) was added dissolved in THF to the reaction mixture and stirred
for 1 hour at this temperature. Methoxymethyl chloride (30 uL, 0.386 mmol, 2 equiv.) was added diluted
in 1 mL of dry THF and the reaction temperature was allowed to increase to rt over the course of 30-40 min
and quenched with wet Et,0. The quenched reaction mixture was extracted with 150 mL EtOAc and 150
mL of aqueous NH4Cl. The aqueous phase was reextracted with 50 mL of EtOAc and the combined organic
layers were treated with brine and anhydrous sodium sulfate. Evaporation yielded 100 mg of the product
mixture which was subjected to isolation at flash chromatography to yield 50 mg of starting material and

40 mg of clean product (41%) as a 2:1 diastereomeric mix.

R;=0.73 (hexane/EA 1:1); IR v[cm''] (m/z , rel. intensity): (2976, w), (2934, w), (2891, w), (2836, w),
(1724, m), (1589, m), (1505, m), (1484, m), (1459, m), (1421, w), (1367, w), (1328, w), (1230, m), (1147,
s), (1125, vs), (1030, vs), (910, s), (846, w), (728, vs), (647, w); MS (ESI+) (m/z, rel. intensity): (1143, 13,
[2M + Na]"), (583, 100, [M +Na] ™), (578, 17, [M + NH4] "), (339, 70); HRMS (ESI+) m/z: [M + Na]" calcd.
for C30H40010Na 583.25137; found: 583.25123; 'H NMR (401 MHz, CDCIs, A major diastereomer, B minor
diastereomer): 6 7.04 (s, 1H, H-3/64), 6.90 (s, 1H, H-3/68), 6.88 (s, 1H, H-3/64), 6.83 (s, 1H, H-3/68), 6.50
(s, 2H, H-2’B), 6.43 (s, 2H, H-2’4), 5.95 (d, /= 1.4 Hz, 1H, C4-OCH.HvOs8), 5.92 (d, J= 1.4 Hz, 1H, C4-
OCH=HvOn), 5.91 (d, J= 1.4 Hz, 1H, C4-OCHaHvO4), 5.88 (d, /= 1.5 Hz, 1H, C4-OCHaHvOB), 5.90-5.82
(m, 1H, H-88), 5.63 (ddd, /= 16.8, 10.3, 5.6 Hz, 1H, H-84), 5.57- 5.52 (m, 2H, H-7aB), 5.24-5.17 (m, 2H,
H-98), 5.02-4.93 (m, 2H, H-94a), 4.68 (d, /= 6.8 Hz, 1H, C7-OCH.HvOCH3s), 4.65 (d, J= 6.6 Hz, 1H, C7-
OCH:HvOCHsa), 4.61 (d, J = 6.6 Hz, 1H, C7- OCH.HvOCH3sa), 4.56 (d, J = 6.6 Hz, 1H, C7-
OCH2HvOCHss), 4.37 (d, J = 11.3 Hz, 1H, H-7’8), 4.34 (d, /= 10.7 Hz, 1H, H-7"4), 3.79 (s, 6H, Ar-"O-
Meg), 3.79 (s, 6H, Ar-"O-Men), 3.77 (s, 3H, Ar-"O-Men), 3.75 (s, 3H, Ar-"O-Mes), 3.66-3.58 (m, 1H, C8’-
CH.H»OCHs3g), 3.55-3.48 (m, 1H, C8’- CHaHbOCH3a), 3.46 (s, 3H, C7-OCH20CH:a), 3.42 (s, 3H, C7-
OCH:20CH3B), 3.35-3.27 (m, 4H, H- 8’aB, C8’-CHaHvOCH3ag), 3.25 (s, 3H, C8’-CH20CH34), 3.24 (s, 3H,
C8-CH20CH:B), 1.25 (s, 9H, C(CHs)3a), 1.23 (s, 9H, C(CHs)38); *C NMR (101 MHz, CDCl3, A major
diastereomer, B minor diasterecomer): & 172.9 (s, COO¢-Bus), 172.5 (s, COOt-Bua), 153.2 (s, 2C, C- 374,
C-5’4), 152.9 (s, 2C, C-3’8, C-578), 147.7 (s, C-4/58), 147.0 (s, C-4/54), 146.7 (s, C-4/58), 146.4 (s, C-4/54),
138.6 (d, C-8s), 138.4 (d, C-84a), 137.8 (s, C-1"B), 137.7 (s, C-14), 136.8 (s, C-4’a), 136.7 (s, C-4’8), 133.6
(s, C-2B), 133.5 (s, C-24), 133.0 (s, C-14), 132.1 (s, C-18), 117.0 (t, C-98), 115.8 (t, C-94), 108.3 (d, C-
3/6a), 107.7 (d, C-3/68), 107.1 (d, C-3/64), 106.5 (d, C-3/68), 105.8 (d, 2C, C- 2’B), 105.4 (d, 2C, C-2°A),
101.3 (t, C4-OCH208), 101.2 (t, C4-OCH204), 93.9 (t, C7- OCH20CH34), 93.6 (t, C7-OCH20CHsg), 80.78
(s, COOC(CHz3)3B), 80.77 (s, COOC(CHs)3a), 73.8 (d, C-78), 73.5 (t, C8-CH20CH3sa), 73.2 (t, C8’-
CH20CHss), 73.0 (d, C-74a), 61.0 (g, C-4’4), 60.9 (q, C4’-OCHss), 59.1 (q, C8’-CH20CH3a), 59.0 (q, C8’-
CH20CHs3B), 56.3 (q, 2C, C3’-OCHsa), 56.2 (q, 2C, C3’-OCHss), 55.9 (q, C7-OCH20CH34), 55.8 (q, C7-
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OCH:20CHsB), 52.4 (d, C-8’8), 52.0 (d, C-8’4), 45.4 (d, C-7’4), 44.7 (d, C-7’), 27.91 (q, C(CH3)3a), 27.90
(q, OC(CH3)s3B).

3.7 tert-Butyl-2-((R*)-(6-((S*)-1-(methoxymethoxy)allyl)benzo[d][1,3] dioxol-5-yl)(3,4, 5-
trimethoxyphenyl)methyl)acrylate (7)
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Preparation

Amine 4 (800 mg, 1.395 mmol) was dissolved in dry THF (5 mL) in a heat gun dried Schlenk flask. Methyl
lodide (434 pL, 6.9 mmol, 5 equiv.) was added dropwise to the reaction mixture, and the reaction was
stirred for approx. two hours at rt. The reaction mixture was evaporated in vacuo. The residue was dissolved
in a 3 mL mixture of dry THF/tBuOH in a 1:1 ratio. Subsequently, fBuOK (157 mg, 1.4 mmol, 1.0 equiv.)
dissolved in 0.5 mL of dry THF/tBuOH mixture was added to the reaction and then stirred for 10 min. More
tBuOK (78 mg, 0.7 mmol, 0.5 eq.) was added and the reaction was stirred for additional 30 min, after which
it was quenched with water. The reaction mixture was filtered over silica gel with 150 mL of Et,O. The

product was isolated by flash chromatography and acquired 660 mg of pure product (83%).

R; 0.50 (EtOAc:Hex 1:3); IR v[cm''] (m/z , rel. intensity): (2935-2837, b), (1705, m), (1502, w), (1483,
m), (1459, m), (1302, s), (1231, s), (1142, vs), (1123, s), (1035, m), (1007, s), (934, m), (848, w), (736, w);
MS (ESI+) (m/z , rel. intensity): (1143.5, 15), (584.3, 30), (583.3, 100), (578.3, 18), (443.2, 22), (340.3,
15), (339.1, 70); HRMS (ESI+) m/z: [M+Na]" calcd for C2oH3¢09Na: 551.2251; found: 551.2252; 'H
NMR (400 MHz, CDCls): 6 =7.01 (s, 1H, H-3/6), 6.45 (s, 1H, H-3/6), 6.31 (t,J= 1.2 Hz, 1H, H-10’a), 6.29
(s, 2H, H-2°,H-6), 5.92 (dd, J = 7.1, 1.4 Hz, 2H, H-10), 5.79 (ddd, J = 17.0, 10.2, 6.7 Hz, 1H, H-8), 5.46
(d,J=1.4Hz, 1H, H-7°), 5.24 (dt, ] = 6.7, 1.2 Hz, 1H, H-7), 5.18 — 5.09 (m, 2H, H-10’a, H-10"b), 4.65 (d,
J=6.48 Hz, 1H, C7-OCH,H,OCH3) — 4.57 (d, J = 6.54 1H, C7-OCH.H,O CH3), 3.82 (s, 3H, Ar-’O-Me),
3.76 (s, 6H, Ar-"0-Me), 3.35 (s, 3H, C7-OCH,OCHs), 1.37 (s, 9H, t-Bu); *C NMR (400 MHz, CDCl;): &
=166.0 (s, C-9°), 153.2 (s, 2C, C-3’), 146.8 (s, C-4/5), 146.4 (s, C-4/5), 145.1 (s, C-8°), 138.1 (d, C-8),
137.5 (s, C-17), 136.6 (s, C-4"), 133.3 (s, C-2), 132.4 (s, C-1), 126.4 (1, C-10"), 116.2 (t, C-9), 109.1 (d, C-
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3/6),107.7 (d, C-3/6), 106.1 (d, 2C, C-2’, C6), 101.1 (t, C-10), 93.5 (t, C7T-OCH,OCH3), 80.9 (s, C(CHzs)3),
74.1 (d, C-7), 60.9 (q, Ar-*O-Me), 56.1 (q, , Ar-"O-Me), 55.4 (q, C7-OCH,OCH3), 47.8 (d, C-7°), 27.9 (q,
3C, tBu).

3.8  tert-Butyl (5R* 85%)-8-(methoxymethoxy)-5-(3,4,5-trimethoxyphenyl)-5,8-dihydronaphtho/[2, 3-
d][1,3]dioxole-6-carboxylate (8)
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Preparation

A tubular Schlenk flask was dried using a heat gun under vacuum. The flask was filled with nitrogen
atmosphere. Hoveyda-Grubbs II catalyst (242 mg, 0.386 mmol, 0.2 equiv.) was added, along with a
magnetic stirring bar and the flask was put on a vacuum pump for 5 min after which the nitrogen atmosphere
was restored. The diene 6 (1020 mg, 1.930 mmol) was dissolved in 4 mL of dry benzene and injected into
the flask. The reaction mixture was subjected to 5 cycles of reducing pressure to the boiling point of
benzene, allowing for a few seconds of boiling, and then relieving pressure with nitrogen. The reaction
apparatus was then placed to an oil heating bath set to 70 °C for 3-4 days, during which NMR analysis was
performed daily. When the conversion reached its maximum according to NMR, the reaction was removed
from the heating bath. The reaction mixture was then placed on a column (SiO», 8 cm in length and 2.5 cm
in diameter) and eluted with 15% EtOAc:PE. Green precatalyst was eluted first, followed by 500 mg of
clean product (51 %).

R¢ = 0.45 (EtOAc:Hex 1:3) IR v[cm'] (m/z, rel. intensity): (2935-2837 b), (1705, m), (1502, w), (1483,
m), (1459, m), (1302, s), (1231, s), (1142, vs), (1123, s), (1035, m), (1007, s), (934.23, m), (848, w), (736,
w); MS (ESI+) (m/z , rel. intensity): (1023.4, 10, [2M+Na]"), (537.2, 15, [M+2H,O+H]"), (523.2, 100,
[M-+Na]"); HRMS (ESI+) m/z: calcd for Co7H3O9Na: 523.1938 found: 523.1929; 'H NMR (400 MHz,
CsDg): 6=7.56 (dd, J=2.7, 1.0 Hz, 1H, H-8), 7.25 (d, J = 0.8 Hz, 1H, H-6), 6.76 (s, 1H, H-3), 6.49 (s, 2H,
H-2’, H6”), 5.43 (ddd, ] = 3.4, 2.6, 0.7 Hz, 1H, H-7), 5.30 (d, ] = 1.4 Hz, 1H, H-9a), 5.23 (d,J = 1.4 Hz,
1H. H-9b), 5.10 (d, J = 3.6 Hz, 1H, H-7"), 4.71 (d, J = 7.0 Hz, 1H, C7-OCH,H,OM), 4.59 (d, J = 7.0 Hz,
1H, C7-OCH.H,OCH3), 3.76 (s, 3H, C7-OCH,OCH3), 3.35 (s, 6H, Ar-"O-Me), 3.22 (s, 3H, Ar-"O-Me),
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1.30 (s, 9H, C(CHs)s; *C NMR (400 MHz, CsDe): 5 = 165.0 (s, C-9°), 153.9 (d, 2C, C-3°, C-5°), 147.9 (s,
C-4/5), 147.1 (s, C-4/5), 139.4 (s, C-1°), 138.9 (s, C-4"), 136.2 (s, C-8), 135.2 (s, C-8), 131.5 (s, C-1/2),
127.3 (s, C-1/2), 108.1 (d, C-3), 106.9 (d, C-6), 106.0 (d, 2C, C-2’, C-6), 100.8 (t, C-9), 96.1 (t, C7-
OCH,OCHs), 74.9 (s, C(CHs)3), 72.1 (d, C-7), 60.1 (g, Ar-"O-Me), 55.5 (q, 2C, Ar-"O-Me), 55.5 (q, C7-
OCH,OCH:), 46.0 (d, C-7°), 27.6 (g, 3C, C(CHs)s).
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4 Results and discussion

The first step of the retrosynthesis of 1 is the opening of the D ring in the sense of retro-lactonization which
results in a hydroxymethyl group and a carboxylic function both attached to the C ring at the 8 and 8§’
positions respectively (see Scheme 9). The next step is the retro-conjugate addition of hydroxymethyl
synthon to position 8 which results in a double bond in 1,4 position toward the ester group. Disconnection
of 8-8” results in C-ring opening and disclosure of 2 phenylpropanoid units from which 1 is composed of.
RCM leaves two double bonds in close proximity. Bond 2-7’ disconnection reveals two starting parts of

the molecule.
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Scheme 9: Retrosynthetic proposal, retro-lactonization, retro-conjugate addition.
Starting material of the whole synthesis is 2-bromo-piperonal which is prepared from piperonal found in
natural plants such as vanilla, dill, or black pepper. Piperonal can be prepared by oxidative cleavage of
isosafrole. Due to the broad usage of piperonal in MDMA manufacturing, it is a Category I precursor under

regulation no. 273/2004 of the European Community, but 2-bromo-piperonal is commercially available.

The first step involves the addition of vinylmagnesium chloride to 2-bromo-piperonal substrate. To
facilitate this reaction, DIPEA was added as a non-nucleophilic basic agent, which helps to maintain
suitable reaction conditions. Additionally, TBAI was included in the reaction mixture to serve as a catalytic
source of iodine, which can accelerate the reaction rate. TBAI is an iodide salt, which can be utilized by

Finkelstein reaction to interchange bromine for iodide in our substrate 2, forming much more reactive
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specie. The reaction proceeded at 0 °C. The substrate underwent nucleophilic addition to carbonyl leaving
secondary alcoholate that was stabilized with DIPEA. After all Grignard reagent reacted, MOMCI was
added for the protection of free alcohol generated in this reaction. Protection is important for following
steps of this synthesis. This reaction proceeded one-pot in a racemic manner. Yield can be as high as 92%
which is satisfactory to the first reaction in synthetic sequence. The racemic molecule was used for the

optimization of all following steps.

1. Zmg? 0c <o F
2. MOMCI, DIPEA, TBAI o) Br
.
o 92%
SC
© Br 1. (R)-DTBM-SEGPHOS, CuF
2-Bromo-Piperonal 60°C, 30 min, THF OH
Zs5i(0Me), o P
2. KF(aq.), 60°C, 15 min <
0 Br

93%

OMe
tBu tBu

tBu
oo L/S Gl sehrug
< P
P
o P tBu 0
P
ST P Lome I
) tBu (@)
tBu tBu

OMe

(R)-DTBM-SEGPHOS (R)-DM-SEGPHOS (R)-Tol-BINAP

Scheme 10: Enantioselective and regular vinylation of starting material with used ligands for enantioselective vinylation.

Enantioselective alkenylation previously reported on aldehydes leading to chiral allylic alcohols was
utilized. Authors demonstrated methodology on various substrates including piperonal®?. The extra bromine
atom at the position close to the reaction center in 2 is causing the molecule to be more sterically hindered
but still should be similar enough to undergo reaction under the conditions stated in the article. It was
reported that silylated nucleophiles, such a trimethoxyvinylsilane, which are being used in our reaction are
activated by a catalytic amount of CuF, forming vinyl coppers through transmetallation. The species can
perform enantioselective addition when modified with a chiral phosphine ligand. This catalytic
enantioselective method for chiral allylic alcohol synthesis can provide close to quantitative yields with

very high enantiomeric excess values.
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Our first efforts for reproduction of the method for 2-br-piperonal were accompanied by the usage of Tol-
BINAP which yielded 30% and 40% ee (Table 2, Entry 1) even though the reaction utilizing this catalyst
should have yielded much higher values. Increasing the number of equivalents of trimethoxyvinylsilane
didn’t improve reaction yield at any extent. Increasing equivalents only caused the workup to be extremely
laborious, as it generated a large amount of silyl polymer residue that had to be removed during the workup.
The possible explanation for such low yields could be that product had been locked inside the silyl polymer
which was filtered out during the workup. For the disproof of that, harsher hydrolysis methods utilizing
TBAF mentioned in the article were tested, although no significant differences were observed (Table 2,
Entry 2). After using KF aqueous solution for hydrolysis, we were able to perform a considerably cleaner
workup, but yields were still similarly low (Table 2, Entry 4). DTBM-SEGPHOS was described by the
authors as the first-rate ligand affording the highest yields and ee values for this reaction, but it also didn’t
provide any significant improvement during initial experiments (Table 2, Entry 5). A further optimization
step was the increase of the loading of CuF, but it neither provided any significant improvement. Our
attempts to optimize the reaction led to the strict oxygen-free conditions that were necessary for the reaction
to work as reported in the article. The reaction required degassed solvents and strict oxygen-free conditions
during the whole process of reaction which afterward yielded 93% with ee values of 94% and 98% after
recrystallization (Table 2, Entry 6). This outcome was comparable with the results from the published
article. Compound 2e crystallized as a single enantiomer and was recrystallized for the enrichment of
enantiomer using a heptane/EtOAc mixture in a ratio of 1:1. The absolute configuration was determined by

X-ray crystalography from the obtained crystal from recrystallization. 7-Hydroxyl was found to be in

A )V

L .

S-configuration.

Figure 15: 3D structure of 1 obtained by single crystal X-ray method.
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yield Ligand CsH1203Si Workup

Entry [%] ee Ligand [Yo™!] [equiv.] method

1 30 Not measured  (R)-Tol-BINAP 4.0 3 EtOAc/water

2 31 40 % (R)-Tol-BINAP 6.3 76@) TBAF method
(R)-DTBM-

3 ~0 / SEGPHOS 4.0 6@ TBAF method
(R)-DTBM-

4 6 Not measured ~ SEGPHOS 5.0 9@ KF method

Direct silica

5 ~0 / (S)-DM-SEGPHOS 8.0 8@ filtration
98 % (R)-DTBM-

6® 93 (recrystallized) SEGPHOS 6.3 2 KOH (aq.)
(R)-DTBM-

7® >90 92 % SEGPHOS 6.3 2 KOH (aq.)

Table 1: Progress during the optimization of enantioselective vinylation. Column Air states if the reaction has proceeded under
oxygen-free conditions. All entries were carried out at 3.7 mol% of KF. (a) Equivalents were added gradually (b) The compound
was prepared without access to oxygen.

The Horner-Wadsworth-Emmons reaction was utilized for the preparation of compound 3.
3,4,5-trimethoxybenzaldehyde = was  transformed  into  the  cinnamate-like  unit  with
ethyl-2-dimethoxyphosphoryl acetate and tBuOK as a base for deprotonation of the acetate at room
temperature. This olefination reaction is an approach leading preferentially to trans isomer. The reaction is
being used for the formation of Bu cinnamate motive needed for the formation of C, D and E-ring. The
reaction yielded only 38% which probably caused the hydrolysis of a product forming carboxylic acid

during the reaction, which passes to the aqueous phase during workup.

B
o QEt o Os_OtBu
_0 ‘ﬁ “tBu _—
O O
tBu-OK (2 eq.)
MeO OMe 38% MeO OMe
OMe OMe
trimethoxybenzaldehyde 3

Scheme 11: Preparation of 2 utilizing Horner-Wadsworth-Emmons reaction.
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The two major building blocks 2 and 3 were combined in the process of conjugate addition. Bromide 2 was
exposed to n-Bu-Li undergoing metal-halogen exchange forming a highly efficient organolithium
nucleophile. This reactive specie was in the toluene with TMEDA as an intramolecular chelation agent.
These conditions let nucleophile to be added to the a,f-unsaturated cinnamate 3 in the 1,4 manner. The
reaction had to be optimized for a good diastereomeric ratio. Humidity or presence of ether or other Lewis
bases played an important role in the reaction, both compounds had to be dried by dissolving reagents in
dry toluene or dry benzene and in vacuo evaporation. The solvent formed an azeotrope with volatiles, and
was distilled out. The dry conditions led to a more stereoselective reaction. Diastereoselectivity can be
explained by the major role of TMEDA and MOM protection group as intramolecular chelator. Levis base
probably distorted the chelation system letting the nucleophile attack from any side (see Scheme 12). The
clean reaction yielded a diastereomer ratio of 5.5:1 whereas initial efforts without employing clean method

achieved dr of close to 4.5:1. The reaction yielded at maximum of 60%.

Toluene is crucial for the reaction to work as it is a non-basic solvent that does not coordinate
organolithiums. No product could be obtained while using THF. TMEDA was used for the disaggregation
of organolithiums forcing them to act monomer-like and for saturation of 4 lithium’s coordination sites (see
Scheme 12). The proposed S-membered metallacycle is formed by two ether oxygens of the MOM group
and the carbonyl oxygen from cinnamate 3. The presence of the MOM protecting group therefore mediated
internal nucleophile delivery and caused preference for one certain relative configuration, which was

unknown at this point. Relative configuration was elucidated with a compound 8.

60%

0. OtBu ~o"o
o) =
| <
o Br
2
MeO OMe ] .
OMe n-Bu-Li (0.93 eq.),-78°C
Toluene MeO OMe
TMEDA OMe
3 4
— OMOM
<°7§§( 20 ¢
o Xl —_—
0=~ '-1/‘/0/ o ® OtBu
OBy MeO OMe
OMe

transition state

Scheme 12: 2 and 3 as a building blocks for conjugate addition in toluene and proposed transition state of the formation.
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Methylene moiety needs to be added to ester 4 for the purpose of olefin metathesis. A one-carbon synthon
had to be added to position 8 in ester 4. Position 8’ can be deprotonated by a strong base such as a LDA
or LiTMP forming an enolate that can attack electrophiles. Eschenmoser’s salt is a suitable electrophile that

can be eliminated forming a methylene unit.

1. Base
= _— -
X (6] 2. Electrophile & (0]
THF
MeO OMe MeO OMe
OMe OMe
4 5/6 7

Scheme 13: Deprotonation of 4 and nucleophilic addition to electrophile followed by electrophile adduct elimination toward
alkene 7.

There was an attempt to combine two reactions making the reaction one-pot. The first two reactions gave
close-to-zero yield (Table 3, Entry 1,2), which was later explained by the strength of base for elimination.
DBU was not strong enough to eliminate Eschenmoser’s salt aduct. Yield increased to approx. 25% after
treatment with fBuOK (Table 3, Entry 3). Refluxing the reaction mixture in THF for 2 hours afforded some
product, but the reaction conditions were too harsh, so the double bond migrated to a thermodynamically
more stable position 7° (Table 3, Entry 4). Excluding refluxing still didn’t provide sufficiently high yield.

Reaction was considered unoptimizable.

Entry Electrophile Yield Temperature Base Comment

-78 °C for enolization and electrophile

1 Eschenmoser’s salt <10% add., then rt overnight DBU

2 Bschenmoser's sl O Clccmophile add then  overnight DBU

3 Eschenmoser’s salt 25% ;Zi?i.i(t:hizr;n(?\izritig)}?t and electrophile DBU, ‘BuOK inttrlizill?cltion
; st 08 Glremlmienpidoonie o doulebond
5 Eschenmoser’s salt 10% NMR -78 °C for enolization, then rt, -78 °C /BuOK

electrophile add., then 1t overnight

Table 2: All entries were accompanied by one-pot lithiation, electrophile addition, and elimination. LiTMP was used as a base
for deprotonation.

One-pot reaction was divided into 2 parts: the deprotonation with electrophile capture and the elimination
of electrophile adduct. MOM chloride was chosen as a potentially good electrophile. Various temperature
profiles were tested for the optimization of LiTMP formation, increasing the temperature to 0 °C assured

quantitative conversion of TMP and BuLi into LiTMP, which were able to deprotonate 4. The molecule
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was probably too sterically inaccessible, and the reaction never yielded more than 42% (Table 4, Entry 2).

Various bases such as LDA, KHDMS, and NaHDMS were tested without any improvement.

Entry Electrophile Yield Base Temperatures Comment

. -78 °C to -50 °C for enolization, -78 °C then rt
0, ]
! MoMcl 35% LITMP overnight for electrophile add.
-78 °C for enolization, then 0 °C, then -78 °

o .
2 Momcl 42% LITMP for electrophile add., then rt 40 min
-78 °C for enolization, then rt, then -78 °C, . .
3 MOMCI 30% LITMP  then 0 °C, then rt (overnight) for clectrophile L roblem with LiTMP
add. enolization
-78 °C for enolization, then rt, -78 °C for
~ 0,/ (NMR) ) )
4 MoMCl 40% NaHMDS electrophile add., 0 °C, then rt overnight
-78 °C to 0 °C for enolization, -78 °C for
> MoMmcl 0 KHMDS electrophile add., then rt (40 min)
6 MOMCI ~0 LDA -78 °C to 0 °C for enolization, then -78 °C for

electrophile add., then rt

Table 3: Reaction optimization utilizing MOMCI as an electrophile.

Compound 4 was too sterically inaccessible for any base and therefore deprotonation couldn’t proceed to a
satisfactory extent. The optimization for higher yields utilizing doable conditions is not possible. The
conjugated addition reaction forming 4 proceeds through enolate at the exact 8’ position, which can be used
as a nucleophile for the attachment of Eschenmoser’s salt or any other electrophile. The conjugated addition
reaction was therefore not quenched with water, but Eschenmoser’s salt was used instead, serving as a

quencher of the reaction affording desired product.

60%

1. n-BuLi ~o0" o

NACTN MeO, P
oo 2. Meo@’\\coomu <O N—
H
o Br 3. Eschenmoser salt 0
TMEDA
Toluene ,-78°C MeO OMe
OMe
2 5

Scheme 14: Reaction with an electrophile as a quencher.

Reaction worked and improved yields up to 60%, which is same as the reaction quenched with water. This
breakthrough shortened the reaction sequence by 1 step and removed problems with challenging
deprotonation. Eschenmoser’s salt was chosen as a good electrophile. The adduct could be easily
transformed into a methylenated molecule by prior transformation to the quaternary salt utilizing methyl

iodide and subsequent elimination with fBuOK, which yielded 83%.
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83%

0 / o} Z

{ —NMe; 1 Mel (

0 y OtBu THF o . Z _OtBu
z —_— =
~. O 2. tBuOK ~. O

tBUOH/THF (1:1)
MeO OMe 60°C MeO OMe

OMe OMe
5 7

Scheme 15: Methylation and elimination of § toward 7.
Ester 7 can be used as a substrate for RCM. The explorational reaction was done on a scale of 10 mg in an

NMR tube. The reaction was left for 3 days at 55 °C in a water bath. It took a couple of hours for the catalyst

to initiate, which can be recognized by a color change from dark green to non-transparent black.

HC /— CHs M

CHs

Q/N N@ N N\®
oC CH:JTHSC CHa CZCHaT 2
.l et

o F“UL o]kl I
Hgo\ro H3C\(O
CHa CHg

Figure 16: Catalysts used in olefin RCM, left: Hoveyda Grubbs I (M720), right: Hoveyda-Grubbs M721.

The reaction was measured at least daily. Two catalysts were used: HG Il and HG M721 with no significant
differences observed. It took HG M721 more time to initiate before the process of double bond fusion
could take place. Yields were almost quantitative at a small scale reaching up to 99 % which was determined
by the preparative TLC. The reaction was later upscaled and yields dropped to range between 40% and
60%. Upscaled reactions reached the highest loading of 1020 mg of compound 7 corresponding to a yield
of 51%.

NATN :

(e Ne) OH
) I
Catalyst o ! OfBu 0 : OMe
z - O
MeO ; OMe
OMe

Benzene fo)
MeO ; OMe

OMe 3

8 |

Scheme 16: RCM reaction.

The relative configuration of 7 and 7° was determined by the NMR comparison. Decisive peaks of our
substrate 8 share similar chemical shifts and coupling constants with methyl ester derivative synthesized

by Linker, which has the following relative configuration of 7 and 7°.
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Predicted 1H NMR Spectrum

8 6 3 2,6 10 7 7

TSV-61_(Final).1.fid

cRC3 8 6 3 2, 6' 10 7 7

.
74 73 72 71 70 69 68 67 66 65 64 63 62 61 60 59 58 57 56 55 54 53 52 51 50 49 48
f1 (ppm)

Figure 17: NMR spectra determining relative configuration of our molecule. Top (violet) spectrum shows chemical shifts
meassured by Linker, that belongs to methyl ester derivative of 8. Bottom (green) spectrum belongs to 8.

For the finding if a single addition of whole loading of catalyst at once or partial addition over some period
of time matters, product:starting material ratio was analyzed and plotted over reaction time. The first
reaction with a single addition of catalysts pursued the biggest conversion progress during the first day
(blue line) and then it followed the asymptote limited to a value of ratio close to 1. On day 4 the reaction
was quenched for the reason of the non-active catalyst and slow reaction conversion showing that the

reaction came to an end.
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Product/Starting material ratio

— L J
0 1 2 3 4 5 6 7 8
Reaction time [days]
—@— 20% of cat. —0—20% + 15% of cat.

Graph 1: Metathesis reaction, 20%mol catalyst loading, 4-day reaction time, 55 °C, deuterated benzene as solvent.

The same amount of catalyst was loaded to the second reaction and the day 1 and 2 were progressing
similarly. Another 15 ™% of catalyst was added on day 2, and the ratio increased to 6-fold higher values.
The proposed explanation for this behaviour is the degradation of the catalyst by oxygen dissolved in the
initial solvent. Residual oxygen could lead to the catalyst degradation at early stages, even when the solvent

was degassed. All values were obtained as integration values of decisive peaks in "H NMR spectra.

Reaction time [days] Ratio of reaction 1 Ratio of reaction 2

0 0 0

1 0.67 0.28
1.5 / 0.60

2 0.74 0.86

3 0.88 3.60

4 0.92 /

8 / 6.18

Table 4: Graph 1 raw data. The ratio was obtained as a fraction of integrations of the product peak and starting material peak
from NMR measurement.

The product of the metathesis was unstable and decomposed at room temperature. Decomposition was

probably caused by the following mechanism that yields aromatic particle, which was detected.

.
119 °
o >4 N O <o OO otBu
— HS
MeO ; OMe MeO O OMe

OMe OMe

Scheme 17: Mechanism of 8 decomposition.
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Optimization of conjugate addition to 8 was proposed on an isoelectric and sterically similar model
molecule to compound 8. Compound 3 is a suitable aspirant because it contains an activated double bond
next to the ester moiety, bulky tert-butyl ester, and a 3,4,5-trimethoxyphenyl moiety that is also part of 8.
The only difference is the position of the double bond, but it should be easier to proceed with conjugate

addition on cyclized molecule 8.

The next stage of the total synthesis is the addition of the hydroxymethyl group to the double bond via
conjugate addition. Because the hydroxymethyl group cannot be added directly, a group that can be easily
transformed into hydroxymethyl needs to be added instead. Three nucleophiles were chosen to be added to
the double bond. All of which could be then easily transformed into the hydroxymethyl group by Tamao-

Flemming oxidation conditions.

OtBu OtBu [e) OtBu
Tamao-Flemming
OX|dat|on HO
- .
MeO OMe

OMe

i Si
Nu N” si” e |
R1 R2 R3

Scheme 18: Illustration of conjugate addition to 2 and transformation to hydroxymethyl moiety via Tamao-Flemming oxidative
conditions. All nucleophiles used in the process are illustrated at the bottom of the scheme.

Nucleophile R1 was prepared by treating dimethylphenylsilylmethylchloride with magnesium bits in
boiling THF. We were not able to add the prepared Grignard reagent to the double bond performing any
proposed conditions. Various temperature profiles were tested along with presence of copper (I) in the form
of CuBr*Me,S, but none provided any significant reactivity.

X X
| ‘ Lithiation agent @ ‘
s —_— s
N si” N si”

[
\ \
Li
Scheme 19: Lithiation and coordination of Li at 2-TMS-piperidine
Nucleophile R2 was inspired by Itami's paper®* which stated that the lithiation of 2-trimethylsilyl pyridine

deprotonates methyl on the trimethyl silyl group. Anion is then stabilized by nitrogen in close steric

proximity. LDA, n-BuLi, t-BuLi, and Ph-Li were tested none of which deprotonated TMS-Pyridine. It was
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determined by the reaction with benzaldehyde as a good electrophile that no reaction conditions were able

to deprotonate our substrate. Not even the exact condition stated in the original paper.

Nucleophile R3 is stabilized by similar coordination. It was prepared by trimethylsilylation of

dimethylaminopropan-2-ol and isolated via distillation under decreased pressure.

t-BuLi
Os_OtBu
OSiMes Oy OtBu
= NMe, MeN o o
7\
TMEDA
CuSMe,
MeO OMe Toluene or THF MeO OMe
OMe

OMe

Scheme 20: Addition of amino alcohol moiety to the model molecule 3.

The molecule R3 can be deprotonated well in THF or Toluene with no major problems. Conjugate
addition was not fully optimized yet as it did not take place towards the model molecule yet but could be
successfully added to the benzaldehyde. Copper and Copper-free approaches were tested with no
improvement at all. Low reactivity is probably caused by very bulky tertbutyl moiety on the ester with the
combination of high double bond deactivation caused by the present ester group. Reaction conditions still

need to be optimized to finish total synthesis.

This potential product can be further oxidized with Tamao-Fleming conditions forming desired

hydroxymethyl adduct which can be further lactonized and deprotected forming 1.
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5 Conclusion

The study targeted the development of a new synthetic methodology leading to 1 derivatives. New reactions
based on known approaches were modified and optimized for usage with substrates leading to desired

products.

Optimization of conjugate addition without electrophile capture was successfully done with better dr
achieved. We have never achieved more than approx. 61% yield, by which we can conclude that there is

no possibility of better optimization and I conclude that this reaction reached its maximum.

Deprotonation of 4 was explored. Compound 4 is too sterically hindered and so it cannot be successfully
deprotonated therefore this reaction is not a good way of obtaining methylenated 4. Although this reaction
led us to the finding that electrophile can be captured one step earlier during conjugate addition and is not

necessarily.

Optimization of conjugate addition by using electrophile that can be later eliminated into the methylene
moiety shortened reaction scheme by one difficult step and didn’t decrease yield to any extent. Elimination
was due to knowledge gained from previous unsuccessful experiments during the deprotonation and
electrophile addition combined with elimination very straight-forward. The elimination reaction yielded

over 80% even with larger loadings of 5/6.

Olefin metathesis fusing both double bonds present in the molecule was optimized first at a low scale in the
NMR tube and later upscaled for large loadings of diene 7. Reaction at large-scale yielded over 60%.
Findings of the importance of loading profiles were explored and we can conclude that it is worth adding

catalysts by piece rather than adding the whole amount in one step at the beginning.

All compounds were characterized with modern analytical techniques such as NMR, MS, IR, and TLC. All
steps up to conjugate addition of the 8 were successfully optimized and products were characterized
resulting in a solid foundation for finishing total synthesis and achieving natural product podophyllotoxin.
It was found after tight comparative characterization that the relative configuration of the compound has
led to epi-podophyllotoxin, 1 with switched stereocenter at 7. Epi-podophyllotoxin is a starting material for
the synthesis of generally used chemotherapeutics Etoposide, therefore our synthesis leads to a widely used
therapeutic agent. In conclusion, we were able to fulfill all aims of the work and we will continue in this

synthesis until we reach our target molecule.
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