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Abstract

Inhibition of the STAT3:STAT3 protein-protein interaction is an attractive approach for cancer 

therapy as it can lead to suppression of tumour cell growth and induce apoptosis. The racemic 

ochromycinone (STA21) is one of the few known small-molecule STAT3:STAT3 inhibitors.

Our synthetic efforts focused on synthesis of the natural product YM-181741, which possesses at 

least three points for chemical variation to prepare compound libraries as potential STAT3:STAT3 

inhibitors. Synthesis of the angucycline molecule was achieved employing an approach based on a 

Gold (Ill)-catalysed intramolecular [4+2] benzannulation reaction. A facile and highly efficient 

route for the preparation of racemic form of the natural product was developed that offers a high 

degree of flexibility for modification of the scaffold at different stages of its synthesis.

The enantioselective synthesis of (iS)-YM181741 was successfully carried out through the (T^)-diyne 

building block via an enantioselective copper-catalysed 1,4-conjugate addition reaction on a system 

bearing a y-coordinating group, in order to install the chirality on the diyne moiety. The optimised 

reaction conditions afforded the Michael adduct in good yield and high enantiomeric excess (up to 

96% ee).

Further chemical elaboration of the (±)-YM-181741 natural product was investigated in order to 

explore the necessary chemical diversity to assess a preliminary model of interaction between the 

SH2 domain of STAT3 and the angucycline scaffold. The biological evaluation of the focused 

library allowed the identification of angucycline derivatives possessing high binding affinity for the 

SH2 region and the ability to inhibit STAT3 transcriptional activity.
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1 Introduction

1.1 Cancer

Cancer is the abnormal, uncontrolled growth o f previously normal cells. The transformation o f a 

cell results from the alterations to its DNA that accumulate over time. The change in genetic or 

epigenetic information causes a cell to no longer carry out its functions properly. Characteristically 

cancer cells are able to divide rapidly, and tumours result from accumulation o f cancer cells. A 

tumour can be benign (grows and does not invade the surrounding tissues), malignant (spreads to 

nearby or distant tissues) or metastatic (cancer cells break out from the original primary tumour and 

migrate to either local or distant locations in the body where they will divide and form secondary 

tumours). Cell division is a complex and tightly regulated process carried out by a large number of 

proteins. The proteins produced from protooncogenes promote cell division while those from 

tumour suppressor genes inhibit cells from dividing. Multiple gain- and loss-of-function mutations 

in these genes cause cells not only to lose their ability to regulate progression through the cell cycle 

but also to perfonn other normal tasks. Tumour development involves a sequence o f genetic 

modifications, each providing a different type o f growth advantage, leading to progressive change 

o f  healthy cells into tumour cells.'
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Figure 1: Essential m odifications that collectively induce tum ourigenesis (reproduced from Cell 144(5), 646-674).

1.1.1 Treatment of cancer

The treatment o f cancer is usually achieved through more than one strategy, and the choice of

strategy depends largely on the nature and extent o f the cancer. The main treatments at present are
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surgery, radiotherapy, and chemotherapy. Other approaches such as photodynamic therapy (PDT), 

antibody and vaccine related approaches, and gene therapy are in the developmental stage. There 

are a number of factors to be considered when deciding the form of treatment to use, such as the 

type of cancer, its stage,^ whether or not there is evidence of metastasis, the age and health of the 

patient and, in some cases, the presence of certain genetic mutations. Complete removal of the 

cancer without damage to the rest of the body is the goal of treatment. Surgery and radiation are 

most often used in the treatment of tumours that are confined to specific locations, while 

chemotherapy is a systemic method. A combination of one or more treatment methods is often used 

to eliminate as much of the cancer as possible and to reduce the chance of a future recurrence.

1.1.2 Cancer chemotherapy

Chemotherapy involves the use of low-molecular-weight drugs to selectively destroy a tumour or at 

least limit its growth.^ The first agents to be used clinically were the nitrogen mustards, which 

resulted from the accidental discovery of their antileukemic properties during World War II. Later, 

the serendipitous discovery of cisplatin produced advancement in the treatment of testicular and 

ovarian carcinomas. Currently more than 70 different drugs are used in cancer therapy, and more 

than 300 drugs are in pre-clinical or clinical trials.^ The advantage of chemotherapy is that, after 

administration, the drugs distribute throughout most tissues of the body and kill tumour cells in 

protected areas (e.g., the brain) or metastatic cancers. For older generations of anticancer drugs the 

disadvantages include unpleasant side effects (e.g., bone marrow suppression, GI tract lesions, hair 

loss, nausea) and the development of clinical resistance. The side effects occur because cytotoxic 

agents (e.g., DNA-interactive drugs, tubulin inhibitors, antimetabolites) act on both tumour cells 

(ofter triggering apoptosis) and healthy cells. The various classes of chemotherapeutic agents used 

in current clinical practice are shown in Table 1. Among the chemotherapeutic agents, the 

antimetabolites, topoisomerase inhibitors, DNA-alkylating, cross-linking, intercalating and cleaving 

agents target DNA processing and cell division. The antitubulin agents, on the other hand, target the 

spindle apparatus crucial for cell division. All of these agents generally produce severe cytotoxic 

side effects due to a lack of selectivity for tumour cells versus normal cells. Therefore, molecularly 

targeted agents are targeting a unique biochemical pathway or protein uniquely up-regulated in 

cancer cells. Due to up-regulation and dependency on these pathways within tumour cells, 

inhibition can provide an anticancer effect. The development of imatinib (Gleevec™), the first 

molecularly targeted anticancer drug, has strengthened the concept of “molecular targeting” as one 

of the fastest growing research areas in cancer chemotherapy. Further proof-of-principle has been 

obtained with spectacular clinical results for the agents PLX-4032,^ a BRAF kinase inhibitor in the
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treatment o f metastatic melanoma, and Crizotinib, an inhibitor o f the tyrosine kinases ALK and 

MET in the treatment o f non-small cell lung cancer.

Table 1: Classification of chem otherapeutic agents.

Classes Subclasses Examples

Anti-metaholites DHFR Inhibitors (Antifolates) Metotrexate (sp)

Purine Antimetabolites Fludarabine, cladribine

Pyrimidine Antimetabolites Cytarabine, 5-fluorouracil

Thymidylate Synthase Inhibitors Raltitrexed

Adenosine Deaminase Inhibitors Pentostatin

Ribonucleotide Reductase Inhibitors Hydroxycarbamide

DNA-Interactive Alkylating Agents Methylating Agents (Dacarbazine), Ecteinascidin-743,

Agents Pyrrolobenzodiazepine (PBD), Monomers (Tomaymycin)

Cross-Linking Agents Nitrogen Mustards, Aziridine, Epoxides, Methanesulfonates, 

Nitrosoureas (Lomustine), Platinum Complexes (Cisplatin), 

Carbinolamines, Cyclopropanes, Mitomycin-C, Sequence- 

Selective DNA Cross-Linking Agents (PBD Dimers (SJG-I36), 

Cyclopropanepyrroloindole (CPI) Dimer (Bizelesin))

Intercalating Agents Anthracyclines (Doxorubicin), Anthracenes (Mitoxantrone), 

Phenoxazines (Dactinomycin)

Topoisomerase Inhibitors Topoisomerase I Inhibitors (Topotecan), Topoisomerase 11 

Inhibitors (Etoposide)

DNA-Cleaving Agents Bleomycins, Enediynes

Anti-tubulin Agents Vina Alkaloids Vinblastine, Vincristine, Vindesine

Taxanes Paclitaxel, Docetaxel

Molecularly Kinase Inhibitors BCR-ABL Inhibitor (Imatinib), HER2/neu Inhibitor

Targeted Agents (Trastuzumab), EGFR Inhibitor (Gefitinib), VEGFR Inhibitor 

(Semaxanib), PDGFR Inhibitor (SU-6668), Multiple Target 

Inhibitors (ARRY-334543)

Inhibitors o f Ras Pathway Inhibitors o f Famesyl transferase (Tipifamib), BMS-2I4662,

Signalling Inhibitors o f MEK (AZD6244)

Cell Cycle Inhibitors Flavopiridol, olomoucine

Proteasome Inhibitors Bortezomib

mTOR Inhibitors Rapamycin

Hormonal Agents Anti-Estrogens Tamoxifen, Toremifene, Selective ER Modulator (SCH 57068)

Aromatase Inhibitors Anastrozole, Letrozole

LH-RH Receptor Antagonists Cetrorelix

Anti-Androgens Cyproterone Acetate, Flutamide

Estrogenuc Agents Diethylstilbestrol, Ethinylestradiol

Progestins Gestonorone Caproate, Megestrol Acetate, Norethisterone

Biological Agents Monoclonal Antibodies Rituximab, Alemtuzumab

Vaccines Non-Hodgkin’s Lymphoma, Non-small-cell lung cancer. 

Melanoma, Prostate cancer. Cervical cancer. Head and neck 

cervical cancer
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1.2 Protein-protein interactions (PPIs) as targets for anticancer therapy

In the molecularly-targeted drug discovery era protein-protein interactions (PPIs), the core of 

functional genomics, have emerged as an attractive class of targets. With the advancement of 

molecular biology and genomics a notable number of PPIs have been identified which can be 

potential intervention points for the treatment of cancer. Proteins possess interactive surfaces with 

unique recognition patterns, thus allowing them to recognise and bind selectively to other proteins.'^

1.2.1 PPIs

Proteins modulate a wide variety of functions in cellular systems and act as “molecular motors”. 

They have an important role in a number of functions including cell-signalling, catalysis of 

reactions, transportation, formation of the building blocks of viral capsids, establishment of 

regulated channels, transmitting information from DNA to RNA. The identification of the binding 

partners of a particular protein can lead to an understanding of its function. From this it is possible 

to assign its functional and signaling pathways. Therefore, the identification of PPIs is at the core of 

functional genomics.

Proteins interact through their surfaces and the key residues or atom groups that are responsible of 

the interaction can be determinated by calculations of the surface area that is accessible to the 

solvent and site directed mutagenesis experiments. When bound, the atoms on the surface that are 

interacting with another protein molecule do not interact with the solvent but with atoms on the 

surface of the protein partner.^

The interactions between proteins depend on the protein surface area that is buried by the 

interacting molecules and what fraction of the surface is non-polar, the hydrogen bonds and salt 

bridges at the interface. Also, the buried water molecules, the amino acid residue composition at the 

interface and the shape of the binding interface are in charge of the interaction.

We can distinguish between:

1. Proteins that exist as homodimers, which bind strongly (ATd = 10'  ̂-  lO '  ̂M) through large 

hydrophobic contact areas and often can be separated only by dénaturation of the individual 

monomer structures. Homodimeric interfaces are typically large and hydrophobic as 

measured by high values of nonpolar buried surface areas, and show good complementarity 

between the two chains.
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2. Proteins that exist as heterodimers that associate and disassociate depending on their 

environment. These have lower binding constants (Â d = 10  ̂ -  10'^ M) and their interfaces 

are less hydrophobic. "

1.2.1.1 Hot spots

Most o f the binding energy o f protein interfaces is usually localised to a small region. Some 

residues at the protein interface contribute dominantly to the binding free energy o f the protein- 

protein complex compared to the rest o f the residues.'^’ Those critical side chain residues 

assemble cooperatively to locales near the centre o f a protein-protein interaction. These regions are 

known as binding hot spots. The amino acids that contribute predominantly to the stability are 

clustered within these regions. The clustered hot spot residues form a network o f conserved 

interactions, and their contributions to the stability o f the complex are cooperative, but since the 

individual hot spot regions are independent o f each other, the contributions o f the hot regions are 

additive. The presence o f “hot spots” at the PPI offers the valuable and attractive possibility o f 

identifying small molecule binding sites that maybe exploited to modulate the PPI.

SmaR rnotacuie

Figure 2: Hot spot interaction (reproduced from  Future Med. CAg/M.2009, 1, 65-93).

1.2.1.2 Allosteric site

For many proteins a dynamic equilibrium exists between different conformations, and so binding 

sites unique to individual or subgroups o f receptor conformational states also exist. There is usually 

only one conformational state in which a protein is bioactive, and trapping any o f the inactive 

conformations is useful to understand protein interaction.’* The free energy o f activation is not 

equally distributed in the protein structure, and hence theoretical and experimental considerations 

suggest that binding one site can affect conformational and dynamic changes at other sites. 

Allosteric activation does not generate an alternative rigid binding site, but instead produces a less 

stable complex. Structural disruption can be caused by the binding o f inhibitors, mutations, binding 

to sister molecules, binding to nucleic acids or to small molecules, changes in pH, ionic strength, 

temperature, and covalent modifications such as phosphorylation and acétylation.’̂
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Figure 3: Allosteric interaction (reproduced from Future Med. C /ie» i.2009 ,1, 65-93).

1.2.2 Favourable organisations, shape similarity and binding site

Protein-protein interfaces have favoured architectures, and the molecular architecture o f protein 

binding sites is known as secondary structural organisation.^ There are different structures that 

when associated lead to similar architectural motifs at the interface. In Figure 4 A, the interfaces 

and the global protein architectures are similar. In Figure 4 B, the 3-dimensional structures o f the 

monomers are different, yet their interfaces have similar architectures.

(A)

Figure 4: Schem atic representation o f the interfaces and the global architectures of protein com plexes. (A) Shows 
cases where both the interfaces and the global architectures are sim ilar. (B) The three-dim ensional structures of 
the m onom ers are different. Proteins A and C are non-hom ologous, as are proteins B and D (reproduced from

Chem. Rev. 2008 ,108 ,1225-1244).

The number o f secondary structural organisations is limited due to the restriction upon secondary 

structure formation. So, secondary structure motifs can play a key role in protein association 

through limiting the conformational space. Due to the characteristic feature o f favourable 

organisations, different protein partners can occupy common binding sites. Similar interactions are 

responsible when multiple protein partners interact with the same binding site.
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1.2.3 Protein-protein interactions in drug discovery

Protein-protein interactions (PPIs) are an emerging area of drug discovery, and their inhibition 

presents a challenging drug target by which to effect therapeutic change. Due to the protein-protein 

recognition that happens on flat surfaces or wide, shallow grooves, several features are responsible 

for influencing the drugability of a PPI."̂  First, peptide epitopes can involve a single region of a 

polypeptide or a series of discontinuous segments from one or more protein domains. Second, while 

the interface is constituted by a large number of polar and non-polar interactions, their contributions 

are not u n i f o r m . I n  this context hot spots represent a few essential residues on the surface of the 

protein that are responsible for the majority of the binding strength.

A successful drug candidate molecule must possess, apart from biochemical and biological potency 

and selectivity, properties that would permit it to reach its target at bioactive concentrations 

following parenteral or oral administration, to occupy it for an appropriate duration of time, and 

finally to disengage the target, and to be eliminated from the body.

The challenges of targeting PPIs are mainly centred on the choice of the molecular weight range to 

use for the chemical library and the method to discover selective inhibitors. As PPI affinity varies 

from micromolar to the picomolar range, the nature of the interface, the structure and dynamics of 

the hot spot and the PPI affinity will help to predict the drugability of a PPI. The classic concept, 

based on Lipinski’s rules, uses chemical entities with a MW less than 500 Da that is translated in a 

ligand efficiency of (Ag) 0.3 kcal m of’ for a Kd = 10 nM (10.99 kcal mol'*) on a molecule 

containing 38 non-hydrogen atoms (as discussed in more detail in 1.2.6). Whether the ligand 

efficiency is achievable for PPI inhibitors or it is possible to make larger compounds into drugs is 

still under investigation.

Key strategies for targeting PPIs are based on computational or experimental approaches. 

Regardless of the primary screening method used, it is crucial to validate primary hits using 

orthogonal methods. Furthermore, numerous structural and biophysical approaches in combination 

with SPR, NMR, and analytical centrifugation suggest compounds for further investigation and 

generate a clear understanding of the mechanism of inhibition. These methods can also reveal 

general properties of the molecule, facilitating early removal of problematic aggregators or 

promiscuous inhibitors from compound sets. The increasing use of biophysical methods reflects a 

growing awareness of the unique challenges posed by PPIs, both in terms of the targets themselves 

and the chemical characteristics of small-molecule ligands.
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Indeed, there have been a number of successful cases of the identification of potent and selective 

small molecule PPI inhibitors that have been described in the literature, some of which are currently 

in phase I and II of clinical trials.

1.2.4 Evidence that PPIs are tractable molecular targets: two case studies

Chemotherapeutic agents can promote cancer cell death and have potential roles in cancers 

treatment. '̂ '̂^  ̂ The first class of inhibitor targets the antiapoptotic bcl-2 genes, that are 

overexpressed frequently in solid tumours, and promote resistance to apoptosis. Thus, inhibition of 

the relevant Bcl-2 protein family members represent valuable targets for anticancer therapy.^^ 

Several approaches have been investigated to target Bcl-2. The compound ABT-737 reported by 

Abort Laboratories is the first dual inhibitor of the Bcl-2 and Bc1-Xl proteins that was able to bind 

with high affinity to the BH3 domain.^^ Further optimisation of ABT-737 by Hoffman -La Roche 

and Genentech research groups, in order to improve oral bioavailability afforded a second 

generation of PPI inhibitors that included ABT-263 (Navitoclax), a compound that is highly 

efficacious in human tumour xenograft models of human small-cell lung cancer, and is currently in 

phase II clinical trials.

M02N
NO ,

ABT-731

O—S—CFg

ABT-263

Figure 5: Structure o f  A BT-731 and A B T -263 dual inh ib itors o f  the B cl-2 and Bcl-X^ proteins.

The second class of inhibitor targets the tumour suppressor p53 which is inactivated in the majority 

of human tumours. p53 functions by inducing cell cycle arrest and apoptosis in response to DNA 

damage, thus averting possible tumourigenesis. Thus, agents that are able to restore its activity 

could be used as anticancer drugs."^” The signaling pathway of p53 is tightly regulated by MDM2 

that upon binding to p53 inhibits transcriptional activity by triggering proteasomal degradation. 

Thus, targeting the MDM2:p53 interaction represents a valuable target for the design of 

chemotherapeutic agents. The most promising member of this class of inhibitors appears to be the 

tetra-substituted imidazoline (Nutlin 3a)"̂ ' and MI-219"*  ̂ which have progressed into advanced 

preclinical studies and early stage clinical trials. Both of them show excellent cell permeability 

properties and pharmacokinetic profiles. MI-219 is also the first example of a small molecule that is 

more potent and selective than Nutlin-3a. It stimulates rapid but transient p53 activation in
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xenograft tumour tissues, resulting in inhibition of cell proliferation, induction of apoptosis and 

complete inhibition of tumour growth.'^^

Cl
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O
Nutlin-3a MI-219

Figure 6: N utlin-3a and M I-219 M D M 2:p53 inhibitors.

1.2.5 Strategies to identify small-molecule PPI inhibitors

In the last few years the increasing number of targets for drug discovery brought to focus on 

inhibiting and modulating interactions between two or more proteins. The discovery of small 

molecule PPIs inhibitors has progressed significantly in answer to the incessant demand for 

selective pharmaceutical agents, which might be achieved by targeting unique PPIs rather than 

more ubiquitous enzyme active sites.

Extensive literature has proved that natural products and natural product-like molecules target 

protein-protein interactions."*^’ An important example is the taxane, which can arrest the cell- 

cycle which ultimately leads to apoptosis of cancer cells by microtubule stabilisation. There are 

three important challenges to highlight in the discovery of small molecule inhibitors of PPIs: the 

structural features of the protein surfaces, the protein complex organisation state, and the similarity 

of the binding site. However, there are PPI features, such as hot spots and allosteric sites that allow 

the design of small molecules to modulate PPIs. Targeting hot spots can disrupt the interaction 

between the protein interfaces. An alternative approach is the development of allosteric inhibitors 

where the molecules binding at an offset site to the protein-protein interface, promote a 

conformational change that modifies the manner in which the protein subsequently interacts.

Three main classes of PPI modulators can be identified. Firstly, antibodies are attractive therapeutic 

agents with high target specificity, but they suffer from poor cell and blood-brain barrier 

permeability and, have no oral availability.'*"* Peptides and peptidomimetics can be used as probes 

for investigating the mechanism of PPI modulation, but they show poor metabolic stability."*  ̂

Thirdly, small molecules that fall outside the classic Rule of Five (M W »500 and log P > 5.0)."*̂  

The approaches used to identify PPI modulators can be classified as: 1) Peptide and peptidomimetic
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approaches; 2) High Throughput Screening (HTS) of synthetic chemical libraries and natural 

products; 3) Computational approaches based on X-ray crystallography and NMR data.

1.2.5.1 Peptide- and peptidomimetic-based approaches

Peptides with structures based on amino acid sequences found at PP interfaces make excellent leads 

for the development of PPI modulators. However, they have significant drawbacks for drug 

development in terms of their mass, conformational flexibility, proteolytic lability, polarity and cell 

permeability.'^^'^^ The process usually starts from the design of preliminary peptides as lead 

molecules followed by their conversion into peptidomimetics or small drug-like molecules. This 

approach has allowed the identification of nonpeptidic scaffolds that mimic the backbone of a- 

helical, (3-strand and (3-tum. A number of these scaffolds have been successfully employed for the 

discovery of PPI inhibitors of the MDM2:p53 and Bak BH3:Bc12/Bc1-Xl interactions.

D-a-peptides, L-a-retro-peptides (with the opposite order of residues) and retro-inverso or D-a- 

retro-peptides have been explored and shown to have improved cell permeability coupled with 

enhanced proteolytic and metabolic stability. Bioisosteric modifications of these peptide classes 

have also proved useful for producing a range of conformational preferences with distinct 

molecular topologies. A powerful example of this approach is provided by the identification of the 

retro-inverso peptides RI-Int-Hl-S6A, F8A and RI-Int-Hl-S6A, F8A, Q13A as the first known 

inhibitors of the c-Myc:INIl (Integrase interactor-1) interaction and capable of downregulating the 

activity of the c-Myc transcription factor.

Through careful design the cell permeability properties of peptides can be enhanced. As described 

by Verdine and coworkers, the hydrocarbon-stapled peptides, created by internal stapling of 

conformationally well folded structures using hydrocarbon linkers, are short peptides presenting 

superior cell permeation p ro p e r t i e s .D i f f e re n t  types of modification, such as using protein- 

derived peptides rich in basic aminoacids, or the retro and retro-inverso peptide bioisosteric 

modifications, have the purpose of enhancing the cellular penetration characteristics.^^

1.2.5.2 HTS approach

This approach is used in cases where there is insufficient structural information for in silico studies 

or peptidomimetic approaches. Two key features for HTS are: 1) maximising the chances of 

identifying a suitable protein-binding ligand using compound libraries with high degree of 

molecular diversity and co m p lex ity ;2) the choice of the assay, where the most direct method is 

the use of a competitive binding assay in which one (or both) of the partners, or the peptide
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surrogate for one of the protein partners, is provided with a fluorescence tag. In this context, 

fluorescence polarisation (FP)-based assays can be used where the binding affinity of a PPI 

inhibitor is measured via a fluorescent probe which can be displaced by the ligand. Generally 

fluorimetry-based techniques offer sensitivity and the advantage that the protein system is in 

solution, which minimises physical and chemical constraints.^^ PPI targets associated with 

transcription factors use a variation of the luciferase cellular screening approach by utilising cell 

lines transfected with plasmids that contain the relevant transcription factor binding site in the 

promoter region of a gene. A confirmatory primary PPI binding assay is again crucial to confirm 

the mechanism of action. A good example of the utility of the HTS approach is the recent 

identification of the c-Myc:MAX inhibitors through screening of commercially available compound 

libraries employing fluorescence-based assays (FRET and FP), a yeast two-hybrid-based system for 

c-Myc:MAX dimérisation and DNA binding inhibition, and ELISA assays for PPI inhibitory 

activity validation.

1.2.5.3 Computational approaches

Computational studies, along with virtual screening based on X-ray and NMR structural data, can 

assist in the identification and optimisation of ligands at different stages of the drug discovery 

process. In particular, computer-aided rational design has shown great promise in the identification 

of synthetic agents that target PP interfaces.The quality and quantity of structural information 

required to target PPIs is the main limiting factor for computational approaches. The defining 

characteristics of PP interfaces, including their complex dynamics and equilibria, also present 

serious limitations especially when in silico studies are based on X-ray data, which present PP 

complexes in a static state. This means that molecular dynamics are crucial in order to understand 

the dynamic behavior of protein complexes. NMR techniques have also been employed to study PP 

interfaces and to screen compound libraries when no biochemical assay is available and can also be 

used for lead optimisation.

1.2.6 New concept o f small molecules as PPI modulators: beyond the Rule o f Five

Natural products and natural product-like molecules even if they fall over the Lipinski’s rule of five 

have been assessed as excellent PPI modulators, because of their good cell-permeability properties 

along with other attractive features for drug development, such ADME propert ies .Natural 

products are rich in novel and diverse molecular fi*ameworks and possess the advantage of chemical 

structures with high specificity and binding affinity to various biological targets.^^ Recently, Well 

and McClendon'*^ have highlighted that PPI inhibitors reaching clinical trials have molecular 

masses of 500-900 Da with Ki values of less than 1 pmol. They also reported the study of the
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relationship between potency and molecular size, plotting ligand binding affinities against the 

number o f atoms in each molecule (excluding hydrogens). The results o f this analysis suggest that, 

assuming a value o f 0.24 kcal per mol per nonhydrogen atom, a compound with Kd of 10 nM 

(average required for a protein ligand) has approximatively 46 non hydrogen atoms and a molecular 

mass o f at least 645 Da. This analysis predicts that small molecule PPI modulators will fall on 

average between 650 to 700 Da rather than under 500 Da. Moreover, the clinical trial o f the orally 

bioavailable ABT-263 (MW = 975) suggests that the rule o f five and related absorption, 

distribution, metabolism, excretion and toxicity concepts might need to be tailored to PPIs, either in 

terms o f allowing MW violations or in terms o f gaining greater knowledge about pharmacokinetics 

events.

1.2.6.1 Natural product inhibitors of PPIs

Chemical methodologies and tactics for the synthesis o f  natural product and natural product-like 

chemotypes enable the preparation o f many different molecular structures from a common scaffold, 

thus providing libraries with a high degree o f molecular diversity. In this context, the concept of 

diverted total synthesis (DTS), developed by Corey considering a program directed to the total 

synthesis o f a natural product, would allow the exploration o f chemical space, reaching a higher 

order o f chemical complexity than the natural product itself, or point to a different product with a 

lower order o f complexity.

OTS

0 N atu ra l P ro d u c t (C )

A dvw icad 
tn ta m w d to ta  (■ )

DTS

Figure 7: Diverted total synthesis approach for the exploration o f the chem ical space o f sm all m olecule natural
products (reproduced from JO C, 2006, 71, 8329).

The natural product rolytetracycline (sp) has been reported as an inhibitor o f the HIF-1 pathway, 

which is a key regulator o f angiogenic and glucose metabolic processes, and is utilised by tumour 

cells for both survival and growth.^^ To date, rolytetracycline is known to be a selective inhibitor 

identified through an ELISA screen, but is not active in cell-based assays, possibly due to lack of 

permeability. Another PPI crucial for the regulation o f HIF-1 is the interaction between H IF -la  and 

the p300/CBP binding protein which is disrupted by the natural product chetomin. This discovery 

was made by HTS screening using a time resolved fluorescence assay followed by in vitro 

interaction screen and cell-based luciferase assay. Although toxicity in animal models has limited

34



the use o f chetomin, its chemical architecture is an attractive starting point for discovery o f PPI 

modulators.

HO
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Figure 8: Structures o f R olitetracycline and Chetom in.

1.2.7 Innovative strategies: thinking outside of the small-molecule box

1.2.7.1 Miniature Proteins

The miniature proteins approach, developed by Schepartz,^^ consists o f cut-down protein 

frameworks and is an extremely useful tool for PPI modulation, due to high theoretieal binding 

affinities through preservation o f part o f the protein interfaee but with lower MW.^^ The production 

o f miniature proteins involves a scaffold engineering process eonsisting o f two steps. First, upon 

identification o f the binding epitope, the active sequence identified o f amino aeids is grafted onto a 

stably folded rigid miniature protein. This is followed by the introduetion o f seleeted funetionalities 

to provide ehemieal diversity, thus varying the surfaee eharacteristies and tailoring the 

conformation and reactivity to prepare a library for ligand identification.
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(I.e . hot spot or aNosleric

Fifsl grafting step
Engineering of the selecied 
miniature protein acatlold 
(folded txjt inactive) to 
include the txnding epitope

o
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Second grafting step
Chemical modiftcation of the 
scalToKI to introduce appendage 
diversity tor iiprery preparation

Identified miniature protein 
as PPI modulator

^  Screening for landing affinity 
and selectivity against the 
target protein interface

Miniature protein library 
(folded and acbve)

Figure 9: M iniature proteins (reproduced from Future Med. Chem .2009, 1, 65-93).
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1.2.7.2 Hydrocarbon-stapled peptides

Synthetic peptides are known to be disordered when free in solution, and inducing their 

organisation into an a-helical conformation is known to increase the binding affinity o f the protein 

partner.^^ Recently, Verdine and coworkers reported a novel technique, known as peptide stapling, 

that uses a Ring Closing Metathesis (RCM) reaction, followed by reduction o f the double bond to 

identify hydrocarbon crosslinkers o f the correct configuration to stabilize the h e l i x . A  modified 

approach proposed by Arora, is described as the hydrogen bond surrogate (HBS).^° In this strategy 

the short and highly stable a-helical peptides have been created by replacing a hydrogen bond 

between the / and the i+4 residues at the N-terminus o f a peptide chain with a covalent C-C bond, 

employing suitably modified non natural amino acids and RCM chemistry.^^

a

Crosscoupling aikene ring- 
closing metathesis

ppti
C iv  I

Grut>bs 1 catalyst

•OH

Non-natural amino acid tor 
hydrocartx>n stapling approach

Figure 10: Approach for the preparation of hydrocarbon-stapled peptides (reproduced from Future Med.
C/few.2 0 0 9 ,1 , 65-93).

I.2.7.3 Stabilizing PPIs

The stabilisation o f PPIs to disrupt signaling offers a number o f advantages. The thermodynamic 

aspects o f the stabilisation (entropy and enthalpy) are potentially favorable, the principle and tools 

developed for structure-based drug design can be applied, and examples o f stabilisation o f PPIs 

have been already observed in physiological processes.^’ The main practical approach involves 

finding small molecules to fit into gaps on the rim o f PP interfaces, thus binding both 

macromolecules together more tightly. For the direct stabilisation approach, two classes of 

molecules have been proposed. First, bifunctional compounds are envisaged that have domains that 

can recognise and bind to pockets on the interfaces o f both protein partners, thus helping to lock 

them together (Fig. 11, A).^^ The second type o f stabiliser consists o f two moieties joined via a 

suitable linker, whereby each moiety recognises the epitope o f its respective interacting protein (Fig

I I ,  B). Linking two molecules together presents a number o f challenges, such as position and the 

degree o f flexibility o f the linker.
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Figure 11: Approaches to stabilize PPIs (reproduced from  Future Med. C/ieffi.2009, 1, 65-93).

1.2.8 Future perspectives

In the next few years the increasing number and diversity o f new PPIs discovered will ensure that 

PPI inhibitors and stabilisers remain an attractive opportunity for therapeutic intervention. Further 

advances will mainly depend on the number o f new targets and on the inventiveness o f biologists 

and chemists in developing efficient strategies and chemical tools for discovering and validating 

novel PPIs suitable for therapeutic intervention.^ Even when a potential binding site is identified the 

atomic features o f the molecular surfaces may be insufficient to allow selective interaction with 

small-molecule ligands. In particular, there may be no substantial indentations present or, even if a 

pocket is available, its dimensions may be too small or its geometry too shallow to allow ligand 

binding. Therefore, the potential drugability o f  PPI targets in the future is likely to depend on 

advances in technologies relating to structure determination such as X-ray crystallography, NMR 

and molecular modeling. Significant progress has already been made in understanding the dynamic 

behaviour o f PP interfaces. There is no doubt that we are entering an era in which high-resolution 

structure prediction and molecular design will make increasingly important contributions to biology 

and medicine including the elucidation and targeting o f PPIs. Further research and development are 

required to develop improved assays to assess PPI modulators in order to rapidly identify and 

eliminate false-positives in assays. The binding characteristics o f compounds identified by NMR 

and mass spectrometry correlate well with their biological activity as evaluated in cell-based 

a ssa y s .H ig h -m ass  MALDI and surface plasmon resonance techniques appear to be efficient and 

simple tools for directly monitoring ligand-protein interactions. There is also need to address key 

issues in the design and synthesis o f compound libraries for PPI screening, in particular related to 

natural product-like structure. The development o f more efficient methods to synthesize these 

molecules will also be important so that lead compounds can be efficiently converted into
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analogues and scaled-up for manufacture in a rapid and cost efficient way. The PPI modulators 

identified to date possess well-defined structural features that can be included in the design and 

synthesis of future libraries. Some common themes have already emerged in terms of physical- 

chemical properties and how these relate to binding affinity, selectivity and target-inhibition in 

ce l l s .P P I  modulators have distinct 3D conformations and are rigid. In some cases, this is based on 

arrangements in which substituents project from a rigid cyclic core. In other cases, multiple ring 

systems impart a restricted set of overall conformations that define the orientations of peripheral 

functional groups. It will also be necessary to think ‘outside of the box’ with regard to the rule of 

five and ADME properties. Based on successful PPI modulators aheady in clinical trials, lead 

compounds are likely to fall outside the region of the chemical space typically associated with good 

pharmaceutical properties.

Maximising the range of proteins that can be targeted with small molecules will be crucial for fully 

exploiting the wide variety of molecular targets implicit in the human genome. Although inhibiting 

PP associations by interfering directly at their binding interface is simpler to imagine, it is important 

to remember that allosteric regulation or PPI stabilisation may be equally effective.

These challenges represent the limiting step for the rational development of PPI inhibitors. A 

combination of advances in assay development, screening technologies, the synthesis of structurally 

diverse and complex compounds, and in structure-based in silico approaches should facilitate the 

discovery of new generations of PPI modulators in the future.

1.3 Signal transducer and activators of transcription (STATs)

Signal Transducer and Activators of Transcription (STATs) are a family of latent transcription 

factors, activated in response to extracellular stimuli, whose role is to transduce signals from the 

cell surface to the nucleus to activate gene transcription, thus bypassing the involvement of 

secondary messengers. A total of seven STAT members have been identified in both human and 

mouse genomes, these are: STATl, STAT2, STAT3, STAT4, STAT5a, STAT5b, and STAT6.

1.3.1 Structure o f STAT and their isoforms

1.3.1.1 Structure

The seven STAT family members show structurally common features (Figure 12): 1) an amino- 

terminal domain involved in protein-protein interactions, including those that lead to the association 

of two DNA-bound STAT dimers to form a tetramer; 2) a coi led-coil-domain that mediates 

additional interactions with other proteins; 3) a DNA binding domain; 4) a linker domain; 5) a Src 

homology 2 (SH2) domain for binding of STATs to activated receptors and for dimérisation; and 6)
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a transactivation domain at the C terminus. All STATs contain a conserved tyrosine (Y) between 

the SH2 domain and the transactivation domain, and, with the exception o f STAT2, are known to 

contain a serine phosphorylation site within the transactivation domain.
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Figure 12: General structure o f STAT proteins (reproduced from Chem BioChem  2008, 9, 2 0 3 9 -2 0 4 4 ) ,

Furthermore it has been proved that the N-terminus domain plays an important role in receptor 

recognition, phosporylation, nuclear translocation, and déphosphorylation.^’ The residues 320 to 

490 are the DNA binding domain, which contains several (3-sheets and determines DNA sequence 

specificity o f individual STATs. The majority o f SH2 domains bind short phosphopeptide motifs, 

which usually are components o f larger polypeptides. The physiological association o f SH2 

domains with their binding partners is usually tyrosine phosphorylation-dependent.’"̂

1.3.1.2 STAT dimer conformation and STAT isoforms

The unphosphorylated STAT-dimer can exist in equilibrium with two different confonnations: anti

parallel and parallel (Fig. 13). SH2 domains are on the opposite end o f the dimers in antiparallel 

conformation, whereas they are on the same end in parallel dimer. The phosphorylation o f STATs 

happens preferentially in the antiparallel conformation.^”

N N-domain

2 ft  ̂  ̂ f t  CF core fragment

SH2 domain

Anti-parallel Parallel

Figure 13: STATs anti-parallel and parallel conform ations (reproduced from Mol. BioSyst., 2006, 2, 536).

The naturally occurring STAT isoforms, lacking regions o f the C-terminal transactivation domain 

(including the serine residue), have a competitive dominant negative effect on gene induction, and 

they have been termed the a  isoform, whereas other isoforms are named P, y, or 5. The truncated 

isoforms still undergo tyrosine phosphorylation, dimerise and bind DNA where they exert their 

dominant negative effect by blocking the DNA-binding sites in STAT responsive gene promoter 

elements.
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1.3.2 STAT activation and inactivation

Over 40 different polypeptides binding cytokine receptors, Gprotein- coupled receptors, receptor 

tyrosine kinases (e.g. epidermal growth factor receptor (EGFR) and platelet derived growth factor 

receptor (PDGFR) and numerous non-receptor tyrosine kinases (e.g. Src and Abl) activate STATs. 

STAT3 is activated specifically by cytokines and growth factors including interleukin-6 (IL-6) 

family members and epidemial growth factor (EGF), and is involved in mitogenesis, survival, anti- 

apoptosis, and oncogenesis.^^ Several modes o f activation have been described for STATs. The first 

is the classical JAK-STAT pathway in cytokine signalling (Fig. 14). Via the cytokine activation 

pathway, the IL-6 cytokine binding leads to dimerisation/oligomerisation o f the cytokine receptors 

with the common signal transducer gpl30, followed by phosphorylation and activation o f the 

receptor-associated tyrosine kinase known as Janus Kinase (JAKs). JAKs trans-phosphorylate the 

intracellular domain o f the receptor (the cytoplasmatic tail o f gp l30  receptor for STAT3 binding). 

STATs are recruited to the receptor via their SH2 domain, and JAKs phosphorylate STATs on a 

specific Tyr residue on their cytoplasmatic tail. Homo- or heterodimerisation o f STATs are 

achieved via reciprocal binding o f this critical pTyr o f one monomer and SH2 domain o f the partner 

dimer. STA Tl, STAT3, STAT4, STAT5a and STAT5b form homodimers. STATl and STAT2 and 

STATl and STAT3 can also form heterodimers. These STAT dimers are released from the 

receptor, accumulate to the nucleus via association with importins, bind to specific DNA-binding 

elements and activate the transcription o f cytokine-responsive genes

Ligand Ligand

Growth (actor

Cad m ombrana

r  * G ene transcription

Figure 14: STAT activation (reproduced from  Chem BioChem  2008, 9, 2039 -  2044).

Receptors with intrinsic tyrosine kinase activities, including EGF receptor, PDGF receptor, and 

FGF receptor, activate STATs directly, or indirectly by JAKs.^^
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Unphosphorylated STAT exists predominantly as dimers or in high order organisation state (e.g. 

multimeric complexes), with a small fraction as monomers, which are shuttled continuously 

between the cytoplasm and the nucleus in the latent state due to a small fraction o f STATs that are 

hypo-phosphorylated.

1.3.3 Nuclear import and export of STAT proteins

STAT proteins after Tyr phosphorylation and dimérisation translocate to the nucleus. After DNA- 

binding and dephosphorylation they are recycled to the cytoplasm. These processes are dependent 

from active transport through the nuclear pore complex (NPC), because STAT dimers are too large 

(>50kD) for passive diffusion through NPC. Evidence o f receptor mediated endocytosis as a 

negative regulation o f STAT signalling originates from studies that indicated that the IL-6R is 

down-regulated by its ligand. Expression o f a nuclear localisation signal (NTS) is essential for 

active transport o f molecules through the nuclear pore. Members o f the importin a  (impa) family 

include 6 family members and each member binds to NTS signals in proteins that are targeted for 

nuclear transport. Importin P then binds to impa and carries impa and its cargo protein, via binding 

to nucleoporins in the NPC. Once into the nucleus it associates with Ran-GTP, leading to the 

release o f impa and its load. Nuclear export, similar to the nuclear import, requires also the 

presence of a special signal, a hydrophobic nuclear export signal (NES), as well as soluble carriers 

named exportins. There are specific exportins for impas such as CAS, or more general exportins 

like chromosome region maintenance 1 (C R M l) (Fig. 15).^''^^

NLS

impp1
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Figure 15: Depiction o f nuclear trafFicking (reproduced from Sci. STKE, 2 0 03 ,195 , 13).

Recently nonphosphorylated STAT species were found in the cytoplasm STAT as dimers and high 

molecular mass “statosome” c o m p le x e s .T h e  associated proteins include regulatory proteins, 

chaperones, proteins involved in membrane trafficking, proteins ordinarily present in organelles 

such as mitochondria, and proteins involved in the trafficking o f STAT species to the nucleus. It has 

been demonstrated that nonphosphorylated STATl and STAT3 have transcriptional effects in the 

nucleus through complexes fonned with IRFl or other transcription factors.
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1.3.4 Regulations of STAT proteins

STATs are also subject to other post-transcriptional modifications such as serine phosphorylation, 

dephosphorylation, méthylation, acétylation, ISGylation, ubiquitylation, PIAS inhibitors and 

sumoylation, glycosylation, SOCS inhibitors, and epigenetic regulation (Table 2). As illustrated in 

Figure 16 an important feature is the inactivation of the STATs by SOCS, PIAS, TC45, or SHP-2. 

Cytokine binding to the receptor leads to receptor oligomerisation which activates receptor-bound 

JAKs. Activated JAKs phosphorylate the cytoplasmic tail o f the receptor, which provides docking 

sites for STAT, SHP-2 and SOCS/CIS proteins.

Table 2: Post-transcriptional m odification of STATs.

Post-transcriptional modifications of STATs Biological function

Tyrosine phosphorylation Activation of STATs

Serine posphorylation Enhances activation of STATs

Acétylation Activation o f STAT6

ISGylation Positive feedback loop of STATl

Arginine méthylation Increased DNA binding o f STATl

Glycosylation Activation of STAT-5

Ubiquitylation Degration of STATs

Sumoylation No clear function

1.3.4.1 Phosphorylation and Dephosphorylation

Many kinases have been shown to participate in serine phosphorylation o f STATs contingent on the 

cell type and the cytokine/growth factor studied. Serine phosphorylation improves transcriptional 

activity o f STA Tl, STAT3 and STAT4.^^"^^ It enhances the ability o f STAT-1 to drive expression 

o f some target genes^^ and it does not seem to affect the nuclear translocation o f STA Tl/ST AT3. '̂^ 

Dephosphorylation o f STATs can occur in the nucleus, targeting directly the phosphorylated 

STATs, or in the cell cytoplasm, targeting JAKs or STATs. A number o f Plasmatic Tyrosine 

Phosphatases (PTP) have been discovered that negatively regulate the JAK/STAT pathway and 

have been shown to dephosphorylate JAK-2 and TYK-2, but not JAK-1, in response to interferon 

stimulation.
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Figure 16: STATs post-transcriptional m odifications (reproduced from Nat. Rev. Cancer, 2002, 2, 862)..

1.3.4.2 Méthylation and acétylation

The méthylation is independent o f tyrosine or serine phosphorylation and does not require cytokine 

stimulation. Inhibition o f méthylation by the protein methyl-transferase inhibitor 5 ’-methyl- 

thioadenosine (MTA) inhibits interferon-induced DNA binding and IRFl gene transcription, and 

increases interaction with a negative regulator P IA S l.

Most transcription factors interact with histone acetyltransferase (HATs) enzymes, which link 

acetyl groups to histones, and co-activators. The TADs o f STA Tl, STAT2, STAT3, STAT5 and 

STAT6 interact with the CREB-binding protein (CBP/p300).^^ The recruitment o f HATs results in 

localised transient acétylation o f histones and in the enhancement o f activator-dependent 

transcriptional activity. Deaeetylation is mediated by histone deaeetylases 1, 2, or 3 (H D A Cs).'”°

1.3.4.3 ISGylation

ISGylation has a positive role in the JAK/STAT signalling pathway. The interferon stimulated gene 

15 (ISO -15), a ubiquitin-like protein that conjugates to numerous proteins in cells treated with IFNa 

or lipopolysaccharide (LPS), is responsible for ISGylation o f JAK-1 and STATl.

1.3.4.4 Ubiquitylation

Ubiquitylation, the conjugation o f proteins with a protein called ubiquitin (Ub), is essential for the 

degradation o f proteins whose levels have to be regulated either constitutively or in response to 

extracellular stimuli. Ubiquitylation is a multistep process involving at least three types o f enzymes.
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Free ubiquitin is activated in an ATP-dependent manner, by the activity o f an ubiquitin-activation 

enzyme (E l), leading to the formation o f a thiol-ester linkage between E l and carboxyl terminus of 

ubiquitin (glycine 76). Subsequently, the ubiquitin group is transferred to one o f many distinct 

ubiquitin-conjugating enzymes (E2). Finally, an ubiquitin protein ligase (E3) catalyses the transfer 

o f Ub from the E2 enzyme to the target protein. Degradation o f ubiquitylated substrates is 

performed by the 26S proteasome. Ubiquitin-proteosomal degradation is important for 

downregulation o f the JAK/STAT signalling pathways. Recently identified was SLIM, an ubiquitin 

E3 ligase for STAT. The Figure 17 represents the ubiquitin pathway.
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Figure 17: The ubiquitin pathway (reproduced from  Nat. Rev. Cancer, 2002, 2, 862).

1.3.4.5 PIAS inhibitors and sumoylation

Five members belong to the family o f proteins that inhibit activated STAT (PIAS), PIA Sl, PIAS3, 

PIASxa, PIASxp and PIASy. Their structures constit of: a ring-finger-like zinc-binding domain 

(RED) in the central region o f PIAS, a highly acidic region, which carries a putative small 

ubiquitin-related modifier 1 (SU M O l) interaction m otif (SIM), a serine/threonine (S/T) region at the 

C-terminus, and a SAP (scaffold attachment factor A and B) domain at the N-terminus, which 

mediates interactions between nuclear receptors and their co-regulators.’”^

In sumoylation the PIAS proteins act as E3 ligases for SUMO modifications, and based on previous 

observations, PIASl interacts with STATl to prevent STAT-1 DNA-binding. SUMO-1, -2, -3, and 

-4 are covalently conjugated to target substrate on a lysine residue at the SUMO consensus 

sequence YKxE. The effect o f STATl sumoylation appears to be promoter-dependent, and only 

negatively regulates a subset o f STATl-regulated genes.’”'’
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Figure 18: The SUM O pathway (reproduced from  N at Rev M ol Cell Biol. 2003, 4, 690-9).

1.3.4.6 SOCS inhibitors

The suppressors o f cytokine signaling (SOCS) are a family o f intracellular proteins that negatively 

regulate the response o f the immune system to cytokines. These inhibitors have been variously 

named as suppressor o f cytokine signalling (SOCS), JAK-binding proteins (JABs), STAT-induced 

STAT inhibitors (SSIs) or cytokine-induced SH2 (CIS) proteins. The eight proteins that belong to 

the SOCS family include cytokine-inducible SH2 domain protein (CIS) and SOCSl -SOCS7. 

SOCS proteins are expressed at low levels in un-stimulated cells, but are increased upon cytokine, 

insulin and EGF stimulation. The cytokines regulate JAK/STAT feedback inhibition via two 

conflictive ways: up-regulating SOCS proteins and increasing the degradation o f SOCS proteins. 

The mechanism o f inhibition varies between the different SOCS proteins (Fig. 19).
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Figure 19: Inhibition o f JAK /STAT pathway by SO CS proteins (reproduced from N at R ev Im m unol., 2003, 3,900-
11).
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1.3.5 Targeting STATs for chemotherapeutic intervention

Constitutively activated STA Tl, STAT3 and STAT5 proteins have been observed in a variety o f 

human cancer cell lines and primary tumours, which is due to disregulation o f STAT activators or 

mutations and loss o f proteins that negatively regulate STAT proteins (Table 3).*®̂

Table 3. Activation o f STATs in human cancer.

Tum our type Activated STAT

Breast cancer ST A T l, STAT3, STATS, STAT6

M ultiple myeloma ST A T l, STATS

Head and neck cancer ST A T l, STAT3

Acute lym phocytic leukem ia (ALL) ST A T l, STATS

Chronic lym phatic leukem ia (CLL) ST A T l, STATS, STATS

Acute myelogenus leukem ia (AM L) ST A T l, STATS, STATS

Chronic m yelogenus leukem ia (CM L) ST A T l, STATS, STATS

Lym phom a STATS

Lung cancer ST A T l, STATS

Renal cell carcinom a STATS

Prostate carcinom a STATS

M elanom a STATS

Pancreatic adenocarcinom a STATS

O varian carcinoma STATS

STAT3 is constitutively activated in a variety o f human tumours. This activity is attributed to 

disregulation o f cytokine receptors, growth factors receptors and aberrant JAK activity. The 

upregulation o f TGFa and EGFR activates STAT3 in squamous cell carcinoma o f the head and 

neck (SCCHN).'”̂  Moreover, STAT3 is also constitutively activated by oncogenes such as v-abl, v- 

src, v-fps, v-ros, and v-eyk. The inhibiting STAT3 signalling leads to suppression o f the 

transformed phenotype, growth arrest and apoptosis o f non-small lung cancer cells, melanoma cells, 

breast carcinoma cells, prostate cancer cells, ovarian cancer cells, glioblastoma multiforme cells and 

melanoma B16 tumours. STAT3 activation prevents apoptosis, stimulates proliferation and is 

involved in malignant transformation. However, there are also examples where STAT3 activation 

has pro-apoptotic and growth inhibitory functions.

1.3.6 STAT3 target genes

The answer to why activated STAT3 has different functions in different cell types is not known but 

it is suggested that this is due to the expression o f different STAT3 target genes. Genes that are 

regulated by STAT3 are very important since they trigger signalling cascade that lead to the final 

observed biological effects (Table 4).
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Table 4: STAT3 target genes.

Target genes, upreg. by STAT3 Cells

Angiotensinogen 11 HepG2

Bcl-xL STAT3C transformed NIH3T3, U266 myeloma cells head and neck squamous cell
carcinomas

Cdc25A BAF/B03 pro-B cells

C/EBP Ô MCF-7

c-myc STAT3C transformed NIH3T3, BAF/B03, murine pro-B cells, MCF-7, HepG2

Cyclin A BAF/B03 pro-B cells

Cyclin D1 Stat3C transformed NIH3T3, MCF-7, v-src transformed NIH3T3 and BALB/c3 3T3

Cyclin D2 BAF/B03 pro-B cells

Cyclin D3 BAF/B03 pro-B cells

Cyclin E v-src transformed NIF13T3 and BALB/c3 3T3

fibronectin MCF-7, T47D

mcl-1 Large granular lymphocyte (LGL) leukaemia cells

p21 v-src transformed N1H3T3 and BALB/c3 3T3

p27 A375

p53 MCF-7

pim-1 and pim-2 BAF7B03 pro-B cells

VEGF NIH3T3, B 16 tumour cells, human pancreatic cancer cell lines

Target genes, downreg. by STAT3 Cells

Cyclin D1 Fetal hepatocytes

Cyclin D2 Fetal hepatocytes

p21 BAF/B03 pro-B cells

p27 BAF/B03 pro-B cells

STAT3 could induce effects on malignant transformation through the upregulation o f antiapoptotic 

genes sueh as Bcl-xL, and Pim, the upregulation o f genes that are important for cell cycle transition, 

for example, cyclin D1 and c-myc and the aetivation o f roangiogenic factors, such as V EG F.'”®

1.3.7 Targeting STAT3

There is a number o f strategies that have been studied to target STAT3 for cancer therapy. These 

methods include decreasing STAT3 levels, reducing the tyrosine phosphorylation o f STAT3, its 

receptor complexes and dimérisation and reducing the protein’s binding to its promoters.

1.3.7.1 Targeting STAT3 to reduce protein levels within cells

The degradation o f STAT3 mRNA has been observed to inhibit prostate carcinoma tumour growth 

and LGL leukaemia by introducing STAT3 antisense ODN (oligodeoxynucleotide) into cells.
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STAT3 antisense plasmid (complexed also with liposomes) were injected into tumours of a mouse 

xenograft and resulted in decreased levels of STAT3 activity coupled with decreased levels of Bcl- 

xL and increased apoptosis/

1.3.7.2 Targeting phosphorylation of the receptor complex and STAT3

The tyrosine kinase inhibitor AG-490 which is specific for JAK2 was proved to induce apoptosis 

and stopped leukemic cell growth in vitro and in vivo. This kinase inhibitor was also shown to 

reduce levels of STAT3 DNA binding. Reducing levels of STAT3 caused the regression of murine 

tumours and induced apoptosis of tumour cells in vivo.^^^

1.3.8 Small molecules and NP inhibitors of STAT3 signalling pathway

Inhibitors of STAT signalling can be categorised into agents that act via a direct or via an indirect 

mode. Indirect small-molecule inhibitors of STATs do not interact with the STATs, but modulate 

the activity of a biomolecule that in turn acts as a regulatory function for the STAT of interest. On 

the other hand, direct inhibitors of STATs physically interact with them and interfere with their 

ability to regulate transcription.

1.3.9 Indirect inhibitors o f STAT signalling

In this section are described the inhibitors of the tyrosine kinases, which activate STATs on the 

conserved tyrosine residue between the SH2 domain and the transactivation domain. The alkylated 

indirubin oxime E804 (1)’°̂  is a constituent of a Chinese herbal prescription used for the treatment 

of chronic myelogenous leukaemia. It inhibits STAT3 signalling in breast cancer cells by inhibiting 

upstream kinase activity, presumably that of c-Src and also cyclin-dependent kinases. The 

resveratol (2)̂ '® is present in red grapes, peanuts and berries believed to have anti-oxidant and anti

inflammatory properties. It also has been observed to have activity against many forms of human 

cancers. Resveratol treatment suppresses STAT3 regulated cyclin D1 as well as Bcl-xL and Mcl-1 

genes. The curcubitacin 1 (3) and withacnistin (4) (NSC 135075) members were shown to inhibit 

signalling via STAT3. The curcumin (5)*'^ was isolated from the plant Curcuma longa and has a 

series of specific and non-specific biological effects. Studies show that curcumin inhibits IL-6 

induced STAT3 phosphorylation and STAT3 nuclear translocation at 50 pM in a time dependent 

manner. The magnolol (6)**̂ , a bioactive compound from Houpu Magnolia, inhibits selectively the 

interleukin-(IL)-6 dependent STAT3 phosphorylation. Roscovitine (7),^’"̂ an inhibitor of cyclin- 

dependent kinases, was found to inhibit STAT5 phosphorylation. High-throughput screening led to 

the discovery of a series of substituted aminopyrimidine-5-carboxamides as STAT6 signalling
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inhibitors. The most potent compound dubbed AS1517499 (8)**̂  inhibited IL-4 dependent 

transcription, which is mediated by STAT6.

HO
■OH

OH .OH

OHHO,

H \ 'OHNH HO,
OH

HO,
OH

NH;

HN
HO,

HO

Figure 20: Structures o f  the ind irect inh ib itor o f  STA T signalling.

1.3.10 Direct inhibitors of STATs

Direct inhibitors with selectivity for STAT isoforms can generally be categorised into three groups 

based on their mechanism of action: inhibitors of the function of the STAT-DNA binding domain, 

inhibitors of the STAT SH2 domain, and inhibitors of the STAT amino-terminal domain.

1.3.10.1 Inhibition of STATs by blocking of their DNA-binding domains

Galiellalactone (9)’’̂  was originally reported as a weak inhibitor of the de novo synthesis of a- 

amilases, proteases, and found to inhibit IL-6 mediated STAT3 signalling. As galiellalactone 

inhibited DNA-binding of activated STAT3 without affecting STAT3 tyrosine phosphorylation, the 

compound was assumed to bind to the DNA binding domain of dimeric STAT3, possibly by 

covalently modifying a cysteine residue in the STAT3-DNA binding domain.

Figure 21: G aliellalactone (9).

1.3.10.2 Non peptidic inhibitors of STAT SH2 domains

Biochemical screenings allowed the identification and characterisation of Stattic (10). Stattic was 

found to inhibit the function of the SH2 domain of both un-phosphorylated and phosphorylated 

STAT3, and to display a preference for STAT3 over the family members STATl and STATSb in
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vitro. Stattic was shown to inhibit nuclear translocation of STAT3 with good selectivity over 

STATl in a hepatocellular carcinoma cell line, and selectively increased the apoptotic rate of breast 

cancer lines harbouring constitutive STAT3 activity.''^

10

Figure 22: Stattic (10).

Carrying out a virtual screening on a total of 429,000 compounds, the most promising proved to be 

STA-21 (11), which greatly reduced luciferase activity. This angucylinone-derived natural product 

was observed to only inhibit STAT3 and not its upstream regulators. At a concentration of 20 and 

30 pM STA-21 had a direct correlation with the reduction of inhibition of the STAT3 downstream 

mediators Bcl-xL and cyclin D l. STA-21 (11) was also selective to only downstream and not 

upstream signalling as JAK2, Src and EGF receptors were not affected by the compound. During 

the discovery process of STA-21 (11) it was hypothesised that a small molecule that binds to this 

region will compete with the Tyr-705 containing peptide thus blocking dimérisation of STAT3.”  ̂

Compound LLL-3 (12)"^ a structural analogue of STA21 was developed reasoning that the low 

molecular weight would have enhanced the cell permeability and result in a more drug-like STAT3 

inhibitor, but in contrast the compound has shown decreased cell viability. LLL-12 (13),'^” instead, 

showed in silica and in vitro greater binding interaction with the STAT3 SH2 domain, probably due 

to the sulfonamide group.

OH O OH O OH

A g O o=s=o 0
1 2 NHj 13

Figure 23: STA-21 and its analogues.

The flavopiridol (14) is a compound with anti-inflammatory, anti-allergic and anti-cancer activity. 

The drug has also entered phase I and phase II clinical trials as a CDK inhibitor. By means of a 

nuclear extraction assay it was seen that flavopiridol disrupts STAT3-DNA interactions. 

Immunoblotting confirmed that the drug is capable of disrupting transcription factor DNA 

interactions in a second in vitro system. Additional studies have shown that 14 downregulates the 

anti-apoptotic STAT3 transcription target Mcl-l, at both the mRNA and protein levels in many 

neoplastic cell lines.
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Figure 24; F lavopiridol (14).

The natural product Cryptotanshinone (15)/^^ isolated from Salvia miltiorrhiza, has been 

demonstrated to suppress the STAT3 signaling in various cancer cell lines and decrease the 

expression of STAT3-downstream target proteins, such as surviving, cyclin Di, and Bcl-xL after 24 

hours. The bicyclic natural product Phaeosphaeride A ( 1 6 ) is a STAT3 inhibitor which has been 

identified from a natural product library screening using an ELISA-based screen. The compound 

showed just a modest activity, but surprisingly, its diastereoisomer, Phaeospaeride B displayed no 

activity.

n-pentyl
N -O

Figure 25: C ryptotanshinone (15) and P haeosphaeride A (16).
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1.4 Strategies for the synthesis of the angucyclinone framework

Angucyclines and their aglycones, the angucyclinones, are a large group of naturally occurring 

quinones isolated from the culture broth of actinomycete species. All members of the family share a 

benz[ût]anthracenequinone framework of decaketide origin, bearing an alkyl (methyl or ethyl) group 

at C-3 and oxygen functionalities at C-1 and C- 8. Most of them show a broad range of biological 

properties including anticancer, antibacterial and antiviral activity, or enzyme and platelet 

aggregation inhibition. Their challenging structure and biological interest have stimulated many 

synthetic studies on both single enantiomers and racemic forms. Efficient syntheses of these 

products are sought due to the low yields of compounds obtained from microorganisms. New 

chemical syntheses would also allow the access to modified analogues with potentially improved 

biological properties.

Table 5: M em bers o f the angucycline fam ily

ORi O
angucyclinones family

R i Rz Rs R4 Rs C om pounds

OH H H H Me (+)-O chrom ycinone

OH OH H OH Me Tetrangulol

OH OH H H Me Rabelomycin

OH H H H CH2OH YM -181741

OMe H H H Me Rubiginone B;

OMe H OH H Me Rubiginone A;

Rohr and Thierieke, based on the degree of oxygenation and C-glycoside formation, classified the 

angucycline scaffold into 6 groups: Tetrangomycin-type, SS228Y-type, SF2315-type, Urdamycin- 

type, Benzatrine-type and Aquamycin-type.'^^

SS228Y-typeTetrangomycin-type

AquayamycinUrdamycln-type
Benzatrine-type

F igure 26: A ngucycline scaffold classification.

1.4.1 Biosynthesis

Polyketides, a large family of pharmaceutically important natural products, are generated by 

polyketide synthase (PKS) complexes. The angucycline group of antibiotics is classified as a type II 

po lyke tides .The  biosynthesis (Scheme 1) begins with the condensation of a specific number of
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small carboxylic acids by the iterative action of the minimal polyketide synthase (minPKS) 

complex, which consists of two ketosynthases (KSa and KSp) and an acyl carrier protein (ACP) 

onto which the growing polyketide chain is attached via a flexible phosphopantetheinyl arm. The 

polyketide chain is subsequently folded into a range of different aromatic compounds by various 

ketoreductases (KR), cyclases (CYC), and aromatases (ARO). Finally, tailoring reactions catalysed 

by diverse oxygenases (OXY), methylases and reductases, often further modify the aglycone 

formed. As illustrated in Scheme 1, in both biosynthetic pathways the polyketide chain synthesised 

is composed of 10 acetates and the C-9 ketone is reduced to a hydroxyl, followed by cyclisation 

between C-1 and C-12 and aromatisation of the first ring. The second ring is also closed in a similar 

manner, and differences start to appear only in the third cyclisation event, in which opposite 

carbons (C-3’) carry out the nucleophilic attack on carbonyl at C-5.*^  ̂ '̂ ^

C10 X acetates
minPKS I snoa1 -a3

“r r r r t LVVSrSnro o 
h o '®

HO

O D D  
snoaD

r T i x t LSrWSnro o o o o

S-Enz

OH O

S-Enz

C Y (y ^ n o a M  C Y ( \^ g a F

OH O
CYC
oxy\

snoaM
snoaB

o

( Y ) COOH

OH O o 0

Nogalonic acid

S-Enz

OH O

OH OH O

0 ° ' T  ^ O H

f T Y i i

OH O OH

rabelomvcln

1 propionate and 
9 X acetates D

mlnPKS I aknBCD, aknE2 
f  and aknF

S-Enz

KR snoaD
HO

HO.
S-Enz

ARO pgaL

S-Enz

OH O
CYC pgaF

■S-Enz

OH

OH O

pgaFCYC

h J  j^ O H

T r o H

OH OH O
MM2002

Schem e 1: B iosynthetic pathw ay o f  Polyketides type II.
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1.4.2 Retrosynthetic approaches for the construction o f the angucyclinone scaffold

The crucial features for the synthesis of the angucyclinones are the regioselective construction of 

the angularly fused tetracyclic skeleton and the stereoselective introduction of the different 

stereogenic centres, A number of retrosynthetic strategies for the synthesis of the angucyclinone 

scaffold have been reported, and can be grouped in to three main reaction classes in accordance to 

the key synthetic step employed to build the tetracyclic core: 1) Diels-Alder reaction (DA); 2) 

Annulation and metal catalysed annulations reactions; 3) Rearrangement reactions.

1.4.2.1 Diels-Alder strategies

The straightforward disconnection at the B ring of the angucyclinone scaffold presents a DA-based 

strategy with the advantage of a stereochemical outcome that has already investigated using well 

assessed models. However, the synthesis of the diene is rather laborious (i.e., long linear synthetic 

route) and in the context of introducing different substituents for library preparation, it does not 

present an amenable level of flexibility.

The first regioselective construction of the skeleton of ochromycinone using a boron acetate- 

mediated Diels-Alder reaction between juglone and the methoxyvinylcyclohexenone (18) has been 

described by Guingant (Scheme 2).* °̂ The regiochemical control of the reaction was achieved 

thanks to the methoxy group in the diene (18) and the C-5 hydroxy substituent in the juglone which 

reacts with the catalyst favoring the association with the carbonyl group at C-4 thus polarising the 

dienophilic double bond. The resulting unstable adduct (19) eliminates methanol and aromatizes to 

form (±)-ochromycinone (11).

Etc. 1)L i B ( 0 A c ) 3

2) MeOH, b a se  
60%

OMe OH O OMe 
19

OH O

70%

Juglone

Schem e 2: G uingant synthesis o f  the angucyclinone scaffold.

Krohn adopted the same type of strategy for the synthesis of the (±)-6-deoxybrasiliquinone.^^* The 

Diels-Alder reaction of the chiral diene (22) with juglone mediated by B(OAc)3 afforded the 

tetracyclic product 23 as a single diastereoisomer. Compound 23 must be formed from the endo 

approach of the dienophile anti to the more hindered face of the cyclohexene moiety, which bears 

OH and ethyl substituents. Also the oxirane epoxidation occurred from the less hindered face of the
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double bond to afford product 24 that was converted into the natural product (26) by aromatisation, 

methoxide-promoted deacetylation and photooxidation at the benzylic position.

o
20

D M F / C H 2 C I 2

89% Br
21

TEA. 90 °C. 77%

2) UAIH4 , THF 
76%

Et 1 ) ^ 0 E t  Pd(0 Ac ) 2  OH O
B ( 0 A c ) 3

CH2CI2
71%

OEt 22

Dimethyl dioxirane 
ace tone

OH 0 ^ 3  OEt
CH2CI2
83%

B(OAc) 3 1)N aO M e, MeOH

2) hVf CH2CI2 
52%, 2 stepsOH O OH O

Schem e 3: K rohn D A  approach for the synthesis o f  (±)-6-deoxybrasiliquinone (26).

K r o h n ' a l s o  applied the same diastereoselective strategy for the synthesis of the aquayamycin- 

type angularly-oxygenated angucyclinones. The dimethylphenyl silyl substituent in diene (28) 

functions as a masked hydroxyl group, which could be converted using Fleming’s method.

TBAF-3H2O 
THF. 73%

PhMeoSI PhMeoSi"'SIM e,Ph

OH ODimethyl
dioxirane

2) B ase 
94%

acetone  
CH2CI2 
97%

GAc O OH O OH O TBAH 
THF, 73%

OH O

SIMe2Ph

Schem e 4: K rohn approach for the A quam ycin  synthesis.

Larsen reported an efficient enantioselective synthesis of (-)-tetrangomycin and MM47755, where 

the key step is represented by the kinetic resolution of a chiral racemic vinyl cyclohexene achieved 

in the DA reaction promoted by a chiral boronic e s t e r . T h e  reaction of the chiral phosphine 

catalyst (5)-BINOL with BH3 and acetic acid in presence of juglone gave a reactive chiral Lewis 

acid complex, whose upper face is hindered to the diene approach and affording the endo-adduct 

(Scheme 5). The dimethylphenyl substituent, as shown before with Krohn, was converted to -OH in 

a two-steps procedure involving fluorination of the silyl group and further oxidation (Fleming’s 

method). The photooxidation afforded (-)-tetrangomycin, whereas méthylation and photooxidation 

afforded MM47755.'^^
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CH2CI2
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1) BF3 -OEt2 , CH2 CI2 . 90%
2) H2 O 2 . KF. NaHC03 
THF/MeOH, 78% OH O

41

MeOH

OMe OOMe O

Schem e 5: L arsen asym m etric m odel and synthesis o f (-)-tetrangom ycin .

As previously mentioned the limiting factor for a DA approach is the laborious synthesis of the 

diene building block. To improve the efficiency of this synthetic approach, Sulikowski'^^ in the 

asymmetric synthesis of (+)-urdamycinone B makes use of enantiopure vinyl cyclohexene 47 

lacking the substitution at the terminal olefinic carbon that has been synthesised as highlighted in 

Scheme 6.

1)TsCI, Py, DMAP 
CHGI3 , 71%

-  2)DBU, PhH, 99% u q  
■ 3)LIA!H4, 99%

1)(<̂ CuCNLi2 
TEA, TMSCI

O 2)D D Q ,72%  
3)DIBALH, 89%

1)MsCI,TEA 
CH2 CI2 , 98%

O 2)Na, NH3  

THF, 83%

OH
PhCO(OCH3)2

45

Ph 1)DIBALH

2)TPAP, NMO 
100%

OBn

OH
47

sugar
OH O 

(+)-Urdamyclnone B

Schem e 6: Sulikow sld approach to the d iene build ing block.

The alternative approach proposed by Carreno^^^ (Scheme 7) used a Diels-Alder cycloaddition 

between a juglone derivative and a vinyl cyclohexene. In this case, the regioselective formation of 

the angular skeleton is highly reliant on the substituents present in the naphthoquinone dienophiles. 

Carreno reported the asymmetric version of these cycloadditions using a [4+2] cycloaddition of 

enentiomerically pure sulfmyl naphthoquinones (55), as chiral dienophiles, and racemic chiral vinyl 

cyclohexenes (54), as dienes. The synthesis of the dienophile 51 moiety is aided by a sulflnyl chiral 

auxiliary to control the diastereoselective outcome in the reduction of 50, which is derived from an 

intramolecular hydride transfer through a six-membered cyclic transition state. The strategy for the 

construction of the angucyclinone scaffold is also based on the ability of the sulfoxide to control the 

7i-facial diastereoselectivity of endo cycloadditions of sulfinylquinones. Moreover, the sulfinyl
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group triggers an efficient domino process where the Diels-Alder reaction is followed by the 

elimination of the sulfoxide (36) that allows the recovery of the quinone moiety in the resulting 

adduct. When the Diels-Alder reaction is carried out with a chiral racemic d i e n e , t h e  enantiopure 

55 promotes a double asymmetric induction process leading to the efficient kinetic resolution of the 

diene.

MeO OMe ^){s,sy
THF

■"pTol

2 ) oxalic acid 
THF, HjO 
80% 2  s tep s

1) Brg, CCi4 , TEA
2) LiAiH4 , THF

3)/-PrCOCi, DMAP Br 
64%, 3 steps

49 P-Tol

AiMea (4 eq.)

CHgCig
65%

OTBS <̂ ^SnBu3
Pd(PPha)4
toluene 

0C O /-P r 78%
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Schem e 7: G eneral schem e o f  the key step in the C arreno’s synthetic approach.

The last step is a one-pot transformation involving a domino sequence of three reactions: 

aromatisation of the B ring, deprotection of the PG and oxidation of the C-1 position into a carbonyl 

group (57). In the Diels-Alder cycloaddition the regioselectivity is controlled by the electron 

donating effect of the 5-OMe substituent on the dienophile, which makes the C-4 carbonyl the least 

electron-withdrawing substituent on C2=C] double bond. As a result, the LUMO coefficient of the 

C-1 carbonyl remote from the OMe group becomes larger and the dienophilic double bond is 

polarised. The 7r-facial approach on both diene and dienophile controls the stereochemistry at C- 

12b, which results from a double asymmetric induction process. Carreno proposed a model for such 

regio- and stereo- selectivity (Scheme 8) based on the work by Frank and Larsen, thus considering 

the preferred endo approach of the dienophile from the face of the diene anti to the oxygenated 

function. When the diene partner is a chiral C-3 oxygenated vinylcyclohexene, the stereochemical 

outcome of the cycloaddition with the enantiopure (5,5)-2-(p-tolylsulfinyl)-1,4-naphthoquinone 

results from the preference for the anti approach of the diene, to the least hindered upper face of the 

s-cis conformation of the quinone. Previous work had shown that the stereochemical course of 

Diels-Alder reactions with chiral vinylcyclohexenes bearing an allylic oxygenated substituent at C-

57



3 is also governed by steric factors involving the size of the allylic substituents. As shown in 

Scheme 8, the models proposed by Carreno to justify the major or exclusive formation of the anti 

cycloadducts, corresponds to the preferred endo approach of the dienophile from the face of the 

diene anti to the oxygenated function. When the diene partner is a chiral C-3 oxygenated 

vinylcyclohexene, the stereochemical course of the cycloaddition with enantiopure (5',5)-2-(p- 

tolylsulfinyl)-1,4-naphthoquinone results from the anti approach of the diene, to the least hindered 

upper face of the s-cis conformation of the quinone.

PrOiCO
OTBDMS

T S Il

OTBDMS

OCOiPr

OTBDMS

napht

OTBDMS

MeO

TBDMSO

OCOiPr

Schem e 8 : M odel for stereochem ical outcom e. C arreno’s m odel to explain the form ation o f the two
diastereoisom ers.

Recently, a more efficient approach for the preparation of the diene building block to synthesise 

YM-181741 and Ochromycinone has been described by Kaliappan and Ravikuma.'^^ The formation 

of the cyclohexene derivative has been achieved using a ring closing metathesis reaction.

HO
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Schem e 9: Synthesis o f  Y M -181741 and O chrom ycinone by K aliappan.

Another particular case in whieh the DA reaction is employed to build the tetracyclic core has been 

reported by Suzuki in the tetrangulol synthesis. The key step is a formal [4+2]-cycloaddition 

between a furan derivative and the highly reactive benzyne intermediate which allows the formation 

of the C ring of the angucyclinone scaffold. The resulting 93:7 mixture of intermediate 73 and its 

regioisomer is then oxidised to the quinone functionality using CAN, and further DBU mediated
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aromatisation of the B ring and BBrg clevage of the OMOM and OMe groups affords the 

tetrangulol 75. The reported example would allow the synthesis of tetrangulol-type derivatives with 

saturated positions in the B rings, and further diversification of the A ring could also be easily 

achieved upon suitable modification of intermediate 69 before the cyclisation step.''*’

MeO, MeO.

NaH, TBSCI

THF
TBSO 70

r r
OTf

n-BuLi

THF
OR 71

R = -MOM

1)DBU, 
dioxane, 
74%

CH3 CN 
99%

2) BBrg 
CH2CI2 
99%OR OOR OTBS 

73
OH O
T etran g u lo l (75)

OR J 
72

Schem e 10: Suzuki’s synthesis o f  Tetrangulol.

1.4.2.2 Annulation strategies

Annulation reactions present the great advantage of easy access to the angucyclinone scaffold. 

Although, they show a consistent lack of flexibility with regard to diversification of the scaffold for 

library preparation, all the approaches reported are not enantioselective.

1.4.2.2.1 Friedel-Crafts reaction

The Friedel-Craft acylation strategy has also been extensively reported for the synthesis of 

angucyclinone and anthracyclinone natural products. The example in Scheme 11 shows the 

synthesis of the angucycline analogue 80 by Falk.*'*̂  Intermediate 79 is obtained by Wittig reaction 

and Amdt-Eistert homologation of compound 76. Saponification to the corresponding acid, is 

followed by conversion to the acyl chloride and then the a-diazoketone (78). Finally, refluxing in 

MeOH in presence of Ag20, followed acid hydrolysis, gave compound 79 in 80% yield. Heating 

the intermediate in polyphosphoric acid at 90 °C for 2 hours affords the desired products 80 and 81. 

The Friedel-Crafts cyclisation proceeds preferentially in the position 4 due to complexation of the 

pre-transition state involving the quinone-carbonyl group.
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Schem e 11: Form ation o f the A  ring using a Friedel-C rafts acylation.

1.4.2.2.2 Anionic annulation

An alternative approach, proposed by K r o h n ' i n v o l v e s  two successive base-catalysed aldol 

reactions of an appropriate oligoketide precursor (Scheme 12). After decarboxylation and a 

Lemieux-Johnson procedure to afford the compound 84, a first cyclisation using potassium 

carbonate as mild base in 2-propanol gives 85 and its diastereoisomer. The C-5’ carbonyl group is 

protected because competing enolate formation under basic conditions would significantly reduce 

the electrophilicity of the C-3’ carbonyl group and thus prevent addition of C l”  to C-3’. X-ray 

structural analysis confirmed the Z-configuration of the first cyclisation. Aromatisation of the B 

ring using NMO (86), deprotection of the ketal (87), and followed by a second cyclisation using 0.2 

N KOH in methanol at -20 °C afforded the product as racemic mixture (88 (R), 88 (S)).

K2CO; OH

C0 2 Me Toluene, 78% ([ dioxane, 77% [| 2-PrOH, 8 6 % [j

OMe O OMe OOMe OOMe O 85
+ diastereoisom er

84

O; O,
SIO; 'OH0.2 N KOHNMO

MeOH, 8 8 %
\ I 94%

OMe O OMe OOMe O
8 8  (R + S)

Schem e 12: Anionic annulations using K rohn approach.

1.4.2.2.3 Anionic annulation with phthalides

Mal'"*̂  investigated a synthetic approach based on the condensation of phthalide sulfone with an 

orfAo-quinone ketal 93 in the attempt to provide a convergent route to the functionalised 

benz[fl]anthracene 95, with direct introduction of oxygenation at the C-5 and C-6 positions. 

Condensation of derivatives 93 and 94, and then méthylation gives the intermediate 95 which is 

brominated using NBS and reacted with NaOAc in DMF to afford the acetoxymethyl compound 96.
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Treatment of 96 with TFA in chloroform/water gives the or//zo-quinone 97, which is then reduced, 

acetylated and methyl deprotected to afford the final product 99 (Scheme 13).

LDA
'̂ ^3 (CH3)2C03
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ÇO2H CO2H 1) Py, AC2O. Et20 2) BnBr, K2CO3.

2) NaOH

SOzPh

OR O '
1)t-BuOLi, 
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K2CO3,
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3) H+. AC2 O.
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OAc

OH 1)NaBH4 
Eton, 98%
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DMAP 
CH2CI2 . 90%

CAN

OR OR OAc 
98

OAc CH3 CN/H2 O 
74%

OAc

R — CH3

O R O OAc 
99

Schem e 13: M ai approach em ploying annulations o f  phthalides.

1.4.2.2.4 O/*f/t0 -metalation reactions

The total synthesis of X-14881 and ochromycinone carried out by Snieckus'"*  ̂ is based on a strategy 

that focuses on the application of an orfAo-metalated benzamide and an uncomplexed 1-tetraol for 

the construction of substituted benz[o]anthraquinones antibiotics. The cw-isomer (99) is dilithiated 

and coupled at -45 °C to the amide aldehyde (100), that was derived in high yield from lithiated 

#,W-diethyl o-anisamide by reaction with DMF. Compound 101 is treated with TsOH in refluxing 

toluene to afford the dehydrated product (102) as a mixture of stereoisomers. Zinc-mediated 

hydrogenolysis of 102 leads to the benzoic acid 103, which upon sequential TFAA-catalysed 

Friedel-Crafts reaction and aerial oxidation in the presence of Triton B afforded the 

dihydrobenz[a]anthraquinone (104). The Nicolaou procedure of selenohydroxylation with 

phenylselenylphthalimide affords the required product 105. When the hydroxy-selenide is subject to 

Collins oxidation and selenyl deprotection under radical conditions, the natural product X-14881 

(106) is obtained. Its further déméthylation using AICI3 as Lewis acid (LA) affords the natural 

product ochromycinone (66).
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Schem e 14: O rthom etallation approach.

1.4.2.2.5 Dieckmann condensation of benzofuran

Parker’ synthesised the natural product Hatomarubigin A assuming that although the adducts of 

quinones and (3-ketoesters were subject to dehydrative aromatisation to benzofurans, these 

seemingly stable compounds could be converted by Dieckmann condensation followed by oxidative 

cleavage to acyl substituted, annelated quinones.

MeO

1) NaOEt, E ton

2) Mel, K2 CO; 
acetoneOMe O _ OMe OH O 

108107

76%

OMe OMe O

NaOH

E ton

OMe OMe O

51%

OMe O OH 
Hatomarubigin A (111)

Schem e 15: C ondensation o f benzofuran ring.

1.4.2.2.6 Radical annulation

Murphy*'^  ̂ reported the regiospecific free radical annulations reactions of diethyl benzylmalonate 

(DBM) with unsymmetrical 1,4-naphthoquinones in a direct approach to build angucyclines with an 

aromatic A ring. The Mn(III) initiated oxidative free radical reaction between DBM and bromo 

methyl juglone allows the regiospecific formation of the C-8 oxygenated benz[a]anthraquinone in
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good yield. The C-8 oxygenated benz[a]anthraquinones are obtained regiospecifically from the 2- 

bromonaphthoquinones. Similarly, the isomeric C-11 oxygenated benz[a]anthraqninones are 

obtained regiospecifically from the 2-bromonaphthoquinones.

o
Br N J Mn(OAc) 3

J I
OMe O

A cO H .80°C  Y  T  ^ C O z E t  
59% OMe O COzEt

1 1 2  113 114

Schem e 16: R adicalic annulations by M urphy.

1.4.2.3 Metal catalysed annulation reactions

1.4.2.3.1 Cobalt-mediated [2+2+2] cyclisations

The first synthesis of the benz[a]anthraquinone scaffold of the angucyclinone family employing an 

intramolecular cobalt-mediated [2+2+2]-cycloaddition of a triyne was described by Groth.’"**’''*̂  The 

cyclisation of a triyne is a powerful synthetic method to form carbon-carbon bonds in one step and 

provide access to polycyclic systems with a highly substituted benzene nucleus. As illustrated in 

Scheme 17, after addition of the lithiated diyne to the benzaldehyde to give 116 and deprotection of 

the triple bonds of the resulting triyne with ammonium fluoride, the hydroxyl group is protected 

with TBDMSOTf to give 117. Cyclisation of 117 with 10 mol% CpCo(CO)2 in refluxing toluene 

under irradiation (tungsten-lamp) gave the antharacene derivative 118 in 74% yield. Oxidation with 

[Ag(Py)2]Mn04 led to the anthraquinone 119, which is converted to (+)-rubiginone B2 (120) 

employing the Khron photooxidation method. Cyclisation experiments with RhCl(PPh3)3 and 

RuCl2(=CHPh)(PCy3)2, which can also promote alkyne trimérisation, were not successful. Because 

the stereocentre at C-3 is not involved in the cycloaddition, the methodology offers a good and 

straightforward strategy for the enantioselective construction of the angucycline natural products.

63



-CHO

TMS
OHOMe

n-BuLi

THF, 93% IM S
OMe TMSTMS

115

[Ag(Py)2]Mn04
CH2CI2.
62%

1)NH4F, TBAHS 
CH 2 CI2 . 96%

2) TBDMSOTf. 
2 ,6 -lutidine

hv, air

CHCI3

67%

OTBDMS

OMe

CpCo(CO)2 10%

toluene, hv 
74%

117

OMe '  "  OMe O OMe 0
118 119 (+)-Rublglnone 82 (120)

Schem e 17: C obalt-m ediated approach for the synthesis o f  (+)-rubiginone B].

1.4.2.3.2 Gold-catalysed benzannulation

The most recent approach to preparing the tetracyclic core of the (+)-ochromycinone angucyclinone 

natural product (66) was investigated by Yamamoto'^’ (Scheme 7), and was centred around a Lewis 

acid-catalysed intramolecular [4+2] benzannulation using a tethered alkynyl enynal to give the 2,3- 

dihydrophenanthren-4(lH)-one derivative (124) in high yield. Previous works conducted by 

Yamamoto reported the use of AuBr] and PtCb as efficient catalysts for the benzannulation 

reaction, but in the example the two methoxy group on the aromatic system make the formation of 

the intermediate easier, so that the less Lewis acidic AuCl] can be used to form the benzannulation 

efficiently. The first step of the mechanism involves a nucleophilic attack of the carbonyl oxygen 

on the alkyne forming a pyrilium ion complex (122) that undergoes a [4+2] cycloaddition and 

rearrangement (123) to afford the cyclised product (124). The Yamamoto approach could facilitate 

the chemical elaboration of the scaffold by appropriate modification of the diyne building block. 

However, the flexibility of the [4+2] benzannulation on different substrates would require further 

investigation.
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Schem e 18: Y am am oto’s L A -catalysed approach for the synthesis o f the angucyclinone fram ew ork.

1.4.2.4 Rearrangement strategies

1.4.2.4.1 Cyclobutenone rearrangements

This approach firstly described by Moor e i nvo l ve s  a well-known ring expansion of substituted 

cyclobutenones and a new metathesis sequence leading to aromatic rings arising from a 

photodefragmentation of cyclobutyl-substituted quinones.Compound 125 undergoes ring-closure 

to the tetracyclic cyclobutenone 127 upon mild thermolysis in benzene at 70 °C. This 

transformation involves an 871-electrocyclisation to intermediate 126, followed by ÔTr-electrocyclic 

ring closure to give product 127. Treatment of the last intermediate with 2-lithioanisole in the 

presence of CeCb followed by acid hydrolysis gave cyclobutenone 128 which was thermolysed to 

afford 129. When compound 129 was exposed to visible light, it underwent a photofragmentation 

reaction to yield benz[a]anthraquinone 132.

MeO OMe

benzene

125 126

2) HCin-HF

1) B enzene, 80 “C

2)A920
85% after 4  s tep s

127

OMe

129

B enzene -CH2 -C (C H 3 ) 2

Visible Light 83%

0 .

130

OMe 0 .

131

OMe OH OMe

Schem e 19: C yclohutenones rearrangem ent approach for the synthesis o f  angucyclinone derivatives.

A modification of the same approach can be employed for the synthesis of the non aromatic A ring. 

In this case, the thermolysis of the alkenyl cycloalkenyl cyclobutenone 125a, gave rise to the 

annulated benzocyclobutendione monoketal 133 in 83% overall yield. The transformation involves
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two consecutive 8tc and 671: electrocyclisations and elimination of diphenylethylene. Further 

rearrangement of the cyclobutenone 134 followed by oxidation affords 135.

MeO OMe

benzene

70 °C

H OMe

126a 127a

MeO
1 PhLi-Ph2C=CH2

b  2) HOI, 
THF

133 134125a

1 )p-xylene,
138 °C

2)A920.
K2CO3
81 % over 4  s tep s

Schem e 20: M odification o f  the cyclobutenones approach to afford a non arom atic A  ring.

1.4.2.4.2 [3,3]-sigmatropic rearrangement

O’Doherty'^^ employed a [3,3]-sigmatropic rearrangement for the synthesis of the aglycone of 

Jadomycin A. Exposure of 136 to imine formation/electrocyclic ring closure conditions gave 137 as 

a mixture of diastereoisomers in 55% yield. Subsequent exposure of 137 to neat TFA afforded 

Jadomycin A (138) in 50% yield.

* O
Toluene
2) [3,3]-aza-Cope p tB u

OH Q )OH O OH OH

OH
OfBu

OH OH

TFA

-OH
OfBu55% 50%

OH O

137

OH

Jadom yc in  A (138)

Schem e 21: [3,3]-sigm atropic rearrangem ent for the synthesis o f  Jadom ycin A.
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1.5 Synthesis and applications of diyne moieties for the preparation of 
natural products and complex molecular frameworks

In the last two decades the concept of total synthesis has been extensively influenced by the use of 

metal catalysed reactions for the synthesis of complex molecular frameworks. In particular, 

strategies to increase the overall efficiency of a synthesis by reducing the number of synthetic steps, 

(a concept called “step economy”), became highly valued. The emphasis on this approach, 

introduced by Trost, focused on atom economy, where ideally every atom of each reagent used 

should be included in the desired product of the reaction. This minimises waste and encourages the 

development of greener and more useful t r a n s f o r m a t i o n s . A n  example of the application of 

this concept relates to the analgesic drug ibuprofen. In the 1960s, ibuprofen was produced by a six- 

step synthesis with an atom economy of only 40%. During the 1990s, the BHC Company developed 

a new synthesis of ibuprofen with an atom economy of 77 to 99%. This synthesis not only produces 

much less waste, it is also a three-step process, which increased efficiency and profits. In this 

context the diyne moiety is becoming a useful and versatile tool for the simultaneous assembly of 

several parts of natural product targets or biologically active compounds, giving easy access to 

complex frameworks for further modifications.

1.5.1 The diyne moiety

Transition metal-catalysed transformations as part of a domino reaction cascade are of increasing 

importance in synthetic organic c h e m i s t r y . R e c e n t l y ,  metal catalysed reactions of 1,6-diynes 

and 1 ,«-7t-systems such as enynes, allenynes and bisallenes have attracted considerable attention for 

the construction of cyclic and polycyclic organic skeletons from rather simple substrates under mild 

conditions. The diyne building block has been employed in the synthesis of natural products and 

biologically active molecules to achieve critical and strategic transformations in organic 

chemistry. As highlighted in Scheme 22 it is also an interesting substrate for a wide range of 

organic transformations, including metathesis and Lewis acid activated nucleophilic additions.
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Schem e 22: Exam ples o f versatility  o f  the diyne m oiety.

An example is the total synthesis of (+)-streptazolin (141), for which controlled generation of the 

1,3-diene constitutes a challenge, and has been achieved by Trost via a palladium-catalysed 

reductive diyne cyclisation react ion. Intermediate 139 undergoes a “ligandless” palladium- 

catalysed reductive cyclisation reaction to afford the diene 140 in 64% yield. The final 

intramolecular cyclisation took place in the presence of sodium hydride, and TBAF deprotection 

revealed the (+)-streptazolin natural product (141) in 99% yield.

TsO

OTBS

IPd2(dba)3-CHCl3] 
HCO2 H. EtgSiH

Toluene
64%

"'"OTBS

1)N aH , THF 
84%

2) TBAF, THF 
99%

mil OH

139 140 (+)-Streptazolln
(141)

Schem e 23: T rost’s synthesis o f  (+)-streptazolin .

A key feature of the diyne structural moiety is also represented by its ability to afford products 

coming from a domino or tandem addition of a nucleophile to the activated 7c-system (Scheme 

24).'""

Schem e 24: Tandem  reactions o f a diyne substrate.
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An example of this behavior is the Gold-catalysed cycloisomerization cascade that involves a 5- 

endo-dig hydroamination and subsequent 6-endo~di\g hydroarylation of a diyne building block. A 

series of indole derivatives (145) were synthesised, as illustrated in Table 6. The yields and reaction 

times were dependent on the Ar group that tethered the two alkyne functionalities, and the R] and 

R] substituents of diyne 144.*̂ ^

Ar
Catalyst/AgOTf 5%

Ar

NHz
145144

CIAu-(Cy)2 P .

c a ta ly s t

Table 6 : Synthesis o f  indole-derivatives.

Entry Ri Rz Ar Tim e
(m in)

Yield

1 p-MeQH/, H Ph 45 83%

2 H Ph 30 83%

3 /W-CF3 H Ph 40 98%

4 o-NCCgH4 H Ph 250 10%

5 Ph Cl Ph 40 92%

6 Ph H

CO
24 h 15%

7 Ph H

>
1.3 h 98%

1.5.2 Retrosynthetic approaches for the construction o f the diyne moiety

To date, few retrosynthetic strategies have been described for the construction of the diyne building 

block. Some routes are suitable for enantioselective synthesis whereas others are only suitable for 

racemic mixtures of the diyne moiety. Scheme 25 shows some of the disconnections that have been 

considered for the synthesis of the diyne 146.

Disconnection A, based upon structural symmetry, uses the malonate derivative 147 as a synthon. 

This retrosynthetic pathway disconnects the diyne moiety to simple starting materials providing a 

rapid access to the target molecule. The draw back of this approach is the difficulty in making the 

route asymmetric to allow further desymmetrisation of the building block.

Disconnection B, does not provide a quick access to the building block, but it is the most used route 

for the installation of chirality. This can be achieved through enantioselective 1,4-addition on
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substrate 150. A different synthon for compound 150 would be the epoxide 149 that could be 

opened in a regioselective and asymmetric way.

150

Schem e 25: R etrosynthetic approaches for the diyne m oiety.

An example of the use of discoimection A is described by Reisman in the total synthesis of the 

Salvileucalin B to directly form the norcaradiene core.*̂ "* The core structure of the natural product 

(153) was established quickly using a palladium-catalysed cyclisation that afforded the tricycle 

intermediate. Subsequent steps yielded the natural product Salvileucalin B (154) in 64% yield.

M e O ,C ,C O ,M ,

2) 1 M HOI, MeOH 
87%
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1)N aH , = — y

Br

151

2)Pd(PPh3)4 2.5% 
AcOH, CH3 CN 
54%

MeOgĈ
MeOaC''

153 Salvileucalin B 
(154)

MeOgC \ —

152

Schem e 26: Total synthesis o f Salvileucalin  B.

1.5.3 Retrosynthetic approaches for the synthesis o f functionalised diyne

The synthesis of more functionalised diyne derivatives like 155, could be achieved by taking 

advantage of the alkene functionality in position 4. This group would allow disconnection 

intermediate 157 via an Ireland-Claisen rearrangement. This synthetic route is particular attractive 

for the construction of elaborated versions of the diyne building block, with the introduction of both 

chiral centres in one reaction.

Schem e 27: R etrosynthetic approach for  a functionalised diyne.

Although the asymmetric Ireland-Claisen rearrangement has been extensively reported in the 

literature employing a range of different reaction conditions, to the best of our knowledge the
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synthesis of 3,4- difunctionalised 1,7-octadiynes has not been reported. The synthesis of this 

building block will be further discussed in the results and discussion chapters.

1.5.4 Desymmetrisation

The symmetric nature of the diyne moiety can be seen as a synthetic advantage, but it may be a 

disadvantage for further modification of the building block. Desymmetrisation strategies were first 

described by Schreiber who classified the three types of symmetric chains that are often 

encountered, and identified the types of reaction that are necessary to construct these chains in a 

stereoselective manner.

The first entry in Table 7 shows the class of achiral / meso compounds where Y enantiotopic groups 

may be any functional group that can be used for homologation. For this entry synthetic 

manipulations that result in new stereogenic carbons must proceed by substrate-controlled 

reactions. Desymmetrisation of the achiral chain usually requires an enantiotopic group selection, 

based on the choice of one terminus over the other. This desymmetrisation always involves an 

optically pure catalyst or reagent, but their effectiveness is also dependent on the interplay between 

substrate and reagent control. In entry 2 the optically pure €% symmetric chain, can be constructed 

by double addition of an optically pure reagent to both ends of an achiral chain. Further 

transformations to generate additional stereogenic carbons may proceed with substrate control, 

reagent control, or combination of both. Because the two termini are homotopic, the 

desymmetrisation of the €% symmetric chain is achieved by monofiinctionalisation of one terminus. 

Bis-functionalisation constitutes a problem since the two termini will react at identical rates, so that 

statistically the maximum yield (1 eq. of reagent) would be 50%. In most cases, desymmetrisations 

of C] symmetric chains proceed in this manner, but there are some examples (Hoveyda-Snapper 

catalyst. Scheme 28) where some control over the problem of bis-functionalisation can be achieved. 

Entry 3 is the pseudo C% symmetric chain, where the presence of a central chirotopic but non- 

stereogenic carbon (carbon bearing the Z substituent) eliminates the C] symmetry. A pseudo 0% 

symmetric chain may be constructed by addition of an optically pure reagent to the terminus of an 

appropriate achiral chain. Desymmetrisation of pseudo €% symmetric chains requires a 

diastereotopic group selection of one terminus over the other.
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Table 7: Desymmetrisation strategies based on type of chain.

Chain Type Synthesis D esym m etrisation

Generation of new stereogenic Requires enantiotopic group selection
Y centres requires substrate control. and often diastereo facial selection.

Z Requires substrate and reagent control.

Y Generation of new stereogenic Corresponding groups are homotopic,
centre requires substrate or Requires monoftinctionalisation.
reagent control.

Generation of new stereogenic Requires diastereotopic group selection
centres requires reagent control.

A classical example of optically pure C% symmetric chain desymmetrisation is the use of the 

Hoveyda-Snapper catalyst for the desymmetrisation of a vicinal diol.'^^ '̂ ^

OH

OH

158

ImidCat 20 mol% 
TBSCI 2 eq. 
DIEA 1.25 eq.

THF
54%. 81% ee

OTBS

OH

159

) I

160

Schem e 28: H oveyda-Snapper desym m etrisation o f vicinal diol.

Diyne desymmetrisation has been described in the synthesis of (±)-Monomorine by Iska.’̂ * The 

desymmetrising cyclisation of diyne 161 with 5 mol% of Ag(phen)OTf as catalyst, prepared from 

AgOTf and 1,10-phenantroline, for 8 h at 50 °C gave the cyclised compound 162 in 95% of yield. 

Interestingly, desilylation was observed only from the alkyne group that underwent the 

hydroamination. Subsequent steps yielded the natural product Monomorine (163) in 82% yield.

TBS
161

Ag(Phen)OTf (10%)

CH3 CN 
TBS 95% TBS

162

Bu&
Monomorine

(163)

Schem e 29: Synthesis o f  M onom orine.

1.5.5 Outlook for the synthetic utility o f diynes

The occurence of heterocyclic compounds in nature is widespread and transition metal-catalysed 

reactions are a powerful tool to build up the heterocyclic framework under mild conditions. The 

examples reported are a summary of how different transition metals have been successfully
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employed for the construction of key aromatic rings for medicinal chemistry and natural product 

synthesis.

1.5.5.1 Pd-catalysed cyclisations

The Pd-catalysed cyclisation reaction has been employed to allow easy access to benzopyranone 

derivatives.’̂ ’ The reaction, involving the use of a diyne, an aliène, Pd(PPh3)4 as catalyst, and 

nitromethane as solvent, at 60 °C for 1 h, affords the product in 87% yield. Preliminary experiments 

suggest that the reaction tolerates the presence of other substituents. A possible reaction mechanism 

involves the carbon-carbon double bond at C-4 of the 1,3,4-trienyl palladium species 164 

undergoing a highly regioselective intermolecular oxypalladation with 2,3-allenoic acid 165 to form 

an ester C-0 bond resulting in the palladabicyclic intermediate 166. Intramolecular 

carbopalladation of the allenic carbon double bond forms the six-membered lactone and the seven- 

membered palladacycle (167). Reductive elimination affords intermediate 168, which for 4- 

monosubstituted 2,3-allenoic acids, undergoes further aromatisation to give the benzopyranone 

product 169.

TsN
P d(PPh 3 > 4  5% TsN

OCOzMe
COoH M0 NO2 » 60 ®C, 1h 

87%
%

/ -̂y«^PdOMe )= •= { 7
Ï R2 165 CO2H

R5 
164

Z = -NTs

167 168 169

Schem e 30: Pd-catalysed cyclisation for the synthesis o f  benzopyranone derivatives.

1.5.5.2 Au-catalysed cyclisations

Gold-catalysis has been extensively investigated for the construction of indole scaffolds and easy 

diversification of the products. Such strategies are more direct and atom-economical routes to aryl- 

annulated-[a]carbazoles. The strategy involves a cycloisomerization cascade involving a 5-endo-dig 

hydroamination and subsequent 7-endo-dig hydroarylation of a diyne building block. The 

methodology was applied to the synthesis of the attractive azepino- or oxepino [3,4-6] indole 

derivatives, by respectively treatment of the nitrogen-linked and the oxygen-linked diyne building 

block under the established conditions.
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C atalyst / AgOTf (5%)

CH 3 CN ^
Z = NTs , 38%

O, 49%

ClAu-(Cy)2 P  .

Catalyst

;-Pr

Schem e 31: Synthesis o f azepino- or oxepino[3,4-b]indole derivatives.

1.5.5.3 Electrocyclic cyclisations

Recently, Danheiser proposed two synthetic strategies for the construction of highly substituted 

pyridine derivatives employing two formal [2+2+2] cycloaddition reactions. The first one proceeds 

through a propargylic ene pathway followed by a DA reaction in which the cyano group functions 

as dienophile; an example is the synthesis of compound 173. The second one, through a propargylic 

cyano ene pathway followed by an azadiene-DA (175).*^  ̂' °̂

Propargylic 
en e  reaction Toluene

reflux, 6 6  h 
96%

172

ToluenePropargylic 
Cyano en e  
reaction NH

200 °C. 16 h 
51%

— N
TIPS

175 TIPS174G =  C = C - S i( / - P r ) 3

.E t

Schem e 32: Synthesis o f  highly substituted pyridine derivatives.

1.5.5.4 Rh-mediated cyclisations

Rhodium-catalysed tandem or domino cyclisations are extremely versatile and useful tools for the 

synthesis of heterocyclic systems. In particular, rhodium-catalysed domino hétérocyclisation and 

[(3+2)+2] carbocyclisation of a diyne-enone and an alkyne can afford fused tricycloheptadienes via 

a proposed metallacycle intermediate. The metallacycle intermediate can also be trapped by CO 

leading to a polycyclic furan scaffold (177), which was converted into a substituted phenol 178 in 

presence of an oxidant. The polycyclic furan structural unit can be found in different biologically 

active compounds, such as those of the viridian family; or highly substituted phenolic natural 

products, such as ligudentaltol and ligujapone. The cyclohexenone derivative 176 can undergo Rh- 

catalysed carbonylative [(3+2)+2] cycloaddition to afford the corresponding tetracyclic furan 

compound 177 in 88% yield, or a sequential one-pot [(3+2)+2] cyclisation followed by w-CPBA 

oxidation at room temperature to afford the substituted polycyclic phenol 178 in 69% yield.
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176

COjMe 
' COgMe [RhCI(COD) ] 2  5%

DCE, 60 °C 
CO (1 atm)
0.5 h, 8 8 % 177 o

COjMe
CO2M0

OMe

176

C02Me 
' C02Me

1) [RhCI(C0D)]2 5%, DCE 
60 “G, CO (1 atm)

2) m-CPBA 1.5 eq. 
rt, 1 h
69% 178

C02Me 
' C02Me

L iguden tato l

Schem e 33: R h-catalysed synthesis o f  tetracyclic furan or polycyclic phenol derivatives.

1.5.5.5 Ru-catalysed cyclisations

Trost reported the total synthesis of the Cylindricine C, D, and E employing a Ru-catalysed 

hydrative cyclisation of diyne intermediate 179.'^^ The key cyclisation was carried out with 5% 

[CpRu(CH3CN)3]PF6 in 1 0  vol% H20/acetone at 6 0  °C to afford the a,P-unsaturated ketone 180 in 

9 0 %  yield as single diastereomer. Aldol condensation and dehydration afforded 181, which was 

refluxed with K2CO3 for 68 h leading to the formation of the protected Cyclindricine C which was 

then deprotected using TBAF to afford the Cylindricine C (182). Acetyl and methyl protection of 

the hydroxyl functionality of 182 gave access, respectively, to Cylindricine E (183) and 

Cylindricine D (184).

179

[CpRu(CH3CN)3]PF6
5%

10% H20:Acetone, 
90%

NHBoc

C«Hi

OH
C ylindric ine C (182)

AC2 O, TEA 
DMAP, CH2 CI2 , 
99%

or Mel, Ag2 0 ,
CH3 CN
90%

180
RÔ

1)LDA,
heptanal

NHBoc
2) MsCI, TEA, 
83%

CbHi

R = -Ac C ylindricine E (183) 
R = -Me C ylindricine D (184)

CeHi3
1) TFA, CH2 CI2

2) K2 CO 3 , Toluene

^ N H B o c  3 ) TBAF, 90%

181 RO

Schem e 34. Trost synthesis o f  C ylindricine C, D , E.
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2 A im s and O bjectives

The aim of the project was to design and synthesise novel inhibitors o f the STAT3:STAT3 

interaction to downregulate STAT3 transcriptional activity for chemotherapeutic intervention. As 

previously described, the dimérisation o f STAT3 is a decisive event for its activation. Thus, 

blocking the dimérisation using cell-permeable, non peptidic small molecules is an attractive 

strategy to target the STAT3 signalling pathway. Recently, three small molecules that target the 

STAT3 dimérisation have been reported (Fig. 27)."**''^^

o
-s-o p

OH

NSC74859
(S3I-201)

HO'%

S3I-M2001 O chrom ycinone
STA-21 (NSC628869)

Figure 27: The three small molecules with affinity for STAT-3.

O f these three ligands, STA-21 is the most active, and it has been recently employed to study 

STAT3 activation in The molecule was identified through the virtual screening o f 429,000

small molecules from commercially available sources (e.g. Sigma Aldrich libraries, NCI 

compounds, Maybridge libraries).'^'* The protein surface explored in the virtual screening exercise 

covered the phosphoTyr705 - Phe710 peptide loop that binds to the SH2 domain. Therefore, 

potential ligands should compete with the natural binding partner and inhibit the formation o f the 

active homodimeric complex. The refined model (Fig. 28 A and B) predicts that STA-21 bound to 

this protein region forms a number o f hydrogen bonds with nearby residues, including Arg-595, 

Arg-609, and Ile-634 (Fig. 28 C).

m i

Figure 28: Structure-based virtual screening of STA-21. (A) The image displays the SH2 domain dimérisation 
interface of STAT-3 coloured differently. (B) Predicted binding model of STA-21 to the STAT3 SH2 domain. (C) 
Specific hydrogen bonds formed between the STAT3 SH2 domain and STA-21. (reproduced from PNAS, 102,13, 
4700)
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STA-21 has been reported to inhibit the expression of STAT3 DNA binding activity, down-regulate 

anti-apoptotic factors in breast carcinoma cells with constitutive STAT3 signalling, and to thereby 

inhibit ST AT 3 -regulated downstream factors, such as Bcl-XL and cyclin D l. Crucially, 

phosphorylation of the STAT3 upstream regulators JAK2 (P-JAK2), Src (P-Src), and EGF receptor 

(P-EGFR) was not affected by STA-21. Furthermore, it is important to highlight that STA-21 

selectively inhibits STAT3 but not ST ATI and STATS with regard to DNA binding activity. 

STA-21 has also demonstrated strong potential to disrupt the growth and survival of breast cancer 

cells that constitutively express activated STAT3. Recently, this molecule has been employed for in 

vivo studies to elucidate functions of STAT3 in tumour cells.

Different strategies have been investigated for the synthesis of the angucycline scaffold of STA-21- 

like compounds as extensively discussed in chapter 1.3. The retrosynthetic analysis shown in 

Scheme 1 demonstrates that with 3 simple disconnections: oxidation, gold-catalysed benzannulation 

and cross-coupling, it is possible to utilise a naphthaldehyde and chiral diyne to synthesise the core 

structure.

Oxidation.

Cross-Coupling

Au-catalyzed
Benzannulation

185

OH OH

Schem e 29: R etrosynthetic analysis o f  com pound 185.

Our interest focuses on the synthesis of a racemic form of YM-181741 and its (S) enantiomer in 

order to develop a focused library of inhibitors of STAT3 dimérisation (Scheme 2). The choice of 

the [4+2] gold-catalysed strategy for building the molecular framework lies in the ability to obtain 

the final product by the shortest possible route. This facilitates further chemical elaboration of the 

angucycline scaffold and allows the use of the 1,6-heptadiyne derivative that can be diversified in 

an asymmetric manner.

OHOMe

OR PPI Inhibitors
CHO Au-catalyzed

benzannulation
Chemical

ElaboraionOH OOMe OMe

188 YM-181741 (185)

Schem e 30: Sum m ary o f the project.
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3 Results and Discussion

3.1 Synthesis of the naphthaldehyde building block (186)

Synthesis of the naphthaldehyde building block (186) was carried out on a multigram scale starting 

from the commercially available 1,5-dihydroxynaphthalene 189 or 5-hydroxy-1,4-naphthoquinone 

190. The synthesis of the naphthaldehyde (186) is essentially based on the key intermediate 2- 

bromo-5-0(acetyl- or methyl-)-1,4-naphthoquinone (191 and 193). Three different methods have 

been investigated for the preparation of 186 (Scheme 31).

In method A the key step for the formation of intermediate 194 is based on a one pot procedure for 

the radical allylic functionalisation and deacetylation of the phenolic group, which reduces the 

number of protecting groups required in the synthesis. In method B, described in the literature, 

the PG is changed from the labile -OAc to the more resistant -OMe (Scheme 31). Alternatively, 

Method C is based on direct bromination of the juglone methyl ether (193) employing bromine and 

acetic acid at room temperature for 4 hours to afford the product in 69% yield, and followed by 

radical allylic functionalisation to afford 195 in 75% y i e l d . A l l  the synthetic strategies present an 

ideality (Baran) of 33.3% but, only the third approach demonstrates a balance between construction 

reactions and strategic oxidation reactions, providing greater elegance for the synthesis.^"^^
M e th o d  A

1) ^ ^ C O O H  (1-3eq.) q

II :i II
1 ) AczO (5.4 eq.) 
Py. reflux, 8  h. 94%

189

2) NBS (4.1 eq.) 
AcOH/HjO (1:2) 
60 °C, 45 mln 
95%

OAc O

AgNOs (0.3 eq.) 
(NH4)2S20a(2eq.)

2) CH3CN/H2O (2:1)
65 “C, 3 h
70%

Mfitbfidfi
6 N H2S04/EtOH 5:8 
reflux, 1 h, 82%

Na2S204  (6 eq.) 
TBAI (0.12 eq.) 
KOH (12 eq.) 
Me2S0 4  (6 eq.) 
THF/H2O (2:1) 
rt, 12 h, 98%

O V E R A L L  Y IE L D  

M e th o d  A  50% 

M e t h o d s  50% 

M e th o d  C 46%

OMe

iP Y
^ B r

OMe OMe igg

Mel (4eq.) 
Ag2 0  (3eq.)

DCM
rt,24h

99%
M e th o d  C

1) f-BuOK (2 eq.) 
THF, 0 °C, 2 h

2) OSO4 (2%)
Nal0 4  (4 eq.) 
2 ,6-lutidlne ( 2  eq.)

? dioxane/H2 0  3:1

K O H (12eqT
Me2S0 4  (6 eq.) 90% over two steps 
THF/H2O (2:1)

OMe

OMe OMe

OH O 

190

1)Mel 
Ag20
DCM, rt, 24 h, 99%

2) Br2, AcOH 
rt, 4 h, 69% OMeO

1) ^^“̂ C O O H  (1.3eq.) 
AgNOa (0.3 eq.) 
(NH4)2S2 0 b (2 eq.)

2) CH3CN/H2O (2:1)
65 “0. 3 h 
75%

rt, 12 h, 98%

OMe O

Schem e 31: Synthetic approaches for the preparation o f  the naphthaldehyde bu ild ing block 186.
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3.1.1 Synthesis of intermediate 191,192 and 192

The 5-OAc or 5-OMe 2-bromo-1,4-naphthoquinone (191 and 193) are key intermediates in the 

synthesis of naphthaldehyde 186. Their synthesis has been achieved employing an oxidative 

bromination of a 1,5-dihydroxynaphthalene (Method A and B, 191) or through the direct 

bromination of juglone (Method C, 193)

Considering Method A and B the first step is the acetyl protection and oxidative bromination of 1,5- 

dihydroxynaphthalene 189. This reaction, which is already reported in literature, shows

selectivity for the 2-Br regioisomer and is reliable on a multi-gram scale. The key intermediate 

(191) is achieved by acétylation of 189 using acetyl anhydride and pyridine at reflux for 8 hours, 

followed by oxidative bromination employing an excess of NBS (4.1 eq.) in acetic acid/water (1:2). 

The conditions of reaction have been optimised for synthesis of the 2-bromo regioisomer 

employing microwave irradiation at 110 °C for 3 minutes and affording the product 191 in 95% 

yield. The dibrominated product 191a was isolated in 5% yield when substrate 189 was left to react 

for over 1 hour.

1) AcgO (5.4 eq.) 
Py, reflux, 8  h, 94%

2) NBS (4.1 eq.) 
AcOH/HjO (1:2)
60 °C, 45 min 
95%

Br

OAc O 

191

Br

Br
OAc O

191a
(5% over 1 h reaction)

Schem e 32: O xidative brom ination o f  com pound 189.

The reaction proceeds via a tribromonaphthalenone intermediate 189b, which is subsequently 

hydrolysed to 2-bromoquinone 191. The introduction of the bromine atom in the final product is 

controlled by the relative position of the acetoxy group of the brominated ring since bromination is 

ortho and para. In the literature the mechanism has been confirmed by isolation and 

characterization of intermediate 189b.

R = -Ac

NBS

AcOH/HzO

Br

O R B r  Br 

189b

HgO Br

OR O 

191

Schem e 33: M echanism  o f the oxidative brom ination reaction.

An alternative approach is based on direct bromine addition to the conjugated enone system of the

juglone derivative (190a), taking advantage of the electron donating nature of the 5-OMe group to
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control the regioselectivity. In the literature it has been proposed that the reaction in AcOH 

proceeds via an addition-élimination mechanism, using bromine as the electrophile.’̂ ” In such 

conditions the reaction affords a mixture of the 2- and 3-monobrominated and di-brominated 

products (Scheme 34). Due to the similarity of the 2- and 3-substituted mono bromo products, 

NMR studies alone are insufficient to discriminate between the two regioisomers. However, the 

melting point values can be used to differentiate between the 2-bromo derivative (mp = 134 °C) and 

the 3-bromo derivative (mp = 1 5 4  °C). Furthermore, the whole set of analytical data was in 

accordance with the 2-Bromo-5-methoxy-1,4-naphthoquinone synthesised through the oxidative 

bromination reaction,

^  çt>:
OMe O OMe O OMe O OMe O

190a 69% 10% 20%
103 193a 193b

Schem e 34: D irect brom ination o f com pound 190.

In an attempt to optimise the reaction conditions for a higher yield of the monobrominated product, 

the reaction time was investigated. As illustrated in Table 8, the duration of the reaction was found 

to be the key factor. Interestingly it seems to be a correlation between the ratio of the mono- and the 

dibrominated products vs the time. A 4 hour reaction time resulted in the best yield (69%) of the 2- 

monobrominated product 193. Prologend time of reaction, instead, showed a decrease of the 2- 

bromoregioisomer with increase of the dibrominated product.

Table 8 : Table show ing how reaction tim e affects the ratio o f  m ono:di-brom o products in the reaction o f  190 to 193

TIM E
1 hour 4 hour 6  hour 8  hour

2-M onobrom inated
53 69 43 48

Y IELD  (%)*
3-M onobrom inated  

Y IE L D  (%)*
1 0 1 0 15 15

D ibrom inated  
Y IE L D  (%)*

18 2 0 38 33

* = Yield of the isolated product.

The direct bromination of juglone was also investigated, but it gave the 2-monobrominated product 

in low yield (26%).

3.1.2 Synthesis of intermediate 196 and o f naphthaldehyde building block (186)

The main challenge in the synthesis of the building block 186 is the installation of the aldehyde 

functionality at position 3 of the naphthoquinone ring system. Optimisation of this procedure and
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further gold-catalysed benzannulation requires the presence of the reduced naphthalenic system 

rather than the oxidised quinonic one.

The first step in the installation of the carbonyl group depends on the reaction between a 

nucleophilic allylic radical and the electron-deficient bromo juglone derivative 191 or 193 {via a 

Minisci type reaction). The reaction was carried out using vinylacetic acid (1.3 eq.) and ammonium 

persulfate (2 eq.) in acetonitrile/water (2:1) at 65 °C, affording the products 194-195 in 70% and

75% yield, respectively (Scheme 35). The radical mechanism is initiated by the silver nitrate and

ammonium persulfate, and involves an ammonium sulfate radical and a silver ammonium sulfate 

salt as products. In the termination state the juglone radical and the propene radical, formed in the 

propagation state after loss of CO2, are combined together to afford the product.

When intermediate 191 was employed in the radical allylic functionalisation, a deacetylation 

reaction of the phenolic group took place to afford compound 194.

o  1) ^ * * ^ C O O H  (1-3eq.)
Br AgNOa (0.3 eq.)

(NH4 )2 S 2 0 8  ( 2  eq.)

O R O
CHaCN/H20(2:1) 
65 “C, 3 h

R = -Ac (191 ) R = -H (194) 70%
-Me (193) -Me (195) 75%

Schem e 35: Radical allylation o f  2-brom o-l,4-naphthoquinone.

Both synthetic routes proceeded through reductive méthylation to the common intermediate 196. 

Initially, the reduction of substrate 195 was performed using sodium dithionite (6 eq.) in a solution 

of Et0Ac/Et20/H20 (1:10:10) at room temperature for 40 min, followed by methyl protection, 

using iodomethane (2.2 eq.) in dimethyl formamide at -15 °C for 2 h, affording the product in 65% 

yield over two steps. However, many attempts to perform the reaction on a large scale, afforded the 

product in only low yields. The modified conditions for the reductive méthylation employed a one- 

pot reaction using sodium dithionite as reducing agent (6 eq.), TBAI (0.12 eq.), KOH (12 eq.) and 

Me2S04 (6 eq.) in a solution of THF/H2O at room temperature for 12 hours to afford the product 

196 in 98% yield from either substrate 194 or 195 (Scheme 36).

81



OR O

R = -H (194) 
-Me (195)

Na2S204 (6 eq.)
TBAI (0 .1 2  eq.) OMe
KOH (12 eq.)
Me2 S 0 4  ( 6  eq.)

c x S
THF/H2 O (2:1)
rt, 1 2  h. OMe OMe
98%

196

Br

Schem e 36: R eductive m éthylation.

The final step towards the synthesis of the building block 186 involved the migration of the double 

bond of the 3-ally 1 functionality, followed by dihydroxylation and oxidative cleavage to produce the 

aldehyde (186). The double bond migration was performed using potassium rerr-butoxide (2 eq.) in 

THF at 0 °C for 2 hours. The subsequent diol formation and oxidation proceeded using a catalytic 

amount of osmium tetroxide (2%) and sodium periodate (4 eq.), in a solution of dioxane/H20 (2:1) 

at room temperature for 45 minutes, to afford the final building block (186) in 90% yield over two 

steps. The use of 2,6-lutidine was essential to the success of this reaction; it is known that the 

addition of a tertiary amine such as 2,6-lutidine or pyridine can dramatically increase the rate of 

formation of the osmium (VI) ester complexes (Scheme 37).

OMe

OMe OMe

1)f-B uO K (2eq .) 
THF, 0 °C, 2 h

2) OSO4 (2%)
Nal0 4  (4 eq.) 
2 ,6 -lutidine ( 2  eq.) 
d ioxane/h20 3:1 
rt, 45 min
90% over two s tep s

OMe

OMe OMe

Schem e 37: M igration and cleavage o f  the double bond.

Further attempts to shorten the synthesis employing a direct formylation of derivative 197, 

synthesized from compound 192, via a Vilsmeier reaction led to formation of the diformylated 

derivative as major product (Scheme 38). The presence of the electron donating methoxy group in 

position 5 plays a key role in activating the other ring of the naphthalene, reducing the selectivity 

for the more crowded 3 position.

Br

OH O 

192

Na2 S 2 0 4  ( 6  eq.) 
TBAI (0 .1 2  eq.) 
KOH (12 eq.) 
Me2 S 0 4  ( 6  eq.)

THF/H2 O (2:1) 
rt, 1 2  h,
98%

OMe

OMe OMe

Br POCI3

CHO OMe

DMF
80 “C 24 h 
2 4 %

OMe OMe

Schem e 38: V ilsm eier form ylation.
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3.2 Racemic synthesis of the diyne building block (203)

As highlighted in the introduction (paragraph 1.3.1), facile synthesis of the diyne building block 

(203) depends on molecular symmetry. As extensively described in the literature, the synthetic 

strategy for synthesis of intermediate 200 is based on a malonate precursor and its further 

decarboxylation, to easily install the diyne moieties. This approach used the versatile novel 

intermediate 187 which can be further diversified. Optimisation of the synthetic routes and reaction 

conditions (no further reaction purification needed before compound 202) showed that the synthetic 

route is amenable to medicinal chemistry applications (Scheme 39).

-OEt

-OEt

198

  \
Br (2 e q )

NaH (2 eq) = -

THF ^
mw 1 0 0  “0 , 1 0  min
98%

-OEt

-OEt
O
199

LiCI (2 eq)
HgO ( 1  eq)

DMSG, reflux, 5 h 
98%

E tc

X
200

L1A1H4  1 M ( 2  eq)

EtgO, -20 "C to 0 “C, 
1 h then rt, 1  h 
98%

X
187

OH

NaH (1.3 eq)
Mel (1.2 eq)

THF, 0 °C to ft, 1 h 
then reflux, 16 h 
98%

,OM e

201

Zn(OTf)g (1 eq) 
TEA (1 eq) 
TMSCI (1 eq) _

DCM, rt, 16 h 
70%, mono:dl = 8:2

OMe

TMS 

202 (+/-)

n-BuLi 1.6M (1 eq) 
BugSnCI (1 eq)

THF, -78 =C, 1 h 
70%

BuaSn'
MeO

TMS

203 (+/-)

53% OVERALL YIELD

Schem e 39: R acem ic synthesis o f  the d iyne build ing block.

3.2.1 Synthesis of the methyloxymethyl propargyl diyne intermediate (201)

The bis-propargylation of diethyl malonate was achieved in 98% yield employing propargyl 

bromide (2 eq.) and NaH (2 eq.) as the base. The original conditions (overnight at room 

temperature) were optimised to reduce the reaction time significantly (microwave irradiation, 100 

°C, 10 minutes) (Scheme 40).

COgEt

EtOgC

198

—— \
Br (2 eq.)

NaH (2 eq.) 

THF
mw 1 0 0  “0 , 1 0  min 
98%

EtOgC COgEt

199

Schem e 40: M alonate reaction.

Furthermore, Krapcho decarboxylation of intermediate 199 with LiCl (2 eq.), H2O (1 eq.) in DMSO 

at reflux for 5 hours afforded compound 200 in 98% yield (Scheme 41).'^
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EtOaC C O jEt LiCI (2 eq.)
H2 O ( 1  eq.)

DMSO, reflux. 5 h 
98%

COgEt

A .

199 200

Schem e 41: K rapcho decarboxylation.

The sequential addition of propargyl bromide (1 eq.) and TMS-propargyl bromide (1 eq.) to diethyl 

malonate, in order to obtain the mono TMS fimctionalised derivative of 198, afforded compound 

204 in 98% yield. Subsequent attempts to perform the decarboxylation under the Krapcho 

conditions, resulted in a mixture in which the TMS -deprotected compound 200 was the major 

product (80%) (Scheme 42). A milder decarboxylation method may have allowed retention of the 

labile TMS protecting group.

Br (1 eq.)
TMS = ■ \

Br (1 eq.) 
NaH ( 2  eq.)

EtOgC;

198

THF
mw 100 °C, 10 mln 
98%

EtOgC COgEt LICI (2 eq.)
y .  HgO ( 1  eq.)

DMSO, reflux, 5 h

TMS

204

C O jEt C O jEt

TMS

205
20%

200
80%

Schem e 42: A lternative approach to installing the T M S-propargyl functionality.

The quantitative reduction of the carboxy ethyl group of compound 200 using lithium aluminium 

hydride and methyl protection of the alcohol functionality brought about formation of intermediate 

201 in 98% yield over two steps (Scheme 43).

COzEt LIAIH4  1M (2 eq)

E t2O ,-20“C t o 0 “C, 
1  h then rt, 1 h 
98%

200 187

OH NaH (1 .3eq )
Mel (1.2 eq)

THF, 0 “C to rt. 1 h 
then reflux, 16 h 
98%

,OM e

201

Schem e 43: Synthesis o f  201 through reduction and m éthylation.

3.2.2 Mono TM S-functionalisation of the diyne building block (203)

The classic conditions for the TMS functionalisation of an alkyne proton were widely investigated, 

such as using BuLi or KHMDS (1 eq.) as base, and TMS-chloride or triflate as silylating reagents. 

The transformation afforded in the first instance a statistical mixture of products (35% di, 45% 

mono, 20% starting material). Further optimisation of the conditions exploring number of 

equivalents of reagents, the order of addition, and concentration of the reaction afforded at best a 

1:1 mixture of mono and disilylated products (Scheme 44).
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X

201

OMe KHMDS (1 eq.) 
TMSCI (1 eq.)

THF
-78 “C, 2 h

,OM e

TMS 

202 (+/-)

Schem e 44: TM S-protection using K H M D S.

Studies on the 1,6-heptadiyne (204) model system (commercially available) to find a suitable 

method for the mono TMS-protection, employing KHMDS (1 eq.) and TMSCI (1 eq.) in THF at 

room temperature, afforded the mono substituted product 205 in 98% of yield as the only product 

(Scheme 45).

KHMDS (1 eq.)
TMSCI (1 eq.)

1 1 1 THF 11 1

204

-78 “C. 2 h 
98%

TMS

205

Schem e 45: TM S protection on a m odel system .

The different behaviour of the TMS-protection for intermediate 201 could be attributed to the 

presence of the electron pair available on the methoxy group, which by lithium complexation and 

cluster formation facilitated further reaction of the mono silylated product.

A different strategy to achieve the TMS monoprotection envisaged the use of a more hindered 

transition metal .Per forming the reaction on diyne 201 with Zn(0Tf)2 (1 eq.), TEA (1 eq.) and 

TMSCI (1 eq.) in 0.1 M dichloromethane as solvent, for 16 hours afforded the desired product 202 

in 70% yield in an 8:2 ratio (mono:di) (Scheme 46).

201

OMe Zn(OTf)2 (1 eq.)
TEA (1 eq.)
TMSCI (1 eq.)

CH2CI2 
rt, 16 h
70%, mono:dl = 8:2

,OM e

TMS 

202 (+/-)

Schem e 46: Z inc-m ediated T M S protection.

Further investigations were carried out in order to optimise the reaction conditions by controlling 

the rate of addition of the electrophilic reagent and the size of protecting group on the alcohol 

functionality (Scheme 47). Although the selectivity of the reaction remained unchanged, when the 

-OMe group was changed to -OTBS and -OTMS (entry 2 and 3), a drop in overall yield was 

observed.
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OR Zn(OTf) 2  (1 eq.)
TEA (1 eq.)
TMSCI (1 eq.)

CH2CI2 
rt, 16 h

X
TMS

Schem e 47: TM S protection exploring different PGs.

E ntry R R atio “
Y ield

M ono

1 -Me 8:2 70%

2 -TBS 8:2 54%

3 -TMS 8:2 51%

“ = The mono.di ratio was calculated by H- 

NMR of the crude material.

According to the nucleophilic pathway, the complex of 1-alkyne 206 with zinc triflate yielded zinc 

acetylide A, which upon quenching with TMSCI, gave product 207 (+/-) and ZnOTfCl. The Zinc 

salt then combined with another mole of 1-alkyne 206 and yielded zinc acetylide B, which also was 

quenched with TMSCI to afford the product 207 (+/-) and ZnCli (Scheme 48).**^

EtgNH* -CTf

Et,N

206

R —  TMS

TMSC

ZnCI

R —  TMS 

207 (+/-)[R - —  ZnOTf]

TMSCIZn(QTf) 2

Cl—ZnOTf

/  ^EtgN 

R =  ZnCI] ^  '
EtgNH* -OTf

R = Y
H'^OMe

Schem e 48: M echanism  o f the Z inc m ediated TM S m onoprotection.

The final step in the synthesis of the building block 203 (±) was the installation of the tri-w-butyl 

stannane functionality. The reaction is performed at -78 °C, using «-BuLi 1.6 M (1 eq.) to extract 

the remaining acidic proton, and «-BugSnCl (1 eq.), to quench the anion formed (Scheme 49). This 

functionality allowed the cross-coupling reaction with the naphthaldehyde derivative 186 to prepare 

intermediate 188, the platform for the construction of the angucycline framework.

M eO. MeO.

TMS 

202 (+/-)

n-BuLI 1.6M (1 eq) 
BuaSnCI ( 1  eq)

THF, -78 °C, 1 h 
70% TMS SnBua 

203 (+/-)

Schem e 49: Stannylation o f interm ediate 203 (±).
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3.2.3 Studies on resolution and desymmetrisation of the diyne building block

The unprotected diyne intermediate 187 is a versatile building block for further structural 

modifications and can be linked to a chiral auxiliary to allow subsequent resolution of the two 

diastereoisomers (210). Resolution of diyne 187 could be achieved employing a cheap chiral 

auxiliary, such as the tartaric anhydride (208), and further TMS-protection to afford the two 

diastereomers which then, could be separated by silica gel chromatography. Cleavage of the 

auxiliary would have revealed both enantiomers of the diyne building block. A first attempt at this 

synthetic route found that the installation of the TMS group was a limiting step, probably due to the 

presence of the labile and reactive methyl ester functionality in the derivative 209 (Scheme 50).

O OAc

OAc O OAc

M eO* V y °
OAc O

OAc O 

O OAc

> w °

TMS

TMS

HO.

“ X

208 209

OAc O 

210

TM S TMS

211

Schem e 50: Resolution o f the diyne build ing block.

The initial synthetic plan was modified by installation of the more resistant pyrrolidine amide 

containing tartrate 212, which also provides more rigidity to the system. Opening of the tartaric 

anhydride with pyrrolidine (1 eq.), under reflux for 6 hours, afforded intermediate 212 in 98% 

yield, which then underwent Steglich coupling in presence of the diyne alcohol derivative 187 (2 

eq.), DCC (1.05 eq.), a catalytic amount of DMAP (0.5 eq.) in dichloromethane to afford the 

conjugate 213 in 70% of yield (Scheme 51).

OAc AcO. /
Pyrrolidine (1 eq.)

208

OAc O

THF, 6  h. reflux 
then rt, overnight 
98%

N. OAc

^OH 
DCC (1.05 eq.) 
DMAP (0.5 eq.)

CH2CI2 
rt, overnight 
70%

O OAc

212

OAc O 

213

Schem e 51: Synthesis o f the conjugated interm ediate 213.

Subsequent TMS protection afforded the two products in a 3:1 ratio. Although the reaction was low 

yielding and further attempts to improve yield and selectivity were unsuccessful (Table 9), the best 

conditions used a catalytic amount of AgCl (0.1 eq.), DBU as base (1.2 eq.) and TMSCI (1.2 eq.), at 

40 °C, to afford the mixture of diastereoisomers in a 3:1 ratio and 30% overall yield (Scheme 52).
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o  OAc

OAc O 

213

m ono TMS-protection 

(desym m etrisation)

OAc TMS

OAc O 

214a

O OAc

OAc O

TMS

Schem e 52: D esym m etrisation o f  the diyne build ing block.

Table 9: O ptim isation o f the T M S desym m etrisation.

E ntry M ethod [M]
Tim e

(h)
Y ield d iastereoisom ers  

(% )
Ratio"

1 AgCl (0.1 eq.), D B U  (1.2 eq.), TMSCI (1.2 eq.) 1 M 24 h 2 0 % 3:1

2 Zn(0 tf)2 ( l  eq.), TEA (1 eq.), TMSCI (1 eq.) 0.1 M 1 8 h 2 0 % 3:1

3 AgCl (0.1 eq.), D B U  (1.2 eq.), TMSCI (1.2 eq.) 0.1 M 8 h 30% 3:1

The diastereomeric ratio was calculated by H-NM R o f  the crude material.

Due to lack of success in further attempts to improve yield and selectivity of the mono-TMS 

protection reaction and difficulties in the separation and isolation of both the diastereoisomers, the 

synthetic route was abandoned.

3.3 Asymmetric synthesis of the diyne building block (203a)

The asymmetric synthesis of the (R) enantiomer of the diyne building block (203a) is based on an 

enantioselective copper-catalysed 1,4-addition on intermediate 218. The presence of the 

coordinating methoxy group in the y position was revealed to be the limiting factor for successful 

outcome of the Copper-catalysed reaction. To the best of our knowledge, the Cu-catalysed 1,4- 

addition on such systems has not been extensively reported in literature. The synthetic route to the 

(R) diyne building block (203a) proceeds by cleavage of the Evans chiral auxiliary and Corey- 

Fuchs manipulation of the aldehydic functionality which affords, after quenching with «-BugSnCl, 

the final building block (203a).
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MeO-

215

NBS (1.1 eq)
Benzoyl peroxide (2%)

Chiorobenzene
reflux, 2 h then 0 °C, 18 h
50%

MeO

216

1)CaC 0 3 (1  eq)
MeOH, mw 160 “C, 20 min. 
90%

Br 2)Li0H-H20(1.6eq) 
MeOH/HzO rt, 2 h 
88%

HO-

-OMe

217

1) oxalyl chloride (3 eq), CH2CI2
2) (/?H+)-4-Ph-oxazoild. (0.91 eq), 
n-BuLi 1 6M (0.96 eq)
THF, rt, 4 h 
95% over two steps

OHC DIBAL-H (2.2 eq)

TMS
OMe CH2CI2, -78 °C, 1 h

80%
220 (/?)

1) CBr^ (3eq), PPhs (3eq) 
CH2CI2, 0 “C, 2 h

2) n-BuLI (2.2 eq)
THF, -78 “C, 1 h 
85%

n-BuLI (1 eq) 
BugSnCI (1 eq)

219 (3R, 4'R)

221 (S)

TMS

CuBr-DMS (1.5 eq), BF3-Et20 (1.5 eq) 
TMS—= — (0.56 M, 1.8 eq) 

MgBr HMPA (2.5 eq)

THF, -78 *0 1 h, then at -50 "C for 12 h 
95%, dr (R S) = 96:4

THF, -78 °C, 1 h 
70%

Bü3Sn

203a (R)

TMS

OMe
• 4 -o

218 (4'R)

— (0.56 M, 1.8 eq) 
MgBr

CuBr-DMS (1.5 eq)
TMSCI (2 eq)
HMPA (2.5 eq)
THF, -50 °C, 12 h 
60%, dr (R:S) = 18:82

Schem e 53: Synthesis o f  the (/?)-diyne build ing block (203a).

3.3.1 Synthesis of the covalently bound stoichiometric Evans’ chiral auxiliary 218

Compound 218 is the key intermediate for the enantioselective synthesis of the (S) diyne 203a. The 

synthesis of compound 218 commenced with formation of the bromo derivative 224 of 

commercially available methyl crotonate 215 by radical reaction using W-bromo-succinamide (1.1 

eq.), and benzoyl peroxide (2%) as the activator, in chiorobenzene (Scheme 54). The reaction was 

performed for 2 hours at reflux and then stirred at 0 °C overnight, affording the product 216 in 50% 

yield (Scheme 54).

MeO'

O

215

NBS (1.1 eq.)
Benzoyl peroxide (0.02 eq.)

chiorobenzene 
reflux 2  h, then 
0 °C overnight 
50%

M eO '

216
(commercially available)

CaCO s ( 1  eq.) 

MeOH.
mw 160 “0 , 2 0  mln. 
90%

MeO

222

LIOH-HgO (I .S e q .)

MeOH/HgO
r t , 2 h
88%

HO

O
OMe

217

1) oxalyl chloride (3 eq .) 
GH2CI2
2) (R)-(+)-4-Ph-oxazolid. (0.91 eq  ). 
n-BuLI 1.6M (0.96 eq)
THF 
rt. 4  h
95% over two s tep s

OMe

218 (4' R)

Schem e 54: Synthetic schem e o f the com pound 218.



As compound 216 is also commercially available, our purpose was to compare the E/Z ratio 

between the synthesised product {E/Z = 5 :1 ) and the commercially available form {E/Z = 93:7). 

Therefore, based on the E/Z ratio, the commercially available compound was the obvious choice for 

use in the synthesis.

The nucleophilic substitution of the bromine atom to introduce the methoxy group in the y-position 

has been investigated under different reaction conditions in an attempt to improve the yield of the 

desired compound 222. The best yield for the allylic nucleophile substitution has been obtained 

employing CaCO] (leq.) as a weak base in MeOH at reflux for 5 days (80%).*^^ Improvement of 

the reaction was achieved employing microwave irradiation, which at 160 °C for 20 minutes 

afforded product 222 in 90% yield (Scheme 55).

MeOH,
216 m w 1 6 0 °C ,2 0 m in . 222

90%

Schem e 55: N ucleophilic substitution w ith CaCOg/M eOH.

The use of NaOMe as the nucleophile was also investigated as illustrated in Scheme 56 and Table 

10. However, although the reactions show a faster profile compared to CaCOs/MeOH (TLC and 

LC-MS monitoring of the complete consumption of the starting material), a substantial drop in the 

yield of the reaction was observed.

T B A I(0 .0 6 e q .) .N aO M e^  ^O M e

CH2 CI2  o r MeOH 

216 2 2 2

Schem e 56: N ucleophilic substitu tion  using N aO M e.

Table 10: T able o f the allylic substitution under S^Z conditions.

Entry NaO M e eq. CH 2CI2 M eO H T im e and 
T em perature

Yield"

1
1.5

(0.5 M MeOH)
0.2 M - 0°C, 30 min then 

rt, 3:30h
12%

2
1.5

(0.5 M MeOH)
0.05 M - 0°C, 7h 14%

3 1
(powder) - 3 mL 0°C, l lh 18%

= Yield of the isolated product.
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The next synthetic step was hydrolysis of the ester (222) to give the carboxylic acid (217) (Scheme 

54). The reaction was carried out under different conditions and the best yield (88%) was obtained 

employing LiOH in a Me0H/H20 solvent mixture.

The synthesis of the Evans chiral auxiliary conjugated product 218 commenced with formation of 

the acyl chloride derivative, which was achieved using two different methods. The use of the 

Ghosez chlorinating agent (purchased from Sigma Aldrich) (Scheme 57) afforded, after 

condensation with the Evans’ chiral auxiliary (0.9 eq.) in the presence of w-BuLi 1.6 M in hexanes 

(0.9 eq.) in THE, compound 218 in 70% yield over two steps.

217

.OM e Cl 0  -3 eq.^)

EtgO
r t , 2 h

C|A^^^OM e

O
o\ h

*P^ BuLi 1.6M 0.9 eq. 

THF,
-78°C 1 h, then r t2 4 h  
70%  over two s tep s

O
OMe

218 (4'R)

Schem e 57: Synthesis o f the E vans conjugated derivative (218).

The mechanism of reaction using the Ghosez chlorinating agent involves a nucleophilic attack of 

the carboxylic acid on the enamine derivative, followed by chloro-elimination. Then, the 

intermediate undergoes nucleophilic substitution by the chloride to give the final acyl chloride 

intermediate.

Further investigation of the condensation procedure employing oxalyl chloride as chlorinating agent 

afforded the optimised procedure for the preparation of the acyl chloride derivative. The best 

reaction condition involved oxalyl chloride (3 eq.) and catalytic DMF in dichloromethane as 

solvent. The reaction was carried out for 2 hour at room temperature. Condensation with the Evans’ 

chiral auxiliary (0.9 eq.) in the presence of «-BuLi 1.6 M in hexanes (0.9 eq.) in THF for 4 hour at 

room temperature afforded compound 218 in 95% yield over two steps.

HO

217

oxalyl chloride (3 eq.) 
DMF (1 drop)

CH2CI2
r t , 2 h

(R)-(+)-4-Ph-oxazolid. (0.91 eq.), 
n-BuLi 1.6M (0.96 eq)

THF 
rt, 4  h
95% over two s tep s

\ U'
OMe

218 (4'R)

Schem e 58: Synthesis o f  the E vans conjugated derivative (218).
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3.3.2 Copper-catalysed 1,4-conjugate addition

The conjugate additions of organocopper reagents are one of the most powerful tools for C-C bond 

formation in organic synthesis. In 1943 Gilman and Woods^^^ proposed that the insoluble yellow 

methyl copper redissolved in ether after the addition of a second molar equivalent of methyllithium 

(Scheme 59). This was the first literature report of what are known as organocuprate reagents (or 

Gilman reagents). Since then, several different types of organocopper reagents have been 

described.

ether _  Bright yellow,
MeLI + Cul ----------^  MeCu ether-insoluble

- 15“C ;
I MeLI

2 MeLI + Cul iVleJcuLI Clear, colour-iess
- 15°C solution

Schem e 59: G ilm an form ation o f  organocuprate.

Organocopper reagents are considered the first choice for alkyl substitution and conjugate addition 

processes. Initially, the main problem was the lack of reproducibility of procedures which has been 

overcome using soluble copper salts such as CuBr DMS and CuCN.

The mono-organocopper reagents are prepared from the copper (I) halides with 1 eq. of RMgX or 

RLi. Because the salt-free organocopper reagents are unreactive, with the presence of a metal salt, 

the reactive species is the cuprate (RCuX)'. The mono-alkyl copper reagents tend to decompose 

above -  15 °C, but one exception is the mono-vinylcoppers and arylcoppers. Such reagents are 

often insoluble due to their oligomeric or polymeric structures (e.g. MeCu), and are more thermally 

stable, reactive and soluble in THF.

The homocuprate reagents (RzCuLi or R2CuMgX) possess enhanced nucleophilicity and stability 

compared to the monoorganocopper. Lithium dimethylcuprate is stable at 0 °C, but for most 

alkylcuprates, procedures with a temperature of -78 °C and an inert atmosphere are required. 

Usually just one of the organic ligands is transferred from homocuprates and, to overcome this 

problem, in 1972 Corey^°^ introduced mixed homocuprates derived from copper pentyne, having 

demonstrated that alkynyl ligands are transferred much more slowly than other organic groups.

The heterocuprates reagents [RCu(Z)M, Z = CN] are efficient as organic group transfer agents and, 

although they are less reactive than the mixed homocuprates, they show improved thermal 

stability.^®^

The higher order homocuprates have been formed by varying the ratio of CuX:RLi; an example is 

R3CU2M (M = Li or MgBr). The higher order heterocuprates are versatile synthetic reagents, and
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cyanocuprates belong to this class. They are formed from CuCN + 2 RLi, and combine the stability 

of heterocuprates with the reactivity of the homocuprates. Additionally, the CuCN is stable in the 

copper (I) oxidation state, is non-hygroscopic, and relatively insensitive to photodecomposition.^°"^

3.3.2.1 Proposed mechanisms for the copper-catalysed 1,4-addition

So far, several mechanisms have been proposed for the copper catalysed conjugate addition. In 

1960 the “four and six-centred mechanisms” (Scheme 60) were proposed for the first time. The 

four-centred mechanism involves an intermediate state where the organocopper derivative interacts 

only with the double bond, instead of the six-centred mechanism whereby the reactive species 

interacts with the entire conjugated system. This mechanism was then abandoned as it did not 

explain the formation of E/Z mixtures of enolate stereoisomers.^° '̂^°^

MX

Î  R O , .  C ? ?  0

RMX Cu +RMX RCu

r  yh. — '  T  ' —  p  T i s s s  r
© R

four-centred six-centred
mechanism mechanism

Schem e 60: M echanism  follow ing the 1,2 and 1,4-addition proposal.

In 1970, House^®  ̂ proposed a mechanism that involves a single electron transfer (SET) from the 

dimer, producing a Cu"' intermediate (Scheme 61). In the proposed mechanism the E/Z 

isomérisation of the olefinic part involved a reversible electron transfer, but it was shown that such 

isomérisation is also possible through reversible generation of an advanced d-n copper/enone 

complex along the reaction pathway. In support of this HSR and CIDNP studies failed to detect any 

radical intermediates.

V a reductive
elimination

Schem e 61: T he proposed single electron transfer m echanism .

Krauss and S m i t h a l s o  performed kinetic studies on the reaction between Me2CuLi and a variety 

of ketones, and demonstrated that the reaction was first order with regard to the cuprate dimer and 

the enone (Scheme 62). The scheme illustrates the initial coordinating complex (223), which 

transforms into the product. The lithium-carbonyl complex (224) does not have any reactivity in 

this model. The key intermediate (225) is an organocopper (III) species formed by a two-electron.
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inner sphere electron transfer. Concurrently, Corey also proposed a Dewar-Chatt-Duncanson 

(DCD) interaction for the Cu^Volefin complex.^’̂

R -L i-RI j
Cu Cu 
R -L i-R

222

oM

\R -C u -R

Y Y
R -Cu-R

intermediate

224

R -L i-R  
Cu C u 'O  
R -L i-R

223

LiO'

ra te  determing step  

225

LiO

226

Schem e 62: K rauss’ m echanism  study.

The reaction pathway of the conjugate addition of MeiCuLi and Me2CuLi LiCI has been 

computationally studied on the acrolein system.^'^ The rate determining step of the reaction (TScc) 

is the C-C bond formation caused by reductive elimination from Cu"  ̂to give Cu\ In the TScc stage, 

the enantiofacial selectivity of the reaction is determined, and the initial Ti-complexation is 

established to be a pre-equilibrium state preceding TScc. The main feature of the mechanism is the 

3-cuprio (III) enolate Cpop, where copper/olefin (soft/soft) and lithium/carbonyl (hard/hard) 

interactions are present. The open complex may be formed directly, by way of an open cluster 

(bottom left), or by complexation of a closed cluster with the enone (CPcl). The CPop intermediate 

is the P-cuprio-ketone, and the two limiting structures (Scheme 63) can be considered. The reason 

for the exceptional stability of CPop as a trialkylcopper (III) species can be explained in terms of 

the p-cuprio (III) enolate structure, with the internal enolate anion acting as a strong stabilizing 

ligand for the Cu^" state. Hence, the key feature for this reaction is the inner sphere electron- 

transfer, that converts the C-Cu^ bond into an unstable C-Cu”  ̂ bond, and the cluster opening 

generates a nucleophilic tetra-coordinated alkyl group. The final step is the formation of the product 

of the conjugate addition as a lithium enolate complexed with RCuV^'^^^
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rale-determining step

3-cuprio(iii) enolate cupracyclopropane olefin it-complex

Schem e 63: Possible pathw ay for conjugate addition to an enone.

3.3.2.2 Role of BF3 OEtj and TMSCI

In 1977 Yamamoto^’  ̂ reported that when RCu is treated with boron trifluoride etherate, a reagent 

more reactive than RCu or a Gilman-type reagent is formed corresponding to the stoichiometry of 

RCu BF3 (Scheme 64). Later, he also showed that RCu and AICI3 can add to “unreactive” a,p- 

enones in a stereoselective manner. Organocopper compounds do co-exist with BF3 or AICI3 at low 

temperature, and the two species are not easily transmetallated. The reactivity of organocopper- 

Lewis acid complexes can be altered by changing several parameters: 1) the choice of Lewis acid; 

2) the choice of the solvent; 3) the source of copper (I); 4) the ratio of organometallic reagent; 5)

the inorganic salt involved; and 6) the presence of additives (trialkylphosphine, dialkyl sulphide).^**'
221

f— RoCu"
F,B'

.o=<
F,B

Cu-R
R FaB'

BF;
Cu"

R

slow fast

F3B'

Schem e 64: M echanism  o f  the B F 3 activation in  the conjugate addition.

Mc3SiCl also accelerates the conjugate addition, and different mechanisms have been proposed^^^ 

(Scheme 65). The first onê ^̂  assumes the Lewis acid activation of the starting enones. The second 

one, proposed by Corey^'^ takes in account an inner sphere electron-transfer, and assumes the 

Me3SiCl has the role to trap the enolate in situ, and therefore make the process irreversible. The 

third hypothesis^ '̂* assumes theoretical justification for chloride coordination to copper. Using this 

silylating agent, the rate-determining step is the silylation and not the carbon-carbon bond 

formation.
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Schem e 65: M echanism s for M cjSiC l acceleration o f  conjugate additions.

3.3.3 Enantioselective copper catalysed 1,4-additions

The enantioselective conjugate addition (ECA) reaction is one of the most important C-C bond 

forming strategies available to the synthetic organic chemist. This is mainly due to the broad 

spectrum of donors and acceptors that can be employed in this reaction. The nucleophiles can be 

carbon or heteroatom based (H, N, O, S, Si, P, Se, Sn, I). The diversity in acceptors arises due to the 

many activating groups possible (ketones, aldheydes, esters, amides, nitriles, nitro, sulfonates, 

sulfoxides, phosphates, phosphonates etc.).

1) nucleophile "Nu"

2) electrophlle "E”

Nu

Nu

Nu

Nu

Z = electron withdrawing 
group

Schem e 6 6 : E C A  before o f the nucleophile and then the electrophlle.

The enantioselectivity in the conjugate addition reaction can be achieved in a number of way 

employing:

(a) a chiral non-transferable group attached to the nucleophile;

(b) an external chiral ligand, which complexes to the nucleophile;

(c) a chiral ligand that binds to the acceptor and dictates the approach of the nucleophile;

(d) a chiral Lewis acid (chiral ligand and metal salt) that activates the acceptor;

(e) a chiral entity that brings together both the acceptor and donor.

In case (a), catalysis is not possible by virtue of the reaction stoichiometry, whereas in the other

four cases it is possible to use catalytic amounts of the chiral source. Enantioselective conjugate

addition of an organometallic reagent to a prochiral substrate can be achieved either by addition of a
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chiral organometallic reagent to a,|3-unsaturated compounds, or by addition of an achiral reagent in 

the presence of a chiral catalyst. Enantioselective conjugate additions of organocuprates have been 

achieved mainly in two ways: either by the use of a chiral non-transferable ligand, using an external 

chiral ligand, or using an internal chiral auxiliary.

Chiral diphosphine ligands have dominated the field of asymmetric catalysis in the last 30 years.^^  ̂

Feringa described the use of ferrocenyl diphosphine ligands as bidentate ligands in asymmetric 

catalysis.^^^ He reported asymmetric conjugate addition of Grignard reagents to cyclic enones using 

two chiral catalysts: JosiPhos and Tania-Phos (Fig. 30). In particular, JosiPhos ligands exhibit 

moderate enantioselectivities (up to 71% ee) in the copper-catalysed conjugate addition of 

dialkyIzinc reagents to enones. The JosiPhos and Tania-Phos ligands^^^ share the same planar 

chirality in the ferrocenyl group, and the central chirality (in the side chain) controls the 

configuration of the 1,4-addition product. In all cases, the competing 1,2-addition product was 

obtained as a racemic mixture. TaniaPhos is the ligand of choice for the 1,4-addition of simple alkyl 

magnesium bromides to cyclohexenone, which proceeds with excellent enantioselectivities.

NMe,

. - O
Fe P P h z j l V  ' ^ P P h i V - V

^  Ph2P ^

TaniaPhos JosiPhos

Figure 29: Ferrocenyl d iphosphine ligands T aniaPhos and JosiPhos.

The enantioselective conjugate addition to a chiral Michael acceptor where the substrate initially 

bearing the chiral information is removable (i.e. a chiral auxiliary) provides a means to synthesise 

enantiomerically pure conjugate adducts. Chiral auxiliaries^^^ should be easy to introduce and to 

remove from the substrate; for this reason the most common attachment occurs by ester or amide 

linkage to the carbonyl group of an a,(3-unsaturated carbonyl derivative. Oppolzer^^^ has 

demonstrated the use of 8-phenylmenthol esters 227 for the stereoselective addition of 

organocopper reagents. In 1986, Kogo^^  ̂ reported the glutamic acid-based, O-tritylprolinol as an 

amide auxiliary, and Pourcelot described asymmetric conjugate additions using chiral 

oxazolidinones (228) and the corresponding imidazolidinones.^^^ Then, Hruby and coworkers 

documented asymmetric cuprate additions to crotonoyl and cinnamoyl-derived imides of chiral 4- 

phenyloxazolidinones.^^° Recently, Yamamoto^^’ proposed addition of organocopper BF3 reagents 

to jV-enoyloxazolidinones 228 as valid tools for enantioselective conjugate addition (Fig. 31).
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O  
228

F igure 30: The structure o f the O ppolzer (227) and 7V-oxazolidinone (228, E vans’) chiral auxiliaries.

3.3.4 Synthesis of the intermediate 219 via copper catalysed 1,4-addition

Asao and Yamamoto'^' performed the 1,4-enantioselective conjugate addition on the (R, E)-4- 

phenyl-3-crotonil-2-oxazolidinone substrate employing the mono-organocopper species 

RCu BF3(MgBr2). Based on their work, the same protocol and reaction conditions were 

investigated on the (/?, £)-3-(4-methoxy-2-butenoyl)-4-phenyl-2-oxazolidinone substrate (218), 

which to date has never been employed in 1,4-additions (according to the literature).

3.3.4.1 Preparation of the TMS-propargyl Grignard reagent

Three different methods were used for the preparation of the TMS-propargyl Grignard reagent.

The first method involved the reaction of the TMS-propargyl bromide with magnesium turnings for 

one hour at reflux and the addition of one crystal of 1% that reacts with the oxidised surface layer of 

the magnesium giving Mgl2 and exposing fresh magnesium metal to the organohalide. The second 

method^^^ performed at 0 °C for 2 hours, used ZnBr2 as the catalyst and reducing agent to 

regenerate the magnesium (0). The third method, called “stir and dry”, activates the magnesium 

turnings by stirring vigorously under dry conditions in the presence of a few drops of Br2. The 

addition of the alkyl halide was carried out at 0 °C over 4.5 hours and the solution stirred for a 

further 2 hours. This method is particularly suitable for highly unstable Grignard reagents (e.g. 

allylic, benzylic and propargylic reagents).

3.3.4.2 Enantioselective copper-catalysed 1,4-addition

Table 11 summarises the key conditions that were tried to achieve a successful enantioselective 

Copper-catalysed 1,4-addition in the presence of a y-coordinating system. The Grignard reagent 

was prepared using the “stir and dry” method reported above. The configuration of the major 

isomer has been assessed by comparison with Yamamoto’s results.
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?  o  MgBr (0.56 M) 9  O

( L T ^ ' ^ O M e  C^Br-DM S.BF 3 -E t,0 .HM PA

-78 "C 1 h. then a t -50 'C  

s e e  Table 11

218 (4 'R ) 219 (3R, 4'R)

Table 11: E nantioselective C opper-catalysed 1,4-addition.

Entry C uB r-D M S eq. BEa-OEtz eq. G rignard eq. H M PA Tim e
(h)

Y ield (% ) dr (R:S)^

1 1.5 1.5 1.8 - 18 10% 95:5

2 1.5 1.5 1.8 - 48 10% 95:5

3 1.5 1.5 1.8 - 96 10% 95:5

4 3 3 3.2 - 18 10% 95:5
5 1.5 1.8 - 48 5% N/A
6 1.5 3 1.8 - 18 10% 95:5
7 1.5 4.5 1.8 - 48 10% 95:5

8 1.5 6 1.8 - 96 10% 95:5

9 1.5 1.5 3 - 18 5% N/A

1 0 1.5 1.5 3 - 48 5% N/A

1 1 0.1 2 10 - 22 35% 85:15

1 2 1.5 1.5 1.8
1:1 ratio 

(THF/HMPA)
18 70% 95:5

13 1.5 1.5 1.8
1:0.75 ratio 

(THF/HMPA)
18 85% 95:5

14 1.5 1.5 1 . 8 2.5 eq. 1 2 95% 96:4

“ = in presence or not of 1.5 eq. of TMSCI.

’’ = The diastereomeric ratio was measured by ’H-NMR.

In entries 1-3 the use of the literature reported conditions^^^ for the mono-organocopper-BF] reagent 

addition to the conjugate methyl crotonate oxazolidinone system afforded the compound 219 in 

only 10% yield, with a diastereomeric ratio 95:5 (R:S). Increasing the reaction time did not improve 

the yield. In entry 4 the use of the 3 equivalents of reagent did not improve the yield of the reaction. 

For entry 5, when TMSCI (1.5 eq.) was employed to trap the forming enolate, the reaction afforded 

the product in only 5% yield. Thus, in entries 6-8 the potential role of the BFg 0Et2 as activator of 

the conjugate system was investigated without bringing to substantial increase of yield.

For comparison, when the commercially available diisopropyl magnesium chloride (1.7 eq., 0.56 

M) was employed at -40 °C for 18 hours, the product was obtained in 25% yield, with a 

diastereomeric ratio of 95:5 (R:S), demonstrating an improved reactivity compared to the alkynyl
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Grignard derivatives. In entry 9-11 the more reactive cuprate reagent slightly increased the yield of 

reaction to 35% but it was accompained by a decrease in diastereo selectivity. In the last three 

entries (12-14) HMPA was added. HMPA is a dipolar aprotic compound with a significant 

ability to form cation-ligand complexes and it can enhance the rates of a wide variety of main 

group organometallic reactions. As illustrated in Table 11 in entry 12, employing the 

monoorganocopper BF3 TMS-propargyl complex (as nucleophile) and a THF/HMPA ratio 1:1 (as 

solvent, where HMPA has been used to solubilise the source of copper) at -40 °C for 36 hours, the 

yield of the reaction increased to 70%, with a diastereomeric ratio of 95:5 (R:S).

For entry 13, employing the same TMS-propargyl monoorganocopper BF3 species (as nucleophile) 

and a THF/HMPA ratio 1:0.75 as solvent (HMPA used to solubilise the substrate) at -40 °C for 18 

hours, the yield of the reaction further increased to 85%, with a diastereomeric ratio 95:5 (R:S). 

However, when the reaction was scaled-up (from 30 mg to 100 mg of 218) an significant decrease 

in yield to 15% was observed. For entries 12-13, the reactions fully consumed the starting material 

(the progress of the reaction was monitored by TLC and LC-MS). The use of 2.5 equivalents of 

HMPA, as co-solvent, and the mono organocopper-BFg reagent at -55 °C for 12 hours were the 

optimum conditions (entry 14), where the product 219 was achieved in 95% yield and a diastereo 

ratio (/?. S) of 96:4.

Scheme 67 illustrates the proposed mechanism of reaction on the conjugate system of 218. The first 

intermediate 229 resulted from complexation of the mono-organocopper BF3 reagent to the 

conjugate system with formation of the 3-cuprio (III) enolate. The unstable cuprio (III) tetra- 

coordinated intermediate donated the ligand to afford the intermediate 232 by reductive elimination 

of 231 (the enantiofacial selectivity was also established at this stage).

/ — = —IM S  / — = —TMS (|||)y— = —TMS
H PK|) Hp"# Hpy/'

229 230 231

(I) /  —  -TM S
cu H r

Mg-Ô O—̂ OMe

232

Schem e 67: M echanism  o f the copper-catalysed 1,4-addition using a hom ocuprate reagent on 218.

In Figure 32 the model for the enantioselective 1,4-addition of the TMS-propargyl derived 

monorganocopper BF3 complex to 218 is illustrated. The attack of the nucleophile on the substrate
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218 is on the Re-face of the conjugate system due to chelation of and the chiral auxiliary 

(Evans) covalently bound to the conjugate system. The Mg^^ coordinates both carbonyl groups 

resulting in the formation of the complex 233.^^  ̂ The chelation by Mg^^ blocks the conjugate 

system in a syn-s-cis conformation that is thermodynamically favoured compared to the syn-s-trans 

conformer, since calculations reveal that the syn-s-trans conformer suffers unfavourable steric 

interactions. The (i?)-4-phenyl-2-oxazolidinone possesses a rigid core that fixes the conformation of 

the single bond (C l’-C2’) in the s-cis orientation. Furthermore the phenyl group of the chiral 

auxiliary shields the Si-face of the complex directing the nucleophilic attack from the Re-face. The 

anti-s-cfr model has also been reported by Nilsson showing that an alkyl copper reagent activated 

by trimethyl silyl iodide (RCu Lil TMSI) provides a reversal of the diastereofacial additions, 

supporting a nucleophilic Si-face addition.^^ '̂^^^

O M e  B r

M g

O M e  o  , M g B r 2

F 3 B  -  C u

R e  -  f a c e

H H

S i -  f a c e

s y n - s - c / s a n t i - s - c / s  syn-s-trans

Figure 31: Enantioselectivity in the 1,4-additions on com pound 233 w ith m onoorganocopper reagent.

The stereoassignments were in accordance with those one reported by Yamamoto*^*’̂ ^̂ . The 

crystallized crotonyl derivative further confirms and validates the assignments on the base of the 

model.

3.3 4.3 Role of the HMPA

It is clear from the data illustrated in the Table 11 that HMPA plays a crucial role in the outcome of 

this reaction. In addition to increasing the yield, it also decreases the reaction time. The HMPA, as 

well as aiding the transmetallation reaction between the copper source and the Grignard reagent, 

disrupts the interaction between the partially positive charged mono organocopper-BF3 reagent and 

the coordinating y-substituent by solvation of the copper species (Fig. The limiting factors

related to the insertion of the organocopper reagent to the y-eleetron donating 1,4-conjugate system 

are the 0-Cu interaction and the size of the oxygen protecting group. For further confirmation of 

the HMPA role, when the same reaction was performed on an OTBS- protected substrate the 

starting material was fully recovered, demonstrating that disrupting the O-Cu polar interaction 

using a bulky protecting group did not allow the reaction to proceed.
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HMPA

TMS

: OMe R e - face

Si - face

Figure 32: Possible role o f the H M P A  in the C opper-catalysed 1,4-addition.

3.3.4 4 Reversal of selectivity in the copper-catalysed 1,4-addition

An essential aspect of substrate 218 is the ability to modify its conformation depending on the 

Lewis acid that is involved in the reaction. The change of conformation of the substrate and its 

reactivity towards the 1,4-addition could reveal it as a powerful tool in asymmetric synthesis. As 

previously reported, the anti-s-c/j model has also been reported by Nilsson showing that an alkyl 

copper reagent activated by trimethyl silyl iodide (RCu Lil TMSI) provides a reversal of the 

diastereofacial additions, supporting a nucleophilic Si-face addition.'**'^^ ’̂̂ ®̂

In this context, pre-treating compound 218 with TMSCl for 30 minutes and using the same type of 

conditions already explored at -50 °C for 12 hours, we were able to shift the substrate towards an 

anti-j-cis conformation and to observe a reverse of the stereoselectivity in the product 219 in 60% 

yield and a diastereomeric ratio (R:S) of 18:82.

OMe

TMS — — \
CuBr-DMS MgBr ( i . 5 eq.) 

TMSCl (2 eq.)
HMPA (2.5 eq.)

THF, -50 °C, 12 h 
60%. dr (R:S) = 18:82

218 (4'R) 219 (3S. 4'R)

S — TMS

OMe

Schem e 6 8 : R everse o f  selectivity o f  Copper-catalysed 1,4-addition on 218.

From the *H-NMR in Figure 34 it is possible to see the presence of the two diastereoisomers in a 

ratio of (R:S) 18:82. The reported region of the spectra is that related to the protons of the Evans

chiral auxiliary, where there is not overlap between the multiplets.
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f l  (ppm)

Figure 33: H -N M R  show ing the d iastereom eric ratio o f com pound 219.

3.3.5 Synthesis of (/?)-(4-(m ethoxym ethyl)-7-(tributylstannyl)-l-trim ethylsilyl-l,6- 
heptadiyne (203a)

Scheme 69 illustrates the final steps involved in the synthesis of the (R)- diyne building block 

(203a), which was achieved via cleavage of the Evans chiral auxiliary and further transformation of 

the aldehydic group into an alkyne functionality.

TMS

OMe

219 (3 R  4'R)

CH2CI2, 
-78 “C, 1 h 
80%

OMe 

220 (R)

TMS

1 )C B r4 ( 3  eq.), 
PPha (3 eq.) 
CH2 CI2 , 0 =0,1 h

2) n-BuLi (2.2 eq.) 
THF. -78 °C, 1 h

221 (S)

TMS
BugSnCI (1 eq .)

-78 “0 .1  h 
70%

BugSn

203a (R)

TMS

Schem e 69: Synthesis o f the stannylated (R)-diyne 203a.

The first reaction was carried out using DIBALH 1 M solution (2.2 eq.) in dichloromethane, at -78 

°C for 1 hour. Employing such conditions no further reduction to the alcohol compound was
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observed. The excess of the reducing agent was quenched using the Rochelle salt (potassium 

sodium tartrate), and afforded the product 220 in 80% yield.

TMS

OMe

219 (3R, 4'R)

= —TMS DIBALH 1M (2.2 eq .) q H C '

CH2CI2. 
-78 “0 ,1  h 
80%

'O M e

220 (R)

TMS

Schem e 70: C leavage o f the E vans chiral auxiliary to afford aldehyde 220.

Further manipulation of the aldehyde intermediate 220 using the Corey-Fuchs procedure afforded 

the diyne intermediate, which was isolated or trapped with «-BusSnCl to afford the final building 

block (203a).

The Corey-Fuchs reaction was carried out by formation of the a,a-dibromo alkene derivative using 

CBr4 (3 eq.), PPh] (3 eq.) in dichloromethane at 0 °C, for 1 hour. The crude material was then 

treated at -78 °C with «-BuLi (2.2 eq.) to afford the lithiated alkyne intermediate (221) wich was 

then quenched with ammonium chloride to afford compound 234, or with «-BuaSnCl to give the 

stannylated building block (203a).

OHO

OMe 

220 (R)

TMS

1 )C B r4 (3 eq.), 
PPha (3 eq.) 
CH2 CI2 . 0 “C. 1 h

2) n-BuLI (2.2 eq .) 
THF, -78 “0 . 1 h

'O M e

221 (S)

TMS

quenched 
with NH4 CI

234 IS)

TMS

n-BusSnCI ( 1  eq.)

-78 °C. 1 h 
70%

BugSn

2 0 3 a (R

TMS

Schem e 71: C orey-Fuchs reaction to afford com pound 234 or 203a.
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3.4 End Game for the synthesis of racemic YM-181741 and (iS)-YM- 
181741

3.4.1 Synthesis of YM-181741 (5) and (±) (185)

The final stage in the synthesis of the natural product YM-181741 was based on coupling of the two 

building blocks and further gold-catalysed benzannulation which afforded the reduced form of the 

desired angucycline framework.

BuaSn̂
OMe

OMe OMe

Pdgdbaa
P(t-Bu )3

'OM e
1.5%
1.5%

203 (+/-) 
2 0 3 a {R)

CHO Toluene, rt, 24 h 
95%

OMe OMe
TBAF (2 eq.)

OMe OMe

235 (+/- or R)

THF, 0 “C, 1 h 
98% OMe OMe

188 (+/- or R)

AuClg 2% 

DCE
50 °C, 1 h 
60%

OMe
CAN (3 eq.)

OMe O
MeCN/HzO, 0 °C,

OMe OMe 30 mln then rt, 1 h
98%

236 (+/- or S) 237 (+/- or S)

Schem e 72; End G am e for the synthesis o f  (5 ) and (±) YM 181741 (185),

BBrg 1M ( 6  eq.) 
OMe 15-crown-5 ( 6  eq.) 

Nal ( 6  eq.)

CHgClz 
-70 °C, 30 min 
then rt, overnight 
70%

OH O

185, YM-181741 (+/- or S)

The first step towards the synthesis of the (S) enantiomer and the raeemie form of the natural 

product (185) consisted of the coupling of the two building blocks (186) and (203 or 203a). This 

reaction proceeded in the presence of Pdidbag and tri-ferf-butyl phosphine at room temperature for 

24 hours to afford the product in quantitative yield. The choice of the palladium source and the 

phosphine were crucial to the outcome of the reaction. Sonogashira and Negishi couplings were 

also investigated, but the Stille coupling was the most efficient procedure in this case. Subsequent 

TMS deprotection of compound 235 with TBAF at 0 °C for 1 hour resulted in the formation of 188 

in 98% yield (Scheme 72).

At this point, all the topological functionalities were set-up for the gold-catalysed benzannulation 

reaction.

Gold has different oxidation states: 0, +1 and +3. It has only one isotope, its nuclear spin is 3/2, and 

its last electronic energy level is 4f'"^5d'°6s\ In the periodic table, gold is placed in Group 11 (IB) 

with copper and silver, and between platinum (Group 10) and mercury (Group 12). It is the most 

electronegative metal, comparable to selenium and slightly more electropositive than sulphur or 

iodine. For a very long time gold was considered un-reactive, so its chemistry was relatively 

unexplored and attracted little interest. Gold was considered to be a rare element, but it is more
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abundant than many other precious metals, such as palladium, platinum or rhodium. In 

stoichiometric organic reaction, the use of gold is rare. Gold easily oxidises a substrate when in the 

+3 oxidation state and gets reduced. The C-C multiple bonds of alkynes, aliénés, or olefins form 

coordination complexes with gold, which activates them to attack by a nucleophile. As reported 

previously for the palladium cross-coupling, the bonding in transition-metal complexes of alkenes 

or alkynes as n ligands is usually considered within the framework of the Dewar-Chatt-Duncanson 

(DCD) model. This considers the bond as a donor-acceptor interaction between two closed-shell 

fragments. In general, the DCD model assumes that a a  bond is formed by overlap of the n system 

of the ligand with an empty metal orbital. A n interaction then results through back-donation of 

electron-density from a filled metal d orbital into an anti-bonding n* orbital of the alkene or alkyne. 

The “soft” character of the gold ensures a much greater affinity to the triple carbon bond, following 

the Pearson’s principle that “hard” reacts with “hard” and “soft” with “soft”. The gold-catalysed 

organic reactions can be classified into five groups:

1. Nucleophilic additions to C-C multiple bonds;

2. Activation of carbonyl groups and alcohols;

3. Reactions in which carbon monoxide behaves as a nucleophile;

4. Hydrogenation reactions;

5. Oxidation reactions.

The gold, a soft, carbophilic Lewis acid transition metal prefers to activate C-H or C-C double and 

triple bonds (electrophilic activation of these C-C multiple bonds by coordination to gold) to form 

new C-C, C-N, C-O bonds, often in cyclisation r e a c t i o n s . T h e  organogold intermediates 

undergo fast proto-demetallation, that does not involve y9-hydride elimination. The oxidation state 

of the active gold catalyst species has not been resolved. Therefore, there are many questions 

regarding the reaction mechanisms because often the reactions are possible with both gold (I) or 

gold (III) as catalysts. In general, considering the gold catalysed nucleophilic addition to C-C 

multiple bonds, initially the gold catalyst interacts with the Ti-system of the substrate 238 to form 

the intermediate 239; this is followed by the attack of the nucleophile on the electro-deficient 

carbon centre formed. There is much evidence that the nucleophile adds anti to the gold to produce 

a vinyl-gold species 240. Then the organo-gold intermediate liberates the addition product 241 and 

the gold catalyst by proto-demetallation (Scheme 73).^^^
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[Au]
R = ■ R' 

238

[Au]

R  —  R '

239

+ NuH R Au

■ ®)=< 
HNu R'

240

-H+

■Au

R H

)= <  
Nu R'

241

Schem e 73: G eneral m echanism  o f a gold-catalysed reaction.

The cyclisation was performed under the same type of conditions as those used by Yamamoto,’ '̂ 

i.e. a catalytic amount of AuClg (2%) and dichloroethane as solvent. The reaction afforded in 1 hour 

at 50 °C the cyclised product 236 in 60% yield. Furthermore, the oxidised compound 237 was also 

isolated in 15% of yield.

A u d i 2  mol%

DCE. 50 °C. 1 h 
60%

OMe

188 (+/-) or (R)

OMe OMe

236 (+/-) or (S)

Schem e 74: G old-catalysed benzannulation reaction.

The proposed mechanism for formation of the intermediate 236 employing AuClg as catalyst started 

from the interaction of the gold with the n system of the alkyne followed by nucleophilic addition 

of the electron pair of the carbonyl oxygen to the Au-activated alkyne bond. The positively charged 

diene that was formed reacted through a [4+2] cyclisation that after elimination/fragmentation 

afforded the benzannulation product 236 (Scheme 75). It is noteworthy that the gold species did not 

change in oxidation number during the process.

OMe' OMe
OMe

236 OMe

AuCI;OMe OMe
OMe OMe

188

AuCI;

OMe
OMe

OMe
OMe

MeO
MeO OMe OMe

[4 + 2]

OMe

OMe AuCI;

OMe OMe

Schem e 75: Possible m echanism  for the benzannulation reaction.
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In addition, further investigation in order to assess the tolerance of the benzannulation reaction 

twoards more substituents in position 4 of the diyne building block was achieved with the synthesis 

of the diyne derivative 242. When the AuClg-catalysed reaction was performed on compound 242, 

the product 243 was isolated in 50% yield (Scheme 76).

MeO' OMe

OMe

OMe OMe' OMe
AuCI; 2  mol%

OMe
OMe

CHO DCE
50 “C, 1 hOMe OMe OMe OMe
60%

242 243

Schem e 76. B enzannulation reaction on diyne bearing tw o identical substituents at C-4.

The following steps to prepare YM-181741 as both (S) and racemic forms consisted of initial re

oxidation to the quinone system using a cerium (IV) salt (3 eq.) to afford 237 in 98% yield. This 

was followed by deprotection of the methyl groups employing a solution of IM BBr] (6 eq.), 15- 

crown-5 ether (6 eq.) and Nal (6 eq.) in dichloromethane to give the final natural product 185 in 

70% yield. Spectroscopical and analytical data for the natural product (5)-YM181741 (185a) were 

consistent with that reported in the literature. The [a]o^  ̂value of synthetic 185a {[a]o^  ̂+24.8 (c 

0.05, CHCI3), 91% ee} was identical to that of (5)-YM-181741 synthesised by Kaliappan and co

workers {[a]o^  ̂+27.2 (c 0.36, CHCI3), 99%

OMe OMe

236 (+/-) or (S)

OMe
CAN (3 eq .)

MeCN/HjO 
0 °C, 30 mln. 
then  rt, 1 h 
98%

OMe O

237 (+/-) or (S)

OMe
BBrg 1 M ( 6  eq.) 
15-crown-5 ( 6  eq.) 
Nal ( 6  eq.)

CHgClg
-40 °C, overnight 
70%

OH O

YM-181741 (+/-) (185) 
YM-181741 (S) (185a)

Schem e 77. Synthesis o f  Y M -181741 (185 or (5 ) 185a).

3.5 Elaboration of the angucycline scaffold

In order to explore the reactivity of the angucycline scaffold a large number of modifications were 

investigated. They can be grouped in three main categories: 1) modifications of the A ring; 2) 

selective deprotection of the methyl protecting group; 3) modification of the hydroxy methyl group 

at C-3. All of the angucycline analogues coming from these modifications were evaluated using a 

preliminary FP binding assay and cell-based assays.
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3.5.1 M odifications of the A ring

Different types of modifications were investigated to explore the reactivity of the cyclohexanone A 

ring on the methyl protected angucycline compound 237. It was observed that the overall scaffold 

behaves differently in acidic or basic environments, especially regarding its tendency to aromatise 

under strong basic conditions, and alternatively, to activate the carbonyl in C-1 under acidic 

conditions. The reactions explored on the A ring relate to ring enlargement, and C-2 and C-4 

functionalisation. Further attempts to reduce the carbonyl group in position 1 failed, probably due to 

its ability to reoxidise.

3.5.1.1 Ring enlargement

The Schmidt reaction was performed on the methyl-protected angucycline compound (237) to 

afford the seven-membered lactam ring containing the angucycline analogue (244). The reaction 

was carried out at reflux for 2 hours using sodium azide (1.14 eq.) and H2O (10 mol%) in TFA as 

the solvent. The reaction proceeded smoothly to afford compound 244 as the only product in 70% 

yield (Scheme 78).

OMe NaNg (1.14 eq.)
HgO (10%) . /  01̂ 8

OMe O

237 (+/-)

O HN

OMe O

244 (+/-)

TFA
reflux, 2  h 
70%

Schem e 78. Schm idt reaction.

Different conditions were explored to perform the ring enlargement using the Baeyer-Villiger 

reaction (including different oxidising agents and acid catalysis) but none of the conditions resulted 

in the formation of product, and in some cases degradation of the starting material was noted.

3.5.1.2 Aromatisation and Cleavage of the C-1

The treatment of compound 237 with a strong base, such as KHMDS 1 M (6 eq.) at -78 °C afforded 

the aromatised compound 245 in 30 minutes and 91% yield. Although the reaction was left stirring 

for 30 minutes to ensure full conversion, the almost instantaneous conversion to the product 245 

occurred as soon as the strong base was added to the solution of the angucycline 237 in THF. The 

reaction is believed to proceed through a SET mechanism, likely by oxidation of an intermediate 

enolate by air. Compound 245 may be stabilised by a further intramolecular hydrogen bond 

between the OH group in C-1 and the carbonyl oxygen in C-12 (Scheme 79). The same analogue 

245 can also be obtained through a two-step synthesis by treatment of a -OTMS enolate
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intermediate, using LHMDS (6 eq.) and TMSCl (6 eq.), with Pd(OAc)2 (1 eq.) in acetonitrile at 

room temperature for 24 hours.

OMe

OMe O

237 (+/-)

K H M D S 1M (6eq.)

THF
-78 °C, 30 min 
91%

OMe

OMe O

245

Schem e 79: B ase-catalysed arom atisation o f the cyclohexanone A ring.

The structure of the product has been confirmed by full characterization of compound 245. 

Furthermore, the increase in proton shift from 3.48-3.40 ppm (multiplet) to 4.62 ppm (singlet) for 

the -CH2O attached to the A ring and the disappearance of the alkylic protons from 3.08-2.46 ppm 

along with emergence of additional aromatic protons supports the proposed structure. In this 

peculiar case, the particular scaffold reactivity of the angucycline framework would suggest a 

possible radical anion mechanism formed during the reaction via single electron transfer 

mechanism.

The carbonyl at C-1 can be cleaved using the Shapiro olefination method. The procedure involved 

the conversion of the carbonyl group of compound 237 into a tosyl hydrazone derivative using tosyl 

hydrazine (1.1 eq.) in EtOH at reflux for 3 hours. Upon treatment with «-BuLi 2.4 M (4 eq.) at -60 

°C in TMEDA as solvent and water (4 eq.), elimination of the tosyl hydrazone group occoured 

along with aromatisation of the A ring to afford the angucycline analogue 246 in 60% yield 

(Scheme 80).

'O M e 1) Tosyl hydrazide (1.1 eq.) 
EtOH, reflux, 3 h

Ï J 2) n-BuLI 2 .4  M (4 eq.)

OMe 0
HgO (4 eq.)
TMEDA, rt, overnight

237 (+/-)
60%

O
l ï

OMe

OMe 0

246

Schem e 80: Shapiro olefination o f com pound 237.

For medicinal chemistry purposes many attempts were made to methylenate the carbonyl group in

C-1 of the A ring. Different strategies using Wittig, Tebbe, Petasis or the Zn-CH2-TiCl4 reagents

were unsuccessful. The carbonyl in C-1 appeared to be resistant to the direct methylene

nucleophilic attack, even after activation with strong acid. To our surprise the only reaction of this

type that took place on the angucycline derivative 237 was using the Zn\Cu couple to activate

diiodomethane. The reaction was performed using activated Zinc dust (3 eq.), CuC^ (3 eq.), CH2I2

(1.5 eq.) in dichloromethane and diethyl ether as solvent. Based on literature findings, which

extensively support the ability of dihalocarbenes to insert into C-H bonds, '̂*”' '̂^ and the analysis
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collected supporting the disappearance of the multiplet at 2.65-2.51 ppm in favour of the 

appearance of the cyclopropyl CH2 multiplet at 1.97 ppm along with the retention of the carbonyl 

signal visible by *^C-NMR and IR, we suggest the cyclopropanated compound 247 as the product 

coming from the reaction in 60 % yield (Scheme 81).

OMe

OMe O

Zn (3 eq.) 
CUCI2  (3 eq.) 
CH2 I2  (1 .5eq .)

CH2Cl2/Et20 
reflux 24 h 
60%

OMe

OMe O
237 (+/-) 247 (+/-)

Schem e 81: C yclopropanation reaction o f  interm ediate 237.

3.5.1.3 Modifications of the a position of the A ring

The angucycline analogue 248 was synthesised through the TMS enol ether intermediate of 

compound 237 made using LHMDS 1 M (6 eq.) and TMSCl (6 eq.) in THF as solvent for 1 hour at 

room temperature. Further hydroxylation of the TMS enol ether intermediate was achieved by 

Rubottom reaction. The OTMS angucycline enol ether was treated with w-CPBA (1.3 eq.) in 

dichloromethane for 3 hours at room temperature. The reaction afforded the a-hydroxylated 237 

product as a mixture of diastereomers (Scheme 82).

OMe

OMe O

237 (+/-)

1 )L H M D S 1M (8eq .) 
TMSCl ( 6  eq.)
THF, rt, 1 h

2 )m -cp b a (1 .3  eq.) 
CH2 CI2 . rt, 3 h 
83% over two steps

OMe

OMe O

248 (+/-)

Schem e 82: R uhottom  oxidation o f  angucycline 237.

Further attempts to react the TMS enol ether intermediate via a 1,4-addition to methyl vinyl ketone 

(MVK) were unsuccessful. The transformation was achieved by installation of an additional 

electron-withdrawing group in the a-position which confers more stability to the reactive carbanion. 

The reaction of the angucycline derivative 237 with methyl formate (2 eq.) and NaOMe (2 eq.) in 

benzene afforded the stable enol compound 249 in 93% yield. At this point the 1,4-addition with 

MVK (1.3 eq.) and TEA (2 eq.) proceeded smoothly at room temperature for 48 hours to afford 

compound 250 in 60% yield as a mixture of diastereomers (1.4:1) (Scheme 83).
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OMe O

OMe

237 (+/-)

Methyl formate (2 eq.) 
NaOMe (2 eq.)

benzene 
reflux, 3 h 
then rt, 1 2  h 
93%

HO.

OMe

OMe O

Me

OMe
MVK (1 .3eq .) 
TEA (2 eq.)

MeOH 
rt, 48 h
60%, dr = 1.4:1

OMe O

249 (+/-) 250 (+/-)

Schem e 83: Synthesis o f  analogue 250 by 1,4-addition o f enolate derivative 249.

3.5.1.4 Functionalisation of the benzylic C-4 position

Modification of C - 4  was achieved on angucycline 237 by bromination using benzoyl peroxide (0.22 

eq.) as radical initiator and NBS (1.2 eq.) as a source of bromine radical in CCI4 as solvent. Further 

nucleophile substitution of the bromine was carried out using morpholine (2 eq.) and CS2CO3 (2 eq.) 

in [Bmin][BF4] as solvent to afford product 252 in 57% yield. The ionic liquid, [Bmin][BF4], is 

believed to stabilise by solvation the tertiary carbocation formed during the reaction, thus avoiding 

the competitive elimination reaction. Further investigation of the reaction conditions using different 

polar aprotic solvents (eg., DMF, DMSO, CH3CN) afforded the aromatised compound as the main 

product (Scheme 84).

OMe o
237 (+/-

OMe MBS (1.2 eq.)
(PhCOz): (0 . 2 2  eq.)

CCI4

m w ))1 4 0  “C, 15 min 
98%

OMe O

251 (+/-)

OMe morpholine (2 eq.) 
CS2 CO 3  ( 2  eq.)

[Bmin][BF4 ]
95 °C, overnight 
57%

OMe

OMe O

252

Schem e 84: Functionalisation o f the C4 benzylic position w ith m orpholine (252).

3.5.2 Regioselective methyl deprotection

The regioselective methyl deprotection of the angucycline compound 237 was investigated. 

Synthesis of the phenol deprotected analogue 253 was achieved with BBr3 (2.5 eq.) at -20 °C for 4 

hours, to afford 253 in 65% yield. Selective deprotection of the alkylic methyl group to give 254 in 

60% yield was achieved with the use in excess of Nal (6 eq.) and 15-crown-5 ether (6 eq.) (Scheme 

85).
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OMe
BBrg (2.5 eq.)

r V î T r
CH2 CI2

°  253 (+/.)

t S t i

O M eO

237 (+/-)

BBp3  (4.5 eq.)
Nal ( 6  eq.) 
15-crown-5 ( 6  eq.)

o ^ 'y -

CH2 CI2

-40 °C, overnight OMe 0
60%

254 (+/-)

Schem e 85: R egioselective m ethyl deprotecion.

3.5.3 M odifications of the hydroxymethyl group at C-3

The hydroxyl methyl functionality in position 3 of the cyclohexanone A ring could be widely 

modified employing various synthetic transformations. Here, we report the key modifications that 

have been explored in order to make a focused library of angucycline analogues. These include: 

reductive amination, amide coupling, nucleophile substitution and formation of triazole derivatives.

3.5.3.1 Reductive amination

The hydroxyl derivative, (±) YM-181741 (185), was first oxidised using Dess-Martin periodinane 

(1 eq.) in dichloromethane as solvent to afford the aldehyde intermediate 255. This was then 

employed in a reductive amination reaction performed by treatment with the desired amine (1.5 eq.) 

and NaBH(OAc)3 (1.8 eq.) at room temperature for 12 hours to give the products 256-258 in 65- 

82% yield (Scheme 86).

OH NR.am ine (1.5 eq.) 
NaBH(0 Ac ) 3  (1 . 8  eq.)DMP (1 eq.)

CHgClg 
rt, 12h 
65 - 82%OH O OH OOH O

255 (+/-)185 (+/-)

Schem e 8 6 : R eductive am ination.

Figure 35 shows the three angucycline analogues (256-258) that were synthesised following the 

reductive amination procedure previously described.
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OH O OH O OH O
256 (+/-) 257 (+/-) 258 (+/-)

Yield = 72% Yield = 82%

ro
Yield = 65%

Figure 34: A ngucycline analogues synthesised by reductive am ination.

3.5.3.2 Amide coupling

The amidic functionality on the side chain in position 3 of the cyclohexanone A ring was installed 

by oxidation of the alcohol group in compound 185 to the corresponding carboxylic acid analogue 

259 in 99% yield using Jones’ reagent (4 eq.). Further amide coupling with the desired amine (2.3 

eq.), HATU as coupling agent (2.3 eq.), DIPEA (5 eq.) in DMF as solvent, afforded the 

angugycline analogues 260-263 in 30-65% yield (Scheme 87).

Jo n es ' reag en t (4 eq.)

acetone
rt, 45 min

OH O

185 (+/-)

-/-.u (2 3 eq.)
HATU (2.3 eq.) 
DIPEA (5 eq.)

NR:

DMF 
rt, 12 h 
30 - 65%OH O OH O

259 (+/-)

Schem e 87: A m ide coupling.

Figure 36 shows the angucycline analogues (260-263) that were synthesised using the amide 

coupling procedure starting from the natural product YM-181741 (185).

COgMe

OH o
280 (+/-) 

Yield = 65%

OH O
281 (+/-) 

Yield = 55%

OH O 282 (+/-) 
Yield = 48%

OH O
283 (+/-) 

Yield = 30%

Figure 35: A ngucycline analogues synthesised by am ide coupling.

3.5.3.3 Nucleophile substitution and triazole derivatives

The interconversion of the alcohol functionality into an iodide functional group would allow the 

further functionalisation of the alkylic chain at position 3 of the natural product YM-181741 by 

nucleophilic substitution using a different range of available nucleophiles, such as fluoride, 

secondary amines or an azide. The racemic lTM-181741 was treated with I2 (2.4 eq.), PPh] (2.4 eq.), 

imidazole (2.8 eq.), in dichloromethane at room temperature for 4 hours to afford the iodide 

angucycline analogue 264 in 68% yield. This was treated with: 1) methyl benzyl amine (3 eq.), 

CS2CO3 (3 eq.) in DMF under microwave to afford 265 in 58% yield; 2) CsF (5 eq.) in acetonitrile
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to afford 266 in 97% yield; 3) Sodium azide (4 eq.) in dimethyl formamide to give 267 in 

quantitative yield (Scheme 88).

(Bn)(Me)NH (3 eq.) 
CS2 CO3  (3 eq.)

OH O

185 (+/-)

I2  (2.4 eq.) , 
PPhs (2.4 eq.) H 1 T  
Im. (2 . 8  eq.)

DMF
mw )) 120 ®C, 7 min 
58%

CsF (5 eq.)

CH2 CI2 CH3 CN
rt, 4  h T IT rt, overnight
6 8 % OH 0 97%

264 (+/-)
NaN3  (4 eq.)

DMF 
rt, 1 2  h 
quantitative

265 (+/-)
OH O

266 (+/-)OH O

OH O 267 (+/-)

Schem e 88: N ucleophile substitution on the alkylic chain o f the cyclohexanone A ring.

Further copper catalysed Huisgen [3+2] cycloaddition reactions were explored on the azide 

angucycline analogue 267 in order to make angucycline derivatives (268-272) bearing a triazole 

ring. The reaction was carried out with the desired phenyl acetylene derivatives (1.5 eq.), 

CUSO4 5H2O (1%), and sodium ascorbate (5%), in f-BuOH/HiO (2:1) at room temperature for 12 

hours. The reaction yields were between 45-63% (Scheme 89).

Phenyl acetylene (1.5 eq.) 
CuS04 -(H20)5 (1%) 
Sodium ascorbate  (5%)

f-Bu0H/H20 (2:1) 
rt, 1 2  h 
45 - 63%

267 (+/-) 268-272 (+/-)

Schem e 89: Synthesis o f  angucycline triazole derivatives (268-272).

Figure 37 shows the angucycline analogues (268-272) that were synthesised using the click reaction 

procedure starting from the azide angucycline intermediate (267).
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OH O
OMe

MeO
268 (+/-) 

Yield = 52%

OH O

269 (+/-) 
Yield = 45%

OH O

270 (+/-) 
Yield = 63%

OH 0

271 (+/-) 
Yield = 48%

OH O

272 (+/-)
Yield = 52%

Figure 36: A ngucycline analogues bearing the triazole ring synthesised using click  reactions.
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3.6 Synthesis of a diversified diyne for the investigation of the 
benzannulation reaction

The versatility of the benzannulation reaction and its ability to tolerate substituents at C-4 of the 

diyne building block 203 prompted further exploration of this reaction and its potential scope in 

diversity-oriented synthesis. In this context, based on the analysis of the different reactive pathways 

that the reaction might undertake, or employing different metal catalysts, synthesis of a more 

diversified building block 281 would allow us to investigate the scaffold diversity that could be 

achieved in the gold catalysed-benzannulation reaction from compound 282.

The synthetic route to diyne 281 is based on construction of both chiral centres employing an 

asymmetric Ireland-Claisen rearrangement via the intermediate 276. Further elaboration of 

compound 277 builds up the diyne moiety. Yields and the ratio of diastereomers could be optimised 

with regard to the installation of the second alkyne functionality.

273

TMS

Boc
Boc O 274

OH 2 eq.

EDCi - MCI (2 eq.) 
□MAP (0.05 eq.) 
TEA (2 eq.)

CH2CI2 
rt, 4 h 
99%

TFA (3 eq.)

CH2CI2 
rt, overnight 
90%

Boc

O Boc

Boc 

275

TMS

LIHMDS 1 M (2 e q .) 
TMSCl (2 eq.)

THF
r t ,2 4 h
dr(R.S:S,R)/{R.R:S.S) 
= 88.5:11.5

1) DIBALH (1.3 eq.) 
E t20, -78 °C, 1 h

2 ) CBr4  ( 2  eq.)
PPha (4 eq.) 
CH2 CI2 , rt 30 min 
60%  over two s tep s

TMSCHN2  (1 .8 eq .)

MeOH 
rt, overnight 
98%  2 s tep s

n-BuLi 1.6 M (2.1 eq.)

THF
-78 “0 ,1  h 
74%

TMS
277 278 279

Boc>
NH

TMS
280

Zn(OTf) 2  (0 . 8  eq.) 
TEA (1.05 eq.) 
BugSnCI (1 .2 eq .)

CH2CI2 
rt, 16 h 
70%

Boc y
'NH

TMS
281

'SnBua

NHBoc

282

Schem e 90: Synthesis o f  the d iversified  diyne 281.
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3.6.1 Synthesis of intermediate 275

The synthesis of intermediate 275 was achieved by Steglich coupling of the two different building 

blocks 273 and 274 (Scheme 91).

1 ) CS2 CO 3  2 0 %
MeOH/H2 O ( 1 0 :1 )
2)BnBr(1.1 eq .) ,D M F  

U rt, overnight, 98% 9

3)DMAP (0.1 eq.)
283 (Boc)2 0 (1 .1  eq.),CH3CN 274

rt, overnight
4) H2 , Pd/C (5%), MeOH 
rt, 4  h, 98% over two s tep s

1 ) (1 . 1  eq.)
O DABCO (0.1 eq.)

THF, rt, 1 h
OMe

EDCi - HOI (2 eq.)
DMAP (0.05 eq.)
T E A (2 eq .)

CH2 Ci2

r t , 4 h
99% 275

2) DiBALH (2.5 eq.) 1 ®q-
2 M  Toluene, -78 “0 , 4  h 273

98%  over two steps

Schem e 91: Synthesis o f interm ediate 275.

Synthesis of the di-Boc-protected W-Boc-glycine building block (274) was achieved by benzyl 

protection of the carboxylic acid group of the A^-Boc-glycine via reaction of the cesium salt of the 

carboxylic acid with BnBr (1.1 eq.) in dimethyl formamide as solvent, followed by reaction of the 

a-amino group in the presence of Boc anhydride (1.1 eq.), and catalytic DMAP to afford the di-Boc 

protected compound in 98% yield. Deprotection of the benzyl protecting group with Hi on Pd/C 

afforded the di-A^-Boc-protected building block (274) in 98% yield. This procedure eliminated the 

potential risk of generating mixed anhydrides as well as salt formation with the basic catalyst. In 

addition to playing a key role in the [3,3]-sigmatropic rearrangement, the di-Boc ^-protection also 

functions as a protecting group for the close carbonyl functionality. Indeed, many di-Boc amino 

acid, such as Boci-Gly, are resistant to moderately strong bases, and they remain intact when 

treated with NaH in dioxane. '̂^  ̂ The synthesis of the second building block 273 was achieved by 

1,4-addition of propargyl alcohol (1.1 eq.) to methyl propiolate in the presence of a catalytic 

amount of DABCO (0.1 eq.). Following reduction of the ester functionality with DIBAL-H (2.5 

eq.) at -78 °C for 4 hours the alcohol building block 273 was isolated in 98% yield (Scheme 91).

3.6.2 Synthesis of intermediate 277 by [3,3]-sigmatropic rearrangement

Synthesis of the methyl ester 277 was achieved by the slow addition (~3 ml/hour) of LiHMDS 1 M 

solution (2 eq.) to compound 275 and TMSCl (2 eq.) in THF at room temperature for 24 hours to 

afford the carboxylic acid intermediate in quantitative yield. Further reaction of 276 in MeOH with 

TMS-diazomethane (1.8 eq.) afforded the methyl ester 277 in 98% yield over two steps (Scheme 

92).
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LiHMDS 1M (2 eq.) 
Boc TMSCl (2 eq.)

275

Boc THF 
r t,2 4 h
dr(R.S:S.R)/(R,R:S,S) 
= 88.5:11.5

Boĉ ,̂Boc

TMS

276

Boĉ _̂Boc

TMSCHNz (1.8eq.)

MeOH
rt, overnight
98% over two steps

TMS

277

Schem e 92. Synthesis o f  com pound 277 via  [3,3]-sigm atropic rearrangem ent.

The reaction allowed the construction of a and P chiral centres in a single reaction showing a 

88.5:11.5 (R,S:S,R) / (R,R:S,S) ratio of diastereomers (Fig. 38). Further TMS protection of the 

alkyne functionality was also achieved in this step. The Ireland-Claisen rearrangement has found 

wide application in organic synthesis due to the benefits of ease of substrate synthesis and the mild 

reaction conditions employed. The [3,3]-sigmatropic rearrangements are exothermic and concerted 

pericyclic reactions which show a suprafacial reaction pathway according to the Woodward- 

Hoffmann rules. Regarding acyclic substrates the rearrangement of allylic silylketene acetals 

proceeds through a chair geometry, which offers a predictable and divergent syn/anti relative 

stereochemistry through the choice of either silylketene acetal or allyl alkene geometry. The chair 

transition state geometry leads to a highly ordered arrangement that benefits formation of congested 

quaternary stereocentres. This methodology described in particular by Carbery, "̂*  ̂has demonstrated 

that the mono-Boc protected glycinate is unable to perform the rearrangement, probably due to the 

highly unstable dianionic Li-enolate which is formed. Hence, introduction of a second N-Boc 

protecting group led to an impressive level of diastereoselection with only the syn diastereoisomer 

observable and isolated in good yields. Moreover, adoption of a cyclic transition state possessing a 

chair geometry offered the ability to control diastereoselection by controlling the E/Z  geometry of 

either the vinyl or allyl fragment (Fig. 38).

Q-SiMes
B oc  O

Figure 37: Proposed chair transition state for the Ireland-C laisen  rearrangem ent.

From the 'H-NMR in Figure 39 it is possible to determine the diastereomeric ratio of compound 

277. The ratio of the two triplets at 4.81 and 4.51 ppm was 88.5:11.5 between the two 

diastereoisomers (R,S:SJV) and (R,R:S,S). The peak at 4.81 ppm originated from the (R,R:S,S) 

diastereomers and the peak at 4.51 ppm from the (R,S:S,R).
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Figure 38: Diastereomeric ratio of compound 277.

3.6.3 Synthesis of the stannylated diyne building block 281

The synthesis o f the diyne final building bloek 281 started with the mono Boc deproteetion, which 

was carried out in presence o f TFA (3 eq.) in dichloromethane at room temperature overnight to 

afford compound 278 in 90% yield. At this point the carbonyl group was susceptible to further 

manipulation. The reduction procedure o f compound 278 was achieved using DIBALH (1.3 eq.) at 

-78 C for 1 hour, and further Wittig olefination using CBr^ (2 eq.), PPhg (4 eq.) in dichloromethane 

afforded 279 in 60% yield over two steps (Scheme 90).

Treatment o f the a,a-di haloalkene 279 with M-BuLi (2.1 eq.) 1.6 M as a strong base at -78 °C for 1 

hour afforded the diyne compound 280 in 74% yield. Finally, installation o f the tributyl stannane 

group to prepare the building block for the Stille cross-coupling reaction was achieved by treatment 

with zinc triflate (0.8 eq.), TEA (1.05 eq.) and tributyl tin chloride (1.2 eq.) in dichloromethane as 

solvent to afford the final building block 281 in 70% yield (Scheme 90).
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3.7 Biological evaluation of the angucycline library

The biological investigation o f the synthesised ligands involved an initial in vitro Fluorescent 

Polarisation (FP)-based primary PPI binding assay. This was followed by a cell-based screen in a 

MTS assay for cell viability in STAT3-dependent MDA MB231 breast cancer cells and STAT3- 

null A4 cells. Furthermore, a STAT3-Luciferase assay was employed to evaluate the ability o f the 

compounds to inhibit the STAT3 transcriptional activity.

3.7.1 Biochemical p rim ary  PPI binding assay

In vitro screening o f the focused library o f angucycline analogues was carried out in a PPI primary 

binding assay employing Fluorescence Polarisation (FP). This homogeneous assay is generally 

applicable for the analysis o f protein-protein interactions with higher molecular weight protein and 

can be adapted to a high-throughput format. Generally, the degree o f interaction between the 

fluorescence-labeled phosphotyrosine peptide and the synthetic ligand is assessed by analysing the 

polarisation o f the emitted fluorescence upon excitation with polarised light (Fig. 40). In this case, 

instead, the assay was carried out using the specifically rhodamine labeled TAMRA-LPQTV 

peptide in order to avoid any fluorescence conflict with the highly aromatic ligands. The focused 

library o f novel compounds was screened using the pYLKTKFI peptide as a control inhibitor to 

measure the activity o f the angucyclines. This peptide is a known inhibitor and its sequence is the 

same as the loop in the SH2 domain responsible for the formation o f the STAT3 dimer (i.e. natural 

ligand).

Source of polarteed Mght

»-v-#

t Formation of STATS: labolaO- 
oaptlda eomplox

Smon molocula Inhibitor 
compotoo tor STATS 

binding aMo

Rapid rotation

%
Emiaslon of NON 

polarlaad light: no algnal

FomtaUon of STATS am all 
molacula complex

Slow rotation

d

Rapid rotation

Emiaslon of polarlaad 
light: algnal detected

Emiaslon of NON 
polarleed Mght: no algnal

tf i f f  mnt»U mofdcufd thm p«pttd« blndlnu tfie
STATS SH2 the mignm/ shouid  decreese or <ti»mppe»r .

Figure 39: Scheme o f the prelim inary FP binding assay (reproduced from Future Med. C/j^w.2009, 1, 65-93).
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Figure 40: Relative inhibition o f ligands in the FP assay com pared to LKTFI.

The first four novel ligand entries in Figure 41 were shown to have significant binding affinity for 

the SH2 domain with relative inhibitions between 121.8-46.0%, based on the 100% of inhibition for 

the natural peptide ligand YLKTKFI.

COjM«

KSN AM PIP 53-IVM.a2
1 02.2 %121 .8 % 83.7%

AM500
46.00%

AM499
28.1%

53-IVM-78b
26.7%

'o 'OMe
0
-r̂ Ô

53-IVM-97b
8 .6 %

KSN RA PIP AM361AM454 (YM-181741)
5.7%

AM505
no active

534VM ^5a
no active no active

53-IVM-98CC
no active

Figure 41: List of angucycline compounds and relative percentage of inhibition.
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Based on the results of the screening in the FP-based assay, it was feasible to identify some SAR 

features. The best four entries (Fig. 41) suggest that substitutions at the hydroxyl methyl side chain 

in 3 position are usually well tolerated as exemplified by compounds KSN AM PIP and 53-IVM- 

82 which possess an amide linkage. Further modification of the piperidine ring in KSN AM PIP to 

morpholine or thiomorpholine caused a decrease in percentage inhibition. Further modification of 

this position with a series of compounds bearing a triazole ring afforded no inhibition at all.

Compound AM514 is the best “hit” originating from a-modification of the cyclohexanone A ring, 

which showed 102.8% of inhibition. However, simple a-hydroxylation of the ring gave a 

substantial decrease in percentage inhibition to 28.0% (AM499).

The change in electronic properties of the angucycline scaffold by aromatisation of the A ring and 

consecutive hydrogen bond formation between C-1 phenol group and the carbonyl C-12 (visible by 

'H-NMR), afforded compound AM500 which gave a percentage of inhibition of 46.0%. 

Noteworthy is the percentage inhibition of AM500 which is more than double compared to the 

saturated derivative AM320 (16.9%).

No activity was observed in compound AM361, which has a ring enlargement of the 

cyclohexanone A ring.

3.7.2 Cell-based assays

3.7.2.1 Luciferase reporter assay

Luciferase is commonly used as a reporter to assess the transcriptional activity of cells that have 

been transfected with a genetic construct containing the luciferase gene under the control of a 

promoter of interest (e.g., the STATS promoter). Firefly Luciferase is an oxidative enzyme from the 

firefly Photinus pyralis and produces bioluminescence in this species. The laboratory reagent 

“Firefly luciferase” usually refers to P. pyralis luciferase, although recombinant luciferases from 

several other species of fireflies are also commercially available. In the luciferase reaction, light is 

emitted when luciferase acts on the appropriate luciferin substrate. To observe these biological 

processes, photon emission is detected by a light sensitive apparatus (i.e, luminometer) (Fig. 43).
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Figure 42: Schem atic representation of the Luciferase assay.

In this study, a luciferase reporter assay based on HeLa eells eontaining plasmids constructed with a 

STAT3 minimal promoter (stable line) upstream from luciferase was used. The cells were treated 

with Oncostatin M to activate STATS signalling via the lL -6/gpl30 receptor prior to addition o f the 

ligands. The most significant results are summarised in Figure 44, where the natural product YM- 

181741 (AM454) provides an EC50 o f 45 pM, 53-IVM-97a o f 30 pM, KSN RA PIP o f 8  pM, and 

53-IVM-82 of 50 pM.

In general the results from the luciferase assay are in accord with the Fluorescence Polarisation 

assay. However, the best “hit” in the FP assay is KSN RA PIP rather than KSN AM PIP. The main 

structural difference between these two analogues is reduction o f the amide functionality in the side 

chain to an amine (KSN RA PIP).

Interestingly, eompound 53-IVM-97a, bearing the morpholine substituent, resulted in 

downregulation o f STAT3 expression. However its reduced form, 53-IVM-78a, did not show any 

activity.
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Furthermore, compound 53-IVM-82, showing in the FP assay a percentage inhibition of 83.7%, but 

the luciferase assay gave an EC50 value of only 50 pM.

Possible differences regarding the activity of the other compounds in the library are probably 

related to solubility and cell availability problems.
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Figure 43: Selected diagram s o f the L uciferase reporter assay perform ed in H eL a ceils.

3.1.2.2 MTS assay

The MTS assay is a non-radioactive, colorimetric assay, measuring the number of viable cells. It 

uses the soluble tétrazolium salt 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4- 

sulfophenyl)-2H-tetrazolium (MTS) and the electron coupling reagent, phenazine methosulfate 

(PMS). MTS is chemically reduced by viable cells into formazan, which is soluble in the tissue 

culture medium. Measurement of the absorbance of the formazan is carried out in 96 well 

microtemplates at 492 nm. In effect, the assay measures dehydrogenase enzyme activity in 

metabolically active cells. Since the production of formazan is proportional to the number of living 

cells, the intensity of the colour produced reflects the viability of the cells. Typically, inhibition of a 

particular test molecule is evaluated using the dose-response curve to determine the I C 5 0  (the
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concentration o f the test substance required to reduce the light absorbance capacity o f exposed cell 

cultures by 50%) (Fig. 45).
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Figure 44; M TS assay.

Members o f the angucycline focused library were evaluated in the MTS cell viability assay using 

both MDA-MB-231 breast cells (STAT3-dependent) in which STAT3 signalling had been 

stimulated with IL-6, and A4 (STAT3-null) cancer cells. Both cell lines were treated with up to 125 

|iM  o f each library member, and then monitored for 24 hours. The natural product YM-181741 

(AM454) and KSN RA PIP emerged as potential STAT3-specific inhibitors leading to a reduction 

o f 35% and 95% respectively, o f viable cells in both M DA-M B-231 and A4 cell lines (Fig 46).
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Figure 45: MTS results for compounds AM454 (YM-181741) and KSN-RA-PIP.
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4 Summary and Conclusions

The constitutive activation of STAT3 (signalling transducer and activators of transcription) proteins 

has been detected in a variety of naturally occurring and genetically engineered experimental 

tumour types. Inhibition of the STAT3:STAT3 protein interaction is an attractive strategy to 

downregulate STAT3 signalling and the racemic ochromycinone STA-21, a member of the 

angucycline family, is one of the few known small-molecule STAT3:STAT3 inhibitors*.

4.1 Synthesis and biological evaluation of the angucycline library

Our synthetic efforts have focused on the preparation of the racemic and (5)-enantiomer of the 

natural product YM-181741 which possesses at least three points for introducing chemical diversity 

to prepare libraries of potential STAT3:STAT3 inhibitors. The synthesis of YM-181741 has been 

carried out employing an approach based on Au(III)-catalysed intramolecular [4+2] benzannulation 

reaction^ to afford the natural product (5) and (+) YM-181741 in 37% overall yield (Scheme 93).

OMe

OMe OMe

TM S'

Pd2dba3
P(t-Bu )3

'OM e
1.5%
1.5%

(1 .4 eq )

'SnBu3 
203 (+/.) 
203a (R)

CHO Toluene, rt, 24 h 
95%

OMe OMe
TBAF (2 eq.)

OMe OMe

235 (+/-) or (R)

THF. 0 “C. 1 h 
98% OMe OMe

188 (+/-) or (R)

AUCI3 2% 

DOE
50 °C, 1 h 
60%

OMe OMe

236 (+/-) or (S)

OMe
CAN (3 eq.)

MeCN/HaO, 0 °C. 
30 min then rt, 1 h 
98%

O M eO

237 (+/-) or (S)

BBr3  1 M ( 6  eq.) 
OMe 15-crown-5 ( 6  eq.) 

Nal ( 6  eq.)

CH2CI2 
-70 “C, 30 min 
then rt, overnight 
70% 185, YM181741 (+/-) 

185a, YM-181741 (S)

Schem e 93: End G am e to the synthesis o f  Y M -181741.

Scheme 94 shows a few examples of elaboration of the angucyclinone scaffold in order to develop a 

library of compounds focused on the modification of the cyclohexanone ring.
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OMe

G HNOMe
KHMDS 1 M (4 eq .) 
THF
rt, 30 min.
90%

OMe

1 )N H 2 -N H T s(1 . 1  eq.) 
E ton, reflux, 3 h

OMe OOMe O
246 244 (+/-)

OR2) n-BuLI 2.4M (4 eq.) 
H2 O (4 eq.)
TMEDA, rt, overnight 
60%

OR O
1 ) l 2  (2.4 eq.)
PPhg (2.4 eq.)
Im (2 . 8  eq.)
DOM, rt, 4  h, 6 8 %
2) NaNa (1.5 eq  ), DMF

R = -Me 237 (+/-)
-H YM-181741 (+/-)

1)D M P (1.2 eq.) 
D C M ,0°G , 1

2 ) R2 NH (1 .5 eq .) 
NaBH(OAc)3 (1 .8 eq.) 
DOM, rt, 12 h 
85% over 2 s tep s

3) R —= =  (0.7 eq.) 
CUSO4-H2O (1%) 
Sodium  asco rba te  (5%) 
f-BuOH/H2 0 , rt, 1 2  h, 
50%  over 2 s tep sNR;

OH OOH O
256-258 (+/-) 268-272 (+/-)

Schem e 94: Exam ples o f  elaboration o f  the A ngucycline scaffold.

4.2 Asymmetric synthesis of (5)-YM-181741

The asymmetric synthesis of (5)-YM-181741 has been investigated via enantioselective preparation 

of the diyne fragment 203a employing an organocopper 1,4-Michael addition in presence of a y- 

coordinating group. The synthesis commenced with bromo allylic radical fimctionalisation (216) of 

the methyl crotonate, followed by methoxy allylic nucleophilic substitution and hydrolysis (217). 

Conjugation to the (4/?) - Evans chiral auxiliary (218) set the stage for installation of the chirality. 

The 1,4-addition was then performed on compound 218 employing the monoorganocopper BE] 

reagent in the presence of HMPA to give the desired product 219 (3R, 4'R) in 95% of yield and dr 

(R:S) = 96:4. Use of TMSCl allowed the reversal of the enantioselectivity by stabilising the anti-s- 

cis conformation, and afforded the diastereoisomer 219 (35,4 ’i?) in 60% yield and dr {R'.S) = 18:82. 

Compound 219 was reduced with DIBALH IM solution to afford aldehyde 220, which was 

converted into the alkyne functionality (221) via a Corey-Fuchs reaction, then quenched using 

«BusSnCl to obtain 203a {R).
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MeO-

215

NBS (1.1 eq)
Benzoyl peroxide (2%)

Chlorobenzene
reflux, 2 h then 0 °C, 18 h
50%

MeO

1)CaC0 3 (1  eq)
MeOH, mw 160 “C, 20 min. 
90%

2 )Li0 H-H2 0 (1 .6 eq) 
MeOH/HjO rt, 2 h 

216 88%

HO-

-OMe

217

1) oxalyl chloride (3 eq), CH2CI2
2) (R)-(+)-4-Ph-oxazolid. (0.91 eq), 
n-BuLI1.6M (0.96 eq)
THF, rt. 4 h 
95% over two steps

OHC DIBAL-H (2.2 eq)

'TMS
OMe CH2CI2. -78 “C, 1 h

80%
220 (R)

1) CBr4 (3 eq), PPha (3 eq) 
CH2CI2, 0 =C, 2 h

2) n-BuLI (2.2 eq)
THF, -78 °C, 1 h 
85%

219 (3R, 4'R)

221 (S)

TMS

n-BuLI (1 eq) 
BusSnCI (1 eq)

CuBr-DMS (1.5 eq), BFa-Et2 0  (1.5 eq) 
TMS—= — \  (0.56 M, 1.8 eq)

MgBr HMPA (2.5 eq)

THF, -78 *C 1 h, then at -50 *C for 12 h 
95%, dr (R:S) = 96:4

THF, -78 °C, 1 h 
70%

203a (R)

TMS

-OMe

218 (4'R)

—  ^  (0.56 M, 1.8 eq) 
MgBr

CuBr-DMS (1.5 eq)
TMSCl (2 eq)
HMPA (2.5 eq)
THF, -50 »C, 12 h 
60%, dr (R:S) = 18:82

Schem e 95: A sym m etric synthesis o f  the diyne build ing block 203a.

4.3 Investigation of the benzannulation reaction for scaffold diversity

The diyne building block is a powerful tool to investigate the benzannulation reaction. Based on the 

versatility of the benzannulation reaction and its ability to tolerate substituents at C-4 of the diyne 

building block (242). This prompted further exploration of this reaction and its potential scope in 

diversity-oriented synthesis. In this context, the synthesis of the diyne building block 281 permits 

exploration of scaffold diversity through the gold-benzannulation reaction. The synthetic route to 

afford diyne 281 was based on the construction of both chiral centres employing an asymmetric 

Ireland-Claisen rearrangement (276), which after estérification afforded intermediate 277 in 90% 

yield and dr (R,S:S,R) / {R,R:S,S) = 88.5:11.5. Reduction and Corey-Fuchs manipulation of 278 

afforded the diyne moiety 280, which was then staimylated (281).
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O SnBus
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'NH Br

TMS
279
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MeOH 
rt, overnight 
98% 2 s tep s

n-BuLi 1.6 M (2.1 eq.) 

THF
-78 “C, 1 h 
74%

NHBoc

OMe OMe

280 281 282

Schem e 96; Synthesis o f the diversified diyne 281.

4.4 Biological evaluation of the angucycline library

4.4.1 Biochemical primary binding assay

The first four novel ligand entries in Figure 47 were shown to have significant binding affinity for 

the SH2 domain with relative inhibitions between 121.8-46.0%, based on the 100% of inhibition for 

the natural peptide ligand YLKTKFI.

Me

-o OMe

OH OMe O
KSN AM PIP

121.8 %
AM514
102.2%

C02Me

OH O OMe O
53-IVM-82

83.8%
AM500
46.00%

OMe

Figure 46: The four most promising ligands identified by FP assay.
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4.4.2 Luciferase reporter assay

The results coming from the luciferase reporter assay are in accordance with the Fluorescence 

Polarisation assay. The natural product YM-181741 (AM454) has shown an EC50 of 45 pM, 53- 

IVM-97a of 30 pM, KSN RA PIP of 8 pM, and 53-IVM-82 of 50 pM.

4.4.3 M TS assay

Members of the angucycline focused library were evaluated in the MTS cell viability assay using 

both MDA-MB-231 breast cells (STAT3-dependent) in which STAT3 signalling had been 

stimulated with IL-6, and A4 (STAT3-null) cancer cells. The natural product YM-181741 (AM454) 

and KSN RA PIP emerged as potential STAT3-specific inhibitors leading to a reduction of 35% 

and 95% respectively, of viable cells in both MDA-MB-231 and A4 cell lines.
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5 Future Objectives

5.1 Biological evaluation of angucycline compounds

Active compounds will be evaluated for cytotoxicity in a Trypan Blue exclusion assay. Compounds 

that were active and specific in the Luciferase assay will be further investigated using molecular 

biology based studies to validate their mode of action and elucidate the ability of the compounds to 

control STAT3 signalling. These studies will involve checking the level of inhibition of un- 

phosphorylated STAT3, phosphorylated STAT3, phosphorylated STATl, Bc1-Xl, Cyclin D1 and 

cell survival.

5.2 Quick access to the angucycline scaffold

The Rhodium-catalysed carbonylative reaction of synthetically accessible compound 283 followed 

by m-CPBA oxidative cleavage would allow the synthesis of Tetrangulol and Rabelomycin type 

angucycline derivatives. This synthetic methodology would also allow a further shortening of the 

synthesis of the angucycline scaffold, to give an extremely quick access point to angucycline 

analogues (6 steps to afford compound 284).

OMe
1) [RhCI(COD ) ] 2  5%, DOE 
60 °C, CO (1 atm)

OMe

2) m-CPBA 1.5 eq.

OMe O OHOMe O
69%

283 284

OH O OH

Schem e 97: R hodium  catalysed access to T etrangulol and R abelom ycin type angucyclines.

5.3 Exploration of the benzannulation reaction

The synthesis of a more diversified building block 282 would allow us to investigate the scaffold 

diversity available through the gold-benzannulation reaction, by evaluating the different reactive 

groups that could be involved in the gold catalysed reaction.

NHBoc
OMe

OMe OMe

BocHN

1 )A uCl3

2) Oxidation

OMe O
282 285

Q  ^NHBoc

OMe O
286

Schem e 98: G old-benzannulation and oxidation to access different angucycline type scaffolds.
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6 Experimental Procedure

All reagents and solvents used were supplied from commercial sources mainly Sigma-Aldrich and 

Fluka unless otherwise indicated. Reactions requiring anhydrous conditions were conducted in 

glassware, which had been oven-dried overnight and used the following day. All reactions were 

carried under dry N2 conditions and anhydrous solvents (Sigma-Aldrich, anhydrous >99.9%, 

inhibitor-free) unless otherwise stated. All reactions were monitored by analytical thin-layer 

chromatography (TLC) performed using indicated solvent on E. Merck silica gel 60 F254 plates 

(0.25 mm). TLC plates were visualized using UV light (254 or 360 nm) and /or staining the plates 

with a cerium sulphate-ammonium molybdate solution or basic KMn04 followed by heating. LC- 

MS, liquid chromatography coupled with mass spectrophotometer, was also used to monitor the 

progress of the reactions. Solvents were removed by rotary evaporator at or below 40 °C and the 

compounds further dried using low pressure vacuum pumps. An immersion cooler was used to 

perform overnight reactions at low temperature. The purification of the compounds was achieved 

by column chromatography using silica gel (230-400 mesh). The NMR spectra were recorded using 

a Bruker Avance AM400 or AM500 spectrometers, respectively operating at 400 or 500 MHz. 

COSY, DEPT and HETCOR experiments were recorded on a Bruker AM400. Chemical shifts (Ô 

H) are quoted in ppm (parts per million) and referenced to CDCI3 residual signal *H 5 = 7.26, ’̂ C 5 

= 77.36. Multiplicities in 'H NMR spectra are quoted as ppm range: s = singlet, d = doublet, t = 

triplet q = quartet, m = multiplet, dd = double doublet, ddd = double double doublet, dt = double 

triplet, td = triple doublet. Infrared spectra were recorded on a Perkin Elmer Spectrum 1000 using 

neat conditions. All the [a]o^  ̂values were registered using chloroform as solvent and concentration 

15 mg/1 mL, unless otherwise stated. High resolution mass spectra (HRMS) were obtained on a 

Thermo Navigator mass spectrometer coupled to LC using electrospray ionization (ES) and time- 

of-flight (TOE) mass spectrometry. The values reported are referred to ^^Br isotope and ’’*Sn 

isotope. Elemental analysis was obtained with a Fisons Thermo EA1108CHN Elemental Analyzer 

using a single prepacked reaction tube. The Fluorescence Polarisation assay has been performed in 

our group by Mrs Samantha Essex, School of Pharmacy. The Luciferase Reporter assay and MTS 

assay were performed by Dr Piku Basu, Institute of Child Health Hospital.
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6.1 Synthesis of l,4,5-trimethoxy-2-bromo-3-naphthaldehyde (186)

6.1.1 1,5-Dlacetoxynaphthalene (287) 187

OA

287

MW: 244.24

Acetic anhydride (3.2 mL, 34.1 mmol, 5.5 eq.) was added to a stirred solution of 1,5- 

dihydroxynaphthalene (1 g, 6.25 mmol, 1 eq.) and pyridine (3.2 mL, 39.3 mmol, 6.3 eq.) at 0 °C. 

The reaction was heated to reflux for 8 h and then cooled to 0 °C and quenched with H2O (1 mL). 

The reaction mixture was left to warm to rt, poured into H2O (10 mL) and the resulting precipitate 

collected by vacuum filtration. A solution of the precipitate in CH2CI2 was dried over MgS04, and 

then concentrated in vacuo. Recrystallisation from toluene gave 287 as an off-white solid (710 mg,

5.9 mmol, 94%).

Rf = 0.26 (Hexane/EtOAc 7:3); mp = 168-169 °C; FT-IR (Neat): v (cm'') = 1751, 1603, 1507, 

1403, 1368, 1188, 1153; H-NMR (400 MHz, CDCI3): 5 7.78 (dd, 2H, 7 =  8.4, 1.2 Hz, H^'% 7.50 

(t, 2H, 7 =  8.0 Hz, H '̂"), 7.29 (dd, 2H, 7 =  7.6, 1.2 Hz, H"’*), 2.40 (s, 6H, COCH3); ''C-NM R (100 

MHz, CDCI3): 5 169.2 (CO), 146.7 (C'' "), 128.1 (C ^  "̂), 126.0 (C '̂ "), 119.2 (C^’ )̂, 118.8 (C^’ )̂, 

21.0 (CH3); LC-MS: 3.22 min. m/z = 203.22 (100%) [M-Ac]^ 267.26(100%) [M+Na]^; Elemental 

analysis: Calcd. C, 68.85; H, 4.95; Found C, 68.67; H, 4.96%.

6.1.2 2-Brom o-5-hydroxy-l,4-naphthoquinone (192)

6.1.2.1 Method A:

OAc
1 ^Br

OH O

192
CioHsBrOa 
MW: 253.05

A solution of 1,5-diacetylnaphthalene (287) at 35 °C (325 mg, 1.33 mmol, 1 eq.) in acetic acid 

(13.5 mL) was added dropwise over 10 min to a pre-heated (60 °C) solution of NBS (970 mg, 5.5
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mmol, 4,1 eq.) in acetic acid/water (1:2) (40 mL). The mixture was then heated at 60 °C for 45 min, 

left to cool to rt, poured in H2O (30 mL) then extracted with CH2CI2 (3 x 30 mL). The combined 

organic phases were washed with H2O (20 mL), aq. NaHS04 saturated solution (20 mL), brine (20 

mL), dried over MgS04 and concentrated in vacuo. Under N2 flow, a solution of the resulting crude 

solid in 6N H2S04:Et0 H 5:8 (22 mL) was gently heated to reflux for 1 h. The reaction mixture was 

cooled to rt and the EtOH removed in vacuo. The resulting suspension was extracted with CH2CI2 (3 

X 30 mL) and then the combined organic phases were washed with H2O (20 mL), brine (20 mL), 

dried over MgS04 and concentrated in vacuo. The crude material was purified by flash 

chromatography on silica gel (CH2CI2) to afford 192 (280 mg, 1.10 mmol, 82%) as an orange solid.

6.1.2.2 Method B: 190

OH OOH O

192
CioHsBrOa 
MW: 253.05

At 0 °C, a solution of 5-hydroxy-1,4-naphthoquinone (500 mg, 2.9 mmol, 1 eq.) in acetic acid (8 

mL) was added dropwise to a solution of Br2 (155 pL, 3.04 mmol, 1.05 eq.) in acetic acid (2 mL). 

After 3 h the reaction was quenched with 90 mL of ice-water and gave a solid that was filtered 

(TLC = Toluene /EtOAc 9:1). The precipitate and the solution were combined together, and it was 

extracted with CH2CI2 (3 x 10 mL), dried over MgS04 and concentrated in vacuo. The crude 

material was purified by flash chromatography on silica gel (CH2CI2) to afford 192 (160 mg, 0.62 

mmol, 22%) as an orange solid.

Rf = 0.46 (CH2CI2); m p = 134-135 °C; F T -IR  (Neat): v (cm ') = 3057, 1673, 1632, 1586, 1451, 

1359, 1303, 1243, 1197, 1160, 1090, 740; ^H-NM R (400 MHz, CDCI3): 5 11.70 (s, IH, OH), 7.68 

(dd, IH, J=  7.4, 1.2 Hz, H^), 7.58 (t, IH, 7  = 7.6 Hz, H"), 7.43 (s, IH, H"), 7.24 (dd, IH, 7 =  8.4, 1.2 

Hz, H*); " C -N M R  (100 MHz, CDCI3): 5 187.8 (C^), 177.6 (C'), 162.12 (C^), 141.3 (C^), 140.6 

(C^), 136.8 (C^), 131.1 (C^“), 125.5 (C*), 121.3 (C^), 115.05 (C^); LC -M S: 3.28 min. m/z = 253.26 

(100%) [M+H]- (Br 79).
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6.1.3 2-Bromo-5-acetoxy-l,4-naphthoquinone (191) 187

OAc 0 0

Jb  ^Br ^  A  1

5] ^ 5 | f|4 1

OAc OAc 0 OAc 0

287 191 191a
C i2 HyBr0 4 ^ 1 2^ 6 ^ ^ 2 0 4
MW: 295.09 MW: 373.9816

6.1.3.1 Method A:

A solution of 1,5-diacetylnaphthalene (287) at 35 °C (325 mg, 1.33 mmol, 1 eq.) in acetic acid (13 

mL) was added dropwise over 10 min to a pre-heated (60 °C) solution of NBS (970 mg, 5.5 mmol,

4.1 eq.) in acetic acid/H20 (1:2) (40 mL). The mixture was then heated at 60 °C for 1 h, left to cool 

to rt, poured in H2O (30 mL) then extracted with CH2CI2 (3 x 30 mL). The combined organic phases 

were washed with H2O (10 mL), aq. NaHS04 saturated solution (10 mL), brine (10 mL), dried over 

MgS04 and the solvent removed in vacuo to afford 191 (372 mg, 1.26 mmol, 95%) as yellow solid 

and 191a (26 mg, 0.07 mmol, 5%).

6.1.3.2 Method B:

A solution of 1,5-diacetylnaphthalene (287) at 35 °C ( 400 mg, 1.63 mmol, 1 eq.) in acetic acid (5 

mL) was added dropwise to a solution of NBS (1.19 g, 6.68 mmol, 4.1 eq.) in acetic acid/H20 (1:2) 

(10 mL). The mixture was then heated at 110 °C for 3 min emplying microwave irradiation. The 

reaction was poured in H2O (15 mL) and extracted with CH2CI2 (3 x 20 mL). The combined organic 

phases were washed with H2O (10 mL), aq. NaHS04 saturated solution (10 mL), brine (10 mL), 

dried over MgSÛ4 and the solvent removed in vacuo to afford 191 (430 mg, 1.46 mmol, 90%) as 

yellow solid and 191a (30 mg, 0.08 mmol, 5%).

Rf = 0.36 (CH2CI2); mp = 150-153 °C; FT-IR (Neat): v (cm ') = 3052, 1770, 1660, 1588, 1460, 

1332, 1236, 1197, 1094, 878; 'H-NMR (500 MHz, CDCI3): 5 8.15 (dd, IH, J =  8.0, 1.0 Hz, H^), 

7.77 (t, IH, J =  8.0 Hz, H^), 7.42 (dd, IH, 7 =  8.0, 1.0 Hz, H^), 7.39 (s, IH, H^); "C-NM R (125 

MHz, CDCI3): Ô 181.2 (C"), 177.7 (C'), 169.6 (CO), 150.2 (C"), 141.7 (C^), 138.8 (C^), 135.2 (C"),

132.9 (C^"), 130.6 (C*), 126.7 (C^), 123.5 (C^"); LC-MS: 3.23 min. m/z = 253.22 (100%) [M-Ac]^ 

(Br 79), 319.16 (40%) [M+Na]^ (Br 79).

136



6.1.4 5-M ethoxy-l,4-naphthoquinone (288)

OH O OMe O
288

CllHgOg
MW; 188.18

6.1.4.1 Method A:

At 0 °C, a 2 M Mel solution in tert-h\xty\ ether (13 mL, 26 mmol, 3 eq.) was added dropwise to a 

solution of 5-hydroxy-1,4-naphthoquinone (1.5 g, 8.6 mmol, 1 eq.) and Ag%0 (3 g, 13 mmol, 1.5 

eq.) in CH2CI2 (29 mL). After 48 h the reaction was complete. The mixture was filtered on celite, 

dried over MgS04 and the solvent removed in vacuo. The crude material was purified by flash 

chromatography on silica gel (CH2CI2) to afford 288 (1.61 g, 8.58 mmol, 99%) as a yellow solid.

6.1.4.2 Method B:

5-Hydroxy-1,4-naphthoquinone (150 mg, 0.86 mmol, 1 eq.) was solubilised in a solution of 

CHgCNiMeOH (9:1, 4.2 mL) with the help of a few of drops of anhydrous CH2CI2 as co-solvent. It 

was cooled to 0 °C and TMS-diazomethane (600 pL, 1.21 mmol, 1.4 eq.) and anhydrous DIPEA 

(210 pL, 1.21 mmol, 1.4 eq.) were added in turn. After 2 h at 0 °C, a few of drops of AcOH were 

added to quench the excess of TMS-diazomethane and the solvent was removed in vacuo. The 

crude residue was dissolved in CH2CI2 (5 mL) was washed with H2O (5 mL), dried over MgS04 and 

the solvent removed in vacuo. The crude material was purified by flash chromatography on silica 

gel (Hexane/EtOAc 4:6) to afford 288 (26 mg, 0.14 mmol, 17%) as a dark yellow solid.

Rf = 0.11 (CH2CI2); mp = 120-122 °C; FT-IR (Neat): v (cm'*) = 3070, 2918, 1651, 1613, 1582, 

1469, 1442, 1335, 1296, 1273, 1252; H-NMR (400 MHz, CDCI3): 6 7.73 (dd, IH , 7  = 8.0, 0.8 Hz, 

H^), 7.69 (t, IH , y =  8.0 Hz, H^), 7.31 (dd, IH , J=  8.0, 0.8 Hz, H^), 6.87 (s, 2H, ’ )̂, 4.01 (s, 3 H, -

OCH3); "C-NM R (100 MHz, CDCI3): 5  180.0 (C*’^), 162.12 (C^), 140.9 (C^’ ^), 136.2 (C^), 135.0 

(C"'), 119.2 (C^’ )̂, 118.0 (C^“), 56.5 (OCH3); LC-MS: 2.38 min m/z=  189.22 (100%) [M+H]\

6.1.5 2-Brom o-5-m ethoxy-l,4-naphthoquinone (193)
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OH O OMe O

193
CiiHyBrOs 

MW: 267.08

6.1.5.1 Method A:

At 0 °C, a 2 M Mel solution (4 mL, 7.8 mmol, 4 eq.) was added to a solution of 192 (500 mg, 1.7 

mmol, 1 eq.) and Ag2Û (1.35 g, 5.8 nunol, 3 eq.) in CH2CI2 (6.5 mL). After 48 h the reaction was 

filtered on celite, dried over MgS04 and the solvent removed in vacuo affording 193 as an orange 

solid (560 mg, 2.1 mmol, 99%).

6.1.5.2 Method B:

At 0 °C, anhydrous DIPEA (155 îL, 0.9 mmol, 1.4 eq.) and TMS-diazomethane (2 M in hexanes) 

(440 |liL , 0.9 mmol, 1.4 eq.) were added to a solution of 192 (165 mg, 0.64 mmol, 1 eq.) in a 

solution of CHsCNiMeOH (9:1, 4 mL). The reaction was left stirring for 18 h at rt. A few drops of 

acetic acid were added to quench the excess of TMS-diazomethane and the solvent was removed in 

vacuo. The crude material, solubilised in CH2CI2 (5 mL), was washed with H2O (5 mL) and brine (5 

mL), dried over MgSÛ4 and the solvent removed in vacuo. The crude material was purified by flash 

chromatography on silica gel (Hexane/EtOAc 1:1) to afford 193 (42 mg, 0.16 mmol, 26%) as an 

orange solid.

OMe o OMe O

193
CiiHyBrOg 
MW: 267.08

GENERAL PROCEDURE:

At 0 °C, a solution of 288 (1 eq.) in acetic acid (0.14 M) was added dropwise to a solution of Br2 (1 

eq.) in acetic acid (0.34 M). The reaction was left stirring at rt. After (see time in the Table), the 

reaction was quenched with ice-water (90 mL) and the precipitate was collected by vacuum 

filtration. The precipitate was solubilised in CH2CI2 (10 mL), dried over MgS04 and the solvent 

removed in vacuo. The crude material was purified by flash chromatography on silica gel (CH2CI2) 

to afford compound 193 as a dark orange solid. The 3 -Monobrominated regioisomer and the 

Dibrominated derivative were isolated as side products.
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TIM E 1 hour 4 hour 6 hour 8 hour

2-M onobrom inated
53 69 43 48

Y IE L D  (%)*
3-M onobroininated  

Y IE L D  (% )’
10 10 15 15

D ibrom inated  
Y IE L D  (% )“

18 20 38 33

= Yield of the isolated product.

Rf = 0.16 (Hexane/EtOAc 6:3), 0.26 (Toluene/EtOAe 9:1); mp = 131-132 °C; FT-IR (Neat): v 

(cm *) = 3343, 1651, 1581, 1468, 1444, 1404, 1310,1249; *H-NMR (400 MHz, CDCI3): 5 7.83 (dd, 

IH, J=  7.6, 0.8 Hz, H®), 7.69 (t, IH, J =  8.0 Hz, H^), 7.41 (s, IH, H^), 7.34 (dd, IH, /  = 8.4, 0.8 

Hz, H^), 4.02 (s, 3H); "C-NM R (100 MHz, CDCI3): ô 181.5 (C^), 180.0 (C*), 145.4 (C^), 142.3 

(C"), 138.4 ( C \  135.0 (O'), 128.5 (Ĉ =), 120.8 (C"), 118.4 (C^), 116.2 (Cf"), 56.5 (CH3); LC-MS: 

3.15 min. m/z = 269.06 (100%) [M+H]^ (Br 79); HRMS-ESI (m/z) calcd for CnH7Br03Na = 

288.9476 (Br 79); found = 288.9490 (Br 79).

6.1.6 2-Brom o-3-allyl-5-m ethoxy-l,4-naphthoquinone (195)

OMe O OMe O

195

MW: 307.14

At 0 °C, vinylacetic acid (80 pL, 1 mmol, 1.3 eq.) was added to a solution of 193 (200 mg, 0.8 

mmol, 1 eq.) and AgNÛ3 (40 mg, 0.23 mmol, 0.3 eq.) in CH3CN (5.8 mL) and the reaction mixture 

was then heated at 65 °C. (NH4)2S20g (345 mg, 1.5 mmol, 2 eq.) in H2O (3 mL) was then added 

dropwise over 30 min. After 3 h, the reaction was cooled to rt and was extracted with EtOAc (3 x 

10 mL). The combined organic layers were washed with brine (10 mL), dried over MgS04 and the 

solvent removed in vacuo. The crude material was purified by flash chromatography on silica gel 

(Hexane/EtOAc 4:6) to afford 195 (130 mg, 0.43 mmol, 75%) as a dark orange solid.

Rf = 0.42 (Hexane/EtOAc 4:6); mp = 147-150 °C; FT-IR (Neat): v (cm *) = 3078, 1661, 1581, 

1470, 1435, 1256, 1219, 1188; ^H-NMR (500 MHz, CDCI3): 5 7.82 (dd, IH, J=  8.0, 1.0 Hz, H^), 

7.66 (t, IH, J =  8.0 Hz, H^), 7.31 (d, IH, J =  8.0 Hz, H^), 5.86 (ddt, IH, / =  16.8, 10.0, 3.2 Hz, H^’),
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5.26 (dd, m , J =  16.8, 1.6 Hz, 5.12 (dd, IH, J =  10.0, 1.6 Hz, H  ̂"'), 4.02 (s, 3H, CH3),

3.61 (dt, 2H, y  = 6.4, 1.2 Hz, H*’); ^^C-NMR (125 MHz, CDCI3): 5 180.7 (C^), 178.5 (C'), 160.4 

(C"), 151.0 (C"), 136.9 (C"), 135.3 (C^), 133.7 (C^), 132.1 (C^’), 120.7 (C*), 119.5 (C"“), 118.6 (C^), 

188.5 (C^), 56.9 (CH3), 36.1 (C’’); LC-MS: 3.58 min. m/z = 309.10 (100%) [M +Hf (Br 79); 

HRMS-ESI {m/z): calcd for Ci4HnBr03Na = 328.9789 (Br 79); found 328.9781 (Br 79).

6.1.7 2-Brom o-3-allyl-5-hydroxy-l,4-naphthoquinone (194)

OAc O OH O

194
CisHgBrOs 
MW: 293.11

At 0 °C, vinylacetic acid (1.8 mL, 21.3 mmol, 1.3 eq.) was added to a solution of 191 (4.85 g, 16.4 

mmol, 1 eq.) and AgNÛ3 (835 mg, 4.9 mmol, 0.3 eq.) in CH3CN (125 mL) and the reaction mixture 

was then heated at 65 °C. (NH4)2S20g (7.46 g, 33 mmol, 2 eq.) in H2O (62 mL) was then added 

dropwise over 30 min. After 3 h, the reaction was cooled to rt and was extracted with EtOAc (3 x 

10 mL). The combined organic layers were washed with brine (10 mL), dried over MgS04 and the 

solvent was removed in vacuo. The crude material was purified by flash chromatography on silica 

gel (Hexane/EtOAc 4:6) to afford 194 (3.37 g, 11.5 mmol, 70%) as a dark orange solid.

Rf = 0.64 (CH2CI2); mp = 150-153 °C; FT-IR (Neat): v (cm ') = 3110, 1671, 1634, 1582, 1555, 

1452, 1356, 1266, 1200, 1128, 726; H-NMR (400 MHz, CDCI3): 5 11.92 (s, IH , OH), 7.71 (dd, 

IH , y  = 7.6, 1.2 Hz, H )̂, 7.61 (t, IH , y  = 8.4 Hz, H )̂, 7.28 (dd, l H , y =  8.4, 1.2 Hz, H )̂, 5.86 (ddt, 

l H , y =  16.8, 10.0, 3.2 Hz, t f  ), 5.26 (dd, IH, J=  16.8, 1.6 Hz, Ĥ  '̂ "*), 5.16 (dd, IH , y  = 10.0, 1.6 

Hz, 3.62 (dt, 2 H , y =  6.4 Hz, H' ); ^'C-NMR (100 MHz, CDCI3): ô 186.8 (C^), 177.4 (C'),

162.2 (€'), 149.3 (C"), 140.5 (C"), 136.7 (C"), 131.4 (C^’’*“), 125.2 (C )̂, 121.0 (C^), 118.8 (C^’),

114.7 (Ĉ “), 35.2 (O'); LC-MS: 3.72 min. m/z =  292.75 (100%) [M+H]^(Br 79).
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6.1.8 2-Brom o-3-allyl-l,4,5-trim ethoxy-naphthalene (196)

6.1.8.1 Method A:

0 OMe

N --------------- —  r rV "II

5 | ]4 1'
OMe 0 OMe OMe

195 196
GigHi/BrOg 
MW: 337.21

Sodium dithionite (455 mg, 2.6 mmol, 5 eq.) was added to a solution of 195 (160 mg, 0.52 mmol, 1 

eq.) in EtOAc (1 mL), Et20 (10 mL), H2O (10 mL). The reaction was stirred vigorously at rt for 1 h. 

The reaction was extracted with EtOAc ( 3 x1 0  mL), washed with brine (5 mL), dried over MgS04 

and the solvent was removed in vacuo, affording a yellow oil. NaH (45 mg, 1.1 mmol, 2.1 eq.) was 

added in three equal portions to a solution of the oil in DMF (5 mL) at -15 °C and the reaction was 

stirred for 5 min. Then, Mel (580 pL, 1.15 mmol, 2.2 eq.) was added dropwise and the reaction was 

left stirring at -15 °C for 2 h. The reaction was quenched with aq. NH4CI saturated solution (10 

mL), extracted with EtOAc (3 x 10 mL), washed with brine (5 mL), dried over MgS04 and the 

solvent removed in vacuo. The crude oil was purified by flash chromatography on silica gel 

(Hexane/EtOAc 7:3) to afford 196 (110 mg, 0.33 mmol, 65%) as a yellow oil.

6.1.8.2 Method B:

OMe

OH O
5 1 |4  1'
OMe OMe

196
CigHi/BrOs
MW: 337.21

Sodium dithionite (715 mg, 4.2 mmol, 6 eq.) in H2O (2 mL) was added to a solution of 194 (200 

mg, 0.7 mmol, 1 eq.) and TBAI (30 mg, 0.08 mmol, 0.12 eq.) in THF/H2O (3:1, 2.5 mL). After 20 

min a solution of KOH (460 mg, 8.2 mmol, 12 eq.) in H2O (520 pL) and then, after further 10 min 

dimethyl sulfate (520 pL, 5.44 mmol, 8 eq.) were added. The reaction was left stirring for 16 h and 

then, diluted with aq. NaHCOg saturated solution (5 mL), extracted with CH2CI2 ( 3x 1 0  mL), dried 

over MgS04 and the solvent removed in vacuo. The crude oil was purified by flash chromatography 

on silica gel (Hexane/EtOAc 7:3) to afford 196 (230 mg, 0.68 mmol, 98%) as a yellow oil.
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Rf = 0.46 (Hexane/EtOAc 6:1); FT-IR (Neat): v (cm’’) = 3078, 2930, 2836, 1561, 1456, 1364, 

1324, 1263, 1058, 1014; 'H-NMR (500 MHz, CDCI3): 5 7.71 (d, IH, 7  = 8.4 Hz, H*) 7.41 (t, IH, J  

= 8.0 Hz, H^), 6.90 (d, IH, 7 =  7.6 Hz), 6.05 (ddt, IH, 7 =  16.8, 10.0, 3.2 Hz, t f  ), 5.06-4.85 (m, 

2H, t f  ), 4.01-3.94-3.81 (s, 9H, CH3), 3.78 (dt, 2H, 7 =  6.4, 1.2 Hz, H' ); "C-NM R (125 MHz, 

CDCI3): Ô 156.4 (C"), 151.5 (O'), 150.0 (C"), 136.5 (C" ), 130.7 (C^'), 130.0 (C^), 127.0 (C^), 120.3 

(C^), 117.8 (C^), 116.0 (C^), 115.3 (C^), 106.9 (C^), 63.2-61.4-56.5 (OMe), 34.7 (C' ); LC-MS: 

3.92 min. m/z = 337.2 (100%) [M+H]^ (Br 79).

6.1.9 2-Brom o-l,4,5-trim ethoxy-3-naphthaldehyde (186)

OMe
Br

OMe

OMe OMe

196

4 j  j 5  'CHO 
OMe OMe

186
C i4 H i3 B r 0 4

MW: 325.15

6.1.9.1 Method A:

At 0 °C, potassium ^er^-butoxide (60 mg, 0.55 mmol, 2 eq.) in THF (550 pL) was added to a 

solution of 196 (93 mg, 0.27 mmol, 1 eq.) and the reaction was stirred for 2 h at 0 °C. The reaction 

mixture was quenched with H%0 (4 mL), extracted with EtOAc ( 3x10  mL), dried over MgS04 and 

the solvent removed in vacuo. At 0 °C, OSO4 (7 mg, 0.027 mmol, 0.01 eq.) and NaI04 (140 mg, 

0.66 mmol, 2.4 eq.) were added to a solution of the product in THF (1.7 mL) and H2O (850 pL). 

The reaction mixture was heated at 70 °C and stirred for 18 h. The reaction was quenched with aq. 

Na2S203 saturated solution (4 mL), extracted with EtOAc ( 3 x 1 0  mL), washed with brine (2 x 10 

mL), dried over MgS04, and the solvent was removed in vacuo. The crude material was purified by 

flash chromatography on silica gel (Hexane/EtOAc 7:3) to afford compound 186 (50 mg, 0.15 

mmol, 60%) as a pale yellow solid.

6.1.9.2 Method B:

At 0 °C, potassium /er^-butoxide (5.62 g, 50 mmol, 2 eq.) was added to a solution of 196 (8.44 g, 25

mmol, 1 eq.) in THF (42 mL) and the reaction was stirred for 2 h at 0 °C. The reaction mixture was

quenched with H2O (20 mL), extracted with EtOAc (3 x 30 mL), dried over MgS04, and the solvent
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removed in vacuo. 2,6-lutidine (5.8 mL, 50 mmol, 2 eq.) was added to a solution of the product in 

dioxane/H20 (3:1, 250 mL). OSO4 (130 mg, 0.5 mmol, 0.02 eq.) and NaI04 (21.4 g, 100 mmol, 4 

eq.) were then added. The reaction mixture was stirred at rt for 1 h, then was quenched with aq. 

NaiSzO] saturated solution (100 mL), extracted with EtOAc (3 x 100 mL), washed with brine (2 x 

50 mL), dried over MgS04 and the solvent was removed in vacuo. The crude material was purified 

by flash chromatography on silica gel (Hexane/EtOAc 7:3) to afford compound 186 (14.6 g, 45 

mmol, 90%) as a pale yellow solid.

Rf = 0.08 (Hexane/EtOAc 6:1); mp = 132-134 °C; FT-IR (Neat): v (cm ') = 3008, 2931, 2844, 

1685, 1607, 1552, 1445, 1371, 1262, 1056, 1019, 931, 743; ^H-NMR (500 MHz, CDCI3): 5 10.51 

(s, IH , CH O ), 7.74 (dd, IH , 7 =  8.5, 1.2 Hz, H^), 7.59 (t, IH , 7 =  8.5 Hz, H^), 6.98 (d, IH , 7 =  8.0 

Hz, H^), 4.04-3.96-3.93 (s, 3H, CH3); "C-NM R (125 MHz, CDCI3): 5 190.9 (C H O ), 159.1 (C^),

157.9 (C'), 150.8 (C^), 134.1 (C^"), 130.7 (C^), 125.4 (C"'), 120.0 (C^), 115.5 (C*), 111.5 (C^), 107.9 

(C^), 65.4-61.6-56.6 (CH3); LC-MS: 3.58 min, m/z = 325.2 (100%) [M+H]^ (Br 79); HRMS-ESI 

(m/z): calcd for C]4Hi3Br04Na = 346.9895 (Br 79); found = 346.9883 (Br 79); Elemental analysis: 

calcd. C, 51.71; H, 4.03; found C, 51.91; H, 4.00%
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6.2 Synthesis of Racemic l-TMS-(4-(MOM)-7-(tributylstannyl)-l,6- 
heptadiyne (203)

6.2.1 4-(Dicarboxyethyl)-l,6-heptadiyne (199)

^COsEt

COgEt

EtOgC COgEt

7
199

C13H16O4
MW: 236.26

6.2.1.1 Method A:

Diethyl malonate (500 |aL, 3.3 mmol, 1 eq.) was added dropwise to a solution of NaH (264 mg, 6.6 

mmol, 2 eq.) in THF (22 mL) over 5 min at rt. The reaction was left stirring for 15 min. A 

propargyl bromide 80% solution in toluene (712 pL, 6.6 mmol, 2 eq.) was added dropwise over 10 

min and the white suspension was left stirring at rt. After 16 h, it was quenched with H2O (15 mL) 

and hexane (25 mL). The resulting solution was extracted with hexane (3 x 30 mL), dried over 

MgS04 and the solvent was removed in vacuo to afford compound 199 (860 mg, 3.64 mmol, 99%) 

as a yellow oil.

6.2.1.2 Method B:

Diethyl malonate (400 pL, 2.64 mmol, 1 eq.) was added dropwise to a solution of NaH (210 mg,

5.3 mmol, 2 eq.) in THF (10 mL) over 5 min at rt. The reaction was left stirring for 15 min and 

propargyl bromide 80% solution in Toluene (570 pL, 5.3 mmol, 2 eq.) was added dropwise over 10 

min. The white suspension was heated under microwave at 120 °C for 20 min and, quenched with 

H2O (15 mL) and hexane (25 mL). The resulting solution was extracted with hexane (3 x 30 mL), 

dried over MgS04 and the solvent was removed in vacuo to afford compound 199 (610 mg, 2.6 

mmol, 99%) as a yellow oil.

6.2.1.3 Method C:

A solution of NaH (308 mg, 7.7 mmol, 2.3 eq.) in Ethanol (8.8 mL) was stirred for 20 min. The 

diethyl malonate (500 pL, 3.3 mmol, 1 eq.) was then added dropwise over 5 min and the reaction 

was left stirring for further 15 min. A propargyl bromide 80% solution in Toluene (830 pL, 7.7 

mmol, 2.3 eq.) was added dropwise over 10 min, and the yellow suspension was left stirring at rt for 

16 h. EtOH was removed in vacuo and H2O (10 mL) was added. The solution was extracted with
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Et20 (3 X 20 mL), dried over MgS04, and the solvent removed in vacuo to afford compound 199 

(690 mg, 2.92 mmol, 85%) as a yellow oil.

Rf = 0.27 (Hexane/EtOAc 4:1); FT-IR (Neat): v (cm ’) = 2982, 1729, 1368, 1329, 1267, 1146, 

1032; H-NMR (400 MHz, CDCI3) 5 4.21 (q, 4H, J  = 7.1 Hz, 2 x OCH2), 2.96 (d, 4H, J  = 2.6 Hz, 

H^’̂ ), 2.01 (t, 2H, J  = 2.6 Hz, H’’̂ ), 1.24 (t, 6H, J  = 7.1 Hz, 2 x CH3); ^^C-NMR (100 MHz, 

CDCI3): 5 168.5 (CO), 78.4 (C"'^), 71.6 (C’’̂ ), 61.9 (OCH2), 56.2 (C"), 22.4 (C '̂"), 13.9 (CH3); LC- 

MS: 3.58 min. m/z = 236.88(100%) [M+H]^; HRMS-ESI {m/z)\ calcd for C,3H,604Na = 259.0946, 

found = 259.0936; Elemental analysis: calcd. C, 66.09; H, 6.83; found C, 66.21; H, 6.89 %

6.2.2 4-(Carboxyethyl)-l,6-heptadiyne (200)

EtO jC COgEt

199

COgEt

A

200
C10H12O2 

MW; 164.20

6.2.2.1 Method A:

A solution of 199 (400 mg, 1.7 mmol, 1 eq.), H2O (30 pL, 1.7 mmol, 1 eq.) and LiCl (144 mg, 3.4 

mmol, 2 eq.) in DMSO (3 mL) was heated at reflux (170 °C) for 5 h. The suspension was left to 

cool to rt. It was then partitioned between H2O (10 mL) and hexane (15 mL), extracted with hexane 

(3 X 30 mL), dried over MgS04 and the solvent was removed in vacuo. The crude material was 

purified by distillation to afford compound 200 (276 mg, 1.68 mmol, 99%) as a colourless oil.

6.22.2 Method B:

A solution of 199 (800 mg, 3.4 mmol, 1 eq.), H2O (60 pL, 3.4 mmol, 1 eq.) and LiCl (290 mg, 6.8 

mmol, 2 eq.) in DMSO (5.6 mL) was heated to the microwave at 240 °C for 10 min. The 

suspension was left to cool to rt. It was then partitioned between H2O (10 mL) and hexane (15 mL), 

extracted with hexane (3 x 30 mL), dried over MgS04 and the solvent was removed in vacuo to 

afford compound 200 (553 mg, 3.37 mmol, 99%) as colourless oil.

Rf = 0.37 (Hexane/EtOAc 4:1); bp = 85 °C/ 20 mbar; FT-IR (Neat): v (cm ’) = 2975, 1735, 1360, 

1310, 1135, 1020; ^H-NMR (400 MHz, CDCI3): 6 4.18 (q, 2H, J  = 6.8 Hz, OCH2), 2.72-2.67 (m,
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IH , H^), 2.61-2.53 (m, 4H, 1.99 (t, 2 H, J  = 3.6 Hz, H*’̂ ), 1.28 (t, 3 H, J  = 6.8 Hz, CH3); ^^C-

NMR (100 MHz, CDCI3): 5  172.2 (C O ), 80.4 (C"'"), 70.4 (C '̂^), 61.0 (OCH2), 43.0 (C"), 19.8 (C^’̂ ),

14.1 (CH3); LC-MS:3.10 min. m/z = 162.90(100%) [M -Hf ; HRMS-ESI {m/z): calcd for C10H13O2 

= 165.0916, found N/A; Elemental analysis: calcd. C, 73.15; H, 7.37; found C, 72.21; H, 7.18 %

6.2.3 4-(Hydroxym ethyl)-l,6-heptadiyne (187)

COOEt

A.

200

OH

187
CsHiqO 

MW: 122.16

A I M  L1AIH4 solution in Et20 (1.64 mL, 1.64 mmol, 2 eq.) was added dropwise to a solution of 

200 (135 mg, 0.82 mmol, 1 eq.) in Et2Û (2.5 mL) at -20 °C. After 10 min the reaction was left to 

warm to 0 °C for 1 h and then left to warm to rt and stirred for 1 h. Then, it was cooled to 0 °C 

and quenched adding portionwise Na2S04 10 H2O (1 g) portionwise and left to stir for 30 min. The 

mixture was filtered over MgS04, washed with a satured solution of NaHC03 ( 2x 5  mL), dried over 

MgS04 and the solvent was removed in vacuo to afford the product 187 (99 mg, 0.81 mmol, 99%) 

as a colourless oil.

Rf = 0.1 (Hexane/EtOAc 4:1); FT-IR (Neat): v (cm'*) = 3302, 2922, 2005, 1429, 1034; H-NMR 

(400 MHz, CDCI3): 5 3.74 (t, 2H, J  = 4.4 Hz, OCH2), 2.38-2.29 (m, 4H, t f  ’̂ ), 2.00 (t, 2H, J  = 3.6 

Hz, H' "), 1.98-1.93 (m, IH, H"); *'C-NMR (100 MHz, CDCI3): ô 81.7 (C^’̂ ), 70.1 (C*'"), 64.1 

(OCH2), 39.0 (C^), 19.7 (C^’̂ ); LC-MS: 2.38 min. m/z = 126.89(100%) [M+4H]^; HRMS-ESI 

{m/z): calcd.for CgH,]0 = 123.0812, found = 123.0810; Elemental analysis: calcd. C, 78.65; H, 

8.25; found C, 78.58; H, 8.50 %

6.2.4 4-(M ethoxym ethyl)-l,6-heptadiyne (201)

OH

187

OMe

201
C9H12O 

MW: 136.19
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At 0 °C, 187 (250 mg, 2,05 mmol, 1 eq.) in THF (2.5 mL) was cannulated to a suspension of NaH 

(110 mg, 2.7 mmol, 1.3 eq.) in THF (2.5 mL) and the reaction was left stirring for 15 min. Then, 

Mel (200 pL, 2.5 mmol, 1.2 eq.) was added and the reaction was allowed to warm to rt over 1 h, 

and left to reflux for 16 h. The solvent was removed in vacuo. The crude material was redissolved 

in EtzO (20 mL), washed with H2O ( 2 x 1 5  mL), brine ( 2 x 1 5  mL), dried over MgS04 and the 

solvent was removed in vacuo to afford 201 (273 mg, 2 mmol, 98%) as a yellow oil.

Rf = 0.53 (Hexane/EtOAc 4:1); FT-IR (Neat): v (cm'^) = 2914, 2852, 1456, 1375, 1122, 635; *H- 

NMR (400 MHz, CDCI3): 5 3.42 (d, 2H, J  = 6.4 Hz, OCH2), 3.35 (s, 3H, OCH3), 2.35 (dt, 4H, J  = 

4.8, 2.4 Hz, H^’̂ ), 2.04-2.00 (m, IH, H^), 1.98 (t, 2H, J  = 2.8 Hz, H^’̂ ); ^^C-NMR (125 MHz, 

CDCI3): Ô 81.01 (C^’̂ ), 73.75 (OCH2), 70.74 (C’’̂ ), 59.75 (OCH3), 30.04 (C"), 22.15 (C"'"); LC-MS: 

3.85 min, m/z = 158 (100%) [M+Na]" ;̂ HRMS-ESI (w/z): calcd.for C9H13O = 163.0888, found 

163.08894.

6.2.5 l-TM S-(4-(m ethoxym ethyl)-l,6-heptadiyne (202)

202 (+/-)
Ci2H2oOSi 

MW: 208.37

6.2.5.1 Method A:

Under argon, TEA (125 pL, 0.88 mmol, 1.2 eq) was added to a suspension of Zn(OTf)2 (266 mg, 

0.73 mmol, 1 eq) in CH2CI2 (6 mL) and it was left stirring for 30 min. A solution of 201 (100 mg, 

0.73 mmol, 1 eq) in CH2CI2 (1.3 ml), was then cannulated and the solution was left stirring for 1 h. 

TMSCl (112 pL, 0.88 mmol, 1.2 eq) was added dropwise over 30 min and the reaction was left 

stirring for 16 h. The reaction was quenched with aq. NH4CI saturated solution (3 mL), extracted 

with Et20 (3 X 20 mL), washed with brine (2 x 10 mL), dried over MgS04 and the solvent was 

removed in vacuo. The crude material was purified by flash cromatography on silica gel 

(Hexane:Et20 8:2) to afford 202 (107 mg, 0.51 mmol, 70%) as yellow oil.

6.25.2 Method B:

Under argon at -78 °C, a 1 M LHMDS solution in THF (8.8 mL, 8.8 mmol, 1.2 eq) was added to a 

solution of 201 (1 g, 7.34 mmol, 1 eq) in THF (37 mL). After 1 h TMSCl (1.1 mL, 8.8 mmol, 1.2 

eq) was added dropwise and the reaction was left stirring for 2 h at -78 °C. The reaction was then
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quenched with aq. NH4CI saturated solution (15 mL), extracted with Et20 (3 x 20 mL), washed with 

brine (10 mL), dried over MgS04 and the solvent was removed in vacuo. The crude material was 

purified by flash cromatography on silica gel (Hexane:Et20 8:2) to afford 202 (917 mg, 4.40 mmol, 

60%) as yellow oil.

Rf = 0.55 (Hexane/EtOAc 7:1); FT-IR (Neat): v (cm'*) = 2958, 2893, 1425, 1249, 1112, 1034, 837; 

H-NMR (400 MHz, CDCI3): 5 3.42 (dd, 2H, J  = 6.0, 1.2 Hz, OCH2), 3.34 (s, 3H, OCH3), 2.35 (d, 

2H, J =  6.8 Hz, H"), 2.25-2.09 (m, 2H, H^), 1.77 (t, IH, J  = 2.4 Hz, H"), 0.14 (s, 9H, TMS); *^C- 

NMR (100 MHz, CDCI3): Ô 125.3 (C^), 104.8 (C*), 86.0 (C% 76.4 (OCH2), 73.7 (C^), 58.8 (OCH3), 

37.6 (C^), 21.2 (C^), 20.1 (C^), 0.00 (TMS); LC-MS: 3.63 min. m/z = 245.93 (80%) [M+K]^; 

HRMS-ESI (m/z): calcd.for C]2H2iOSi = 208.1283, found = 208.1285.

6.2.6 l-TM S-(4-(m ethoxym ethyl)-7-(tributylstannyl)-l,6-heptadiyne (203)

™ ® ' M eO '

202 (+/-) 203 (+/-)
C24H4gOSiSn 
MW: 497.42

M-BuLi (6 mL, 9.6 mmol, 1 eq.) was added dropwise to a solution of 202 (2 g, 9.6 mmol, 1 eq.) in 

THE (34 mL) at -78 °C and after 1 h stirring «-Bu3SnCl (2.6 mL, 9.6 mmol, 1 eq) was added 

dropwise and the reaction was left stirring at -78 °C for 1 h. The reaction was then quenched with 

aq. NH4CI saturated solution (15 mL), extracted with Et20 (2 x 20 mL), washed with brine (20 mL), 

dried over MgSÛ4 and the solvent was removed in vacuo to afford 203 (3.342 g, 6.72 mmol, 70%) 

as yellow oil.

Rf = 0.59 (Hexane/EtzO 8:2); FT-IR (Neat): v (cm'*) = 2923, 1462, 1377, 1248, 1122, 837, 626; 

*H-NMR (400 MHz, CDCI3): Ô 3.43 (d, 2H, J=  6.0 Hz, OCH2), 3.34 (s, 3H, OCH3), 2.39-2.38 (m, 

2H, t f ) ,  2.37-2.34 (m, 2H, t f ) ,  2.05-1.96 (m, IH, H^), 1.64-1.58 (m, 6H, H***), 1.56-1.38 (m, 6H, 

H^), 1.33-1.17 (m, 6H, H*), 0.92-0.53 (m, 9H, H*'), 0.15 (s, 9H, TMS); ^^C-NMR (100 MHz, 

CDCI3): 5 104.63 (C^), 86.05 (C"), 84.01 (C*), 74.72 (OCH2), 73.44 (C"), 58.87 (OCH3), 37.27 (C*), 

27.72 (C^), 26.74 (C^), 22.55 (C^), 22.61 (C*°), 17.40 (C*), 13.50 (€**), 0.00 (TMS); LC-MS: 3.37 

min. m/z = 495.49 (10%) [M+H]^ (Sn 118); HRMS-ESI (m/z): calcd.for C24H470SiSn = 498.2340 

(Sn 118), found = 498.2343 (Sn 118).
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6.3 Asymmetric synthesis of (l?)-(4-(Methoxymethyl)-7-(tributylstannyl)- 
l-(trimethylsilyl)-l,6-heptadiyne (203a)

6.3.1 (£)-4-Brom o-m ethylcrotonate (216) {Ang. Chem. Int. Ed., 2007, 46, 1066-70)

o o
^ MeO"^

216
CgHyBr02 

MW: 179.01

At 0 °C, NBS (1.96 g, 11 mmol, 1.1 eq.) was added to a solution of methylcrotonate (1.06 mL, 10 

mmol, 1 eq.) in chlorobenzene (9.1 mL) and then the mixture was heated to reflux. Benzoyl 

peroxide (48.5 mg, 0.2 mmol, 0.02 eq.) dissolved in chlorobenzene (2 mL) was cannulated in three 

equal portions every 15 min. The reaction was refluxed for 2 h, then cooled to 0 °C and stirred 

overnight. The resulting suspension was filtered cold on celite and the solvent removed in vacuo. 

The crude material was purified by flash chromatography on silica gel (Hexane:EtOAc 6:3) to 

afford product 216 (896 mg, 5.0 mmol, 50%) as a yellow oil.

Rf = 0.5 (Hexane/EtOAc 6:3); Ratio Z:E = 1:5; FT-IR (Neat): v (cm ') = 2150, 2018, 1716, 1653, 

1435, 1321, 1277, 1197; *H-NMR (400 MHz, CDCI3): 5  (£): 7.01 (dt, \U, J  =  15.2, 8.4 Hz, H^).

6.03 (dt, l H , y =  15.2, 7.6 Hz, H^), 4.00 (dq, 2H, J =  7.6, 1.6 Hz, H'), 3.76 (s, 3H, H^); (Z): 7.17 

(ddt, IH, J =  8.4 Hz, H^), 6.17 (dt, m ,J =  8.4 Hz, H^), 4.12 (dd, 2H, J=  8.0 Hz, H'), 3.86 (s, 3H, 

H^); "C-NM R (100 MHz, CDCI3): Ô 166.0 (C^), 142.0 (C"), 124.24 (C^), 51.8 (C'), 29.0 (C^); LC- 

MS: 4.4 min. m/z = 181.15 (100%) [M+2H]^ (Br 79).

6.3.2 (£)-4-M ethoxy-methyIcrotonate (222)

o o

216 222
CgHioOg

MW: 130.14

6.3.2.1 Method A:

Under N2 at 0 °C, the solvent (CH2CI2 or MeOH) and NaOMe powdered (see table 1) were added to

216 (1 eq.) and TBAI (0.06 eq). The reaction was conducted at 0 °C. After 12 h the reaction was

quenched with H2O (4 mL), and the solution extracted with Et20 (3 x 10 mL). The organic layer

was then washed with brine (5 mL), dried over MgS04, and the solvent was removed in vacuo. The
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crude material was purified by flash chromatography on silica gel (Hexane/EtOAc 2:1) to afford 

compound 222 as a yellow oil.

T able 12: Table o f  the a llylic substitution under 8^2 conditions.

E ntry N aO M e eq. C H 2CI2 M eO H T im e and 
T em perature

Yield"

1
1.5

(0.5 M MeOH)
0.2 M - 0°C, 30 min then 

I t ,  3:30h
12%

2
1.5

(0.5 M MeOH)
0.05 M - 0°C, 7h 14%

3 1
(powder) - 3 mL 0°C, l lh 18%

= Yield of the isolated product

6.3.2.2 Method B: {Chem. Biodivers., 2006, 3, 106-17)

At 0 °C, CaCO] (8.51 g, 85.02 mmol, 1 eq.) and MeOH (121 mL) were added to methyl 4- 

bromocrotonate (216) (10 mL, 85.02 mmol, 1 eq.). The reaction was heated to reflux for 6 days. 

After this time, the mixture was filtered, and the methanol was removed in vacuo. The residue was 

partitioned between Et20 (50 mL) and 1% HCl (5 mL), and the aqueous phase was extracted with 

Et20 (3 X 20 mL). The combined organic layers were washed with brine (10 mL), dried over 

Na2S04, and the solvent removed in vacuo. The crude material was purified by distillation (75- 

88°C/34 Torr) to afford 222 (6.780 g, 52.10 mmol, 80 %) as a colourless oil.

6.3.2.3 Method C:

At 0 °C, CaCO] (560mg, 5.6 mmol, 1 eq.) was added to a solution of 216 (660 fiL, 5.6 mmol, 1 eq.) 

in MeOH (8 mL). The reaction was heated under microwave conditions at 160 °C for 20 min. Then, 

the mixture was filtered, and the methanol was removed in vacuo. The residue was partitioned 

between Et20 (25 mL) and 1% HCl (2.5 mL), and the aqueous phase was extracted with Et20 (3 x 

10 mL). The combined organic layers were washed with brine (5 mL), dried over Na2S04, and the 

solvent removed in vacuo. The crude material was purified by distillation (75-88°C/34 Torr) to 

afford 222 (656 mg, 5.04 mmol, 90 %) as a colourless oil.

Rf = 0.45 (Hexane/EtOAc 6:4); bp = 75-88 °C /34 Torr; FT-IR (Neat): v (cm'^) = 2980, 1719, 

1664, 1435, 1305, 1271, 1168; H-NMR (400 MHz, CDCI3): 5 6.9 (dt, IH, J =  15.2, 8.4 Hz, H^)

6.04 (dt, IH, J =  15.2, 7.6 Hz, H^), 4.06 (dq, 2H, J=  7.6, 1.6 Hz, H*), 3.72 (s, 3H, H^), 3.36 (s, 3H,
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H^); "C-NM R (100 MHz, CDCI3): 5 144.4 (C^), 120.89 (C^^), 71.1 (C^), 58.66 (C^), 51.6 (C^); LC- 

MS: 1.73 min. w /z= 102.19 (80%) [M-OMe+Hf.

6.3.3 (£)-4-M ethoxy-crotonic acid (217)

o o

222 217
CsHeOa 

MW: 116.12

A solution of LiOH H2O (80 mg, 1.9 mmol, 1.64 eq.) in H2O (1 mL) was added at 0 °C to a 

solution of 222 (150 mg, 1.15 mmol, 1 eq.) in MeOH (3.1 mL). The reaction mixture was stirred at 

I t  for 2 h. The methanol was removed in vacuo and the residue was treated at 0 °C with a saturated 

solution of citric acid in water until pH 3, then extracted with Et20 ( 3 x 1 0  mL). The combined 

organic layers were washed with brine (10 mL), dried over MgS04, and the solvent removed in 

vacuo. The yellow crude material was purified by flash chromatography on silica gel 

(Hexane/EtOAc 4:6) to afford 217 (124 mg, 1.07 mmol, 93%) as a yellow semi-solid.

Rf = 0.13 (Hexane/EtOAc 6:4); FT-IR (Neat): v (cm ') = 3489, 3283, 1742, 1682, 1657, 1417, 

1386, 1358, 1307, 1215, 1170, 1126; H-NMR (400 MHz, CDCI3): 5  10.52 (s, IH, H^), 7.00 (dt, 

IH, J=  15.2, 8.4 Hz, H^) 6.04 (dt, IH, 15.2, 7.6 Hz, t f ) ,  4.09 (dq, 2H, J =  7.6, 1.6 Hz, H'), 3.36 

(s, 3H, H^); ^^C-NMR (100 MHz, CDCI3): ô 144.5 (C"), 120.9 (Ĉ * )̂, 71.1 (C'), 51.66 (C^); LC- 

MS: 0.65 min. m/z = 100.92 (100%) [M-OH]^.

6.3.4 (I?, £)-3-(4-M ethoxy-2-butenoyl)-4-phenyl-2-oxazolidinone (218)

o o
9 l A .  M 8

217 218
C14H15NO4 
MW: 261.27
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6.3.4.1 Method A:

Under argon at 0 °C, oxalyl chloride (900 îL, 10.64 mmol, 3 eq.) was added to a solution of 217 

(410 mg, 3.54 mmol, 1 eq.) in CH2CI2 (3.8 mL), then 1 drop of DMF was added and the reaction 

left stirring at rt for 1 h. The excess of oxalyl chloride was removed in vacuo. Under argon at -78 

°C, M-BuLi 1.6 M in hexanes (1 mL, 1.65 mmol, 0.96 eq.) was added dropwise to a solution of the 

(/?)-4-phenyl-2-oxazolidinone (750 mg, 1.56 mmol, 0.91 eq.) in THF (5.8 mL). The reaction was 

left stirring at -78 °C for 1 h. Then, the acyl chloride of 217, solubilised in a small amount of THF 

was cannulated to the reaction and it was left stirring at -78 °C for 30 min and then at rt. After 3.5 h, 

the reaction was quenched with aq. NH4CI saturated solution (2 mL), extracted with EtOAc (3x10  

mL), washed with brine (5 mL), dried over MgS04 and the solvent was removed in vacuo. The 

crude material was purified by flash chromatography on silica gel (Hexane/EtOAc 6:4) to afford 

218 (880mg, 3.37 mmol, 95%) as a yellow oil.

63.4.2 Method B:

Under argon at 0 °C, 1-chloro-l-A/A^-dimethyl-2-dimethyl-1-enamine 96% (200 pL, 1.51 mmol, 

1.7 eq.) was added to 217 (100 mg, 0.9 mmol, 1 eq.) in Et20 (1.9 mL). The reaction was left stirring 

at rt for 2 h. Then, the solvent was removed in vacuo. Under argon at -78 °C, «-BuLi 1.6 M in 

hexanes (520 pL, 0.83 mmol, 0.96 eq.) was added dropwise to a solution of the (i?)-3-phenyl-2- 

oxazolidinone (130 mg, 0.8 mmol, 0.91 eq.) in THF (2.4 mL). The reaction was left stirring at - 

78°C for 20 h and then quenched with aq. NH4CI saturated solution (4 mL), extracted with Et20 (3 

X 10 mL), washed with brine (5 mL), dried over MgS04 and the solvent was removed in vacuo. The 

crude material was purified by flash chromatography on silica gel (Hexane/EtOAc 6:4) to afford 

218 (170 mg, 0.64 mmol, 80%) as a yellow oil.

Rf = 0.41 (Hexane/EtOAc 4:6); -20.0; FT-IR (Neat): v (cm ’) = 2919, 1773, 1687, 1642,

1383, 1328, 1193, 1104; *H-NMR (400 MHz, CDCI3): 8 7.34 (dt, IH J =  15.2, 8.4 Hz, H^), 7.32- 

7.11 (m, 5H, 5%6), 703 ^  15.2, 8.4 Hz, H*), 5.49 (dd, IH, J =  8.8, 1.6 Hz, H"),

4.69 (t, IH, y  = 8.8 Hz, H^), 4.26 (dd, 1 H , J =  8.8, 1.6 Hz, t f ) ,  4.11 (dd, 2H, J=  4.8, 1.2 Hz, H^), 

3.39 (s, 3H, H’®); ^^C-NMR (100 MHz, CDCI3): 5 147.3 (C ’’ ^), 129.2 (C’’), 128.6 (C" ' "'), 125.9 

(C2’,4’,6'), 121.7 (C^'8), 77.2 (C^), 69.9 (C^), 83.1 (C^), 56.3 (C’̂ ; LC-MS: 3.03 min. m/2 = 283.89 

(100%) [M+Na]^ HRMS-ESI (m/z): calcd.for Ci4H,5N04Na = 284.0899, found = 284.0893.
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6.3.5 (i?)-3-((^)-3-(M ethoxymethyl)-6-(trimethylsilyl)hex-5-ynoyl)-4-phenyl-2- 
oxazolidinone (219)

n
218 {8R)

OMe

TMS

OMe

219 (4R. 8R)
2̂0̂ 27̂ 0̂ 81

MW: 373.5182

Under argon at -40 °C, trimethylsilyl propargyl magnesium bromide ~ 0.56 M (5 mL, 2.8 mmol, 1.8 

eq.) was added dropwise to a solution of a freshly prepared CuBr DMS (473 mg, 2.3 mmol, 1.5 eq.) 

in THF (18 mL) and HMPA (670 pL, 3.83 mmol, 2.5 eq.). The reaction was left stirring for 1 h, 

cooled to -78 °C, BFg OEt2(300 pL, 2.3 mmol, 1.5 eq.) added dropwise and the reaction stirred for 

further 30 min. Then, 218 (400 mg, 1.53 mmol, 1 eq.) in THF (1.5 mL) was added dropwise and the 

reaction stirred for 30 min at -78 °C and then left to warm to -55 °C. After 8 hours the reaction was 

quenched with aq. NH4CI saturated solution (10 mL), extracted with EtOAc (3 x 20 mL), washed 

with brine (20 mL), dried over MgS04 and the solvent removed in vacuo. The crude material was 

purified by flash chromatography on silica gel (Hexane:EtOAc 6:4) to give the product 219 (543 

mg, 1.45 mmol, 95%, dr = 96:4) as a yellow oil.

R, = 0.46 (Hexane/EtOAc 4:6); [o1d“ = -8.0; FT-IR (Neat): v (cm ') = 2919, 1773, 1537, 1383, 

1328, 1193, 1104; H-NMR (400 MHz, CDCI3): 8 7.33-7.09 (m, 5H, ■’ ■'''•’ •‘ ), 5.43 (dd, IH, J

= 8.8, 1.2 Hz, H’), 4.68 (t, IH, 7 =  8.8 Hz, HC), 4.24 (dd, IH, 7 =  8.8,1.2 Hz, r f ) ,  3.37 (dd, IH, 7 =

9.2, 3.2 Hz, r f ) ,  3.31 (dd, IH, 7 =  9.2, 3.2 Hz, H’), 3.26 (s, 3H, H'"), 3.07 (d, 2H, 7 =  6.8 Hz, r f ) ,  

2.39-2.31 (m, IH, r f ) ,  2.28 (dd, 2H, 7 =  6.4, 2.8 Hz, r f ' )  0.14 (s, 9H, H'"); "C-NMR (100 MHz, 

CDCI3): 5 178.6 (rf), 158.6 (C'), 138.4 (C' ), 130.6 ( r f  '^'),128.6 ( r f  '" '^'), 115.6 (C'") 100.0 (C‘̂ ),

78.6 (rf), 65.1 (rf), 60.3 (rf), 56.1 (C'"), 34.6 (rf), 30.9 (rf), 18.5 (C"), -2.87 (Si(CH)3); LC-MS:

3.50 min. m/z = 375.82 (80%) [M+2H]*; HRMS-ESI (m/z): calcd.for CzoHzgNOjSi = 374.1788, 

found = 374,1768.
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6.3.6 (/î)-3-(Methoxymethyl)-6-(trimethylsilyl)-5-hexynal (220)

TMS

OMe

219 (4 R  BR)

TMS
O H C '

^OMe 
220 {R)

MW: 212.3608

Under argon at -78 °C, DIBALH 1 M (1.14 mL, 1.14 mmol, 2.1 eq.) was added to a solution of 219 

(200 mg, 0.54 mmol, 1 eq.) in CH2CI2 (540 îL). The reaction was stirred for 1 h and then quenched 

with a saturated solution of Rochelle salt (2 mL) and stirred for 1 h. The suspension was extracted 

with Et20 (3 X 10 mL), washed with brine (10 mL), dried over MgS04 and the solvent removed in 

vacuo. The crude material was purified by flash chromatography on silica gel (Hexane/Et20 7:3) to 

give the product 220 (92 mg, 0.43 mmol, 80%) as a colourless oil.

Rf = 0.49 (Hexane/EtOAc 6:4); [a]o^^= +26.0; FT-IR (Neat): v (cm ') = 2919, 1723, 1563, 1387, 

1248, 1121, 1033; ^H-NMR (400 MHz, CDCI3): 9.63 (t, 1 H , J =  1.6 Hz, H'), 3.20 (dq, 2H, J=5 . 6 ,

1.2 Hz, -CH2O), 3.17 (s, 3H, OMe), 2.38 (dd, 2H, J  = 6.8, 1.6 Hz, H^), 2.33-2.28 (m, IH, H^), 2.24 

(dd, 2H, 7 =  6.8, 1.6 Hz, H"), 0.00 (s, 9H, Si(CH3)3); ^^C-NMR (100 MHz, CDCI3): 5 201.7 (C'),

104.4 (O'), 87.3 (O'), 74.7 (CH20),59.2 (OCH3), 45.6 (C") 33.38 (C"), 22.4 (C"), 0.40 (Si(CH3)3); 

LC-MS: 3.58 min. m/z = 189.91 (40%) [M-23]'; HRMS-ESI (m/z): calcd.for CnH2i02Si = 

213.1311, found = 213.1319.

6.3.7 (5)-(4-(M ethoxym ethyl)-I-trim ethylsilyl-I,6-heptadiyne (234)

O H C'
TMS

'O M e OMe

220 (R) 234  (S)
Ci2H2oOSi 

MW: 208.3721

Under argon at 0 °C, PPh3 (1.122 g, 4.28 mmol, 4 eq.) was added portionwise over 10 min to a 

solution of CBr4 (710 mg, 2.14 mmol, 2 eq.) in CH2CI2 (4 mL) and the yellow solution left stirring 

for 30 min, then 220 (500 mg, 1.07 mmol, 1 eq.) in CH2CI2 (1 mL) was added dropwise. The 

mixture was allowed to stir for further 30 min before being poured into hexane. A yellow 

precipitate formed which was removed by filtration through a pad of silica gel. The filtrate was 

concentrated in vacuo to effect the formation of a white precipitate (Ph3PO) that was removed by a
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second filtration through a pad of silica gel. The solvent was removed in vacuo to afford the 

dibrominated compound as yellow oil. Under argon at -78 °C, «-BuLi 1.6 M (1.5 mL, 2.35 mmol,

2.2 eq.) was added dropwise to a solution of the previous intermediate in THF (8.2 mL). After 1 h, 

the reaction was quenched with aq. NH4CI saturated solution (2 mL), extracted with Et20 (3 x 10 

mL), washed with brine (10 mL), dried over MgS04 and the solvent removed in vacuo. The crude 

material was purified by flash chromatography on silica gel (Hexane/Et20 8:2) to give the product 

234 (200 mg, 0.96 mmol, 90 %) as a yellow oil.

Rf = 0.55 (Hexane/EtOAc 7:1); [a]o^^= +35.0; FT-IR (Neat): v (cm ') = 2958, 2893, 1425, 1249, 

1112, 1034, 837; H-NMR (400 MHz, CDCI3): Ô 3.42 (dd, 2H, J  = 6.0, 1.2 Hz, CH2), 3.34 (s, 3H, 

CH3), 2.35 (d, 2H , y =  6.8 Hz, ), 2.25-2.09 (m, 2H, H^), 1.77 (t, IH, J  = 2.4 Hz, H^), 0.14 (s, 9H, 

TMS); ''C -NM R (100 MHz, CDCI3): 5 125.3 (C"), 104.8 (C'), 86.0 (C"), 76.4 (CH2-O), 73.72 (C^),

58.8 (OMe), 37.6 (C ), 21.2 (C^), 20.1 (C^), 0.00 (TMS); LC-MS: 3.63 min. m/z = 245.93 (80%) 

[M+K]^; HRMS-ESI (m/z): calcd.for C]2H2iOSi = 208.1283, found = 208.1285.

6.3.8 (J?)-(4-(M ethoxymethyl)-7-(tributylstannyl)l-trimethylsilyl-l,6-heptadiyne 
(203a)

6.3.8.1 Method A:

TMS
OMe

234 (S) J 203a (R)
C25H4gOSiSn 
MW: 511.4435

Under argon at -78 °C, «-BuLi 1.6 M (400 pL, 0.63 mmol, 1.1 eq.) was added dropwise to a 

solution of 234 (120 mg, 0.58 mmol, 1 eq.) in THF (2.9 mL). After 1 h «-Bu3SnCl (180 pL, 0.63 

mmol, 1.1 eq.) was added to the reaction and stirred for further 1 h. The reaction was quenched with 

aq. NH4CI saturated solution (1 mL), extracted with Et20 ( 3 x 5  mL), washed with brine (5 mL), 

dried over MgS04 and the solvent was removed in vacuo to afford compound 203a (202 mg, 0.41 

mmol, 70%) as a yellow oil.
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6.3.S.2 Method B:

OHC

'O M e 

220 (R)

TM S

221 (S)

TM S BugSn
O M e

203a (R)
C24H460SiSn 

MW: 4 9 7 .4 1 6 9

TM S

Under argon at 0 °C, PPhg (1.62 g, 6.16 mmol, 4 eq.) was added portionwise over 10 min. to a 

solution of CBr4 (1.02 g, 3.08 mmol, 2 eq.) in CH2CI2 (5.8 mL) and the yellow solution left stirring 

for 30 min, then 220 (327 mg, 1.54 mmol, 1 eq.) in CH2CI2 (1.5 mL) was added dropwise. The 

mixture was allowed to stir for further 30 min before being poured into hexane. A yellow 

precipitate formed which was removed by filtration through a pad of silica gel. The filtrate was 

concentrated in vacuo to effect the formation of a white precipitate (Ph]PO) that was removed by a 

second filtration through a pad of silica gel. The solvent was removed in vacuo to afford the 

dibrominated compound as yellow oil. Under argon at -78 °C, «-BuLi 1.6 M (2.1 mL, 3.39 mmol,

2.2 eq.) was added dropwise to a solution of the previous intermediate in THF (11.9 mL). After 1 h, 

the reaction was quenched with M-BugSnCl (460 pL, 1.69 mmol, 1.1 eq.), extracted with Et20 (3 x 

10 mL), washed with brine (10 mL), dried over MgS04 and the solvent removed in vacuo. The 

crude material was purified by flash chromatography on silica gel (Hexane/Et20 8:2) to give the 

product 203a (200 mg, 0.96 mmol, 90 %) as a yellow oil.

Rf = 0.59 (Hexane/Et20 8:2); [a]o^= +42.5; FT-IR (Neat): v (cm") = 2923, 1462, 1377, 1248, 

1122, 837, 626; ^H-NMR (400 MHz, CDCI3): ô 3.43 (d, 2H, /  = 6.0 Hz, OCH2), 3.34 (s, 3H, 

OCH3), 2.40-2.38 (m, 2H, H^), 2.37-2.35 (m, 2H, H^), 2.05-1.92 (m, IH, H^), 1.64-1.59 (m, 6H, 

H*®), 1.56-1.41 (m, 6H, H^), 1.33-1.15 (m, 6H, H^), 0.92-0.43 (m, 9H, H” ), 0.15 (s, 9H, TMS); ^^C- 

NMR (100 MHz, CDCI3): 5 104.6 (C^), 86.0 (C^), 84.0 (C^), 74.7 (OCH2), 73.4 (C^), 58.9 (OCH3),

37.3 (C"), 27.7 (C^), 26.7 (C^), 22.5 (C^), 22.6 (C’°), 17.4 (C"), 13.5 (C"), 0.0 (TMS); LC-MS: 3.37 

min. m/z = 495.49 (10%) [M+H]^ (Sn 118); HRMS-ESI (m/z): calcd.for C24H4?OSiSn = 498.2340 

(Sn 118), found = 498.2343 (Sn 118).
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6.4 Studies on diastereoselective Cu-catalysed 1,4-conjugate addition

6.4.1 Preparation methods for reagents

6.4.1.1 Preparation of CuBr DMS or CuI O.75 DMS

At rt DMS (10 eq.) was added to CuBr or Cul (1 eq.) and stirred vigorously for 15 min. Then,

hexane was added and the precipitate was filtered by vacuum filtration and left to dry for 1 h.

6.4.1.2 TMS-propargyl magnesium bromide preparation

1) Under vacuum, magnesium turnings (2 eq.) were heated for three times at 600 °C for 5 min, and 

then under Argon flow left to sonicate for 40 min. U crystal and the anhydrous EtiO (4 M) were 

added to Mg turnings at rt. Then TMS-propargyl bromide (leq.) in anhydrous EtiO (1.3 M) was 

added slowly dropwise and the reaction was stirred for 1 h at reflux. The same procedure was 

used to make the Grignard reagents in anhydrous THE.

2) Under vacuum, magnesium turnings (2.3 eq.) and ZnBri (0.02 eq.) were heated for three times 

at 300 °C for 5 min, and then under argon left to sonicate for 20 min. EtiO (4 M) was added to 

Mg turnings and ZnBri at rt and then the suspension cooled at 0 °C. A solution of TMS- 

propargyl bromide (leq.) in EtiO (1.3 M) was added dropwise over 1 h and the reaction was 

stirred for 2 h at 0 °C. The same

3) Under vacuum magnesium turnings (7.6 eq.) were heated for three times at 600 °C for 5 min, 

and then under argon left to sonicate for 40 min. The dry Mg inside the round bottom flask was 

allowed to dry-stir for 24 h in presence of few drops of Br2. Then, EtiO (17 M) was added to 

the flask and it was cooled to 0 °C, and a solution of TMS-propargyl bromide (leq.) in Et20 

(0.75 M) was added dropwise over 5 h and the reaction was stirred for further 1 h at 0 °C and 

30 min at rt.

6.4.1.3 TMS-propargyl lithium derived

Under N2 flow at -78 °C and, BuLi 1.6 M (1.6 eq.) was added to solution of TMS -1 -propyne (1.5

eq.) and TMEDA (1.6 eq.) in anhydrous THE (0.38 M). The reaction was stirred at -15 °C for 1 h.

157



6.4.2 1,4-copper catalysed conjugate addition on (R, £)-3-(4-methoxy-2-butenoyl)-4- 
phenyl-2-oxazolidinone (218)

o

v_ /o
218

OMe OMe

219a R = TMS =

219b R =  \
y

219c R 

219d R =

"V

6.4.2.1 Diastereoselective 1,4-conjugate additions using Grignard monoorganocopper 
reagents

GENERAL PROCEDURE

At -40 °C, the TMS-propargyl Grignard was added dropwise to a solution of CuBr-DMS in THF 

(0.13 M). The reaction was left stirring for 40 min, then BF3 OEt] was added and the temperature 

was cooled to -78 °C. After 30 min. the {R, £)-3-(4-methoxybut-2-enoyl)-4-phenyl-2-oxazolidinone 

(218) (1 eq.) in THF (1 M) was added and the reaction was left stirring at -40 °C. Then it was 

quenched with aq. NH4CI saturated solution (10 mL), extracted with Et20 (3 x 20 mL), dried over 

MgS04 and the solvent removed in vacuo. The crude material was purified by flash 

chromatography on silica gel (Hexane/EtOAc 6:4).

Entry G rignard G rignard G rignard C u B rD M S B F 3 OEtz Tim e Product Yield dr

structure (eq.) (M ) (eq.) (eq.) (h) (% ) (R:S)

1 [A] 1.75 0.56 1.5 1.5 18 219a 1 0 95:5

2 [A] 1.75 0.56 1.5 1.5 38 219a 1 0 95:5

3" [A] 1.75 0.56 1.5 - 48 219a 5 N /A

4 [A] 1.75 0.56 1.5 1.5,+ '' 96 219a 1 0 95:5

5 [A] 1.75 0.56 1.5 3, +  ' 96 219a 1 0 95:5

6 ' [A] 1.75 0.56 1.5" 1.5 40 219a 15 95:5

7 [A] 3 1 1.5" 1.5 40 219a 8 N /A

8 [A] 3 1 1.5" 1.5 18 219a 8 N /A

9 [A] 3 1 1.5" 1.5 18 219a - N /A

1 0 [B] 1.75 0.56 1.5" 1.5 18 219b 4 N /A

1 1 [C] 1.75 1 1.5 1.5 18 219c 25 95:5

[A]=TMS-
MgBr

-/ [B] =
Mga

[C ] = ) - Mga

“= freshly prepared CuBr DMS, if not stated is the commercially available. 

 ̂= TMSCl 1.1 eq.
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=  the BF) organocopper derivative has been added again to the reaction after 24 h.

® =  + 1.5eq after 48h, +  1,5eq after 60 h.

6.4.1.2 Diastereoselective 1,4-conjugate additions using Grignard cuprate reagents

At -78 °C, the TMS-propargyl magnesium bromide solution 1.5 M (700 pL, 1.05 mmol, 10.5 eq.) 

was added to a solution of CuBr DMS (2.1 mg, 0.01 mmol, 0.1 eq.) in THF (3.9 mL). The reaction 

was allowed to warm to rt for 5 min and then re-cooled to -78 °C. BF3 OEti (30 pL, 0.213 mmol,

2.1 eq.) and (/?,£)-3-(4-methoxy-2-butenoyl)-4-phenyl-2-oxazolidinone (218) (26 mg, 0.1 mmol, 1 

eq.) in THF (2.5 mL) were added. The reaction was left stirring at rt. After 22 h it was quenched 

with aq. NH4CI saturated solution (4 mL), extracted with EtOAc ( 3 x 1 0  mL), dried over Na2S04 

and the solvent was removed in vacuo. The crude material was purified by flash chromatography on 

silica gel (Hexane/Et20 1:1) to afford 219a (12 mg, 0.03 mmol, 35%, dr (R:S) = 85:15) as a pale 

yellow oil.

6.42.3 Diastereoselective 1,4-conjugate additions using Grignard monoorganocopper 
reagents and HMPA

GENERAL PROCEDURE

Under nitrogen at -40 °C, the TMS-propargyl Grignard 0.56 M was added dropwise to a solution of 

CuBr DMS in THF (0.13 M) and HMPA. The reaction was left stirring for 40 min then BF3 OEt2 

was added and the temperature was cooled to -78 °C. After 30 min the {R, £)-3-(4-methoxybut-2- 

enoyl)-4-phenyl-2-oxazolidinone (218) (1 eq.) in THF (1 M) was added and the reaction was left 

stirring at -40 °C. Then it was quenched with aq. NH4CI saturated solution (10 mL), extracted with 

Et20 (3 X 20 mL), dried over MgS04 and the solvent removed in vacuo. The crude material was 

purified by flash chromatography on silica gel (Hexane/EtOAc 6:4) to afford 219a as a pale yellow 

oil.

Entry G rignard G rignard C u B rD M S " B F 3 OEtz T H F/H M PA Tim e Y ield d r

structure* eq. eq. eq. (h) (% ) (R:S)

1 [A] 1.75 1.5 1.5 1 :1 " 36 70 95:5

2 [A] 3.5 3 3 1 :1 " 48 1 0 N /A

3 [B] 1.75 1.5 1.5 1:0.75 24 1 0 N /A

4 [A] 1.75 1.5 1.5 1:0.75^ 18 85 95:5

5 [A] 1.75 1.5 1.5 1:0.75" 18 15 95:5

[ A ] = tm s- =
MgBr

[B] -  TMS-
MgCI
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“ = 0.56 M.

= CuBr DMS freshly prepared.

= HMPA was added after 24 h.

® = same of the previous reaction but on large scale.

 ̂= substrate solubilised in THF/HMPA.

6.4.24 Diastereoselective 1,4-conjugate additions using lithium monoorganocopper 
reagents

Under nitrogen at -78 °C, «-BuLi 1.6 M in hexanes (360 \iL, 0.57 mmol, 1.5 eq.) was added 

dropwise to a solution of Cul 0.75DMS (145 mg, 0.61 mmol, 1.6 eq.) in Et20 (1.8 mL) and the 

reaction was left stirring. After 40 min the (R, £)-3-(4-methoxybut-2-enoyl)-4-phenyl-2- 

oxazolidinone (218) (100 mg, 0.38 mmol, 1 eq.) in Et20 (3 mL) was added to the reaction and it 

was left stirring at -78 °C. After 4 h the reaction was quenched with aq. NH4CI saturated solution (4 

mL), and left stirring until the colour of the solution was blue. It was extracted with Et20 (3 x 10 

mL), washed with brine (5 mL), dried over Na2S04, and the solvent was removed in vacuo. The 

resulting crude was purified by flash chromatography (Exane/EtOAc 7:3) to afford 219d (30 mg, 

0.1 mmol, 30%, dr {R.S) = N/A) as a yellow oil.
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6.4.2.4.1 (4/?)-3-((3iî)-3-Trimethylsilylpropargyl-4-methoxy-butenoyl)-4- 
phenyloxazolidinone (219a).

TMS

OMe

219a
2̂0̂ 27̂ 0̂ 81
MW: 373.52

Rr = 0.4 (Hexane/EtOAc 4:6); FT-IR (Neat): V (cm'') = 2919, 1773, 1537, 1383, 1328, 1193, 1104; 

'H-NMR (400 MHz, CDCI3): 8 7.33-6.98 (m, 5H, H" ' '  ■ ' ' '  '  ■ *'), 5.43 (dd, IH, 7  = 8.8, 1.2 Hz, H'),

4.68 (t, IH, y  = 8.8 Hz, H"), 4.24 (dd, IH, J  = 8.8, 1.2 Hz, r f ) , 3.37 (dd, IH, 7 =  9.2, 3.2 Hz, r f ) ,  

3.31 (dd, IH, y  = 9.2, 3.2 Hz, r f ) ,  3.26 (s, 3H, H'"), 3.07 (d , 2H, 7  = 6.8 Hz, r f ) ,  2.39-2.31 (m, IH, 

r f ) ,  2.28 (dd, 2H, 7 = 6.4, 2.8 Hz, r f ' )  0.14 (s, 9H, H'"); ” C-NMR (100 MHz, CDCI3): 5 178.6 

(rf), 158.6 (C'), 138.4 (C' ), 130.6 ( r f  '^'),128.6 ( r f ' '  ' '' ), 115.6 (C'^) 100.0 (C"), 78.6 (rf), 65.1 

(rf), 60.3 (O’), 56.1 (C'"), 34.6 (C'), 30.9 (C*), 18.5 (C"), -2.9 (SKCH,);); LC-MS: 3.50 min. m/z 

= 375.82 (80%) [M+2H]+.

6.4.2.4.2 (4jR)-3-((3/?)-3-Propargyl-4-methoxy-butenoyl)-4-phenyloxazolidinone (219b).

OMe

219b
CiyHigNÔ
MW: 301.34

Rf= 0.37 (Hexane/EtOAc 4:6); FT-IR (Neat): v (cm ’) = 2919, 1773, 1537, 1383, 1328, 1193, 1104; 

H-NMR (400 MHz, CDCI3): ô 7.33-6.97 (m, 5H, H^\3" 4'.5'.6'), 5 4^ \ u ,J =  8.8, 1.2 Hz, H^),

4.54 (t, IH, J =  8.8 Hz, H"), 4.36 (dd, IH, J =  8.8, 1.2 Hz, H^), 3.54 (s, 3H, H’®), 3.31 (dd, IH, J  =

9.2, 3.2 Hz, H"), 3.26 (s, 3H, H’°), 3.22 (dd, IH, 7 =  9.2, 3.2 Hz, r f ) ,  2.95 (d, 2H, 7 =  6.8 Hz, r f ) ,  

2.48-2.44 (m, IH, r f ) ,  2.31 (dd, 2H, 7 =  6.4, 2.8 Hz, r f ’); ^^C-NMR (100 MHz, CDCI3): ô 180.4 

(rf), 163.9 (C’), 134.6 (C’’), 131.9 ( r f ’’0 ,  127.4 ( r f ’’'*’’ ’̂), 110.7 (C’") 105.3 (C’̂ ), 80.9 (rf), 61.4 

(rf), 58.3 (rf), 56.9 (C’°), 45.7 (rf), 29.3 (rf), 15.9 (C” ); LC-MS: 3.39 min. m/z = 323.82 (20%) 

[M+Na]\
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6.4.2.4.3 (4i?)-3-((3iî)-3-Isopropyl-4-methoxy-butenoyl)-4-phenyloxazolidinone (219c).

OMe

219c
C17H23NO4
MW: 305.37

R(= 0.43 (Hexane/EtOAc 7:3); FT-IR (Neat): v (cm ') = 3128, 1783, 1577, 1348, 1328, 1132; 

NMR (400 MHz, CDCI3): 8 7.28-6.95 (m, 5H, H " ' ' 5.40 (dd, IH, / =  8.8, 1.2 Hz, t f ) ,  4.54 

(t, IH, J = 8.8 Hz,H^), 4.36 (dd, IH, 7=8.8,  1.2 Hz, H^), 3.31 (dd, IH, 7 =  9.2, 3.2 Hz, H^), 3.26 (s, 

3H, H'®), 3.22 (dd, IH, 7 =  9.2, 3.2 Hz, H^), 2.86-2.82 (m, IH, H"), 2.48-2.41 (m, 2H, H*), 1.46 (d, 

6H, 7 =  5.2 Hz, H'^ '"); ^'C-NMR (100 MHz, CDCI3): 8 177.5 (C"), 147.5 (C'), 128.2 (C^’’ ’̂), 127.6 

( C 2 ’, 4 ’, 6 ’) ,  224.9 (C' ), 74.5 (C^), 68.9 (C^), 57.7 (C^), 56.9 (C'°), 37.8 (C^), 36.2 (C^), 31.6 (C"),

27.7 (C'^’ '^); LC-MS: 3.24 min. m/z = 304.45 (80)% [M-H]\

6.4 2.4.4 (4R)-3-((3R)-3-Butenyl-4-methoxy-butenoyl)-4-phenyloxazolidinone (219d).

OM e

219d
C18H25NO4
MW: 319.40

Rf = 0.30 (Hexane /EtOAc 7:3); FT-IR (Neat): v (cm ') = 3108, 1774, 1547, 1468, 1383, 1132, 

1104; 'H-NMR(400MHz, C D C I 3 ) :  8 7.29-6.97 (m, 5H, H^'.3\ 4',5'.6), 3 3^ (^d, 1H,7= 8.8, 1.2 Hz, 

H^), 4.59 (t, IH, 7 =  8.8 Hz, H^), 4.19 (dd, IH, 7 =  8.8, 1.2 Hz, H^), 3.23 (dd, IH, 7 =  9.2, 1.5 Hz, 

H^), 3.15 (s, 3H, H'"), 3.12 (dd, IH, 7 =  9.2, 1.5 Hz, H^), 2.96 (dd, IH, 7 =  7.6, 1.2 Hz, H^), 2.78 

(dd, IH, 7 =  7.6, 1.2 Hz, H"), 2.15-1.95 (m, IH, H^), 1.17-1.09 (m, 6H, H "’ '"), 0.76 (t, 3H, 7  =

6.8 Hz, H'"); ^^C-NMR (100 MHz, CDCI3): 8 179.3 (C^), 145.6 (C'), 128.1 (C^’’ ’̂), 127.6 (C^’’ ’̂’ ’̂), 

124.9 (O'), 74.5 (C^), 68.9 (C ), 57.7 (C^), 56.9 (C'°), 36.7 (C"), 34.2 (C"), 30.4 (C"), 27.9 (C'"),

21.8 (C'^), 12.9 (C'^); LC-MS: 3.48 min. m/z = 335.89 (40%) [M+Na]\
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6.4.3 1,4-copper catalysed conjugate additions on (R, E)-4-phenyl-3-crotonyl-2- 
oxazolidinone (289)

o A .
V_7

290a R =  T IV IS ^ = — \

=  X
289

290b R 

290c R =

6.4.3.1 Diastereoselective 1,4-conjugate additions using Grignard monoorganocopper 
reagents

GENERAL PROCEDURE

Under nitrogen at -40 °C, the TMS-propargyl magnesium bromide was added dropwise to a 

solution of CuBr-DMS in THF (0.13 M). The reaction was left stirring for 40 min then BF] OEt] 

was added and the temperature was cooled to -78 °C. After 30 min the (R, £)-4-phenyl-3-crotonyl- 

2-oxazolidinone (289) (1 eq.) in THF (1 M) was added and the reaction was left stirring at -40 °C. 

Then, it was quenched with aq. NH4CI saturated solution (10 mL), extracted with EtOAc (3 x 20 

mL), dried over MgS04 and the solvent removed in vacuo. The crude material was purified by flash 

chromatography on silica gel (Hexane/EtOAc 6:4) to afford 290a as product (dr {R:S) = N/A).

E ntry G rignard

(M )

G rignard

(eq.)

C uBr D M S  

(eq.)

BE] O Et; 

(eq.)

T im e

(h)

Y ield

(% )

1 0.56 1.75 1.5 1.5 18 1 0

2 1 3.03 3.03 - 18 1 0

3 0.56 1.75 1.5" 1.5 24 1 0

 ̂= CuBr DMS fresly prepared, if not stated is the commercially available.

6 4.3.2 Diastereoselective 1,4-conjugate additions using Grignard cuprate reagents

GENERAL PROCEDURE

Under nitrogen at -78 °C, the Grignard reagent was added to a solution of CuBr DMS in THF 

(0.0026 M). The reaction was allowed to warm at rt for 5 min and then re-cooled to -78 °C.
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BFs OEt] and {R, £)-4-phenyl-3-crotonyl-2-oxazolidinone (289) (1 eq.) in THF (0.04 M) were 

added. The reaction was left stirring at rt. Then, it was quenched with aq. NH4CI saturated solution 

(10 mL), extracted with EtOAc (3 x 20 mL), dried over Na2S04 and the solvent was removed in 

vacuo. The crude material was purified by flash chromatography on silica gel (Hexane/EtzO 1:1).

Entry G rignard

Structure

G rignard

(M )

G rignard

(eq.)

C u B rD M S

(eq.)

BF3 O E tî 

(eq.)

T im e

(h)

Product Y ield

(% )

dr

{R:S)

1 [A] 1.1. 10.5 0.1 2.13 2:30 290a 40 85:15

2 [A] 1.1 10.5 0 .1“ 2.13 2:30 290a 40 85:15

3" [A] 1.5 10.5 0 .1“ 2.5 4:00 290a 15 N/A

4 [B] 2 3 0 .1“ 2.13 36 290b 53 85:15

MgBr \
[A] = T M S - = — /  [B] = V M qGI

“= CuBr DMS fresly prepared, if not stated is the commercially available.

 ̂= same of the previous reaction but on large scale.

6 4.3.3 Diastereoselective 1,4-conjugate additions using Grignard monoorganocopper and 
cuprate reagents and HMPA

GENERAL PROCEDURE

Under nitrogen at -40 °C, the TMS-propargyl Grignard was added dropwise to a solution of 

CuBr DMS in THF (0.13 M) and HMPA. The reaction was left stirring for 40 min then BF3 0 Et2 

was added and the temperature was cooled to -78 °C. After 30 min the {R, E)-4-phenyl-3 -crotonil- 

2-oxazolidinone (289) in THF (1 M) was added and the reaction was left stirring at -40 °C. Then, it 

was quenched with aq. NH4CI saturated solution (10 mL), extracted with EtOAc (3 x 20 mL), dried 

over MgS04 and the solvent removed in vacuo. The crude material was purified by flash 

chromatography on silica gel (Hexane/Et20 1:1) to afford 290a as a pale yellow oil.
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Entry Grignard Grignard Grignard C uB rD M S BF3 OEtî HMPA Time Yield dr
Structure

(M) (eq.) (eq.) (eq.) (t) (%) (R:S)

1 [A] 0.56 10.5 o.r 2.5 0.25M ^ 4 30 85:15

2 [A] 1.5 10.5 o.r 2.5 O.IM'" 18 50 85:15

3 [B] 0.56 1.75 1.5" 1.5 THF/HMPA
1:0.75"

18 15 N/A

[A] = T M S—=
MgBr

^  [B] =
MgCI 

TMS—^ — /

freshly prepared CuBr DMS, if not stated is the commercially available.

*" = in CuBr-DMS 

 ̂= added with the substrate.

6.4.3 4 Diastereoselective 1,4-conjugate additions using Grignard monoorganocopper and 
DMS

Under nitrogen at -78 °C, the TMS-propargyl magnesium bromide 2.0 M (325 pL, 0.65 mmol, 5 

eq.) was added to a solution of CuBr DMS (2.7 mg, 0.013 mmol, 0.1 eq.) in anhydrous DMS (130 

pL). After 40 min, BF3 OEt] (42 pL, 0.325 mmol, 2.5 eq.) was added. The reaction was left stirring 

at rt. After 30 min, the (R, £)-4-phenyl-3-crotonyl-2-oxazolidinone (289) (30 mg, 0.13 mmol, 1 eq.) 

in THF (2.6 mL) was added to the reaction. It was left stirring at -20 °C for 18 h, then was 

quenched with aq. NH4CI saturated solution (4 mL), extracted with EtOAc ( 3 x 1 0  mL), dried over 

Na2S04 and the solvent was removed in vacuo. The crude material was purified by flash 

chromatography on silica gel (Hexane/EtOAc 6:4) to afford the product 290a (10 mg, 0.03 mmol, 

22%, àr{R\S) = N/A) as a pale yellow oil.

6.43.5 Diastereoselective 1,4-conjugate additions using Lithium monoorganocopper 
reagents

PROCEDURE FOR ENTRY 1

Under nitrogen at -78 °C, «-BuLi 1.6 M in hexanes (433 pL, 0.65 mmol, 1.5 eq.) was added 

dropwise to a solution of Cul 0.75DMS (164 mg, 0.69 mmol, 1.6 eq.) in Et20 (2 mL) and the 

reaction was left stirring 1 h. After 40 min the {R, £)-4-phenyl-3-crotonyl-2-oxazolidinone (289) 

(100 mg, 0.43 mmol, 1 eq.) in Et20 (3.3 mL) was added to the reaction and it was left stirring at -78 

°C. After 4 h the reaction was quenched with aq. NH4CI saturated solution (4 mL), and left stirring 

until the colour of the solution was blue. It was extracted with Et20 ( 3 x 1 0  mL), washed with brine 

(5 mL), dried over Na2S04 and the solvent removed in vacuo. The crude material was purified by 

flash chromatography on silica gel (Hexane/EtOAc 7:3) to afford the product 290c (110 mg, 0.38 

mmol, 90%) as a yellow oil.

165



PROCEDURE FOR ENTRIES 2, 3, 4

Under nitrogen at -20 °C, CuI 0.75DMS (82 mg, 0.346 mmol, 1.6 eq.) was added in one batch to 

the TMS-propargyl lithium (0.32 mmol, 1.5 eq.) in THF (920 pL) and the reaction was left stirring 

at -10 °C for 1 h. Then the {R, £)-4-phenyl-3-crotonyl-2-oxazolidinone (289) (50 mg, 0.216 mmol, 

1 eq.) in Et20 or THF (2.2 mL) was added to the reaction and it was left stirring at -78 °C. After 

time reported in Table, the reaction was quenched with aq. NH4CI (10 mL), and left stirring until 

the colour of the solution was blue. It was extracted with EtiO (3 x 20 mL), washed with brine (5 

mL), dried over Na2S04 and the solvent was removed in vacuo. The crude material was purified by 

flash chromatography (Hexane/EtOAc 7:3) to afford the product as a yellow oil.

For entry 4 TMSI (48 pL, 0.324 mmol, 1.5 eq.) was added before the addition of the {R, E)A- 

phenyl-3-crotonyl-2-oxazolidinone, and after the quench with aq. NH4CI saturated solution (10 

mL), the reaction was stirred for 30 min, then HCl 3 M (1 mL) was added and the reaction stirred 

for further 30 min.

Entry O rganolithium solvent T M SI Tim e

(h)

Product Y ield

(% )

dr

(R:S)

1 [A] EtzO - 4 290c 90 93:7

2 [B] EtzO - 15 290a 15 93:7

3 [B] THE - 4 290a 5 N /A

4 [B] THF 1.5 6 290a - N /A

6.4.3.5.1 (4Æ)-3-((3i?)-3-TriniethyIsilylpropargyI-butenoyl)-4-phenyloxazoIidinone (290a)

TMS

290a
^19̂ 25̂ 038!
MW: 343.49
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Rf = 0.5 (Hexane/EtzO 1:1); FT-IR (Neat): v (cm ') = 2919, 1773, 1537, 1383, 1328, 1193, 1104; 

*H-NMR (400 MHz, CDCI3): Ô 7.31-6.93 (m, 5H, 5.43 (dd, 1H, J=  7.2, 1.6 Hz, t f ) ,

4.69 (t, IH, / =  7.2 Hz, H^), 4.26 (dd, IH, J =  7.2, 1.6 Hz, H^), 3.11 (dd, 1 H , J =  13.6, 3.2 Hz, H^), 

2.82 (dd, IH, J =  13.6, 3.2 Hz, H^), 2.20-2.09 (m, 3H, H  ̂ '"), 1.00 (d, 3H, J =  5.2 Hz, H^), 0.14 (s, 

9H, H'^); '^C-NMR (100 MHz, CDCI3): 5 178.6 (C^), 158.6 (C'), 138.4 (C' ), 130.6 (C^’’ ’̂), 128.6 

(C^’’"’’ ’̂), 115.6 (C") 100.0 (C'"), 78.6 (C^), 65.1 (C"), 60.3 (C^), 34.6 (C^), 30.9 (C^), 18.5 (C'°), - 

2.87 (Si(CH3)3); LC-MS: 3.30 min. m/z = 366.21 (20%) [M+Na]\

6.43.5.2 (4R)-3-((3R)-3-Isopropyl-butenoyl)-4-phenyloxazolidinone (290b)

290b
C16H21NO3 
MW: 275.34

Rf = 0.34 (Hexane/EtzO 1:1); FT-IR (Neat): v (cm ') = 2919, 1773, 1537, 1383, 1328, 1193, 1104; 

'H-NMR (400 MHz, CDCI3): 5 7.26-6.91 (m, 5H, 5.36 (dd, IH, 7=8.8 ,  1.6 Hz, H^),

4.61 (t, IH, 7 =  8.8 Hz, H"), 4.20 (dd, IH, 7 =  8.8, 1.6 Hz, H^), 2.93 (dd, IH, 7 =  15.6, 3.2 Hz, H^), 

2.60 (dd, IH, 7 =  15.6, 3.2 Hz, H^), 1.86-1.75 (m, 3H, H*), 1.20-1.15 (m, IH, H'°) 1.00 (d, 3H, 7  =

5.2 Hz, H^), 0.70 (d, 6H, 7 =  6.2 Hz, H'^ '^); "C-NM R (100 MHz, CDCI3): 5 179.3 (C^), 160.5 (C'),

129.4 (C^’’ ’̂), 126.6 (C^’’"’’ ’̂), 128.6 (C' ), 69.8 (C"), 57.6 (C"), 42.5 (C"), 36.5 (C*), 30.9 (C'°), 16.8 

(C"), 14.2 (C'^); LC-MS: 3.30 min. m/z = 315.06 (20%) [M+K]\

6.4.35.3 (4R)-3-((3R)-3-Butenyl-butenoyl)-4-phenyloxazolidinone (290c)

290c
C17H23NO3 
MW: 289.37

Rf = 0.36 (Hexane/EtOAc 8:2); FT-IR (Neat): v (cm ') = 2959, 1782, 1691, 1457, 1390, 1325,

1201, 1144; 'H-NM R (400 MHz, CDCI3): Ô 7.26-6.90 (m, 5H, H^'.3'.4',5'.6 ) 3 3^ (dd, IH, 7 =  8.8,

1.6 Hz, ), 4.60 (t, IH, 7 =  8.8, 1.6 Hz, H^), 4.19 (dd, IH, 7 =  8.8, 1.6 Hz, t f ) ,  2.92 (dd, IH, 7  =

16.0, 3.2 Hz, H"), 2.60 (dd, 1H,7= 16, 3.2 Hz, H"), 1.91-1.83 (m, IH, H^), 1.17-0.95 (m, 9H, H'"’" ’

'^), 0.79 (d, 3H, 7 =  6.4 Hz, H^); '^C-NMR (100 MHz, CDCI3): 5 178.6 (C^), 158.6 (C'), 129.1
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(C" '"'), 125.9 128.7 (C’’), 69.8 (C^), 57.6 (C^), 42.5 (C^), 36.5 (C‘®), 30.9 (C^), 29.0 (C’’),

22.8 (C‘̂ ), 19.6 (C^), 14.2 (C‘̂ ); LC-MS: 3.20 min. m/z = 289.86 (100%) [M +H f.

6.5 Reverse of selectivity in the conjugate addition

6.5.1 (/?)-3-((5)-3-(M ethoxymethyl)-6-(trimethylsiIyl)hex-5-ynoyl)-4- 
phenyloxazolidin-2-one (219)

O M e

2 1 8  (4R )

TM S

•OMe

2 1 9  ( 4 R  8 S )
(̂ 20̂ 27̂ 0481
MW: 37 3 .5 2

Under argon at -40 °C, trimethylsilyl propargyl magnesium bromide 0.56 M (3.6 mL, 2 mmol, 2 

eq.) was added dropwise to a solution of CuBr DMS (300 mg, 1.44 mmol, 1.5 eq.) in THF (11 mL) 

and HMPA (435 pL, 2.5 mmol, 2.5 eq.). The reaction was left to stir for 1 h, cooled to -78 °C and 

218 (250 mg, 1 mmol, 1 eq.) in THF (1 mL), pre-treated for 30 min with TMSCl (253 pL, 2 mmol, 

2 eq.) at rt, was added dropwise, stirred for 30 min and then left to warm to -60 °C. After 8 h the 

reaction was quenched with aq. NH4CI saturated solution (4 mL), extracted with EtOAc ( 3 x 1 5  

mL), washed with brine (10 mL), dried over MgS04 and the solvent removed in vacuo. The crude 

material was purified by flash chromatography on silica gel (Hexane/EtOAc 6:4) to afford the 

product 219 (224 mg, 0.6 mmol, 60%, dr {R.S -  18:82) as a yellow oil.

Rf = 0.45 (Hexane/EtOAc 4:6); [a]D^*= -28; FT-IR (Neat): v (cm ') = 2919, 1773, 1537, 1383, 

1328, 1193, 1104; ‘H-NMR (400 MHz, CDCI3): 5 7.38-7.03 (m, 5H, H^'.3'.4\ 5'.6 ) 5 43 ^  j

= 8.8, 1.6 Hz, H^), 4.68 (t, IH, 7 =  8.8 Hz, H^), 4.27 (dd, 1 H, J =  8.8, 1.6 Hz, H^), 3.37 (dd, IH, 7  =

9.2, 3.2 Hz, H^), 3.32 (dd, 1 H , J =  9.2, 3.2 Hz, H^), 3.27 (s, 3H, H'®), 3.07 (d, 2H, 7 =  6.8 Hz, H^), 

2.43-2.37 (m, IH, H*), 2.26 (dd, 2H, 7 - 6 . 0 ,  2.4 Hz, H "), 0.14 (s, 9H, H'^); ^^C-NMR (100 MHz, 

CDCI3): Ô 178.6 (C^), 158.6 (C^), 138.4(C '), 130.6 (C^’’ ’̂), 128.6 (C^’’ ’̂’ ’̂), 115.6(C'^) 100.0 (C'^),

78.6 (C^), 65.1 (C"), 60.3 ( C \  56.1 (C'®), 34.6 (C"), 30.9 (C^), 18.5 (C"), -2.8 (Si(CH3)3); LC-MS:

3.50 min. m/z = 375.82 (80%) [M+2H]^; HRMS-ESI (m/z): calcd.for C2oH2gN04Si = 374.1788, 

found = 374.1768.
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6.6 Exploring the role of HMPA

6.6.1 (£)-M ethyI 4-hydroxy-2-butenoate (291)

o

291
CgHgOa 

MW: 116.12

Under argon at -10 °C, BH3 THF 1 M (35 mL, 35 mmol, 0.9 eq.) was added dropwise to a solution 

of monomethyl fumarate (5 g, 33.5 mmol, 1 eq.) in THF (15 mL). The reaction was allowed to 

warm to rt and left stirring for 10 h, then quenched with a 1:1 solution of AcOHiHiO (2 mL). THF 

is removed in vacuo and the resulting slurry is poured into 30 mL of ice-cold aq. NaHCO] saturated 

solution and extracted with EtOAc (3 x 20 mL), dried over MgS04 and the solvent removed in 

vacuo to afford 291 (1.7 g, 15 mmol, 45%) as colourless oil.

Rf = 0.32 (Hexane/EtOAc 6:4); FT-IR (Neat): v (cm ') = 3337, 2980, 1719, 1664, 1435, 1305, 

1271, 1168; H-NMR (400 MHz, CDCI3): 5 6.94 (dt, \R ,J =  15.2 Hz, 8.4 Hz, H^) 6.04 (dt, IH, 7  =

15.2 Hz, 8.4 Hz, H^), 4.45 (t, 2H, J=  7.6 Hz, H"), 4.29 (s, IH, OH), 3.67 (s, 3H, OCH3); ^^C-NMR 

(100 MHz, CDCI3): 5 144.5 (C'), 120.9 (C^’̂ ), 71.1 (C"), 58.6 (OCH3); LC-MS: 1.73 min. m/z = 

138.59 (80%) [M+Na]\

6.6.2 (£)-M ethyl 4-((/er/-butyldimethylsilyl)oxy)but-2-enoate (292)

MeO MeO

291 292

1̂1̂ 22̂ 3̂ *
MW: 230.38

Imidazole (3.5 g, 51.24 mmol, 3.5 eq.) and TBSCl (4.42 g, 29.3 mmol, 2 eq.) were added in turn to 

a solution of 291 (1.7 g, 14.64 mmol, 1 eq.) in THF (60 mL) and the reaction was left stirring 

overnight. Then, it was quenched with aq. NH4CI saturated solution (30 mL), extracted with EtOAc 

(3 X 20 mL), washed with brine (10 mL), and the solvent was removed in vacuo. The crude material 

was purified by flash chromatography on silica gel (Et20) to afford compound 292 (3.35 g, 14.54 

mmol, 99%) as a yellow oil.
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Rf = 0.57 (Hexane/EtOAc 6:4); FT-IR (Neat): v (cm ') = 3337, 2980, 1719, 1664, 1435, 1305, 

1271, 1168; H-NMR (400 MHz, CDCI3): 5 6.92 (dt, IH, 7 =  15.2, 8.4 Hz, H^) 6.01 (dt, IH, J  =

15.2, 8.4 Hz, H^), 4.23 (dd, 2H, 7  = 5.6, 2.4 Hz, H"), 3.65 (s, 3H, OCH3), 0.83 (s, 9H, (^3 )3 ), 0.01 

(s, 6H, CH3); ^^C-NMR (100 MHz, CDCI3): 8 144.5 (C'), 120.9 (C '̂^), 71.1 (C^), 25.9 ( ( ^ 3)3), 0.1 

(CH3); LC-MS: 3.47 min. m/z = 229.63 (40%) [M+H]\

6.6.3 (£)-4-((ter^-Butyldimethylsilyl)oxy)but-2-enoic acid (293)

o
,OTBS --------------------- 1.

292 293
^10̂ 20038!
MW: 216.35

A solution of LiOH H2O (183 mg, 4.34 mmol, 5 eq.) in water (200 |iL) was added at 0 °C to a 

solution of 292 (200 mg, 0.9 mmol, 1 eq.) in MeOH (4.1 mL). The reaction mixture was stirred at rt 

for 2 h. The methanol was removed in vacuo and the residue was treated with a saturated solution 

of citric acid in water until pH 3 at 0 °C and then extracted with Et^O ( 3 x 1 0  mL). The combined 

organic layers were washed with brine (10 mL), dried over MgS04 and the solvent removed in 

vacuo. The yellow crude material was purified by flash chromatography on silica gel 

(Hexane/EtOAc 4:6) to afford 293 (190 mg, 0.87 mmol, 97%) as a yellow semi-solid.

Rf = 0.1 (Hexane/EtOAc 6:4); FT-IR (Neat): v (cm ') = 3483, 3237, 2980, 1719, 1664, 1435, 1305, 

1271, 1168; ^H-NMR (400 MHz, CDCI3): 8 10.24 (s, IH, H^), 6.92 (dt, IH, J =  15.2, 8.4 Hz, t f )  

6.01 (dt, IH, y  = 15.2, 8.4 Hz, t f ) ,  4.23 (dd, 2H, J =  5.6, 2.4 Hz, H"), 3.65 (s, 3H, OCH3), 0.83 (s, 

9H, (CH3)3), 0.01 (s, 6H, CH3); ^"C-NMR (100 MHz, CDCI3): 8 144.5 (C'), 120.9 (C^^), 71.1 (C"),

25.9 ((CH3)3), 0.1 (CH3); LC-MS: 3.47 min. m/z = 229.63 (40%) [M+H]\

6.6.4 (/?,£)-3-(4-((^ert-ButyldimethyIsiIyl)oxy)but-2-enoyl)-4-phenyloxazolidin-2-one 
(294)

Vh
293 294 (4R;

CigH27N04Si 
MW: 361.51
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Under argon at 0 °C, oxalyl chloride 0.12 M (38 mL, 4.6 mmol, 3 eq.) was added to a solution of 

293 (330 mg, 1.53 mmol, 1 eq.), then 1 drop of DMF was added, and the reaction left stirring at rt 

for 1 h. Then, the excess of oxalyl chloride was removed in vacuo. Under argon at -78 °C, w-BuLi

1.6 M in hexanes (920 pL, 1.47 mmol, 0.96 eq.) was added dropwise to a solution of the (i?)-4- 

phenyl-2-oxazolidinone (2300 mg, 1.4 mmol, 0.91 eq.) in THF (4.2 mL). The reaction was left 

stirring at -78 °C for 1 h. Then, the acyl chloride of 293, solubised in a small amount of THF was 

cannulated to the reaction and it was left stirring at -78 °C for 30 min and then at rt 6 h. The 

reaction was quenched with aq. NH4CI saturated solution (2 mL), extracted with EtOAc (3 x 10 

mL), washed with brine (5 mL), dried over MgS04 and the solvent was removed in vacuo. The 

crude material was purified by flash chromatography on silica gel (Hexane/EtOAc 6:4) to afford 

294(440 mg, 1.22 mmol, 80%) as a yellow semi-solid.

Rf = 0.54 (Hexane/EtOAc 4:6); FT-IR (Neat): v (cm ') = 2919, 1773, 1687, 1642, 1383, 1328, 

1193, 1104; 'H-NMR (400 MHz, CDCI3): 5 7.50 (dt, IH, J =  15.2, 8.4 Hz, H^), 7.38-7.11 (m, 5H,

7.06 (dt, IH, y  = 15.2, 8.4 Hz, t f ) ,  5.48 (dd, IH, J  = 8.8, 1.2 Hz, H^), 4.75 (t, IH, J  =

8.8 Hz, H^), 4.32 (dd, IH, J  = 8.8, 1.2 Hz, r f ) ,  4.18 (dd, 2H, J  = 9.2, 3.2 Hz, r f ) ,  1.55 (s, 9H, 

(CHa)]), 1.25 (s, 6H, CH3); '"C-NMR (100 MHz, CDCI3): Ô 147.3 (rf'"), 129.2 (r f ’), 128.6 (rf '"’),

125.9 ( r f ’’ ’̂’"’), 121.7 (rf'*), 77.24 (rf), 69.9 (rf), 83.1 (rf), 25.9 ( ( ^ 3)3), 0.1 (CH3); LC-MS: 

3.42 min. m/z = 358.23 (100%) [M-2H]\
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6.7 Synthesis of (5) and (±) YM-181741 (185)

6.7.1 (±) and (R) - l,4,8-Trim ethoxy-3-(4-(m ethoxym ethyl)-7-(trim ethylsilyl)-l,6- 
heptadiyn-l-yl)-2-naphthaldehyde (235)

'CHO
OMe OMe OMe OMe

186 235 (+/-) o r(R )
CaeHaaOsSi 
MW: 452.61

Under argon 203 (±) or 203a (R) (11.47 g, 23.1 mmol, 1.5 eq.) was added to a solution of 186 (5 g,

15.4 mmol, 1 eq.) and Pd2dba3 (284 mg, 0.31 mmol, 0.02 eq.) and P(t-Bu)3 (70 mg, 0.31 mmol, 0.02 

eq.) in Toluene (62 mL) and left stirring for 18 h at rt. The reaction was filtered on a pad of silica 

gel, washed with EtiO (80 mL) and the solvent was removed in vacuo. The crude material was 

purified by flash chromatography on silica gel (Hexane/EtiO 7:3) to afford 235 (±) or 235 {S) (6.61 

g, 14.61 mmol, 95%) as a yellowish oil.

Rf = 0.3 (Hexane/EtOAc 7:3); +49.0; FT-IR (Neat): v (cm'^) = 2928, 2358, 2170, 1686,

1568, 1450, 1366, 1247, 1120, 841, 761, 631; H-NMR (400 MHz, CDCI3): 5 10.64 (s, IH, H^), 

7.76 (d, IH, y  = 6.0 Hz, H^), 7.56 (t, IH, J =  6.4 Hz, H"), 6.96 (d, IH, J =  6.4 Hz, H^), 4.03 (s, 2H, 

H'°), 3.92 (s, IH, H” ’’̂ ), 3.58 (t, IH, J =  12.8 Hz, H'^), 3.39 (s, 3H, H'^), 2.74 (d, 2H, 7  = 5.2 Hz, 

’), 2.53 (d, 2H, J=  5.2 Hz, H" ), 2.21 (q, IH, 7  = 5.2 Hz, H^’), 0.158 (s, 9H, H*'); "C-NM R (100 

MHz, CDCI3): Ô 190.5 (C^), 158.5 (C"), 157.7 (C’), 155.9 (C"), 134.1 (C"), 130.0 ( C \  126.2 (C^),

119.9 (C^), 115.3 (C^), 111.9 (C^), 107.9 (C^), 105.0 (C^’), 98.8 (C' ), 86.4 (C^ ), 75.6 (C^), 73.9 

(C"), 64.9 (C’°), 61.6 (C’̂  59.1 (C"), 56.4 (C^"), 37.8 (C"’), 21.7 (C" ), 21.6 (C" ), 0.3 (C*'); LC- 

MS: 8.13 min. m/z = 453.24 (100%) [M+H]^; HRMS-ESI {m/z): calcd. for C26H3305Si = 453.2097, 

found = 453.2082; Elemental analysis: Calcd. C, 68.99; H, 7.13; Found C, 68.99; H, 6.98%.
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6.7.2 (±) and (R) - l,4,8-Trimethoxy-3-(4-(methoxymethyl)l,6-heptadiyn-l-yl)-2-
naphthaldehyde (188)

OMe ,

Y  OHO
OMe OMe

'OM e

235 (+/-) or {R)

'TM S

OMe

OHOM
OMe OMe

188 (+/-) or (R) 
C23H24O5 

MW: 380.43

Under argon at 0 °C, TBAF 1 M (23.1 ml, 23.1 mmol, 2.5 eq.) was added to a solution of 235 (±) 

or 235 (i?) (4.18 g, 9.24 mmol, 1 eq.) in THF (18.5 mL). After 30 min the reaction was allowed to 

warm to rt and stirred for 1.5 h, then it was quenched with aq. NH4CI saturated solution (100 mL), 

extracted with EtOAc (3 x 100 mL), dried over MgS04 and the solvent removed in vacuo. The 

crude material was purified by flash chromatography (Hexane/Et20 6:4) to afford the product 188 

(±) or 188 (/?) (3.34 g, 8.78 mmol, 95 %) as a pale yellow oil.

Rf= 0.24 (Hexane/EtOAc 7:3); [a]o^^= +73.4; FT-IR (Neat): v (cm’’) = 3280, 2928, 2356, 1682, 

1568, 1450, 1366, 1268, 1120, 972, 818, 769, 633; *H-NMR (400 MHz, CDCI3): ô 10.64 (s, IH, 

H^), 7.76(d, l H , y =  6.0 Hz, H^), 7.56 (t, I H, J =  6.4 Hz, H^), 6.96 (d, IH, J =  6.4 Hz, H^), 4.03 (s, 

2H, H‘°), 3.92 (s, IH, H " ’''), 3.58 (t, IH, J =  12.8 Hz, H’ )̂, 3.39 (s, 3H, H’"), 2.74 (d, 2H, 7 =  5.2 

Hz, H" ), 2.53 (d, 2H, 7 =  5.2 Hz, H^’), 2.21 (q, IH, 7 =  5.2 Hz, H" ), 2 (s, IH, H^’); "C-NM R (100 

MHz, CDCI3): 5 190.4 (C^), 158.5 (C"), 157.6 (C'), 155.9 (C )̂, 134.1 (C"), 130.0 (C"), 126.2 (C"),

119.9 (C^), 115.3 (C ^  111.9 (C^), 107.9 (C'“), 82.2 (C^’), 77.1 (C '’), 76.8 (C^’), 75.6 (C ’̂), 73.9 

(C*^), 64.9 (C'®), 61.6 (C'"), 59.1 (C*'), 56.4 (C ''), 37.8 (C"’), 21.6 (C '), 20.1 (C^’); LC-MS: 3.55 

min. m/z = 380.75 (10%) [M+H]^; HRMS-ESI (m/z): calcd. for C23H24O5 = 381.1702, found = 

381.1708; Elemental analysis: Calcd. C, 72.61; H, 6.53; found C, 71.90; H, 6.55%.
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6.7.3 (±) and (5) -7,8,12-Trimethoxy-3-(methoxymethyl)-3,4-dihydrotetraphen- 
l(2H )-one (236)

OMe OMe OMe OMe

188 (+/-) or (R) 236 (+/-) or (S)
C23H24O5

MW: 380.43

OMe

Under argon at rt, AuCl] (8 mg, 26.3 fimol, 0.02 eq.) was added to a solution of 188 (±) or 188 (R) 

(500 mg, 1.32 mmol, 1 eq.) in DCE (13 mL) and the reaction was heated at 60°C for Ih. Then, it 

was filtered on a pad of silica gel, washed with Et20 (40 mL) and the solvent removed in vacuo. 

The crude material was purified by flash cromatography on silica gel (CH2Cl2/EtOAc 7:3) to afford 

the product 236 (±) or 236 (5) (320 mg, 0.83 mmol, 63%) as dark yellow oil.

Rf = 0.2 (CH2Cl2/EtOAc 7:3); [a]D” = +87.2; FT-IR (Neat): v (cm ') =2928, 1680, 1610, 1553, 

1454, 1359, 1257; H-NMR (400 MHz, CDCI3): 5 8.42 (d, IH, J=  8.8 Hz, H"), 7.97 (d, IH, 7 =  8.8 

Hz, H"), 7.42 (t, IH, 7 =  8.0 Hz, H'°), 7.20 (d, IH, 7 =  9.2 Hz, H^), 6.83 (d, IH, 7 =  8.0 Hz, H^),

4.07 (s,lH, H'"), 3.99 (s, IH, H'"), 3.73 (s, IH, H'"), 3.50 (d, 2H, 7 =  4.8 Hz, H'"), 3.41 (s, IH, H'"),

3.06 (t, 2H, 7 =  17.6 Hz, H^), 3.01-2.96 (m, IH, H^), 2.88 (t, 2H, 7 =  5.2 Hz, H'*); ^^C-NMR (100 

MHz, CDCI3): 5 197.0 (C'), 156.6 (C"), 149.6 (C"), 148.8 (C'"), 145.2 (C"'), 130.5 (C^’' '̂’), 129.8 

(C "“), 128.6 (C'°), 126.3 (C^), 126.1 {C% 120.3 (C"), 119.0 (C'^), 116.2 (C^=), 104.7 (C^) 77.6 

(C'^), 77.3 (C'^), 77.0 (C'^’'^), 76.5 (C'"), 42.8 (C"), 36.1 (C"), 34.0 (C^); LC-MS: 3.67 min. m/z =

421.03 (100%) [M+K]^; 381.07 (60%) [M+H]^; HRMS-ESI (m/z): calcd.for C23H2405Na = 

403.1521, found = 403.1499.

6.7.4 (±) and (*S) -8-M ethoxy-3-(methoxymethyl)-3,4-dihydrotetraphene-l,7,12(2H)- 
trione (237)

OMe OMe

OMe OMe

0.1

OMe O

236 (+/-) or (S)

OMe

237 (+/-) or (S)
C21H18O5

MW: 350.36
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Under argon at 0°C, a solution of CAN (11.1 g, 20.2 mmol, 3 eq.) in H2O (135 mL) was added to a 

solution of 236 (±) or 236 (5) (2.6 g, 6.74 mmol, 1 eq.) in CH3CN (55 mL). The reaction was left 

stirring for 30 min at 0 °C and then for 1 h at it. The solution was extracted with CH2CI2 ( 3x100  

mL), dried over MgS04 and the solvent removed in vacuo. The crude material was purified by flash 

chromatography (CH2Cl2/EtOAc 1:1) to afford 237 (±) or 237 (-S) (2.24 g, 6.41 mmol, 95%) as a 

yellow solid.

Rf = 0.45 (CH2Cl2/EtOAc 1:1); mp = 193-196 °C; [a]o^^= +59.0; FT-IR (Neat): v (cm ’) = 2919, 

2344, 1690, 1667, 1589, 1560, 1469, 1440, 1307; ^H-NMR (400 MHz, CDCI3): 6 8.27 (d, IH, 7  =

8.0 Hz, H^), 7.78 (d, IH, J=  6.4 Hz, H” ), 7.7 (t, IH, J =  8.4 Hz, H’°), 7.53 (d, IH, J =  8.0 Hz, H^),

7.3 (d, IH, J =  8.4 Hz, H^), 4.04 (s, 3H, H’̂ ), 3.48-3.39 (m, 2H, H'^), 3.39 (s, 3H, H'^), 2.85 (t, 2H, 

J=  17.6 Hz, H^), 2.65-2.51 (m, IH, ), 2.46 (t, 2H, J=  5.2 Hz, H^); "C-NM R (100 MHz, CDCI3): 

5 198.4 (C'), 184.4 (C'^), 181.6 (C^), 159.5 { C \  148.6 (C^), 137.5 (C’̂ ”), 135.4 (C” '), 135.2 (C’̂ ),

135.0 (C'°), 134.8 (Ĉ =), 133.2 (C^), 129.7 (C^), 120.6 (C^'), 119.7 (C” ), 117.2 (C^), 75.7 (C'^), 59.1 

(C'"), 56.5 (C’̂ ), 42.2 (C^), 35.5 (C^), 33.1 (C^); LC-MS: 3.10 min m/z = 350.87 (100%) [M+H]^; 

HRMS-ESI {m/z): calcd.for C21H19O5 = 351.1233, found = 351.1244.

6.7.5 (±) and (5) -8-Hydroxy-3-(hydroxym ethyl)-3,4-dihydrotetraphene-l,7,12(2H)- 
trione (185) (YM-181741)

OMe

OMe O

237 (+/-) or (S) 185 (+/-) or (S)
C19H14O5 

MW: 322.31

Under argon, 237 (±) or 237 (5) (7mg, 0.02 mmol, 1 eq.) was dissolved in CH2CI2 (0.14 mL) and 

cooled to -  40 °C. A solution of Nal (18 mg, 0.12 mmol, 6 eq.) and 15-crown-5 (27 mg, 0.12 mmol, 

6 eq.) in CH2CI2 (0.2 mL) was added dropwise and left stirring for 15 min, then BBrs 1 M in 

CH2CI2 (120 pL, 0.12 mmol, 6 eq.) was slowly added to the reaction and left stirring overnight. It 

was quenched with aq. NaHCO] saturated solution (0.2 mL) and left to stir for 10 min at -  40 °C, 

extracted with CH2CI2 ( 3 x 2  mL), dried over MgS04 and the solvent was removed in vacuo. The 

crude material was purified by flash chromatography to afford 185 (±) or 185 (5) (65%) as a yellow 

solid.
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Ri= 0.35 (CHzClz/EtOAc 3:2); mp = 234-236 °C; [a]o^^= +24.8; FT-IR (Neat): v (cm ') = 2360, 

1678, 1640, 1545, 1345, 1005; *H-NMR (400 MHz, CDCI3): 5 12.45 (s, IH, H'^), 8.30 (d, IH, J  = 

8 Hz, H^), 7.68-7.64 (m, 2H, H "’ '"), 7.62 (d, IH, 8.0 Hz, H^), 7.27 (d, IH, / =  7.6 Hz, H'®), 

3.73-3.62 (m, 3H, H*̂ ’ '"), 3.08-3.03 (m, 2H, H"), 2.88-2.84 (m, IH, r f ) ,  2.75-2.69 (m, 2H, r f ) ,  

2.65-2.54 (m, IH, r f ) ;  '^C-NMR (100 MHz, CDCI3): 5 199.0 (C'), 187.8 (rf), 183.2 (C'^), 162.5 

(rf), 150.1 (rf"), 137.4 (C‘°), 137.2 (C' '̂"), 136.0 (C'^), 135.3 ( r f “), 133.6 (rf), 129.6 (rf), 126.4 

(C'"), 124.1 (rf), 120.0 (rf ') , 115.8 (C"'), 66.2 (C"), 42.3 (rf), 37.9 (rf), 33.1 (rf); LC-MS: 3.05 

min. m/z = 322.74 [M+H]^ (100%); HRMS-ESI (m/z): calcd. for CjçHisOs = 323.0919, found = 

323.0936.
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6.8 Synthesis of angucycline focused library

6.8.1 M odifications of the A ring

6.8.1.1 (±) - 9-Hydroxy-4-(methoxymethyl)-4,5-dihydro-lH-anthra[l,2-b] azepine- 
2,8,13(3H)-trione (244)

OMe O

237 (+/-)

OMe O HN
OMe

O M eO
244 (+/-) 

C21H19NO5 
MW: 365.38

NaN] (3.2 mg, 0.049 mmol, 1.14 eq.) was added to a solution of 237 (15 mg, 0.043 mmol, 1 eq.) in 

trifluoro acetic acid (0.43 mL) at rt, followed by the addition of H2O (5 |iL). The solution was 

stirred for 30 min at rt, heated to 65 °C for 2 h, and then quenched with aq. NaHCO] saturated 

solution (1 mL), extracted with CH2CI2 ( 3 x 2  mL), dried over MgS04 and the solvent removed in 

vacuo. The crude material was purified by flash chromatography (CH2Cl2/EtOAc 7:3) to afford 244 

(11 mg, 0.03 mmol, 70%) as a yellow solid.

Rf = 0.45 (CH2Cl2/EtOAc 7:3); mp = 174-176 °C; FT-IR (Neat): v (cm ') = 2918, 1660, 1638, 

1577, 1458, 1253; H-NMR (400 MHz, CDCI3): 5 10.50 (bs, IH, H'), 8.03 (d, IH, 7  = 7.6 Hz, H?), 

7.91 (dd, IH, 7 =  7.6, 1.2 Hz, H'^), 7.73 (t, IH, 7  = 7.6 Hz, H"), 7.60 (d, IH, 7 =  7.6 Hz, H^), 7.34 

(dd, IH, J =  7.6, 1.2 Hz, H^), 4.05 (s, 3H, H'^), 3.39 (s, 3H, H'^), 3.37-3.12 (m, 2H, H'"). 3.03-2.91 

(m, IH, H^), 2.80-2.65 (m, 2H, H"'^), 2.48 (dd, IH, J=  12.4, 6.4 Hz, t f ) ,  2.35 (dd, IH, J=  12.4, 6.4 

Hz, H"); "C-NM R (100 MHz, CDCI3): 8 199.6 (C"), 184.1 (C'^), 181.6 (C*), 159.8 (C^), 148.7 (C^),

138.3 (C'^"), 136.5 (C'^), 135.4 (C""), 135.0 (C"), 134.8 (C"'), 133.2 (C^), 129.7 (C^), 123.5 (C^),

119.9 (C'"), 117.9 (C'°), 75.2 (C'"), 59.0 (C'"), 56.6 (C'"), 40.5 (C^), 36.6 (C^), 34.5 (C ); LC-MS:

3.08 min. m/z = 365.84 [M+H]^ (100%); HRMS-ESI {m/z)\ calcd. for C2]H2oN05 = 366.1342, 

found = 366.1358.
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6.8.1.2 1-Hy droxy-8-m eth oxy-3-(methoxyni ethyl)tetr aphene-7,12-dione (245)

OMe O

237 (+/-)

OMe
H0L1

OMe O

245 (+/-) 
C21H16O5

MW: 348.35

6.8.1.2.1 Method A:

Under argon at -78 °C, LHMDS 1 M (360 pi, 0.36 mmol, 6 eq.) was added to a solution of 237 (20 

mg, 0.06 mmol, 1 eq.) in THF (1.5 mL). After 5 min, TMSCl (50 pL, 0.36 mmol, 6 eq.) was added 

dropwise. The solution was stirred for 5 min at -78 °C and then allowed to warm up to rt and stirred 

for 1 h. It was quenched with aq. NH4CI saturated solution (1 mL), extracted with CH2CI2 ( 3 x 5  

mL), and the solvent was removed in vacuo.

Pd(OAc)2 (5.4 mg, 0.024 mmol, 1 eq.) was added to a solution of the previous intermediate (10 mg, 

0.024 mmol, 1 eq.) in CH3CN (640 pL) and the reaction stirred at rt for 24 h. Then it was filtered on 

a pad of silica gel and the solvent removed in vacuo. The crude material was purified by flash 

chromatography (CH2CI2) to afford 245 (5.3 mg, 0.015 mmol, 63%) as brown solid.

6.8.1.2.2 Method B:

Under argon at -78 °C, KHMDS 1 M (360 pi, 0.18 mmol, 6 eq.) was added to a solution of 237 (10 

mg, 0.0286 mmol, 1 eq.) in THF (800 pL). The solution was stirred for 30 min at rt and then 

quenched with aq. NH4CI saturated solution (1 mL), extracted with CH2CI2 ( 3 x 5  mL), and the 

solvent was removed in vacuo. The crude material was purified by flash chromatography (CH2CI2) 

to afford 245 (5.3 mg, 0.026 mmol, 91%) as brown solid.

Rf= 0.6 (CH2Cl2/EtOAc 9:1); FT-IR (Neat): v (cm'*) = 2925, 2847, 1725, 1661, 1583, 1503, 1416, 

1265, 1192, 1105, 1034, 1006; *H-NMR (400 MHz, CDCI3): 5 11.21 (s, IH, OH), 8.34 (d, IH, J  =

7.2 Hz, H"), 8.21 (d, IH, J=  6.8 Hz, H^), 7.96 (d, IH, / =  6 Hz, H*‘), 7.75 (t, IH, 7 =  6.4 Hz, H'°), 

7.45 (s, IH, H"), 7.37 (d, IH, 7  = 6.8 Hz, H^), 7.24 (s, IH, H^), 4.62 (s, 2H, CH2O), 4.08 (s, 3H, 

OCH3), 3.47 (s, 3H, OCH3); '"C-NMR (100 MHz, CDCI3): 5 191.1 (C* )̂, 182.5 (C^), 159.9 (C*),

155.8 (C‘), 141.5 (C "') 138.6 (C^), 138.4 (C '" ' '^"), 137.6 (C^), 135.7 (C'°), 131.1 (C^), 130.7 (C^“),

178



123.3 (C‘), 121.4 (C^), 120.8 (C’*), 120.1 (C '“ ), 119.7 (C ), 118.6 (C"), 117.2 (C’), 73.9 (CH2O),

58.9 (OCH3), 57.0 (OCH3); LC-MS: 3.77 min. m/z = 348.72 (100%) [M+H]*; HRMS-ESI (m/z): 

calcd. for C21H17O5 =349.1076, found = 349.1079.

6.8.1.3 8-methoxy-3-(methoxymethyl)tetraphene-7,12-dione (246)

OMe

OMe O

237 (+/-)

OMe O

246 (+/-)
C21H16O4

MW: 332.35

Under argon, Tosyl-hydrazide (18 mg, 0.095 mmol, 1.1 eq) was added to a solution of 237 (30 mg, 

0.086 mmol, 1 eq.) in EtOH (600 pL) and the reaction refluxed for 3 h. Then, it was cooled to rt and 

quenched with H2O (1 mL), extracted with CH2CI2 ( 3 x 1 0  mL), washed with brine (5 mL) and the 

solvent was removed in vacuo.

Under argon at -60 °C, n-BuLi 2.4 M (150 jiL, 0.34 mmol, 4 eq.) was added dropwise to the crude 

material in TMEDA (1 mL), then the reaction was allowed to warm up to rt. After 3 h H2O (6 pL, 

0.34 mmol, 4 eq.) was added and the solution left to stir overnight. The solution was diluted with 

H2O (1 mL), extracted with CH2CI2 (3 x 10 mL), washed with brine (5 mL), and the solvent was 

removed in vacuo. The crude material was purified by flash chromatography (CH2CI2) to afford 246 

(17.1 mg, 0.052 mmol, 60%) as dark red solid.

Rf= 0.44 (CH2Cl2/EtOAc 7:3); FT-IR (Neat): v (cm’’) = 2926, 2853, 1726, 1665, 1632, 1459, 1268, 

802; *H-NMR (400 MHz, C D C I 3 ) :  5 8.85 (dd, IH, J =  1.0, 8.0 Hz, H'), 8.31-8.30 (m, IH, H^), 8.27 

(s, 1H,H"), 7.80 (t, IH, 7=8 . 5  Hz, H '“), 7.67-7.48 (m, 2H, H '’“ ), 7.36-7.11 (m, 2H,H^’\ 4.66 (s, 

2H, H'^), 4.09 (s, 3H, H’̂ ), 3.59 (s, 3H, H'^); ‘^C-NMR (100 MHz, C D C I 3 ) :  5 183.8 ( C ' ^ ) ,  181.5 

(C^), 162.6 (C^), 155.9 (C^), 146.0 (C^), 142.7 (C"'), 142.3 (C^), 137.8 (C '"), 137.0 (C'®), 134.4 

(C"), 130.4 (C'), 125.9 (C"), 124.5 (C"), 122.0 (C^^), 121.4 (C'), 120.6 118.7 (C "̂), 115.1

(C^'), 105.8 (C^), 69.9 (C'"), 57.4 (C ''), 43.8 (C* )̂; LC-MS: 3.50 min. m/z = 334.67 (100%) 

[M+2H]"^; HRMS-ESI (m/z): calcd. for C21H17O4 = 332.3493, found = 332.3497.
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6.8.1.4 (±)-6-Methoxy-la-(methoxymethyl)-la,2-dihydro-lH-cyclopropan [b] tetraphene 
5,10,ll(llaH )-trione (247)

OMe O

237 (+/-)

OMe

OMe O

247 (+/.) 

C22H18O5 
MW: 362.38

OMe

Under argon, a mixture of activated Zn dust (12 mg, 0.18 mmol, 3 eq.) and CuC^ (18 mg, 0.18 

mmol, 3 eq.) in Et20 (50 pL) was heated to reflux for 30 min. Then CH2I2 (73 pL, 0.9 mmol, 1.5 

eq.) was added, and after 10 min 237 (20 mg, 0.06 mmol, 1 eq.) in CH2CI2 (300 pL) was added, and 

the mixture was refluxed for 24 h. The reaction was left to cool to rt, diluted with H2O (500 pL) and 

extracted with CH2CI2 ( 3 x 5  mL), washed with brine (2 mL), dried over MgS04 and the solvent 

was removed in vacuo. The crude material was purified by flash chromatography (CH2CI2) to afford 

247 (12 mg, 0.052 mmol, 60%) as brown solid.

R r  0.18 (CH2Cl2/EtOAc 9:1); FT-IR (Neat): v (cm ') = 2927, 2853, 1729, 1669, 1589, 1466, 1444, 

1271, 1111, 1025; *H-NMR (400 MHz, CDCI3): 5 8.30 (d, IH, J =  6.4 Hz, H^), 7.78 (d, IH, J=  6.0 

Hz, H'®), 7.71 (t, IH, 7 = 6 . 4  Hz, H"), 7.57 (d, IH, 7 =  6.4 Hz, H^), 7.31 (d, IH, 7 =  6.4 Hz, H^),

4.04 (s, 3H, OCH3), 3.46-3.34 (m, 2H, CH2O), 3.25 (s, 3H, OCH3), 3.22-3.09 (m, 2H, H"), 2.94 (dd, 

IH, 7 =  12.8, 3.6 Hz, H^), 1.97 (d, 2H, 7 =  6.0 Hz, H  ̂); ^^C-NMR (100 MHz, CDCI3): 5 198.4 (C'),

184.4 (C'^), 181.6 (C^), 159.8 (C*), 148.6 (C^), 137.5 (C'̂ *’), 135.4 (C"'), 135.2 (C'^), 135.0 (C'®),

134.8 (C^), 133.2 (C^), 129.7 (C^), 120.6 (C"'), 119.3 (C"), 117.2 (C^), 72.5 (CH2O), 59.1 (C'"),

56.8 (C'^), 35.0 (C^), 30.5 (C^), 30.0 (C^), 14.7 (C^’); LC-MS: 2.92 min. m/z = 362.58 (100%) 

[M+H]^; HRMS-ESI {m/z): calcd. for CjzHiçOs [M+H]^362.1154, found 362.1167.
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6.8.1.5 (±) - 2-Hydroxy-8-methoxy-3-(methoxymethyl)-3,4-dihydrotetraphene-l,7,12(2H)-
trione (248)

ÔMe 'OM e

1  T  1

OMe 0 O M eO

237 (+/-) 248 (+D
C21H18O6

MW: 366.36

Under argon at -78 °C, LHMDS 1 M (360 pi, 0.36 mmol, 6 eq.) was added to a solution of 237 (20 

mg, 0.06 mmol, 1 eq.) in THF (1.5 mL). After 5 min, TMSCl (50 îL, 0.36 mmol, 6 eq.) was added 

dropwise. The solution was stirred for 5 min at -78 °C, then allowed to warm up to rt and stirred for 

1 h. It was quenched with aq. NH4CI saturated solution (1 mL), extracted with CH2CI2 ( 3 x 5  mL), 

and the solvent was removed in vacuo.

Under argon, w-CPBA (14 mg, 0.08 mmol, 1.3 eq,) was added to a solution of the TMS-derivative 

(25 mg, 0.06 mmol, 1 eq.) in CH2CI2 (1 mL) and the dark orange solution turned immediately in 

yellow. After 3 h the reaction was quenched with NaHCOg (1 mL), extracted with CH2CI2 ( 3 x 5  

mL), washed with brine (5 mL), and the solvent removed in vacuo. The crude material was purified 

by flash chromatography (CH2Cl2/EtOAc 3:2) to afford 248 (18 mg, 0.05 mmol, 83%) as yellow 

solid.

Rf= 0.5 (CHîClî/EtOAc 3:2); FT-IR (Neat): v (cm ') = 2957, 2360, 1708, 1670, 1592, 1474, 1435, 

1268, 1040; 'H-NMR (400 MHz, CDCI3): S 8.25 (d, 2H, 7 =  8.0 Hz, H*), 7.79-7.72 (m, IH, H'), 

7.69 (t, lH ,7= 8 .4H z,H " '), 7.48 (d, 1H ,7= 8.0 Hz, H"), 7.28 (d, 1H ,7= 8.0 Hz, H’), 4.84 (d, IH, 

7 =  11.2 Hz, OH), 4.57^.55 (m, IH, r f ) ,  4.03 (s, 3H, OCH3), 3.58-3.55 ( m ,  IH, CH2O), 3.35-3.29 

( m ,  IH, CH2O), 3.1-3.02 (dd, 1 H, 7 =  17.2, 9.6 Hz, r f ) ,  2.96-2.90 (dd, 1 H, 7 =  17.2, 9.6 Hz, r f ) ,  

2.60-2.57 (m, IH, r f ) ;  ” C-NMR (100 MHz, CDCI3): 8 196.9 (C'), 182.1 (C'"), 174.5 (rf), 159.85 

(C*), 148.4 (rf), 137.5 (C""'), 135.4 (C '"), 135.2 (C""), 135.0 (C'°), 134.8 (rf ') , 133.2 (C*), 129. 7 

(rf), 120.6 (rf ') , 119.7 (C"), 117.2 (rf), 75.7 (C"), 74.8 (rf), 72.5 (CrfO), 59.3 (C'“), 56.8 (C'"),

41.7 (rf), 29.3 (rf); LC-MS: 2.80 m i n .  m/z = 388.63 (100%) [M+Na]'"; HRMS-ESI (m/z): calcd. 

for C2iHi906 = 367.1182, found = 367.1164.
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6.8.1.6 (±)-8-Methoxy-3-(methoxymethyl)-2-(3-oxobutyl)-3,4-dihydrotetraphene-l,7,12(2H)-
trione (250)

OMe O

237 (+/-)

OMe

HO.

OMe

OMe O

249 (+/-)

C22H18O6 
MW: 378.37

Me

OMe

OMe O

250 (+/-) 
C25H24O6 

MW: 420.45

Under argon, methyl formate (12 pL, 0.18 mmol, 2 eq.) in EtiO (50 îL) was added to a suspension 

of NaOMe (8 mg, 0.14 mmol, 2 eq.) in benzene (136 pL). After stirring for 30 min, 237 (30 mg, 

0.09 mmol, 1 eq.) in benzene (200 pL) was added. The mixture was refluxed for 3 h and then 

stirred for 12 h at rt. The solid was re-suspended in CH2CI2 (5 mL) and washed with H2O (5 mL) 

and brine (5 mL), dried over MgS04 and the solvent removed in vacuo to afford 249 (32 mg, 0.084 

mmol, 93%) as a dark yellow oil.

R(= 0.28 (CH2Cl2/EtOAc 9:1); FT-IR (Neat): v (cm ’) = 2921, 2361, 1723, 1664, 1585, 1469, 1447, 

1265, 1116, 1072.

Under argon at 0 °C, TEA (25 pL, 0.16 mmol, 2 eq.) and MVK (9 pL, 0.1 mmol, 1.3 eq.) were 

added to a solution of the 249 (30 mg, 0.08 mmol, 1 eq.) in MeOH (310 pL). The reaction was left 

stirring for 48 h at rt, then diluted with H2O (1 mL), extracted with CH2CI2 ( 3 x 1 0  mL), washed 

with brine (5 mL), and the solvent was removed in vacuo. The crude material was purified by flash 

chromatography on silica gel (CH2CI2) to afford 250 (17.1 mg, 0.052 mmol, 60%, dr = 1.4 : 1) as a 

yellow solid.

R(= 0.23 (CH2Cl2/EtOAc 8:2); FT-IR (Neat): v (cm ’) = 2924,2847, 1727, 1675, 1586, 1456, 1264, 

1118, 1069, 730, 703; ‘H-NMR (500 MHz, CDCI3): ô 8.27 (d, IH, J =  6.4 Hz, H^), 7.79 (dd, IH, J  

= 8.0, 1.0 Hz, H” ), 7.74 (t, IH, J =  8.0 Hz, H’”), 7.54 (d, 1H, J =  6.4 Hz, H"), 7.31 (d, IH, J=  8.0 

Hz, H'); 4.05 (s, 3H, H’"), 3.55-3.49 (m, IH, H’̂ ), 3.41-3.39 (m, IH, H’̂ ), 3.37 (s, 3H, H’̂ ), 2.99- 

2.84 (m, 3H, H^’ )̂, 2.75-2.63 (m, 2H, H’"), 2.58-2.36 (m, IH, H^), 2.25 (s, 3H, H’̂ ), 2.01-1.89 (m, 

2H, H ’̂ ); ’^C-NMR (125 MHz, CDCI3): 8 209.5 (C’ )̂, 202.9 (C’), 184.0 (C^), 182.0 (C’̂ ), 159.8
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( C " ) ,  1 4 8 . 6  ( C ) ,  1 3 7 . 5  ( C ' ^ ” ) ,  1 3 5 . 4  ( C " “ ) ,  1 3 5 . 2  ( C ' " * ) ,  1 3 5 . 0  ( C " ) ,  1 3 4 . 8  ( C ” ) ,  1 3 3 . 2  ( C = ) ,  1 2 9 . 7  

( C ‘ ) ,  1 2 0 . 6  ( C ’ ’ ) ,  1 1 9 . 7  ( C " ) ,  1 1 7 . 2  ( C ’ ) ,  7 2 . 5  ( C H j O ) ,  5 9 . 1  ( C " ) ,  5 6 . 8  ( C ' * ) ,  4 1 . 6  ( C \  4 0 . 9  ( C ' ’ ) ,

,]la\ ,l2a\ ,10\ i6a\

3 2 . 0  ( C " ) ,  3 0 . 7  ( C ' ^ ) ,  3 0 . 0  ( C ) ,  2 4 . 6  ( C ' " ) ;  L C - M S :  3 . 2 5  m i n .  m/z =  4 4 2 . 7 4  ( 1 0 0 % )  [ M + N a ] " ;  

H R M S - E S I  ( w / z ) :  c a l c d .  f o r  C 2 5 H 2 5 O 6  =  4 2 1 . 1 5 7 3 ,  f o u n d  4 2 1 . 1 5 7 9 .

,16

6.8.1.7 (±)-8-Methoxy-3-(methoxymethyl)-4-morpholino-3,4-dihydrotetraphene-l,7,12(2H)- 
trione (252)

OMe

OMe O

237 (+/-)

OMe O

251 (+/-)
^21̂ 176105 
MW: 429.26

OMe
HO 1

OMe O

252 (+/-) 
C2SH25NOB 
MW: 435.47

N B S  ( 6 . 1  m g ,  0 . 0 3 4  m m o l ,  1 . 2  e q . )  a n d  b e n z o y l  p e r o x i d e  6 0 %  ( 2 . 5  m g ,  0 . 0 0 6  m m o l ,  0 . 2 2  e q . )  w e r e  

a d d e d  t o  a  s o l u t i o n  o f  237 ( 1 0  m g ,  0 . 0 2 8  m m o l ,  1 e q . )  i n  CCI4 ( 9 0 0  p L )  a n d  t h e  r e a c t i o n  w a s  

i r r a d i a t e d  u n d e r  m i c r o w a v e  c o n d i t i o n s  a t  1 4 0  ° C  f o r  1 5  m i n .  T h e n ,  t h e  s o l v e n t  w a s  r e m o v e d  in 

vacuo. T h e  r e s i d u e  w a s  d i l u t e d  w i t h  C H 2 C I 2  ( 5  m L ) ,  w a s h e d  w i t h  H 2 O  ( 5  m L ) ,  b r i n e  ( 5  m L ) ,  d r i e d  

o v e r  M g S 0 4  a n d  t h e  s o l v e n t  r e m o v e d  in vacuo t o  a f f o r d  251 ( 1 1  m g ,  0 . 0 2 7  m m o l ,  9 8 % )  a s  d a r k  

b r o w n  o i l .

R r =  0 . 6 5  ( C H 2 C l 2 / E t O A c  9 : 1 ) ;  F T - I R  ( N e a t ) :  v  ( c m ‘ ^ )  =  1 9 6 3 ,  1 5 9 2 ,  1 2 5 6 ,  1 1 6 7 ,  1 0 6 1 ,  9 5 5 ,  7 8 5 ,  

7 0 6 ;  * H - N M R  ( 4 0 0  M H z ,  C D C I 3 ) :  6  8 . 3 0 - 8 . 2 8  ( m ,  I H ,  H ^ ) ,  7 . 7 9 - 7 . 7 6  ( m ,  I H ,  H " ) ,  7 . 7 4 - 7 . 6 3  ( m ,  

I H ,  H ' ® ) ,  7 . 5 1 - 7 . 4 4  ( m ,  I H  H " ) ,  7 . 2 8 - 7 . 2 1  ( m ,  I H ,  H ^ ) ,  4 . 0 4  ( s ,  3 H ,  O C H 3 ) ,  3 . 5 9 - 3 . 2 7  ( m ,  2 H ,  H \  

C H 2 O ) ,  2 . 9 9  ( m ,  2 H ,  H ^ ) ,  2 . 6 5  ( m ,  I H ,  H ^ ) ;  L C - M S :  3 . 4 8  m i n .  m/z =  4 3 0 . 8 6  ( 1 0 0 % )  [ M + H ] ^  

( B r  7 9 ) ;  H R M S - E S I  {m/z): c a l c d .  f o r  C z i H i g B r O g  ( B r  7 9 )  =  4 3 0 . 0 3 3 8 ,  f o u n d  4 3 0 . 0 3 4 5  ( B r  7 9 ) .

251 ( 9  m g ,  0 . 0 2 1  m m o l ,  1  e q . )  i n  [ B m i n ] [ B F 4 ]  ( 1 0 0  p L )  w a s  a d d e d  t o  a  s o l u t i o n  o f  m o r p h o l i n e  ( 4 . 6  

p L ,  0 . 0 4 2  m m o l ,  2  e q . )  a n d  C S 2 C O 3 ( 1 4  m g ,  0 . 0 4 2  m m o l ,  2  e q . )  i n  [ B m i n ] [ B F 4 ]  ( 2 0 0  p L )  a n d  t h e  

r e a c t i o n  w a s  h e a t e d  a t  9 5  ° C  o v e r n i g h t .  T h e n ,  i t  w a s  e x t r a c t e d  f r o m  t h e  i o n i c  l i q u i d  w i t h  E t O A c  ( 4 x  

2  m L )  a n d  E t 2 0  ( 4 x  2  m L ) ,  d r i e d  o v e r  M g S 0 4  a n d  t h e  s o l v e n t  r e m o v e d  in vacuo. T h e  c r u d e
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m a t e r i a l  w a s  p u r i f i e d  b y  f l a s h  c h r o m a t o g r a p h y  o n  s i l i c a  g e l  ( C H 2 C I 2 )  t o  a f f o r d  2 5 2  ( 7  m g ,  0 . 0 1 6  

m m o l ,  5 7 % )  a s  a  b r o w n  o i l .

R r  0 . 4 2  ( C H i C l z / E t O A c  8 : 2 ) ;  F T - I R  ( N e a t ) :  v  ( c m  ' ) =  2 9 2 2 ,  1 6 6 2 ,  1 4 4 9 ,  1 2 8 0 ,  1 1 0 4 ,  1 0 0 8 ,  8 8 3 ,  

7 4 3 ,  6 9 3 ;  ' H - N M R  ( 5 0 0  M H z ,  C D C l j ) :  8  1 1 . 4 7  ( s ,  I H ,  H ' ) ,  7 . 9 5  ( d ,  I H ,  7 =  8 . 5  H z ,  t f ) ,  7 . 8 3  ( s ,  

I H ,  r f ) ,  7 . 7 3 - 7 . 4 9  ( m ,  2 H ,  r f °  " ) ,  7 . 3 3  ( d ,  I H ,  7 =  8 . 5  H z ,  r f ) ,  7 . 2 0 - 7 . 1 3  ( m ,  I H ,  r f ) ,  4 . 6 0  ( s ,  2 H ,  

C H 2 O ) ,  4 . 0 7  ( s ,  3 H ,  O C H 3) ,  4 . 0 1  ( t ,  4 H ,  7  =  7 . 2 ,  4 . 5  H z ,  H ' " ) .  3 . 4 9  ( s ,  3 H ,  O C H 3 ) ,  3 . 3 4 - 2 . 9 7  ( m ,  

4 H ,  H " ) ;  " C - N M R  ( 1 2 5  M H z ,  C D C I 3 ) :  8  1 8 8 . 9  ( C ‘ ^ ) ,  1 8 3 . 1  ( C ’ ) ,  1 5 9 . 9  ( C * ) ,  1 5 8 . 0  ( C ‘ ) ,  1 5 6 . 8  

( r f ) ,  1 4 0 . 6  ( r f ) ,  1 3 8 . 7  ( C ' ^ ” ) ,  1 3 7 . 9  ( C " “ ) ,  1 3 5 . 8  ( C ' “ ) ,  1 3 2 . 2  ( C * * ) ,  1 2 5 . 2  ( r f ' ) ,  1 2 3 . 3  ( r f * ) ,  1 2 1 . 2  

( r f ) ,  1 2 0 . 1  ( C ' ^ " ) ,  1 1 8 . 0  ( r f ) ,  1 1 7 . 1  ( r f ) ,  1 1 5 . 1  ( C " ) ,  1 1 1 . 0  ( r f ) ,  7 4 . 4  ( C H ^ O ) ,  6 7 . 1  ( C ' ^ ) ,  5 8 . 8  

( O C H 3 ) ,  5 6 . 9  ( O C H 3) ,  5 3 . 1  ( C ' " ) ;  L C - M S :  2 . 8 3  m i n .  m/z =  4 3 5 . 8 4 ( 1 0 0 % )  [ M + H ] * ;  H R M S - E S I  

( m / z ) :  c a l c d .  f o r  C 2 5 H 2 6 N O 6  =  4 3 6 . 1 5 2 5 ,  f o u n d  =  4 3 6 . 1 5 3 2 .

6.8.2 Selective methyl deprotection

6 . 8 . 2 . 1  ( ± )  -  8 - H y d r o x y - 3 - ( h y d r o x y m e t h y l ) - 3 , 4 - d i h y d r o t e t r a p h e n e - l , 7 , 1 2 ( 2 H ) - t r i o n e  ( 2 5 3 )

'OMe 0.0 -

--------- - (I 1  T  1

OMe 0 OH 0
237 (+/-) 253 (+/-)

C20H16O5
MW: 336.34

'OM e

U n d e r  a r g o n ,  2 3 7  ( 2 0  m g ,  0 . 0 5 6  m m o l ,  1  e q . )  w a s  d i s s o l v e d  i n  C H 2 C I 2  ( 1 . 1  m L )  a n d  c o o l e d  t o  

-  7 8  ° C .  A  s o l u t i o n  o f  B B r g  1 M  i n  C H 2 C I 2  ( 0 . 0 7 1  m L ,  0 . 1 4  m m o l ,  2 . 5  e q . )  w a s  s l o w l y  a d d e d  t o  t h e  

r e a c t i o n .  T h e  s o l u t i o n  w a s  s t i r r e d f o r  2  h  a t  a t  -  7 8  ° C ,  t h e n  i t  w a s  w a r m e d  u p  t o  -  2 0  ° C ,  s t i r r e d  f o r  

4  h ,  a n d  q u e n c h e d  w i t h  a q .  N a H C O ]  s a t u r a t e d  s o l u t i o n  ( 2  m L ) ,  e x t r a c t e d  w i t h  C H 2 C I 2  ( 3 x 5  m L ) ,  

d r i e d  o v e r  M g S 0 4  a n d  t h e  s o l v e n t  r e m o v e d  in vacuo. T h e  c r u d e  m a t e r i a l  w a s  p u r i f i e d  b y  f l a s h  

c h r o m a t o g r a p h y  ( C H 2 C l 2 / E t O A c  8 : 2 )  t o  a f f o r d  2 5 3  ( 1 2  m g ,  0 . 0 3 5  m m o l ,  6 5 % )  a s  a  y e l l o w  s o l i d .
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Rf =  0 . 6  ( C H j C y E t O A c  8 : 2 ) ;  mp =  2 1 1 - 2 1 5  ° C ;  FT-IR ( N e a t ) :  v  ( c m  ' )  =  2 9 4 5 ,  1 7 6 0 ,  1 6 5 6 ,  1 5 6 5 ,  

1 3 3 2 ,  1 1 2 3 ;  *H-NMR ( 4 0 0  M H z ,  C D C I 3 ) :  5  1 2 . 2 9  ( s ,  I H ,  O H ) ,  8 . 3 1  ( d ,  I H ,  J =  8 . 0  H z ,  H ^ ) ,  7 . 6 1 -  

7 . 5 6  ( m ,  2 H ,  H ^ ’ ^ ) ,  7 . 5 1  ( d ,  I H ,  J =  8 . 0  H z ,  H " ) ,  7 . 2 1  ( d ,  I H ,  J =  8 . 0  H z ,  H ^ ) ,  3 . 4 2 - 3 . 3 1  ( m ,  2 H ,  

C H 2 O ) ,  3 . 3 2  ( s ,  3 H ,  O C H 3 ) ,  2 . 9 4 - 2 . 8 5  ( m ,  2 H ,  H " ) ,  2 . 7 6 - 2 . 6 6  ( m ,  I H ,  H ^ ) ,  2 . 6 0 - 2 . 3 9  ( m ,  2 H ,  H ^ ' ^ ) ;  

^ ^ C - N M R  ( 1 0 0  M H z ,  C D C I 3 ) :  5  1 9 8 . 9  ( C ' ) ,  1 8 7 . 9  ( C ' ^ ) ,  1 8 8 . 2  ( C " ) ,  1 6 2 . 4  ( C " ) ,  1 5 0 . 2  ( C f ) ,  1 3 7 . 4  

( C ' ^ ' ’) ,  1 3 7 . 2  ( C ' " ) ,  1 3 6 . 0  ( C ' ^ ) ,  1 3 5 . 3  ( C ' " ) ,  1 3 3 . 9  ( C ^ ) ,  1 3 3 . 5  ( C " ) ,  1 2 9 .  3  ( C " ) ,  1 2 0 . 0  ( C " ' ) ,  1 1 5 . 8  

( C " ) ,  7 6 . 0  ( C H 2 O ) ,  5 9 . 4  ( O C H 3 ) ,  4 2 . 5  ( C ^ ) ,  3 5 . 8  ( C ^ ) ,  3 3 . 5  ( C " ) ;  LC-MS: 3 . 5 7  m i n .  m/z =  3 3 6 . 7 7  

( 1 0 0 % )  [ M + H ] ^  HRMS-ESI {m/z)\ c a l c d . f o r  C 2 o H , 7 0 5  =  3 3 7 . 1 0 7 6 ,  f o u n d  3 3 7 . 1 0 7 8 .

6.8.2.2 (±) - 8-Hydroxy-3-(hydroxymethyl)-3,4-dihydrotetraphene-l,7,12(2H)-trione (254)

OMe O

237 (+/-)

OMe
0.0

OMe O

254 (+/-) 
C20H16O5 

MW: 336.34

U n d e r  a r g o n ,  237 ( 7  m g ,  0 . 0 2  m m o l ,  1 e q . )  w a s  d i s s o l v e d  i n  C H 2 C I 2 ( 2 . 2  m L )  a n d  c o o l e d  t o  -  4 0  

° C .  A  s o l u t i o n  o f  N a l  ( 1 8  m g ,  0 . 1 2  m m o l ,  6  e q . )  a n d  1 5 - c r o w n - 5  ( 2 6  m g ,  0 . 1 2  m m o l ,  6  e q . )  i n  

C H 2 C I 2  ( 1 . 4  m L )  w a s  a d d e d  d r o p w i s e  a n d  l e f t  s t i r r i n g  f o r  1 5  m i n ,  t h e n  B B r g  1  M  i n  C H 2 C I 2  ( 9 0  p L ,  

0 . 0 9  m m o l ,  4 . 5  e q . )  w a s  s l o w l y  a d d e d  t o  t h e  r e a c t i o n  a n d  l e f t  s t i r r i n g  o v e r n i g h t .  M o r e  B B r g  1  M  i n  

C H 2 C I 2  ( 9 0  p L ,  0 . 0 9  m m o l ,  4 . 5  e q . )  w a s  a d d e d  a n d  t h e  r e a c t i o n  w a s  s t i r r e d  f o r  f u r t h e r  8  h  a t  -  4 0  

° C ,  a n d  t h e n  q u e n c h e d  w i t h  a q .  N a H C O g  s a t u r a t e d  s o l u t i o n  ( 0 . 2  m L )  a n d  l e f t  t o  s t i r  f o r  1 0  m i n  a t  r t ,  

e x t r a c t e d  w i t h  C H 2 C I 2  ( 3 x 5  m L ) ,  d r i e d  o v e r  M g S 0 4 ,  a n d  t h e  s o l v e n t  r e m o v e d  in vacuo. T h e  c r u d e  

m a t e r i a l  w a s  p u r i f i e d  b y  f l a s h  c h r o m a t o g r a p h y  ( C H 2 C l 2 t o  C H 2 C l 2 / E t O A c  7 : 3 )  t o  a f f o r d  254 ( 4 . 6  

m g ,  0 . 0 1 4  m m o l ,  6 0 % )  a s  a  y e l l o w  s o l i d .

Rf =  0 . 2  ( C H 2 C l 2 / E t O A c  7 : 3 ) ;  mp =  2 2 5 - 2 2 8  ° C ;  FT-IR ( N e a t ) :  v  ( c m  ' )  =  2 8 5 3 ,  2 3 6 0 ,  1 6 6 0 ,  1 5 7 7 ,  

1 4 5 6 ,  1 1 0 0 ;  *H-NMR ( 4 0 0  M H z ,  C D C I 3 ) :  5  8 . 3 1  ( d ,  I H ,  J =  8 . 0  H z ,  H ^ ) ,  7 . 6 1 - 7 . 5 6  ( m ,  2 H ,  H ^ ’ ^ ) ,

7 . 5 1  ( d ,  I H ,  J =  8 . 0  H z ,  H " ) ,  7 . 2 1  ( d ,  I H ,  J =  8 . 0  H z ,  H ^ ) ,  3 . 4 5  ( s ,  I H ,  H " ) ,  3 . 4 2 - 3 . 3 1  ( m ,  2 H ,  H ' ^  

' " ) ,  2 . 9 4 - 2 . 8 1  ( m ,  2 H ,  H " ) ,  2 . 7 6 - 2 . 6 3  ( d d ,  I H ,  H " ) ,  2 . 6 0 - 2 . 4 1  ( m ,  2 H ,  H ^ '  " ) ;  "C-NMR ( 1 0 0  M H z ,  

C D C I 3 ) :  Ô  1 9 8 . 9  ( C ' ) ,  1 8 7 . 9  ( C ' ^ ) ,  1 8 8 . 2  ( C ^ ) ,  1 5 9 . 8  ( C ^ ) ,  1 5 0 . 2  ( C ^ ) ,  1 3 7 . 4  ( C ' ^ " ) ,  1 3 7 . 2  (C'"),

1 3 6 . 1  (C'^), 1 3 5 . 4  ( C ' ° ) ,  1 3 3 . 9  (C^), 1 3 3 . 5  ( C ^ ) ,  1 2 9 . 4  ( C ^ ) ,  1 2 0 . 0  (Ĉ "), 1 1 5 . 8  ( C " ) ,  7 6 . 1  ( C ' ^ ) ,
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59.1 (C‘"), 56.5 (C*'), 42.5 (C^), 35.8 (C'), 33.5 (C"); LC-MS: 2.63 min. m/z = 336.78 [M+H]' 

(100%); HRMS-ESI (m/z): calcd. for C20H17O5 =337.1076, found = 337.1086.

6.8.3 M odifications of the hydroxymethyl group at C-3

6.8.3.1 General Procedure for the reductive amination (256-268)

OH O

185 (+/-)

OH O

255 (+/-) 

C19H12O5 
MW: 320.30

OH O

256-258 (+/-)

Under argon, Dess-Martin periodinane (8.5 mg, 0.02 mmol, 1 eq.) was added in one portion to a 

solution of 185 (7 mg, 0.02 mmol, leq.) in CH2CI2 (0.14 mL) at 0 °C. The reaction mixture was left 

stirring for 1 h, then quenched with aq. NaHC03/Na2S203 (1:1) saturated solution and stirred at rt 

for 10 min. The aqueous layer was separated and extracted with CH2CI2 (3 x 10 mL), and the 

combined organic layers were washed with brine ( 2 x 5  mL), dried over MgS04 and the solvent 

removed in vacuo. The crude material was used in the next step without further purification. This 

material was then combined with the required amine (0.03 mmol, 1.5 eq.) in CH2CI2 (0.3 mL) at rt 

and this solution was stirred for 30 min, then NaBH(0 Ac)3 (0.04 mmol, 1.8 eq.) was added. The 

reaction mixture was stirred for 12 h and then quenched with aq. NaHC03 saturated solution (0.2 

mL), extracted with CH2CI2 ( 3 x 5  mL), dried over MgS04 and the solvent removed in vacuo. The 

crude material was purified by flash chromatography (CH2Cl2/EtOAc 7:3) to afford the desired 

amine.

6.8.3.1.1 (±) - 8-Hydroxy-3-(morpholinomethyl)-3,4-dihydrotetraphene-l,7,12(2H)-trione
(256)

0^1

OH O

256 (+/-) 
C23H21NO5 
MW: 391.42
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Compound 256 was isolated as a yellow oil. Y = 72% (2 steps); Rf = 0,25 (CH2Cl2/EtOAc 7:3); FT- 

IR  (Neat): v (cm ') = 1758, 1640, 1567, 1458, 1398,1100; 'H-NMR (400 MHz, CDClj): 5 12.28 (s, 

IH, OH), 8.30 (d, IH ,7  = 8.0 Hz, H‘), 7.71-7.63 (m, 2H, H'"’ "), 7.59 (d, IH, J  = 8.0 Hz, r f ) ,  7.30- 

7.25 (m, IH, r f ) ,  3.76 (bs, 4H, r f  ), 3.26-2.97 (m, 2H, r f ' '" ) ,  2.64-1.89 (m, 9H, r f" -» - '’ "C -

NMR (100 MHz, CDClj): 5 198.7 (C'), 187.5 (C'), 182.8 (C"), 162.1 (C*), 149.7 (C"), 137.0 

(C '“'"), 135.7 (2 X C ^ ,  134.9 (C ^ , 133.5 (C"), 133.2 (rf), 129.0 (rf), 123.7 (rf), 119.6 (C'"'"),

115.5 ( r f ”), 66.7 (2 X r f  ), 63.6 (C' ), 53.9 ( r f  ), 43.9 (rf), 34.4 (rf), 32.4 (rf); LC-MS: 2.47 min. 

m/z = 391.92 [M+H]^ (100%); HRMS-ESI (m/z): calcd.for C23H22O5 = 392.1498, found = 

392.1496.

6.8.3.1.2 (±) - 8-Hydroxy-3-(thiomorpholinomethyl)-3,4-dihydrotetraphene-l,7,12(2H)-
trione (257)

OH O

257 (+/-) 
C23H21NO4S 
MW: 407.48

Compound 257 was isolated as a yellow oil. Y = 82% (2 steps); Rf = 0.55 (CH2Cl2/EtOAc 7:3); 

FT-IR (Neat): v (cm'*) = 2852, 1665, 1434, 1367, 1072; *H-NMR (400 MHz, CDCI3): 5 12.28 (s, 

IH, OH), 8.30 (d, IH, J  = 8.0 Hz, H^), 7.70-7.63 (m, 2H, H*°’*‘), 7.58 (d, IH, J  = 8.0 Hz, H^), 7.30-

7.24 (m, IH, H"), 3.25-2.90 (m, 2H, H "̂' ^'), 2.84-2.65 (m, 8H, H^’’̂ ’), 2.64-2.54 (m, 3H,

2.48-2.40 (m, 2H, H* ); "C-NM R (100 MHz, CDCI3): 8198.7 (C'), 187.5 (C^), 182.8 (C* )̂, 162.1 

(C^), 149.8 (O*'), 137.0 (C'°^*'), 135.7 (C ^ , 135.0 133.5 (2 x C ^ ,  133.2 (C^), 129.0 (C^),

123.7 (C^), 119.6 (C'°'"), 115.4 (C^'), 63.8 (C* ), 55.6 (2 x C^’), 43.9 (C"), 34.5 (C"), 32.8 (C^), 27.9 

(2 X C^); LC-MS: 2.55 min. m/z = 407.91 [M+H]"  ̂ (100%); HRMS-ESI {m/z)\ calcd. for 

C23H22O4S =408.1270, found = 408.1270.
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6.8.3.1.3 (±) - 8-Hydroxy-3-(piperidin-l-ylmethyl)-3,4-dihydrotetraphene-l,7,12(2H)-trione
(258)

0.0

OH O
258 (+/-) 

C24H23NO4 
MW: 389.44

Compound 258 was isolated as a yellow oil. Y = 22% (2 steps); Rf = 0.08 (EtOAc); FT-IR (Neat): 

V (cm ') = 2933, 1724, 1635, 1455, 1361, 1361, 1271, 1156; ‘H-NMR (400 MHz, CDCI3): 6 12.30 

(s, IH, OH), 8.30 (d, IH, J  = 8.0 Hz, H^), 7.73-7.62 (m, 2H, H '°"'), 7.58 (d, IH, J  = 8.0 Hz, t f ) ,  

7.31-7.23 (m, IH, t f ) ,  3.17-2.98 (m, 2H, H""'^'), 2.79-2.52 (m, 3H, H""'""'^), 2.47-2.28 (m, 6H, H' 

’̂), 1.70-1.52 (m, 4H, H  ̂), 1.45-1.19 (m, 2H, H^’); *^C-NMR (100 MHz, CDCI3): 8 197.0 (C'),

187.6 (C^), 182.9 (C'^), 162.1 150.3 (C"“), 137.0 (C'"^"), 135.7 (C ^ , 135.1 (2 x C ^ ,  134.0

(C ^ , 133.2 (C^), 128.9 (C^), 123.7 (C^), 119.6 (C"""), 115.2 (C'), 64.2 (C' ), 55.1 (C^ ), 44.2 (2 x 

C^), 34.7 (C ), 32.9 (C^), 25.9 (2 x C^’), 24.4 (C^’); LC-MS: 2.58 min. m/z = 390.03 (100%) 

[M+H]^; HRMS-ESI (m/z): calcd.for C24H24NO4 = 389.1627, found = 389.1632.

6.8.3.1 General Procedure for the amide coupling (260-263)

OH O

185 (+/-)

OH

OH O

259 (+/-) 
CigH-|206 

MW: 336.29

NR,

OH O

260-263 (+/.)

At 0 °C, a solution of 185 (0.2 mmol, 1 eq.) in acetone (4.3 mL) was treated with Jones’ reagent 

(0.3 mL, 2.67 M solution in H2O) followed by stirring at rt for 45 min. The reaction was quenched 

with H2O (5 mL), and extracted with EtOAc (3 x 10 mL). The combined organic layers were 

washed with H2O until no orange colour was visible in the aqueous phase, with brine (10 mL), dried 

over MgS04 and the solvent removed in vacuo (99%).
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The crude material was then combined with the particular amine (0.46 mmol, 2.3 eq.) and HATU 

(0.46 mmol, 2.3 eq.) in DMF (0.55 mL) at rt, and the mixture was treated with DIPEA (1 mmol, 5 

eq.). The reaction mixture was stirred for 12 h and then partitioned between EtOAc (2 mL) and H2O 

(2 mL), and the layers separated. The aqueous phase was extracted with EtOAc ( 2x10  mL) and the 

combined organic layers were washed with 1 M HCl (10 mL), 10% Na2C03 (10 mL) and brine (10 

mL), dried over MgS04 and the solvent removed in vacuo. The crude material was purified by flash 

chromatography (CH2Cl2/EtOAc 7:3) to afford the desired amide.

6.8.3.2.1 (±) - Methyl 2-(8-hydroxy-l,7,12-trioxo-l,2,3,4,7,12-hexahydrotetraphene-3-
carboxamido)acetate (260)

N COoMe 
H

OH O
260 (+/-) 

C22Hl7N0y
MW: 407.37

Compound 260 was isolated as a yellow oil. Y = 65% (2 steps); Rf = 0.4 (CH2Cl2/EtOAc 6:4); FT- 

IR (Neat): v (cm ') = 2344, 1745, 1523, 1489, 1230, 1190; H-NMR (400 MHz, CDCI3): 5 12.25 (s, 

IH, OH), 8.33 (d, IH, J  = 8.0 Hz, H^), 7.70-7.65 (m, 2H, H '”̂ "), 7.59 (d, IH, J  = 8.0 Hz, H5), 7.28 

(dd, IH, J  = 6.6, 2.9 Hz, H^), 6.17 (bs, IH, NH), 4.10 (dq, 2H, J  = 18.3, 5.1 Hz, t f  ), 3.79 (s, 3H, 

CH3), 3.20-2.87 (m, 5H, H^’ )̂; ^^C-NMR (100 MHz, CDCI3): 5 196.4 (C‘), 187.3 (C^), 182.7 

(C'^), 171.9 (O '), 170.1 (C^), 162.1 (C*), 148.5 (C^“), 137.1 (C'®^"), 135.9 (2 x 134.9 (C ^ ,

133.8 (C ^ , 133.0 (O'), 129.4 (C"), 123.8 (C"), 119.6 (C'°'"), 115.4 (C '“), 52.6 (CH3), 42.0 (C^),

41.7 (C^), 41.4 (C^), 32.9 (C^); LC-MS: 3.03 min. m/z = 407.86 (100%) [M+H]^; HRMS-ESI 

(m/z): calcd.for CiiHigNO? = 408.1083, found = 408.1085.

68.3.2.2 (±) - 8-Hydroxy-3-(morphoIine-4-carbonyl)-3,4-dihydrotetraphene-l,7,12(2H)-
trione (261)

OH O

261 (+/-) 
C23H19NO6 
MW: 405.40
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Compound 261 was isolated as a yellow oil. Y = 55% (2 steps); Rf = 0.3 (CHiClz/EtOAc 6:4); FT- 

IR  (Neat); v (cm ') = 2400, 1710, 1658, 1532, 1410, 1100; 'H-NMR (500 MHz, CDCU): 8 12.3 (s, 

IH, OH), 8,33 (d, IH, J  = 8.0 Hz, H‘), 7.74-7.64 ( m ,  2H, H '°"), 7.60 (d, IH, J  = 8.0 Hz, r f ) ,  7.3 

(dd, IH, J  = 6.5, 3.0 Hz, r f ) ,  3.76-3.68 ( m ,  4H, r f  ), 3.66-3.54 ( m ,  4H, r f ) ,  3.50 (ddt, IH, J  =

10.6, 6.2, 4.2 Hz, r f ) ,  3.34 (dd, IH, J  = 16.6, 10.8 Hz, r f “), 3.06-2.78 (m, 3H, r f " ') ;  "C-NM R 

(125 MHz, CDCI3): 8 196.3 (C'), 187.3 (C’), 182.8 (C"), 170.5 (C' ), 162.1 (C*), 148.9 (C"), 137.2 

(C"""), 135.7 (2 X C \  134.8 (C ^ , 133.7 (C ^ , 133.1 (C’), 129.4 (C"), 123.8 (rf), 119.7 (C'"'"),

115.3 (rf'), 6 6 .8  (rf ), 66.7 (rf ), 46.1 (rf ), 42.5 (rf ), 42.0 (rf), 37.3 (rf), 32.8 (rf); LC-MS: 

2.98 min. m/z = 405.93 (100%) [M+H]"̂ ; HRMS-ESI (m/z): calcd.for C23H20NO6 =406.1291, found 

= 406.1311.

6.8.3.2.3 (±) - 8-Hydroxy-3-(thiomorpholine-4-carbonyl)-3,4-dihydrotetraphene-l,7,12(2H)-
trione (262)

OH O

262 (+/-)
C23H19NO5S 
MW: 421.47

Compound 262 was isolated as a yellow oil. V = 48% (2 steps); Rf = 0.25 (CH2Cl2/EtOAc 7:3); 

FT-IR (Neat): v (cm ') = 2833, 2348,1660, 1456, 1276, 1187; H-NMR (500 MHz, CDCI3): 8 12.3 

(s, IH, OH), 8.33 (d, IH, J  = 8.0 Hz, r f ) ,  7.71-7.64 (m, 2H, H '°"), 7.59 (d, IH, J  = 8.0 Hz, r f ) ,

7.28 (dd, IH, 7  = 6.1, 3.4 Hz, r f ) ,  4.02-3.77 (m, 4H, r f  ), 3.57-3.42 (m, IH, r f ) ,  3.33 (dd, IH, 7  =

16.7, 10.7 Hz, H"), 3.12-2.94 (m, IH, r f"  '), 2.65-1.93 (m, 4H, r f  ); “ C-NMR (125 MHz, CDCI3):

196.3 (C'), 187.3 (O'), 182.8 (C"), 170.5 (C' ), 162.1 (C*), 149.0 (C"), 137.2 (C'"'"), 135.7 (2 x 

C ^ ,  134.9 (C ^ , 133.7 (C ^ , 133.1 (O'), 129.5 (C"), 129.5 (C"), 123.8 (C’), 119.7 (C'"'"), 115.4 

(€ ’”), 48.3 (O '), 44.9 (O ') ,42.2 (rf), 37.5 (C'), 33.1 (C'), 28.4 (C '), 27.5 (C '); LC-MS: 3.38 min. 

m/z = 421,91 (100%) [M+H]^; HRMS-ESI (m/z): calcd. for C23H20NO5S = 422.1062, found = 

422.1062.
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6.S.3.2.4 (±) - 8-Hydroxy-3-(piperidine-l-carbonyl)-3,4-dihydrotetraphene-l,7,12(2H)-trione
(263)

OH O

263 (+/-) 
C24H21NO5 
MW: 403.43

Compound 263 was isolated as a yellow oil. Y = 20% (2 steps); R*= 0.25 (EtOAc); FT-IR (Neat): 

V (cm‘*) =2927, 2360, 1702, 1626, 1453, 1361, 1264, 1157; *H-NMR (400 MHz, CDCI3): 5 12.27 

(s, IH, OH), 8.32 (d, IH, J  = 8.0 Hz, H^), 7.73-7.63 (m, 2H, Ĥ ®’” ), 7.59 (d, IH, J  = 8.0 Hz, H"),

7.28 (dd, IH, J  = 7.2, 2.3 Hz, H^), 3.73-3.42 (m, 5H, H  ̂'̂ ), 3.33 (dd, IH, J  = 16.7, 10.7 Hz, H^'), 

3.12-2.95 (m, 3H, H '̂’’̂ ), 1.64-0.75 (m, 6H, t f  ’’̂ ’); "C-NM R (100 MHz, CDCI3): 8196.7 (C‘),

187.4 (C^), 182.8 (C'^), 170.1 (C‘ ), 162.1 (C*), 149.4 (C^“), 137.1 (C'°^"), 135.9 (C ^ , 135.7 (C ^ ,

135.0 (C ^ , 133.6 (C ^ , 133.1 (C ^ , 129.3 (C^), 123.7 (C^), 119.6 (C'°^“ ), 115.4 (C^'), 46.7 (C^),

43.3 (C^), 42.2 (C^), 37.5 (C^), 33.1 (C^), 26.8 (C  ̂), 25.6 (C  ̂), 24.5 (C^’); LC-MS: 3.47 min. m/z 

= 403.78(100%) [M+H]^; HRMS-ESI (w/z): calcd. for CjÆiNOsNa = 426.1329, found = 

426.1317.

6.S.3.3 (±) - 8-Hydroxy-3-((benzyl(methyl)amino)methyl)-3,4-dihydrotetraphene-l,7,12(2H)-
trione (265)

OH O OH OOH O

185 (+/-) 264 (+/-) 265 (+/-) 
C27H23NO4
MW: 425.48

I2 (304 mg, 1.2 mmol, 2.4 eq.) and imidazole (95 mg, 1.4 mmol, 2.8 eq.) were added to a stirred 

solution of PPI13 (315 mg, 1.2 mmol, 2.4 eq.) in CH2CI2 (1.8 mL) at rt. The resulting solution was 

stirred for 10 min before a solution of 185 (160 mg, 0.5 mmol, 1 eq.) in CH2CI2 (2.1 mL) was 

added. The reaction was stirred for 4 h at rt, and then was quenched with aq. Na2S203 satured
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solution (15 mL), extracted with CH2CI2 (3 x 25 mL), washed with brine ( 2 x 1 0  mL), dried over 

Na2S04 and the solvent was removed in vacuo. The crude material was purified by flash 

chromatography on silica gel (CH2CI2) to afford the iodide derivative 264 (147 mg, 0.34 mmol, 

68%) as yellow solid.

Rf= 0.74 (CH2Cl2/EtOAc 9:1); FT-IR (Neat): v (cm ') = 2340, 1666, 1555, 1233, 1115, 643; *H- 

NMR (500 MHz, CDCI3): 5 12.27 (s, IH, OH), 8.33 (d, IH, 7  = 8.0 Hz, H^), 7.69-7.65 (m, 2H, 

H'°’"), 7.60 (d, IH, J =  8.0 Hz, H^), 7.28 (dd, IH, 7  = 7.5, 2.5 Hz, H^), 3.30 (dq, 2H, 7 =  8.4, 5.5, 

Hz, CH2I), 3.14-2.97 (m, 2H, H^), 2.78 (dq, 2H, 7 =  16.5, 11.0 Hz, H^), 2.48-2.32 (m, IH, r f ) ; ^^C- 

NMR (125 MHz, CDCI3): 5 197.7 (C'), 187.7 (rf), 183.1 (C'^), 162.5 (rf), 148.9 (rf"), 137.5 (C'°),

136.3 (C'""), 136.2 (C'""), 135.2 (rf"), 134.1 (C""), 133.5 (rf), 129.7 (rf), 124.2 (rf), 120.1 (C"),

115.7 (rf"), 46.2 (rf), 37.2 ( r f ’̂ ), 11.6 (CH2I); LC-MS: 3.05 min. m/z = [M+H]^ (100%); HRMS: 

(m/z) calcd. for C19H14IO4 = 432.9859, found = 432.9849.

Under argon, K2CO3 (6 mg, 0.043 mmol, 2.6 eq.) was added to a solution of jV-methyl, A-benzyl 

amine (5 pL, 0.043 mmol, 2.6 eq) in DMF (200 pL). After 10 min, a solution of the iodide 

derivative 264 (±) (6.5 mg, 0.015 mmol, 1 eq.) in DMF (190 pL) was added dropwise over 1 h. The 

reaction was left stirring overnight. The reaction diluted with H2O (5 mL) was extracted with 

CH2CI2 (3 X 10 mL), and the solvent removed in vacuo. The crude material was purified by flash 

chromatography on silica gel (Hexane/CH2Cl2 7:3) to afford compound 265 (1.6 mg, 0.004 mmol, 

58%).

R r  0.65 (CHzClj/EtOAc 7:3); FT-IR (Neat): v (cm ') = 2946, 2011, 1364, 1070, 783; H-NMR 

(400 MHz, CDClj): 8 12.49 (s, IH, H*), 8.30 (d, IH, 7 =  8.4 Hz, ), 7.74-7.69 (m, IH, H "), 7.66 

(t, IH, J=  8.4 Hz, H'°), 7.56 (d, IH, J=  8.0 Hz), 7.32-6.88 (m, 6H, H’, Ph), 4.04 (s, 2H, H'^), 3.62-

3.51 (m, 2H, H“), 3.36-3.09 (m, 2H, t f ) ,  2.66-2.59 (m, 2H, H '’), 2.35-2.23 (m, IH, r f ) ,  2.10 (s, 3H, 

CH3); LC-MS: 2.83 min. m/z = 426.06 [M+H]^ (100%); HRMS: (m/z) calcd. for C27H24NO4 = 

426.1627, found = 426.1620.
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6.8 3.4 (±) - 8-Hydroxy-3-(fluoromethyl)-3,4-dihydrotetraphene-l,7,12(2H)-trione (266)

0.1

----------- -- f l l

OH 0 OH 0
264 (+/-) 266 (+/-)

G19H13IO4 C 19H13FO4
MW: 432.21 MW: 324.30

A  s o l u t i o n  o f  t h e  i o d i d e  d e r i v a t i v e  264 ( 1 1  m g ,  0 . 0 2 4  m m o l ,  1 e q . )  i n  CH3CN ( 7 4  ^ i L ) ,  w a s  r e a c t e d  

w i t h  c e s i u m  f l u o r i d e  a t  7 0  ° C  f o r  2  h .  T h e  r e a c t i o n  w a s  q u e n c h e d  w i t h  w a t e r  ( 0 . 5  m L ) ,  e x t r a c t e d  

w i t h  E t O A c  ( 3 x 5  m L ) ,  d r i e d  o v e r  N a 2 S Ü 4  a n d  t h e  s o l v e n t  w a s  r e m o v e d  in vacuo. T h e  c r u d e  

m a t e r i a l  w a s  p u r i f i e d  b y  f l a s h  c h r o m a t o g r a p h y  o n  s i l i c a  g e l  t o  a f f o r d  c o m p o u n d  266 ( 1 0  m g ,  m m o l ,  

9 8 % )  a s  a  y e l l o w  s o l i d .

Rf= 0 . 5 5  ( C H 2 C I 2 ) ;  F T - I R  ( N e a t ) :  v  ( c m  ' )  =  1 6 8 3 ,  1 5 8 9 ,  1 4 5 5 ,  1 0 7 0 ,  9 5 3 ,  7 8 2 ,  6 9 5 ;  ^ H - N M R  ( 4 0 0  

M H z ,  C D C I 3 ) :  5  1 2 . 3 0  ( s ,  I H ,  O H ) ,  8 . 3 3  ( d ,  I H ,  J =  8 . 0  H z ,  H ^ ) ,  7 . 6 9 - 7 . 6 5  ( m ,  2 H ,  H ' ° ’ " ) ,  7 . 6 0  ( d ,  

I H ,  J =  8 . 0  H z ,  H ^ ) ,  7 . 2 8  ( d ,  I H ,  J =  7 . 4  H z ,  H ’ ) ,  3 . 3 9 - 3 . 2 8  ( m ,  2 H ,  C H 2F ) ,  3 . 1 4 - 3 . 0 2  ( m ,  2 H ,  H " ) ,  

2 . 8 9 - 2 . 6 7  ( m ,  2 H ,  H ^ ) ,  2 . 4 8 - 2 . 2 9  ( m ,  I H ,  t f ) ;  " C - N M R  ( 1 0 0  M H z ,  C D C I 3 ) :  Ô  1 9 9 . 7  ( C ' ) ,  1 8 7 . 9  

( C ' ^ ) ,  1 8 2 . 8  ( C ^ ) ,  1 6 2 . 4  ( C * ) ,  1 4 6 . 2  ( C ^ “ ) ,  1 3 7 . 4  ( C ' ^ ) ,  1 3 5 . 0  ( C ^ ) ,  1 3 4 . 1  ( C ' ° ) ,  1 3 3 . 6  ( C " “ ) ,  1 2 9 . 1  

( O ' ) ,  1 2 4 . 2  ( C " ) ,  1 2 0 . 1  ( C ^ " ) ,  1 1 5 . 8  ( C ^ ) ,  2 9 . 9  ( C H 2F ) ,  2 8 . 2  ( C " ) ,  1 7 . 0  ( C " ) ,  1 2 . 6  ( C ^ ) ;  L C - M S :  3 . 4 0  

m i n .  m/z =  3 2 5 . 7 0  [ M + H ] ^  ( 1 0 0 % ) .

6.8.3.S General procedure for the synthesis triazole derivatives (268-272)

OH O

264 (+/-)

OH O

267 (+/-) 
C19H13N3O4 
MW: 347.32

OH O

268-272 (+/-)

N a N 3 ( 5 0  m g ,  0 . 7 4  m m o l ,  4  e q . )  w a s  a d d e d  t o  a  s t i r r e d  s o l u t i o n  o f  c o m p o u n d  264 ( 8 0  m g ,  0 . 1 8 5  

m m o l ,  1 e q . )  i n  D M F  ( 1 . 8  m L )  a t  r t  a n d  t h e  r e a c t i o n  m i x t u r e  w a s  s t i r r e d  f o r  1 2  h .  T h e  D M F  w a s
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then removed in vacuo and the crude mixture redissolved in EtOAc (10 mL), washed with brine (2 

X 10 mL), dried over MgS04 and the solvent removed in vacuo.

A stirred solution of the azide (0.185 mmol, 1 eq.) in H20/^-Bu0 H 2:1 (1.2 mL) was treated, 

sequentially, with phenylacetylene (31 pL, 0.28 mmol, 1.5 eq.), CUSO4 (H20)5 (0.5 mg, 0.0018 

mmol, 1 %) and sodium ascorbate (1.8 mg, 0.009 mmol, 5 %). The reaction was stirred at rt for 12 

h and then the mixture was extracted with EtOAc ( 3 x 5  mL). The combined organic layers were 

washed with H2O ( 2 x 5  mL) and brine (5 mL), dried over MgS04 and the solvent removed in 

vacuo. The crude material was purified by flash chromatography (CH2Cl2/EtOAc 7:3) to afford the 

desired product.

6.8.3.5.1 (±) - 3-((4-(3,5-dimethoxyphenyl)-lH-l,2,3-triazol-l-yl)methyl)-8-methoxy-3,4-
dihydrotetraphene-l,7,12(2H)-trione (268)

O H  O

2 6 8  (+ /-) 
C29H23N3O0
M W : 5 0 9 .5 1

Compound 268 was isolated as a yellow oil. Y = 52% (2 steps); Rf = 0.45 (CH2Cl2/EtOAc 7:3); 

FT-IR (Neat): v (cm ') = 3100, 2345, 1710, 1640, 1598, 1439, 1389, 1220, 1167, 1130, 1023, 911; 

^H-NMR (400 MHz, CDCI3): ô 12.24 (s, IH, OH), 8.30 (d, IH, J  = 8.0 Hz, H^), 7.78 (s, IH, H^’), 

7.69-7.63 (m, 2H, H '“" ) ,  7.53 (d, IH, J  = 8.0 Hz, H"), 7.30-7.22 (m, IH, H^), 6.98 (d, 2H, J  = 2.1 

Hz, H^’), 6.44 (t, IH, J  = 2.1 Hz, H" ), 4.56-4.49 (m, 2H, H' ), 3.84 (s, 6H, 2 x OCH3), 3.13 (dd, IH, 

J  = 15.4, 6.2 Hz, r f “), 3.08-2.97 (m, 2H, H^’"“), 2.85 (dd, IH, J  = 16.9, 10.2 Hz, H""), 2.74 (dd, IH, 

J  = 15.4, 9.2 Hz, H '̂’); ‘^C-NMR (100 MHz, CDCI3): ô 196.6 (C'), 187.2 (C^), 182.5 (C'^), 162.2 

{ C \  161.2 (2 X C^’), 147.9 (C^’’̂ "), 137.0 (C '“̂ "), 136.1 (C'^"), 135.8 (C^' ), 134.8 (C ^ , 133.8 (C ^ ,

133.3 (C^), 131.9 (C ^ , 129.4 (C^), 123.8 (C^), 120.4 (C^), 119.6 (C'°^"), 115.3 (C^'), 103.7 (2 x 

C^’), 100.8 (C^), 55.5 (2 x CH3), 54.0 (C '), 42.6 (C^), 36.0 (C^), 33.3 (C ); LC-MS: 3.72 min. m/z 

= 510.00 (100%) [M+H]" ;̂ HRMS-ESI {m/z)\ calcd. for C29H24N3O6 =510.1665, found = 510.1658.
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6.8.3.5 2 (±) - 8-Hydroxy-3-((4-phenyl-lH-l,2,3-triazoI-l-yl)methyl)-3,4-dihydrotetraphene-
l,7,12(2H)-trione (269)

0.0

OH O

269 (+/-)
C27H19N3O4
MW: 449.46

Compound 269 was isolated as a yellow oil. Y = 45% (2 steps); Rf = 0.25 (CH2Cl2/EtOAc 7:3); 

FT-IR (Neat): v (cm ') = 2935, 1698, 1677, 1632, 1589, 1453, 1354, 1270, 1217, 1157, 1082; H- 

NMR (500 MHz, CDCI3): 5 12.25 (s, IH, OH), 8.31 (d, IH, J  = 8.0 Hz, H^), 7.88-7.76 (m, 3H, 2 x 

ArH, ’), 7.69-7.63 (m, 2H, H '°"), 7.53 (d, IH, J  = 8.0 Hz, H^), 7.43 (t, 2H, J  = 7.6 Hz, ArH), 

7.35 (t, IH, J  = 7.4 Hz, ArH), 7.28 (dd, IH, J  = 5.7, 3.7 Hz, H^), 4.56-4.51 (m, 2H, H '’), 3.14 (dd, 

IH, J  = 15.9, 5.7 Hz, H^'), 3.04 (dd, 1 H, 7  = 16.9, 3.1 Hz, H^“’ )̂, 2.85 (dd, IH, J  = 16.8, 10.4 Hz, 

H"'*), 2.73 (dd, IH, J  = 15.85, 9.69 Hz, H^"); "C-NM R (125 MHz, CDCI3): ô 196.6 (C'), 187.1 

(O'), 182.5 (C'^), 162.2 (C^), 148.2 (C ^ , 147.9 (C^“), 137.2 (C'°'"), 136.2 (C ^ , 135.7 (C ^ , 134.8 

(C ^ , 133.9 (C ^ , 133.4 (C^), 130.1 (C ^ , 129.5 (C^), 128.9 (2 x C^), 128.4 (C^'"), 125.7 (2 x 

C^"), 123.9 (C^), 120.1 (C  ̂), 119.7 (C'”" '), 115.4 (C"“), 54.0 (C’’), 42.7 (C"), 36.1 (C"), 33.4 (C"); 

LC-MS: 3.77 min. m/z = 449.97 (100%)[M+H]^; HRMS-ESI {m/z): calcd. for C27H20N3O4 = 

450.1454, found = 450.1478.

6.8.3.S.3 (±) - 3-((4-(3,5-difluorophenyl)-lH-l,2,3-triazol-l-yl)methyl)-8-methoxy-3,4-
dihydrotetraphene-l,742(2H)-trione (270)

0^1

OH O

270 (+/-) 
C 2 7 H 1 7 F 2 N 3 O 4  

MW: 485.44

Compound 270 was isolated as a yellow oil. Y = 63 % (2 steps); Rf = 0.5 (CH2Cl2/EtOAc 7:3); FT- 

IR (Neat): v (cm ') = 2943, 1688, 1645, 1455, 1389, 1288, 1217, 1133, 1024, 830; *H-NMR (500 

MHz, CDCI3): 6 12.25 (s, IH, OH), 8.33 (d, IH, J  = 8.0 Hz, H^), 7.83 (s, IH, H^’), 7.71-7.64 (m,
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2H, H'" "), 7.56 (d, IH, J  = 8.0 Hz, r f ) ,  7.37 (d, 2H, J  = 6.2 Hz, r f ') ,  7.29 (dd, IH, J  = 6.1, 3.4 

Hz, r f ) ,  6.83-6.75 (m, IH, r f ) ,  4.54 (d, 2H, J  = 6.6 Hz, H' ), 3.18-3.01 ( m ,  3H, r f ’’ ’), 2.87 (dd, 

IH, J  = 17.2, 10.6 Hz, rf"), 2.73 (dd, IH, J  = 15.7, 9.4 Hz, rf"); "C-NMR (125 MHz, CDCI3): 5

196.6 (C'), 187.2 (C’), 182.6 (C‘̂ ), 164.5 (C ^ , 162.2 (C ^ , 162.2 (C*), 147.9 ( r f ’), 146.3 (C ^ ,

137.2 (C'"'"), 136.2 (C ^ , 135.9 (2 x C ^ ,  134.8 (rf"), 134.0 (C ^ . 133.3 (rf), 129.6 (rf), 123.9 

(rf), 120.8 ( r f  ), 119.7 (rf""'), 115.4 ( r f ’), 108.7 ( r f ) ,  108.5 ( r f  ), 103.7 (rf ' (t)), 54.1 (C' ), 42.6 

(rf), 36.0 (C"), 33.4 (rf); LC-MS: 3.40 min. m/z = 485.96 (100%) [M+H]*; HRMS-ESI (m/z): 

calcd. for C27H18F2N3O4 = 486.1265, found = 486.1271.

6.8.3.S.4 (±) - 3-((4-(p-tolyl)-lH-l,2,3-triazol-l-yl)methyl)-8-methoxy-3,4-
dihydrotetraphene-l,7,12(2H)-trione (271)

OH O

271 (+/-)
C28H21N3O4
MW: 463.48

Compound 271 was isolated as a yellow oil. Y = 48% (2 steps); R*= 0.3 (CH2Cl2/EtOAc 7:3); FT- 

IR (Neat): v (cm'') = 3090, 2910, 1702, 1677, 1631, 1453, 1356, 1287, 1217, 1157, 1083, 1024, 

904; H-NMR (400 MHz, CDCI3): ô 12.24 (s, IH, OH), 8.31 (d, IH, J  = 8.0 Hz, ArH), 7.79-7.63 

(m, 4H, ArH), 7.54 (d, IH, 7 =  8.1 Hz, ArH), 7.33-7.19 (m, 3H, ArH), 4.52 (d, 2H, J  = 7.1 Hz, H' ), 

3.14 (dd, IH, J  = 15.8, 5.7 Hz, H^'), 3.08-2.99 (m, 2H, 2.86 (dd, IH, J  = 17.2, 10.5 Hz, H '̂’),

2.74 (dd, IH, J  = 15.8, 9.3 Hz, H '̂’), 2.38 (s, 3H, CH3); ^^C-NMR (100 MHz, CDCI3): 5 196.6 (C'),

187.2 (C"), 182.6 (C'^), 162.2 (C"), 148.1 (C"“), 138.3 (C" ), 137.1 (C ^ , 136.2 (C^ )̂, 135.8 (C'°),

134.8 (C'^), 133.9 (C'’ “̂), 133.3 (C ^ , 129.6 (2 x C ^ ,  129.4 (C ^ , 127.3 (C"’), 125.6 (2 x C"),

123.8 (C^"), 119.7 (2 X C ^ ,  115.4 (C"'), 54.0 (C’’), 42.7 (C"), 36.0 (C"), 33.4 (C"), 21.3 (CH3); 

LC-MS: 4.33 min. m/z = 463.99 (100%) [M+H]^; HRMS-ESI {m/z)\ calcd. for C28H22N3O4 = 

464.1607, found = 464.1610.
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6.8.3.5.S (±) - 3-((4-(4-(tert-butyl)phenyl)-lH-l,2,3-triazol-l-yl)methyl)-8-methoxy-3,4-
dihydrotetraphene-l,7,12(2H)-trione (272)

OH O

272 (+/-)
C31H27N3O4
MW: 505.56

Compound 272 was isolated as a yellow oil. Y = 52% (2 steps); Rf = 0.55 (CHiCU/EtOAc 7:3); 

FT-IR (Neat): v (cm ') = 2932, 1702, 1632, 1577, 1423, 1321, 1234, 1140; *H-NMR (400 MHz, 

CDCI3): 6 12.20 (s, IH, OH), 8.30 (d, IH, J  = 7.3 Hz, H^), 7.87 (s, 2H, ArH), 7.71-7.60 (m, 2H, 

H'"’ " ) ,  7.56-7.41 (m, 4H, ArH, H '’ ’̂), 7.26 (t, IH, J  = 4.7 Hz, H^’), 4.57 (s, 2H, H’’), 3.22-2.93 (m, 

3H, H  ̂ ""), 2.90-2.64 (m, 2H, 1.35 (s, 9H, 3 x CH3); "C-NM R (100 MHz, CDCI3): 5

196.6 (C'), 187.1 (C^), 182.5 (C'^), 162.1 (C*), 151.5 (C^’), 148.2 (2 x Ar), 137.1 (2 x ArH), 136.1 

(Ar), 135.7 (2 x Ar), 134.7 (Ar), 133.7 (Ar), 133.3 (C"), 129.3 (C^), 125.8 (2 x ArH), 125.2 (C^ ),

123.8 (C^), 119.5 (2 X ArH), 115.3 54.4 (C' ), 42.7 (C"), 35.8 (C"), 34.7 (C(Me)3), 33.4 (C ),

31.2 (3 X CH3); LC-MS: 3.62 min. m/z = 506.03 (100%) [M+H]^; HRMS-ESI (m/z): calcd. for 

C31H28N3O4 = 506.2080, found = 506.2083.
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6.9 Desymmetrisation of the diyne building block

6.9.1 (2/?,3^)-2,3“Diacetoxy-4-oxo-4-(pyrrolidin-l-yl)butanoic acid (212)

OAc
AcO.

OAc O

N. OAc

3

212
C12H17NO7 
MW: 287.27

A solution of tartaric acid (6.1 g, 28.12 mmol, 1 eq.) in THF (280 mL) was added to a solution of 

pyrrolidine (2 g, 28.12 mmol, 1 eq.) in THF (141 mL), and the solution was refluxed for 6 h and 

then left to stir at rt overnight. The solvent was removed in vacuo, and the crude material was 

purified by crystallisation from Hexane/Et20 1:1 to afford 212 (7.92 g, 27.56 mmol, 98%) as white 

solid.

Rf= 0.18 (CH2Cl2/EtOAc 1:1); FT-IR (Neat): v (cm ') = 2967, 1741, 1632, 1453, 1372, 1210, 1117, 

1069; 'H-NMR (400 MHz, CDCl3):5 9.15 (bs, IH, H'®), 5.56 (d, IH, J=  4.3 Hz, H^), 5.41 (d, IH, J  

= 4.3 Hz, H^), 3.64 -  3.24 (m, 4H, H' \  2.11 (s, 6H, OAc), 1.85-1.47 (m, 4H, H^’ \  "C-NM R 

(100 MHz, CDCI3): 5 170.4-170.3 (COCH3), 168.5 (C"), 164.6 (C^), 72.1 (C*), 71.2 (C"), 46.9 (C'),

46.6 (C^), 24.6-24.1 (C^’ )̂, 21.3-21.2 (COCH3); LC-MS: 0.62 min. m/z = 286.36 (100%) [M-H]'.

6.9.2 (2R ,3/?)-l,4-D ioxo-l-((2-(prop-2-yn-l-yl)pent-4-yn-l-yl)oxy)-4-(pyrrolidiii-l- 
yl)butane-2,3-diyl diacetate (213)

OAc O

N OAc

OAc O

N. OAc

212 213
C20H25NO7
MW: 391.42
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Under argon, DMAP (428 mg, 3.5 mmol, 0.5 eq.) was added to a solution of 212 (2 g, 7 mmol, 1 

eq.) in CH2CI2 (4 mL), then 187 (1.71 g, 14 mmol, 2 eq.) in CH2CI2 (3 mL) was added dropwise. 

The reaction was cooled to 0 °C and DCC (1.52 g, 7.35 mmol, 1.05 eq.) was added. The reaction 

was left stirring for 4 h at rt and the formation of urea as precipitate was observed. The formed solid 

was filtered and washed with CH2CI2 (3 x 20 mL). The suspension was washed with 0.5 M HCl (10 

mL), aq. NaHCOg saturated solution (10 mL), dried over MgS04 and the solvent was removed in 

vacuo. The crude material was purified by flash chromatography (CH2Cl2/EtOAc 7:3) to afford 213 

(1.92 mg, 4.9 mmol, 70%) as a yellowish oil.

Rf= 0.22 (CH2Cl2/EtOAc 7:3); FT-IR (Neat): v (cm ') = 3299, 2975, 1747, 1657, 1445, 1372, 1266, 

1212, 1073; ^H-NMR (400 MHz, CDCI3): 5 5.60 (d, IH, 4.0 Hz, H^), 5.55 (d, IH, 7 =  4.0 Hz, 

4.22 (dd, 2H, 7 =  8.0, 4.0 Hz, H"), 3.52-3.21 (m, 4H, H’’̂ ), 2.32 (dd, 4H, 7 =  8.4, 4.1 Hz, H'^

' ), 2.12 (s, 6H, OAc), 1.99 (t, 2H, 7 =  4.5 Hz, H'^’ ’̂), 1.96-1.35 (m, 5H, H  ̂  ̂ '^); ^^C-NMR (100 

MHz, CDCI3): 5 170.1 (C% 166.8 (C^), 163.8 (COCH3), 80.8 (C'^’ ’̂), 70.9 (C'^’ ’̂), 70.7 (C*), 70.4 

(C"), 66.7 (C"), 46.7-46.5 (C '’ )̂, 36.4 (C'"), 26.4 (C"), 24.0 (C"), 20.6-19.9 (COCH3); LC-MS:

3.25 min. m/z = 392.33 [M+2H]'^; HRMS {m/z)\ calcd. for C20H26NO7 = 392.1709, found 

=392.1719.

6.9.3 (2/2,3i?)-l,4-Dioxo-l-((2-(prop-2-yn-l-yl)-5-(trim ethylsilyl)pent-4-yn-l-yl)oxy)- 
4-(pyrrolidin-l-yl)butane-2,3-diyl diacetate (214)

OAc O

N OAc

OAc O

N. OAc

213

OAc O

TMS N. OAc

214
C23H33N0 ySi 
MW: 463.60

TMS

6.9.3.1 Method A (Entry 1 and 3):

Under argon, 213 and DBU were successively added to a solution of AgCl in CH2CI2. The mixture 

was heated at 40 °C and then TMSCl was added. After time reported in Table, the mixture was 

cooled, diluted with pentane (1.5 mL), washed with aq. NaHCÛ3 satured solution (2 mL), 1% HCl 

solution (2 mL), H2O (2 mL), dried over MgS04 and the solvent removed in vacuo. The crude 

material was purified by flash chromatography (CH2Cl2/EtOAc 6:4) to afford 214 as yellowish oil.
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6.9.3.2 Method B (Entry 2):

Under argon, TEA was added to a suspension of ZnOTf^ in CH2CI2 and it was left stirring for 30 

min. 213 (I eq.) in CH2CI2 was cannulated and the solution was left stirring for 1 h. TMSCl was 

added dropwise over 30 min. The reaction was left stirring for 16 h, then quenched with aq. NH4CI 

saturated solution (10 mL), extracted with Et2Û (3 x 20 mL), washed with brine ( 2x 1 0  mL), dried 

over MgS04 and the solvent removed in vacuo. The crude material was purified by flash 

chromatography (CH2Cl2/EtOAc 6:4) to afford 214 as a yellowish oil.

Table 13: TMS desymmetrisation.

Entry Method [M] Time
(h)

Yield diastereoisomers 
(%)

Ratio"

1 AgCl (0.1 eq.), DBU (1.2 eq.), TMSCl (1.2 eq.) 1 M 24 h 20% 3:1

2 Zn(0tf)2(l eq ), TEA (1 eq.), TMSCl (1 eq.) 0.1 M 18h 20% 3:1

3 AgCl (0.1 eq.), DBU (1.2 eq.), TMSCl (1.2 eq.) 0.1 M 8 h 30% 3:1

= The diastereomeric ratio was calculated by H-NMR.

Rf= 0.55-0.45 (CH2Cl2/EtOAc 6:4); FT-IR (Neat): v (cm ‘) = 3.283, 2925, 1743, 1626, 1480, 1453, 

1359, 1252, 1125, 1048, 843; ^H-NMR (400 MHz, CDCI3): 5 4.35 (d, IH, 7 =  5.0 Hz, H^), 4.31 (d, 

IH, 7 =  5.0 Hz, H^), 3.52-3.19 (m, 4H, H '’̂ ’̂ *), 2.43 (dd, 2H, 7 =  5.9, 2.9 Hz), H’’), 2.40 (d, 2H, 7  =

5.2 Hz), H'^), 2.27 (s, 6H, OAc), 2.01-1.96 (m, 2H, H^^^ ), 1.92-1.34 (m, 5H, H^’ ’̂ '^), 0.14 (s, 9H, 

TMS); LC-MS: 5.43 min. m/z = 457.24 (100%) [M-6H]^; HRMS (m/z): calcd. for C23H33N0?SiNa 

= 486.5961, found = 486.5966.
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6.10 Synthesis of the functionalised diyne (281)

6.10.1 2-(Di-(terf-butoxycarbonyl)amino) acetic acid (274)

O Boc O

'OHBocH N ^ O H  ------------------" B o c ' Ï ^ C

274
C12H21NO5
MW: 275.30

Boc-Gly-OH (3 g, 17.13 mmol, 1 eq.) was dissolved in MeOH/H20 10:1 (78 mL) and CS2CO3 (4.3 

g, 13.2 mmol) in H2O (21.5 mL) was added until pH = 7. The solution was left stirring for 30 min 

and the solvent was removed in vacuo, re-suspended for twice with DMF (43 mL) and re

evaporated. The residue was dissolved in DMF (43 mL) and benzyl bromide (2.24 mL, 18.9 mmol,

1.1 eq.) was added and the resulting solution was left stirring overnight at it. The solvent was 

removed in vacuo and extracted in EtOAc (3 x 40 mL), washed with H2O (20 mL), dried over 

MgS04 and the solvent removed in vacuo. The crude material was purified by crystallisation upon 

treatment with hexane to afford benzyl ester intermediate (4.53 g, 17.1 mmol, 99%) as white solid 

crystals.

Under argon, a solution of B0C2O (4.2 g, 19.25 mmol, 1.1 eq.) in CH3CN (10 mL) was added to a 

solution of benzyl ester intermediate (5 g, 17.5 mmol, 1 eq.) and DMAP (214 mg, 1.75 mmol, 0.1 

eq.) in CH3CN (30 mL). The reaction was left stirring at rt overnight. Then the solvent was 

removed in vacuo, extracted with EtOAc (3 x 20 mL), washed with brine (10 mL), dried over 

MgS04 and the solvent was removed in vacuo.

Under argon atmosphere, Pd/C 10% (7.5 mg, 0.07 mmol, 0.005 eq.) and CH2CI2 (500 pL) was 

charged with MeOH (12 mL). Then the argon atmosphere was replaced by a hydrogen one. The 

N.N-(Boc)2 benzyl ester intermediate (500 mg, 1.37 mmol, 1 eq.) in MeOH (5 mL) was added to 

the reaction and it was left stirring for 4 h at rt. The suspension was filtered on celite and the solvent 

removed in vacuo. The crude material was purified by filtration on a pad of silica gel to afford 274 

(369 mg, 1.34 mmol, 98%) as colourless oil.
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R r  0.24 (Hexane/EtzO 1:1); FT-IR (Neat): v (cm ’) = 2979, 2792, 1757, 1735, 1693, 1530, 1366, 

1337, 1228, 1146, 1107; H-NMR (400 MHz, CDCI3): 8 4.39 (s, 2H, H^), 1.50 (s, 18H, N(Boc)2); 

"C-NM R (100 MHz, CDCI3): 8 169.0 (C'), 152.5 (C02C(CH3)3), 82.5 (C(CH3)3), 48.5 (C^), 28.4 

(CH3); LC-MS: 3.15min. m/z = 297.65(100%) [M+Na]" .̂

6.10.2 (jF)-3-(Prop-2-yn-l-yIoxy)prop-2-en-l-oI (273)

o

247

OMe

273
CGHg02 

MW: 112.13

Under argon, methyl propiolate (2.1 mL, 23.8 mmol, 1 eq.) was added to a solution of DAB CO 

(267 mg, 2.38 mmol, 0.1 eq.) and propargyl alcohol (1.52 mL, 26.18 mmol, 1.1 eq.) in THF (230 

mL). The reaction was left stirring at rt for 1 h, then was quenched with aq. 10% NaOH solution 

(250 mL), extracted with CH2CI2 (3x100 mL), washed with brine (50 mL), dried over MgS04 and 

the solvent was removed in vacuo. The crude material was purified by filtration on a pad of silica 

gel to afford the product (3.2 g, 22.83 mmol, 96%) as oil.

Under argon and at -78 °C, DIBALH 1 M (18 mL, 17.85 mmol, 2.5 eq.) was added to a solution of 

the previous intermediate (1 g, 7.14 mmol, 1 eq.) in Toluene (90 mL), and the reaction was left 

stirring for 4 h. It was quenched with a satured solution of Rochelle salt (100 mL) and left to warm 

to rt and stirred for 1 h. Then, it was extracted with EtOAc (3 x 100 mL), washed with brine (50 

mL), dried over dry Na2S04 and the solvent removed in vacuo. The crude material was purified by 

filtration on a pad of silica gel to afford 273 (640mg, 5.71 mmol, 80%) as oil.

Rf= 0.13 (Hexane/Et20 3:2); FT-IR (Neat): v (cm ') = 3287, 2926, 1652, 1450, 1374, 1151, 1014, 

934; *H-NMR (400 MHz, CDCI3): 8 6.50 (d, IH, 7 =  12.8 Hz, H^), 5.16 (dt, IH, 7 =  12.8, 7.6, t f ) ,  

4.39 (d, 2H, 7 =  2.4 Hz, 4.07 (dd, 2H, 7 =  7.2, 0.8 Hz, 2.61 (s, IH, OH), 2.51 (t, IH, 7  =

2.4 Hz, H'); ^'C-NMR (100 MHz, CDCI3): 8 146.8 (C"), 97.4 (C^), 79.8 (C^), 75.2 (C^), 63.1 (C’),

56.5 (C^); LC-MS: 2.35 min. m/z = 133.54 (100%) [M+Na]\
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6.10.3 (£)-3-(Prop-2-yn-l-yloxy)allyl 2-(di-(^^r^-butoxycarbonyl)amino) acetate 
(275)"’

Boc O

Boc'^ ^  OH 
274

273 275
C18H27NO7
MW: 369.41

Boc

Under argon, TEA (200 |iL, 1.45 mmol, 2 eq.), 274 boc amine (400 mg, 1.45 mmol, 2 eq.), DMAP 

(5 mg, 0.044 mmol, 0.05 eq.) and 273 (82 mg, 0.73 mmol, 1 eq.) were added in turn to a solution of 

EDCi HCl (280 mg, 1.45 mmol, 2 eq.) in CH2CI2 (5 mL). After 4.5 h the reaction was diluted with 

CH2CI2 (10 mL), washed with aq. NaElCOs saturated solution, dried over MgS04 and the solvent 

removed in vacuo. The crude material was purified by filtration on a pad of silica gel to afford 275 

(258 mg, 0.7 mmol, 96%) as colourless oil.

Rf= 0.71 (Et20); FT-IR (Neat): v (cm ') = 2978, 2932, 2361, 1754, 1723, 1696, 1367, 1337, 1227, 

1140, nil,  854; H-NMR (400 MHz, CDCI3): ô 6.51 (d, IH, J =  12.8 Hz, H^), 5.00 (dt, IH, J  = 

15.4, 7.6 Hz, H"), 4.51 (d, 2 H , J =  7.6 Hz, H*), 4.32 (d, 2H, 7 =  2.4 Hz, H"), 4.24 (s, 2H, H'), 2.45 

(t, IH, 7 =  2.4 Hz, H'°), 1.42 (s, 18H, N(Boc)2); *^C-NMR (100 MHz, CDCI3): 5 169.4 (C^), 152.2 

(C^), 151.2 (C02C(CH3)3), 99.9 (C"), 78.0 (C"), 76.1 (C'°), 63.2 (Cf), 57.3 (C*), 47.7 (C'), 28.3 

((CH3)3); LC-MS: 3.30 min. m/z = 363.58 (80%) [M-5H]\

6.10.4 (25,3i?)-Methyl 2-(di-(f^/-t-butoxycarbonyl)amino)- 3-((3-(trimethylsilyl)prop-2-
yn-l-yl)oxy)pent-4-enoate (277)

O Boc

275

247

B o c .^ .B o c

C22H37NO7SI
MW: 455.62

Under argon at -  78 °C, TMSCl (430|iL, 3.4 mmol. 2 eq.) was added to a stirred solution of 275 

(628 mg, 1.7 mmol, 1 eq.) in THE (1.7 mL) and the mixture stirred for 10 min. Then, LHMDS 1 M
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in THF (3.4 mL, 3.4 mmol, 2 eq.) was added over 1.25 h. (3 mL x hour), and the mixture stirred at - 

78 °C for further 10 min and then warmed up to rt and stirred for 24 h. The reaction was quenched 

with MeOH (10 mL) and the solvent was removed in vacuo.

The crude material (276) solubilised in Et20 (12 mL) was treated with TMS-diazomethane 2 M in 

hexanes (1.3 mL, 2.55 mmol, 1.5 eq.) and MeOH (1 mL, 24.7 mmol, 14.5 eq.) and the yellow 

solution stirred overnight at rt. The reaction was quenched with AcOH (380 pL, 3.8 mmol, 4 eq.) 

and left to stir for 1 h. The solvent was removed in vacuo and the residue extracted with Et20 (3 x 

20 mL), washed with brine (10 mL), dried over MgS04 and the solvent removed in vacuo. The 

crude material was purified by flash chromatography on silica gel (Hexane/Et20 3:2) to afford 277 

(756 mg, 1.66 mmol, 98%, dr=  88.5:11.5) as a yellow oil.

R r  0.33 (Et20); [a]o^^= -24.4; FT-IR (Neat): v (cm ’) = 2978, 1796, 1698, 1366, 1250, 1219, 1146, 

1104, 844, 736; H-NMR (400 MHz, CDCI3): 6 5.87-5.63 (m, IH, H' ), 5.47 (dd, IH, 7 =  17.2, 0.8 

Hz, r f  ), 5.36 (ddd, IH, J =  10.4, 6.5, 1.6 Hz, H  ̂), 4.92 (d, IH, 7 =  8.8 Hz, H^), 4.58 (t, IH, 7 =  8.0 

Hz, H^), 4.17 (d, IH, 7 =  15.6 Hz, t f ) ,  4.04 (d, IH, 7 =  15.6 Hz, H^), 3.69 (s, 3H, OCH3), 1.43 (s, 

18H, N(Boc)2), 0.15 (s, 9H, TMS); "C-NM R (100 MHz, CDCI3): 5 169.3 (C’), 152.3 

(C02C(CH3)3), 135.9 (C’’), 119.9 (C^’), 102.5 (C"), 83.1 { C \  76.4 (C(CH3)3), 74.3 (C"), 61.4 (C"),

55.6 (C"), 52.18 (OCH3), 28.2 ((CH3)3), 0.0 (TMS); LC-MS: 3.37 min. m/z = 456.84 (80%) 

[M+H]^; HRMS {m/z): calcd. for C22H3gN0 ?Si = 456.2418, found = 456.2416.

6.10.5 (25,3/?)-Methyl 2-((^^/-/-butoxycarbonyl)amino)-3-((3-(trimethylsilyl)prop-2-yn- 
l-yl)oxy)-4-pentenoate (278)

Boc^ ,B oc

277

Boc
NHTMS.

OMe

278
Ci7H29NOsSi 
MW: 355.50

A solution of TFA (26 pL, 0.33 mmol, 1.5 eq.) in CH2CI2 (330 pL) was added to a solution of 277 

(100 mg, 0.22 mmol, 1 eq.) in CH2CI2 (2.2 mL). The reaction was left stirring at rt overnight, 

washed with brine. The organic layers dried over MgSÛ4 and the solvent removed in vacuo. The
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crude material was purified by filtration on a pad of silica gel to afford 278 (68 mg, 0.19 mmol, 

86%) as oil.

Rf= 0.33 (EtzO); [a]D^^= -13.0; FT-IR (Neat): v (cm ') = 2978, 1796, 1698, 1366, 1250, 1219, 1146, 

1104, 844, 736; *H-NMR (400 MHz, CDCI3): 5 5.87-5.62 (m, IH, H’’), 5.47 (dd, IH, J =  17.2, 0.8 

Hz, t f  ), 5.36 (ddd, IH, J=  10.4, 6.5, 1.6 Hz, H^’), 5.03 (bs, IH, NH), 4.51 (d, IH, J =  8.8 Hz, H^), 

4.22 (t, IH, y  = 8.0 Hz, t f ) ,  4.17 (d, IH, J  = 15.6 Hz, H"), 4.04 (d, IH, J  = 15.6 Hz, H"), 3.69 (s, 

3H, OCH3), 1.43 (s, 18H, N(Boc)2), 0.15 (s, 9H, TMS); "C-NM R (100 MHz, CDCI3): Ô 169.35 

(C ), 152.40 (C02C(CH3)3), 135.79 (C' ), 119.82 (C"’), 102.64 (C"), 83.34 (C"), 76.65 ( € ( ^ 3)3), 

74.32 (C"), 61.25 (C"), 55.74 (C"), 52.03 (OCH3), 28.11 ( ( ^ 3)3), 0.10 (TMS); LC-MS: 3.14 min. 

m/z = 354.23 (80%) [M+H]\

6.10.6 Tert-butyl ((3.^?,45)-l,l-dibromo-4-((3-(trimethylsilyl)prop-2-yii-l-yl)oxy)hexa- 
l,5-dien-3-yl)carbam ate (279)

T M S . T M S. Br

i B r

2'

278 279
Cl 7H27Br2N03Si 

MW: 481.29

Under argon at -78 °C, DIBALH 1 M (600 pL) was added to a solution of 278 (150 mg, 0.46 mmol, 

1 eq.) in Et20 (1.3 mL). The reaction was left to stir for 1 h at -78 °C, and then Rochelle salt (1 mL) 

was added and left to warm to rt and stirred for 1 h. Then it was extracted with EtOAc ( 3 x 5  mL), 

washed with brine (5 mL), dried over dry Na2S04 and the solvent removed in vacuo.

Under argon at 0 °C, PPh3 (485 mg, 1.84 mmol, 4 eq.) was added portionwise over 10 min. to a 

solution of CBr4 (306 mg, 0.92 mmol, 2 eq.) in CH2CI2 (1.75 mL) and the yellow solution left 

stirring for 30 min, then the crude material in CH2CI2 (500 pL) was added dropwise. The mixture 

was allowed to stir for further 30 min before being poured into hexane. A yellow precipitate formed 

which was removed by filtration through a pad of silica gel. The filtrate was concentrated in vacuo 

to effect the formation of a white precipitate (Ph3P0 ) that was removed by a second filtration 

through a pad of silica gel, and the solvent was removed in vacuo. The crude material was purified 

by flash chromatography on silica gel to afford 279 (68 mg, 0.19 mmol, 60%) as a yellow oil.
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Rf= 0.65 (Hexane/Et20 3:2); [a]o^^= -8.0; FT-IR (Neat): v (cm'’) = 2960, 2932, 1714, 1492, 1366, 

1259, 1167, 1075, 1015, 842, 806; H-NMR (400 MHz, CDCI3): 5 6.52 (d, IH, 7 =  6.8 Hz, H^), 

5.72-5.53 (m, IH, H’’), 5.46-5.39 (m, 2H, H^’), 5.34 (bs, IH, H^), 4.41 (bs, IH, H^), 4.22 (d, IH, J  = 

12.8 Hz, H^'), 4.08 (bs, IH, NH), 4.01 (d, IH, 7 =  12.8 Hz, Ĥ *̂ ), 1.43 (s, 9H, Boc), 0.21 (s, 9H, 

Si(CH3)3); '^C-NMR (125 MHz, CDCI3): 5 155.5 (COC(CH3)3), 137.7 (C’’), 133.6 (C"), 128.7 

(C"), 120.4 (C'), 101.2 (C"), 92.3 (C"), 80.0 (C"), 68.1 ( € ( ^ 3)3), 56.9 (C"), 39.5 (C^), 28.6 

((CH3)3), 1.3 (TMS); LC-MS: 3.57 min. m/z = 483.44 (100%) [U+UŸ (Br 79); HRMS {m/z): 

calcd. for C];H28Br2N03Si (Br 79) = 482.2418, found = 482.2416 (Br 79).

6.10.7 (3i?,4/?)-A^-((^^r^Butoxycarbonyl)amino)-4-((3-(trimethylsilyl)prop-2-yn-l- 
yl)oxy)hex-5-en-l-yn-3-am ine (280)

TMS
Boc.,

NH Br

279

TMS,
Boc,

2'

NH

280
CiyH27N03Si 
MW: 321.49

Under argon and at -78 °C, «-BuLi (150 |iL, 0.231 mmol, 2.1 eq.) was added dropwise to a solution 

of 279 (50 mg, 0.11 mmol, 1 eq.) in THF (850 pL). After 1 h, the reaction was quenched with 

NH4CI (300 pL), extracted with Et20 ( 3 x 2  mL), washed with brine (2 mL), dried over MgS04 and 

the solvent removed in vacuo. The crude material was purified by flash chromatography on silica 

gel (Hexane/Et20 3:2) to give the product 280 (26 mg, 0.08 mmol, 74%) as yellow oil.

Rf= 0.55 (Hexane/Et20 3:2); [a]o^^= -5.8; FT-IR (Neat): v (cm'’) = 3312, 2958, 2926, 2359, 2341, 

1693, 1495, 1366, 1249, 1164, 1042, 842; ^H-NMR (400 MHz, CDCI3): 6 5.98-5.76 (m, IH, H’’), 

5.65 (dd, 2H, 7 =  17.2, 0.8 Hz, H^'), 5.00 (bs, IH, NH), 4.75 (s, IH, H^), 4.40 (t, IH, 7 =  8.0 Hz, 

H"), 2.47-2.42 (m, 2H, H’’"), 2.39-2.36 (m, IH, H"), 1.45 (s, 9H, Boc), 0.17 (s, 9H, TMS); ''C - 

NMR (100 MHz, CDCI3): 5 154.95 (C02C(CH3)3), 131.10 (C’’), 127.97 (C^ ), 106.07 (C^), 90.52 

(C"), 81.70 (C"), 77.80 (C’), 77.56 (C(CH3)3), 73.03 (C"), 62.33 (C"), 40.57 (C"), 28.70 ((CHg)]), 

0.20 (TMS); LC-MS: 3.63 min. m/z = 323.76 (100%) [M+2H]^; HRMS (m/z): calcd. for 

CiyHzsNOaSi = 322.1760, found = 322.1770.
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6.10.8 (3iî,4/î)-A^-((^^r^Butoxycarbonyl)amino)-l-(tributylstannyl)-4-((3- 
(trim ethylsilyl)prop-2-yn-l-yl)oxy)hex-5-en-l-yn-3-am ine (281)

T M S. TMS

280
C

MW: 610.53
CogHcoNOoSiSn

Under argon, TEA (50 0.33 mmol, 1.05 eq) was added to a suspension of Zn(0 Xf)2 (91 mg, 0.25

mmol, 0.8 eq) in CH2Cl2(2 mL) and it was left stirring for 30 min., then 280 (100 mg, 0.31 mmol, 1 

eq) in CH2CI2 (600 pL), was cannulated and the solution was left stirring for 1 h. M-BugSnCl (102 

pi, 0.37 mmol, 1.2 eq) was added dropwise over 30 min. The reaction was left to stir for 16 h, then 

quenched with NH4CI (1 ml), extracted with Et20 ( 3 x 5  mL), washed with brine (5 mL), dried over 

MgS04 and the solvent removed in vacuo to afford 281 (140 mg, 0.23 mmol, 74%) as yellow oil.

Rf= 0.6 (Hexane/Et20 8:2); [a]o^^= -14.5; FT-IR (Neat): v (cm’’) = 3312, 2958, 2926, 2359, 2341, 

1693, 1462, 1366, 1248, 1122, 837; *H-NMR (400 MHz, CDCI3): 5 5.98-5.72 (m, IH, H' ), 5.65 

(dd, 2H, J =  17.2, 0.8 Hz, H  ̂), 5.00 (bs, IH, NH), 4.75 (s, IH, H^), 4.40 (t, IH, J =  8.0 Hz, H^), 

2.47-2.44 (m, 2H, H*’ )̂, 2.39-2.32 (m, IH, H^), 1.64-1.59 (m, 6H, H  ̂), 1.56-1.48 (m, 6H, H^’), 1.45 

(s, 9H, Boc),1.33-1.09 (m, 6H, H’’), 0.92-0.64 (m, 9H, H^’), 0.17 (s, 9H, TMS); ^^C-NMR (100 

MHz, CDCI3): 5 154.9 (C02C(CH3)3), 131.1 (C’’), 127.9 (C ' ), 106.0 (C"), 90.5 (C^), 81.7 ( C ^ ) ,  77.8 

(C‘), 77.5 (C(CH3)3), 73.0 ( C " ) ,  62.33 (C"), 40.5 (C^), 28.7 ((CH3)3),22.5 (C" ), 22.6 (C" ), 17.4 (C’’),

13.5 ( C ^  ), 0.0 (TMS); LC-MS: 3.43 min. m/z = 609.76 (10%) [M+H]^ (Sn 118).
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Figure 47: 1 H -NM R o f 2-B rom o-5-H ydroxy-l,4-naphthoquinone 194 coming from one pot radical allylic functionalisation and deacetylation.
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Figure 48: H-NM R of the mono TM S functionalised diyne (202 (±)).
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Figure 54: 'H-NM R o f (±) and (^-Y M -181741 (185 or 185a).
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Figure 55: H-NM R of l-H ydroxy-8-m ethoxy-3-(m ethoxym ethyl)tetraphene-7,12-dione (245).

217



0.97

X
z
ZX0 “*>
S
3
1 
e  
3
a .

1

§■
3

'bT
3
5"o

1.01

2 .0 1 ,

2.02
2.00'

0.90

18.00

o

o>
bi

O)
b

yi
b

Ü1
b

oi

b

Ca)
cn

CO
b

M
cn

M
b

■D
T3
3

Z-O D

6 . 5 9 0
6 . 5 5 8

2 . 5 2 4
2 . 5 1 8
2 . 5 1 2

1 . 4 9 7

K)
00



3
crô'

X
z
2
X
o

S
3■a
oc
g.
w
2S3

§■

"Ô

1.35

O)
ai

O)
o

ai
ai

Ol
b

w
b

M
Ol

M
b

0
01

H

3 . 9 7 7
3 . 8 4 4
3 . 7 6 7

1 . 4 4 1

0 . 1 8 3

D H - n n s o o M s t / î w o D G p o z »  O  O  X  f  tr* o  M  ;
m c»i ?o X 33

> o  Oii£J OT fD

>Sji.
CTien

K)
\o



8 References

(1) Almeida, C. A.; Barry, S. A. Cancer : basic science and clinical aspects', Wiley-Blackwell: 
Chichester, 2010.

(2) Ferrara, N.; Kerbel, R. S. Nature 2005, 438, 967-974.
(3) Flaherty, K. T.; Puzanov, I.; Kim, K. B.; Ribas, A.; McArthur, G. A.; Sosman, J. A.;

O'Dwyer, P. J.; Lee, R. J.; Grippo, J. F.; Nolop, K.; Chapman, P. B. N. Engl. J. Med. 2010, 
363, 809-819.

(4) Zinzalla, G.; Thurston, D. E. Fut. Med. Chem. 2009,1, 65-93.
(5) Keskin, O.; Gursoy, A.; Ma, B.; Nussinov, R. Chem. Rev. 2008,108, 1225-1244.
(6) Fletcher, S.; Hamilton, A. D. J. R. Soc. Interface 2006, 3, 215-233.
(7) Cho, K. I.; Lee, K.; Lee, K. H.; Kim, D.; Lee, D. Proteins 2006, 65, 593-606.
(8) Larsen, T. A.; Olson, A. J.; Goodsell, D. S. Structure 1998, 6, 421-427.
(9) Keskin, O.; Nussinov, R. Structure 2007,15, 341-354.
(10) Nooren, I. M.; Thornton, J. M. J. Mol. Biol. 2003, 325, 991-1018.
(11) Sprinzak, E.; Altuvia, Y.; Margalit, H. Proc. Natl. Acad. Sci. U S A  2006, 103, 14718- 

14723.
(12) Kleanthous, C.; Kuhlmann, U. C.; Pommer, A. J.; Moore, G. R.; James, R. J. Mol. Biol. 

2000, 301, 1163-1178.
(13) Clackson, T.; Wells, J. A. Science 1995, 267, 383-386.
(14) Keskin, O.; Gursoy, A.; Ma, B.; Nussinov, R. Chem. Rev. 2008,108, 1225-1244.
(15) Keskin, O.; Ma, B.; Nussinov, R. J. Mol. Biol. 2005, 345, 1281-1294.
(16) Cunningham, B. C.; Wells, J. A. Science 1989, 244, 1081-1085.
(17) Peczuh, M. W.; Hamilton, A. D. Chem. Rev. 2000,100, 2479-2494.
(18) Bullock, A. N.; Debreczeni, J. E.; Edwards, A. M.; Sundstrom, M.; Knapp, S. Proc. Natl. 

Acad. Sci. U SA  2006,103, 7637-7642.
(19) Selivanova, G.; Wiman, K. G. Oncogene 2007, 26, 2243-2254.
(20) DeDecker, B. S. Chem. Biol. 2000, 7, R103-107.
(21) Finkelstein, A. V.; Ptitsyn, O. B. Prog. Biophys. Mol. Biol. 1987, 50, 171-190.
(22) DeLano, W. L. Curr. Opin. Struct. Biol. 2002,12, 14-20.
(23) Ofran, Y.; Rost, B. PLoS Comput. Biol. 2007, 3, el 19.
(24) London, N.; Movshovitz-Attias, D.; Schueler-Furman, O. Structure 2010,18, 188-199.
(25) Berg, T. Angew. Chem. Int. Ed. 2003, 42, 2462-2481.
(26) DeLano, W. L.; Ultsch, M. H.; de Vos, A. M.; Wells, J. A. Science 2000, 287, 1279-1283.
(27) Lagerstrom, M. C.; Schioth, H. B. Nat. Rev. Drug Discov. 2008, 7, 339-357.
(28) Lipinski, C. A.; Lombardo, F.; Dominy, B. W.; Feeney, P. J. Adv. Drug Deliv. Rev. 2001,

46, 3-26.
(29) Hopkins, A. L.; Groom, C. R.; Alex, A. Drug Discov. Today 2004, 9, 430^31.
(30) Vassilev, L. T. Cell Cycle 2004, 3 ,419-421.
(31) Lee, E. F.; Czabotar, P. E.; Smith, B. J.; Deshayes, K.; Zobel, K.; Cohnan, P. M.; Fairlie,

W. D. Cell Death Differ. 2007,14, 1711-1713.
(32) Sperandio, O.; Reynes, C. H.; Camproux, A. C.; Villoutreix, B. O. Drug Discov. Today

2010,15, 220-229.
(33) Yin, H.; Hamilton, A. D. Angew. Chem. Int. Ed. Engl. 2005, 44, 4130-4163.
(34) Fesik, S. W. Nat. Rev. Cancer 2005, 5, 876-885.
(35) Ghobrial, I. M.; Witzig, T. E.; Adjei, A. A. CA Cancer J. Clin. 2005, 55, 178-194.
(36) Cory, S.; Adams, J. M. Nat. Rev. Cancer 2002, 2, 647-656.
(37) Bruncko, M.; Oost, T. K.; Belli, B. A.; Ding, H.; Joseph, M. K.; Kunzer, A.; Martineau, D.;

McClellan, W. J.; Mitten, M.; Ng, S. C.; Nimmer, P. M.; Oltersdorf, T.; Park, C. M.; 
Petros, A. M.; Shoemaker, A. R.; Song, X.; Wang, X.; Wendt, M. D.; Zhang, H.; Fesik, S. 
W.; Rosenberg, S. H.; Ehnore, S. W. 7. Med. Chem. 2007, 50, 641-662.

220



(38) Kuroda, J.; Kimura, S.; Strasser, A.; Andreeff, M.; O'Reilly, L. A.; Ashihara, E.; Kamitsuji, 
Y.; Yokota, A.; Kawata, E.; Takeuchi, M.; Tanaka, R.; Tabe, Y.; Taniwaki, M.; Maekawa, 
T. Cell Death Differ. 2007,14, 1667-1677.

(39) van Delft, M. F.; Wei, A. H.; Mason, K. D.; Vandenberg, C. J.; Chen, L.; Czabotar, P. E.; 
Willis, S. N.; Scott, C. L.; Day, C. L.; Cory, S.; Adams, J. M.; Roberts, A. W.; Huang, D. 
C. Cancer Cell 2006,10, 389-399.

(40) Rayburn, E.; Zhang, R.; He, J.; Wang, H. Curr. Cancer Drug Targets 2005, 5, 27-41.
(41) Tovar, C.; Rosinski, J.; Filipovic, Z.; Higgins, B.; Kolinsky, K.; Hilton, H.; Zhao, X.; Vu, 

B. T.; Qing, W.; Packman, K.; Myklebost, O.; Heimbrook, D. C.; Vassilev, L. T. Proc. 
Natl. Acad. Sci. U SA  2006,103, 1888-1893.

(42) Shangary, S.; Qin, D.; McEachem, D.; Liu, M.; Miller, R. S.; Qiu, S.; Nikolovska-Coleska, 
Z.; Ding, K.; Wang, G.; Chen, J.; Bernard, D.; Zhang, J.; Lu, Y.; Ou, Q.; Shah, R. B.; 
Pienta, K. J.; Ling, X.; Kang, S.; Guo, M.; Sun, Y.; Yang, D.; Wang, S. Proc. Natl. Acad. 
Sci. U S A  2008,105, 3933-3938.

(43) Shangary, S.; Wang, S. Annu. Rev. Pharmacol. Toxicol. 2009, 49, 223-241.
(44) Hudson, P. J.; Souriau, C. Nat. Med. 2003, 9, 129-134.
(45) Vagner, J.; Qu, H.; Hruby, V. J. Curr. Opin. Chem. Biol. 2008,12, 292-296.
(46) Wells, J. A.; McClendon, C. L. Nature 2007, 450, 1001-1009.
(47) Gamer, J.; Harding, M. M. Org. Biomol. Chem. 2007, 5, 3577-3585.
(48) Davis, J. M.; Tsou, L. K.; Hamilton, A. D. Chem. Soc. Rev. 2007, 36, 326-334.
(49) Yin, H.; Lee, G. L; Sedey, K. A.; Kutzki, O.; Park, H. S.; Orner, B. P.; Emst, J. T.; Wang,

H. G.; Sebti, S. M.; Hamilton, A. D. J. Am. Chem. Soc. 2005,127, 10191-10196.
(50) Sillemd, L. G.; Larson, R. S. Curr. Protein Pept. Sci. 2005, 6, 151-169.
(51) Bagnasco, L.; Tortolina, L.; Biasotti, B.; Castagnino, N.; Ponassi, R.; Tomati, V.; Nieddu,

E.; S tier. G.; Malacame, D.; Parodi, S. FASEB J. 2007, 21, 1256-1263.
(52) Nieddu, E.; Melchiori, A.; Pescarolo, M. P.; Bagnasco, L.; Biasotti, B.; Licheri, B.;

Malacame, D.; Tortolina, L.; Castagnino, N.; Pasa, S.; Cimoli, G.; Avignolo, C.; Ponassi, 
R.; Balbi, C.; Patrone, E.; D'Arrigo, C.; Barboro, P.; Vasile, F.; Orecchia, P.; Camemolla, 
B.; Damonte, G.; Millo, E.; Palomba, D.; Fassina, G.; Mazzei, M.; Parodi, S. FASEB J. 
2005,19, 632-634.

(53) Walensky, L. D.; Kung, A. L.; Escher, L; Malia, T. J.; Barbuto, S.; Wright, R. D.; Wagner, 
G.; Verdine, G. L.; Korsmeyer, S. J. Science 2004, 305, 1466-1470.

(54) Yeager, A. R.; Min, G. K.; Porco, J. A., Jr.; Schaus, S. E. Org. Lett. 2006, 8, 5065-5068.
(55) Toogood, P. L. J. Med. Chem. 2002, 45, 1543-1558.
(56) Yu, P.; Liu, B.; Kodadek, T. Nat. Protoc. 2007, 2, 23-30.
(57) Villoutreix, B. G.; Bastard, K.; Sperandio, G.; Fahraeus, R.; Poyet, J. L.; Calvo, F.; Deprez, 

B.; Miteva, M. A. Curr. Pharm. Biotechnol. 2008, 9, 103-122.
(58) Fletcher, S.; Hamilton, A. D. Curr. Top. Med. Chem. 2007, 7, 922-927.
(59) Caputo, G. A.; Litvinov, R. L; Li, W.; Bennett, J. S.; Degrado, W. F.; Yin, H. Biochemistry

2008, 47, 8600-8606.
(60) Molinski, T. F.; Dalisay, D. S.; Lievens, S. L.; Saludes, J. P. Nat. Rev. Drug Discov. 2009, 

8, 69-85.
(61) Zhang, M. Q.; Wilkinson, B. Curr. Opin. Biotechnol. 2007,18, 478-488.
(62) Wilson, R. M.; Danishefsky, S. J. J. Org. Chem. 2006, 71, 8329-8351.
(63) Park, E. J.; Kong, D.; Fisher, R.; Cardellina, J.; Shoemaker, R. H.; Melillo, G. Cell Cycle 

2006, 5, 1847-1853.
(64) Kung, A. L.; Zabludoff, S. D.; France, D. S.; Freedman, S. J.; Tanner, E. A.; Vieira, A.; 

Comell-Kennon, S.; Lee, J.; Wang, B.; Wang, J.; Memmert, K.; Naegeli, H. U.; Petersen,
F.; Eck, M. J.; Bair, K. W.; Wood, A. W.; Livingston, D. M. Cancer Cell 2004, 6, 33-43.

(65) Chin, J. W.; Grotzfeld, R. M.; Fabian, M. A.; Schepartz, A. Bioorg. Med. Chem. Lett. 2001,
11, 1501-1505.

(66) Chin, J. W.; Schepartz, A. J. Am. Chem. Soc. 2001,123, 2929-2930.
(67) Schafmeister, C. E.; Po, J.; Verdine, G. L. J. Am. Chem. Soc. 2000,122, 5891-5892.

221



(68) Bernal, F.; Tyler, A. F.; Korsmeyer, S. J.; Walensky, L. D.; Verdine, G. L. J. Am. Chem. 
Soc. 2007,129, 2456-2457.

(69) Walensky, L. D.; Fitter, K.; Morash, J.; Oh, K. J.; Barbuto, S.; Fisher, J.; Smith, E.; 
Verdine, G. L.; Korsmeyer, S. J. Mol. Cell. 2006,24, 199-210.

(70) Chapman, R. N.; Dimartino, G.; Arora, P. S. J. Am. Chem. Soc. 2004,126, 12252-12253.
(71) Choi, J.; Chen, J.; Schreiber, S. L.; Clardy, J. Science 1996, 273, 239-242.
(72) Corson, T. W.; Aberle, N.; Crews, C. M. ACS Chem. Biol. 2008, 3, 677-692.
(73) Schueler-Furman, O.; Wang, C.; Bradley, P.; Misura, K.; Baker, D. Science 2005, 310, 

638-642.
(74) Bovet, C.; Ruff, M.; Filer, S.; Granger, F.; Wenzel, R.; Nazabal, A.; Moras, D.; Zenobi, R. 

Anal. Chem. 2008, 80, 7833-7839.
(75) Lim, C. P.; Cao, X. Mol. Biosyst. 2006, 2, 536-550.
(76) Levy, D. E.; Darnell, J. E., Jr. Nat. Rev. 2002, 3, 651-662.
(77) Murphy, T. L.; Geissal, E. D.; Farrar, J. D.; Murphy, K. M. Mol. Cell. Biol. 2000, 20, 7121- 

7131.
(78) Yang, E.; Henriksen, M. A.; Schaefer, O.; Zakharova, N.; Darnell, J. E., Jr. J. Biol. Chem. 

2002,277, 13455-13462.
(79) Shuai, K.; Horvath, C. M.; Huang, L. H.; Qureshi, S. A.; Cowbum, D.; Darnell, J. E., Jr. 

Cell 1994, 76, 821-828.
(80) Mao, X.; Ren, Z.; Parker, G. N.; Sondermann, H.; Pastorello, M. A.; Wang, W.; McMurray, 

J. S.; Demeler, B.; Darnell, J. E., Jr.; Chen, X. Mol. Cell 2005,17, 761-771.
(81) Caldenhoven, E.; van Dijk, T. B.; Solari, R.; Armstrong, J.; Raaijmakers, J. A.; Lammers, J. 

W.; Koenderman, L.; de Groot, R. P. J. Biol. Chem. 1996, 271, 13221-13227.
(82) Fu, X. Y.; Schindler, C.; Improta, T.; Aebersold, R.; Darnell, J. E., Jr. Proc. Natl. Acad. Sci. 

USA 1992, 89, 7840-7843.
(83) Azam, M.; Erdjument-Bromage, H.; Kreider, B. L.; Xia, M.; Quelle, F.; Basu, R.; Saris, C.; 

Tempst, P.; Dile, J. N.; Schindler, C. EMBOJ. 1995,14, 1402-1411.
(84) Lee, C.; Piazza, F.; Brutsaert, S.; Valens, J.; Strehlow, I.; Jarosinski, M.; Saris, C.; 

Schindler, C. J. Biol. Chem. 1999, 274, 26767-26775.
(85) Bromberg, J. F. Bioessays 2001, 23, 161-169.
(86) Bromberg, J. F.; Wrzeszczynska, M. H.; Devgan, G.; Zhao, Y.; Pestell, R. G.; Albanese, C.; 

Darnell, J. E., Jr. Cell 1999, 98, 295-303.
(87) Horvath, C. M. Trends Biochem. Sci. 2000, 25, 496-502.
(88) Lim, C. P.; Cao, X. J. Biol. Chem. 2001, 276, 21004-21011.
(89) Nagel-Wolfrum, K.; Buerger, C.; Wittig, I.; Butz, K.; Hoppe-Seyler, F.; Groner, B. Mol. 

Cancer Res. 2004, 2, 170-182.
(90) Dittrich, E.; Haft, C. R.; Muys, L.; Heinrich, P. C.; Graeve, L. J. Biol. Chem. 1996, 271, 

5487-5494.
(91) Fagerlund, R.; Melen, K.; Kinnunen, L.; Julkunen, I. J. Biol. Chem. 2002, 277, 30072- 

30078.
(92) McBride, K. M.; Reich, N. C. Sci. STKE 2003,2003, RE13.
(93) Shah, M.; Patel, K.; Mukhopadhyay, S.; Xu, F.; Guo, G.; Sehgal, P. B. J. Biol. Chem. 2006, 

281, 7302-7308.
(94) Beuvink, I.; Hess, D.; Flotow, H.; Hofsteenge, J.; Groner, B.; Hynes, N. E. J. Biol. Chem. 

2000,275, 10247-10255.
(95) Decker, T.; Kovarik, P. Oncogene 2000,19, 2628-2637.
(96) Visconti, R.; Gadina, M.; Chiariello, M.; Chen, E. H.; Stancato, L. F.; Gutkind, J. S.; 

O'Shea, J. J. 5 W  2000, 96, 1844-1852.
(97) Kovarik, P.; Mangold, M.; Ramsauer, K.; Heidari, H.; Steinbom, R.; Zotter, A.; Levy, D.

E.; Muller, M.; Decker, T. EMBOJ. 2001, 20, 91-100.
(98) Mowen, K. A.; Tang, J.; Zhu, W.; Schurter, B. T.; Shuai, K.; Herschman, H. R.; David, M. 

C ellim \,1 0 4 ,  731-741.
(99) Hiroi, M.; Ohmori, Y. J. Biol. Chem. 2003, 278, 651-660.

222



100) Kortylewski, M.; Feld, F.; Kruger, K. D.; Bahrenberg, G.; Roth, R. A.; Joost, H. G.; 
Heinrich, P. C.; Behrmann, L; Barthel, A. J. Biol. Chem. 2003, 278, 5242-5249.

101) Malakhova, O. A.; Yan, M.; Malakhov, M. P.; Yuan, Y.; Ritchie, K. J.; Kim, K. L;
Peterson, L. F.; Shuai, K.; Zhang, D. E. Genes Dev. 2003,17,455-460.

102) Ungureanu, D.; Saharinen, P.; Junttila, L; Hilton, D. J.; Silvennoinen, O. Mol. Cell. Biol.
2002, 22, 3316-3326.

103) Rodel, B.; Tavassoli, K.; Karsunky, H.; Schmidt, T.; Bachmann, M.; Schaper, F.; Heinrich, 
P.; Shuai, K.; Elsasser, H. P.; Moroy, T. EMBOJ. 2000,19, 5845-5855.

104) Rogers, R. S.; Horvath, C. M.; Matunis, M. J. J. Biol. Chem. 2003, 278, 30091-30097.
105) Nicholson, S. E.; De Souza, D.; Fabri, L. J.; Corbin, J.; Willson, T. A.; Zhang, J. G.; Silva, 

A.; Asimakis, M.; Farley, A.; Nash, A. D.; Metcalf, D.; Hilton, D. J.; Nicola, N. A.; Baca, 
M. Proc. Natl. Acad. Sci. USA 2000, 97, 6493-6498.

106) Bowman, T.; Garcia, R.; Turkson, J.; Jove, R. Oncogene 2000,19, 2474-2488.
107) Song, J. L; Grandis, J. R. Oncogene 2000,19, 2489-2495.
108) Deng, J.; Grande, F.; Neamati, N. Curr. Cancer Drug Targets 2007, 7, 91-107.
109) Nam, S.; Buettner, R.; Turkson, J.; Kim, D.; Cheng, J. Q.; Muehlbeyer, S.; Hippe, F.; 

Vatter, S.; Merz, K. H.; Eisenbrand, G.; Jove, R. Proc. Natl. Acad. Sci. USA 2005, 102, 
5998-6003.

110) Kotha, A.; Sekharam, M.; Cilenti, L.; Siddiquee, K.; Khaled, A.; Zervos, A. S.; Carter, B.; 
Turkson, J.; Jove, R. Mol. Cancer Therap. 2006, 5, 621-629.

111) Sun, J.; Blaskovich, M. A.; Jove, R.; Livingston, S. K.; Coppola, D.; Sebti, S. M. Oncogene 
2005, 24, 3236-3245.

112) Bharti, A. C.; Donato, N.; Aggarwal, B. B. J. Immunol. 2003,171, 3863-3871.
113) Chen, S. C.; Chang, Y. L.; Wang, D. L.; Cheng, J. J. Brit. J. Pharmac. 2006,148, 226-232.
114) Mohapatra, S.; Chu, B.; Wei, S.; Djeu, J.; Epling-Bumette, P. K.; Loughran, T.; Jove, R.;

Pledger, W. J. Cancer Res. 2003, 63, 8523-8530.
115) Nagashima, S.; Yokota, M.; Nakai, E.; Kuromitsu, S.; Ohga, K.; Takeuchi, M.; Tsukamoto, 

S.; Ohta, M. Bioorg. Med. Chem. 2007,15, 1044-1055.
116) Weidler, M.; Rether, J.; Anke, T.; Erkel, G. FEBS Lett. 2000, 484, 1-6.
117) Schust, J.; Sperl, B.; Hollis, A.; Mayer, T. U.; Berg, T. Chem. Biol. 2006,13, 1235-1242.
118) Song, H.; Wang, R.; Wang, S.; Lin, J. Proc. Natl. Acad. Sci. USA 2005,102, 4700-4705.
119) Bhasin, D.; Cisek, K.; Pandharkar, T.; Regan, N.; Li, C.; Pandit, B.; Lin, J.; Li, P. K. 

Bioorg. Med. Chem. Lett. 2008, 75, 391-395.
120) Lin, L.; Hutzen, B.; Li, P. K.; Bail, S.; Zuo, M.; DeAngelis, S.; Foust, E.; Sobo, M.;

Friedman, L.; Bhasin, D.; Cen, L.; Li, C.; Lin, J. Neoplasia 2010,12, 39-50.
121) Haftchenary, S.; Avadisian, M.; Gunning, P. T. Anticancer Drugs 2011, 22, 115-127.
122) Shah, M. A.; Kortmansky, J.; Motwani, M.; Drobnjak, M.; Gonen, M.; Yi, S.;

Weyerbacher, A.; Cordon-Cardo, C.; Lefkowitz, R.; Brenner, B.; O'Reilly, E.; Saltz, L.;
Tong, W.; Kelsen, D. P.; Schwartz, G. K. Clin. Cancer Res. 2005,11, 3836-3845.

123) Han, D. C.; Shin, D. S.; Kim, H. N.; Shin, K. D.; Yoon, Y. J.; Kim, S. J.; Kwon, B. M. 
Cancer Res. 2009, 69, 193-202.

124) Maloney, K. N.; Hao, W.; Xu, J.; Gibbons, J.; Hucul, J.; Roll, D.; Brady, S. F.; Schroeder,
F. C.; Clardy, J. Org. Lett. 2006, 8, 4067-4070.

125) Basnet, D. B.; Oh, T. J.; Vu, T. T.; Sthapit, B.; Liou, K.; Lee, H. C.; Yoo, J. C.; Sohng, J. 
K. Mol. Cells 2006, 22, 154-162.

126) Taniguchi, M.; Nagai, K.; Watanabe, M.; Nimura, N.; Suzuki, K.; Tanaka, A. J. Antibiot. 
2002, 55, 30-35.

127) Rohr, J.; Thiericke, R. Nat. Prod. Rep. 1992, 9, 103-137.
128) Gould, S. J.; Cheng, X.; Melville, C. J. Am. Chem. Soc. 1994,116, 1800-1804.
129) Metsa-Ketela, M.; Pahnu, K.; Kunnari, T.; Ylihonko, K.; Mantsala, P. Antimicrob. Agents 

Chemother. 2003, 47, 1291-1296.
130) Guingant, A.; Manuel Barreto, M. Tetrahedron Lett. 1987, 28, 3107-3110.
131) Krohn, K.; Micheel, J.; Zukowski, M. Tetrahedron 2000, 56, 4753-4758.

223



132) Krohn, K.; Sohrab, M. H.; Flôrke, U. Tetrahedron: Asymmetry 2004,15, 713-718.
133) Krohn, K.; Micheel, J. Tetrahedron 1998, 54, 4827-4838.
134) Larsen, D. S.; O'Shea, M. D.; Brooker, S. Chem. Comm. 1996, 203-204.
135) Larsen, D. S.; O'Shea, M. D. J. Chem. Soc., Perkin Transactions I 1995, 1019-1028.
136) Boyd, V. A.; Sulikowski, G. A. J. Am. Chem. Soc. 1995,117, 8472-8473.
137) Carreno, M. C.; Somoza, A.; Ribagorda, M.; Urbano, A. Chemistry (Weinheim an der 

Bergstrasse, Germany) 2007,13, 879-890.
138) Carreno, M. G.; Urbano, A.; Di Vitta, C. J. Org. Chem. 1998, 63, 8320-8330.
139) Kaliappan, K. P.; Ravikumar, V. J. Org. Chem. 2007, 72, 6116-6126.
140) Matsumoto, T.; Sohma, T.; Yamaguchi, H.; Kurata, S.; Suzuki, K. Tetrahedron 1995, 51, 

7347-7360.
141) Matsumoto, T.; Sohma, T.; Yamaguchi, H.; Kurata, S.; Suzuki, K. Synlett 1995, 1995, 

263,266.
142) Waser, M.; Falk, H. Monatshefte fü r  Chemie /  Chemical Monthly 2005,136, 609-618.
143) Krohn, K.; Boker, N.; Florke, U.; Freund, C. J. Org. Chem. 1997, 62, 2350-2356.
144) Hauser, F. M.; Dorsch, W. A.; Mal, D. Org. Lett. 2002, 4, 2237-2239.
145) Katsuura Canad. J. Chem. 1987, 65, 124.
146) Parker, K. A.; Ding, Q.-j. Tetrahedron 2000, 56, 10249-10254.
147) Murphy, W. S.; Neville, D.; Ferguson, G. Tetrahedron Lett. 1996, 37, 7615-7618.
148) Kalogerakis, A.; Groth, U. Org. Lett. 2003, 5, 843-844.
149) Eckenberg, P.; Groth, U. Synlett 2003, 2003, 2188,2192.
150) Kalogerakis, A.; Groth, U. Synlett 2003, 2003, 1886,1888.
151) Sato, K.; Asao, N.; Yamamoto, Y. J. Org. Chem. 2005, 70, 8977-8981.
152) Heileman, M. J.; Tiedemann, R.; Moore, H. W. J. Am. Chem. Soc. 1998,120, 3801-3802.
153) Tiedemann, R.; Heileman, M. J.; Moore, H. W.; Schaumann, E. J. Org. Chem. 1999, 64,

2170-2171.
154) Hergueta, A. R.; Moore, H. W. J. Org. Chem. 2002, 67, 1388-1391.
155) Shan, M.; Sharif, E. U.; O'Doherty, G. A. Angew. Chem. Int. Ed. Engl 2010, 49, 9492-9495.
156) Trost, B. M. Angew. Chem. Int. Ed. Engl. 1995, 34, 259-281.
157) Gaich, T.; Baran, P. S. J. Org. Chem. 2010, 75, 4657-4673.
158) Tietze, L. F. Chem. Rev. 1996, 96, 115-136.
159) Negishi, E.-i.; Copéret, C.; Ma, S.; Liou, S.-Y.; Liu, F. Chem. Rev. 1996, 96, 365-394.
160) Malacria, M. Chem. Rev. 1996, 96, 289-306.
161) Sperger, C.; Fiksdahl, A. Org. Lett. 2009,11, 2449-2452.
162) Gonzalez-Rodriguez, C.; Varela, J. A.; Castedo, L.; Saa, C. J. Am. Chem. Soc. 2007, 129,

12916-12917.
163) Ojima, I.; Zhu, J.; Vidal, E. S.; Kass, D. F. J. Am. Chem. Soc. 1998,120, 6690-6697.
164) Meng, J.; Zhao, Y.-L.; Ren, C.-Q.; Li, Y.; Li, Z.; Liu, Q. Chem. Eur. J. 2009, 15, 1830- 

1834.
165) Tsuchikama, K.; Kuwata, Y.; Shibata, T. J. Am. Chem. Soc. 2006,128, 13686-13687.
166) Stolley, R. M.; Maczka, M. T.; Louie, J. Eur. J. Org. Chem. 2011, 2011, 3815-3824.
167) Yamamoto, Y.; Kinpara, K.; Saigoku, T.; Takagishi, H.; Okuda, S.; Nishiyama, H.; Itoh, K. 

J. Am. Chem. Soc. 2004,127, 605-613.
168) Yamamoto, Y.; Kinpara, K.; Ogawa, R.; Nishiyama, H.; Itoh, K. Chem. Eur. J. 2006, 12, 

5618-5631.
169) Sperger, C. A.; Fiksdahl, A. J. Org. Chem. 2010, 75,4542-4553.
170) Yamamoto, Y.; Takagishi, H.; Itoh, K. Org. Lett. 2001, 3, 2117-2119.
171) Tanaka, K.; Wada, A.; Noguchi, K. Org. Lett. 2006, 8, 907-909.
172) Trost, B. M.; Chung, C. K.; Pinkerton, A. B. Angew. Chem. Int. Ed. 2004, 43, 4327-4329.
173) Hirano, K ; Inaba, Y.; Takahashi, N.; Shimano, M.; Oishi, S.; Fujii, N.; Ohno, H. J. Org. 

Chem. 2011, 76, 1212-1227.
174) Levin, S.; Nani, R. R.; Reisman, S. E. Org. Lett. 2010,12, 780-783.
175) Magnuson, S. R. Tetrahedron 1995, 51, 2167-2213.

224



176) You, Z.; Hoveyda, A. H.; Snapper, M. L. Angew. Chem. Int. Ed. 2009, 48, 547-550.
177) Zhao, Y.; Rodrigo, J.; Hoveyda, A. H.; Snapper, M. L. Nature 2006, 443, 67-70.
178) Reddy Iska, V. B.; Verdolino, V.; Wiest, O.; Helquist, P. J. Org. Chem. 2010, 75, 1325- 

1328.
179) Sakai, T.; Danheiser, R. L. J. Am. Chem. Soc. 2010,132, 13203-13205.
180) Robinson, J. M.; Sakai, T.; Okano, K.; Kitawaki, T.; Danheiser, R. L. J. Am. Chem. Soc.

2010,132, 11039-11041.
181) Zhao, W.; Zhang, J. Org. Lett. 2011,13, 688-691.
182) Trost, B. M.; Rudd, M. T. Org. Lett. 2003, 5,4599-4602.
183) Zinzalla, G.; Thurston, D. E. Future Med. Chem. 2009, 7, 65-93.
184) Darnell, J. E., Jr.; Kerr, I. M.; Stark, G. R. Science 1994, 264, 1415-1421.
185) Bromberg, J. F.; Horvath, C. M.; Besser, D.; Lathem, W. W.; Darnell, J. E., Jr. Mol. Cell.

Biol. 1998,18, 2553-2558.
186) Carreno, M. C.; Urbano, A. Synlett 2005, 1-25.
187) Grunwell, J. R.; Karipides, A.; Wigal, C. T.; Heinzman, S. W.; Parlow, J.; Surso, J. A.; 

Clayton, L.; Fleitz, F. J.; Daffher, M.; Stevens, J. E. J. Org. Chem. 1991, 56, 91-95.
188) Nicolaou, K. C.; Li, H.; Nold, A. L.; Pappo, D.; Lenzen, A. J. Am. Chem. Soc. 2007, 129,

10356-10357.
189) Heinzman, S. W.; Grunwell, J. R. Tetrahedron Lett. 1980, 21, 4305-4308.
190) Cameron, D.; Feutrill, G.; Griffiths, P. Aust. J. Chem. 1981, 34, 1513-1522.
191) Yu, W.; Mei, Y.; Kang, Y.; Hua, Z.; Jin, Z. Org. Lett. 2004, 6, 3217-3219.
192) Czekelius, C.; Hafer, J.; Tonzetich, Z. J.; Schrock, R. R.; Christensen, R. L.; Muller, P. J. 

Am. Chem. Soc. 2006,128, 16664-16675.
193) Fox, H. H.; Wolf, M. O.; O'Dell, R.; Lin, B. L.; Schrock, R. R.; Wrighton, M. S. J. Am. 

Chem. Soc. 1994,116, 2827-2843.
194) Madine, J. W.; Wang, X.; Widenhoefer, R. A. Org. Lett. 2001, 3, 385-388.
195) Jiang, H.; Zhu, S. Tetrahedron Lett. 2005, 46, 517-519.
196) Alvarado, M.; Barcelo, M.; Cairo, L.; Masaguer, C. F.; Ravina, E. Chem. Biodivers. 2006, 

3, 106-117.
197) P. Sibi, M.; Manyem, S. Tetrahedron 2000, 56, 8033-8061.
198) Gilman, H.; Woods, L. A. J. Am. Chem Soc. 1943, 65, 435-437.
199) Breit, B.; Schmidt, Y. Chem. Rev. 2008,108, 2928-2951.

700) Posner, G. H.; Sterling, J. J.; Whitten, C. E.; Lentz, C. M.; Brunelle, D. J. J. Am. Chem. 
Soc. 1975, 97, 107-118.

201) Muralidharan, S.; Freiser, H. Inorg. Chem. 1988, 27, 3251-3253.
202) Corey, E. J.; Beames, D. J. J. Am. Chem Soc. 1972, 94, 7210-7211.
203) Martin, S. F.; Fishpaugh, J. R.; Power, J. M.; Giolando, D. M.; Jones, R. A.; Nunn, C. M.;

Cowley, A. H. J. Am. Chem. Soc. 1988,110, 7226-7228.
204) Lipshutz, B. H.; Kozlowski, J. A.; Wilhelm, R. S. J. Org. Chem. 1983, 48, 546-550.
205) Ryu, I.; Nakahira, H.; Ikebe, M.; Sonoda, N.; Yamato, S. y.; Komatsu, M. J. Am. Chem.

Soc. 2000,122, 1219-1220.
206) Yamamoto, K.; Ogura, H.; Jukuta, J. i.; Inoue, H.; Hamada, K.; Sugiyama, Y.; Yamada, S. 

J. Org. Chem. 1998, 63,4449-4458.
207) House, H. O. Acc. Chem. Res. 1976, 9, 59-67.
208) Vellekoop, A. S.; Smith, R. A. J. J. Am. Chem. Soc. 1994,116, 2902-2913.
209) Krauss, S. R.; Smith, S. G. J. Am. Chem. Soc. 1981,103, 141-148.
210) Casey, C. P.; Cesa, M. C. J. Am. Chem. Soc. 1979,101, 4236-4244.
211) Bertz, S. H.; Dabbagh, G.; Cook, J. M.; Honkan, V. J. Org. Chem. 1984, 49, 1739-1743.
212) Smith, R. A. J.; Hannah, D. J. Tetrahedron 1979, 35, 1183-1189.
213) Corey, E. J.; Boaz, N. W. Tetrahedron Lett. 1985, 26, 6015-6018.
214) Nakamura, E.; Mori, S.; Morokuma, K. J. Am. Chem. Soc. 1997,119, 4900-4910.
215) Seiji Mori, E. N. Chem. Eur. J. 1999, 5, 1534-1543.
216) Snyder, J. P. J. Am. Chem. Soc. 1995,117, 11025-11026.

225



(217) Maruyama, K.; Yamamoto, Y. J. Am. Chem. Soc. 1977, 99, 8068-8070.
(218) Yamamoto, Y.; Maruyama, K. J. Am. Chem. Soc. 1978,100, 3240-3241.
(219) Yamamoto, Y.; Yamamoto, S.; Yatagai, H.; Ishihara, Y.; Maruyama, K. J. Org. Chem.

1982,47, 119-126.
(220) Nakamura, E.; Yamanaka, M.; Mori, S. J. Am. Chem. Soc. 2000,122, 1826-1827.
(221) Nakamura, E.; Matsuzawa, S.; Horiguchi, Y.; Kuwajima, I. Tetrahedron Lett. 1986, 27, 

4029-4032.
(222) Nakamura, E.; Kuwajima, I. J. Am. Chem. Soc. 1984,106, 3368-3370.
(223) Horiguchi, Y.; Komatsu, M.; Kuwajima, I. Tetrahedron Lett. 1989, 30, 7087-7090.
(224) Bertz, S. H.; Miao, G.; Rossiter, B. E.; Snyder, J. P. J. Am. Chem. Soc. 1995, 117, 11023- 

11024.
(225) Feringa, B. L.; Badorrey, R.; Pena, D.; Harutyunyan, S. R.; Minnaard, A. J. Proc. Natl. 

Acad. Sci. USA 2004,101, 5834-5838.
(226) Rossiter, B. E.; Swingle, N. M. Chem. Rev. 1992, 92, 771-806.
(227) Oppolzer, W.; Loher, H. Helv. Chim. Acta 1981, 64, 2808-2811.
(228) Tomioka, K.; Suenaga, T.; Koga, K. Tetrahedron Lett. 1986, 27, 369-372.
(229) Melnyk, O.; Stephan, E.; Pourcelot, G.; Cresson, P. Tetrahedron 1992, 48, 841-850.
(230) Nicolas, E.; Russell, K. C.; Hruby, V. J. J. Org. Chem. 1993, 58, 766-770.
(231) Yoshinori, Y. Angew. Chem. Int. Ed. Engl. 1986, 25, 947-959.
(232) Acharya, H. P.; Miyoshi, K.; Kobayashi, Y. Org. Lett. 2007, 9, 3535-3538.
(233) Corey, E. J.; Boaz, N. W. Tetrahedron Lett. 1985, 26, 6019-6022.
(234) Nicolaou, K. C.; Li, H.; Nold, A. L.; Pappo, D.; Lenzen, A. J. Am. Chem. Soc. 2007, 129, 

10356-10357.
(235) Williams, D. R.; Kissel, W. S.; Li, J. J. Tetrahedron Lett. 1998, 39, 8593-8596.
(236) Eriksson, M.; Iliefski, T.; Nilsson, M.; Olsson, T. J. Org. Chem. 1997, 62, 182-187.
(237) Sonoda, S.; Houchigai, H.; Asaoka, M.; Takei, H. Tetrahedron Lett. 1992, 33, 3145-3146.
(238) Dambacher, J.; Bergdahl, M. Org. Lett. 2003, 5, 3539-3541.
(239) Hashmi, A. S. Chem. Rev. 2007,107, 3180-3211.
(240) Kirmse, W. Carbene chemistry, 2nd ed.; Academic Press: New York; London, 1971.
(241) Moss, R. A.; Jones, M. Carhenes. Vol.2; Wiley-Interscience: New York; London, 1975.
(242) Brinker, U. H. Advances in carbene chemistry. Vol. 3; Amsterdam ; Oxford, Elsevier, 2001.
(243) Moss, R. A.; Platz, M.; Jones, M. Reactive intermediate chemistry, Wiley-Interscience: 

Hoboken, N.J. ; [Great Britain], 2004.
(244) Meerwein, H. R., H; Werner, H. Ber. 1942, 75, 1610.
(245) Villanueva-Margalef, I.; Thurston, D. E.; Zinzalla, G. Org. Biomol. Chem. 2010, 8, 5294- 

5303.
(246) Carpino, L. A.; Mansour, E. S. M. E.; El-Faham, A. J. Org. Chem. 1993, 58 ,4162-4164.
(247) Tellam, J. P.; Carbery, D. R. J. Org. Chem. 2010, 75, 7809-7821.
(248) Gaich, T.; Baran, P. S. J. Org. Chem. 2010, 75, 4657-4673.

226


