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“Not every collision, not every punctilious trajectory
by which billiard-ball complexes arrive at their calculable
meeting places lead to reaction. Men (and women) are

4

not as different from molecules as they think...’

Roald Hoffmann
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Abstract Part A

The dysregulation of the Hedgehog (Hh) signaling pathway plays
a pivotal role in the generation and cell-manteinance of many human
cancers. Gli transcription factors, the final effectors of the pathway,
represent the most promising target for the development of new drugs
targeting the Hh pathway in tumors. In a previous work, a natural
isoflavone, glabrescione B (GlaB) (I), was identified as the first small
molecule binding Glil. It is able to inhibit the transcriptional activity of
Glil, by interfering with its interaction with DNA.

H;CO

Glabrescione B (I) i

In order to perform further studies on the mechanism of action of
GlaB (I) we developed a total synthesis, while NMR studies
demonstrated the interaction of GlaB with Glil

Biological studies have demonstrated its ability to interfere with
the activity of Glil by inhibiting the growth of Gli-dependent-Hh-
dependent tumor cells such as medulloblastoma (MB) and basal cell

carcinoma (BCC) both in vitro and in allograft mouse models.



VIII Abstract

In addition, our new synthetic route, which encompasses just three
steps with an overall yield of 15%, provided an efficient synthetic
means to enable the investigation of the role of GlaB ring-B in the
interaction Glil-GlaB. In fact, our synthetic strategy allowed the
preparation of several GlaB derivativesin order to elucidate the
structure-activity relationships (SARs) and to clarify the molecular

mechanism underlying its Hedgehog signalling modulation.
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Abstract Part B

The second part of this PhD thesis describes the work I have
carried out during my research stay abroad at Swiss Federal Institute
of Technology (ETH) in Ziirich (Switzerland) in Prof. Dr. Karl-Heinz

Altmann's laboratory.

Marine natural products show higher incidence of bioactivity
compared to terrestrial natural products. This is due to a high degree

of chemical novelty and their high dilution in ocean water.

(+)-Dactylolide (I) was isolated by Riccio and co-workers from
a sponge of the genus Dactylospongia, collected off the coast of Vanuatu
islands, in the South Pacific Ocean. The absolute and the relative

configuration at C19 of the compound remained unassigned.

RV 0 BV e
0/519‘\\0 O O/R19 (0] O
= =

(+)-Dactylolide (I) 19-epi-(+)-dactylolide (II)

The assignment of the relative and absolute configuration of
(+)-dactylolide (I) is based on its first total synthesis by Smith and co-
workers. As had been described for the natural product, synthetic

dactylolide has been found to be dextrorotatory, but the magnitude of



X Abstract

the specific rotation reported for the natural product and synthetic I
were significantly different from each other. In addition, the
discrepancies between the *C-NMR spectra of synthetic and natural
(+)-dactylolide (if ever so slight), also leave open the possibility that the
configuration of C19 in natural (+)-dactylolide is R and not S (i. e.
natural dactylolide could have the structure II instead of I). In order to

demonstrate that, a total synthesis of both compounds was established.

(+)-Dactylolide (I) is related to (-)-zampanolide (III), another
marine macrolide. The latter shows low nanomolar cytotoxicity against
both drug-sensitive and multi-drug resistant cancer cell lines, and

induces microtubule bundle formation.

(-)-Zampanolide (lll) (-)-Dactylolide (ent-1) (+)-Zampanolide (ent-ll)

While (-)-zampanolide (III) is a nM inhibitor of cancer cell
growth in vitro, not many data about the activity of (+)-dactylolide (I)
have been published. On the other hand, the biological activity of
synthetic (-)-dactylolide (ent-I) is well known. This compound exhibits
sub-pM ICso values against a multitude of cancer cell lines, although (-
)-zampanolide (III) is still 100- to 300-fold more potent. At the same
time, not even synthetic (+)-zampanolide (ent-1II) has ever been tested
and the importance of the configuration of the macrocycle for the

potency of dextrorotatory compounds remains unclear. Our goal was



Abstract X1

to synthesize (+)-dactylolide (I) and (+)-zampanolide (ent-III), in order
to investigate how the macrocycle configuration would affect the

biological activity of the compounds.
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MTA microtubule-targeting agent

MTT 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium
bromide

N

n normal

NaOAc sodium acetate

NCI National Cancer Institute

NEts triethyl amine

ng nanogram

NIS N-Iodosuccinimide

nM nanomol per liter

NMR nuclear magnetic resonance

NOD/SCID non-obese diabetic/ severe
combined immunodeficiency
mouse

O

P

PCR polymerase chain reaction

PDA photodiode array

Pd EnCat™ 40 encapsulated palladium
catalyst 0.4 mmol/g Pd

loading
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PE
P-gp

Ph

PhD

Pi

PKA
PMB
PMBOH

ppm
PPTS

Ptchl
py

residue
RiSE
RINS

Red-Al®

Ry
RNA
RP
R:

rt

petroleum ether
P-glycoprotein 1

phenyl

doctor of philosophy
inorganic phosphate
protein kinase A
4-methoxybenzyl
4-methoxybenzyl alcohol
parts per million
pyridinium para-
toluenesulfonate

protein patched homolog 1
pyridine

quartet
real time quantitative PCR

stathmin-like protein or

selective relaxation rate
non-selective relaxation rate

sodium bis(2-methoxyethoxy)
aluminumhydride

retention factor

ribonucleic acid
reversed-phase

retention time

room temperature
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S

s second or singlet

SAR structure-activity relationship

SC stem cell

SD standard deviation

siRNA small interfering RNA

Shh sonic hedgehog

Smo smoothened

SuFu suppressor of fused homolog

T

t triplet

t tert

T tubulin

TBAI tetrabutylammonium iodide

TBDPS tert-butyldiphenylsilyl

TBDPSCI tert-butyldiphenylsilyl

chloride

TBS tert-butyldimethylsilyl

TBSCl tert-butyldimethylsilyl
chloride

TCBC 2,4,6-trichlorobenzoyl
chloride

THF tetrahydrofuran

THP tetrahydropyran

TIPS triisopropylsilyl

TLC thin layer chromatography

TMS trimethylsilyl

TMSI trimethylsilyl iodide

TRIP 3,3"-bis(2,4,6-

triisopropylphenyl)-1,1-
binaphthyl-2,2’-diyl
hydrogenphosphonate
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TTL tubulin tyrosine ligase

TUNEL terminal deoxynucleotidyl
transferase dUTP nick end
labeling

u

USA United States of America

uv ultraviolet

|

VEGF vascular endothelial growth

factor

144

WT wild type

X

Y

V4

ZF zinc finger












Natural Products as Anticancer

Agents

Modern pharmaceutical research relies strongly on the search for

and identification of novel lead compounds.

In the 1950s, the U.S. National Cancer Institute (NCI) started a
screening of about 35,000 plant samples to evaluate their growth
inhibitory effects against the mouse leukemia cell lines L1210 and P388.
From this screening, paclitaxel (Taxol™), obtained from the bark of the
Pacific yew Taxus brevifolia, emerged as the most important drug. By
1985 on, the NCI extended that screening against 60 human cancer cell
lines, comprising cell lines derived from solid tumors, such as lung,
colon, skin, kidney, ovary, brain, breast and prostate cancers, and other
types of leukimia. Extracts from plants, animals, microorganisms, and
compounds derived from microorganisms of marine origin were
involved.ll Since these early initiatives, the NCI has continued to
support the discovery of new naturally occurring anticancer agents.
Hence, natural products have proven to be successful in the course of

anticancer drug discovery.



2 Natural Products as Anticancer Agents

But why are natural products so important? In the introdoctury
chapter of “Anticancer Agents from Natural Products” the authors give
a number of reasons.!?! First, the non-mobility of plants and marine
invertebrates required these organisms to produce bioactive secondary
metabolites, in order to develop a complex chemical defense against
predators and parasites.®l Secondly, for thousands of years natural
products have provided the sole source for pharmaceuticals, and
allowed for the development of many important drugs.l*? To give a
practical example for the importance of natural products in cancer
treatment. By 2010 178 new drugs were approved for the treatment of
cancers and 52% of them originated from natural products. In fact, 14%
are non-modified natural products, 27% modified natural products,
and 11% synthetic compounds derived from natural product
optimization.['” The latter percentage is crucial asnatural products can
be used as templates for drug design. Even though a natural product is
not an effective drug itself, it still serves as a good starting point for

further developments.

The major problem encountered during natural product
development towards new drugs is to find a scalable and inexpensive
route to produce the desired material. Extraction processes are limited
as theytypically obtain very low quantities of natural product and this
is particularly true for marine secondary metabolites. The problem can
be overcome by large-scale fermentation,['l but some organisms, like
sponges, are difficult to cultivate.2 On the other hand, the chemical
synthesis of natural products and their analogs are a very effective tool

to solve these limitations. In fact, several new synthetic methodologies
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have been developed during the last decade, providing new routes for
the synthesis of complex scaffolds. Furthermore, the total synthesis
allows the preparation of natural product derivatives for the structure-
activity-relationship (SAR) studies, which are very difficult to perform
through semi-synthesis or genetic manipulation of the organisms.["¥l In
the development of a new drug, SAR studies are fundamental because

they can led to the discovery of more potent and less complex analogs.

In summary, the use of natural sources in drug discovery is
justified by their contributions to the development of approved drugs
to date. While the unique position of marine organisms and plants in
the ecosystem provides us with a biochemical rational, the chemical

motivation is based on the natural product as drug design templates.






1. Gli1/DNA Interaction: a
Druggable Target for
Hedgehog-Dependent Tumors

1.1. Cancer Stem Cells Theory

1.1.1. The Hypothesis

The concept of cancer arising from a population of stem-like
cells was proposed about 150 years ago. Yet only in the last 40 years
cancer research has demonstrated that tumor cells are very different.
The official definition is:[4

a cell within a tumor that possess the capacity
to self-renew and to cause the heterogeneous

lineages of cancer cells that comprise the tumor.[14]

Cancer stem cells (CSCs) can thus only be defined
experimentally by their ability to regenerate a continuously growing
tumor. Heterogeneous populations of cancer cells at various
differentiation stages could be the result of both acquired mutations

and aberrant but hierarchical differentiation programmes. As cancer is
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both a proliferation and a differentiation disease, the ‘clonal evolution’
and ‘cancer stem cell’ models might not be mutually exclusive, as
initially thought. Owing to genetic instability, the tumor-initiating cells
isolated from a clinically detectable tumor probably differ substantially
from the genetic profile of the initial transformed cells that originated

from the tumor.[%!

Cancer cells also frequently display resistance to chemotherapy
and they are related to cancer initiation, recurrence and metastasis due
to their asymmetric divisions, ability to drug efflux, immortality, and
mesenchymal phenotype. Therefore, the possibility of identifying and
isolating these cells has provided a promising opportunity for novel
therapeutic strategies. It should be noted that proliferation is not
synonymous with self-renewal. A self-renewing cell division results in
one or both daughter cells which have essentially the same ability to
replicate and to generate differentiated cell lineages as the parental cell.
Stem cells have the ability to undergo a symmetrical self-renewing cell
division, causing identical daughter stem cells, which retain self-
renewal capability. Alternatively, stem cells also displayasymmetrical
self-renewing cell division, resulting in one stem cell and one more

differentiated progenitor cells. In addition, it seems that stem cells may
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divide symmetrically to form two progenitor cells, which could lead to

stem cell depletion.['4]

1.1.2. Therapeutic Strategies

Nowadays, various therapeutic strategies are able to target tumor-
initiating cells. Killing these cells can be achieved by inhibiting their
survival pathways or sensitizing them to chemotherapeutic agents.
Current failure with cancer treatment is usually not due to the lack of
primary response or initial induction of remission, but due to relapse
or tumor recurrence after therapy. In this case tumor-initiating cells
seem to play a critical role. If therapies can be targeted against CSCs,
this will render the tumors unable to maintain themselves or grow.
Potential approaches to kill tumor-initiating cells include blocking
essential selfrenewal signalling, inhibiting the survival mechanisms of
these cells, or targeting tumor-initiating cell surface markers through
antibody-based cytotoxic approaches.l'e! Alternatively, differentiating
the CSCs can be a successful therapeutic strategy as the bulk of the

tumor has limited proliferative potential.l'”]

Targeting CSCs alone is probably not sufficient to get effective
cures or long-term remission for most cancers. A combined therapy,
using conventional chemotherapeutic drugs with an agent able to
target CSCs, may provide a good approach to eradicate both cancer
cells and cancer stem cells. Moreover, agents targeting single hits are

more susceptible to become resistant if the signalling network system
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is more complex. Multi-targeted anti CSCs therapy have a more

reasonable potential to target CSCs (Figure 1).08!

Traditional o

therapies @ o Cancer relapse

CSC-targeted

theraplcs Cancer regression
—_— >

Differention

~._ of CSCs Cancer regression
——————

Combination
therapy

@ Cancer regression @

o ——
Cancer Differentiated @ Dead cells
stem cells cancer cells

Figure 1: Conventional therapies vs CSCs targeted therapies (Reproduced with
permission).[]

Several signalling pathways that regulate normal stem cells can
cause neoplastic proliferation when disregulated by mutation. In tumor
initiating cells those pathways may be contitutively activated or
improperly regulated, leading to uncontrolled growth. Developmental
signalling pathway responsible for normal stem cell self-renewal,
including Wnt, Hedgehog (Hh) and Notch, have been shown to be
hyperactivated in variuos cancers (Figure 2). In our investigation, we

focused our attention on the Hh signalling pathway.
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Figure 2: Wnt, Shh and Notch pathways: their contribution in the self-renewal
of stem cells and/or progenitors, and in tumorigenesis (Reproduced with permission).[20l
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1.2. The Hedgehog Signalling Pathway

The Hh signalling pathway controls tissue polarity, patterning and
stem cell maintenance. In 1980 Christiane Nusslein-Volhard and Eric F.
Weischaus identified the Hh gene by genetic screens in Drosophila
melanogaster. It earned its name from the appearance of embryos with
null alleles of Hh, which display a larval of disorganized, hair-like
bristles reminiscent of hedgehog spines. Duplication of the vertebrate
genome resulted in the identification of the Hh genes, which can be
classified into three groups: Desert (Dhh), Indian (Ihh) and Sonic (Shh).

1.2.1. The Pathway

The precise mechanism of Hh signalling is not fully understood.
Hh pathway activation begins when the ligand Hh is released from the
cells through a transmembrane transporter Dispatched and binds the
transmembrane receptor Patched1 (Ptchl). In basal conditions, Ptch1 is
linked to the receptor Smoothened (Smo) and prevents location to the
primary cilium (Figure 3a). In the presence of Hh, Ptchl loses its
inhibitory activity against Smo, allowing Smo activation. Localization
of Smo in the primary cilium initiates a signalling cascade, which
leadsto the activation of the glioma associated oncogene (Gli) family of
zinc-finger transcription factors (Glil, Gli2 and Gli3). Activated Glis,
the final effectors of the pathway, translocate into the nucleus to induce
the expression of various specific genes, such as those encoding the D-
type cyclins, c-MYC (also called MYC), BCL2 and SNAIL (also called
SNAIT), which regulate cellular differentiation, proliferation and

survival.l2122 Furthermore, Hh target genes include Gli1 itself, PTCH1
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and the gene encoding for the Hh ligand.[?’l The signalling of Gli is also
regulated by several protein mediators (PKA, GSK3-B, CKl-a),
including suppressor of fused (SuFu). SuFu is a negative regulator of
the Hh pathway because it is a sequester of Gli factors in the cytoplasm,

thus repressing transcriptional activation (Figure 3b).[2425]

b Primary
cilium

a Primary
cilium

C Cytoplasm

GLI

GLIR % I Hh target genes OFF

Nucleus

=
degradation|
GLIAg IHh target genes ON

Nucleus

Neil Smith

Figure 3: Hh pathway activation. (a) Inactive Hh pathway. (b) Activated Hh
pathway (Reproduced with permission).[2¢!

1.2.2. Alteration of the Hedgehog Pathway and

Cancer

In recent years, a multitude of studies have shown a correlation
between the aberrant activation of the Hh pathway and cancer. In
adults, Hh pathway mutation or dysregulation plays a crucial role in
both proliferation and differentiation, leading to tumorigenesis or

tumor growth acceleration. Basal cell carcinoma (BCC) and
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medulloblastoma (MB) are two well-recognized cancers with
mutations in components of the Hh pathway. Inappropriate activation
of the Hh signaling pathway implies the development of several other
types of cancer such as lung, prostate, breast, and pancreas cancer.
Three basic models have been proposed for Hh pathway activity in

cancer (Figure 4).[2127]

1.2.2.1. Type I: ligand-independent

First the type I cancers were discovered. These feature harbouring
Hh pathway-activating mutations which are independent of the Hh
ligand, such as BCCs and MBs (Figure 4a). Most of these tumors either
display inactivating mutations in Ptchl (85%) or activating mutations
in Smo (10%).128 Furthermore, about one third of all medulloblastomas
and occasional rhabdomyosarcomas were shown to have inappropriate
Hh pathway activation, often due to Ptchl mutations or sometimes due
to SuFu mutations.[?>3 Since these tumors are ligand independent, Hh

pathway inhibitors must act at or below the Smo level to be effective.

1.2.2.2. Type II: ligand-dependent autocrine mechanism

Autocrine activation of the Hh pathway in tumor cells through
increased Hh ligand expression has been reported in a variety of
tumors, such as lung, breast, stomach and prostate cancers (Figure
4b).1511 The relevance of this mechanism is not clearly understood. But
most of these tumors are dissimilar to BCC or MBs as they do not
harbor any somatic mutations in the Hh signaling pathway. Instead,

they demonstrate an autocrine, ligand-dependent, abnormal Hh
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pathway activation. Most of these tumors have an elevated expression
of the Hh ligand (Shh or Thh) and/or ectopic Ptchl and Gli expression
within the epithelial compartment. This autocrine tumor growth can be
effectively suppressed by various pathway inhibitors such as Hh

neutralizing antibodies or Smo antagonists.

1.2.2.3. Type III: ligand-dependent paracrine mechanism

In contrast to the autocrine model, Bushman and colleagues were
the first to propose that at least one model of prostate cancer signals in
a paracrine manner to the stroma.’?l In paracrine signaling, Hh
produced by the tumor cells is received by the stroma, which signals
back to the tumor to promote its growth or survival (Figure 4c). The
precise mechanisms by which the Hh-stimulated stroma positively
regulates tumor cell growth are not completely understood. However,
it has been proposed that Hh regulates signaling mediators in the
stroma, including insulin-like growth factor (IGF), Wnt, interleukin-6
(IL-6) and vascular endothelial growth factor (VEGF), which in turn
promote tumor growth. Inhibition of this paracrine signaling in
epithelial tumors may be of therapeutic value as specific inhibition of
Hh signaling in the stroma did result in growth inhibition of tumor
xenografts. Although the most effective way of treating these tumors
relies possibly on a combination of a Hh pathway inhibitor targeting

the stroma and other drugs targeting the tumor cells.
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1.2.2.4. Type IIIb: reverse paracrine mechanism

Very recently, a “reverse paracrine” signalling model has also
been introduced in which Hh is secreted from the stroma and is
received by the tumor cells (Figure 4d). In this model, stromal Hh is
thought to provide the appropriate microenvironment for potentiating
tumor growth and would thus be a suitable therapeutic target as

well.B1

a Mutations b

Tumor

C Paracrine d Inverse paracrine

Stroma U Stroma O
&

% SMO PTCH
-

,fg‘ A,n
/\ Hh | Tumor oGLI Tumor

Figure 4: Different models of Hedgehog pathway activation in cancers. (a) Type I
ligand-independent cancers. (b) Type II ligand-dependent autocrine cancers. (c) Type III

ligand-dependent paracrine cancers. (d) Type IlIb reverse paracrine tumors (Reproduced
with permission).[2¢]

Neil Smith
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1.3. Hedgehog Pathway and CSCs

Remarkably, Hh signaling is active in CSCs of various tumor
types. It is responsible to sustainthe proliferation of these cells, which
are responsible for tumor relapse and resistance to conventional
anticancer therapies. Indeed, the Hh pathway controls the functional
properties of CSCs, such as self-renewal, survival, metastatic spread,
and neoangiogenesis by the regulation of stemness-determining genes
such as Nanog, often overexpressed in cancer. Given the increasing
evidences supporting the crucial role of the Hh pathway in cancer
initiation, proliferation, metastasis, chemoresistance, and in the
survival of CSCs, its components represent attractive druggable targets

for anticancer therapy.13%34

1.3.1. Targeting the Hedgehog Pathway in
Cancer
Four major modes of Hh inhibition have been exploited

therapeutically: 1) Smo inhibition; 2) receptor-ligand disruption; 3)
inhibition of ligand processing; and 4) Gli inhibition (Figure 5).
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Figure 5: Potential sites for blocking the Hh pathway with therapeutic agents
(Reproduced with permission).l2]
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In recent years, drug discovery efforts directed against the Hh
pathway have focused predominantly on the development of Smo
antagonists. As a consequencea remarkable number of small molecules
of natural, semisynthetic or synthetic origin have been developed and
reviewed extensively.®” Despite the initial enthusiasm, clinical
development of Smo antagonists has ultimately proved disappointing,

due to scarce pharmacokinetics, low selectivity on CSCs, severe side



Glil/DNA Interaction: a Druggable Target for Hedgehog-Dependent Tumors
17

effects, and the emergence of drug resistance.l*! Advanced tumors can
evolve resistance through pathway-dependent genetic mechanisms or
through compensatory adaptation. Pathway-dependent genetic
alterations discovered in resistant tumors from patients and animal
models directly affect Hh pathway members. Vismodegib resistance is
due to genetic alterations at the level of, or downstream from, Smo.
Resistance can originate from Smo point mutations that ablate Smo-
drug interaction while maintaining Hh pathway activation (Figure
6a).’ These mutations occur in the ligand-binding pocket of Smo.
Other genetic alterations that lead to resistance come from gene
duplications of Gli2 or Hh target gene cyclin D1 (Figure 6b) which
bypass the requirement of Smo to inappropriately maintain or increase
Gli target gene induction. These mutations promote high Hh pathway
activation in the presence of Smo antagonists and mediate resistant

tumor growth.

Compensatory alterations outside the Hh pathway have been
found to mediate tumor resistance. In this case, Hh activation occurs in
the absence of direct genetic mutation or copy number of variation of
Hh members, and is epigenetic in nature. Developing Hh inhibitors that
modulate targets acting downstream of Smo or independently from
Smo, such as Gli, has recently emerged as a more promising therapeutic
strategy for the treatment of Hh-dependent tumors. This approach
could potentially overcomeanti-Smo resistance and adverse effects,
which are responsible for more than 50% dropout’s rates in Smo

antagonists clinical trials.
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Figure 6: Genetic escape pathways evolving during Smo antagonist treatment and
approaches to overcome resistance. (a) Smo point mutations. (b) Gli target gene
amplification of Gli2. Compensatory escape pathways including (c) PI3K pathway up-
regulation or (d) inappropriate activation of aPKC-1/A (Reproduced with permission).l2l
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1.3.1.1. Gli inhibitors

Gli transcription factors are the final effectors of the Hh
pathway. Gli proteins have different functions in vivo: Glil acts as a
transcriptional activator, whereas Gli2 and Gli3 can act both as
activators and as repressors. It is important to consider that, whatever
alteration leads to aberrant Hh pathway activation, all trigger the
downstream effector Glil. For this reason, in the last few years, Gli
factors are emerging as the most attractive targets for the development
of new anticancer drugs. However, not many Gli antagonists have been

identified.

GANTS58 (1) and GANT61 (2) are the first Gli antagonists that
have been identified by Lauth ef al in 2007 (Figure 7).l GANT61 (2) has
become the reference compound in many biological studies since it
proved to inhibit the Hedgehog pathway in five different human colon
carcinoma cell lines and in prostate cancer human xenografts. Recently,
Chen and coworkers discovered a class of compounds named HPIs
(Hedgehog Pathway Inhibitors) (3-6) by as Gli antagonist (Figure 7).138]
The most promising compound, HPI-1 (3), was encapsulated in a
polymeric nanoparticle. The formulation has undergone early
preclinical testing showing a potent activity in HCC xenografts and
inhibition of the proliferation and invasion of human HCC cell lines.
Arsenic trioxide (ATO) (7), a drug approved by the FDA for the
treatment of acute promyelocytic leukemia, was found to interfere
directly with the Gli transcriptional factors, with efficacy both in vitro
and in vivo (Figure 7). Many other studies pointed out the efficacy of
ATO in targeting Gli proteins in different cancer types. In 2013 a clinical
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trial study started to check the efficacy of ATO in treating patients with
BCC.
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Figure 7: Gli direct antagonists.

In conclusion, Gli transcriptional factors represent the most
promising target for the development of new drugs targeting the Hh

pathway in tumors.
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1.4. Identification of the Active Site of Glil

A previous study identified the active site of Glil.* The starting
point of the investigation was the X-ray structure of cobalt ion-
coordinated GlilZF in complex with DNA.4!I A representative Gli1ZF
structure was extracted after molecular dynamics (MD) simulations
(Figure 8A). Based on MD analysis and X-ray structure, a
computational alanine scanning experiment was performed to evaluate
which basic residues in ZF4 and ZF5 domains are relevant for the
thermodynamic stability of the GlilZF/DNA adduct.) The delta
energy (AG) of binding to DNA of Glil mutants (Figure 8B) and wild-
type Gli1lZF (Gli1ZF-WT) (AAG) were calculated. Basic residues in ZF4
(K340, K350, R354) and ZF5 (K360, K371, R380 and K381) domains
exhibit the strongest AAG contribution (Figure 8B), indicative of their
role in the Glil/DNA interaction.[4%

o
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Figure 8: Structure-based analysis of Glil/DNA complex. (A) Gli1ZF/DNA
structure extrapolated from MD analysis. GlilZF (blue cartoon), residues involved in
binding to DNA (magenta sticks), Zn ions (grey spheres) are shown. (B) Effect of GlilZF
mutants on the binding affinity to DNA as predicted by in silico alanine scanning
(Reproduced with permission).[40
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To correlate computational with experimental studies, a mutation
experiment was performed on HEK293T cells. These cells have the
peculiarity to transiently express ectopic Glil or different Glil mutants
and a Cli-dependent luciferase reporter. The mutagenesis studies
confirmed the role played by those residues in ZF4 and ZF5 domains
in the transcriptional activity of Glil (Figure 9).140 The representative
GlilZF structure extracted from MD trajectories served as a starting

point for in silico ligand design.l0!
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Figure 9: Luciferase assay on HEK293T cells. Effect of GlilZF mutants on Glil-
dependent transcriptional activity (Reproduced with permission).[40]
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1.5. In Silico Screening

In Prof. Bruno Botta’s laboratory an in house library composed of
more than 800 unique natural compounds belonging to different
clusters is avalaible. Literature data*?l and results of the mutagenesis
studies were used as starting point for a docking of the library.*2l The
docking analysis was set so that at least one of the basic residues,
highlighted by the previous studies, would be able to interact with
small molecules.*! The in silico study identified six molecules (three
vismiones, GlaB, the chalcone V94 and the opioid alkaloid narceine)

(Figure 10) as potential Glil inhibitors. 40l
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Figure 10: Structure of the six virtual hits.

The biological activity of the selected hits as specific modulators of
Glil was evaluated by a Gli-dependent luciferase reporter assay, using
HEK293T cells (Figure 11).140]
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Figure 11: Glil-induced transcription in HEK293T cells, treated with increasing
concentrations of different compounds or DMSO as control (Reproduced with
permission).40!

The results of the biological tests showed that chalcone V94 (8),
narceine (9) and acetylvismione B (10) were not active, yet vismione B
(11) was partially active.® In contrast, vismione E (12) and
glabrescione B (GlaB) (13) strongly inhibited the luciferase activity (2)
(Figure 11).# Since vismiones display chemical instability under

various conditions, further studies focused on GlaB (13).142
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1.6. Aims and Scope

Aberrant Hh pathway activation is responsible for the
tumorigenesis of several human cancers, including medulloblastoma
(MB), rhabdomyosarcoma, melanoma, basal cell carcinoma (BCC), and
breast, lung, liver, stomach, prostate, and pancreas tumors,43-4l
through the aberrant regulation of the functional properties of CSCs,
such as self-renewal, survival, metastatic spread, and neoangiogensis.
Since much evidence supports the crucial role of the Hh pathway in
cancer initiation, proliferation, metastasis, chemoresistance, and in the
survival of CSCs,*#1 jts components represent attractive druggable

targets for anticancer therapy.

In this contest, targeting Gli transcription factors are extremely
important to overcome the resistance to clinically available Smo
antagonists. We previously identified GlaB (13) as the first Glil direct
inhibitor. At the outset of this PhD thesis, no total synthesis of GlaB had
been reported in literature, while the extremely limited supply of
natural material had already been used for preliminary biological
studies. In this context, it was a major goal of this PhD thesis to develop
an efficient total synthesis of GlaB, in order to provide material for the
assessment of its effects on human cancer cell growth. The chemistry
developed in the course of this total synthesis was designed to also
provide a basis for the synthesis of analogs to study theSAR and the

underlying mechanism of action.
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2. Total Synthesis, Biological
Evaluation, and SAR Studies of
GlaB!

2.1. Chromones: A Privileged Structure in

Medicinal Chemistry

Chromones are benzoannulated y-pyrone (4H-chromen-4-one,
4H-1-benzopyran-4-one) heterocycles (Figure 12). Since ancient times
they have been used in traditional medicinel*! and are well-known for
their broad range of pharmacological properties, such as anti-allergic,
anti-inflammatory, antidiabetic, antimicrobial, and antitumor.!>-51
Extensive research on chromones and their derivatives have proven the
pharmacological importance of their heterocyclic moiety. Also in
medicial chemistry, chromones play an important role: their synthetic
accessibility and structural diversity make them privileged structures

for drug discovery.52

1 This work of my PhD research was carried out in the laboratories of Prof. Bruno
Botta, Sapienza University of Rome (Italy).
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The chromone ring system is the core fragment of several
flavonoids, such as flavones and isoflavones (Figure 12).4 In
particular, isoflavones are a class of natural compounds mainly
occurring in plants of the Leguminosae family. The isoflavone nucleus
consists of two phenyl rings linked by a propane bridge to form an
oxygenated heterocyclic ring, resulting in the typical 15 carbon atoms
(C6-C3-C6) skeleton with three rings, labelled A, B and C (Figure 12).
Due to their interesting biological activity and benefits to human
health, isoflavones have recently received attention.[53%4 Furthermore,
as underlined by genistein and its derivatives in differentiated
pancreatic cancer cells and CSCs, isoflavones have displayed a

noticeable pharmacophoric preference for Hh targets.1*]

3 o & a)
@Eég (cIa] O ©

O
Chromone Flavone Isoflavone

Figure 12: Chromones, flavones and isoflavones skeleton.

Most of the isoflavones have been isolated from natural sources,
but extraction methods provide only very limited amounts of pure
samples. However, their simple structure features can be addressed

conveniently by synthetic methods.
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2.2. Synthetic Strategies for Isoflavones

Several synthetic procedures have been developed for the
preparation of isoflavones.l®® Nevertheless, many of these new
synthetic approaches have not been demonstrated in the synthesis of
polyhydroxylated isoflavones and isoflavones bearing other naturally-
occurring substitution patterns. The most popular procedures are
mainly based on two strategies, namely (i) the deoxybenzoin route

(Scheme 1)51 and (ii) the chalcone route (Scheme 2).157]

Scheme 1: Deoxybenzoin route.

PNULLIPN
RiT TR Ri
N Y E—

0
16

Scheme 2: Chalcone route.

Two other methods towards the synthesis of isoflavones include
first the palladium catalyzed cross coupling reaction of a 3-
alochromone (17) with an arylboronic acid/ester (18) (Scheme 3)155,
and second the condensation of enamine (20) with salicylaldheyde

(19).1601
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Scheme 3: Suzuki cross coupling route.
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Scheme 4: Enamine-salicylaldheyde condensation.

Most of the available methods have major drawbacks, including
the use of special and expensive reagents in large excess, long reaction
times, vigorous conditions and very low yields. Hence, these
approaches are overall unfeasible for the synthesis of GlaB, in
particular for in vitro and in vivo studies requiring larger quantities. This
prompted us to develop a mild and cost effective method, which also

allows for scale up to gram quantities.
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2.3. First Total Synthesis of GlaB

2.3.1. Retrosynthesis

The strategy to be followed for the synthesis of GlaB (13) entails a
late stage functionalization (Scheme 5). The isoflavone 21, as the crucial
precursor for the prenylation reaction, will be obtained by Suzuki
coupling with protected boronic acid (23) and 3-iodochromone (22),
respectively, followed by protecting group manipulation. 22 can be
prepared from commercially available 2’,4’,6’-trimethoxyacetophenone

(24) in a 3-step sequence (Scheme 5).

HsCO O Suzuki coupling

/Iz-mediated cyclisation
H3CO. OCHj3 H3CO. 0,/ OH
v

 — - HO’B\©:O>
OCHL0 OCHO o

24 22 23

Scheme 5: Retrosynthesis of GlaB (13).
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2.3.2. Synthesis

Our synthetic endeavours started from commercially available
2’,4’,6'-trimethoxyacetophenone (24) (Scheme 6).161] Treatment of 24
with BBr3 led the selective ortho-O-demethylation to give 2’-hydroxy-
4’,6’-dimethoxyacetophenone (25). 25 was first treated with N,N-
dimethylformamide dimethyl acetal (DMF-DMA), which gave the
enamino ketone 26. Stirring the latter with I> excess has resulted in
tandem cyclization and iodination, to afford 3-iodo-chromone (22). Pd
catalyzed Suzuki cross-coupling of 22 with 3,4-(methylenedioxy)-
phenylboronic acid (23) using polyurea-encapsulated palladium (Pd
EnCat™ 40)i62l gave the isoflavone 27. Methylendioxy group was then
removed in acidic conditions after the formation of the acetoxy acetal
by treatment with Pb(OAc)s allowing the formation of the desired
catechol 21. The prenylation reaction of the phenolic hydroxyl grops of
21 completed the synthesis of glabrescione B (13), with an overall yield
of 7% (Scheme 6).1! In total, the linear sequence from 24 to 13 comprises

7 discrete steps.
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HCO. OCH; HsCO OH

OCHL OCHL
24 25 26

chom H,CO O o
i |

Overall yield 7%

Scheme 6: Forward synthesis of GlaB (13). i) BBr3, 98%; ii) DMF-DMA, quantitative
crude; iii) Iz, 33%; iv) 23, PAEnCat™, Na2COs, 57%; v) Pb(OAc)4; vi) AcOH, 42% over two
steps; vii) 3,3-dimethylallyl bromide, K2COs, 90%.
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2.4. NMR Analysis of the Interaction GlaB/Gli1?

Virtual screening predicted GlaB (13) binding to Glil within ZF4
and ZF5 as well as interactions within K340 and K350 (Figure 13).

Figure 13: The predicted binding mode of GlaB (13) (blue sticks) to Gli1ZF (green
cartoons). Residues K340 and K350 of the GlaB binding site are colored magenta.

NMR relaxation parameters, and in particular selective spin-lattice

relaxation rates (RiSE), are highly sensitive indicators for binding

2 These experiments were carried out in collaboration with Prof. Gloria Uccello-
Barretta, University of Pisa, Italy. For detailed data about GlaB NMR conditions check
the following article.[*]
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processes between macromolecules and small molecules.l%364 The
method relies on the change in molecular motion of the small molecule,
i.e. its correlation time 1., upon interacting with a macromolecule. In its
free state the small molecule performs fast molecular motions (wo? T
<<1, Figure 14) and enter the slow motional regime (wo? 12 >>1, Figure
14) only when bound to a macromolecule. Ri%t increases strongly upon
passing wo? 1= 1 as the slow motional regime is reached (Figure 14).
R1%F based NMR relaxation studies rely on the favorable dependence of
R1%E on T, while non-selective relaxation rates (RiN) scale differently in

this motional regime (Figure 14).

log wy 7,

Figure 14: Dependence of the specific and non-specific spin-lattice relaxation rates
R1%E and RiNS, respectively, on wote.
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To demonstrate the predicted binding of GlaB (13) to Glil by
means of NMR, a relaxation study was performed. For this mono-
selective relaxation rates were determined for a chosen subgroup of
GlaB (13) protons (Figure 15) by selectively inverting the corresponding

proton signals.

12

Figure 15: Chosen subgroup of GlaB (13) protons for NMR based study of GlaB/Glil
interaction, namely H-1 and H-3 and proton groups at 2-OCHs and 4-OCHs of methoxy
groups of ring A, H-11, H-12 and H-15 of ring B, and H-8 of ring C.

Mono-selective relaxation rates were obtained both for free GlaB
(13) (R¢) and GlaB/Glil mixtures (R=s). The former allows normalization
of Rms, yielding AR/ Rf with AR = Rm-R¢ (Table 1). In addition to the
GlaB/Gli mixtures, a GlaB/GST sample was included into the relaxation
study and ensured that no specific contribution arises from a GlaB/GST

interaction (Table 1).
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Table 1: TH-NMR mono-selective relaxation rate (R, s) of 0.412 mM free GlaB (13)
in DMSO-ds measured at 25°C and 600 MHz for specified protons. Associated normalized
relaxation rates (AR/ Rt with AR=R™s-R¢) are listed for four different GlaB/protein
mixtures (Reproduced with permission).[*]

GlaB/GST-Gli1ZF GlaB/GST- GlaB/GST-
GlaB (13)* Gli1ZFK340A Gli1ZFK340A/K3 GlaB/GST
S50A
Proton® Ring R, (s7) BR/R, BR/R, BR/R; AR/R,
H-1 A o o 0.03 0.02
041
- A o o 0.05 0.06
2-0CH; 120
H-3 A 063 o ] 0.05 0.06
4-0CH; A 1.39 o o nd® 0
H8 c 036 0.13 0.05 0.07 o
H-11 B 0.63 120 0.15 0.38 0.22
H-12 B 0.89 085 0.23 n.ds 0.03
H-15 B 076 0.22 0.22 0.14 014

2 According to the proton number scheme of GlaB (Figure 15).
#Rm=could not be determined due to overlapping water signal.
“Rmscould not be determined due to the large linewidth.

In order to demonstrate the predicted interaction of GlaB (13) to
Glil within K340 and K350 (Figure 13), a mutagenesis NMR study was
carried out. To this end, Rms values of GlaB in combination with the
single mutant GST-Gli1ZF-K340A and the double mutant GST-Gli1ZF-
K340A/K350A were determined. An overall smaller increase of the Rms
values upon addition of GST-Gli1ZF-K340A was observed, though
preserving the stronger affinity towards ring B over ring A and C (Table

1; Figure 16). In case of the double mutant, change in R™ values for the
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protein mixture is comparable to the GST sample (Table 1; Figure 16).
These results suggest a comparable binding conformation of GlaB (13)
upon interacting with GST-Gli1ZF-WT and the single mutant. Instead,
double mutation to GST-Gli1ZF-K340A/K350A prohibits the specific
binding via the GlaB ring B.

o~

GST-GI1ZF-WT {340

GST-Gli1ZF-K340A/K350A GST

Figure 16: GlaB (13) is showed as green sticks, protons highlighted by the NMR
study as magenta spheres and the radius is proportional to the normalize R™s value
(Reproduced with permission).[40}

In summary, results of NMR studies show that GlaB (13) interacts
directly with Glil and further emphasize the role of K340 and K350. The
ring B turns out to be the key determinants for GlaB (13) activity.
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2.5. Biological Evaluation of GlaB?

2.5.1. Influence of GlaB on Glil/DNA Binding

and Transcriptional Activity

Biological tests validated the potency of GlaB (13) against Glil.
First, it was shown that GlaB reduces the luciferase activity arising from
Gli-responsive element reporter in Smo” mouse embryonic fibroblasts
(MEFs) (Figure 17).1401 Second, 13 affects the transcriptional activity
specifically of a number of endogenous Gli target genes, while non-

related genes were not influenced (Figure 18).1401

100 - Smo” MEFs

- [er] [=]
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Figure 17: Inhibition of Glil-induced transcription in transfected Smo-- MEF cells
(Reproduced with permission).[4]

3 These experiments were carried out in collaboration with Prof. Lucia Di
Marcotullio, Sapienza University of Rome, Italy. For detailed data about GlaB activity
check the following article.[40]
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Specifically, related experiments proofed that 13 suppresses Hh-
gene expression in Ptchl/ MEFs (Figure 18).140 In the latter cells, the
Ptchl receptor on Smo (Figure 18) is deleted along with its prohibiting
effect, increasingly activating Gli transcription factors (Figure 18).1% In
addition, the downstream activity of GlaB was demonstrated on SuFu-
~MEPFs cells, which also feature high Glil reporter activity due to loss
of SuFu inhibition (Figure 18).1¢ As for Ptchl” MEFs cells, 13 also
decreases the Hh target gene expression in SuFu’ MEFs cells (Figure

18).140

Ptch* MEFs - SuFu*MEFs
W DMsO = DMSO
5uM | 73 5um }
1 &1 uM}GIaB 4 - B 10 pm[ G128
08 * 7 S
¥ 08 *
3 A SUF /-
g - % 7 o l SuFu g
:;(a , ‘ T ’ SuFu A § 06
ﬂzé o4flp ol Al P 7 T 7 ; Zo04
n A R /! €
M B Wl kA G EE A N 02
a0 0 dd2n & :
5 MMaviidididadiddb 1 5
Glit  Gli2 CycD1CycD2 Hipt Igf2 Sfrp1 Bmp2 Pich1 Pich2 Pfkfb3 o0 Glit  Ptcht Pfkfb3

Figure 18: Hh target genes expression levels in Ptch1-- MEFs treated for 48h with
GlaB (13) or DMSO only (left). Representative model of Hh signaling hyperactivation: in
Ptch1+ MEFs and in SuFu’- MEFs cells (center). SuFu’- MEFs were treated for 48h with
GlaB (13) or DMSO as control (right) (Reproduced with permission).!4!

2.5.2. Effect of GlaB on Gli-dependent MB

Cells and Tumor SCs: Ex vivo Experiment

The potency of GlaB to prevent tumor growth was tested on
primary MB cells, isolated from Ptch1* mice tumors. These MB cells
were treated with either GlaB (13), GANT61 (2) or DMSO and resulted
in comparable inhibition of MB cell growth in case of GANT61 (2) and



Total Synthesis, Biological Evaluation, and SAR Studies of GlaB 41

GlaB (13) (Figure 19).1401 Besides, GlaB (13) treated MB cells showed a

strong reduction in Glil mRNA levels in those cells (Figure 19).140
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Figure 19: Inhibition of Gli-dependent MB tumor cell growth. (A) Ex vivo cell
cultures from Ptch1*- mice MBs were treated with GlaB (13) (5 uM), GANT61 (2) (10 uM)
or DMSO only. (B) Glil mRNA expression levels (Reproduced with permission).l“0l

Hh-dependent tumors, generally and including MB, feature a
variety of stem cells (SCs) which cause the self-renewal of cancer cells,
tumorigenesis and resistance towards conventional chemotherapies as
well as tumor relapse.[¢! In this context, the Hh pathway plays a central
role both in humans and mice as it regulates the generation and
maintenance of these SCs.l®81 Due to these features, MB-SCs were
chosen as a target for evaluating the efficiency and selectivity of GlaB
(13) against the described pathway. This test showed that 13 firstly
inhibits the neurosphere formation by Ptchl*- MB-SC (Figure 20),140
which is otherwise part of their clonogenic self-renewal activity.

Secondly, 13 was able to decrease the mRNA levels of the Hh pathway,
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stemness markers, growth and oncogenic related signals (Figure 20).140]
All in all, this experiment is the final proof that GlaB (13) acts as an
efficient Hh pathway inhibitor.[4]
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Figure 20: Inhibition of MB-SCs cell growth. MB-SCs were isolated from Ptch1+-
mice and allowed to form neurospheres. The neurospheres were treated with increasing
concentrations of GlaB (13) or DMSO as control (left). mRNA levels of Hh, proliferation
and stemness in MB-SCs after treatment with GlaB (13) (5 uM) or DMSO only for 48 h
(right) (Reproduced with permission).l40l

2.5.3. Effect of GlaB on Gli-dependent MB
Cells In Vivo

An allograft model of MB cells was set in order to study the GlaB
(13) effect in vivo.* Nude mice were grafted with spontaneous primary
MB from Ptch1*- mice and treated every two days with sub cutaneous
(s. c.) injections of 13 at a concentration of 75 pmol/kg or solvent as
control (n = 6 for each group).* After 18-days, GlaB (13) was able to

suppress tumor growth (Figure 21).401
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Figure 21: Ptch*- MB allograft experiments. Change of tumor volume during GlaB
(13) or vehicle treatment period (18 days) (Reproduced with permission).[40l

2.5.4. GlaB Inhibits the Growth of Gli-
dependent Basal Cell Carcinoma In Vitro and

In Vivo

Another Gli-dependent Hh tumor is basal cell carcinoma (BCC). In
vitro tests of GlaB on ASZ001 BCC cells showed that GlaB (13) is able to
inhibit tumor cell growth and to reduce Glil mRNA levels.

Furthermore, 13 (100 pmol/kg) induced tumor growth inhibition
in BCC allografts (in vivo experiments) after 18 days of s. c. injection

compared to the control (Figure 22).140]
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Figure 22: Inhibition of Gli-dependent BCC tumor cell growth. Change of tumor

volume during GlaB (13) or vehicle treatment period (18 days) (Reproduced with
permission).40l
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2.6. Second Total Synthesis of GlaB

With the aim of investigating the role of the isoprenyl chains on
GlaB-ring B and improving the quantities of 13 obtained, reducing in
the meantime the reaction steps, we investigated a different approach:

the deoxybenzoin route.

3,5-dimethoxyphenol (28) (Scheme 7) was treated with 3,4-
dihydroxyphenylacetic acid (29) in presence of BFs-OEt2 as Lewis acid,
providing the corresponding deoxybenzoin (30).
(Chloromethylene)dimethyliminium chloride, generated in situ from
DMF and PCls, accomplished the addition of one carbon atom and
cyclization of the deoxybenzoin, affording the formation of the
isoflavone (21). The late stage functionalization of the isoflavone ring B
was performed using 3,3-dimethylallyl bromide and K2CO:s in refluxing
acetone to yield GlaB (13), with overall yield of around 15% (Scheme 7).

H,CO H3CO. OH
| :I | | :l OH
OCH3 OCHsO O
;f
H3CO
OH >
OCHLO O
OCH3O

Overall yield 15%

Scheme 7: Second total synthesis of GlaB (13). i) BFsOEty, 55%; ii) BFsOEt,
(chloromethylene)dimethyliminium chloride, 30%; iii) 3,3-dimethylallyl bromide, K2COs,
90%.
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This synthetic strategy allowed us to obtain higher amounts of

GlaB (13) (up to 5 grams) in much shorter time.

2.6.1. First Generation of GlaB Derivatives

As discussed above, this synthetic strategy not only improved the
efficiency of the synthesis of 13, but also provided us with a tool to

investigate the interactions involving the GlaB-ring B.

NMR analysis of O-prenyl groups was not very informative,
because of the broad proton signals. As suggested by molecular
docking studies, prenyls might be crucial for the correct positioning of
the GlaB-ring B. In fact, as we can see in Figure 23, GlaB, vismione B
and vismione E preferably bind within the same site at the interface
between ZF4 and ZF5. The O-prenyl groups seems to be essential for
the correct positioning of GlaB-ring B. In particular, the prenyl group
at C13 of GlaB is clearly overimposed over the corresponding feature
of Vismione E, suggesting that this prenyl chain is not only important

for the correct positioning, but is moreover relevant for Glil inhibition.
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Figure 23: Overimposition between GlaB (green sticks), vismione B (yellow sticks)
and vismione E(cyan sticks) on Gli1ZF (blue) (Reproduced with permission).[40!

GlaB derivatives without prenyl chains were synthesized
following the same procedure developed for GlaB (13), using a non-
symmetrical substituted phenylacetic acid. In a general experiment, 3,5-
dimethoxyphenol (28) (Scheme 8) was treated with the corresponding
3,4-disubstituted phenylacetic acid (31-33) in presence of BFs-OEt:,
providing the correspponding deoxybenzoin (34-36). Vielsmyer
reaction then allowed for the formation of the isoflavones (37-39). 38
was then functionalized using either ethyl- or isopropyl bromide
affording 40 or 41 (Scheme 8).
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The compounds were tested through the Gli-dependent luciferase
reporter assay, but none of them was active, reinforcing that ring-B

prenyl chains may be important for GlaB biological activity.

HaCO OH
HaCO oH o o i O
3 @
H R

OCH; OCHL0
28 31, R=H, Ry=H 34, R=H, R=

32, R=0OH, R;=OCHj 35, R=OH, R;=OCHj

33, R=OCH3 R;=OH 36, R=OCH3 R;=OH

37, R=H, Ry=H
38, R=OH, R;=OCHj
39, R=OCH3 R;=OH

40, Ry=ethyl
41, R,=i-propyl

Scheme 8: Synthesis of GlaB-ring B derivatives lacking prenyl-chains. i) BFs-OEtz,
55%; ii) BFsOEtz, (chloromethylene)dimethyliminium chloride, 30%; iii) 38, ethyl
bromide or isopropyl bromide, K2COs, 90-92%.

2.6.2. Second Generation of Derivatives

The biological data showed the importance of substitution on ring-
B of the isoflavone system. In order to investigate which position on
ring-B is important for the interaction with Glil, we planned to
synthesize non-symmetrical isoflavones bearing substituents with

similar electronic properties of prenyl groups.

This synthetic strategy allowed for the preparation of a new
generation of derivatives 3- (42-45) or 4-substituted (46-49), starting

from isoflavones 38 or 39 respectively (Figure 24).
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The biological evaluation of the latter compounds is still ongoing.

HsCO o
O | OCH; H3CO. 0
OCHL O o ocH3
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| 0 0 \F >
46

47

Figure 24: GlaB derivatives. Chemical structure of GlaB analogues bearing
modification to the substituents on ring B.
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2.7. Conclusions and Outlook

In conclusion, two different total syntheses of GlaB (13) have been
successfully developed: the first one comprising 7 steps and an overall
yield of 7%, while the second approach relies on 3 steps only with an

excellent overall yield of 15%.

With the provided material, the Glab-Glil interaction has been
first demonstrated via NMR, and then through in vitro studies.
Furthermore, allograft in vivo studies proved the efficacy of GlaB (13)
to inhibit the cell growth of Gli-dependent-Hh-dependent tumors, like
MB and BCC.

SAR studies demonstrated the importance of ring B-prenyl chains
for Glab-Glil interaction and the still ongoing biological studies on the
second generation of derivatives will help to understand the role
played by prenyl chains and to find a GlaB derivative, which is optimal

in terms of selectivity and potency as Glil inhibitor.
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3. Microtubules: a Successful

Target in Cancer Therapy

3.1. Mictotubules: a Successful Target against

Cancers

Microtubules are intracellular structures and the third principal
component of the cytoskeleton, together with microfilaments and
intermediate filaments. Microtubules are involved in many processes,
such as intracellular transport, chromosome separation, and the
maintenance of the cellular shape. Structurally, microtubules are
heterodimers of a- and -tubulin, globular proteins with a moluecular
weight of approximately 55 kDa (Figure 25). Tubulin heterodimers
polymerize to form first head-to-tail assembled linear protofilaments.
Parallel nucleation of 13 linear protofilaments around a central core
lead to the formation of a microtubule (Figure 25). Therefore,
microtubules are cylindrical tubes 50 um long with an external and
internal diameter of 24 and 12 nm respectively. Since the end to end
polimerization, microtubules are polar structures with two ends:[¢! a
fast-growing (+) end, exposing (3-tubulin, and a slow-growing (-) end,

exposing a-tubulin (Figure 25).
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Figure 25: Microtubule assembly (Reproduced with permission)0l

The functional properties of microtubules are regulated by
polymerization and depolymerization processes. Microtubules are
dynamic structures and they possess two dynamic behaviors, so called
dynamic instability and treadmilling.|®l The dynamic instability consists
in stochastic long periods of slow lengthening, brief periods of rapid
shortening, and periods of pause, when lengthening and shortening are
not detected.[®! On the other hand, in treadmilling a microtubule loses
tubulin subunits from the (-) end and simultaneously gets tubulin
subunits at the (+) end, without changing in mass.[*] Both behaviors can
occur in a population of microtubules. Polymerization and
depolymerization processes are controlled by the energy provided by
the hydrolysis of GTP in GDP and inorganic phosphate (Pi) (Figure 26).
Both a- and -tubulin bind GTP. The site in a-tubulin is able to bind
GTP irreversibly and it does not have hydrolytic propertis. One the
other hand, the site on (-tubulin only binds GTP reversibly and is able
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to hydrolyze it. GTP bound to p-tubulin occurs shortly after
polymerization. In the “treadmilling” phase, microtubules lose tubulin-
GDP molecules at the (-) end and gain tubulin-GTP molecules at the (+)
end. If new tubulin-GTP molecules are added more rapidly than the
hydrolysis of GTP, the microtubule mantain a GTP cap at the (+) end
and the microtubule is stable against depolymerization (Figure 26).1¢%)
In fact, GTP hydrolysis weakens the binding affinity of tubulin
heterodimers, promoting a conformational change. In contrary, when
the addition of new GTP-tubulin units is slower that the GDP
hydrolysis, then GDP-tubulin dissociates from the microtubule leading
to microtubule’s depolymerization and shrinkage. This event is also

known as microtubule catastrophe (Figure 26).6°]

Stable or capped microtubule Tubulin-bound GDP Tul)ulxn bound GTP
Tubulin-bound
: GIP or GDP-P; \\’j e ?Q
' o ——
{ ” )
o ) \/ m kS
\.J
L &

Depolymerizing

microtubule %8 w
g Y .~ Tubulin-bound GDP

Figure 26: Tubulin polymerization (above) and tubulin depolymerization (below)
(Reproduced with permission).70!
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As mentioned before, the microtubule dynamics control various
important processes in living cells (cell shape-maintenance,
intracellular transportation, signal transduction, cell division, and
mitosis). The rapid turnover of microtubules is particularly critical
during mitosis. Any interference in the microtubule dynamics may
cause cell cycle arrest and lead to apoptosis or necrosis. For that reason,
microtubules are an important target for anticancer drugs. Due to their
crucial roles in dividing cells, microtubules have been considered the

most successful target in cancer therapy.



Microtubules: a Successful Target in Cancer Therapy 57

3.2. Microtubule-Targeting Agents

Based on their mechanism of action, microtubule-targeting agents
(MTAs) are classified in: microtubule-destabilizing agents (MDAs) and
microtubule-stabilizing agents (MSAs). The former prevent the
polymerization of tubulin and promote the depolymerization of
microtubules. In contrast, the latter act in the opposite way by
depolymerization of microtubules and promoting the polymerization

of tubulin to microtubules.

3.2.1. Microtubule-Destabilizing Agents

3.2.1.1. Vinca alkaloids

The Vinca alkaloids have been the first successful drugs used for
the treatment of childhood leukemia since 1960s. Vinblastine (Velban®)
(50) and vincristine (Oncovin®) (51) (Figure 27) are the most
representative molecules of this class and they were isolated from the
leaves of periwinkle plant Catharanthus roseus (L.) G. Don (also known
as Vinca rosea). Semi-synthetic compounds related to vinblastine were
developed for the treatment of a variety of cancers,”272 such as
vindesine (Eldisine®) (52) (Figure 27).173
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Vinblastine Ry = CH3 R, = OCH3, Ry = COCHj (50)
Vincristine Ry = CHO, R, = OCH3, Ry = COCHj (51)
Vindesine Ry = CHz, R, = NH, Rj = H (52)

Figure 27: Vinca alkaloids.

The binding site of the Vinca alkaloids is located at the exposed (+)
end of the microtubules in -tubulin, near to the GTP-binding sitel’4,
and they are able to suppress microtubule dynamics (Figure 28).1%1 At
sufficiently high Vinca alkaloid concentration in the cell, binding to the

soluble (3-tubulin”®l occurs, causing microtubule destabilization.
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Vinblastine

Figure 28: Vinblastine-binding site (Reproduced with permission)./”"!

3.2.1.2. Colchicine and combrestatins

Colchicine (53) (Figure 29) was isolated in 1820 from Colchicum
autumnale and successfully used for the treatment of gout, an
inflammatory arthritis due to high levels of uric acid in the blood.””]
Colchicine, as Vinca alkaloids, depolymerizes microtubules, binding f3-
tubulin in the colchicine-site (Figure 30).7% Nevertheless, colchicine has
never been used for cancer treatment because of its dose-related severe

toxicities.[”2l
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Figure 29: Structures of colchicine (53) and combrestatin A-4 (54).

Tubulin-
colchicine
complex

Figure 30: Colchicine-binding site (Reproduced with permission).”0]

Combretastatins are natural cis-stilbenes, structurally related to
colchicine, isolated from Combretum caffrum. Combrestatins are able to

bind the colchicine binding-site (Figure 30) and combrestatin A-4 (54)
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(Figure 29) is successfully used to disrupt the blood vessels of

cancers.!”8!

3.2.2. Microtubule Stabilizing Agents

3.2.2.1. Molecules targeting taxol-binding site

) Epothilone A (57) R=H
Paclitaxel (55) R = O Epothilone B (58) R = CH,

Docetaxel (56) R = O\ro

Figure 31: Strucure of taxols and epothilones.

Taxols. Paclitaxel (Taxol®) (55) (Figure 31) was discovered during
the NCI screening program, as alluded to above. Paclitaxel (55) is a
natural compound, extracted from the stem bark of the tree Taxus
brevifolin. Among the years, several semi-synthetic paclitaxel

derivatives, like docetaxel (Taxotere®) (56) and cabazitaxel (Taxotere®),
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have been successfully used in cancer therapy.”” The taxanes bind to

the B-tubulin subunit and promote microtubule stabilization.”]

(+) end

Paclitaxel

(-) end

Figure 32: Taxol-binding site (Reproduced with permission).l”0l

Epothilones. Epothilones A (57) and B (58) (Figure 31) were
isolated by Gerth and co-workers from the soil bacterium Sorangium
cellulolus.1® These compounds bind B-tubulin to the the taxane-binding
site and they act in a paclitaxel-like manner and promote microtubule
assembly.8l Clinical evaluation of epothilones or epothilone-

derivatives is still ongoing.[¢2]

3.2.2.2. Molecules with different binding sites

Laulimalidel®3%4 and peloruside A (59)1%! (Figure 33) are marine
macrolides with potent citotoxyc activity. These agents bind to a pocket

close to the taxol-binding site on (-tubulin at the surface of the
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microtubule.® Peloruside A (59) has shown great efficacy in vivo
against lung and MDR-breast tumor, while the development of

laulimalide was stopped because of its severe toxicity and mortality.[$7]

Peruloside A (59)

Figure 33: Structures of peruloside A (59).
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3.3. Limitations of the MTAs

MTAs have been considered the most successful drugs against
cancers./” One of the most important limitation of using these agents
is the occurrence of dose-related side effects, caused by DNA-damage
and apoptosis. Neurologic (loss of tendon reflex, numbless, motor
weakness, constipation, urinary retention, headhache, mental
depression, dizziness) and hematologic (myelosuppression,
neutropenia) toxicities are the most important, together with nausea,

vomiting and diarrhea.!®”]

Another limitation is the emergence of drug resistance
mechanisms.” It has been shown that tumors can become resistant to
paclitaxel (55) or Vinca alkaloids because of the overexpression of the
P-glycoprotein 1 (P-gp) effluxing pump, a transmembrane ATP-
bindinding cassette (ABC) protein able to decrease the intracellular
drug-levels.I”) The overexpression of different tubulin isotypes, and
specifically the PIII-tubulin isotype, can also impair the drug-tubulin
binding.[70!

To this end, the reaserch of new MTAs, which are active also in
multi-drug resistance (MDR) contexts, is crucial for the success of

anticancer therapy.
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3.4. Marine Macrolides (-)-Zampanolide and (+)-
Dactylolide: new MSAs

3.4.1. Isolation and Structure Elucidation

(-)-Zampanolide (60) is able to inhibit cell growth in leukemia
(HL60) and ovarian (1A9; A2780 and A2780AD) cancer cell lines.[888
Closer investigations identified 60 as a new MSA with comparable

mechanism of action as the antitumor drug paclitaxel (55).(8°)

Structurally, 60 is a 20-membered macrolide (Figure 34) with two
reported isolations from sponges: first in 1996 from Fasciospongia rimosa
(Cape Zampa, Okinawa) by Tanaka and Higa, 8] and later in 2009 from
Cacospongia mycofijiensis by Northcote, Miller and co-workers.!¥l The
earlier work by Tanaka and Higa succeeded in the structure
determination of 60 using HR-FABMS and 2D-NMR. However, the
analysis of the stereochemistry was partial: the relative configuration
of the three chiral centers at C11, C15 and C19 was confirmed, while
leaving the relative configuration of C20 along with the absolute
configuration of 60 unassigned.!®l Finally, in 2001 the synthesis of the
unnatural antipode of 60, (+)-zampanolide (61) (Figure 34) by Smith

and co-works established the complete stereochemistry of 60.1091
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(-)-Zampanolide (60) (+)-Zampanolide (61)

Figure 34: Structures of (-)-zampanolide (60) and synthetic non-natural (+)-
zampanolide (61).

Earlier in 2001, (+)-dactylolide (62) (Figure 35) was isolated by
Riccio and co-workers as a minor metabolite from a Dactylospongia
sponge (Vanuatu islands in South Pacific Ocean).l?l In the work of
Riccio and co-workers, 1D and 2D NMR experiments along with mass
spectrometry served to identify the structure, while the relative
configuration at C19 as well as the absolute configuration of their

isolated product was left undetermined.[*?!

© X

o 1920 0]

,, O K

(+)-Dactylolide (62)

Figure 35: Structure of (+)-dactylolide (62).
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Meanwhile, Smith and co-workers reported, that they obtained
(+)-dactylolide (62) (Figure 35) by thermolytic degradation of their
synthetic 60 (Scheme 9), and determined the relative and absolute

configuration of 62.°0°1

A
w0 0
I Benzene ooy
reflux —
I L. [P
(+)-Zampanolide (61) (+)-Dactylolide (62)

Scheme 9: Thermolytic degradation of synthetic (+)-zampanolide (60) into (+)-
dactylolide (62).

Both, the natural and synthetic 62 were characterized as
dextrorotatory, i.e. having a sign (+) for the respective specific rotation.
However, at comparable concentrations in MeOH the absolute values
of their specific rotations differ strongly in magnitude, with +30° for
natural compound and +235° for synthetic 62. The order of magnitude
for the latter was later confirmed by two total syntheses of 62, where
the synthetic materials have been found having specific rotation values
of +134°%! and +163°.1%4 Recent attempts to rationalize the observed
deviation of the specific rotation value for the natural compound in
comparison to the three synthetic 62 compounds, has led mainly to two
hypotheses. First, Sanchez and Keck reason that variations were due to

the enolization equilibria in the respective solutions. This in turn would
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lead to different specific rotation values.®! A second and more recent
hypothesis by Chen and Kingston®! suggests that the small specific
rotation observed by Riccio and co-workers points to the fact that their
isolated compound corresponds to (-)-dactylolide (63) (Figure 36). °¢-101]
This second hypothesis is based on the argument that enolization
and/or hemiacetal formation leads to the observed (+) sign of the
natural product.®®! In fact, formation of the hemiacetal or acetal species
in MeOH does occur under slightly acid conditions. Furthermore, Chen
and Kingston’s argument can be supported by further two points. On
the one hand, nature seldomly produces two such complex structures,
as 60 and 62, as enantiomers. On the other hand, 63 has not been
derived from natural sources so far, even though it is reasonable to
consider 63 a precursor for the biosynthesis of 60.183 Finally, the
conditions employed by Riccio and co-works for the extraction could
have potentially lead to a degradation product of 60 by cleaving the C-
N bond of the hemiaminal moiety to afford 63,1 in analogy to the
observations in synthetic 61.°091 Due to the lack of experimental data
and scarcity of the natural material supporting the presented theories,
it is impossible to draw a final conclusion on the validity of these
speculations. Moreover, all specific rotations for both 62 and 63 have
been repeatedly and independently determined in MeOH. Setting the
variation in absolute value aside (possibly arising from differences in
experimental conditions such as solvent quality and/or sample history),
synthetic 62 was always characterized as dextrorotatory (three
independent total syntheses) and levorotatory in case of synthetic 63

(seven independent total syntheses).
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In conclusion, the deviation of absolute specific rotation values of
the natural product with respect to the synthetic materials implies that
the absolute configuration of the natural product cannot be considered
established. In addition, discrepancies between the *C-NMR spectra
of synthetic and natural (+)-dactylolide (62)°1 also leave open the
possibility that the configuration of C19 in natural (+)-dactylolide is R
and not S (64) (Figure 36).

(+)-Dactylolide (62) (-)-Dactylolide (63) 19-epi-(+)-Dactylolide (64)

Figure 36: Structures of (+)-dactylolide (62), (-)-dactylolide (63) and 19-epi-(+)-
dactylolide (64).

3.4.2. Biological Activity

3.4.2.1. (-)-Zampanolide: biological activity, mechanism of action and

binding to tubulin

As alluded to before, Tanaka and Higa have found that (-)-
zampanolide (60) exibits a potent cytotoxic activity (ICso = 2-10 nM)
against a multitude of cancer cell lines, like leukemia (P388), lung
carcinoma (A549), colon asdenocarcinoma (HT29), and skin melanoma

(MEL28) cell lines.!®! Northcote, Miller and co-workers confirmed the
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high cytotoxicity of 60, performing MTT-cell proliferation assays on
leukemia (HL60, ICs0=4.3 nM) and ovarian (1A9, ICso = 14.3 nM) cancer
cell lines.®! Furthermore, they also investigated the mechanism of
action of 60. They treated HL60 cells with 2-10 nM concentrations of 60
for 16 hours and they showed that (-)-zampanolide (60) was able to
arrest the cell cycle in the G2/M phase of the cell cycle and to induce
apoptosis or necrosis of the cells. These findings suggestthat (-)-
zampanolide (60) is a possible antimitotic compound. In order to
demonstrate that 60 targets the microtubules, 1A9 cells were treted with
(-)-zampanolide (60) at 10 nM concentration for 12 hours. (-)-
Zampanolide (60) was able to induce microtubule bundle formation in
interphase cells and to promote the formation of asters (microtubule
formations, which control the separation of the cells during mitosis
process).l®l Moreover, 1A9 cells exposed to various concentrations of (-
)-zampanolide (60) for 16 hours showed a dose-dependent shift of
soluble tubulin to the particulate fraction, similar to what paclitaxel (55)
do.®1  Northcote, Miller and co-workers checked the MDR
susceptibility of 60, and no significative variations in terms of ICso (7.1
nM and 7.5 nM, respectively) values was observed when (-)-
zampanolide (60) was tested against the ovarian cancer cell line A2780
and its MDR isoform, A2780AD, which overexpresses the P-gp
effluxing pump.8! They concluded that (-)-zampanolide (60) was a
novel and very potent MSA, with a taxol-like mechanism of action,
which, in contrast to the latter, maintains its cytotoxic activity against
both drug-sensitive and MDR cancer cell lines.#?! The capability of (-)-

zampanolide (60) to maintain its anticancer activity in MDR-contests
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has been confirmed in a study performed by Cerchietti and co-
workers.l1%2 60 was tested against the acute myeloid leukimia (AML),
acute linphoblastic leukimia (ALL), and their taxol-resistant, P-gp
overexpressing isoforms (KG-la and CCRF-CEM/VBL respectively)

and showed Glso values below 1 nM against the whole set of cells.[102

In 2012, Diaz and co-workers, in collaboration with the groups of
Northcote and Miller, and Altmann, demonstrated the mode of binding
of (-)-zampanolide (60).01%! The study discovered that 60 is able to bind
irreversibly the taxol-binding site on B-tubulin.'® In fact, the
displacement of (-)-zampanolide (60) by the fluorescent taxol
derivative Flutax-2 was completely abrogated when microtubules were
incubated with 60 for a short period of time (less than 30 min).l'%3l
MS/MS analysis of the tryptic digests of the zampanolide-modified
tubulin adduct showed that the side chains of the aminoacidic residues
N228 and H229 act as nucleophiles.'®l The electrophilic site on (-)-
zampanolide (60) could not be elucidated at the time, but, in 2013,
Steinmetz and co-workers, using synthetic material provided by
Altmann group,['™) were able to solve and crystallize the complex
between o/B-tubulin, protein RB3, tubulin tyrosine ligase and (-)-

zampanolide (60) at 1.8 A resolution.[104]
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Figure 37: Crystal structure of 60 in complex with af-tubulin. Complex
between af-tubulin and (-)-zampanolide (60) (left). (-)-Zampanolide in the taxane
binding site (centre). H229 covalent binding at (-)-zampanolide C9 (right) (Reproduced
with permission).[04

As shown in Figure 37, the Michael-acceptor at C9 in the enone
moiety of 60 binds the imidazole side chain of the B-tubulin residue
H229,i04  as previously supposed by Diaz and co-workers.l'3l
Furthermore, from the crystal structure H-bonding can be observed
between OH20 and O1 of (-)-zampanolide (60) and the carbonyl
oxygen and the NH group of T276.1'%] The latter interactions appears to
be essential. In fact, it is known from a number of studies that the lack
of the hemiaminal-linked dienamide side chain in (-)-zampanolide

derivatives is related to a reduced biological activity (see below).

3.4.2.2. (+)-Dactylolide: biological activity

Intriguingly, while (-)-zampanolide (60) is a nM inhibitor of cancer
cell growth in vitro, natural (+)-dactylolide (62) is substantially less
active, although the available data set is limited to two cell lines,

investigated in the isolation paper. Riccio and co-workers reported that
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(+)-dactylolide (62) inhibited the growth of lymphocytic leukemia
(L1210) and ovarian carcinoma (SKOV-3) cells.[2 At the outset of this
dissertation, no other data on the biological activity of (+)-dactylolide
(62) have been published. On the other hand, data on the biological
activity of synthetic (-)-dactylolide (63) are available from a number of
studies. 63 exhibits sub-uM ICso values against a multitude of cancer
cell lines, although (-)-zampanolide (60) is still 100- to 300-fold more
potent.! The latter data are in accordance with what Uenishi and co-
workers!®! as well as Field et all!®®l have already pointed out. In fact, the
hemiaminal-linked dienamide side chain in (-)-zampanolide (60) is

crucial for its biological activity.

Note, that not even synthetic (+)-zampanolide (61) has ever been
tested, and in this context the importance of the macrocycle

configuration for the biological activity remains unclear.
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3.5. Aims and Scope

The continuous evaluation of the antitumor potential of new
cytotoxic natural products is essential to overcome the MDR
problem.[1%] Marine macrolide (-)-zampanolide (60) showed high ICso
values against drug-sensitive and MDR cancer cell lines.®! (+)-
Dactylolide (62), a structurally related marine macrolide, has been
found substantially less active.’?l At the outset of this PhD thesis no
further biological data were available for synthetic (+)-dactylolide (62)
and (+)-zampanolide (61). Our goal was to synthesize (+)-dactylolide
(62) and (+)-zampanolide (61), in order to investigate how the

macrocycle configuration could influence the biological activity.

Furthermore, we designed a synthesis of the C19 epimer of (+)-
dactylolide (62), in order to definitively clear the discrepancies
observed in the specific rotation values and the *C-NMR spectra of
synthetic and natural materials and, finally, establish the absolute

configuration of natural (+)-dactylolide (62).
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4. (+)-Dactylolide, 19-epi-(+)-
Dactylolide and (+)-
Zampanolide: Synthesis and

Biological Evaluation*

4.1. Retrosynthesis

The strategy to be followed for the synthesis of 62 and 64 was
analogous to the one that had been developed previously by Altmann
and co-workers for the synthesis of 63.1001% This strategy entails
macrocyclic ring-closure by an highly efficient intramolecular Horner-
Wittig-Emmons (HWE) reaction of w-dialkylphosphono [3-keto
aldehydes 65 and 66, respectively (Scheme 10). The w-
dialkylphosphono -keto aldehydes as the crucial precursors for the
macrocyclization reaction were to be obtained by esterification of acid
670101106] with protected alcohols 68 and 69, respectively, followed by
protecting group manipulations and oxidation. The construction of the

tetrahydropyran (THP) ring was envisioned to be achieved through

4 This part of my PhD research was carried out in the laboratories of Prof. Karl-
Heinz Altmann, ETH-Ziirich (Switzerland).
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Prins cyclization of the acetylated acetal 73; the alkyne moiety of the
resulting THP derivative was then to be converted into vinyl iodide 72,
which would be a precursor for both target structures. Metalation of 72
and reaction of the metal vinyl species with PMB-protected (S)-glycidol
(70) or (R)-glycidol (71) was envisaged to produce alcohols 68 and 69,
respectively. The synthesis of acetylated acetal 73 from L-aspartic acid
in a 7-step sequence via epoxide 74 had been described previously.
(1011061 Inn total, the longest linear sequence from L-aspartic acid to 62 or
64 would thus comprise 20 discrete steps. As alluded to above, this
sequence had been successfully implemented in the synthesis of 63 as

described by Zurwerra et al.1101.100]
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Scheme 10: Retrosynthetic analysis for the synthesis of 62 an 64.
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4.2. Synthesis of (+)-Dactylolide and 19-epi-(+)-
Dactylolide

4.2.1. Synthesis of Acid 67

Since the acid 67 is the same used for the synthesis of 63, [1011%] the
synthesis will not be discussed in details. As shown in Scheme 11, the
synthesis starts from commercially available 2-butyn-1-ol, which was
converted into (Z)-vinyl iodide wvia Corey’s reductive
alumination/iodination sequence.l"%”] The resulting vinyl alcohol was
protected using PMB-trichloroacetimidatel'%%1% and then homologated
with epichlorohydrin. The resulting chlorohydrin was converted to the
epoxide 77, followed by the regioselective epoxide opening reaction to
afford the (3-hydroxy phosphonate 78 in 70% yield. TBS protection of
the resulting secondary alcohol and PMB removal with DDQ),!110]
followed by Swernl!'l oxidation gave 79. HWE olefination and
hydrolysis of the ethyl ester then completed the synthesis of the acid
67. As previously described by Zurwerra et al, [1011%] the synthesis

provided 67 in high quantities (up to 10 grams).
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Scheme 11: Synthesis of the acid 67. i) Red-Al, I»; ii) PMBOC(NH)CCls, PPTS,
87% over two steps; iii) (+)-Epichlorohydrin, n-BuLi, BFs-Et20; iv) KOH, 49% over two
steps; v) Diethyl phosphite, n-BuLi, BFs-Et20, 70%; vi) ImH, DMAP, TBSCI; vii) DDQ; viii)
(COCl)2, DMSO, EtsN, 75% over three steps; ix) Triethyl phosphonoacetate, n-BuLi, x)
NaOH 1M, 96% over two steps.

4.2.2. Synthesis of THP-vinyl Iodide 72

We next addressed the synthesis of the common fragment of 62
and 64: the THP-vinyl iodide 72. Starting from commercially available
L-(+)-aspartic acid (Scheme 12) and following a previously reported 3-
steps procedure,'! we were able to synthesize the epoxide 74 in
multigram quantities. The corresponding homoallylic alcohol 82 was
then obtained via regioselective copper-mediated epoxide opening,

using vinylmagnesium bromide (Scheme 12).112]

NH, O Br O OTBDPS
i o i Br OH i iv
OH > OH > HO . >
OH [N

L~ asparhc acid 80 74

Scheme 12: Synthesis of the homoallylic alcohol 82. i) H2SOs, KBr, NaNOz, 92%; ii)
BHs, 83%; iii) NaH, TBDPSCI, 65%; iv) Vinylmagnesium bromide, Cul, 96%.
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82 was esterified with 2-butynoic acid 75,113 affording the ester 85.
Reductive acylation reaction of 85 produced the acid-labile species 73
in high yields. As reported by Zurwerra et al,[101.1% TMSII'4l successfully
promoted the Prins-type cyclization of the acylated acetal 73, affording
86 in high and reproducible yields. Also in this case, the use of 2,6-
dimethylpyridine was found to be necessary, in order to suppress the

non-selective HI-mediated cyclization. !4
OTBDPS OTBDPS OTBDPS OTBDPS rOTBDPS

Ho,, i \(o,,, i \/0,,, fii \\\ o r v \\\ O
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Scheme 13: Synthesis of the THP-vinyl iodide 72. i) 75, DCC, DMAP, 74%,; ii)
DIBAL-H, pyridine, DMAP, A0, 91%; iii) TMSI, 2,6-lutidine, 73%; iv) CsOAc, 18-crown-
6, 75%; v) KaCOs; vi) DMP, 78% over two steps; vii) Methyltriphenylphosphonium
bromide, n-BuLi, 77%; viii) CuCN, n-BuLi, BusSnH, MeOH; ix) NIS, 95% over two steps.

At this point of the synthesis, we had to install the C13 exo-
methylene group. The first step involved a cesium-mediated acetate
substitution.[!s The acetate ester of 87 was then hydrolysed under basic
conditions and the resulting secondary alcohol oxidated to the ketone
88 with DMP. Wittig olefination using methyltriphenylphosphonium
bromide as carbon source provided 89 in good yields. The last step to
accomplish the synthesis of the southern fragment was the reduction of

the internal alkyne in 89 to the (E)-vinyl iodide 72 via stannylcupration-
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, using BusSn(Bu)CuCNLiz, 1161171 jodination sequence, which gave the

desired vinyl iodide 72 in high yields.

4.2.3. Completion of the Synthesis of (+)-
Dactylolide (64)

With the two fragments in hand, we were able to complete the
synthesis of the (+)-dactylolide (62). The first reaction involved the
epoxide opening of the PMB-protected (S)-glycidol (70). The reaction
was promoted by the vinyllithium species of 72, produced in situ by
treatment of 72 with ‘BuLi. The corresponding alcohol 68 was then
esterified with the acid 67 under Yamguchi’s conditions,!'¥! providing

the fully protected ester 90 (Scheme 14).
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Scheme 14: Completion of the synthesis of (+)-dactylolide (62). i) 70, ‘BuLi, BFs-Et20,
59%; ii) 67, 2,4,6-trichlorobenzoyl chloride, EtsN, DMAP, 65%; iii) HF-pyridine; iv) DMP;
v) Ba(OH)z, 65% over three steps; vi) DDQ; vii) DMP, 66% over two steps.

HF-py was used to promote global silyl removal and the resulting
free diol was then oxidized with DMP to the [-ketophosphonate
aldehyde 65, the crucial precursor for the intramolecular HWE reaction.
Since compound 65 has been found to be unstable upon overnight
storage at -20 °C, the latter was used without any further purification.
As described for the synthesis of (-)-dactylolide (63),[1011%] the use of
freshly activated Ba(OH)2191201 afforded the macrocycle 91 in
reproducible yields. PMB removal using DDQ and oxidation with
DMP21l then completed the total synthesis of (+)-dactylolide (62), with
an overall yield of 1.4%. The spectral data for synthetic 62 proved to be
identical in all respects with the spectral data derived from the natural

product.”?l However, also in our case we found that the synthetic
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materials have a higher value of the specific rotation: +163° instead of
+30°.

4.2.4. Completion of the Synthesis of 19-epi-(+)-
Dactylolide (64)

For the synthesis of 64, the epoxide opening reaction was
performed using the PMB-protected (R)-glycidol 71, provided by the
synthesis of the (-)-dactylolide (63),11011% giving 69 (Scheme 15). Same
procedures were used to synthesize 64 and the yields were

reproducible.

PMBO! OH 0 o
| OTBDPS OTBDPS o~
| r i | 6 steps —
4, [;J“‘\ —_— 0, O. W _— |
’E”J“ n, %O‘J.\\‘

72 69 64

Scheme 15: Completion of the synthesis of 19-epi-(+)-dactylolide (64). i) 71, ‘BulLi,
BF3-Et20, 52%.

Surprisingly, the value of the specific rotation for 64 was found to
be similar to the natural dactylolide (+29°), but only the spectra of
synthetic 62 correspond to the spectra of natural (+)-dactylolide.
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4.3. Synthesis of (+)-Zampanolide®

With 62 in hand, in order to complete the total synthesis of (+)-
zampanolide 61, we had to install the hemiaminal-linked dienamide

side chain.

Thanks to the work of a former PhD student in Altmann’s
laboratories, a stereoselective procedure for the aza-aldol reaction has
been found. Previous to his discovery, in none of the former syntheses
of (+)- or (-)-zampanolide the side chain could be introduced
stereoselectively. DIBAL-H (92) proved to be the best reducing agent in
terms of conversion percentage, but not in terms of diastereoselectivity.
Based on the protocol used by Ghosh and co-workers,!'??l using (S)-
TRIP (93) (Figure 38), the idea was to crerate a chiral variant of DIBAL-
H (Figure 38): BINAL-H (94). The latter can be easily prepared starting
from lithium aluminium hydride, ethanol and the corresponding (R)-
or (S)-1,1'-bi-2-naphthol (Figure 38) and has been used for the

enantioselective reduction of ketones.[123l

5 The stereosective version of the aza-aldol reaction was developed by Tobias
Briitsch and explained in details in his PhD thesis entitled: Total Synthesis of Mandelalide
A and Synthesis of (-)-Zampanolide Analogs for Structure-Activity Relationship Studies
(DISS. ETH NO. 23856).
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TV

DIBAL-H (92) (S)-TRIP (93) (S)-BINAL-H (94)

Figure 38: Reagents and catalyst for aza-aldol addition

When a solution of (R)-BINAL-H and sorbamide (95) (Scheme 16)
was added to a (+)-dactylolide (62) solution at room temperature, full
conversion of the latter was observed after 10-15 min. The reaction
afforded (+)-zampanolide (61) in an excellent diastereomeric ratio (dr)
of 93:7. Normal phase semi-preparative HPLC purification allowed the
isolation of the desired C20 isomer in 74% yield.

Our example is the first diastereoselective synthesis of (+)-
zampanolide (61) and the second synthesis of this compound. The
successfully application of this procedure to this substrate indicates
that the stereoselective formation of the hemiaminal centre at C20,
using the chiral BINAL-amide complex 96, is not substrate-controlled,

but represents a new stereoselective aza-aldol process.
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Scheme 16: Synthesis of (+)-zampanolide (61). i) LAH, EtOH, (R)-BINOL, 74%
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4.4. Biological Evaluation of Zampanolide

Analogs®

4.4.1. In Vitro Antiproliferative Activity

The compounds 60-64 were tested against ovarian cancer cell
line A2780 and its MDR isoform, A2780AD (Table 2).

Table 2: Antiproliferative activity of 60, 61, 62, 63 and 64. Taxol was used as control. ICs values
are reported in nM.

60 61 62 63 64 Taxol
A2780
(ovarian) 0.802+0.01 10500 + 1138 15382+ 1790 1254 +139 9488 + 2431 0.48 +0.36
A2780AD
(ovarian)® 2.68+0.21 11445+ 70 11399 + 194 1252 + 567 12848 + 743 5870 + 382

aMultidrug-resistant cell line overexpressing the P-gp effluxing pump.

None of them showed ICso value comparable to the corresponding
levorotatory conformation and the compounds were at least 1000-fold

less potent.

In addition, Flutax-2 displacement test proved the inability of the

latter compounds to interact with tubulin.

¢ These experiments were carried out in collaboration with Dr. Fernando Diaz,
CISC, Madrid, Spain.
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4.5. Conclusions and Outlook

In conclusion, (+)-dactylolide (62), 19-epi-(+)-dactylolide (64) and
(+)-zampanolide (61) have been successfully synthetized, confirming
that the synthetic procedures previously developed for the synthesis of
(-)-dactylolide (63) and (-)-zampanolide (60) are highly reproducible.

We have proven that the lower absolute value of specific rotation
observed for natural (+)-dactylolide (62) is not caused by a C19 epimer.
This means that the absolute configuration of (+)-dactylolide (62)

cannot be considered established.

The new methodology for the stereoselective aza-aldol reaction
has been employed for the synthesis of (+)-zampanolide (61), providing
high values of diastereoselectivity and high yields.

The biological data of the dextrorotatory compounds have shown
low values of cytotoxicity. This means that the absolute configuration

of the macrocycle plays a pivotal role in drug-protein binding process.
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5. Experimental Section

5.1. General Methods for Sapienza project

All non-aqueous reactions were performed under an argon
atmosphere using flame-dried glassware and standard syringe/septa

techniques.

All absolute solvents were purchased as anhydrous grade from
Sigma Aldrich and used without further purification unless otherwise
stated. Solvents for extractions, flash column chromatography (FC) and
thin layer chromatography (TLC) were purchased as commercial grade
from Sigma Aldrich and used without further purification unless
otherwise stated. Reactions were magnetically stirred and monitored
by TLC performed on Merck TLC aluminum sheets (silica gel 60 F254).
Spots were visualized with UV light (A = 254 nm). Chromatographic
purification of products (FC) was performed using Sigma Aldrich silica

gel 60 for preparative column chromatography (particle size 40-63 pum).

Melting points (Mp) were obtained in open capillary tubes using

a Biichi melting point apparatus B-545 and are uncorrected.

1H- and BC-NMR spectra were recorded in CDCls, acetone-ds,
DMSO-ds or methanol-ds on a Bruker AV-400 400 MHz spectrometer
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(operating at 400 MHz for 'H and 100 MHz for *C) at room temperature
and tetramethylsilane (TMS) as internal standard. Chemical shifts (0)
are reported in parts per million (ppm) and are referenced to CHCls (6
=7.26 ppm for 'H, 6 = 77.16 ppm for 13C), acetone (0 =2.05 ppm for 'H,
0 =29.84 ppm for *C) DMSO (0 = 2.50 ppm for 'H, 6 39.52 ppm for *C),
or MeOH (0 = 3.31 ppm for 'H, 0 49.00 ppm for ¥C). All 3C-NMR
spectra were measured with complete proton decoupling. Data for
NMR spectra are reported as follows: s = singlet, d = doublet, t = triplet,
q = quartet, m = multiplet, br = broad signal, | = coupling constant in
Hz.

High-resolution mass spectra (HRMS) were recorded on Bruker
BioApex Fourier transform ion cyclotron resonance (FT-ICR) mass

spectrometer.

HPLC analysis was performed on a Waters 2690 Separation
Module, equipped with a Rheodyne Model 8125 20-pL injector and a
Model M486 programmable multi-wavelength detector (PDA).
Chromatographic data were collected and processed using the
Empower Chromatography Manager software. Column: Phenomenex
Luna C18, 5 um (250 x 4.6 mm); eluent A) H2O/CHsCN, 95:5 v/v, eluent
B) H:O/CH3CN, 5:95 v/v; gradient elution: for 0-5 min A:B = 50:50; 5-20
min up to 100% B; 20-25 min to 100% B; Flow rate: 1.0 ml/min; UV
detection at 295 nm. The purity of the compounds was always higher
than 95 %.

The compounds are referred to by increasing numbers X,

following the sequential references in the main text.
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Analytics of compounds 40 and 41 were identical to samples

previously synthesized.['?
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5.2. First Total Synthesis of GlaB (13)

1-(2-hydroxy-4,6-dimethoxyphenyl)ethanone (25)

H;CO OH
OCHL
25
In a two-neck round-bottom flask, 2'4'6'-

trimethoxyacetophenone (24) (5 g, 23.8 mmol, 1.00 equiv.) was
dissolved in dry DCM (75 mL) under argon. BBrs (15 mL, 87.3 mmol,
3.50 equiv.) was added drop wise. The resulting solution was stirred at
room temperature for 2 h before quenching with 4.0 M NaOH aqueous
solution (90 mL) and stirred for 30 min. The organic phase was
separated and the aqueous solution was then extracted with DCM (3 x
100 mL) and combined organic layers were washed once with brine
(100 mL), dried over Na2SOs4 and concentrated in vacuo. The resulting
solid was recrystallized from EtOH, providing 25 (4.43 g, 22.8 mmol,
98%) as white crystals.

Mp: 81-82°C. TH-NMR (400 MHz, acetone-d6): d=13.8 (s, 1H, OH),
594 (d, ] = 2.4 Hz, 1H, ArH), 591 (d, ] = 2.4 Hz, 1H, ArH), 3.80 (s, 3H,
OCH3), 3.72 (s, 3H, OCHs), 2.43 (s, 3H, CHs). BC-NMR (100 MHz,
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acetone-ds): 0 =202.5, 167.4, 166.3, 163.2, 105.5, 93.4, 90.4, 55.2, 55.0, 31.9.
HRMS (ESI): caled. for CioHiO: [(M+H)*]: 197.080800; found:
197.080848.
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(E)-3-(dimethylamino)-1-(2-hydroxy-4,6-dimethoxyphenyl)prop-2-en-1-one
(26)

H,CO OH _N

OCHL
26

A mixture of 25 (4.5 g, 22.9 mmol, 1.00 equiv.) and DMF-DMA (13
mL, 97.1 mmol, 4.00 equiv.) was stirred at 95 °C for 3 h. Later on, the
solvent was removed in vacuo and the obtained red solid product 26
(5.8 g, 22.9 mmol, quantitative crude) was used without any further

purification

Mp: 145-147°C. TH-NMR (400 MHz, CDCls): d = 15.65 (s, 1H, OH),
7.92 (d, ] = 12 Hz, 1H, =CH-N), 6.25 (d, ] = 12.0 Hz, 1H, =CH—(CO), 6.07
(d, J=2.4Hz, 1H, ArH), 5.91 (d, ] = 2.4 Hz, 1H, ArH), 3.84 (s, 3H, OCHs),
3.80 (s, 3H, OCH), 3.15 (s, 3H, NCHa), 2.92 (s, 3H, NCHz); 3C-NMR
(100 MHz, CDCls): = 191.6, 169.0, 165.5, 162.9, 155.8, 106.6, 96.3, 95.6,
92.1, 57.1, 56.6. MS (ESI): calcd. for C1sHisOsN [(M+H)']: 252.1; found,
252.3.
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3-iodo-5,7-dimethoxy-4H-chromen-4-one (22)

H,CO 0

OCH0
22

To a solution of 26 (5.8 g, 22.9 mmol, 1.00 equiv.) in MeOH (450
mL), I2 (11.7 g, 46.2 mmol, 2.00 equiv.) was added. The brown mixture
was stirred at room temperature for 1 h, then the solvent was
evaporated in vacuo. To remove residual Iz, the crude was treated with
a saturated aqueous Na:5:0s until the mixture became clear. The
mixture was then extracted with CHCls (3 x 150 mL), and the combined
organic layers were dried over Na2SOs and concentrated in vacuo. The
residue was purified by FC (EtOAc/hexane 1:3) to obtain 22 (2.5 g, 7.5

mmol, 33%) as a white powder.

Mp: 156-157°C. TH-NMR (400 MHz, CDCls): d = 8.02 (s, 1H, H-2),
6.37 (d, ] = 2.0 Hz, 1H, ArH), 6.32 (d, ] = 2.0 Hz, 1H, ArH), 3.87 (s, 3H,
OCH3), 3.82 (s, 3H, OCHs). BC-NMR (100 MHz, CDCls): 5=183.4, 164.3,
161.0, 159.8, 155.3, 107.5, 96.6, 92.4, 89.7, 56.4, 55.8. HRMS (ESI): calcd.
for CirHi0Oul [(M+H)+]: 332.961800; found, 332.961633.
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3-(benzo[d][1,3]dioxol-5-yl)-5,7-dimethoxy-4H-chromen-4-one (27)

To a solution of 22 (2.5 g, 7.5 mmol, 1.00 equiv.) in a mixture of
degassed DME/H20 = 1:1 (150 mL) Na2COs (3.18 g, 30 mmol, 4.00
equiv.), 23 (1.8 g, 11 mmol, 1.50 equiv.) and Pd EnCat™40 (937 mg, 5%
mol) were consecutively added. The resulting mixture was stirred at 45
°C for 2 h and then filtered through a Celite pad. The residue was
washed first with H20 (50 mL) and then with DCM (50 mL). The
organic phase was separated and the aqueous layer was extracted with
DCM (3 x 50mL). The combined organic layers were dried over Na2SOx4
and concentrated in vacuo. The crude residue was purified by FC

(EtOAc/hexane 1:2) to give 27 (1.4 g, 4.3 mmol, 57%) as a gray powder.

Mp: 155-156°C. tH-NMR (400 MHz, CDCls): & = 7.75 (s, 1H, H-2),
7.1(d, ] = 2.0 Hz, 1H, H-2'), 6.94 (dd, ] = 8.0 and 2.0 Hz, 1H, H-6'), 6.83
(d, ] = 8.0 Hz, 1H, H-5'), 6.44 (d, ] = 2.2 Hz, 1H, H-6), 6.37 (d, ] = 2.2 Hz,
1H, H-8), 597 (brs, 2H, O-CH:-O), 3.94 (s, 3H, OCH3), 3.89 (s, 3H,
OCH3). 3C-NMR (100 MHz, CDCls): d = 175.1, 164.0, 161.5, 160.3, 150.1,
147.6,147.1, 126.5, 126.0, 122.8, 110.5, 110.0, 108.4, 101.3, 96.7, 92.7, 56.4,
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55.8. HRMS (ESI): calcd. for CisHisOs [(M+H)*]: 327.086300; found,
327.086206.
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3-(3,4-dihydroxyphenyl)-5,7-dimethoxy-4H-chromen-4-one (21)

In a two-neck round-bottom flask, 27 (1.4 g, 4.3 mmol, 1.00 equiv.)
and Pb(OAc)s (freshly recrystallized from degassed AcOH, 7.5 g, 17
mmol, 4.00 equiv.) in dry benzene (100 mL) was stirred at reflux under
argon overnight. After, cooling to room temperature, the reaction
mixture was filtered through a pad of Celite, the residue was washed

with DCM (50 mL) and the filtrate was concentrated in vacuo.

The crude product was diluted with a miture of THF/H20 = 5:1 (50
mL) and AcOH (50 mL), and the resulting solution was stirred at room
temperature for 6 h. Then, saturated aqueous NaHCOs was added until
pH = 8 and extracted with EtOAc (3 x 100mL). The combined organic
layers were dried over Na2SOs and concentrated in vacuo to obtain 21

(570 mg, 1.8 mmol, 42%) as a yellow solid.

Mp: 127-129°C. TH-NMR (400 MHz, methanol-di): d = 7.86 (s, 1H,
H-2), 6.88 (brs, 1H, H-2"), 6.70 (brs, 2H, H-5' and H-6'), 6.50 (d, ] = 2.0
Hz, 1H, H-6), 6.40 (d, ] = 2.0 Hz, 1H, H-8), 3.80 (s, 3H, OCH), 3.79 (s,
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3H, OCHs). 3C-NMR (100 MHz, methanol-d4): 175.0, 165.1, 161.1, 159.9,
151.3, 145.1, 145.0, 126.5, 123.1, 120.5, 117.0, 110.0, 114.5, 95.9, 92.8, 55.1.
HRMS (ESI): caled. for Ci7Hi50s [(M+H)*]: 315.086300; found,
315.086363.
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Glabrescione B (13)

To a solution of 21 (570 mg, 1.3 mmol, 1.00 equiv.) in acetone (100
mL) K2COs (7.4 g, 5.4 mmol, 4.50 equiv.) was added. After 10 min 3,3-
dimethylallyl bromide (968 mg, 6.5 mmol, 5.00 equiv.) was added and
the mixture was stirred at reflux overnight. Afterward, the solvent was
evaporated and the resulting solid was dissolved in EtOAc (25 mL) and
H:0 (25 mL). The aqueous layer was then extracted with EtOAc (3 x 25
mL). The combined organic layers were dried over Na2SOs and finally
concentrated in vacuo. The crude was purified by FC (EtOAc/hexane
1:5) to obtain GlaB (13) as white powder. The powder was recrystallized

from hexane resulting with white crystals.

The spectral data were identical to an authentic sample of GlaB.
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Mp: 102-104°C. TH-NMR (400 MHz, acetone-ds): d=7.94 (s, 1H, H-
8),7.16 (d, ] = 1.6 Hz, 1H, H-15), 6.99 (dd, ] = 8.0 Hz and 1.6 Hz, 1H, H-
11), 6.89 (d, ] = 8.0 Hz, 1H, H-12), 6.50 (d, ] = 2.0 Hz, 1H, H-1), 6.42 (d, ]
=2.0 Hz, 1H, H-3), 5.43 (m, 2H, 2 x =CH), 4.51 (d, ] = 6.8 Hz, 4H, OCH.),
3.86 (s, 3H, OCH), 3.81 (s, 3H, OCH3), 1.70 (s, 6H, 2 CHs), 1.67 (s, 6H, 2
CHs). BC-NMR (400 MHz, CDCls): & = 175.6, 164.0, 161.2, 159.7, 150.2,
148.9, 148.5,136.9, 126.5, 125.0, 121.4, 120.7, 115.5, 110.0, 114.0, 96.5, 92.6,
66.0, 56.4, 55.9, 25.6, 18.1. HRMS (ESI): calcd. for CzHzOs [(M+H)]:
451.211500; found, 451.211495.
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5.3. Second Total Synthesis of GlaB and GlaB

Ring-B Derivatives

5.3.1. General procedure for the preparation of
deoxybenzoines (30, 34-36)

In a two-neck round-bottom flask a mixture of 3,5-
dimethoxyphenol (6 mmol, 1.00 equiv.), 3,4-disubstituted-phenylacetic
acid (6 mmol, 1.00 equiv.) and BFs*EtzO (48 mmol, 8.00 equiv.) was
stirred at 90 °C for 90 min under argon. The reaction mixture was
poured into 10% aqueous NaOAc (100 mL) and allowed to stir at room
temperature for 24 h, forming a brown precipitate. The precipitate was
filtered and washed with H2O (2 x 20 mL). The precipitate was
resuspended with EtOAc, dried over Na:504 and finally concentrated
in vacuo. The residue was purified by FC using a mixture of Petroleum

Ether/EtOAc as eluent, to obtain the corresponding deoxybenzoin.
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2-(3,4-dihydroxyphenyl)-1-(2-hydroxy-4,6-dimethoxyphenyl)ethanone
(30)

H,CO OH
® o
OCH O
P OH
30

Pale Brown solid (Yield 50%). Mp: 130-132 °C. TLC Rf = 0.30
(EtOAC/PE 7:3, UV). tH-NMR (400 MHz, acetone-ds): d = 13.90 (s, 1H,
C2-OH), 7.76 (brs, 2H, OH), 6.75-6.73 (m, 2H, H-2" and H-5'), 6.58 (dd,
J=8.0Hz, ]=12Hz 1H, H-6'), 6.06 (d, ] = 2.0 Hz, 1H, H-5), 6.04 (d, ] =
2.8 Hz, 1H, H-3), 4.16 (s, 2H, CH>), 3.93 (s, 3H, OCHz), 3.84 (s, 3H,
OCH3). 3C-NMR (100 MHz, acetone-ds): d = 204.3, 168.7, 167.3, 163.7,
145.6, 144.6, 128.2, 121.8, 117.4, 115.8, 106.1, 94.6, 91.5, 56.2, 56.0, 50.0.
HRMS (ESI): caled. for CieHi70s [(M+H)*]: 305.10196; found, 305.10178.
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1-(2-hydroxy-4,6-dimethoxyphenyl)-2-phenylethanone (34)

HsCO i OH
OCH0 O

34

Pale Yellow solid (Yield 65%). Mp: 111.6-112.65 °C. TLC Rf=0.30
(EtOAC/PE 7:3, UV). TH-NMR (400 MHz, acetone-ds): d = 13.83 (s, 1H,
OH), 7.32-7.19 (m, 5H, H-2’, H-3’, H-4’, H-5" and H-6"), 6.07 (d, | = 2.4
Hz, 1H, H-5), 6.06 (d, ] = 2.4 Hz, 1H, H-3), 4.33 (s, 2H, CH>), 3.92 (s, 3H,
OCHs), 3.85 (s, 3H, OCHs). 3C-NMR (100 MHz, acetone-ds): d = 203.8,
168.7, 167.5, 163.8, 136.8, 130.4, 129.0, 127.2, 106.2, 94.6, 91.5, 56.2, 56.1,
50.7. HRMS (ESI): calcd. for CisHizOs [(M+H)*]: 273.11213; found,
273.11203.
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1-(2-hydroxy-4,6-dimethoxyphenyl)-2-(3-hydroxy-4-
methoxyphenyl)ethanone (35)

H,CO OH
® o

OCHO OCH,
35

Pale Yellow solid (Yield 55%). Mp: 114.2-115.3 °C. TLC Rf = 0.33
(EtOAC/PE 7:3, UV). TH-NMR (400 MHz, acetone-ds): d = 13.88 (s, 1H,
C2-OH), 7.51 (brs, 1H, OH), 6.84 (d, | = 8.4 Hz, 1H, H-5"), 6.76 (d, | =
2.4Hz, 1H, H-2"), 6.67 (dd, ] =8 Hz, | =2 Hz, 1H, H-6"), 6.06 (d, ] =2 Hz,
1H, H-5), 6.04 (d, | = 2.4 Hz, 1H, H-3), 4.20 (s, 2H, CH>2), 3.93 (s, 3H,
OCHs), 3.84 (s, 3H, OCHs), 3.80 (s, 3H, OCHs). 2C-NMR (100 MHz,
acetone-ds): 0 =204.2,168.7, 167.4,163.8, 147.2, 147.1, 129.5, 121.3, 117.3,
112.3, 106.1, 94.6, 91.5, 56.2, 56.2, 56.0, 50.0. HRMS (ESI): calcd. for
Ci7H1906 [ M+H)*]: 319.11761; found, 319.11767.
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2-(4-hydroxy-3-methoxyphenyl)-1-(2-hydroxy-4,6-
dimethoxyphenyl)ethanone (36)

H,CO OH
O OCH;

OCH-0 o
36

Pale Yellow solid (Yield 55%). Mp: 133-135 °C. TLC Rf = 0.33
(EtOAC/PE 7:3, UV). TH-NMR (400 MHz, acetone-ds): d = 13.87 (s, 1H,
C2-OH), 7.42 (brs, 1H, OH), 6.86 (d, ] = 1.6 Hz, 1H, H-2"), 6.74 (d, ] =8
Hz, 1H, H-5'), 6.69 (dd, =8 Hz, | =1.6 Hz, 1H, H-6"), 6.07 (d, | =2,4 Hz,
1H, H-5), 6.05 (d | = 2,4 Hz, 1H, H-3), 4.23 (s, 2H, CH>), 3.95 (s, 3H,
OCHs), 3.84 (s, 3H, OCHs), 3.81 (s, 3H, OCHs). C-NMR (100 MHz,
acetone-ds): 0 =203.4,167.8, 166.5, 162.9, 147.2, 145.3, 127.0, 122.1, 114.7,
113.2, 105.3, 93.7, 90.6, 55.3, 55.2, 49.3. HRMS (ESI): calcd. for CizH190s
[(M+H)*]: 319.11761; found, 319.11794.



Experimental Section 109

5.3.2. General procedure for the Vilsmeier-
Haack reaction for the preparation of
isoflavones (21, 37-39)

In a two-neck round-bottom flask a solution of deoxybenzoin (3
mmol, 1.00 equiv.) in DMF (5 mL) was cooled to 0 °C and BFs-Et20 (9
mmol, 3.00 equiv.) was added drop wise under argon. In another flask,
DMF (8 mL) was cooled to 0 °C and PCls (4.5 mmol, 1.50 equiv.) was
added. The mixture was then allowed to stir at 55 °C for 20 min. The
light yellow colored solution containing N,N’-
dimethyl(chloromethylene)ammonium chloride was then added to the
above reaction mixture at 0 °C. The mixture was stirred at room
temperature for 2 h under argon and then poured into 0.1 N methanolic
HCI (70 mL) and allowed to stir at 70 °C for 2 h. After removing the
solvents in vacuo, H20 (50 mL) and EtOAc (50 mL) were added and the
aqueous phase was extracted with EtOAc (3 x 100 mL). The combined
organic layers were washed once with brine (100 mL), dried over
Naz50;, and finally concentrated under reduced pressure. The residue
was purified by FC using Petroleum Ether/EtOAc as eluent, to give the

corresponding isoflavone.
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3-(3,4-dihydroxyphenyl)-5,7-dimethoxy-4H-chromen-4-one (21)

White solid (Yield 30%). See spectral data above.
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5,7-dimethoxy-3-phenyl-4H-chromen-4-one (37)

Pale Pink solid (Yield 35%). Mp: 96-97 °C. TLC Rf=0.35 (EtOAc/PE
7:3, UV). tH-NMR (400 MHz, CDCls): d = 7.78 (s, 1H, H-2), 7.53 (d, 2H,
H-2’ and H-6'), 7.41-7.34 (m, 3H, H-3', H-4’ and H-5'), 6.44 (brd, 1H, H-
8), 6.37 (brd, 1H, H-6), 3.93 (s, 3H, OCH), 3.88 (s, 3H, OCHs). ®*C-NMR
(100 MHz, acetone-de): d = 175.3, 164.1, 161.6, 160.0, 150.7, 132.2, 129.3,
128.3, 128.0, 126.5, 110.1, 96.3, 92.7, 56.5, 55.9. HRMS (ESI): calcd. for
Ci6HisOs [(M+H)"]: 283.09649; found, 283.09672.
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3-(3-hydroxy-4-methoxyphenyl)-5,7-dimethoxy-4H-chromen-4-one (38)

Brown solid (Yield 32%). Mp: 175-177 °C. TLC Rf= 0.30 (EtOAc/PE
7:3, UV). tH-NMR (400 MHz, DMSO-ds): d = 8.97 (s, 1H, OH), 8.14 (s,
1H, H-2), 6.98 (d, ] = 2 Hz, 1H, H-2'), 6.93 (d, ] = 8 Hz, 1H, H-5'), 6.87
(dd, ] =8 Hz, ] =2 Hz, 1H, H-6'), 6.65 (d, ] = 2 Hz, 1H, H-6), 6.50 (d, ] =
2.4 Hz, 1H, H-8), 3.88 (s, 3H, OCH3), 3.82 (s, 3H, OCH3), 3.78 (s, 3H,
OCHs3). 3C-NMR (100 MHz, DMSO-ds): d = 173.7, 163.6, 160.8, 159.2,
150.9, 147.4, 145.9, 145.8, 124.8,119.9, 116.6, 116.5, 111.8, 109.0, 96.2, 92.9,
56.1, 55.9, 55.6. HRMS (ESI): calcd. for CisHi7Os [(M+H)"]: 329.10196;
found, 329.10203.
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3-(4-hydroxy-3-methoxyphenyl)-5,7-dimethoxy-4H-chromen-4-one (39)

Brown Solid (Yield 31%). Mp: 223-224 °C. TLC Rs=0.29 (EtOAc/PE
7:3) (UV). TH-NMR (400 MHz, CDCls): d = 8.01 (s, 1H, OH), 7.77 (s, 1H,
H-2), 7.28 (s, 1H, H-2"), 6.91 (d, ] = 8 Hz,1H, H-5'), 6.87 (d, ] = 8 Hz, 1H,
H-6), 6.44 (brd, 1H, H-6), 6.37 (brd, 1H, H-8), 3.93 (s, 3H, OCH3), 3.90
(s, 3H, OCH3), 3.88 (s, 3H, OCHs). 3C-NMR (100 MHz, CDCls): & =
175.6, 164.0, 161.6, ,160.0, 150.3, 146.3, 145.8, 126.1, 124.3, 121.7, 114.2,
112.7, 110.0, 96.3, 92.7, 56.5, 56.2, 55.9. HRMS (ESI): calcd. for CisHi7Os
[(M+H)"]: 329.10196; found, 329.10171.
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5.3.3. General procedure for the

alkylation/benzylation reaction (13, 40-49)

To a solution of the isoflavone (0.18 mmol, 1.00 equiv.) in acetone
(5 mL), K2CO:s (1.8 mmol, 10.00 equiv.) was added. After stirring for 15
min the corresponding alky/benzyl bromide (0.9 mmol, 5.00 equiv.)
was added drop wise to the mixture and stirred at 45 °C overnight.
After removing the acetone in vacuo, H2O (10 mL) and EtOAc (20 mL)
were added and the aqueous phase was extracted with EtOAc (3 x 20
mL). The combined organic layers were dried over Na250s, and finally
concentrated under reduced pressure. The residue was purified by FC
using Petroleum Ether/EtOAc as eluent to give the corresponding

substituted-isoflavone.



Experimental Section

115

Glabrescione B (13)

White solid (Yield 90%). See spectral data above.
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5,7-dimethoxy-3-(4-methoxy-3-((3-methylbut-2-en-1-yl)oxy)phenyl)-
4H-chromen-4-one (42)

White Solid (Yield 95%). Mp: 113-1132 °C. TLC Rf = 0.50
(EtOAC/PE 7:3, UV). tH-NMR (400 MHz, CDCLs): d = 7.76 (s, 1H, H-2),
7.22(d, J=2 Hz, 1H, H-2’), 7.01 (dd, ] = 8.0 Hz, ] = 1.6 Hz, 1H, H-6'), 6.88
(d, ] = 8 Hz, 1H, H-5), 6.44 (d, ] = 1.2 Hz, 1H, H-6), 6.37 (d, ] = 2.4 Hz,
1H, H-8), 5.55 (t, ] = 6.8 Hz, 1H, CH), 4.59 (d, ] = 8 Hz, 2H, CH>), 3.94 (s,
3H, OCHs), 3.88 (s, 3H, OCH3), 3.87 (s, 3H, OCHs), 1.76 (s, 3H, CHs),
1.71 (s, 3H, CHs). BC-NMR (100 MHz, CDCls): & = 175.5, 164.0, 161.6,
160.0, 150.3, 149.5, 148.0, 137.8, 126.1, 124.8, 121.5, 120.0, 114.6, 111.2,
110.1, 96.3, 92.6, 65.9, 56.5, 56.0, 55.8, 26.0, 18.4. HRMS (ESI): calcd. for
C23H2s06 [(M+H)"]: 397.16456; found, 397.16441.
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(E)-3-(3-((3,7-dimethylocta-2,6-dien-1-yl)oxy)-4-methoxyphenyl)-5,7-
dimethoxy-4H-chromen-4-one (43)

H,CO o)
|
o
H
OCHO OCH;

43

Pale White Solid (Yield 88%). Mp: 92-93.3 °C. TLC Rf = 0.58
(EtOAC/PE 7:3, UV). 1H-NMR (400 MHz, CDCLs): d = 7.76 (s, 1H, H-2),
7.22 (d, J=2Hz, 1H, H-2), 7.02 (dd, ] = 8 Hz, ] = 2 Hz, 1H, H-6¢), 6.88 (d,
] =8 Hz, 1H, H-5), 6.43 (d, ] = 2 Hz, 1H, H-6), 6.36 (d, ] = 2 Hz, 1H, H-
8), 5.55 (t, ] = 6.0 Hz, 1H, CH), 5.09 (t, ] = 6.0 Hz, 1H, CH), 4.62 (d, ] = 6.0
Hz, 2H, CH>), 3.94 (s, 3H, OCHs), 3.88 (s, 6H, OCHs), 2.10-2.04 (m, 4H,
CHb), 1.71 (s, 3H, CHs), 1.66 (s, 3H, CHs), 1.59 (s, 3H, CHs). 3C-NMR
(100 MHz, CDCls): = 175.5, 164.0, 161.6, 160.0, 150.3, 149.5, 148.0,
140.80, 131.78, 126.14, 124.79, 124.09, 121.51, 119.78, 114.70, 111.24,
110.07, 96.28, 92.64, 66.08, 56.50, 56.03, 55.84, 39.72, 26.44, 25.78, 17.79,
16.85. HRMS (ESI): calcd. for CasHzOs [(M+H): 465.22717; found,
465.22743.
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3-(3-(benzyloxy)-4-methoxyphenyl)-5,7-dimethoxy-4H-chromen-4-one
(44)

Light Brown Solid (Yield 95%). Mp: 128-129 °C. TLC Rf = 0.42
(EtOAC/PE 7:3, UV). TH-NMR (400 MHz, CDCls): d = 7.45 (s, 1H, H-2),
7.37-7.26 (m, 3H, H-3”,H-4” and H-5"), 7.06 (d, ] = 8 Hz, 1H, H-6"), 6.91
(d, ] = 8 Hz, 1H, H-2"), 6.44 (brd, 1H, H-6), 6.37 (brd, 1H, H-8), 5.17 (s,
2H, CHa), 3.95 (s, 3H, OCH3), 3.90 (s, 3H, OCH3), 3.89 (s,3H, OCHs). *C-
NMR (100 MHz, CDCls): &= 175.6, 164.0, 160.0, 150.4, 148.0, 137.3, 128.6,
127.9, 127.7, 124.9, 122.1, 115.6, 111.8, 96.4, 92.7, 71.3, 56.6, 56.2, 55.9.
HRMS (ESI): caled. for CasHzsOs [(M+H)*]: 419.15891; found, 419.14871.
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5,7-dimethoxy-3-(4-methoxy-3-((4-
(trifluoromethyl)benzyl)oxy)phenyl)-4H-chromen-4-one (45)

CF3

45

Pale White Solid (Yield 92%). Mp: 131-134 °C. TLC Rf = 0.42
(EtOAC/PE 7:3, UV). 1H-NMR (400 MHz, CDCLs): d = 7.73 (s, 1H, H-2),
7.63-7.57 (m, 4H, H-2”, H-3", H-5” and H-6"), 7.29 (d, ] = 1.6Hz, 1H, H-
2),7.05(dd, ] =8 Hz, ] =2 Hz, 1H, H-6'), 6.92 (d, ] = 8 Hz,1H, H-5'), 6.43
(d, ] =2 Hz, 1H, H-6), 6.37 (d, ] = 1.6 Hz, 1H, H-8), 5.22 (s, 2H, CH>) 3.94
(s, 3H, OCH), 3.90 (s, 3H, OCH), 3.88 (s, 3H, OCHs). 3C-NMR (100
MHz, CDCls): & = 175.5, 164.1, 161.6, 160.0, 150.3, 149.8, 147.6, 141.4,
127.6, 125.8, 125.6, 125.6, 125.0, 122.3, 115.7, 111.8, 110.0, 96.4, 92.7, 70.4,
56.5, 56.2, 55.9. HRMS (ESI): caled. for CasHzFsOs [(M+H)*]: 487.13630;
found, 487.13656.
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5,7-dimethoxy-3-(3-methoxy-4-((3-methylbut-2-en-1-yl)oxy)phenyl)-
4H-chromen-4-one (46)

46 |

White Solid (Yield 95%). Mp: 130.9-132.6 °C. TLC Rf = 0.50
(EtOAC/PE 7:3, UV). 1H-NMR (400 MHz, CDCLs): d = 7.77 (s, 1H, H-2),
7.23 (s, 1H, H-2"), 6.95 (dd, ] =8 Hz, ] =2 Hz, 1H, H-¢), 6.87 (d, ] =8 Hz,
1H, H-5), 6.43 (d, ] = 1.6 Hz, 1H, H-6), 6.36 (d, ] = 1.6 Hz, 1H, H-8), 5.52
(t, ] = 6.4 Hz, 1H, CH), 4.59 (d, ] = 7.8 Hz, 1H, CH2), 3.93 (s, 3H, OCH),
3.89 (s, 3H, OCH), 3.88 (s, 3H, OCHs), 1.76 (s, 3H, CHs), 1.72 (s, 3H,
CHs). 3C-NMR (100 MHz, CDCLs): d = 175.64, 163.96, 161.59, 159.96,
150.30, 149.12, 148.29, 137.63, 126.11, 124.94, 121.12, 120.14, 113.18,
112.84, 110.06, 96.28, 92.64, 65.86, 56.50, 56.11, 55.83, 25.93, 18.34. HRMS
(ESI): calcd. for C2sHasOs [(M+H)*]: 397.16456; found, 397.16490.
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(E)-3-(4-((3,7-dimethylocta-2,6-dien-1-yl)oxy)-3-methoxyphenyl)-5,7-
dimethoxy-4H-chromen-4-one (47)

H;CO O
O | OCH3
OCHLQ O O/\)\/\)\

47

Pale White Solid (Yield 89%). Mp: 93.5-95.3 °C. TLC Rf = 0.58
(EtOAC/PE 7:3, UV). 1H-NMR (400 MHz, CDCLs): d = 7.79 (s, 1H, H-2),
7.23 (s, 1H, H-2’), 6.95 (d, ] = 8 Hz, 1H, H-6"), 6.88 (d, ] = 8 Hz, 1H, H-5'),
6.43 (d, ] = 2 Hz, 1H, H-6), 6.37 (d, ] = 2 Hz, 1H, H-8), 552 (t, ] = 6 Hz,
1H, CH), 5.07 (t, ] = 6 Hz, 1H, CH), 4.63 (d, ] = 8 Hz, 2H, CH2), 3.93 (s,
3H, OCHs), 3.89 (s, 3H, OCHs), 3.88 (s, 3H, OCH3), 2.09 (d, ] = 6 Hz, 2H,
CHb), 2.06 (d, ] = 5.6 Hz, 2H, CHz), 1.72 (s, 3H, CHz), 1.67 (s, 3H, CHa),
1.59 (s, 3H, CHs). BC-NMR (100 MHz, CDCls): & = 175.5, 164.0, 161.6,
160.0, 150.3, 149.1, 148.3, 140.6, 131.8, 126.1, 125.0, 124.0, 121.1, 120.0,
1132, 112.9, 110.0, 96.3, 92.6, 66.0, 56.5, 56.1, 55.8, 39.7, 26.4, 25.8, 17.8,
16.8. HRMS (ESI): caled. for CasHssOs [(M+H)"]: 465.22717; found,
465.22715.
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3-(4-(benzyloxy)-3-methoxyphenyl)-5,7-dimethoxy-4H-chromen-4-one
(48)

Pale White solid (Yeld 95%). Mp: 148.5-149 °C. TLC Rf = 0.42
(EtOAC/PE 7:3, UV). tH-NMR (400 MHz, CDCls): d = 7.75 (s, 1H, H-2),
7.43 (d, ] =8 Hz, 2H, H-2”, H-6"), 7.35 (t, ] = 8 Hz, 1H, H-3", H-5"), 7.29
(d, ] = 7.2 Hz, 1H, H-4"), 7.25 (s, 1H, H-2"), 6.89 (d, ] = 8 Hz, 1H, H-6),
6.86 (d, ] = 8 Hz, 1H, H-8), 6.42 (brd, 1H, H-6), 6.36 (brd, 1H, H-8), 5.17
(s,2H, CHa), 3.93 (s, 3H, OCH), 3.91 (s, 3H, OCH3), 3.87 (s, 3H, OCHs).
13C-NMR (100 MHz, CDCls): d = 175.5, 164.0, 161.6, 160.0, 150.4, 149.4,
148.2,137.3,128.7,127.9,127.4,125.5,121.2, 113.8, 113.6, 110.1, 96.3, 92.7,
71.1, 56.5, 56.3, 559. HRMS (ESI): caled. for CasHzOs [(M+H):
419.15891; found, 419.14962.
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5,7-dimethoxy-3-(3-methoxy-4-((4-
(trifluoromethyl)benzyl)oxy)phenyl)-4H-chromen-4-one (49)

49

CF3

White Solid (Yield 94%). Mp: 136.8-137.9 °C. TLC Rf = 0.42
(EtOAC/PE 7:3, UV). TH-NMR (400 MHz, CDCls): & =8.02 (d, ] = 8 Hz,
2H, H-5” and H-3"), 7.71 (s, 1H, H-2), 7.52 (d, ] = 8 Hz, 2H, H-2” and H-
6”), 7.06 (s, 1H, H-2’), 7.04 (dd, ] = 8 Hz, ] = 1.6 Hz, 1H, H-6'), 6.92 (d, |
= 1.6 Hz, 1H, H-5), 6.43 (d, ] =2 Hz, 1H, H-6), 6.37 (d, ] = 1.6 Hz, 1H,
H-8), 5.22 (s, 2H, CHz), 3.93 (s, 3H, OCHs), 3.90 (s, 3H, OCH), 3.88 (s,
3H, OCHs). 3C-NMR (100 MHz, CDCls): & = 175.4, 167.1, 164.0, 161.6,
160.0, 150.3, 149.8, 147.6, 142.6, 129.9, 129.6, 127.1, 125.9, 124.9, 122.3,
115.7, 111.7, 110.0, 96.3, 92.7, 70.6, 56.5, 56.2, 55.9, 52.2, 29.8. HRMS
(ESI): calcd. for CasH2FsOs [(M+H)*]: 487.13630; found, 487.13647.
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5.4. General Methods for ETH project

All non-aqueous reactions were performed under an argon
atmosphere using flame-dried glassware and standard syringe/septa

techniques.

DCM, THF and Et20O used for reactions were distilled under argon
before using (DCM from CaH>, THF and Et20O from Na/benzophenone).
All other solvents were purchased as anhydrous grade from Acros
(dried over molecular sieves) and used without further purification
unless otherwise stated. Solvents for extractions, flash column
chromatography (FC) and thin layer chromatography (TLC) were
purchased as commercial grade and distilled prior to use. Reactions
were magnetically stirred and monitored by TLC performed on Merck
TLC aluminum sheets (silica gel 60 F254). Spots were visualized with
UV  light (A = 254 nm) or through staining with
Ce2(SOs)s/phosphomolybdic acid/H2S0: (CPS) or or KMnO4/K2CO:s.
Chromatographic purification of products (FC) was performed using
Fluka silica gel 60 for preparative column chromatography (particle

size 40-63 pum).

Melting points (Mp) were obtained in open capillary tubes using

a Biichi melting point apparatus B-540 and are uncorrected.

1H- and B¥C-NMR spectra were recorded in CDCls and DMSO-ds
on a Bruker AV-400 400 MHz or on a Bruker AV-500 500 MHz
spectrometer at room temperature. Chemical shifts (d) are reported in

ppm and are referenced to CHCIs (0 = 7.26 ppm for 'H, d = 77.16 ppm
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for 13C), or DMSO (0 = 2.50 ppm for 'H, & = 39.52 ppm for 3C). All 3C-
NMR spectra were measured with complete proton decoupling. Data
for NMR spectra are reported as follows: s = singlet, d = doublet, t =
triplet, q = quartet, m = multiplet, br = broad signal, | = coupling

constant in Hz.

Infrared spectra (IR) were recorded on a Jasco FT/IR-6200

instrument. Resonance frequencies are given as wavenumbers in cm.

Optical rotations were measured on a Anton Paar MCP-300
modular circular polarimeter, operating at the sodium D line with a 10
or 100 mm path length cell and are reported as follows: [a]3*:

(concentration (g/100 mL), and solvent).

High-resolution mass spectra (HRMS) were recorded on a Bruker
maXis (ESI) or on a Micromass (Waters) AutoSpec Ultima spectrometer

(EI), respectively, by the ETH Ziirich MS service.

HPLC analysis were performed using the following combination
of devices by VWR HITACHI: column oven L-2350, PDA detector L-
2455, autosampler L-2200, and pump L-2130.

The compounds are referred to by increasing numbers X,
following the sequential references in the main text. Moreover, Xa
names correspond to the intermediate compounds which do not have
anumber in the main text, while compounds of the synthesis of 19-epi-

(+)-dactylolide not shown in the main text are referred to by Xb.
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Compounds 67, 71, 80, 81 and 95 were prepared according to

procedures already described.[1012]
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5.5. Synthesis of (+)-dactylolide (62)

(R)-tert-Butyl-(2-(oxiran-2-yl)ethoxy)diphenylsilane (64)

OTBDPS

74

In a two-neck round-bottom flask, to a suspension of NaH (60% in
mineral oil, 8.24 g, 343.27 mmol, 3.00 equiv., previously washed with
hexane) in THF (150 mL) at —16 °C was added a solution of 81 (19.34 g,
114.42 mmol, 1.00 equiv.) in THF (100 mL) drop wise over a 15 min
period under argon, keeping the temperature below —10 °C during the
addition. A solution of TBDPSCI (33.02 g, 120.15 mmol, 1.05 equiv) in
THF (75 mL) was added at that temperature after 30 min and the
cooling bath was removed and allowed to reach room temperature.
After 45 min, H2O (100 mL) was added carefully at 0 °C followed by
saturated aqueous NH4Cl (100 mL). The phases were separated and the
aqueous phase was extracted with EtOAc (3 x 150 mL). The combined
organic extracts were dried over MgSOu and concentrated in vacuo. The
residue was purified by FC (EtOAc/Hex 1:30—1:25) to give 64 (24.28 g,

74.37 mmol, 65%) as a colorless oil.
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TLC: Rf = 0.51 (EtOAc/Hex 1:10, UV, CPS). 'H-NMR (400 MHz,
CDCls): 5=7.68-7.65 (m, 4 H), 7.45-7.36 (m, 6 H), 3.87-3.78 (m, 2 H), 3.12-
3.07 (m, 1 H), 2.78 (dd, J=5.1, 4.1, 1 H), 2.51 (dd, ] = 5.1, 2.8, 1 H), 1.80-
1.75 (m, 2 H), 1.06 (s, 9 H). 3C-NMR (100 MHz, CDCls): d = 135.7, 135.7,
133.8, 133.8, 129.8, 127.8, 61.0, 50.2, 47.4, 35.8, 26.9, 19.3. IR (thin film): ¥
=3070, 2956, 2930, 2857, 1472, 1427, 1389, 1110, 823, 738, 701 cm-1. HRMS
(ESI): caled for CaoHzsNaO:Si [(M+Na)*]: 349.1594; found: 349.1587.
[o]2*: +5.19° (c = 0.95, CHCLy).
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(S)-1-((tert-butyldiphenylsilyl)oxy)hex-5-en-3-ol (82)

OTBDPS

82

In a two-neck round-bottom flask, to a solution of
vinylmagnesium bromide (1 M in THF, 70.50 mL, 70.50 mmol, 2.00
equiv.) was added Cul (671 mg, 3.52 mmol, 0.10 equiv.) at =60 °C under
argon. After 5 min a solution of 74 (11.51 g, 35.25 mmol, 1.00 equiv.) in
THEF (45 mL) was added and the internal temperature was kept below
-55 °C during the addition. The reaction was then allowed to rise
slowly to -30 °C over a period of 1.5 h; then saturated aqueous NH4Cl
(90 mL) was added slowly, followed by H20 (35 mL). The cooling bath
was removed, the mixture was stirred for 15 min, 25% aqueous NH«OH
(18 mL) was added and stirred for additional 10 min. The phases were
separated, the blue aqueous phase was extracted with EtOAc (3 x 50
mL), and the combined organic phases were dried over MgSOa. The
organic layers were concentrated in vacuo and the residue was purified
by FC (EtOAc/Hex 1:10—1:5) afforded 82 (11.94 g, 33.67 mmol, 96%) as

a pale-yellow, viscous oil.

TLC: Rf = 0.40 (EtOAc/Hex 1:5, UV, CPS). 1H-NMR (400 MHz,
CDCl3): &= 7.69-7.67 (m, 4 H), 7.46-7.38 (m, 6 H), 5.85 (ddt, ] = 17.1, 10.2,
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7.2, 1 H), 5.14-5.08 (m, 2 H), 4.00-3.93 (m, 1 H), 3.91-3.81 (m, 2 H), 3.15
(d, J=2.6,1H), 2.33-2.21 (m, 2 H), 1.78-1.65 (m, 2 H), 1.06 (s, 9 H). BC-
NMR (100 MHz, CDCls): 6=135.7,135.7,135.1, 133.2, 133.1, 129.9, 127.9,
117.5, 71.0, 63.5, 42.1, 38.0, 27.0, 19.2. IR (thin film): V= 3446, 3071, 2953,
2930, 2857, 1472, 1427, 1390, 1361, 1108, 1077, 997, 914, 822,737,700, 613,
503, 487 cm-l. HRMS (ESI): calcd for C2H30NaO-Si [(M+Na)*]: 377.1907;
found: 377.1913. [a]?}: -4.05° (c = 1.21, CHCls).
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(S)-1-((tert-butyldiphenylsilyl)oxy)hex-5-en-3-yl but-2-ynoate (85)

OTBDPS

\n/ol"

O
|
85

In a two-neck round-bottom flask, to a solution of 82 (11.94 g, 33.67
mmol, 1.00 equiv.) in dry DCM (100 mL) were added sequentially
DMAP (0.41 g, 3.37 mmol, 0.10 equiv.), 2-butynoic acid (75) (3.11 g,
37.04 mmol, 1.10 equiv.), and a solution of DCC (8.34 g, 40.41 mmol,
1.20 equiv.) in DCM (100 mL) at 0 °C under argon. The resulting
suspension was allowed to warm to room temperature and stirring was
continued for 16 h. After the addition of Et2O (650 mL), a precipitate
was formed and the mixture was filtered. The filter cake was washed
with Et2O (300 mL) and the filtrate concentrated in vacuo to give a
brown-red oil which was purified by FC (EtOAc/Hex 1:30), to give 85
(10.51 g, 24.99 mmol, 74%) as a colorless oil.

TLC: Rf = 0.44 (EtOAc/Hex 1:10, UV, CPS). tH-NMR (400 MHz,
CDCls): d=7.67- 7.65 (m, 4 H), 7.46-7.37 (m, 6 H), 5.77 (ddt, [ = 17.4, 9.7,
7.0, 1 H), 5.29-5.23 (m, 1 H), 5.13-5.07 (m, 2 H), 3.77-3.68 (m, 2 H), 2.46-
2.34 (m, 2 H), 1.98 (s, 3 H), 1.89-1.83 (m, 2 H), 1.07 (s, 9 H). 3C-NMR
(100 MHz, CDCls): 5=153.3, 135.7, 135.6, 133.8, 133.6, 133.2, 129.7, 127.8,
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118.2, 85.3, 72.8, 72.6, 60.0, 38.6, 36.1, 26.9, 19.2, 3.9. IR (thin film): V =
3071, 3050, 2957, 2359, 2342, 2243, 1706, 1472, 1428, 1389, 1249, 1110,
1063, 700 cm'. HRMS (ESI): caled for C2sHzOsSi [(M+Na)*]: 443.2013;
found: 443.2016. [a]}: +17.76° (c = 1.16, CHCls).
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1-(((S)-1-((tert-butyldiphenylsilylJoxy)hex-5-en-3-ylJoxy)but-2-yn-1-yl
acetate (73)

OTBDPS

In a two-neck round-bottom flask, to a solution of 85 (10.51 g, 24.99
mmol, 1.00 equiv.) in DCM (200 mL) at -78 °C was added slowly
DIBAL-H (1.2M in toluene, 42 mL, 49.97 mmol, 2.00 equiv.) under
argon. After 30 min pyridine (6.06 mL, 74.96 mmol, 3.00 equiv.), DMAP
(9.16 g, 74.96 mmol, 3.00 equiv.), and Ac20 (14.17 mL, 149.92 mmol, 6.00
equiv.) were added sequentially at —78 °C and the mixture was stirred
at that temperature for 22 h. Saturated aqueous NH4Cl (120 mL) and
saturated aqueous Rochelle salt (240 mL) were then added at -78 °C
and the mixture was allowed to warm to room temperature and stirring
was continued until the formation of two clear phases (about 90 min).
The aqueous phase was extracted with DCM (3 x 200 mL) and the
combined organic phases were washed with saturated aqueous
NaHCOs (2 x 100 mL) and brine (50 mL, once), and then dried over
MgSOs. Concentration of the solution in vacuo and purification of the

residue by FC on deactivated stationary silica phase (EtOAc/Hex 1:30,
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2% NEts (v/v)) afforded 73 (10.55 g, 22.70 mmol, 91%) as a 1.37:1 mixture

of diastereomers as a colorless, viscous oil.

TLC: Rf = 0.40 (EtOAc/Hex 1:10, UV, CPS). 'H-NMR (400 MHz,
CDCly): = 7.72- 7.66 (m, 4 H), 7.45-7.36 (m, 6 H), 6.45 (q, ] = 1.8, 0.37 H),
6.44 (q, ] = 1.8, 0.63 H), 5.87- 5.75 (m, 1 H), 5.12-5.02 (m, 2 H), 4.17-4.06
(m, 1 H), 3.85-3.71 (m, 2 H), 2.41-2.30 (m, 2 H), 2.05 (s, 1.12 H), 1.99 (s,
1.88 H), 1.86 (d, ] = 1.8, 1.15 H), 1.84 (d, ] = 1.8, 1.85 H), 1.83-1.71 (m, 2
H), 1.07 (s, 3.38 H), 1.06 (s, 5.62 H). 3C-NMR (100 MHz, CDCls): d =
169.9, 169.7, 135.7, 135.7, 135.6, 135.6, 134.5, 134.1, 134.0, 133.9, 133.9,
129.7, 129.7, 129.7, 127.8, 127.8, 118.0, 117.2, 87.2, 86.2, 83.1, 82.9, 76.4,
74.9, 744, 74.1, 60.6, 60.3, 39.7, 39.2, 37.4, 37.4, 27.0, 26.9, 212, 21.2, 19.3,
19.3,3.7, 3.7. IR (thin film): ¥ = 3072, 2956, 2857, 2259, 1740, 1472, 1370,
1228, 1082, 903, 822, 701 cm-. HRMS (ESI): calcd for CasH3sNaOuSi
[(M+Na)°]: 487.2275; found: 487.2272. [a]*: +19.58° (c = 1.42, CHCL).
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tert-butyl(2-((2R,4R,6R)-4-iodo-6-(prop-1-yn-1-yl)tetrahydro-2H-
pyran-2-yl)ethoxy)diphenylsilanee (86)

OTBDPS
N o S

‘%, Y Q \\\\

I
86

In a two-neck round-bottom flask, to a solution of 73 (9.00 g, 19.36
mmol, 1.00 equiv.) in DCM (200 mL) at —19 °C was added 2,6-lutidine
(0.45 mL, 3.87 mmol, 0.20 equiv.) followed by slow addition of TMSI
(6.89 mL, 48.42 mmol, 2.50 equiv.) under argon. The cooling bath was
removed after 10 min and the yellow solution was allowed to warm to
room temperature. After 45 min saturated aqueous NaHCOs3 (80 mL)
was carefully added, the phases were separated, and the aqueous layer
was extracted with DCM (3 x 50 mL). The combined organic phases
were dried over MgSO: and concentrated under reduced pressure.
Purification of the residue by FC (EtOAc/Hex 1:40—1:15) afforded 86
(7.57 g, 14.21 mmol, 73%) as a pale-yellow, viscous oil.

TLC: Rf = 0.45 (EtOAc/Hex 1:10, UV, CPS). 'H-NMR (400 MHz,
CDCls) d = 7.71-7.67 (m, 4 H), 7.44-7.36 (m, 6 H), 4.83 (quin, ] =3.1, 1 H),
457 (br. dquin, ] = 10.8, 2.1, 1 H), 4.21-4.15 (m, 1 H), 3.86 (ddd, ] = 10.5,
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8.2,4.9,1H),3.73 (dt, ] =10.3, 5.4, 1 H), 2.16 (dq, ] =14.8, 2.3, 1 H), 1.99
(ddd, J=14.7,2.4,2.1,1H), 1.93-1.82 (m, 2 H), 1.87 (d, ] = 2.1, 3 H), 1.69
(ddt, ] =13.7, 8.3, 5.3, 1 H), 1.57-1.50 (m, 1 H), 1.07 (s, 9 H). BC-NMR
(100 MHz, CDCls): 5=135.7,135.7, 134.1, 133.9, 129.7, 127.8, 127.8, 81.5,
77.9,71.1,65.1, 60.1, 41.8, 40.3, 38.3, 29.3, 27.0, 19.4, 3.8. IR (thin film): V
= 3070, 2953, 2856, 2360, 2341, 1472, 1427, 1389, 1232, 1107, 1095, 1049,
822,737,702 cml. HRMS (EI): calcd for CasHaslO2Si [(M+H)*]: 533.1367;
found: 533.1357. [a]%": +2.03° (c =1.23, CHCls).
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(2R 4S,6R)-2-(2-((tert-butyldiphenylsilylJoxy)ethyl)-6-(prop-1-yn-1-
yDtetrahydro-2H-pyran-4-yl acetate (87)

OTBDPS
X, O R
OAc
87

To a solution of 86 (7.42 g, 13.93 mmol, 1.00 equiv.) in toluene (600
mL), a solution of 18-crown-6 (14.73 g, 55.73 mmol, 4.00 equiv.) in
toluene (100 mL) was added, followed by CsOAc (26.74 g, 139.33 mmol,
10.00 equiv.) at room temperature and the mixture was heated to 55 °C
for 4 d. The reaction was cooled to room temperature and H20 (200 mL)
and EtOAc (200 mL) were added. The phases were separated and the
aqueous layer was extracted with EtOAc (3 x 150 mL). The combined
organic extracts were washed with brine (200 mL, once), dried over
MgSOs and concentrated in vacuo. Purification of the residue by FC
(EtOAc/Hex 1:25—1:10) afforded 87 (4.83 g, 10.39 mmol, 75%) as a

colorless, viscous oil.

TLC: Rf = 0.29 (EtOAc/Hex 1:10, UV, CPS or KMnOs). 'H-NMR
(400 MHz, CDCls): d = 7.67-7.64 (m, 4 H), 7.44-7.36 (m, 6 H), 4.86 (tt, ] =
11.3,4.8,1 H), 4.09 (dquin, J=11.6,2.1, 1 H), 3.87 (ddd, ] = 10.3, 8.3, 49,
1H),3.72 (dt, ] = 10.3, 5.4, 1 H), 3.67-3.61 (m, 1 H), 2.18 (dddd, ] =12.6,
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49,2.4,2.1,1H),2.04 (s, 3 H), 1.94 (dddd, J=12.3,4.8,2.4,1.8, 1 H), 1.89-
1.82 (m, 1 H), 1.86 (d, J=2.1, 3 H), 1.72 (ddt, ] = 14.1, 8.4, 5.4, 1 H), 1.64
(dd, =239, 11.5, 1 H), 1.31 (dd, ] = 23.6, 11.5, 1 H), 1.05 (s, 9 H). BC-
NMR (100 MHz, CDCls): 8= 170.5, 135.7, 135.7, 134.9, 134.1, 133.9, 129.7,
129.7, 127.8, 81.2, 77.7, 72.6, 69.7, 66.2, 60.0, 38.8, 38.4, 37.1, 27.0, 21.3,
19.3, 3.8. IR (thin film): ¥ = 3071, 2956, 2856, 2360, 2342, 1740, 1472, 1428,
1389, 1237, 1109, 1063, 1031, 907, 822 cm-1. HRMS (ESI): caled for
CasHaOsSi [(M+H)*]: 465.2456; found: 465.2461. [a]*: +12.36° (c = 0.72,
CHCls).
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(2R,6R)-2-(2-((tert-butyldiphenylsilyl)oxy)ethyl)-6-(prop-1-yn-1-
yDdihydro-2H-pyran-4(3H)-one (88)

OTBDPS
\\\,,,l [:J w
)
88

To astirred solution of 87 (4.83 g, 10.39mmol, 1.00 equiv.) in MeOH
(200 mL) K2COs (14.37 g, 103.94 mmol, 10.00 equiv.) and H20 (10 mL)
were added and the mixture was stirred for 3 h at room temperature.
Brine (100 mL) and EtOAc (100 mL) were then added and the phases
separated. The aqueous phase was extracted with EtOAc (3 x 50 mL)
and the combined organic extracts were dried over MgSOs and

concentrated in vacuo.

The crude product was dissolved in DCM (100 mL) and DMP (6.61
g, 15.59 mmol, 1.50 equiv.) was added under argon and the mixture was
stirred for 2 h. A mixture of saturated aqueous Na25:03 (50 mL) and
saturated aqueous NaHCO:s (50 mL) was then added and stirring was
continued for 10 min. The phases were separated, the aqueous phase
was extracted with DCM (3 x 100 mL), and the combined organic
extracts were dried over MgSOs and concentrated in vacuo. Purification
of the residue by FC (EtOAc/Hex 1:10—1:5) gave 88 (3.40 g, 8.08 mmol,

78% over two steps) as a colorless oil.
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TLC: Rf=0.33 (EtOAc/Hex 1:5, UV, CPS or KMnOs). 'TH-NMR (400
MHz, CDCls): d = 7.67-7.63 (m, 4 H), 7.45-7.36 (m, 6 H), 4.29 (ddq, | =
10.3,4.1,2.1, 1 H), 3.93-3.83 (m, 2 H), 3.75 (dt, ] =10.4, 5.3, 1 H), 2.61 (dd,
J=15.0, 10.5, 1 H), 2.56 (ddd, | = 15.0, 4.0, 1.6, 1 H), 2.39 (ddd, | = 14.6,
2.6,1.6,1H),2.29(dd, J=14.6,11.6,1 H), 1.97-1.88 (m, 1 H), 1.89 (d, ] =
2.1, 3 H), 1.82-1.73 (m, 1 H), 1.04 (s, 9 H). BC-NMR (100 MHz, CDCls):
o =205.6, 135.7, 135.7, 133.8, 133.8, 129.8, 129.8, 127.9, 83.0, 77.0, 73.8,
67.3, 59.7, 48.3, 47.8, 39.1, 27.0, 19.3, 3.9. IR (thin film): V = 2955, 2927,
2856, 1722, 1473, 1427, 1337, 1227, 1109, 1086, 702 cm-. HRMS (ESI):
caled for CsH»NaOsSi [(M+Na)*]: 443.2013; found: 443.2018. [a]?:
+22.36° (c = 0.89, CHCls).
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tert-butyl(2-((2S,6 R)-4-methylene-6-(prop-1-yn-1-yl)tetrahydro-2 H-
pyran-2-yl)ethoxy)diphenylsilane (89)

OTBDPS
N o S

17} ., “\\

89

In a two-neck round-bottom flask, to a solution of MePhsPBr (5.78
g, 16.17 mmol, 2.00 equiv.) in THF (45 mL) n-BuLi (1.6M in hexane, 9.60
mL, 15.36 mmol, 1.90 equiv.) was added at 78 °C under argon. After
stirring for 15 min at -78 °C the temperature was allowed to rise to 0 °C
and stirring was continued for 30 min. Then a solution of 78 (3.40 g, 8.08
mmol, 1.00 equiv.) in THF (25 mL) was added at that temperature and
the mixture was then heated to 50 °C for 90 min. After cooling to room
temperature H20 (25 mL) and EtOAc (25 mL) were added, the phases
were separated, and the aqueous phase was extracted with EtOAc (3 x
25 mL). The organic extracts were dried over MgSOs and the solution
was concentrated in wvacuo. Purification of the residue by FC
(EtOAc/Hex 1:100—1:50) gave 89 (2.62 g, 6.23 mmol, 77%) as a colorless

oil.
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TLC: Rf = 0.62 (EtOAc/Hex 1:10, UV, CPS). 'TH-NMR (400 MHz,
CDCls): 0 =7.68-7.65 (m, 4 H), 7.44-7.35 (m, 6 H), 4.76-4.74 (m, 2 H), 4.00
(ddg, J=11.0,2.4, 2.1, 1 H), 3.87 (ddd, ] =10.2, 8.1, 5.0, 1 H), 3.74 (dt, |
=10.2, 5.5, 1 H), 3.56-3.50 (m, 1 H), 2.43-2.39 (m, 1 H), 2.36-2.29 (m, 1 H),
2.24-2.20 (m, 1 H), 2.00-1.93 (m, 1 H), 1.92-1.85 (m, 1 H), 1.88 (d, ] = 2.1,
3 H), 1.78-1.70 (m, 1 H), 1.04 (s, 9 H). *C-NMR (100 MHz, CDCls): d =
143.5,135.7, 135.7, 134.1, 134.0, 129.7, 129.7, 127.8, 109.6, 81.2, 78.5, 75.6,
69.0, 60.3, 42.0, 40.5, 39.1, 27.0, 19.3, 3.9. IR (thin film): ¥ = 3071, 2944,
2931, 2857, 2360, 2342, 1651, 1472, 1427, 1389, 1345, 1110, 1089, 1060, 998,
894, 823, 702 cmt. HRMS (ESI): caled for CrHz4O:2NaSi [(M+Na)*]:
441.2220; found: 441.2230. [a]}: +4.29° (c = 1.19, CHCls).
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tert-butyl(2-((2S,6R)-6-((E)-2-iodoprop-1-en-1-yl)-4-
methylenetetrahydro-2H-pyran-2-yl)ethoxy)diphenylsilane (72)

I OTBDPS

tr,, O

72

In a two-neck round-bottom flask, to a suspension of CuCN (2.14
g, 23.89 mmol, 5.00 equiv.) in THF (50 mL) at -78 °C, a solution of -
BuLi (1.6M in hexane, 29.9 mL, 47.77 mmol, 10.00 equiv.) was added
under argon. After 5 min the flask was immersed in a cooling bath at —
40 °C, resulting in the formation of a clear pale-yellow solution. The
mixture was cooled back to —78 °C after 10 min and the mixture became
heterogeneous. Neat BusSnH (12.85 mL, 47.77 mmol, 10.00 equiv.) was
then added dropwise, leading to a turbid yellow solution with
development of gas. After 20 min at —78 °C the mixture was stirred for
5 min at —40 °C, giving an almost clear golden-yellow solution. After 10
min at —40 °C the solution was cooled to —78 °C and MeOH (21.31 mL,
525.50 mmol, 110.00 equiv.) was added. After 10 min at -78 °C the flask
was immersed in a cooling bath at —40 °C and the reaction mixture

turned into a clear red solution. After 10 min at —40 °C this solution was
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cooled back to -78 °C and a solution of 79 (2.00 g, 4.78 mmol, 1.00
equiv.) in THF (32 mL) was added. The mixture was then kept into the
freezer at -20 °C for 15 h. A miture of saturated aqueous NHClI (100
mL) and 25% aqueous NH+OH (20 mL) and EtOAc (50 mL) were added
to the reaction mixture and kept stirring for 30 min. The two almost
clear phases were separated, and the aqueous phase was extracted with
EtOAc (3 x 50 mL). The organic extracts were dried over MgSQOs, the
solution was concentrated in vacuo. Purification of the residue by FC on
deactivated silica (Hex—EtOAc/Hex 1:100—1:50, 1% (v/v) NEts) gave

the vinylstannane as a pale-yellow oil which was used immediately.

A solution of the vinylstannane in THF (35 mL) was cooled to —-17
°C followed by addition of NIS (1.61 g, 7.17 mmol, 1.50 equiv.) in THF
(7 mL) under argon, to give an almost clear yellow solution. After 10
min a mixture of saturated aqueous Na25:03 (20 mL) and saturated
aqueous NaHCOs (20 mL) was added followed by EtOAc (20 mL).
Stirring was continued until two clear, colorless phases were formed.
The phases were separated and the aqueous phase was extracted with
EtOAc (3 x 20 mL). The combined organic extracts were dried over
MgSOs and then concentrated in vacuo. The residue was purified by FC
(EtOAc/Hex 1:50—1:25) to afford the desired product 72 (2.35 g, 4.30

mmol, 90% over two steps) as a pale yellow oil.

TLC: Rf = 0.64 (EtOAc/Hex 1:20, UV, CPS). 'H-NMR (400 MHz,
CDCly):  =7.70- 7.67 (m, 4 H), 7.47-7.38 (m, 6 H), 6.24 (dq, ] =7.7, 1.5, 1
H), 4.81-4.77 (m, 2 H), 3.99 (ddd, J=10.8, 7.7, 2.6, 1 H), 3.87 (ddd, T = 10.1,
8.1, 5.4, 1 H), 3.76 (dt, ] = 10.1, 5.6, 1 H), 3.64-3.57 (m, 1 H), 2.44 (d, ] =
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1.5, 3 H), 2.27-2.20 (m, 2 H), 2.13-2.06 (m, 1 H), 2.00-1.94 (m, 1 H), 1.87-
1.73 (m, 2 H), 1.08 (s, 9 H). ®C-NMR (100 MHz, CDCls): d = 141.6, 135.6,
135.6, 134.0, 133.9, 129.7, 127.7, 109.3, 98.5, 76.3, 75.3, 60.2, 40.6, 40.4,
39.0,28.8, 26.9, 19.3. IR (thin film): ¥ = 3070, 2931, 2890, 2856, 1651, 1472,
1427, 1360, 1105, 1087, 998, 858, 700 cm-. HRMS (ESI): calcd for
CoHaelO:Si [(M+H)*]: 547.1524; found: 547.1521. [a]?*: -1.53° (c = 0.85,
CHCly).
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(R)-2-(((4-methoxybenzyl)oxy)methyl)oxirane (70)

PMBO/\I/,O

70

In a two-neck round-bottom flask, to a suspension of NaH (60% in
mineral oil, 3.23 g, 80.99 mmol, 1.20 equiv., previously washed with
hexane) in dry DMF (70 mL) at 0 °C a solution of (S)-glycidol (4.48 g,
67.49 mmol, 1.00 equiv.) in DMF (9 mL) was added under argon. After
stirring for 30 min at 0 °C 4-methoxybenzyl chloride (12.68 g, 80.99
mmol, 1.20 equiv.) was slowly added followed by a spatula tip of TBAIL
The mixture was allowed to warm to room temperature and stirred for
20 h. H20 (90 mL) was then added carefully followed by EtOAc (45 mL);
the phases were separated and the aqueous phase was extracted with
Et20 (3 x 100 mL). The combined organic extracts were dried over
MgSOs, concentrated in vacuo, and the residue was purified by FC
(EtOAc/Hex 1:10—1:5—1:3) to give 70 (6.84 g, 35.22 mmol, 52.2%) as a

colorless oil.

TLC: Rf = 0.31 (EtOAc/Hex 1:3, UV, CPS). 'H-NMR (400 MHz,
CDCls): d = 7.29-7.26 (m, 2 H), 6.90-6.86 (m, 2 H), 4.54 (d, ] = 11.6, 1 H),
449 (d, J=11.6, 1 H), 3.81 (s, 3H), 3.73 (dd, ] = 11.4, 3.1, 1 H), 3.42 (dd, |
=11.4,5.8, 1 H), 3.19-3.15 (m, 1 H), 2.79 (dd, ] = 5.0, 4.2, 1 H), 2.60 (dd, |
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=5.1,2.7, 1 H). BC-NMR (100 MHz, CDCls): = 159.5, 130.1, 129.6, 114.0,
73.1,70.7, 55.4, 51.0, 44.5. IR (thin film): ¥ = 2999, 2934, 2836, 1731, 1612,
1512, 1464, 1384, 1301, 1244, 1174, 1086, 1031, 818 cm-. HRMS (ESI):
caled for CiHNaOs [(M+Na)“]: 217.0835; found: 217.0840. [a]2: +3.68°
(c=0.98, CHCL:).
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(R,E)-5-((2R,65)-6-(2-((tert-butyldiphenylsilyl)oxy)ethyl)-4-
methylenetetrahydro-2H-pyran-2-yl)-1-((4-methoxybenzyl)oxy)-4-
methylpent-4-en-2-ol (68)

OH
PMBO o

OTBDPS

‘,, o) “\\l/

68

In a two-neck round-bottom flask, vinyl iodide 72 (490 mg, 0.90
mmol, 1.00 equiv., azeotropically dried twice with 2 mL of toluene right
before use) was dissolved in dry toluene (9 mL) and the solution was
cooled to -78 °C under argon. ‘BuLi (1.6M in pentane, 1.10 mL, 1.79
mmol, 2.00 equiv.) was then added and the colorless solution was
stirred for 30 min. The reaction mixture was then cooled to around -85
to =90 °C and a solution of 70 (435 mg, 2.24 mmol, 2.50 equiv.,
azeotropically dried twice with 2 mL of toluene right before use) in dry
toluene (2.6 mL) was added followed by BFs*OEt2 (0.28 mL, 2.24 mmol,
2.50 equiv.; addition ca. 1 min after the addition of 70) giving a pale
yellow solution. The reaction was stirred at —78 °C for 1 h. The cooling

bath was removed and saturated aqueous NaHCOs3 (13 mL) and EtOAc
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(13 mL) were added. The phases were separated and the aqueous phase
was extracted with EtOAc (3 x 6 mL). The combined organic extracts
were dried over MgSOs, concentrated in vacuo, and the residue purified
by FC (EtOAc/Hex 1:5) to give 68 (323 mg, 0.53 mmol, 59%) as a

colorless oil.

TLC: Rf = 0.17 (EtOAc/Hex 1:5, UV, CPS). TH-NMR (400 MHz,
CDCls): 5=7.68-7.65 (m, 4 H), 7.44-7.34 (m, 6 H), 7.28-7.24 (m, 2 H), 6.90-
6.87 (m, 2 H), 529 (dq, ] = 7.7, 1.2, 1 H), 4.75-4.73 (m, 2 H), 4.49 (s, 2 H),
3.99 (ddd, ] =109, 7.7, 2.7, 1 H), 3.98-3.91 (m, 1 H), 3.84 (ddd, ] = 10.1,
8.0,5.5,1H), 3.80 (s, 3 H), 3.74 (dt, = 10.1, 5.7, 1 H), 3.60- 3.54 (m, 1 H),
3.46 (dd, J=9.5,3.5,1H),3.33 (dd, ] =9.5, 7.1, 1 H), 2.31 (d, ] = 3.5, 1 H),
2.25-2.22 (m, 1 H), 2.20 (d, ] = 6.8, 2 H), 2.16-2.12 (m, 1 H), 2.04-2.00 (m,
1 H), 1.97-1.90 (m, 1 H), 1.89-1.80 (m, 1 H), 1.77-1.71 (m, 1 H), 1.69 (d, ]
= 1.2, 3 H), 1.05 (s, 9 H). BC-NMR (100 MHz, CDCls): d = 159.4, 144.7,
135.7, 135.7, 135.4, 134.1, 134.0, 130.2, 129.7, 129.5, 129.0, 127.7, 127.7,
114.0, 108.7, 75.5, 75.3, 73.7, 73.2, 68.6, 60.4, 55.4, 43.7, 41.0, 40.7, 39.2,
27.0,19.4,17.3. IR (thin film): # = 3070, 2932, 2857, 1612, 1513, 1471, 1427,
1247, 1106, 1087, 1058, 1036, 998, 821, 702 cm-1. HRMS (ESI): calcd for
CasHs1055i [(M+Na)']: 615.3500; found: 615.3494. [a]2*: -7.21° (c = 0.86,
CHCls).
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(2E,4Z)-(R,E)-5-((2R,65)-6-(2-((tert-butyldiphenylsilyl Joxy)ethyl)-4-
methylenetetrahydro-2H-pyran-2-yl)-1-((4-methoxybenzyl)oxy)-4-
methylpent-4-en-2-yl 7-((tert-butyldimethylsilyl)oxy)-8-
(diethoxyphosphoryl)-5-methylocta-2,4-dienoate (90)

e oTBS

| P(O)(OEt),
i, O w~_-OTBDPS

90

In a two-neck round bottom flask, to a solution of 67 (231 mg, 0.59
mmol, 1.20 equiv., co-evaporated twice with 2 mL of toluene
immediately before use) in toluene (3.5 mL) NEts (0.20 mL, 1.27 mmol,
2.60 equiv.) was added under argon, followed by 2,4,6-trichlorobenzoyl
chloride (0.11 mL, 0.73 mmol, 1.5 equiv.) giving a pale yellow mixture.
After 1.5 h at room temperature, a solution of 68 (300 mg, 0.49 mmol,
1.00 equiv., co-evaporated twice with 2 mL of toluene) and DMAP (60
mg, 0.49 mmol, 1.00 equiv., mixture sonicated to produce a clear
solution) in toluene (1.2 mL; plus additional 1.7 mL for rinsing) was
added, immediately leading to a yellow suspension. After stirring at
room temperature for 18 h saturated aqueous NaHCOs (6 mL), H20 (6
mL), and EtOAc (6 mL) were added, the phases were separated and the
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aqueous phase was extracted with EtOAc (3 x 6 mL). The combined
organic extracts were dried over MgSOs, concentrated in vacuo, and the
residue was purified by FC (EtOAc/Hex 1:3—1:2—1:1) to give 90 (321

mg, 0.32 mmol, 65%) as a pale yellow, viscous oil.

TLC: Rf = 0.54 (EtOAc/Hex 1:1, UV, CPS). 1H-NMR (400 MHz,
CDCls): & = 7.67-7.64 (m, 4 H), 7.59 (dd, ] = 15.3, 11.9, 1 H), 7.43-7.32 (m,
6 H), 7.25-7.22 (m, 2 H), 6.87- 6.84 (m, 2 H), 6.07 (d, ] = 11.8, 1 H), 5.80
(d,]=15.2,1H),526(d, ] =7.8, 1 H), 5.21- 5.14 (m, 1 H), 4.73-4.71 (m, 2
H), 4.50 (d, J = 11.8, 1 H), 4.42 (dd, ] = 11.8, 2.6, 1 H), 4.19-4.07 (m, 5 H),
3.96 (ddd, ] = 10.9, 7.8, 2.6, 1 H), 3.85-3.80 (m, 1 H), 3.78 (s, br, 3 H), 3.72
(dt, 10.2, 5.5, 1 H), 3.60-3.51 (m, 1 H), 3.51-3.46 (m, 2 H), 2.64-2.54 (m, 2
H), 2.42 (dd, ] = 13.7, 7.8, 1 H), 2.31 (ddd, ] = 13.7, 5.7, 2.2, 1 H), 2.22 (d,
J=13.1,1H),2.05(d, J=13.1, 1 H), 2.03-2.02 (m, 1 H), 1.99-1.97 (m, 1 H),
1.97-1.91 (m, 2 H), 1.89 (s, 3 H), 1.87-1.79 (m, 1 H), 1.76-1.71 (m, 1 H),
1.70 (s, 3 H), 1.32 (dt, ] = 7.1, 3.0, 6 H), 1.03 (s, 9 H), 0.83 (s, 9 H), 0.06 (s,
3'H), -0.02 (s, 3 H). 3C-NMR (100 MHz, CDCls) 5 167.09, 159.34, 146.36,
144.75, 141,54, 135.69, 134.14, 134.01, 130.32, 129.68, 129.48, 129.30,
127.74, 126.84, 119.72, 113.90, 108.65, 77.48, 77.16, 76.84, 75.50, 75.27,
72.95, 71.37, 70.07, 66.85, 61.67, 60.43, 55.37, 41.79, 41.00, 40.85, 40.73,
39.25, 34.55, 26.97, 25.92, 25.15, 19.36, 17.95, 17.33, 16.62, 16.56, -4.56, -
4.65.. IR (thin film): ¥ = 2952, 2930, 2893, 2857, 1710, 1636, 1612, 1514,
1248, 1146, 1111, 1089, 1049, 1024, 823, 703 cm-'. HRMS (ESI): calcd for
Cs7HseOPSiz [(M+H)*]: 1017.5492; found: 1017.5489. [a]: -0.67° (c =
0.75, CHCl).



163

Experimental Section

T
6.0 5.5 5.0 4.!
1 (ppm)

T T T T T
130 120 110 100 90
1 (ppm)

T
170 160

T T T T T
200 190 180 150 140



164 Experimental Section

(2E,4Z)-(R,E)-5-((2R,65)-6-(2-hydroxyethyl)-4-methylenetetrahydro-
2H-pyran-2-yl)-1-((4-methoxybenzyl)oxy)-4-methylpent-4-en-2-yl 8-
(diethoxyphosphoryl)-7-hydroxy-5-methylocta-2,4-dienoate (65a)

o} OH
PMBO o

| P(O)(OEt),
t,, O~ _-OH

65a

In a falcon tube, to a stirred solution of 90 (300 mg, 0.29 mmol, 1.00
equiv.) in THF (11 mL) 70% HEF*py (2.9 mL) was added at 0 °C. The
cooling bath was removed after 5 min and the reaction was stirred at
room temperature for 14 h. The solution was then carefully added to a
vigorously stirred mixture of saturated aqueous NaHCOs (220 mL) and
EtOAc (110 mL) until two clear phases had formed (about 15-20 min).
The phases were separated, the aqueous phase was extracted with
EtOAc (3 x 110 mL), the combined organic extracts were washed with
saturated aqueous NaHCOs (110 mL) followed by drying over MgSOsa.

Concentration  in  wvacuo  and  purification  using  FC
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(EtOAc—EtOAc/acetone 1:1) afforded 65a (170 mg, 0.26 mmol, 90%) as

a pale yellow, viscous oil.

TLC: Rf=0.51 (EtOAc, UV, CPS). 'TH-NMR (400 MHz, CDCls): 0 =
7.53 (ddd, J=15.0, 11.6, 6.1, 1 H), 7.23-7.20 (m, 2 H), 6.86-6.83 (m, 2 H),
6.12 (d, J=11.6,1 H), 5.81 (d, ] =15.1, 1 H), 5.23-5.16 (m, 2 H), 4.71-4.69
(m, 2 H), 4.48 (dd, J=11.8, 1.5, 1 H), 4.41 (dd, ] = 11.8, 2.7, 1 H), 4.42-4.11
(m, 1H), 4.17-4.05 (m, 4 H), 3.98-3.91 (m, 1 H), 3.77 (s, 3 H), 3.74-3.69 (m,
2 H), 3.60-3.56 (m, 1 H), 3.54-3.46 (m, 3 H), 2.89-2.76 (br s, 1 H), 2.60
(ddd, J=152, 14.5, 8.1, 1 H), 2.47-2.40 (m, 1 H), 2.37-2.24 (m, 2 H), 2.17-
12 (m 1 H), 2.09-2.04 (m, 1 H), 2.03-1.98 (m, 1 H), 1.98-1.95 (m, 1 H),
1.95-1.93 (m, 1 H), 1.92 (s, 3 H), 1.91-1.88 (m, 1 H), 1.81-1.70 (m, 2 H),
1.69,1.68(d,J=1.1,3H),1.31(t, J=7.1, 6 H). ®C-NMR (100 MHz, CDCl3;
due to the diastereomeric nature of the product, the number of signals
in the 13C-spectrum exceeds the number of carbon atoms): & = 167.0,
159.3, 145.7, 145.6, 144.0 (2C), 140.6, 140.5, 134.9, 134.8, 130.2, 129.4,
129.0, 126.8 (2C), 120.1, 120.0, 113.9, 109.0 (2C), 78.3 (2C), 75.7, 72.9 (2C),
71.0,70.8,70.5,70.4, 65.4 (d, ] =5.1),65.3 (d, ] =5.1), 62.1 (d, ] = 6.5), 62.0
(d,]=6.5),61.1,55.3,41.3(d, ] =6.2),41.2 (d, ] =6.2),41.2, 41.0, 40.6, 40.6,
38.3,38.2,33.6 (d, ] =138),33.5 (d, ] =138), 25.1, 24.8,17.2, 17.1, 16.5 (d,
] =6.0) (2C). IR (thin film): ¥ = 3388, 2935, 2909, 2864, 1707, 1633, 1612,
1513, 1442, 1367, 1247, 1222, 1148, 1023, 975, 890, 802 cm™. HRMS (ESI):
calcd for CssHs4On0P [(M+H)*]: 665.3449; found: 665.3438. [a]!: +6.06° (c
=0.99, CHCL).
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(1R,2E,5R,8E,10Z,14E,17R)-5-(((4-methoxybenzyl)oxy)methyl)-3,11-
dimethyl-19-methylene-6,21-dioxabicyclo[15.3.1]henicosa-2,8,10,14-
tetraene-7,13-dione (91)

I
0 0
PMBO o
=
L ol
91

To a solution of 65a (275 mg, 0.42 mmol, 1.00 equiv.) in DCM (18
mL) was added DMP (1.24 g, 291 mmol, 7.00 equiv.) at room
temperature. After 2 h stirring at room temperature, a mixture of DCM
(90 mL), saturated aqueous NaHCOs (90 mL), and saturated aqueous
Naz5:03 (90 mL) and stirring was continued for 10 min, when two
almost clear phases had formed. The phases were separated, the
aqueous phase was extracted with DCM (3 x 150 mL), and the
combined organic extracts were dried over MgSOs and concentrated in

oacuo.
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The crude product was dissolved in THF (127 mL) and H20 (3.2
mL) was added, followed by freshly activated Ba(OH)2°0.8H20 (51 mg,
0.30 mmol, 0.8 equiv.) at 0 °C. The cooling bath was removed after 30
min and stirring was continued at room temperature for additional 15
min more; Et20 (60 mL) and NaHCO:s (30 mL) were then added and the
solution was washed once with saturated aqueous NaHCOs (30 mL)
and then with brine (1 x 30 mL). The combined aqueous phases were
washed once with Et20 (20 ml) then the combined organic phases were
dried over MgSOs and concentrated in vacuo. The resulting yellow oil
was purified using FC (EtOAc/Hex 1:3) to afford 91 (121 mg, 0.24 mmol,

63% over two steps) as a colorless oil.

TLC: Rf = 0.40 (EtOAc/Hex 1:3, UV, KMnOs, CPS). TH-NMR (400
MHz, CDCls): d = 7.62 (dd, ] = 15.1, 11.6, 1 H), 7.27-7.24 (m, 2 H), 6.90-
6.86 (m, 2 H), 6.83 (ddd, J=16.2, 9.8, 4.4, 1 H), 6.10 (d, ] = 11.6, 1 H), 5.94
(d, J=15.1,1H),5.92 (d, ] = 164, 1 H), 5.40-5.34 (m, 1 H), 5.17 (dd, ] =
8.1,0.9, 1 H), 4.74-4.70 (m, 2 H), 4.52 (d, J=11.8, 1 H), 448 (d, ] = 11.8, 1
H), 4.17 (d, ] = 13.6, 1 H), 3.96 (ddd, ] = 11.3, 8.1, 2.5, 1 H), 3.81 (s, 3 H),
3.58 (dd, J=10.4, 6.0, 1 H), 3.51 (dd, ] = 10.4, 4.9, 1 H), 3.30-3.24 (m, 1 H),
3.00 (d, ] = 13.5, 1 H), 2.37 (dddd, ] = 15.0, 10.1, 4.4, 2.0, 1 H), 2.26-2.20
(m, 1 H), 2.20 (d, ] = 6.7, 2 H), 2.16-2.11 (m, 1 H), 2.11-2.05 (m, 1 H), 1.97-
1.89 (m, 2 H), 1.79 (s, 3 H), 1.70 (d, ] = 1.1, 3 H). BC-NMR (100 MHz,
CDCL): & =198.3, 166.9, 159.4, 146.5, 143.9, 142.9, 139.4, 132.6, 131.6,
1302, 129.5, 129.5, 125.6, 121.3, 114.0, 109.1, 76.7, 76.1, 73.1, 71.6, 69.6,
55.4,45.2,42.8, 41.1, 40.9, 40.4, 23.6, 16.8. IR (thin film): ¥ = 3016, 2923,
2852, 1713, 1668, 1635, 1614, 1513, 1463, 1360, 1281, 1249, 1215, 1176,
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1152, 1086, 1035, 978 cm-'. HRMS (ESI): calcd for Cs1HssNaOs [(M+Na)*]:
529.2561; found: 529.2549. [a]?}: +185.60° (c = 1.05, CHCls).
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(1R,2E,5R,8E,10Z,14E,17R)-5-(hydroxymethyl)-3,11-dimethyl-19-
methylene-6,21-dioxabicyclo[15.3.1]henicosa-2,8,10,14-tetraene-7,13-dione
(62a)

62a

To a solution of 91 (21 mg, 0.054 mmol, 1.00 equiv.) in DCM (2.5
mL) was added H20 (0.5 mL) followed by DDQ (43 mg, 0.190 mmol,
3.50 equiv.) at room temperature. The mixture was vigorously stirred
for 3 h; then saturated aqueous NaHCOs (25 mL) and DCM (25 mL)
were added and the phases were separated. The aqueous phase was
extracted with DCM (3 x 25 mL) and the combined organic extracts
were dried over MgSOs and concentrated in vacuo. Purification of the
residue using FC (EtOAc/Hex 1:1) delivered 62a (13.8 mg, 0.036 mmol,

86%) as a brown-yellow viscous liquid.
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TLC: Rf = 0.30 (EtOAc/Hex 1:1, UV, CPS). tH-NMR (400 MHz,
CDCls): ="7.64 (dd, ] = 15.1, 11.6, 1 H), 6.84 (ddd, J = 16.2, 9.6, 4.6, 1 H),
6.11 (d, J=11.7, 1 H), 5.94 (d, = 15.1, 1 H), 5.93 (d, ] = 16.5, 1 H), 5.28
(dddd.]=10.8,5.9,4.1,2.1,1 H),5.19(d, J=8.0, 1 H), 473 (d, ] = 1.6, 1
H), 4.73(d, J=1.6, 1 H), 4.14 (d, ] = 13.7, 1 H), 3.97 (ddd, [ = 11.2, 8.2, 2.7,
1 H), 3.77-3.70 (m, 2 H), 3.29 (ddt, ] = 11.8, 9.5, 2.1, 1 H), 3.04 (d, ] = 13.7,
1H),2.38 (dddd, J=15.1,10.1, 4.6, 2.0, 1 H), 2.30-2.08 (m, 5 H), 1.98-1.91
(m, 2 H), 1.81 (s, 3H), 1.73 (d, ] = 1.2, 3 H). 3C-NMR (100 MHz, CDCls):
5=198.1,167.1, 146.5, 143.9, 143.3, 139.8, 132.6, 131.6, 129.6, 125.6, 121.0,
109.2, 76.7, 76.1, 71.9, 65.4, 45.2, 42.1, 41.1, 40.8, 40.3, 23.7, 16.8. IR (thin
film): ¥ = 3389, 2925, 2853, 1715, 1669, 1634, 1553, 1449, 1436, 1357, 1280,
1259, 1148, 1086, 1049, 1019, 976, 799 cm. HRMS (ESI): calcd for
CzsHxNaOs [(M+Na)*]: 409.1985; found: 409.1985. [a]2 +203.31° (c =
0.69, CHCL5).
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(+)-Dactylolide (62)

62

To a stirred solution of 62a (13.8 mg, 0.036 mmol, 1.00 equiv.) in
DCM (3 mL) was added DMP (91 mg, 0.21 mmol, 6.00 equiv.) at room
temperature and stirring was continued for 1 h then a mixture of
saturated aqueous NaHCO:s (30 mL) and saturated aqueous Na25:0s (30
mL) was added and stirring was continued for 10 min until two clear
phases were formed. The phases were separated then the aqueous
phase was extracted with DCM (3 x 50 mL), the combined organic
phases were dried over MgSQOs, concentrated in vacuo then purified
using FC (EtOAc/Hex 1:3—1:2—1:1) affording 62 (10.6 mg, 0.028 mmol,

77%) of a colourless solid.

TLC: Rf=0.57 (EtOAc/Hex 1:1, UV, CPS or KMnOs). TH-NMR (400
MHz, CDCls): & = 9.67 (s, 1 H), 7.63 (dd, ] = 15.1, 11.6, 1 H), 6.85 (ddd, |
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=16.2,8.6,6.0,1H), 6.16 (d, ] = 11.7, 1 H), 6.03-5.94 (m, 2 H), 5.32 (dd, |
=11.3,2.5,1H),5.24 (d, J=8.0, 1 H), 475 (d, J= 1.6, 1 H), 4.75 (d, ] = 1.6,
1H), 397 (ddd, J = 11.5,8.1, 2.7, 1 H), 3.94 (d, ] = 14.3, 1 H), 3.33 (ddt, |
=11.1,8.7,2.7, 1 H), 3.24 (d, ] = 14.5, 1 H), 2.55 (d, ] = 14.3, 1 H), 2.36-2.28
(m, 3 H), 2.19-2.15 (m, 1 H), 2.14-2.09 (m, 1 H), 1.99-1.93 (m, 2 H), 1.87
(s, 3 H), 1.72 (d, ] = 0.9, 3 H). 3C-NMR (100 MHz, CDCls): d = 199.2,
197.6, 166.4, 146.1, 144.2, 143.6, 140.6, 131.6, 131.1, 130.7, 125.7, 119.9,
109.5, 76.6, 75.9, 75.5, 45.0, 40.9, 40.6, 39.9, 39.8, 24.3, 16.2. IR (thin film):
7= 2936, 2858, 1733, 1716, 1706, 1670, 1635, 1438, 1355, 1278, 1256, 1144,
1086, 1050, 978, 890 cm-. HRMS (ESI): calcd for CasHzOs [(M+H)],
385.2010, found: 385.2012. [a]25: +162.44° (c = 0.18, MeOH).
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5.6. Synthesis of 19-epi-(+)-dactylolide (64)

(S,E)-5-((2R,65)-6-(2-((tert-butyldiphenylsilyl)oxy)ethyl)-4-
methylenetetrahydro-2H-pyran-2-yl)-1-((4-methoxybenzyl)oxy)-4-
methylpent-4-en-2-ol (69)

PMBO oH

OTBDPS

‘,, @) K

69

Vinyl iodide 72 (700 mg, 1.28 mmol, 1.00 equiv., azeotropically
dried once with 2 mL of acetonitrile or toluene right before use) was
dissolved in dry toluene (13 mL) and the solution was cooled to -78 °C.
t-Buli (1.6M in pentane, 1.6 mL, 2.56 mmol, 2.00 equiv.) was then
added and the near colorless solution was stirred for 30 min; it was then
cooled to around -85 to -90 °C with liquid nitrogen and a solution of
71 (623 mg, 3.20 mmol, 2.50 equiv., azeotropically dried once with 2 mL
of acetonitrile or toluene right before use) in dry toluene (4 mL) was
added followed by BFs*OEt:2 (0.40 mL, 3.20 mmol, 2.50 equiv.; addition
ca. 1 min after the addition of 71) giving a pale yellow solution. Stirring

was continued at —78 °C for 1 h; then the cooling bath was removed and
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saturated aqueous NaHCOs (18 mL) and EtOAc (18 mL) were added.
After the mixture had reached room temperature, the phases were
separated and the aqueous phase was extracted with EtOAc (3 x 10 mL).
The combined organic extracts were dried over MgSOs, concentrated in
vacuo, and the residue purified using FC (EtOAc/Hex 1:5) to give 69 (414

mg, 0.67 mmol, 52%) as a colorless oil.

TLC: Rf = 0.17 (EtOAc/Hex 1:5, UV, CPS). tH-NMR (400 MHz,
CDCls): 5=7.68-7.65 (m, 4 H), 7.44-7.34 (m, 6 H), 7.28-7.24 (m, 2 H), 6.90-
6.87 (m, 2 H), 529 (dq, ] = 7.7, 1.2, 1 H), 4.75-4.73 (m, 2 H), 4.49 (s, 2 H),
3.99 (ddd, ] =10.9, 7.7, 2.7, 1 H), 3.98-3.91 (m, 1 H), 3.84 (ddd, ] = 10.1,
8.0,5.5,1 H), 3.80 (s, 3 H), 3.74 (dt, ] = 10.1, 5.7, 1 H), 3.60- 3.54 (m, 1 H),
3.46 (dd, J=9.5,3.5,1H),3.33 (dd, ]=9.5,7.1,1 H), 2.31 (d, ] =3.5, 1 H),
2.25-2.22 (m, 1 H), 2.20 (d, ] = 6.8, 2 H), 2.16-2.12 (m, 1 H), 2.04-2.00 (m,
1 H), 1.97-1.90 (m, 1 H), 1.89-1.80 (m, 1 H), 1.77-1.71 (m, 1 H), 1.69 (d, ]
= 1.2, 3 H), 1.05 (s, 9 H). BC-NMR (100 MHz, CDCls): d = 159.4, 144.7,
135.7, 135.7, 135.4, 134.1, 134.0, 130.2, 129.7, 129.5, 129.0, 127.7, 127.7,
114.0, 108.7, 75.5, 75.3, 73.7, 73.2, 68.6, 60.4, 55.4, 43.7, 41.0, 40.7, 39.2,
27.0,19.4,17.3. IR (thin film): ¥ = 3070, 2932, 2857, 1612, 1513, 1471, 1427,
1247, 1106, 1087, 1058, 1036, 998, 821, 702 cm-. HRMS (ESI): calcd for
CasHsoNaOsSi [(M+Na)]: 637.3320; found: 637.3313. [a]?*: -1.15° (c =
0.78, CHCl).
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(2E,47Z)-(S,E)-5-((2R,6S)-6-(2-((tert-butyldiphenylsilyl Joxy)ethyl)-
4-methylenetetrahydro-2H-pyran-2-yl)-1-((4-methoxybenzyl)oxy)-4-
methylpent-4-en-2-yl 7-((tert-butyldimethylsilyl)oxy)-8-
(diethoxyphosphoryl)-5-methylocta-2,4-dienoate (90b)

© X

PMBO O OTBS

| P(O)(OEY),
,, O ~_-OTBDPS

90b

To a solution of 67 (308 mg, 0.78 mmol, 1.20 equiv., co-
evaporated once with 2 mL of toluene immediately before use) in
toluene (6 mL) was added NEts (0.24 mL, 1.69 mmol, 2.60 equiv.)
followed by 2,4,6-trichlorobenzoyl chloride (0.15 mL, 0.98 mmol, 1.5
equiv.) giving a pale yellow mixture. After 1.5 h at room temperature,
a solution of 69 (400 mg, 0.65 mmol, 1.00 equiv.) and DMAP (80 mg,
0.65 mmol, 1.00 equiv. co-evaporated together once with 2 mL of
toluene immediately before use) in toluene (2 mL, plus additional 2 mL
form rinsing) was added, immediately leading to a yellow suspension.
After stirring at room temperature for 18 h saturated aqueous NaHCO:s
(10 mL), H20 (10 mL), and EtOAc (10 mL) were added, the phases were
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separated and the aqueous phase was extracted with EtOAc (3 x 10 mL).
The combined organic extracts were dried over MgSQOs, concentrated in
vacuo, and the residue was purified using FC (EtOAc/Hex
1:3—1:2—1:1) to give 90b (289 mg, 0.28 mmol, 43%) as a pale yellow,

viscous oil.

TLC: Rf = 0.54 (EtOAc/Hex 1:1, UV, CPS). TH-NMR (400 MHz,
CDCls): & = 7.67-7.64 (m, 4 H), 7.59 (dd, ] = 15.3, 11.9, 1 H), 7.43-7.32 (m,
6 H), 7.25-7.22 (m, 2 H), 6.87- 6.84 (m, 2 H), 6.07 (d, ] = 11.8, 1 H), 5.80
(d,]=152,1H),5.26 (d, J=7.8, 1 H), 5.21- 5.14 (m, 1 H), 4.73-4.71 (m, 2
H), 4.50 (d, ] = 11.8, 1 H), 4.42 (dd, ] = 11.8, 2.6, 1 H), 4.19-4.07 (m, 5 H),
3.96 (ddd, ] = 10.9, 7.8, 2.6, 1 H), 3.85-3.80 (m, 1 H), 3.78 (s, br, 3 H), 3.72
(dt, 10.2, 5.5, 1 H), 3.60-3.51 (m, 1 H), 3.51-3.46 (m, 2 H), 2.64-2.54 (m, 2
H), 2.42 (dd, ] = 13.7, 7.8, 1 H), 2.31 (ddd, ] = 13.7, 5.7, 2.2, 1 H), 2.22 (d,
J=13.1,1H),2.05(d, J=13.1, 1 H), 2.03-2.02 (m, 1 H), 1.99-1.97 (m, 1 H),
1.97-1.91 (m, 2 H), 1.89 (s, 3 H), 1.87-1.79 (m, 1 H), 1.76-1.71 (m, 1 H),
1.70 (s, 3 H), 1.32 (dt, ] = 7.1, 3.0, 6 H), 1.03 (s, 9 H), 0.83 (s, 9 H), 0.06 (s,
3 H), -0.02 (s, 3 H). ®C-NMR (100 MHz, CDCls): d = 166.99, 159.34,
146.32, 144.81, 141.55, 141.40, 135.69, 134.50, 134.39, 134.15, 134.01,
130.34, 129.67, 129.57, 129.45, 127.74, 126.84, 126.77, 119.63, 118.77,
113.99, 113.91, 108.62, 75.59, 75.25, 73.28, 72.98, 70.96, 70.34, 69.98, 66.91,
66.79, 61.68, 60.44, 55.39, 41.72, 40.78, 39.28, 35.84, 34.58, 29.84, 26.97,
25.92, 25.18, 25.11, 19.36, 17.96, 16.98, 16.63, 16.56, 4.74, -4.56, -4.64.. IR
(thin film): ¥ = 2952, 2930, 2893, 2857, 1710, 1636, 1612, 1514, 1248, 1146,
1111, 1089, 1049, 1024, 823, 703 cm'. HRMS (ESI): caled for
Cs7HseOwPSiz [(M+H)*]: 1017.5492; found: 1017.5490. [ -9.01° (c =
0.81, CHClL).
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(2E,4Z)-(S,E)-5-((2R,65)-6-(2-hydroxyethyl)-4-
methylenetetrahydro-2H-pyran-2-yl)-1-((4-methoxybenzyl)oxy)-4-
methylpent-4-en-2-yl  8-(diethoxyphosphoryl)-7-hydroxy-5-methylocta-2,4-
dienoate (65ab)

NN

PMBO © OH

I P(O)(OEt)
#,, O “\\\/6H

65ab

To a stirred solution of 90b (280 mg, 0.28 mmol, 1.00 equiv.) in
THF (11 mL) in a plastic tube was added 70% HF*py (2.8 mL) at 0 °C.
The cooling bath was removed after 5 min and stirring was continued
at room temperature for 14 h. The solution was then carefully added to
a vigorously stirred mixture of saturated aqueous NaHCOs (220 mL)
and EtOAc (110 mL) until two clear phases had formed (ca. 15 min).
The phases were separated, the aqueous phase was extracted with
EtOAc (3 x 110 mL), the combined organic extracts were washed with
saturated aqueous NaHCOs (110 mL) followed by drying over MgSO.a.

Concentration  in  wvacuo  and  purification  using  FC
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(EtOAc—EtOAc/acetone 1:1) afforded 65ab (143 mg, 0.22mmol, 79%)

as a pale yellow, viscous oil.

TLC: Rf=0.51 (EtOAc, UV, CPS). tTH-NMR (400 MHz, CDCls):
0 =753 (ddd, J=15.0, 11.6, 6.1, 1 H), 7.23-7.20 (m, 2 H), 6.86-6.83 (m, 2
H), 6.12 (d, J=11.6, 1 H), 5.81 (d, ] = 15.1, 1 H), 5.23-5.16 (m, 2 H), 4.71-
4.69 (m, 2 H), 4.48 (dd, J=11.8, 1.5, 1 H), 4.41 (dd, ] = 11.8, 2.7, 1 H), 4.42-
411 (m, 1 H), 4.17-4.05 (m, 4 H), 3.98-3.91 (m, 1 H), 3.77 (s, 3 H), 3.74-
3.69 (m, 2 H), 3.60-3.56 (m, 1 H), 3.54-3.46 (m, 3 H), 2.89-2.76 (br s, 1 H),
2.60 (ddd, ] = 15.2, 14.5, 8.1, 1 H), 2.47-2.40 (m, 1 H), 2.37-2.24 (m, 2 H),
2.17- 12 (m 1 H), 2.09-2.04 (m, 1 H), 2.03-1.98 (m, 1 H), 1.98-1.95 (m, 1
H), 1.95-1.93 (m, 1 H), 1.92 (s, 3 H), 1.91-1.88 (m, 1 H), 1.81-1.70 (m, 2 H),
1.69, 1.68 (d, [ = 1.1, 3 H), 1.31 (t, ] = 7.1, 6 H). BC-NMR (100 MHz,
CDCls): & =166.97, 159.35, 145.65, 143.96, 140.50, 134.82, 130.27, 129.48,
129.07, 128.99, 126.82, 120.19, 113.93, 109.18, 78.77, 75.82, 73.00, 70.88,
70.45, 65.35, 62.25, 62.05, 61.50, 55.40, 41.50, 40.61, 40.47, 38.14, 34.17,
32.79, 25.02, 17.07, 16.54. IR (thin film): v = 3388, 2935, 2909, 2864, 1707,
1633, 1612, 1513, 1442, 1367, 1247, 1222, 1148, 1023, 975, 890, 802 cm .
HRMS (ESI): caled for CssHs4O10P [(M+H)*]: 665.3449; found: 665.3440.
[a]}: -14.53° (c = 0.75, CHCl).
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(1R,2E,5S,8E,10Z,14E,17R)-5-(((4-methoxybenzyl)oxy)methyl)-
3,11-dimethyl-19-methylene-6,21-dioxabicyclo[15.3.1]henicosa-2,8,10,14-
tetraene-7,13-dione (91b)

PMBO

‘,, (0) o

91b

To a solution of 65ab (140 mg, 0.21 mmol, 1.00 equiv.) in DCM
(5 mL) was added DMP (629 mg, 1.48 mmol, 7.00 equiv.) at room
temperature. After 2 h stirring at room temperature, a mixture of DCM
(45 mL), saturated aqueous NaHCO:s (45 mL), and saturated aqueous
Na:5203 (45 mL) and stirring was continued for 10 min, when two
almost clear phases had formed. The phases were separated, the
aqueous phase was extracted with DCM (3 x 100 mL), and the

combined organic extracts were dried over MgSOu and in vacuo.

The crude product was dissolved in THF (60 mL) and H20 (1.5
mL) was added, followed by freshly activated Ba(OH)2°0.8H20 (25 mg,
0.14 mmol, 0.8 equiv.) at 0 °C. The cooling bath was removed after 30
min and stirring was continued at room temperature for additional 15
min more; E20 (30 mL) and NaHCO:s (15 mL) were then added and the
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solution was washed once with saturated aqueous NaHCOs (15 mL)
and then with brine (1 x 15 mL). The combined aqueous phases were
washed once with Et2O (20 ml) then the combined organic phases were
dried over MgSOs and concentrated in vacuo. The resulting yellow oil
was purified using FC (EtOAc/Hex 1:3) to afford 91b (37 mg, 0.073

mmol, 36% over two steps) as a colorless oil.

TLC: Rf = 0.40 (EtOAc/Hex 1:3, UV, KMnOs, CPS). 'TH-NMR
(400 MHz, CDCls): d = 7.55 (dd, ] = 15.1, 11.5 Hz, 1H), 7.30 — 7.21 (m,
4H), 6.91 - 6.84 (m, 2H), 6.09 (d, ] = 11.5 Hz, 1H), 6.03 (dt, ] = 16.1, 1.2
Hz, 1H), 5.88 (d, ] = 15.1 Hz, 1H), 5.32 (ddt, J = 8.7, 5.4, 2.7 Hz, 1H), 5.11
(dq,J=7.8,14Hz 1H),4.73 (d, ] = 1.8 Hz, 2H), 4.57 — 4.44 (m, 2H), 3.99
- 3.87 (m, 1H), 3.80 (s, 3H), 3.70 — 3.53 (m, 3H), 3.43 — 3.29 (m, 2H), 2.52
—2.42 (m, 1H), 2.42 — 2.34 (m, 2H), 2.37 — 2.17 (m, 3H), 2.17 - 2.06 (m,
2H),2.04 - 1.91 (m, 2H), 1.88 — 1.72 (m, 3H), 1.70 (d, ] = 1.3 Hz, 3H). 1BC-
NMR (100 MHz, CDCls): o = d 198.04, 166.87, 159.41, 146.67, 144.18,
142.40, 138.73, 133.14, 131.16, 130.21, 129.47, 127.27, 125.99, 121.90,
113.95, 109.21, 76.61, 75.86, 73.03, 71.03, 70.92, 55.42, 45.39, 40.63, 40.39,
39.20, 38.90, 23.91, 19.32. IR (thin film): ¥ = 3016, 2923, 2852, 1713, 1668,
1635, 1614, 1513, 1463, 1360, 1281, 1249, 1215, 1176, 1152, 1086, 1035, 978
cml. HRMS (ESI): caled for CsiHasNaOe [(M+Na)*]: 529.2561; found:
529.2558. [a]%: +48.96° (c = 0.98, CHCls).
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(1R,2E,5S,8E,10Z,14E,17R)-5-(hydroxymethyl)-3,11-dimethyl-19-
methylene-6,21-dioxabicyclo[15.3.1]henicosa-2,8,10,14-tetraene-7,13-dione
(62ab)

HO

62ab

To a solution of 91b (9 mg, 0.023 mmol, 1.00 equiv.) in DCM
(1.5 mL) was added H20 (0.29 mL) followed by DDQ (19 mg, 0.082
mmol, 3.50 equiv.) at room temperature. The mixture was vigorously
stirred for 2 h; then saturated aqueous NaHCOs (15 mL) and DCM (15
mL) were added and the phases were separated. The aqueous phase
was extracted with DCM (3 x 15 mL) and the combined organic extracts
were dried over MgSOs and concentrated in vacuo. Purification of the
residue using FC (EtOAc/Hex 1:3—1:2—1:1) delivered 62ab (5.7 mg,
0.015 mmol, 65%) as a brown-yellow viscous liquid.

TLC: Rf = 0.30 (EtOAc/Hex 1:1, UV, CPS). 1H-NMR (400 MHz,
CDClLy): d = 7.57 (dd, ] = 15.1, 11.5 Hz, 1H), 6.92 (ddd, ] = 16.2, 8.1, 6.7
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Hz, 1H), 6.11 (d,J=11.6 Hz, 1H), 6.08 — 5.94 (m, 1H), 5.89 (d, ] = 15.1 Hz,
1H), 5.26 — 5.08 (m, 2H), 4.73 (d, J = 1.9 Hz, 2H), 3.95 (ddd, J = 10.6, 7.6,
2.6 Hz, 1H), 3.85 - 3.73 (m, 2H), 3.70 (dd, ] = 13.3, 0.8 Hz, 1H), 3.42 - 3.29
(m, 2H), 2.49 - 2.39 (m, 1H), 2.39 — 2.32 (m, 2H), 2.28 (dddd, J=14.2, 8.2,
5.9,2.2 Hz, 1H), 2.19 - 2.07 (m, 3H), 1.99 (dq, J = 11.0, 1.7 Hz, 2H), 1.85
-1.79 (m, 3H), 1.73 (d, ] = 1.3 Hz, 3H). 3C-NMR (100 MHz, CDCls): d =
197.85, 167.69, 146.70, 144.06, 142.94, 139.17, 133.57, 131.11, 127.28,
125.94, 121.58, 109.34, 76.77, 75.73, 74.64, 65.42, 45.43, 40.65, 40.40, 39.14,
38.51, 24.00, 19.52. IR (thin film): v = 3389, 2925, 2853, 1715, 1669, 1634,
1553, 1449, 1436, 1357, 1280, 1259, 1148, 1086, 1049, 1019, 976, 799 cm-.
HRMS (ESI): caled for C2sHsNaOs [(M+Na)*]: 409.1985; found:
409.1978. [a]%}: +36.83° (c = 0.57, CHCls).
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19-epi-(+)-dactylolide (64)

O/

‘,, @) o

64

To a stirred solution of 62ab (5.7 mg, 0.015 mmol, 1.00 equiv.)
in DCM (1.2 mL) was added NaHCOs (19 mg, 0.221 mmol, 15.00 equiv.)
followed by DMP solution (0.25 mL, 0.089 mmol, 6.00 equiv.) at room
temperature and stirring was continued for 1 h then a mixture of
saturated aqueous NaHCO:s (15 mL) and saturated aqueous Na25:0s (15
mL) was added and stirring was continued for 10 min until two clear
phases were formed. The phases were separated then the aqueous
phase was extracted with DCM (3 x 30 mL), the combined organic
phases were dried over MgSQOs, concentrated in vacuo then purified
using FC (EtOAc/Hex 1:3—1:2—1:1) affording 64 (3.3 mg, 0.009 mmol,
60%) of a colourless solid.

TLC: Rf = 0.57 (EtOAc/Hex 1:1, UV, CPS or KMnOx). TH-NMR
(400 MHz, CDCLs): =9.68 (d, ] = 0.7 Hz, 1H), 7.62 (dd, ] = 15.1, 11.5 Hz,
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1H), 6.92 (ddd, ] = 16.2, 7.9, 7.0 Hz, 1H), 6.15 (d, ] = 11.6 Hz, 1H), 6.07
(dt, J=16.2, 1.3 Hz, 1H), 591 (d, ] = 15.2 Hz, 1H), 5.26 — 5.17 (m, 2H),
475 (t, ] = 1.8 Hz, 2H), 3.95 (ddd, ] = 11.3, 7.6, 2.6 Hz, 1H), 3.87 (d, ] =
13.8 Hz, 1H), 3.39 - 3.30 (m, 1H), 3.22 (d, ] = 13.8 Hz, 1H), 2.66 (ddd, J =
15.7,4.5, 1.3 Hz, 1H), 2.53 (dd, J = 15.8, 8.1 Hz, 1H), 2.37 — 2.26 (m, 3H),
2.23-2.12 (m, 3H), 2.07 - 1.94 (m, 4H), 1.86 (d, ] =1.2 Hz, 4H), 1.69 (d, ]
= 1.3 Hz, 3H). 3C-NMR (100 MHz, CDCls): 6 = 199.26, 197.44, 153.90,
146.55, 145.33, 143.78, 143.70, 141.73, 139.95, 137.04, 132.56, 131.09,
128.53, 126.03, 120.48, 109.63, 77.36, 76.79, 75.60, 45.18, 40.89, 40.40,
39.15, 37.14, 24.35, 18.84.. IR (thin film): V = 2936, 2858, 1733, 1716, 1706,
1670, 1635, 1438, 1355, 1278, 1256, 1144, 1086, 1050, 978, 890 cm-. HRMS
(ESD): caled for CsH20s [(M+H)*], 385.2010, found: 385.2012. [a]?:
+28.7° (¢ = 0.20, MeOH).
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5.7. Stereoselective Aza-Aldol Addition

(+)-Zampanolide (61)

61

Preparation of stock solution of (R)-BINAL-amide complex: The
flasks with the substances were dried over night at high vacuum. LAH
(8.7 mg, 0.231 mmol, 2.0 eq.) was suspended in 1.0 mL of dry THF at
room temperature. Dry EtOH (28 uL, 0.462 mmol, 4.0 eq.) was diluted
in 2.0 mL of THF and 1.0 mL was added slowly at room temperature at
LAH-solution. (R)-BINOL (67 mg, 0.231 mmol, 2.0 eq.) was added as a
solution in 1.0 mL in THF followed by amide 95 (25.7 mg, 0.231 mmol,
2.0 eq.) in 1.0 mL in THF to obtain a transparent almost clear gray

solution.

0.27 mL of the stock solution (0.0156 mmol, 2.0 eq.) was
immediately added to a solution of 62 (3 mg, 0.0078 mmol, 1.0 eq.) in
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THEF (1 mL). The reaction mixture turned to orange over 15 minutes.
The reaction was quenched adding NaHCOs (2.0 mL). The phases were
separated then the aqueous phase was extracted with EtOAc (3 x5 mL),
the combined organic phases were dried over MgSOs, concentrated in
vacuo then purified using FC (EtOAc/Hex 1:1, 2% EtsN) as a mixture of
both C20 epimers (93:7 dr) as a pale-yellow foam. Both epimers could
be separated by HPLC on normal phase (compound is concentrated in
EtOH. Column: Phenomenex Luna, 5y NHz, 10x150 mm, i-PrOH/Hex
(1:9), 5 mL/min, 25 °C, 266 nm, Rt = 7.6 min [(+)-zampanolide (61)], Rt=
8.5 min [C20-epi-(+)-61)] affording 61 (2.8 mg, 0.0058 mmol, 74%) of a

colourless film.

TLC: Rf = 0.40 (EtOAc/Hex 1:1, UV, CPS). 'TH-NMR (500 MHz,
DMSO-ds): 5=8.35(d, ]=8.9,1H), 7.51 (dd, ] =14.9,11.8, 1 H), 7.45 (dd,
J=1409,11.8,1 H), 6.75(ddd, ] =16.3,8.6,5.7,1 H), 6.36 (t, ] = 11.3, 1 H),
6.20 (d, J=11.9,1H), 6.18 (br. s, 1 H), 6.00-5.94 (m, 1 H), 5.95 (d, ] =15.9,
1H),593(d, J=15.1,1H),5.65(d, J=11.4,1H),5.32(dd, =84, 64,1
H),5.10(d, J=7.7,1H),4.96 (dd, ] =10.2, 6.2, 1 H), 4.73 (br. s, 2 H), 4.13
(d, J=14.2,1 H), 3.86 (ddd, ] =114, 7.7,1.8,1 H), 3.26 (t, ] =10.1, 1 H),
3.00 (d, ] =14.3, 1 H), 2.35-2.26 (m, 3 H), 2.17 (d, ] = 12.7, 1 H), 2.11-2.05
(m, 2 H), 1.89-1.86 (m, 1 H), 1.85-1.82 (m, 1 H), 1.79(d, ] = 6.7, 3 H), 1.74
(s, 3 H), 1.61 (s, 3 H). BC-NMR (125 MHz, DMSO-ds): d = 197.3, 165.6,
165.3, 145.9, 143.8, 143.0, 140.6, 139.5, 137.2, 132.5, 130.9, 129.0, 128.6,
125.1, 120.7, 119.2, 109.0, 76.0, 75.1, 72.9, 72.0, 44.9, 40.9, 40.3, 40.3, 39.3,
23.6,18.3,16.7. IR (thin film): ¥= 3325, 3015, 2960, 2924, 2853, 1708, 1664,
1634, 1604, 1520, 1431, 1355, 1281, 1259, 1213, 1147, 1085, 1050, 1034,
1025, 802 cm. HRMS (ESI): m/z: calcd for C2oHssNNaOs [(M+Na)*]:
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518.2513; found: 518.2509. [a]%": +226.12° (c = 0.084 in CHCls,

deactivated before use over basic Alox).
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