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Abstract
Nitriles─are─valuable─key─intermediates─in─organic─synthesis:─they─can─easily─be─converted─to─
various─other─functional─groups─and─heterocycles.─They─can─also─be─found─from─small─molecular─
architectures─in─pharmaceutical─product─and─ﬁne─chemicals.─In─this─thesis─the─nitriles─were─
found─to─be─key─components─in─the─synthesis─of─the─target─molecules─and─so─it─became─important─
to─develop─safer─and─more─robust─methods─for─their─synthesis.─This─was─achieved─by─developing─
and─using─stable─sources─of─nitrile─and─controlling─its─release.─
──
The─ﬁrst─part─of─this─thesis─focuses─on─the─total─synthesis─of─calyculin─C.─Particularly─studies─
towards─the─Z,E,E,E-tetraene─fragment.─The─synthesis─was─based─on─controlled─formation─of─E-─
or Z-alkene─from─acetylides.─However,─neither─of─these─fragments─was─successfully─coupled─
with─the─model─coupling─partner.─
──
The─second─part─of─the─thesis─describes─the─nucleophilic─cyanation─of─terminal─alkynes.─For─this─
purpose─4-cyanato-1,1'-biphenyl─as─an─electrophilic─cynataion─reagent─was─used.─The─reaction─
was─optimized─and─the─substrate─scope─was─studied─to─cover─propargylic,─homo-propargylic,─and─
aliphatic─alkynes─as─well─as─the─tolerance─of─a─variety─of─alcohol─protecting─groups─giving─good─
to─acceptable─yields.─4-Cyanato-1,1'-biphenyl─simple─to─prepare,─crystalline,─and─stabile─is─
signiﬁcantly─more─convenient─electrophilic─cyanating─method─comparing─to─the─generally─used.─
──
The─third,─ﬁnal─part─of─this─thesis─describes─the─resynthesis─of─ﬁrst─selective─GTPase-actvating ─
protein─small─molecule─inhibitor─2,6-Bis(4,5-dihydro-1H-imidazol-2-yl)naphthalene─(MINC1)─
and─then─eight─other─analogs.─These─studies─conﬁrmed─the─dose─responsive,─selective─inhibition─
of─MgcRacGAP.─From─the─synthesized─analogues─none─reached─similar─inhibition─than─MINC1.─
The─symmetry─of─the─molecule─was─also─observed─to─be─crucial.─Versatile─synthesis─for─
disubstituted─cyanonaphtalenes,─intermediate─in─the─synthesis─of─analogs,─and─2,6-disubstituted─
heterocyclic─naphthalenes─was─developed.─
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Tiivistelmä
Nitriilit─ovat─arvokkaita─avainvälituotteita─orgaanisessa─syntetiikkassa,─sillä─ne─voidaan─
helposti─muuntaa─erilaisiksi─funktionaalisiksi─ryhmiksi─ja─heterosykleiksi.─Niitä─käytetään─
monissa─lääkeaineista─ja─hienokemikaaleista.─Tässä─väitöskirjassa─nitriilit─ovat─keskeisiä─väli-─
ja─lopputotteita─ja─niinpä─turvallisten─ja─käytettävien─synteesimetelmien─kehittäminen─oli─
tärkeää.─
──
Väitöskirjan─ensimmäinen─osa─keskittyy─kalikuliini─C:n─kokonaissynteesiin─ja─erityisesti Z, E,
E, E-tetraeeni─fragmentin─syntetisointiin.─Synteesi─keskittyi─E-─ja─Z-alkeenien─kontrolloituun─
syntetisointiin─asetylidit─lähtöaineina.─Kuitenkin─fragmenttien─liittämisessä─epäonnistuttiin.─
──
Väitöskirjan─toinen─osa─käsittelee─terminaalisten─alkyynien─syanointia.─Tätä─tarkoitusta─varten─
4-syanato-1,1´-bifenyyliä─käytettiin─elektroﬁilisena─syanidin─lähteenä.─Reaktio─optimoitiin─ja─
sen─käyttöä─eritavoin─suojatujen─propargyylisten,─homopropargyylisten─ja─alifaattisten─
alkyynien─syanoinissa─tutkittiin─saantojen─vaihdellessa─hyvästä─tyydyttävään.─Tämä─helposti─
valmistettava,─kiteinen─ja─stabiili─on─merkittävästi─käytettäväpi─verrattuna─muihin─vastaaviin─
menetelmiin─
──
Kolmas─ja─viimeinen─osa─käsittelee─ensimmäisen─selektiivisen─GTPase-activaattorin─
inhibiittorin─2,6-bis(4,5-dihydro-1H-imidatsol-2-yl)naftaleenin─(MINC1)─
uudelleensyntetisointia─ja─kahdeksan─analogin─synteesiä.─Tutkimukset─varmistivat─MNC1:n─
annosvaikutteisen─selektiivisen─MgcRacGAP:n─inhiboinnin.─Kahdeksasta─syntetisoidusta─
analogista─yksikään─ei─osoittanut─MINC1:n─verrattavissa─olevaan─aktiivisuutta,─molekyylin─
symmetrian─osoitettiin─kuitenkin─olevan─kriittinen─seikka─aktiivisuuden─kannalta.─2,6disubstituoitujen─heterosyklisten─naftaleenien─eli─analogien─ja─välituotteena─käytetyn─2,6disyano─naftaleenin─synteesissä─saavutettiin─tyydyttävä─taso─
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“I know what you’re thinking about, “
said Tweedlebum:
“but it isn’t so, nohow.”
“Contrariwise,”
continued Tweedledee.
“if it was so, it might be; and if it were so,
it would be; but as it isn’t, it ain’t.
That’s logic.”
−Lewis Carrol, Alice in the wonderland
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Tf

trifluoromethanesulfonate, triflate (CF3SO2)

THF

tetrahydrofuran

THP

tetrahydropyran2-yl

Ts

para-toluenesulfonyl (tosyl, tolSO2)

TMS

trimethylsilyl / tetramethylsilyl (internal standard used in
CDCl3)

Tr

triphenylmethyl (trityl, CPh3)

U
UV

ultraviolet

1. Introduction
Nature offers an endless source of inspiration to synthetic organic chemists. The first
synthesis of a natural product, namely urea, was carried out by Friedrich Wöhler in
1828. 1 In 1903, the Finnish chemist Gustaf Komppa published the first total synthesis
of a natural product, camphor. Still today natural products remain a great source of
inspiration for synthetic organic chemists by developing creativity in synthesis planning, forcing to develop new synthesis methods, and eventually leading to progress of
research area.
Water covers more than 70% of Earth’s surface, and so it is only logical that the number
of new molecules isolated from marine species is enormous, including structures that
have never been found on land. Interest in marine chemistry has led to the discovery of
numerous compounds with very promising biological activity. Many of these compounds inhibit different enzymes, among these compounds e.g. the calyculin family. As
a structural example, calyculin C from Discodermia calyx is shown in Figure 1. Various
studies have shown that calyculins are potent inhibitors of protein phosphatases 1 and
2A, opening up numerous possibilities for their therapeutic use.2-4
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Figure 1 Calyculin C and the sponge Discodermia calyx. 5

Synthetic organic chemists are in a pleasant position when the results of their work can
be submitted for biological evaluation. Thus, their efforts can give insight into the function of biochemical pathways and even lead to the development of new therapeutics for
diseases. To make this more efficient, the research community has built molecular libraries to empower the use of the small molecules in research. This is a standard procedure in industry, but in the academic world this kind of efficient more consistent collaboration is a more recent but yet a growing trend. Syntheses products produced in academia can be collected to libraries of compounds and provide material for high-throughput screening and thus give probes to the study of human genes, cells, and biochemical
pathways. In favourable situations this leads to new collaboration between the chemists
and the biologists.
This thesis is a combination of these two approaches: natural product synthesis of calyculin C, specifically the tetraene moiety (Chapters 2,3,4), and collaboration with biologist when the high-throughput screening produces hits such as MINC1 and leads to
further studies. (Chapters 6,7,7.3) (Figure 2)
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Figure 2 Structure of MINC1, a hit resulted from high-throughput screening strategy.

A unifying aspect between the two projects was the chemistry of nitriles. The nitrile
group is an important structural moiety, which can be found in many pharmaceutically
potent natural products and medicinal molecules. At present, more than 30 pharmaceuticals containing nitrile groups are on the market: saxagliptin (Onglyza®) for treating
diabetes, cimetidine (Tagamet®), widely used for heartburn and peptic ulcers. In 2015
two anti-cancer drugs anastrozole (Arimidex®) for the treatment of breast cancer after
surgery and bicalutamide (Casidex®) entered the WHO list of most essential drugs.
Other examples of widely used and significant nitrile containing drugs are listed on Figure 3.
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Figure 3 Selected examples of nitrile containing pharmaceuticals.

Identifying the role of the nitrile group in medicinal agents have increased the number
of nitrile containing pharmaceuticals. These two seem to go hand in hand supporting
each other and techniques such as X-ray crystallography has provided insight into small
molecule-protein interactions. Within the past decade the number of nitrile containing
pharmaceuticals has increased.
The nitrile group is chemically robust and usually not easily metabolized. In fact, in
drug development it is one of the classic strategies to stabilize the metabolically unstable
sides of the molecule. Metabolically, the nitrile group in most drugs is passed through
the body unchanged.
In addition, nitriles play a key role in synthesis as intermediates because of the ready
conversion to many other functional groups such as carboxylic acids, amides, amines,
aldehydes, and ketones but also to heterocycles such as imidazoles and tetrazoles among
others. (Figure 4)
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Figure 4 The versatile nitrile group can be prepared from different functionalities but can also
be converted to many different groups.

The use of nitriles has been limited by the potential safety problems, especially the possibility to produce lethal gaseous hydrogen cyanide (HCN). In this thesis the nitriles
were found to be key components and the thesis describes my efforts to use nitrile compounds from both method development and target oriented synthesis point of view. The
possibility to use alkenenitiles in polyene synthesis, specifically in the synthesis of calyculin tetraene moiety has been investigated. (Chapter 4) In this project the possible use
of electrophilic cyanating reagents were studied focusing on developing more stable
reagent for this purpose. (Chapter 5) Finally, the synthesis of aromatic nitriles, specifically naphthalene nitriles, and used these as key intermediates in the set of analogs designed based of high-throughput screening hit was investigated. (Chapter 6, 7) The biological activity of these molecules was further studied at FIMM and the results of these
studies are summarized at the end of this thesis. (Chapter10)
These three parts of the work are presented as three individual sections and summaries
are written at the end of each part. This decision is justified to keep the readers’ focus
on the current subject as the work progresses and to understand the conclusions made
at each step of the work. The chapter conclusions and future studies ends this thesis.
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2. Calyculins
2.1

Isolation and structure

In 1986 the Fusetani group reported the isolation and characterization of a new natural
product, calyculin A. 2 Since then, the group of calyculins and structurally related compounds has grown to include twenty one more molecules. The first calyculins (calyculins A-H 1-12, J 16,(Figure 5) were isolated from the sponge Discodermia calyx, 6 which
was collected from the gulf of Sagami, near Tokyo Bay. 3,7,8

Figure 5 Structures of calyculins A-H 1-8, Des-N-methyl calyculin 9, calyculinamides A 10, B
11, F 12, clavosines A-C 13-15, and calyculin J 16.
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Calyculins and related structures have also been found in other marine sponges, such as
Discodermia sp. from coast of Japan from where calyculins E 5 and F 6 were isolated 9
and Lamellomorpha strongylata which was collected at the Chantam Rise off the east
coast of the South Island of New Zealand and whose extraction afforded calyculinamides A 10 and B 11. 10 Later, in 1997, re-examination of D. calyx. afforded calyculinamide A 10, 8 calyculinamide F 12, 9 des-N-methyl calyculin A 9, 10 and dephosphocalyculin A 17 11. Further calyculin derivatives clavosines A-C 13-15 were isolated in
1998 from the marine sponge Myriastra clavosa. 12 In 2001, the Epipolasid sponge
Lufariella geometrica was collected at Heron Island’s Wistari Reef, Australia, and resulted in the isolation of another novel calyculin derivative, geometricin A 20. 13 Another type of so-called rump calyculines, swinhoeiamide A 21, were isolated in 2002
from the lithistid sponge Theonella swinhoei sample originated from Papua New
Guinea. 14 Finally, the latest member of calyculin derivatives were reported just in 2014
when the phosphocalyculins A 18 and C 19 were discovered. 15 These are believed to be
precursors of the end products. The structures of calyculins are presented in Figure 5 and
Figure 6.

Figure 6 Structures of dephosphonocalyculin A 17, phosphocalyculins A 18 and C 19, geometricin A 20, swinhoeiamide A 21, and hemicalyculin A 22.

The structures of calyculins vary on only a few specific areas. One cannot help questioning why, and further, which really are the natural products isolated from these
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sponges. Already in 1991, Matsunaga et al. reported the rapid interconversion of geometrical isomers calyculins A 1, B 2, E 5, and F 6 by photochemical isomerization of
the tetraene moieties. 3 Other calyculins C 3, D 4, G 7, and H 8 presumably behave in a
similar manner. Whether this isomerization takes place primarily during the isolation or
already in the sponge during the biosynthesis of the metabolite is unclear.
Recently metagenomics mining studies have suggested the biosynthetic gene cluster of
calyculin A and the sponge symbiote Candidatus ‘Enthotheonella sp.’ to be active participants in the biosynthesis of calyculins. 15 Functional analysis of the tailoring enzyme
encoded in the biosynthetic gene cluster demonstrated that the diphosphate is actually
the end product of calyculin biosynthesis. The toxicity of the diphosphate is lower than
that of calyculin A 1, which gives hints as to the potential mechanisms of activity control
of the metabolite in the organism. Also, the terminal functionality of the nascent biosynthetic product was postulated to be an amide. This proposal is also supported by the
fact that calyculins and calyculinamides have been isolated from the same marine
sponges, Discodermia calyx. and Lamellomorpha strongylata. 8,10

2.2

Biological importance
2.2.1

Protein phosphatases

The reversible phosphorylation reaction of proteins, discovered by Fischer et al. and
Krebs et al. in 1955, 16,17 is one of the fundamental processes in eukaryotic cells. The
phosphorylation level of a given protein is a balance of two enzymatic activities: protein
kinases transfer phosphate from ATP to the protein causing phosphorylation and protein
phosphatases affect the reverse dephosphorylation. It is estimated that one-third of all
cellular proteins undergo these events at any given time. Eukaryotic cells have been
estimated to possess ~575 kinase genes (2% of the human genome) and ~112 phosphatase genes. 18
The reversible phosphorylation reaction functions as a molecular switch to modulate the
protein’s conformation, activity, localization, and/or stability, and so affects the regulation of DNA replication, cell cycle progression, energy metabolism, cell differentiation
and development. 19, 20 Given the broad spectrum of physiological functions that reversible phosphorylation has a regulatory role in, it is not surprising that the imbalance of
this system plays a significant role in the development of a variety of diseases such as
cancer, diabetes, cardiac hypertrophy, and neurodegeneration. 21 Therefore, the development of drugs manipulating phosphorylation is a highly attractive drug target.
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In principle, protein kinases and phosphatases are both equally attractive targets when
aiming to manipulate phosphorylation. However, protein kinases are well studied compared to protein phosphatases. De Munter et al. summarize the reasons well from the
point of view of drug development. 21 First, compared to the active site of kinases, which
have a good pocket for a small molecule, i.e. ATP, the phosphatases lack this property,
which makes the screening or development of analogues more difficult. Second, when
the catalytic site of interest is positively charged, the screening for potential inhibitors
often results in negatively charged inhibitors. These, however, often have poor cell permeability and bioavailability. Third, the authors believe that protein phosphatases are
less specific and less tightly regulated than protein kinases, which would make them
less suitable as therapeutic targets. And fourth, the enzyme activators are considered
challenging to make. 21,22
In humans, phosphorylation occurs primarily on tyrosine (1.8%), serine (86.4%), and
threonine (11.2%) residues. 23 The majority of protein phosphatases is defined as protein
serine/threonine phosphatases (PSP). This group is divided into three subgroups:
First, the superfamily of haloacid dehalogenase (HAD). The active site requires the
presence of Mg2+ ―metal and consists of a single subunit protein. Their substrate selectivity is encoded locally near the active site and thus they are a strong candidate for
modern drug discovery methods. 22
Second, the protein phosphatase metal (PPM) superfamily contains Mg2+― or
Mn2+―dependent monomeric phosphatases that specifically dephosphorylate serine
and threonine residues. 24 With the help of modern drug discovery methods, the targeting
of well-established disease-related PPMs has reached some promising early stage results. 25,26 However, since the members of the PPM family require specific inhibitors,
more work needs to be carried out to achieve better bioavailability. 24
The third superfamily is the phosphoprotein phosphatases (PPP). This group comprises
~15 protein phosphatases, but these catalyse over 90% of all serine threonine
dephosphorylations in eukaryotic cells. The PPP enzymes function as multi-subunit
complexes in vivo and have multiple regulatory subunits. They are highly substrate specific and the specificity is determined both by catalytic and regulatory subunits. This
makes the design of inhibitors a great challenge. 21,22
Compared to the therapeutic targeting of the previous groups HAD and PPM, which
utilized rational inhibitor design and computational methods, natural products have been
identified to regulate the activity of phosphoprotein phosphatases. Therefore, natural
products give a good basis for further studies and structural inspiration when seeking
compounds that exhibit better pharmacological properties with less toxicity. 27
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Phosphoprotein phosphatases
PP1, PP2A, PP2B, and PP2C are the most widely studied phosphatases and they account
for the majority of the protein serine/threonine activity in vivo. PP1, PP2A, and PP2B
belong to the family of PPPs and their enzymatic activity is dependent upon Ca 2+/calmodulin, whereas PP2C of the PPM family is Mg2+ dependent. 28,29
Extracellular signals, such as hormones and growth factors, affect the regulatory subunits and thereby modify the substrate specificity of PP1, which is involved in glycogen
metabolism, muscle contraction, cell cycle progression, neuronal activities, and splicing
of RNA. Recently, especially PP2A has been the focus of significant interest since it
accounts for 1% of total cellular proteins and for the major portion of serine and threonine phosphatase activity in most tissues and cells. Although PP2A is involved in a great
variety of cellular processes, including cell metabolism, signalling, and cell cycle control as well as the control of telomerase activity, its specific role is less delineated. 28,29
The holoenzyme of PP2A consists of three subunits, named A, B, and C. 30 The structure
of PP2A is shown in Figure 7. 31 The catalytic subunit C is always associated with the
scaffolding subunit A, which modulates its enzymatic properties by coordinating the
protein-protein targeting to protein kinases and cytoskeletal proteins. 32 The holoenzyme
of PP1 contains also a catalytic subunit C. The C subunits of PP1 and PP2A are structurally related and share 50% amino acid identity. 33 The regulative subunit B, subdivided into B, B’, B’’, encoded by separate genes, can bind to AC with wide variety of
heteromeric complexes. It is believed that individual subunits cannot exist alone in vivo;
however, AC dimers are abundant in tissues. To date, two isoforms (α, β) of subunits A
and C have been described, and there is an ever-growing number of B-type isoforms.
The diversity and selectivity of PP2A has been linked to the coverable three dimensional
holoenzyme. 32
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Figure 7 Crystal structure of a protein phosphatase PP2A holoenzyme. The catalytic C subunit,
scaffold A subunit, and B regulatory subunit which are colored using a rainbow color gradient.
Also, the metal ions in the C subunit are colored on grey (up left) and next microcystin-LR
(structure described on chapter 2.2.2) is shown in stick representation. 34

Protein phosphatase signalling plays an important role in many human diseases. 28,35,36
Unfortunately, for a long time studies towards determining the signalling mechanism
were slowed down by the absence of PP2A crystal structure. 36 This changed in 2007
when the crystal structure was finally determined. 31 Many observations support the role
of PP2A in tumorigenesis although PP2A inhibitors can also display anti-tumour activity. 28,35,36 The mutations in the gene encoding the subunit A in human breast, lung, and
colorectal carcinomas, as well as in melanomas strengthen the notion of tumorigenesis
activity. 32,36 However, it has not been unequivocally established whether such mutations
result in the activation of an oncogenic function or rather in the inactivation of the presumed tumour suppressive role of PP2A. The exact effect of PP2As has been found
complicated since it can exert inhibiting as well as stimulating control on cell proliferation. This might indicate activity of several different PP2A complexes during these
processes. 35
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The major members of PPP family are highly concentrated in brain and are fundamental
elements of the complex signalling system controlling neuronal function. PP1 is widely
distributed in neurons and has multiple functions. Targeted inhibition of PP1 is a potential strategy for minimizing the symptoms associated with Parkinson’s disease. 36 PP2A
activity is also linked to human neurodegenerative diseases. In Alzheimer’s disease, the
activity levels of PP2A are significantly decreased. Altogether, PP2A plays a crucial
role in neuronal survival via PI 3-kinase. 33,36
Both PP1 and PP2A are involved in the mediation of insulin action on carbohydrate and
lipid metabolism. More specifically, activation of PP1 and inactivation of PP2A can
affect insulin stimulation. Type 2 diabetes mellitus is characterized by variation of insulin resistance. Therefore, molecules involved in the insulin signalling cascade are potential targets for therapeutic drug design; both PP1 and PP2A have been involved in
these studies.
PP2A signalling also regulates the transcription factors Sp1 and NK-κB, which are essential modulators of cellular gene expression and viral transcription of many human
viruses, such as HIV-1, cytomegalovirus, hepatitis B, herpes simplex type 1, EpsteinBarr virus, and papillomavirus. Recent studies also suggest that PP2A signalling participates in parasite-transmitted human diseases such as malaria. 32

2.2.2

Inhibition of phosphoprotein phosphatases PP1 and PP2A by naturally occurring toxins

As described in chapter 2.2.1, the protein phosphatases, especially PP1 and PP2A, exhibit broad and overlapping substrate specificity, with no apparent substrate consensus
sequence. Because the protein phosphatases affect other proteins and have literally hundreds of substrates, it has been challenging to describe the mode of action of these biological catalysts and their regulation. For that reason, much of the information gathered
from the functioning of protein phosphatases is based on inhibition studies. 27,33
Protein inhibitors have been used to study the mechanism of the protein phosphatase
inhibition. However, since PPP enzymes are located inside the cells, in the cytoplasm
or the nucleus, they suffer from some disadvantage typical for peptides: proteolytic degradation, poor membrane permeability, high molecular weight, potential instability, and
often unavailability in sufficient quantity. To avoid these problems, small molecule inhibitors are often used. The systematic testing of pharmacologically active or otherwise
interesting molecules with seemingly random screening assays have produced plenty of
data on their activity and led to the discovery of several phosphatase inhibitors. Several
naturally occurring molecules of wide structural diversity have been identified to either
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selectively or specifically inhibit phosphatases. Alkaloids, terpenes, oligosaccharides,
and polyketides have evolved to imitate and/or complement small areas of molecular
surfaces of protein-peptides. 33,37 These natural toxin inhibitors are also known as the
okadaic acid class inhibitors. Okadaic acid 23 was the first one of these inhibitors discovered in 1981. 38 It is a marine polyketide initially found from marine sponges Halichondria okadai and Halichondria melanodocia; it is also produced by dinoflagellates
and is the causative agent of diarrhetic seafood poisoning. To date, it is the most selective PP2A inhibitor. 36 The structure of okadaic acid is shown in Figure 8.

Figure 8 Okadaic acid 23.

Other representative polyketides from the okadaic acid class of inhibitors are shown in
Figure 9. Tautomycin 24 was isolated from Streptomyces spiroverticillatus. 39 This was

the first small molecule inhibitor to display preferential inhibition of PP1. Fostriecin 25
was isolated from Streptomyces pulveraceus and it is also a selective inhibitor displaying 40000-fold selectivity for PP2A over PP1. 40

Figure 9 Other representative polyketides from okadaic acid class inhibitors.
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Microcystin–LR 26 initially isolated from blue-green algae and nodularin-V 27, 41, 42 are
cyclic peptides isolated from marine sponge Theonella swinhoei gray are potent inhibitors of PP1 and PP2A, but poor PP2B and PP2C inhibitors. The structures of these
molecules are shown in Figure 10.

Figure 10 Representative cyclic peptides from okadaic acid class.

The terpenoid thyrsiferyl 23-acetate 28 was isolated from the red algae, Laurencia obtusa (Hudson) J.V. Lamouroux, 43 and it is a selective but not effective PP2A inhibitor.
Cantharidin 29 in turn is produced in over 1500 different species of blister beetles, for
example Mylabris spp. 33 It is a cell membrane-permeable terpenoid, and although showing only moderate inhibition towards PP1 and PP2A it is an interesting molecule because of its drastic structural dissimilarity compared to the previous molecules. Structures of these molecules are shown in Figure 11.
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Figure 11 Representative terpenoids from okadaic acid class.

As shown in the previous Figures, several different structural groups can bind to PP1
and PP2A. The inhibitors can be classified by structure but a valid choice is also classification based on PP1/PP2A selectivity. Based on different inhibition studies and
screening, a large number of structurally interesting natural products has been identified
to bind to PP1 and PP2A more or less selectively. The IC50 values of selected molecules
are collected in Table 1.

Table 1 Selected okadaic acid class PP1 and PP2A inhibitors
Name

IC50 nM a

Structural Scaffold

Properties
PP1

PP2A

calyculin A 1

Polyketide

0.4-2.0

0.25-3

calyculin C 3

Polyketide

0.6

2.8

okadaic acid 23

Polyketide

10-1300

0.02-1.0

tautomycin 24

Polyketide

1.1-7.51

10-23.1

fostriecin 25

Polyketide

0.131

3.4·10-6

microcystin-LR 26

Cyclic peptide

0.1

0.1
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Tumour pro-

Ref.

40

moter
Tumour pro-

40

moter
Tumour pro-

40

moter
Antibiotic
Antitumoric

40
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activity
40

nodularin-V 27
thyrsiferyl- 23-acetate 28

Cyclic peptide

0.5-3

0.03-1.0

Terpenoid

>1

(4-16)·10-3

40

Liver toxin
33

Natural decantharidin 29

Terpenoid

0.5-2.0·10

3

0.2·10

3

fensive toxi-

33

cant
a

The determined IC50 values are not always directly comparable from source to

source. They may vary depending on the substrate, and on the purity, concentration
and origin of the purified protein.

From this data of biological activities one can observe that okadaic acid 23, cantharidin
29, thyrsiferyl-23-acetate 28, as well as phosphate-bearing inhibitor fostriecin 25 are
selective PP2A inhibitors. Although some common structures such as spiroketal moieties can be identified, the observed PP1 and PP2A differences cannot be adequately
explained with the current structure-activity relationship data. 33 From the cyclic peptides nodularin-V 27 shows PP2A selectivity whereas microcystin-LR 26 seems to be
completely unselective.
However, the inhibition data of Table 1 indicates that calyculins A 1, C 3, and tautomycin 24 show slight PP1 selectivity. Mutagenesis and natural products studies indicate
that acidic groove residues are a key feature in the active site of PP1. 36 This could mean
that the binding region in PP2A is more hydrophobic than the one in PP1, and therefore
more accessible to hydrophobic inhibitors such as thyrsiferyl-23-acetate. The binding
sites of PP1 and PP2A and the most important interactions between the active site and
the inhibitors are discussed in the following chapter (2.2.3).

2.2.3

Crystal structure and binding

Understanding the biological behaviour of such complex molecules as calyculins has
been a real challenge. The absolute stereochemistry of the calyculins was first published
in 1991 by Shioiri et al. 44 This and the first publication of X-ray structure of PP1 in
1995 45 inspired four docking studies by Bagu et al., 46 Gauss et al., 47 Lindvall et al., 48
and Gubta et al., 40 all published in 1997. However, the first two groups, Armstrong and
Holmes, used the incorrect enantiomer of crystal structure. Their initial idea was that
the binding of the toxins would not change the structure significantly. 3 This seems to
be possible for cyclic microcystines and nodularins; however, with open chain molecules such as calyculins, this approach is different. 48
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The X-ray structures of calyculin A 1, okadaic acid 23, and dihydromicrocystin-LA
(close structural relative of microcystin-LR 26) bound to the active site of PP1 are
shown in Figure 12.49-51 This figure shows that okadaic acid 23 (orange) adopts a similar
conformation than dihydromicrocystin-LA (blue), by folding back on itself, forming a
pseudocycle via intramolecular hydrogen bonding, 51 whereas calyculin A 1 (red) opens
and binds to the acidic groove.

Figure 12 The crystallographic structures of PP1c bound to calyculn A 1 (red) okadaic acid 23
(orange), and dihydromicrocystin-LA (blue). Dashed line represents the Y-shaped active site.
(Acidic groove up right and hydrophobic groove down)

The structure-activity relationships (SARs) of naturally occurring toxins to protein
phosphatase 1 and 2A have aroused interest in several research groups. In 1993, Quinn
et al. published a pharmacophore model for the binding of okadaic acid 23, calyculin A
1 and microcystin LR 26 to PP1. 4 Competitive binding assays with 23, 1, 26 and tautomycin 24 suggested that these toxins share at least a common binding site. 52 Calyculins
as well as other inhibitors have been targets of continuous study and several binding
models have been proposed.49,53-55
Summarizing current knowledge of calyculin SARs the following proposition can be
made: the phosphate, the hydroxyl C13, and the hydrophobic polyketide tail are the essential functionalities responsible/required for the inhibitory action. The dipeptide portion seems to be less important in the interaction with enzymes. 55,49 However, compared
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to calyculin A 1, dephosphonocalyculin A 17 inhibits PP1 with an almost equal potency.
8

This could indicate that the phosphate group is less important for the binding, however;

it still can have a role in the folding of the molecule for example when passing membranes.
It should be noted that the published models are still speculative. The prediction of enzyme-inhibitor interaction is challenging because there are so many parameters affecting the system. Site-directed mutagenesis studies and SAR data for serine/threonine
protein phosphatases are useful but the interpretation of the results can be difficult. Even
the models of most simple enzymes contain so wide range of contacts that the interpretation is difficult. Calyculin fragments would give a useful addition to PP1, PP2A binding and SAR studies. In future, design of more simple and selective inhibitors would
also be possible.
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3. Synthetic approaches towards calyculins
The structurally interesting and challenging calyculins have drawn a great amount of
attention and resources to develop their total syntheses. The first total synthesis of entcalyculin A 1 was published by Evans et al. in 1992. 56 Two years later, Masamune et
al. published the first total synthesis of the natural enantiomer of 1. 57 In 1996, the Shioiri
group published a formal total synthesis of 1. 58 Total synthesis of ent-calyculin A 1 and
B 2 by Smith et al. 59, and calyculin C 3 by the Armstrong group were published in 1998.
60

The latest total synthesis of ent-calyculin A 1 was published by Barrett et al. in 2001.
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The Koskinen group has researched the synthesis of individual fragments of calyculin

C 3. 62-71 The total syntheses of calyculins have been reviewed by Jacobs and Kitching
in 1998, 72 and by Koskinen et al. in 2010. 73 In these articles the retrosynthetic analyses,
as well as the preparation of individual fragments, and the final assembly of the fragments are discussed. The following chapter describes an overall retrosynthetic analysis
and the synthesis of the fragment of interest in this work, the tetraene C1-C8 as well as
its assembly to rest of the molecule.

3.1

Retrosynthetic analysis

The retrosynthetic analysis of the calyculin skeleton divides it into three fragments: the
C1-C8 tetraene subunit, the C9-C25 dipropionate spiroketal subunit, and the C26-C37
amino acid oxazole subunit (Scheme 1). Further, the C26-C37 amino acid oxazole subunit
is divided into two subunits: the amino acid C33-C37 subunit and the oxazole C26-C32
subunit.
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Scheme 1 Retrosynthetic analysis of the calyculin skeleton (X, Y and Z denote the functional groups suitable for coupling).

3.2

Syntheses of C1-C8 tetraene fragment

For the synthesis of this fragment, a number of name reactions can be highlighted (Figure
13): Horner- Wadsworth- Emmons (HWE), Peterson olefination, Stille coupling, and

the related Negishi and Suzuki couplings, the latter three being the hot topic of the
1990’s. The professors Negishi and Suzuki were rewarded the Nobel Prize in Chemistry
in 2010. Thus, the corresponding syntheses the tetraene fragment are reflections of their
time.
Evans and co-workers were the first to report that the HWE reaction to couple the entire
tetraene is not possible due to the unstable cyano group and the tetraene’s tendency to
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isomerize. 56 The use of sp2-sp2 coupling methods such as the Stille coupling is notably
tempting since the double bond geometries of the starting materials are completely retained in the reaction.

Figure 13 Strategic disconnections of C1-C9 fragment.

Based on the disconnections of the building blocks, the retrosynthetic analysis of the
tetraene can be divided into three approaches (Figure 13). Smith’s group chose to disconnect at positions a and d which gives nitrile 30 and phosphate 31, 59 whereas Evans’
and Armstrong’s target was to create vinyl iodide 32 and phosphate 33 via b and d disconnections. 56,60 Finally, Masamune and Barrett chose c and d disconnections involving
intermediates 34 and 35. 57 Compared to the other groups, Shiori et al. used a different
disconnection to couple the tetraene to the rest of the molecule. 74 Although this was not
used in the published total synthesis, it was discussed by the authors. The strategic coupling fragments are described in Figure 14.
In addition, a few other approaches and ideas for the synthesis of this fragment have
been published. For example, in 2009 Negishi et al. proposed that propyne bromoboration and tandem Pd-catalyzed cross coupling could be used in the synthesis of the C1C8 fragment. 75
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Figure 14 Strategic coupling fragments.

Evans 56
Evans’ synthesis of phosphonate diene 33 began with vinyl stannane 36 which was prepared by reduction of methyl (E)-3-(tributylstannyl)-2-propionate (Scheme 2). Swern
oxidation followed by HWE reaction gave diene ester 37 as a 19:1 E/Z mixture. Reduction of the ester furnished the corresponding alcohol, which was then converted to the
phosphonate 38 by the Michaelis-Becker method. Finally, methylation of 38 completed
the synthesis of the target phosphonate 33.

Scheme 2 Preparation of phosphonate 33 according to Evans et al.
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The preparation of the C1-C25 fragment was finished via HWE reaction between aldehyde ent-39 and stannyl phosphonate 33 which afforded the corresponding stannyl triene as a 7:1 E/Z mixture (Scheme 3). Stille coupling of the triene with vinyl iodide 32
gave the tetraene ent-40.

Scheme 3 Preparation of tetraene fragment by Evans et al.

Masamune 57
The fact that tributylstannyl moieties can easily be converted to the corresponding iodides was utilized in the synthesis of the tetraene fragment by Masamune via fragments
34 and 35. However, the synthesis of 34 has not been published and the preparation
described here has been found in the Ph.D. thesis of S. A. Filla. 76 Addition of the Lipschutz higher order cuprate Bu3Sn(Bu)Cu(CN)Li2 to ethyl butynoate 41 occurred regioselectively to furnish the (Z)-enoate 42 in good yield (Scheme 4). Treatment of 42 with
the Weinreb reagent produced nitrile 43. Tin-iodide exchange gave vinyl iodide 32
whose Stille coupling with trans-1,2-bis(tri-n-butylstannyl)ethylene 44 produced the
expected stannane 34 in a modest 40% yield.

Scheme 4 Preparation of stannane 34 according to Masamune et al.
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The protected 3-butyl-2-ol 45 was reacted with methylcopper (I) reagent followed by
iodination to give vinyl iodine 46 (Scheme 5). This was converted to phosphonate 47
by an Arbuzov reaction and subsequent tin-iodine exchange with CuSnBu3 yielded 35.
The last step appeared to be the weakest link in this part, lowering the overall yield of
fragment C7-C8. HWE reaction between phosphonate 35 and aldehyde 48 followed by
tin/iodine exchange gave almost exclusively the E,E-isomer. 76 Stille coupling with stannane 34 then furnished compound 49 and completed the tetraene. Finally, the removal
of protective groups with HF completed the first total synthesis of natural calyculin A
1.

Scheme 5 Preparation of phosphonate 35 and finishing of tetraene fragment by Masamune et al.

Shioiri 74
The Shioiri group’s strategy was to introduce the whole tetraene unit, namely the C1C12 segment, as a single moiety to the rest of the target molecule. The key step was
stannyl cupration of alkyne 50, affording the stannyl derivative 51 in 87% yield. Further
conversion of the alcohol to the corresponding nitrile generated 34 (Scheme 6).
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Scheme 6 Preparation of stannane 34 according to Shioiri et al.

The synthesis of the other coupling partner began with alcohol 52 which was readily
available from L-(+)-tartrate (Scheme 7). Parikh-Doering oxidation and subsequent
HWE reaction were followed by conversion of the acetonide to the bis-TBS ether derivative 53. Weinreb amide formation and reaction with methyl magnesium bromide
furnished methyl ketone 57, which was converted to (E)-vinyl iodine 54 by use of the
Takai and Utimoto’s chromium reagent. 77 Selective deprotection of the primary TBS
group was followed by conversion of the resulting alcohol to the corresponding methyl
ketone 56. Finally, Stille coupling of vinyl iodide 56 with stannane 54 produced tetraene
57.
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Scheme 7 Preparation of tetraene 57 by Shioiri et al.

Shioiri’s group has also published another strategy for the synthesis of this subunit;
however, this method has not been used in the formal total synthesis. The assembly of
tetraene fragment was reported to follow Masamune’s procedure. 58

Smith 59,78
Smith et al. started by synthesizing the iodophosphonate 59 in two steps from allylic
alcohol 58 (Scheme 8). This was followed by a two stage one-pot three component coupling. The first part, Negishi coupling of the organozinc compound 61 with bromoboronate 60 was followed by Suzuki coupling with iodide 59 affording phosphonate 62 in
64% yield. Finally, methylation of 62 furnished 31.
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Scheme 8 Preparation of phosphonate 31 by Smith et al.

Aldehyde 63 was olefinated via HWE reaction with phosphonate 31 to give methyl ketone after acidic treatment, in excellent 92% yield and 15:1 E:Z ratio (Scheme 9). Peterson olefination then furnished 64 a 1.7:1 mixture of the E and Z isomers, which corresponds to protected ent-calyculin A and ent-calyculin B, respectively. Synthesis was
finished with chromatographic separation, with final HF treatment producing ent-calyculin A 1 in 69% yield and ent-calyculin B 2 in 84% yield.

Scheme 9 Finishing the tetraen by Smith et al.

Armstrong 60,79
Armstrong’s synthesis of the tetraene fragment also began with the iodo alcohol 58 and
proceeded successfully using classical transformations until phosphonate 31 (Scheme
10). However, they were not able to reproduce coupling of 31 with the spiroketal moiety
previously reported by Masamune et al. (Scheme 5) For this reason, the authors decided
to convert 31 to diene 33. Unfortunately, this transformation gave a low yield of 33%
over two steps, thus lowering the overall yield.
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Scheme 10 Preparation of phosphonate 33 by Armstrong et al.

The final stages of the synthesis followed Evans’ example (Scheme 3). Fragment 39
was converted to the tetraene 40. (Scheme 11)

Scheme 11 Finishing tetraene by Armstrong et al.

Barrett 61,80
For the preparation of stannane 34, Barrett et al. used a strategy similar in every aspect
to the one presented earlier by Masamune; however, as mentioned before, Masamune’s
results were published only in the PhD thesis of S. A. Filla. 76 Conjugate addition of
tributylstannyl cuprate to ethyl butynoate 41 gave (Z)-enoate 42 (Scheme 12). Conversion of ethyl ester of 42 to the corresponding nitrile 43 was achieved via the amide in
two steps. Metal-halogen exchange furnished vinyl iodide 32 and Stille coupling with
44 were the lasts steps for the preparation of 34.
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Scheme 12 Preparation of stannane 34 according to Barrett et al.

The key idea of the synthesis of the C6-C13 fragment was to construct the vinyl iodide
71 via methyl zirconation–iodonolysis of alkyne 70 using Negishi’s procedure (Scheme
13). The synthesis started with commercially available (S)-Roche ester (methyl (S)-3hydroxy-2-methylpropanoate) 66 which was efficiently converted to homoallylic alcohol 68 by Brown’s homologation with (–)-67, setting the stereochemistry at C11 and C12
with excellent diastereomeric excess (>96%). Further standard steps led to ester 69,
which was then reduced to aldehyde and homologated to the corresponding alkyne 70
using the Corey-Fuchs protocol. Methylzirconation-iodinolysis of 70 furnishing the corresponding vinyl iodide and final formation of the methyl ketone at C13 were the final
steps for the preparation of 71.
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Scheme 13 Synthesis of vinyl iodide 71 by Barrett et al.

Aldol reaction between methyl ketone 71 and aldehyde 72 gave β-hydroxyketone 73 in
a diastereoselective manner, unfortunately establishing the wrong stereochemistry at C15
(Scheme 14). LiAlH4 reduction at C13 furnished the corresponding diol in 73% yield,
together with its C13-epimer in 15% yield. Selective monosilylation at C13 was followed
by inversion of stereochemistry at C15 by successive Dess-Martin oxidation and
DIBAL-H reduction. O-Methylation at C15, PMB-removal at C17, and final Stille coupling with stannane 34 finished the synthesis of Evans’ intermediate 75.
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Scheme 14 Finishing the tetraene by Barrett et al.

Koskinen 64
Koskinen et al. reported a short and efficient synthesis of alcohol 78, which was
used by Evans for the preparation of phosphonate 33 (Scheme 15). Sequential
treatment of distannyl compound 44 with n-BuLi and ZnCl2, followed by Pdcatalyzed Negishi coupling with bromoester 76, furnished diene 77 in 95% yield.
Reduction with DIBAL-H afforded the alcohol 78. The phosphonate 33 was then
obtained via bromination, Michaelis-Becker reaction and a final methylation step
by following Evans’ procedure. 56
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Scheme 15 Preparation of 33 by Koskinen et al.

Overview of the syntheses
Altogether six total or formal syntheses of calyculins have been published. These syntheses can be divided into three groups: Masamune and Armstrong have described the
total synthesis of natural calyculins A 1 and C 3, respectively. Evans and Smith have
completed the total synthesis of the enantiomer of naturally occurring calyculin A 1 and
B 2, respectively. Shioiri and Barrett have published highly advanced intermediates,
previously prepared by Masamune and Evans respectively and therefore accomplished
formal synthesis of natural and non-natural calyculin A 1.
Even if the basic retrosynthetic analysis appeared to be quite similar in the different
synthesis, the different points of views and methods makes the comparison challenging.
The overall yields and number of steps of the different syntheses are compiled in Table
2.
Table 2 Overview of the total synthesis.

Group
Evans

Target

Pub.

Number

year

of steps a yield (%) a

ent-Calyculin A 1992

Overall

Number

Overall

of steps b

yield (%) b

33

0.54

36

-

Masamune Calyculin A

1994

43

0.31

45

0.18

Shioiri

Calyculin A

1996

32

0.092

32

0.092

Smith

ent-Calyculin A 1998

35

0.89

37

0.79

30

0.018

30

0.018

Armstrong Calyculin C

1998

50

Barrett
aLongest

ent-Calyculin A 2001

34

0.9

34

0.9

linear sequence based on the reported starting materials. bLongest linear sequence based

on commercially available starting materials.

Each of these syntheses resulted from extensive efforts and has to be considered as highlevel work. As discussed earlier, the structure of calyculins makes the total synthesis
very demanding in every aspect; every fragment has its own features and intrinsic challenges. Of course, theses syntheses are not perfect and some drawbacks could be noted,
like a C13-stereochemistry inversion for Evans, a low-yielding iodine-tin exchange for
Masamune, protecting groups exchange for Shioiri, low selectivity in the final Peterson
olefination for Smith (which fortunately led to the formation of ent-calyculin B), stereochemistry inversions and poor selectivity in the second Brown crotylation for Armstrong or a C15-stereochemistry inversion for Barrett. Total synthesis of this complex
molecule is truly challenging, it requires ability to be far-sighted so that one can navigate
on this path circumventing the problems still far ahead. And even after that it demands
tremendous efforts, practical hands-on work, repeat, trial and error. All these syntheses
were performed before 2000 and all the new tools that have appeared in the last decade
for stereoselective transformations were not available. For all these reasons, these total
syntheses of the structurally much elaborated calyculins deserve the highest respect
from the synthetic community.
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4. Synthesis of calyculin tetraene fragment
4.1

Introduction

When I began my work on the calyculin C project, it was no longer a new molecule
from a synthetic point of view. Calyculin A 1, B 2 or C 3 had already been synthesized
by five other groups (Chapter 3). Because of this the aim of a new synthesis must be
different. The absolute structure has been determined and several challenges have been
overcome, yet many still lie ahead. It has been proven that it is possible to synthesize
calyculins in the first place. Each synthesis following this should take one step further
and give additional value to the total synthesis of the molecule.
What is then the reason to exert all the effort toward this synthesis? In general, the aim
was to synthesize quantities of calyculin C 3 so that the value of the molecule is not in
only how to make it, in the methods developed on the way to achieve the absolute goal,
but rather in what new knowledge the molecule can yield when it is synthesized.

4.2

The starting point and retrosynthetic analysis

At the beginning the target fragment was set to be the tetraene C1-C8. In this chapter two
different approaches towards the tetraene fragment are described. The disconnection of
the tetraene fragment from the polyketide fragment had been previously assigned in the
calyculin project to take place between C8-C9. The second retrosynthetic disconnection
is then placed to C4-C5. (Scheme 16) The calyculin tetraene has been studied in
Koskinen group before, and thus the starting point of this work was a continuation of
those preceding studies.
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Scheme 16 The first tetraene retrosynthesis using the HWE approach.
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4.3

The Horner-Wadsworth-Emmons approach

The first approach, like in all the published total syntheses, was chosen to be the HornerWadsworth-Emmons reaction. For this purpose, phosphate 31 was synthesized. The
synthesis began with stannyl cupration of TBS-protected propargyl alcohol 82, 81, 82 followed by deprotection to afford alcohol 84. This was then mesylated, phosphonated,
and finally methylated to give phosphonate 31 with good to passable yields, and in an
overall yield of 16% over five steps.

Scheme 17 Synthesis of phosphonate 31.

For the coupling of phosphonate 31 with the spiroketal fragment, previous total syntheses were studied carefully; however, the results were somewhat inconsistent. Masamune
et al. 57 had reported successful results (Scheme 5) whereas Armstrong et al. 79 had failed
in this reaction despite testing myriad of reaction conditions, and eventually changed
their approach because of this. Although this raised doubts, I still wished to study this
coupling.
To mimic the complex coupling partner a more simple model molecule 88 was designed
to mimic the local functionality with the respect to the C9-aldehyde. The model compound 88 was synthesised from commercial 3-phenylpropanal using Brown allylboration 83 followed by protection of the alcohol to afford 87, and finally oxidation of alkene
to aldehyde 88. The synthesis of this model compound is described in Scheme 18.

55

Scheme 18 Synthesis of model coupling partner 88.

For the coupling of phosphate 31 and aldehyde 88 four different conditions, described
in Table 3, were applied. From these only n-BuLi showed some progress, however;
only trace amounts of product were obtained. Based on the varying results discussed
above, no further studies were carried out.
Table 3 Coupling of phosphonate 31 and aldehyde 88.

Entry

Conditions

Solvent

Yield (%)

1

n-BuLi (124 mol %), I2 (150 mol%)

THF /DMF (4:1)

traces

2

PhLi (130 mol %), I2 (150 mol %)

THF/DMF (4:1)

Nd

3

KHMDS (120 mol %), I2 (150 mol %) THF

Nd

4

NaH (120 mol %), I2 (150 mol %)

Nd

THF

Based on literature, the corresponding C4-C8 dienephosphonate 31 might be more prone
to the HWE coupling. This approach was considered and although the stannyl cupration
(Scheme 17) is an efficient reaction, it was decided to be abandoned due to the toxicity
of tri-butyltin, and because during each reaction step in the sequence, especially during
purifications it was partially cleaved off, although neutralised silica gel was used. This
caused an unnecessary safety hazard and loss of product. Also, the yields decreased
dramatically when scaling up the sequence.
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4.4

The Julia-Kociénski approach

Bearing in mind the goals set above in chapter 4.1, it was decided to study the possibility
to keep the tetraene synthesis flexible so it would be possible to synthesize all the different tetraene fragments and thus have full control of the olefin configuration during
the synthesis. Figure 15 shows the structures of all calyculin tetraenes, the differences
between these molecules lie in the geometry of the double bonds: C2-C3 and C6-C7, and
are highlighted in the pictures.

Figure 15 Tetraene structures (R = C10-C37 rest of the calyculin molecule. For the structure of
whole calyculins see Figure 5).

When reviewing the retrosynthesis, the disconnections were kept at the same positions
as before: C4-C5 and C8-C9. One can easily see that retrosynthetic fragments 91 and 92
illustrated in Scheme 19 are very similar, differing from each other mainly in the double
bond geometry. In the planning stage it was then logical to look for a synthesis where
these geometries could be controlled forming either the E- or Z-alkene. Because of this,
acetylides 93a-b were chosen as the starting materials. In the following chapters, the
work towards the 91 and 92 is presented and discussed.

Scheme 19 Retrosynthetic analysis for the Julia-Kociénski approach.
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4.4.1

Synthesis of E-alkene fragment 92

The synthesis of the fragment 92 was begun by studying the cyanation of protected 3buty-2-ols. For this reaction phenyl cyanate, which was first introduced by Zweifel et
al. (Scheme 20), was used. 84 Phenyl cyanate was prepared by treating phenol with BrCN
and trapping the liberated hydrogen bromide with TEA. Product was purified by distillation and stored at –18oC for limited periods. The cyanation of alkynes 94-96 proceeded
smoothly, giving correspoding nitriles 97-99 in good yield described in Scheme 20.

Scheme 20 Synthesis of alkyne nitriles 97-99 by using PhOCN.

Next, I searched conditions for deprotecting the secondary alcohol. However, good reproducible deprotecting conditions were difficult to find. The deprotection of 99 with
BF∙OEt2 and anisole in CH2Cl2 gave promising results but was not scalable. Also, phenyl cyanate, although being an efficient reagent, was found to be unstable during storage
in cold and tedious to purify. Because of these two drawbacks, the protective group was
first changed and the cyanation reagent was then modified to obtain a more stable reagent.
Table 4 Deprotection of 97-99.

Entry

Pg

Conditions

Yield (%)

1

THP

TsOH, MeOH

Nd

2

THP

PPTS, THF

Nd

3

TBS

HF∙pyr, THF

Decomp.

4

TBS

TBAF, THF

Decomp.

5

Tr

BF3·OEt, anisole, CH2Cl2
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6

Tr

Et3SiH, TESOTf cat., CH2Cl2

Traces

7

Tr

Formic acid, Et2O

Decomp.

For this purpose, a new cyanating reagent, 4-cyanato-1,1'-biphenyl 101, was developed.
The properties and advantages of this method as well as the optimization of the reaction
are discussed more closely in Chapter 5.

Figure 16 4-Cyanato-1,1'-biphenyl 101.

The synthesis continued by exchanging the protective group from trityl to a more easily
removable DMTr 103. 85 Cyanation followed by deprotection of the alcohol affording
the γ-hydroxyalkynenitrile 100 described in Scheme 21.

Scheme 21 Synthesis of the intermediate 100.

For the deprotection of alkynenitrile 104 several conditions were screened before finding suitable and well reproducible conditions. (Table 5) The common acidic conditions
(entries 1 and 4) did not give satisfying results. It is possible that the alcohol reacts back
with the dimethoxy trityl cation, thus lowering the yield. In order to avoid this anisole
was added as a cation scavenger (entries 3, 5, 6), but without success. Finally, TESOTf
catalysed reductive cleavage under neutral conditions replaced the DMTr with TESgroup, which was then cleaved under mildly acidic workup to afford γ-hydroxyalkynenitrile 100. 86 In this reaction 80% of DMTrH was recovered. It would be possible to
recycle this by first oxidizing and then halogenating it back to DMTrCl.
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Table 5 Deprotection of 104.

Entry

Conditions

Yield (%)

1

TsOH·H2O, THF

Nd

2

CeCl3·7H2O, NaI, MeCN

Decomp.

3

BF3·OEt, anisole, CH2Cl2

60

4

HOAc, 80%, THF

Partial conv.

5

HOAc, 80%, anisole, THF

Partial conv.

6

Amberlyst-15, anisole, CH2Cl2

Nd

7

Thiosalisylic acid, CH2Cl2

Nd

8

Et3SiH, TESOTf cat., CH2Cl2

76%

The key reaction in the synthesis of fragment 92 was the chelation-controlled conjugate
addition to achieve the alkenenitrile 108.

87,88

The reaction proceeds as follows: t-

BuMgCl deprotonates γ-hydroxyalkynenitrile 104 forming the chloromagnesium alkoxide 105 followed by halogen-alkyl exchange to give alkylmagnesium alkoxide 106. The
methyl group then undergoes conjugate addition driven by activation of the nitrile by
MgCl2, giving the magnesium alkenenitrile which will then chelate to 107. Protonation
then generates the γ-hydroxyalkenenitrile 108 with the retention of stereochemistry. The
free hydroxyl group is essential for the reaction and control of the stereochemistry. Under the same conditions the γ-hydroxyalkynemethyl ester did not give the corresponding
γ-hydroxyalkenemethyl ester.
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Scheme 22 Chelation-controlled conjugate addition to alkenenitrile 108 and the presumed
mechanism.

The γ-hydroxyalkenenitrile 108 was transformed to sulfide 109 with the Mitsunobu reaction. (Scheme 23) In this reaction the commonly used DEAD gave only a partial
conversion, but with the more stable DIAD a good yield was achieved. In the JuliaKociénski olefination the heterocyclic activators providing the best levels of stereoselectivity are benzothiazol-2-yl (BT) and 1-phenyl-1H-tetrazole-5-thiol (PT). Of these
the latter’s sulfone anion is less prone to self-condensation and was therefore used here.
89

The Mitsunobu reaction cannot really be described as an atom economical reaction and
the product also usually requires careful purification. To avoid this γ-hydroxyalkenenitrile 108 was first tosylated to 111 and then treated with PT-SH to afford sulfide 109.
However, instead of TsCl the reaction required the use of Ts2O to proceed and thus the
advantages are diminished. Under these circumstances, the smoothly proceeding
Mitsunobu reaction was then deemed to be the better alternative.
Oxidation of sulfide 109 was first carried out with mCPBA, however; the yield stayed
low and the product was also a mixture of the corresponding sulfoxide together with the
sulfone 110. Ammonium heptamolybdate together with H2O2 in turn gave the product
with a good yield finishing the synthesis of this fragment. Sulfone 110 was synthesised
with in five steps and 38% overall yield.
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Scheme 23 The synthesis of sulfide 109 and sulfone 110.

4.4.2

Coupling of fragments 110 and 89

With the described sulfone 110 in hand, coupling studies designed to model the proposed C8-C9 double bond formation were undertaken. The classical Julia olefination,
also known as Julia-Lythgoe olefination, was introduced over forty years ago. 90, 91 This
reaction is generally highly stereoselective and favours the formation of the E-alkene.
However, it requires the use of the highly poisonous mercury amalgam to complete the
reaction. To avoid this Julia et al. have modified the reaction by replacing the phenyl
sulfones with heteroaryl sulfones; however, this leads to decreased control of stereoselectivity. 89
Kociénski et al. have conducted a systematic study of reactions between PT- and BTsulfones with selected aldehydes and compared the effect of different bases and solvents. 89 This study outlined the guidelines for the control of the E/Z-selectivity. In general BT is less sensitive for changes in base counterion whereas with PT the E/Z ratio
increases in the series Li<Na<K. However, BT suffers from other shortcomings discussed in chapter 4.4.1. The E-selectivity also increases together with the polarity and
coordinating ability of the solvent in the following order: PhMe<Et2O<THF<DME. The
literature, for example the review by Blakemore, shows that various conditions have
been applied to achieve the best selectivity and yield. 92 Still, the generally accepted
common condition is KHMDS as a base and as a solvent THF, also the use of DMF is
very common. Recently, the possibility to enhance the E-selectivity was re-examined
and the mechanism proposed is described in Scheme 24. 93
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Scheme 24 The proposed mechanism of Julia-Kociénski reaction.

Since sulfone 110 is α-disubstituted the reaction was postulated to proceed via both
possible transition states potentially leading to the mixture of E- and Z-isomers. The
conditions used in attempted coupling of sulfone 110 and aldehyde 89 are presented in
Table 6. Although we knew the disadvantages of the α-disubstituted sulphone 110, as it

often produces mixture of E- and Z- isomers, it was a surprise that the reaction did not
proceed at all. The three presumably most reactive bases were used (entries 1, 3, 4),
either with THF of DMF. Additional selective metal-cation chelating agent, such as 12crown-4, can create a naked sulfonyl, which can be a more selective and reactive intermediate. 93 However, this did not proceed as hoped. (entries 3 and 6)
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Table 6 Coupling attempt of sulfonyl 110 with the model aldehyde 89

Entry

a

Conditions

Solvent

Yield (%)

1

KHMDS (120 mol %)

THF

Nd.

2

LiHMDS (120 mol %)

THF

Nd

3

LiHMDS (120 mol-%), 12-crown-4 (200 mol %)

THF

Nd

4

LDA (110 mol %)

THF

Nda

5

LiHMDS (120 mol %)

DMF

Nd

6

LiHMDS (120 mol %), 12-crown-4 (200 mol %)

DMF

Nd

~27% of elimination product from aldehyde 112 when reaction was allowed to warm to rt.

Figure 17 Elimination product 112, the 1H and 13C NMR data identical respects to those previously reported. 94

4.4.3

Synthesis of Z-alkene fragment 91

Parallel with the synthesis of fragment 92 the synthesis of fragment 91 also began with
the cyanation of terminal alkynes 113 and 114 with phenyl cyanate. 84 88 The results are
summarised in Scheme 25. For the same reasons discussed in the chapter 4.4.1 the
source of +CN was changed.

Scheme 25 Cyanation of 113 and 114 with phenyl cyanate.
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Compared to the phenyl cyanate, 101 gave somewhat lower yields in small scale but
was more convenient to scale up and considered a preferable choice also due to safety
aspects. The results of cyanation of the selected protected propargylic alcohols 114, 117,
and 84 with 101 are summarised in Scheme 26 (upper row). During our studies Okamoto
et al. published an interesting study on copper catalysed cyanation with cyanogen iodide. 95 Although this study used primarily aliphatic alkynes, the idea was fresh. To
avoid the unwanted allene formation, considerably more common with primary alcohol
than with the secondary one used previously, this methodology was applied together
with a bulky silyl protection. Indeed, with this method no allene-related decomposition
of material was observed, but instead a mixture of starting material 120, the iodinated
intermediate 121, and product 122 were obtained in a low yield. (Scheme 26, lower row)
All this required several sequential purifications making the procedure uneconomic.

Scheme 26 Cyanation of 114, 117, and 84 with 101. (upper row) Also the alternative cyantion
method using ICN. (lower row)

With a workable synthesis and a variety of intermediates in hand I continued the synthesis to the next step. The classic carbocupration with CuI and MeLi afforded Z-alkene
products with excellent to passable yields. (Scheme 27) In contradistinction to Chapter
4.4.1, Scheme 22, where the free alcohol promoted the formation of E-alkene, here the
protection of the alcohol was essential for the formation of Z-alkene. However, only
THP-protected afforded solely the Z-product 123. Also interesting was the significantly
higher portion of E-isomer when Tr was used as protective group, and the yield remained the lowest in this case then.
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Scheme 27 Synthesis of Z-alkenes 123-126. E/Z- ration was determined by 1H NMR.

Deprotection of these alkenenitriles was known to be challenging, but not presumed to
be impossible; indeed, it was a challenge that was not overcome during these studies.
The conditions tested for deprotecting the alcohol are described in Table 7.
Table 7 Deprotection attempts of γ-hydroxyalkenenitriles 123-126.

Entry
1

a

Pg

Conditions

Yield

123 THP

Amberlyst

Nd

123 THP

BF∙OEt2, anisole, CH2Cl2

Full conv.a

2

124 Tr

BF∙OEt2, anisole, CH2Cl2

Decomp.

3

124 Tr

Amberlyst-15H, MeOH/

Partial conversion, de-

CH2Cl2 1:1

comp in workup

4

125 DMTr

5

125 DMTr

6

125 DMTr

7

126 TBDPS

TBAF, CH2 Cl2

8

126 TBDPS

HCl, MeOH

Et3SiH, TESOTf, CH2Cl2

Decomposed when
concentrated.

Amberlyst-15H MeOH/

Partial conversion, de-

CH2Cl2 1:1

comp in workup

Amberlyst-15H MeOH 200

Partial conversion, de-

mol %, CH2Cl2

comp in workup
Decomp during the reaction
Decomp during the reaction

Product visibly decomposes when concentrated
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4.5

Summary

The object of this work was to synthesize calyculin Z,E,E,E-tetetraene moiety and two
different approaches were studied. First, the coupling fragment 31 was synthesised with
five steps and 16% overall yield, this being shorter and giving better overall yield than
previously reported syntheses. 57, 60, 76, 79 Second, the coupling fragment 110 was synthesised five steps and 38% overall yield. However, neither of these fragments was successfully coupled with the model coupling partner 88. This was naturally a disappointment. However, hopefully either of these fragments could be applied in alkene/polyene
synthesis of other natural or unnatural products.

67

5. Synthesis of alkynenitriles– nucleophilic cyanations

This chapter describes in more detail the nucleophilic cyanation of terminal alkynes
introduced in Chapter 4.4. Introduction of a nitrile group via carbon-carbon bond forming reactions is a fundamental process in organic synthesis. Direct acetylenic cyanation
of an sp carbon appears to be a simple method to give alkyne nitriles. However, literature provides only a few practical methods for cyanation of acetylides. Nitriles can also
be prepared by nucleophilic attack of cyanide ion (-CN) to electrophilic carbon. Common nucleophilic cyanating reagents are for example metallic CuCN and NaCN. These
are common choices and widely used but the formation of equimolar amounts of metallic waste in the synthesis is a major disadvantage. In addition, the possibility of forming
toxic hydrogen cyanide is higher.
Nitriles can also be formed by using electrophilic cyanating reagents. Cyanogen chloride is an effective cyanating reagent but due to its high toxicity it is generally avoided.
Also, cyanogen bromide is an effective source of cyanide for copper acetylides, but with
common alkyllithiums it acts as a source of electrophilic bromine. Phenyl cyanate, 84 ptoluenesulfonyl cyanide, 96 1-cyanobenzotriazole, 97 and 1-cyanoimidazole 98 are a group
of electrophilic cyanating reagents. However, their use has been limited, and only phenyl cyanate and p-toluene sulfonyl cyanide have been used to cyanate nonaromatic substrates, specifically acetylides (Scheme 28).
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Scheme 28 Common electrophilic cyanting reagents.

During our studies towards calyculin tetraene fragment phenyl cyanate was used for
cyanating protected propargyl alcohols. The results of these studies were described in
chapter 4.4.1 and collected to the Scheme 20. However, a more easily usable method
and specifically a more stable cyanating reagent was needed to maximise the safety
without compromising the efficiency. For this purpose, 4-cyanato-1,1’-biphenyl 101
was synthesized. The molecule was described first in 1963 but only now used for cyanation for the first time. 99 The preparation itself was simple starting from 1,1'-biphenyl4-ol and treating it with cyanogen bromide and trapping the hydrogen bromide with
triethylamine. The product was crystalline, pure as such and could be stored at room
temperature without decomposition. The X-ray crystallographic structure of the molecule is shown in Figure 18.

Scheme 29 Synthesis of 4-cyanato-1,1'-biphenyl 101.

Figure 18 Crystal structure of 4-cyanato-1,1'-biphenyl 101.

With this simple molecule in hand, the reaction was optimized and the substrate scope
was briefly studied to cover the propargylic, homo-propargylic, and aliphatic alkynes
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as well as the tolerance of a variety of alcohol protecting groups. The usability/utility of
this method was further studied in the Koskinen group to cover other nucleophiles.
These results will be published in due course.

Substrate scope and optimisation
Terminal alkynes with the relative pKa 25 in water are known to be deprotonated rapidly
by carbanions and metallated amines but also by alkalimetal alkoxides and hydroxides,
such as KOtBu and CsOH. 100 101 From these four common types of base n-BuLi, LDA,
LiHMDS, and KHMDS were first tested. Table 8 summarises the results of the parallel
studies of the cyanation of two different protected propargylic alcohols, secondary 103
and primary 117. From these bases n-BuLi showed best reactivity and gave highest
yields (entries 1 and 5). From the metallated amides LDA gave better results than the
weaker LiHMDS and KHMDS. The role of the cation remained unclear since the use
of KHMDS did not give any product with primary 117 (entry 8) but instead secondary
103 (entry 4) gave similar results than LiHMDS (entries 3 and 7), though the yield
stayed low. The yields did not improve by increasing the amount of 101, nor did an
inverse addition of reagents during deprotonation make any difference.
In each reaction significant amounts of material were lost. The tendency of these substrates to form allenes during deprotonation is very high. However, this was not observed, probably due to the instability of the allene. When using LDA (entries 2 and 6)
cyanation of the free amine was also observed. 102 The sterically more hindered LiTMP
gave similar yields as LDA but cyanation of the free amine was not observed, indicating
that it was not a competing reaction but rather formed during the workup.
Table 8 Optimization of the cyanation.

Entrya

R

Base

Mol %

Yield (%)b

Stm (%)

1

Me

n-BuLi

105

75 (80c)

Nd

2

Me

LDA

105

35

32

3

Me

LiHMDS

130

26

42

4

Me

KHMDS

130

20

5

H

n-BuLi

105
71

22
d

40 (54 )

Nd

a

6

H

LDA

105

34

50

7

H

LiHMDS

130

31

53

8

H

KHMDS

130

Nd

44

General condition: 103 or 117 (1 mmol, 100 mol %), base n-BuLi 105 mol %, others 130 mol %, 101 130

mol %, –78 oC, THF (5mL). b Conversion was determined by 1H NMR by using mesitylene as internal
standard. c Further optimized and scaled up (18.9 mmol) reaction, isolated yield. Compound 103 was allowed to deprotonate at –45 oC and 101 was added at –60 oC.

d

Further optimized and scaled up (15.0

mmol) reaction, isolated yield. Compound 117 was allowed to deprotonate at –60 oC and 101 was added at
–60 oC.

Other strong bases such as NaH, iPrMgCl, Me2Zn, KOtBu, and CsOH were also investigated; however, these gave no or very poor results. Terminal alkynes are known to
form π-complexes with metals such as Cu(I) and Ag(I). This leads to labilization of the
terminal proton and thus even amines with pKa ~12 such as DBU may deprotonate them.
This was a tempting idea and was tested with AgNO3 and CuOTf2, however, 4-cyanato1,1'-biphenyl 101 was too weak an electrophile for this purpose.
Selected acetylenes were cyanated by using standard conditions. The results are summarised in Table 9. Aliphatic and homopropargylic acetylenes entries 1 and 2 gave acceptable yields. Next, protected propargylic alcohols were cayanted giving good to acceptable yields, secondary and tertiary protected propargylic alcohols being significantly more stable than primary ones. (entries 3-5) Protective group was essential for a
successful reaction. (entry 6)
Table 9 Scope of the cyanation.

Entrya
1
2
3

Substrate

Conver-

Nitrile

b

Isolated

sion

yield (%)

129

130

81

68

131

132

73

70

84

119

62

52

94

97

99

85

133

134

92

85

4

5

72

6
102

100

-

nd

135

136

-

nd

7
a

General conditions: stm 100 mol%, 1.00 mmol, n-BuLi 105 mol %, 101 130 mol %, THF (C = 0.1M), b

Conversion determined with GC by using n-decane as internal standard.

5.1

Summary

In summary, a simple yet efficient cyanating reagent was developed and was demonstrated to give good to acceptable yields depending on the nature of nucleophile. Because of the simple and efficient preparation of the reagent, together with easy isolation
as a pure as such crystalline compound and most of all its stability during storage, we
consider 4-cyanato-1,1’-biphenyl 101 the safest electrophilic cyanating method for acetylenes.
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6. GTPase-activating protein small molecule inhibitor
6.1

RHO GTPase – introduction

Rho GTPases, discovered in 1985, are one of the five distinct members of Ras superfamily. 103 Rho-like proteins are found in all eukaryotic species and majority of them act
as molecular switches regulating signal transduction pathways. This occurs by interconverting between inactive GDP-bound and active GTP-bound conformational states promoting an interaction with target proteins to generate a cellular response. These changes
drive many dynamic aspects of cell behaviour such as morphogenesis, migration, phagocytosis and cytokinesis. Dysfunction of Rho GTPases is associated to numerous human
diseases and disorders. 104,105
Rho GTPases are involved in multiple cellular processes affecting to the human health
in various ways. This makes them a tempting target for pharmacological inhibition. To
study this general inhibition, knockdown of proteins, such as mutant proteins, and RNA
interference (RNAi) could be applied. Mutant proteins can target the selected function
of interest; however, this can be difficult to achieve and can also disturb normal cellular
function. The disadvantage of RNAi method on the other hand is that it removes the
protein completely and thus possibly affects other protein interactions not of interest.
Proteins with multiple functions and being part of multistage biological systems can
lead to controversial nonspecific results. For these reasons, small molecule modulators
which inhibit a particular function and which may be applied in a dose-depend, temporal
or domain specific manner, are particularly useful.106-108
Rho GTPases are nucleotide-binding enzymes and thus their small molecule inhibitors
can be suggested to compete with nucleotides. However, Rho GTPases’ high affinity
toward guanine nucleotides makes this difficult. Also, Rho GTPases influence multiple
cellular processes and their function is highly depend on the regulating proteins. In fact,
for the 20 Rho GTPase proteins in the human genome, there are at least four times as
many activators, Rho guanine nucleotide exchange factors (GEFs) 109 110 and three times
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as many activators, Rho GTPase activating proteins (GAPs) 111. Because of this the inhibition of Rho GTPase is expressed to have a broad, nonspecific effect, while targeting
regulators of the GTPases could be expected to be more specific.106-108
Small molecule inhibitors of Rho GTPases carry great potential and could thus be useful
probes for the study of Rho GTPases biological behaviour and as therapeutic agents.
Nevertheless, there are a handful of compounds targeting GTPases, of which some are
equally selective for GEF. No small molecule inhibitors for GAPs have been described
as of yet.112-116The identification of selective inhibitors would therefore be essential to
gain insight into the biology of Rho GTPases.

6.2

Discovery of MINC1

The group of Dr. Krister Wennerberg at FIMM (Institute of Molecular Medicine Finland) studies the MgcRacGAP, a Rho family GTPase activating protein. In brief, to
study the role of the MgcRacGAP and its behavior, they set up a high throughput screening strategy designed to identify selective inhibitors. Altogether 20 480 compounds
from chemical diversity collection (ChemDiv) and 342 046 compounds from NIH Molecular Libraries Small Molecule Repository identified in single dose screening were
subjected to dose response testing against MgcRacGAP. These studies led to the discovery of MINC1 (MgcRacGAP Inhibitor Compound 1) 137 and MINC2 as selective
MgcRacGAP inhibitors. (Figure 19) These molecules interfere MgcRacGAP function in
vitro and thus potentially its functions within the cell. From these two molecules MINC1
was the more promising hit and used in the follow up studies. 108

Figure 19 MINC1 and MINC2.

At this point the group asked us to synthesize and deliver a sample of the described
molecule MINC1 137 for further studies. In order to study the function of MgcRacGAP
and gain SAR data for further development of potent inhibitors several analogs were
also synthesized. The syntheses of these compounds are described in Chapter 7. The
result are summarized in Chapter 7.3.
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7. Synthetic approach
7.1

Synthesis of MINC1 137

The first phase of the work was to gain access to MINC1 137. To further study its inhibitory properties a rapid synthesis was needed. Simple treatment of methyl ester 139
with ethylendiamine under refluxing conditions did not show any progress. When the
experiment was repeated in microwave, 75% of uncyclized diamide intermediate 140
was obtained. (Scheme 30)

Scheme 30 Microwave assisted reaction of methyl ester giving only the intermediate 140.

Treatment of methyl ester 139 with Me3Al and ethylenediamine gave a partial product
141. The ester also hydrolysed easily to the corresponding carboxylic acid.
I believe that in this type of project no synthesized molecule is unimportant or should
be left unstudied. Thus compounds 141 and 142, although being merely by-products of
the MINC1 synthesis, were tested. Results are described Figure 27 and Figure 28, and
show low responses for MgcRacGAP inhibition. The latter was also tested against two
other assays p50RhoGAP and BCR GAP, and this showed promiscuous inhibition described in Figure 28.
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Scheme 31 Unsuccessful synthesis of MINC1 137 giving intermediates 141 and 142.

Next, the carboxylic acid 143 was treated with ethylene 1,2-diamine and its hydrochloride salt, affording the imidazoline 137 together with the uncyclized intermediate 140
(0.61:0.39, determent with 1H NMR).(Scheme 32)

117

The isolation and purification of

this molecule appeared to be very tedious. The symmetry of the molecule together with
two amidines (pKa = 14.5) made its solubility very low to the extent that it affected not
only the purification but also the preparation of the solutions needed for the dose response analysis. Forming the corresponding hydrochloride salt 137∙2HCl solved this
problem.

Scheme 32 Preparation of MINC1 137∙2HCl.

Although the yield was low, the synthesis served its purpose and the product was submitted to FIMM for further dose response studies. The results are described in Table 10.
These results were compatible with the single dose studies recorded with MINC1 133
previously obtained from ChemDiv. 108 The graphical illustrations of these experiments
are collected in Figure 23 and Figure 24.
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Table 10 The result of the dose response studies of 137∙2HCl compared to the 137 obtained
from ChemDiv.

MINC1

IC50 2h (μM)

IC50 4h (μM)

137∙2HCl

10

1

ChemDiv

20

4
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7.2

Design of MINC1 analogues

Next, the focus was turned on synthesizing analogues for MINC1 137 to find out more
about the inhibition of MgcRacGAP and possibly finding a structure where the inhibition would be higher. But first, acknowledging the problems with the physical properties
of MINC1 137, mostly due to its symmetry, the mono-substituted imidazoline 145 was
synthesised by following the same procedure than with MINC1 137. The yield remained
very low but was enough to give material for further studies and thus served its purpose.
(Scheme 33) Compared to the 2,6-substituted 137 the activity of 2-substituted 145 was
significantly lower showing IC50 >200 μM (2h) and >50μM (4h). (Figure 25 and Figure
26) The group at 6-position is therefore essential for the desired activity.

Scheme 33 Preparation of 145.

When planning the library of MINC1 137 analogues we first took a look at the original
molecule. The molecule consisted of two parts: the naphthalene scaffold and the imidazoline substituents. The obvious inhibiting motifs were the two imidazole rings
whereas the naphthalene was presumed to act as a linker. Therefore, it was more logical
to begin modifying the heterocyclic parts. For this the four most obvious changes were
considered. First, following Grimm’s hydride displacement law, corresponding oxazoles and thiazoles were eventually synthesized. 118 The six membered pyrimidine and
oxazine were closely related structures and thus to be considered. Second, these rings
could be further substituted. In a third approach, the open ring analogues amidines and
amides could be studied. Finally, the fourth approach would include the different regioisomers. The structures are shown in Figure 20. This work focuses on the first approach
and it is described in the following chapters.
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Figure 20 The four planned approaches for the MINC1 137 analogues.

7.2.1

Retrosynthesis of MINC1 analogues

We began our studies with the first analogue group by varying the heterocyclic rings.
For this, a versatile synthesis route leading to an access to different heterocycles was
needed. The retrosynthesis for the analogue molecules is described in Scheme 34. Primary studies showed that the approach used in Chapter 7.1 was not possible, and thus
an alternative route was necessary. Once again the synthesis of the nitrile appeared to
be the key reaction of the synthesis sequence to 147. Aryl nitriles are valuable compounds as pharmaceuticals and fine chemicals. They also serve their purpose as key
synthetic intermediates since they can easily be converted to other functional groups
and various heterocycles. 119

Scheme 34 Retrosynthesis of MINC1 137 analogues.
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7.2.2

Development of aryl nitrile synthesis

Aryl nitriles can be synthesized in numerous ways, the most common ones being the
traditional Rosemund-von Braun 120, 121 reaction from aryl halides, namely aryl iodides,
and Sandmeyer reaction 122 from amines. These reactions can be carried out in both laboratory and industrial scales. However, these reactions require high temperatures (150250 oC) and super-stoichiometric amounts of copper(I) cyanide, causing corresponding
amounts of heavy metal waste. Also, because of the harsh conditions they are not very
functional group tolerant, limiting the substrate scope. In recent years, also the possibility to use catalytic amount of copper has been studied. 123, 124 On ton scale reactions
ammoxidation of the corresponding unfunctionalized alcohol with oxygen, ammonia,
and heterogeneous fixed-bed catalysts at 300-550 oC is common,

125, 126

although the

substrate scope is limited, and availability of starting materials in such large scale can
be difficult. 127

Scheme 35 Sandmeyer and Rosemud-von Braun reactions.

The lack of efficient, wide substrate scope method has led to the development of transition metal catalysed cyanation of aryl halides and pseudo halides. In 1973, Takagi et
al. described the first transition metal-catalyzed cyanation of aryl halide, specifically
aryl bromides and iodides, by using KCN as the source of nitrile and Pd(CN) 2 or
Pd(OAc)2 as the catalyst. 128 Further studies led to the first mechanistic proposal. 129
Since then a number of nickel, copper, and palladium catalysed methods have been published, the latest being by far the most useful due to the best functional group tolerance,
higher catalyst stability under air and moisture, and catalyst activity. Several sources of
cyanide, such as NaCN, TMSCN, Zn(CN)2, and acetone cyanohydrin have been used
with palladium-catalyzed cyanations. 130 However, these suffer from some drawbacks.
The industrially most interesting NaCN and KCN cause catalyst deactivation. To prevent this, polar aprotic solvents such as DMF, NMP, HMPA, DMAc, etc. at high temperatures are used.

130

Under these conditions also Zn(CN)2, TMSCN, acetone cyano-

hydrin, and K4[Fe(CN)6] are best tolerated by the catalysts. The last one, K4[Fe(CN)6],
was introduced for this purpose first by Beller et al. and Merck (Scheme 36). 131,132
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Scheme 36 Palladium catalysed cyanation of aryl halides by Beller et al. and Merck.

Compared to other reagents described above, which are highly toxic, K4[Fe(CN)6] is
not. 133 The LD50 value is actually lower than that of NaCl. Another advantage is the
slow release of cyanide due to the low solubility to organic solvents and the fact that
K4[Fe(CN)6] can react six times, also controlling the release rate. Excess of cyanide ion,
often caused by too rapid ion release, deactivates palladium(II) species, forming an inactive palladium(II) cyano compound. This molecule cannot be reduced back to catalytically active palladium(0) species, thus terminating the catalytic cycle. 134,135, 136
During the past ten years cyanation of aryl halides with K 4[Fe(CN)6] has been under
intense investigation and several groups have studied the reaction in depth. The order
of reactivity of the Ar-X (X= halogen or pseudo-halogen) with transition metal-catalyzed cyanations, as is typical for this type of reaction, is inverse to bond-dissociation
energy (I ~ OTf > Br >> Cl > Ts). 137 Later even less reactive activated aryl chlorides
and tosylates were shown to be reactive enough. 138,139,140 And finally, even unactivated
aryl chlorides and mesylates reacted under modified reaction conditions. 141
Although the first experiments were carried out in strictly dry conditions under inert
atmosphere with dried K4[Fe(CN)6], it was soon discovered that the reaction was not
particularly sensitive to water. Use of K4[Fe(CN)6]∙3H2O was possible and reactions in,
mixed aqueous organic media were reported. 142,143,144 Later, i-PrOH was added to prevent the catalyst deactivation under air. 145 Ionic liquids as solvent, and microwave-assisted reactions have also been reported. 146,147
All in all, although the synthesis of aryl nitriles with K4[Fe(CN)6] have been studied
relatively extensively, an all-purpose best catalyst-ligand system and generally applicable conditions have not been identified. However, some general conclusions can be
made. The following points are general observations and best conditions, in general
achieved by trial and error.
o

Aryl iodides and bromides are more reactive than the corresponding chlorides
and pseudo-halides.

o

Electron withdrawing substituents on the aryl ring increase the reactivity, but
electron donating can decrease it.

o

Pd(OAc)2 is the most widely used palladium catalyst.
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o

The best results have been achieved when using bulky electron rich ligands such
as cataCXium® A, or Buchwald ligands (for example Xphos, Sphos).

o

Choice of solvent system and ligand seem be connected. Polar aprotic solvents
(DMAc, NMP, DMF etc.) favor cataCXium® A whereas mixed aqueous organic
solvent systems such as MeCN, 1,2-dioxane, tBuOH/water favor the Buchwald
ligands. However, it is also well documented that the use of ligand can be altogether unnecessary depending on conditions. On the other hand, the use of ligated catalysts generally allows milder conditions since the reaction temperatures can be lower.

Mechanistic aspects
The mechanistic discussion of this reaction has been timid and on the aspects described
above it may not be unambiguous. It is well documented that the reaction in question
proceeds well with “naked“ catalyst. In palladium-catalyzed coupling reactions of aryl
halides, anions such as halides and carboxylates or solvents can act as stabilizing factors.148-152 It has been suggested that sometimes the catalyst-ligand systems acts as a
storage for metals in low oxidation state and the actual catalyst is ligand free.

131

The

results of several studies suggest that the mechanism of cyanation or aryl halides with
K4[Fe(CN)6]∙3H2O proceeds with a mechanism similar to the one described in Scheme
37. 131 This may be true for the more active aryl iodides and bromides. However, less
reactive aryl chlorides and pseudohalides may need to be either activated by substituents
or by ligands. The aqueous-organic solvent systems can also make a difference.
K4[Fe(CN)6]∙3H2O or K4[Fe(CN)6] are not soluble in organic solvents but dissolve well
in water. Under these conditions free -CN ions are present and the reaction could perhaps
proceed also via similar catalytic cycle than Pd-catalyzed cyanation with KCN, described in Scheme 38.134-136 However, a more detailed analysis of the mechanism to
explain the details of this reaction is still needed.
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Scheme 37 Mechanistic proposal by Beller et al.

Scheme 38 Catalytic cycle generally accepted when MCN (M = Na, K etc.) is used as a source
of CN-.

7.2.3

Synthesis of aryl nitriles

Due to the surprisingly high prices and low delivery volumes of the halogenated starting
materials 2,6-dibromo- 152 and 2,6-dichloronaphthalene 154, they were synthesized as
described in Scheme 39. For the synthesis 2,6-dibromo naphthalene an Appel-type reaction was used. 153 The aryl alcohol is not optimal for this and the yield stayed low.
However, even with this result the costs were lower than the commercial product. For
the synthesis of 2,6-dichloronaphtalene PCl5 was used as the source of chlorine. 154

Scheme 39 Syntheses of halogenated starting materials 152 and 154.
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Although aiming to the study of more modern cyanation chemistry, the first conditions
to be studied was the classical Rosenmund-von Braun reaction. When applied to 151, it
gave 152 in 25% yield; however, the reaction did not reach completion. The mononitrile
intermediate was also observed. The possibility to use Zn(CN)2 as a source of cyanide
ion was studied, also affording a mixture of starting material and intermediate product.
Knowing that in this particular synthesis both 2- and 6-positions were nonactivated, the
highly efficient Buchwald precatalyst ligand (XPhos) system and Pd(OAc)2 with cataCXium® A were the most attractive catalyst-ligand systems. Figure 21 We decided to
compare these first with the more simple 2-bromonaphthalene 155 (entries 1,2).

Figure 21 Buchwald’s precatalyst and ligand (XPhos).

The Buchwald conditions with 2-bromonaphthalene 155 showed slightly higher reactivity (entry 2). Because the substrates of our interest had significantly lower solubility
the solvent was changed to NMP. Much to our surprise, and being inconsistent with the
ligand-solvent connection described in chapter 7.2.2, this gave better results (entry 3)
and even showed reactivity with a lower precatalyst-ligand ratio (1:1) (entry 2). The
yield was even improved by adding a catalytic amount of TBAB. However, 2chloronaphthalene 156 gave only trace amounts of product and the addition of TBAB
did not improve this.
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Table 11 The cyanation of 2-substituted naphthalenes 155 and 156.

Catalyst/Pre-

Conv.

Isolated

(%)b

yield %

Entrya

X

1b

Br

Pd(OAc)2

cataCXium® A

32

2d

Br

Pcat (XPhos)

XPhos

37

3

Br

Pcat (XPhos)

4

Br

Pcat (XPhos)

XPhos

5

Br

Pcat (XPhos)

XPhos

6

Cl

Pcat (XPhos)

XPhos

7

Cl

Pcat (XPhos)

XPhos

a

catalyst-ligand

Ligand

Additive

TBAB

TBAB

30

14

Full

79

Full

82

Traces

Nd

Traces

Nd

General conditions: stm 155/156 100 mol %, K4[Fe(CN)6]∙3H2O 100 mol %, Precatalyst

0.4 mol %, ligand 0.4 mol % (except entry 3), KOAc 25 mol %, TBAB (entries 5 and 6) 3 mol
%, NMP c = 0.2M. b Determined by 1H NMR. c Pd(OAc)2 0.45 mol %, cataCXium ® A 0.99
mol % NMP c = 0.1M. d Solvent system 1,2-dioxane 1:1.

The same conditions were applied to 2,6-dibromo- 152 and 2,6-dichloronaphtalene 154,
but almost no product was obtained. Even the addition of TBAB did not improve the
yield. It should be noted that the even lower isolated yield was a consequence of extremely low solubility (entry 1).
Table 12 The cyanation of 2,6-disubstituted naphtalenes 152 and 154 with Buchwald

precatalyst.

Entrya

Lig-

X

Catalyst

1

Br

Pcat (XPhos)

XPhos

2

Br

Pcat (XPhos)

XPhos

3

Cl

Pcat (XPhos)

XPhos

and
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Additive

TBAB

Conv. (%)

Isolated
yield %

26

5

Nd

Nd

Nd

Nd

4
a

Cl

Pcat (XPhos)

XPhos

TBAB

Nd

Nd

General conditions: stm 152/154 100 mol %, K4[Fe(CN)6]∙3H2O 100 mol %, Pcatalyst 0.4

mol %, ligand 0.4 mol %, KOAc 25 mol %, TBAB (entires 2 and 4) 3 mol %, NMP c = 0,2M.

After unsuccessful experiments we found out that by changing the catalyst to Pd(OAc)2
full conversion was obtained with 2,6-dibromonaphtalene 152 without any ligand (entry
1). Two very different electron rich (cataCXium® A, entry 2) and electron poor (PPh3,
entry 3) ligands both showed full conversion. Interestingly the reaction without any ligand gave the best yield. An electron rich ligand, consistent with the literature, gave better yield than an electron poor one, although the exact yield could not be determined. In
all reactions a dimeric side product ([2,2'-binaphthalene]-6,6'-dicarbonitrile) 159 was
observed. During these studies we also observed that the concentration of the reaction
was important. It is thus possible that the yield of 157 could be improved by using more
concentrated conditions. (Table 11, entry 1)
Next, the same conditions were applied to 2,6-dichloronaphatlene 154. For the first
time, to the best of our knowledge, an unactivated disubstituted aryl chloride has been
cyanated with K4[Fe(CN)6]∙3H2O. However, in contrast to the corresponding bromide,
the reaction required the use of ligand. Electron rich cataCXium® A gave 40% yield
(enry 5) whereas electron poor PPh3 showed only partial conversion and the yield remained low (entry 6). Both of these reactions also showed the formation of the dimer
([2,2'-binaphthalene]-6,6'-dicarbonitrile) 159, but the monoreacted product 160 was
also observed. The accuracy of these results suffer from missing MS results, however;
the standard ESI-ionization did not provide results presumably due to the low solubility
or poor ionization.
Table 13 The cyanation of 2,6-substituted naphtalenes 152, 154 with Pd(OAc)2 as a catalyst..

Conv.

Yield

Yield

Yield

(%)

158 (%)b

159 (%)

160 (%)

-

Full

59

8

Pd(OAc)2

cataCXium® A

Full

48

9

Pd(OAc)2

PPh3

Full

~64 c

6

Entrya

X

Catalyst

Ligand

1

Br

Pd(OAc)2

2

Br

3

Br

88

4

Cl

Pd(OAc)2

-

Nd

Nd

5

Cl

Pd(OAc)2

cataCXium® A

Full

40

3

7

6

Cl

Pd(OAc)2

PPh3

19

8

7

4

a

General conditions: stm 152/154 100 mol %, K4[Fe(CN)6]∙3H2O 35 mol %, Pcatalyst 1.5

mol %, ligand 4.5 mol %, KOAc 25 mol %, DMAc c = 0.3M. b Determined by 1H NMR.

With these described conditions the 2,7-substituted cyanonaphtalene 161 was synthesized in slightly higher yield than the 2,6-substituted 158. Also presumably the corresponding dimeric side product was observed.

Scheme 40 Synthesis of 2,7-cyanonaphtalene 162.

These results are promising but further studies and optimization will be needed to illuminate the mechanism of the reaction and to improve the yields. Also, we were not able
to purify these products, this being a major setback. However, at this point of the project
it was more essential to produce the analogues and thus we moved on to the next step.

7.2.4

Lewis acid catalysed condensation of 2,6-cyanonaphtalenes to heterocycles

With the workable synthesis of 2,6-cyanonaphtalene 158 in hand the next step was to
synthesise the desired heterocycles. Condensation of aryl esters, carboxylic acids, and
nitriles are known reactions. However, nitriles are relatively poor electrophiles and they
need to be activated. This can be achieved by activating the aryl ring with substituents
or by using Lewis acids as activators. The Lewis acid coordinates to the nitrile nitrogen,
making the carbon more electrophilic. For this purpose several different Lewis acids
have been used.
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To improve the modest yield of MINC1 137, we first adapted the conditions used previously and a procedure by Shi et al. who have studied the imidazole and pyrimidine
synthesis from the corresponding aryl nitriles using copper catalysts. (Scheme 41) 155
However, these reactions did not give any product nor did the latter even under microwave conditions. It is likely that this was due to the symmetry and low solubility of 158.
We then focused on the synthesis of other heterocycles.

Scheme 41 Unsuccessful syntheses of MINC1 137.

For the synthesis of the heterocycles, different Lewis acids were then tested and the
Table 14 summarises these conditions and results. Entries 1-9 describe the different
conditions applied to synthesise 163, whereas entries 10-13 describe the synthesis towards the 137, 165-167. Because of the low solubility of nitrile 158 the use of chlorobenzene as solvent was necessary. (enry 1, 2) Also, reaction required longer reaction
time, typically overnight, otherwise intermediate 164 was observed.
Table 14 Synthesis of 137, 163, 165-167.

Intermediate

Yield

(%)

(%)

CHCl3

Nd

Nd (163)

120

PhCl

37 (164)

15 (163)

1

120

PhCl

traces

27 (163)

1

100

PhCl

traces

Nd

Enrtya

Catalyst

Mol %

X

n

T oC

Solvent

1

Cu(OAc)2·H2O

8

O

1

100

2b

Cu(OAc)2·H2O

8

O

1

3c

Cu(OAc)2·H2O

8

O

d

Cu(OAc)2·H2O

8

O

4

90

5e

Cu(OAc)2·H2O

10

O

1

120

PhCl

Nd

Nd

6

Cu(OAc)2·H2O

200

O

1

120

PhCl

Nd

Nd

7

ZnCl2

8

O

1

120

PhCl

Nd

Traces

8c

InCl3

20

O

1

120

PhCl

Nd

Nd

9

Bi(OTf)3

8

O

1

120

PhCl

Nd

Nd

10

Cu(OAc)2·H2O

10

S

1

120

PhCl

Nd

59 (165)

11

Cu(OAc)2·H2O

10

N

1

120

PhCl

Nd

Nd (137)

12

Cu(OAc)2·H2O

10

O

2

120

PhCl

Nd

44 (166)

Cu(OAc)2·H2O

10

N

2

120

PhCl

traces

Nd (167)

13
a

Gneral conditions: 136 100 mol %, chlorobenzene (0.55 mL), Cu(OAc)2 10 mol %, for example

aminoethanol 800 mol %, b Reaction time 4h, c Reaction time on, more vigorous stirring, d Additional base NaOAc 400 mol % e Microwave assisted reaction.

The yields in all reactions stayed modest, with the most nucleophilic 2-aminoethanethiol
(entry 10) giving the highest yield. The unsuccessful syntheses of imidazoline 137 (entry 11) and pyrimidine 167 (entry 13) appear to be the result of challenging physical
properties causing lower reactivity. Although the yields remained modest we were able
to produce enough material for the dose response studies. It also needs to be pointed out
that the used starting material 158 contained 8% of an impurity, thus also lowering the
yields. However, the impurity was inactive in this reaction. Optimization of these reactions was then postponed subsequent to the results of the response studies. It should be
noted that the 1,3-thiazine compound would have been an obvious addition to the series
of compounds described in Table 14, however; the reagent 3-aminopropane-1-thiol required for the synthesis of 2,6-bis(5,6-dihydro-4H-1,3-thiazin-2-yl)naphthalene was not
commercially available at the time.
To be able to test all the five possible heterocycles the 2,6-disubstituted naphthalene
with 1,4,5,6-tetrahydropyrimidine substituents was synthesized using the same protocol
than 137 and 145 to afford 167 with 62% yield. (Scheme 42)
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Scheme 42 Synthesis of 2,6-(bis-tetrahydropyridiminyl)naphthalene 167.

The results of dose response studies carried out for molecules 163, 165-167 showed that
none of the synthesized molecules reached the response level as high as MINC1 137.
Even pyrimidine 167 showed inhibition of MgcRacGAP at approximately half of the
inhibition capability of MINC1 137. The oxazole intermediate 164 was also tested, but
did not show response. The graphical illustrations of these results are shown in Figure
29 to Figure 33.

7.3

Summary

In this study the Rho GAP inhibitor MINC1 133 was synthesized and submitted for
studies at FIMM. Also, eight other (137, 138, 141, 154-157) molecules were synthesized
and sent for further studies. Results of these studies first, confirmed the MINC1 133
dose responsive, selective inhibition of MgcRacGAP biochemical activity as well as its
effects on the cellular pathways downstream of Rho family GTPase function. It is the
first described selective small molecule inhibitor of MgcRacGAP. Second, from the
eight other synthesized molecules and by-products none reached similar inhibition than
MINC1 133. Molecules 145 and 167 containing amidines showed the highest response
and also proved the relevance of the second functional group. Molecules 163-166
showed poor response. The response of 142 was promiscuous and no selectivity was
observed. The molecules synthesised and results of dose response studies are collected
in Table 15.
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Table 15 Molecules synthesized and results of molecules analyzed.

No.

Structure

IC50 2h

IC50 4h

137

20 μM

2 μM

137∙2HCl

10 μM

1 μM

1.1 mM

141

(>100 μM)a

142

100 μM

145

>200 μM

163

>1mM

1.2 mM

164

(>100 μM)a

165

>250 μM

93

>50 μM

a

166

>1 mM

167

36 μM

24 μM

The values obtained from the measurements; however, since the inhibition does not reach

100 % the values in the parenthesis are estimated to be more valid.

Third, a workable synthesis for disubstituted cyanonaphtalenes and 2,6-disubstituted
heterocyclic naphthalenes was developed. Although both of these syntheses would benefit from optimization, we were able to deliver enough material for the dose response
studies.
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8. Conclusions and future studies
The objective of this work was to synthesize the calyculin tetraene moiety and couple it
with the spiroketal part of the molecule. Also, the aim was to study the structure activity
relation of MINC1. Here I wish to make the final statements of this work.
Needless to say the fall of the tetraene synthesis was a disappointment. And I am leaving
a great challenge for the next researcher or PhD student to overcome. However, I can
still point out that I have improved the synthesis fragment 31 and the strategy and synthesis of fragment 110 developed is scalable and robust and could be adapted to other
natural (or unnatural) product synthesis by the scientific community. Also, during the
course of the work a new highly stabile, easy to prepare, and cost efficient electrophilic
cyanating reagent 4-cyanato-1,1’-biphenyl 101 was developed and I concider it the safest electrophilic cyanating method for acetylenes. I wish the scope of its use will become
wider.
The study of Rho GAP inhibitor MINC1 133 led to resynthesis of 133 and synthesis of
eight analogues (137, 138, 141, 154-157). None of the analogues reached the inhibition
capacity of the hit molecule but gave still insight to the requirement for the small molecule inhibitor. Along the way, a workable synthesis for disubstituted cyanonaphtalenes
and 2,6-disubstituted heterocyclic naphthalenes was also developed.
The newly found MINC1 is the first selective confirmed dose responsive, inhibition of
MgcRacGAP biochemical activity small molecule Rho GAP inhibitor so the future
study possibilities are numerous and more analogues will be needed to build a good
SAR. To achieve this, the crystal structure of the active site would be essential allowing
a more focused design of the inhibitors.
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9. Experimental section
9.1

General experimental considerations

Moisture sensitive reactions were carried out under argon atmosphere, and glassware
was flame dried under high vacuum or in an oven. Dry solvents (THF, Et2O, toluene,
MeCN, CH2Cl2) were obtained with MBraun MB-SPS 800 solvent drying system. Other
solvents were used as such. Commercial reagents were used without further purification.
n-BuLi and PhLi were titrated with N-benzylbenzamide. 156 Analytical TLC was performed using silica gel (60, F254 230-400 mesh) precoated aluminium plates and analysed by UV light (λ = 250 nm) and/or staining upon heating either with KMnO4, vanillin, or PMA solutions. For silica gel chromatography the flash technique was used,
with Merck silica gel (60, F254 230-400 mesh).
The 1H and 13C spectra were recorded with Bruker Avance DPX-400 spectrometer (1H
399.98 MHz; 13C 100.59 MHz). The chemical shifts are reported in ppm relative to TMS
internal standard (δ = 0.00) or residual solvent signal (1H NMR: δ CDCl3 7.26, DMSOd6 2.50, MeOD-d4 3.31, D2O 4.79, CDCl2CDCl2-d2 6.00 ppm; 13C NMR: δ CDCl3 77.0,
DMSO-d6 39.50, CDCl2CDCl2-d2 73.8 ppm). HRMS were recorded with Waters Micromass LCT Premier (ESI) spectrometer except for a few cases when the data was obtained by the University of Oulu on Micromass LCT spectrometer. IR spectra were recorded with Perkin-Elmer ONE FTIR or a Bruker ALPHA ECO ATR FTIR spectrometer. Optical rotations were measured with Perkin Elmer 343 polarimeter (λ = 589 nm)
using a 1 dm cuvette. Elemental analyses were performed with Perkin Elmer 2400 Series IICHNS/O Analyser. Melting points were determined in open capillaries using a
Stuart SMP3.
Preparation of degassed aqueous solutions
Degassed solvents (NMP, DMAc, 1,4-dioxane, H2O) were prepared by filling a round
bottom flask with appropriate solvent and sonicating the solvent for 5 s under vacuum
and then filling the flask with argon. This cycle was repeated for five times. Degassed
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solvents were added via syringe to the reaction vessels. Degassing was performed always before each reaction.
Preparation of ethane-1,2-diamine dihydrochloride and propane-1,3-diamine
dihydrochloride
The hydrochloride salts in question were prepared by slowly adding 10% HCl to the
corresponding amine in MeOH under cooling, then filtered, and dried in vacuo. Drying
in high vacuum was repeated prior to each use.
Safety considerations
While K4[Fe(CN)6]∙3H2O is non-toxic and 4-cyanato-1,1'-biphenyl 101 is stable when
stored, crude products and wastes should be handled with caution. They should never
be exposed to acids as that can lead to the formation of hydrogen cyanide. All the waste
from workups should be disposed by using appropriate protocols. 157 Also, appropriate
personal protective equipment is necessary. This includes the first aid oxygen bottle to
be always accessible.

9.2

Tetraene synthesis – The Horner-Wadsworth-Emmons approach
9.2.1

(E)-tert-Butyldimethyl((2-methyl-3-(tributylstannyl)allyl)oxy)silane (83)

To a suspension of CuCN (336 mg, 3.75 mmol, 150 mol %, dried under argon flow at
200oC for 1h) in THF (25 mL) was carefully added n-BuLi (3.0 mL, 7.50 mmol, 2.3 M
in hexane, 300 mol %) at –78 oC. Stirring was continued at rt for 30 min. During this
time the light green solution became homogenous. After cooling to –78 oC, n-Bu3SnH
(2.0 mL, 7.50 mmol, 300 mol %) was added over 8 min. Stirring of the yellow solution
was continued at –78 oC for one hour. HMPA (0.89 mL, 10.1 mmol, 400 mol %) was
added, followed by 82 (426mg, 2.5 mmol, 100 mol %) in THF (2 mL). Stirring was
continued for 75 min. MeI (1.6 mL, 25 mmol, 1000 mol %) was added slowly, the cooling bath was removed, and stirring was continued for 90 min at rt. During this time the
colour of the reaction mixture changed from rusty red to brown. The reaction was
quenched with sat. aq. NH4Cl (15 mL). The aqueous phase was extracted with EtOAc
(2 x 10 mL). The combined organic phases were dried over MgSO4, filtered, and concentrated in vacuo to afford crude 83 (3.3 g) as a yellow oil. Characteristic peaks of
product 83 were found from 1H NMR and product was used as such in next reaction.
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Rf = 0.29 (hex/EtOAc 80:20, visualized by UV or by KMnO4 staining); yellow oil; 1H
NMR (400 MHz, CDCl3): δ 5.83 (s, 1H), 4.08 (s, 3H), 1.72 (s, 3H), 1.43-1.53 (m, 6H),
1.24-1.35 (m, 6H), 0.87-0.92 (m, 24H), 0.07 (s, 6H).

9.2.2

(E)-2-Methyl-3-(tributylstannyl)prop-2-en-1-ol (84)

Crude 83 from previous reaction was diluted with THF (25 mL) and cooled to 0 oC.
TBAF (24.7 mL, 24.65 mmol, 1.0 M in THF, 120 mol %) was added to the mixture. The
solution was warmed to rt and stirred for two hours. The reaction was quenched with sat.
aq. NH4Cl (10 mL). The aqueous phase was extracted twice with EtOAc (15 mL). The
combined organic phases were dried over MgSO4, filtered, and concentrated in vacuo.
The crude product was purified with flash chromatography (TEA treated silica, gradient
elution EtOAc/hex 0:100 to 20:80) to afford alcohol 84 (506 mg, 56% over two steps) as
a pale yellow oil.
Rf = 0.57 (hex/EtOAc 80:20, visualized by UV or by KMnO4 staining); pale yellow oil;
IR (film): Q 3317, 2956, 2925, 1464, 1376, 1071 cm-1; 1H NMR (400 MHz, CDCl3): δ
5.80 (m, 1H), 4.07-4.09 (d, 2H, J = 6.2), 1.78 (s, 3H), 1.46-1.77 (m, 6H), 1.26-1.36 (m,
6H), 0.87-0.92 (m, 15H); 13C NMR (100 MHz, CDCl3): δ 153.5, 121.1, 69.1, 29.5, 27.6,
21.5, 13.9, 10.5; ESI-HRMS calculated for C16H35OSn [M+H]+: 359.1705, found:
359.1685.

9.2.3

(E)-2-Methyl-3-(tributylstannyl)allyl methanesulfonate (65)

To a solution of alcohol 84 (321 mg, 0.889 mmol, 100 mol %) in Et2O (13 mL) at 0
o

C were sequentially added TEA (0.59 mL, 4.22 mmol, 200 mol %), DMAP (5 mg,

cat.), and MsCl (0.18 mL, 2.32 mmol, 110 mol %). The solution was stirred at rt for
4 hours. The formed precipitate was filtered, and the resulting solution was washed
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with water (3 x 10 mL), dried over MgSO4, filtered, and concentrated in vacuo to
afford crude 65 (724 mg, 78%) as a light yellow oil. The purity of product was established with NMR, and the crude product was carried out to the next reaction without
further purification.
Rf = 0.5 (hex/EtOAc 80:20, visualized by UV or by KMnO4 staining); pale yellow
oil; IR (film): Q2957, 3926, 2853, 1464, 1356, 1178, 913, 744 cm-1; 1H NMR (400
MHz, CDCl3): δ 6.00 (s, 1H), 4.66 (s, 3H), 3.01 (s, 3H), 1.85 (s, 3H), 1.45-1.51 (m,
6H), 1.31 (q, J = 7.4 Hz, 6H), 0.94 (q, J = 8.1 Hz, 6H), 0.89 (t, J = 7.3 Hz, 9H); 13C
NMR (100 MHz, CDCl3): δ 153.0, 131.2, 77.4, 39.9, 32.1, 22.8, 14.

9.2.4

(E)-Diethyl (2-methyl-3-(tributylstannyl)allyl)phosphonate (85)

To mesylate 65 (267.0 mg, 0.61 mmol, 100 mol %) was added P(OEt)3 (0.21 mL,
1.22 mmol, 200 mol %), followed by NaI (20.0 mg, 0.13 mmol, 20 mol %). The
solution was stirred at 90 oC for 4 h 30 min. After cooling to rt, the reaction was
quenched by adding water (5 mL) and extracted three times with EtOAc (10 mL).
The combined organic phases were dried over MgSO4, filtered, and concentrated in
vacuo. The crude product was purified with flash chromatography (TEA treated silica, gradient elution hex/EtOAc 100:00 to 00:100) to afford phosphonate 85 (177
mg, 60%) as a yellow oil.
Rf = 0.35 (hex/EtOAc 50:50, visualized by UV or by KMnO4 staining); yellow oil;
IR (film): Q2957, 2926, 1604, 1464, 1251, 1057, 1029, 961 cm-1; 1H NMR (400
MHz, CDCl3): δ 5.65-5.66 (d, 1H, J = 5.1 Hz), 4.02-4.10 (dt, 4H, J = 7.1 Hz), 2.672.73 (d, 2H, J = 22.2 Hz), 1.89-1.90 (d, 3H, J = 3.3 Hz), 1.42-1.48 (m, 6H), 1.261.30 (m, 12H), 0.84-0.89 (m, 15H); 13C NMR (100 MHz, CDCl3): δ , 10.2, 13.8,
16.5, 25.8, 27.4, 29.3, 39.7 (d, J = 133.8 Hz), 61.9 (d, J = 6.5 Hz), 129.5 (d, J = 12.2
Hz), 144.2 (d, J = 11.4 Hz) ; ESI-HRMS calculated for C20H43O3PSn [M+H]+:
482.2049, found: 481.2050.
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9.2.5

(E)-Diethyl 3-methyl-4-(tributylstannyl)but-3-en-2-ylphosphonate
(35) 76

To a solution of phosphonate 85 (171 mg, 0.148 mmol, 100 ml %) in THF (2 mL) at –
78 oC was carefully added n-BuLi (68 μL, 2.3M in hex, 1.05 mol %). The ensuing light
orange solution was stirred at –78 oC for 15 min. MeI (10 μL, 0.170 mmol, 115 mol %)
was added and stirring was continued at rt for three hours. The reaction was quenched
with water (10 mL) and extracted three times with EtOAc (10 mL). The combined organic phases were washed with sat. aq. NaCl (15 mL), dried over MgSO4, filtered, and
concentrated in vacuo. Crude product was purified with flash chromatography (TEA
treated silica, hex/EtOAc 90:10 – 60:40) to afford phosphonate 35 (46 mg, 62%). The
spectroscopic and physical data are identical in respect to those previously reported.
Rf = 0.38 (hex/EtOAc 50:50, visualized by UV or by KMnO4 staining); pale yellow oil;
IR (film): Q 2957, 2928, 1604, 1464, 1247, 1177, 1026, 960 cm-1; 1H NMR (400 MHz,
CDCl3): δ 5.73 (app. d. J = 4.7 Hz, 1H), 4.02-4.10 (m, 4H), 2.74, (dq, J = 22.3, 7.3 Hz,
1H) 1.90 (d, J = 2.9 Hz, 3H), 1.44-1.52 (m, 6H), 1.25-1.36 (m, 15H), 0.85-0.91 (m,
15H); 13C NMR (100 MHz, CDCl3): δ 150.1, 127.0, 62.0, 61.8, 43.7, 42.4, 29.1, 27.3,
16.4 (d, J = 5.7 HZ), 13.7, 10.1; ESI-HRMS calculated for C21H45O3NaPSn [M+Na]+:
519.2026, found: 519.2037.

9.2.6

(3S,4R)-4-Methyl-1-phenylhex-5-en-3-ol (86) 158

2-Butene (~8.0 mL) was condensed with liquid nitrogen trap and added to a suspension
of t-BuOK (1.80 g, 16.0 mmol, 200 mol %) in THF (12 mL) at –78 oC . The mixture was
stirred at –40 oC for 30 min. The formed bright yellow solution was cooled back to –78
o

C and (+)-IpcBOMe (5.061 g, 16.0 mmol, 200 mol %) in THF (12 mL) was added care-
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fully, followed by addition of BF3·OEt2 (2.0 mL, 16.0 mmol, 200 mol %) and 3-phenylpropanal (1.06 mL, 8.0 mmol, 100 mol %) in THF (12 mL). The reaction was stirred
at –78 oC for 7 h.
To the reaction solution 3M NaOH (80 mL) and 50 % H2O2 (50 mL) were added and the
mixture was allowed to warm to rt. The solution was stirred overnight and then diluted
with EtOAc (40 mL) and sat. aq. NaCl (20 mL). The phases were separated and the
aqueous phase was extracted with EtOAc (3 x 15mL), dried over Na2SO4, filtered, and
concentrated in vacuo. The crude product was purified with flash chromatography
(hex/EtOAc 90:10 to 80:20) to afford homoallylic alcohol 86 (871 mg, 75%). The spectroscopic and physical data are identical in respect to those previously reported.
[α]D = –0.14 (c = 1, CHCl3); Rf = 0.43 (hex/EtOAc 80:20, visualized by UV or by KMnO4
staining); colorless oil; IR (film): Q 3397, 3064, 3026, 2963, 2930, 2868, 1944, 1870,
1804, 1639, 1603, 1585, 1454, 1417, 1395, 1374, 1322, 1290, 1259, 1154, 1121, 1068,
1032, 999, 964, 913, 843, 747, 699 cm-1; 1H NMR (400 MHz, CDCl3 TMS): δ 7.277.29 (m, 2H), 7.16-7.19 (m 3H), 5.75 (ddd, J = 16.5, 11.1, 8.3 Hz, 1H), 5.14 (s, 1H),
5.11 (m, 1H), 3.39-3.45 (app. m, OH), 2.85 (ddd, J = 13.8, 10.0, 5.2 Hz, 1H), 5.75 (ddd,
J = 13.8, 10.0, 6.6 Hz, 1H), 2.23 (sextet, J = 7.0 Hz, 1H), 1.80-1.88 (m, 1H), 1.65-1.74
(m, 1H), 1.61 (dd, J = 4.4, 0.6 Hz, 1H), 1.03 (d, J = 7.0 Hz, 3H); 13C NMR (100 MHz,
CDCl3 TMS): δ 142.3, 140.2, 128.5, 128.4, 125.8, 116.5, 74.0, 44.3, 36.1, 32.2, 16.2;
ESI-HRMS calculated for C13H18ONa [M+Na]+: 213.1255, found:213.1248.

9.2.7

tert-Butyldimethyl(((3S,4R)-4-methyl-1-phenylhex-5-en-3yl)oxy)silane (87)

To a solution of homoallylic alcohol 86 (819 mg, 4.30 mmol, 100 mol %) in CH2Cl2 (50
mL) at 0 oC were sequentially added 2,6-lutidine (2.0 mL, 17.216 mmol, 400 mol %)
and TBSOTf (2.2 mL, 8.608 mmol, 200 mol %). The reaction was warmed to rt and
stirred for 1h 15 min and then quenched with sat. aq. NH4Cl (15 mL). The aqueous
phase was extracted with EtOAc (2 x 10 mL). The combined organic phases were dried
over Na2SO4, filtered, and concentrated in vacuo to afford 87 (1.22 g 93%) which was
used on without further purification.
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[α]D = –0.003 (c = 1, CHCl3); Rf = 0,21 (hex/EtOAc 95:5, visualized by UV or by KMnO4
staining); pale yellow oil; IR (film): Q 3065, 3027, 2954, 2929, 2887, 2857, 2709, 1940,
1825, 1640, 1604, 1496, 1472, 1461, 1420, 1374, 1361, 1253, 1188, 1089, 1058, 1038,
1005, 959, 939, 913, 866, 835, 773, 748 cm-1; 1H NMR (400 MHz, CDCl3 TMS): δ
7.25-7.29 (m, 2H) 7.15-7.19 (m, 3H), 5.75-5.90 (m, 1H), 5.00-5.05 (m, 2H), 3.58-3.64
(m, 1H), 2.64-2.73 (m, 1H), 2.50-2.58 (m, 1H), 2.34-2.39 (m, 1H), 1.66-1.75 (m,2H),
1.01 (d, J = 6.9 Hz, 3H), 0.92 (s, 9H), 0.06 (d, J = 4.2 Hz, 6H); 13C-NMR (100 MHz,
CDCl3 TMS): δ 142.7, 140.9, 128.3, 125.6, 125.6, 114.4, 75.4, 43.1, 35.5, 32.3, 25.9,
18.2, 15.0, -4.4- -4.3 (d); ESI-HRMS calculated for C19H32ONaSi [M+Na]+: 327.2120,
found: 327.2135.

9.2.8

(2S,3S)-3-((tert-Butyldimethylsilyl)oxy)-2-methyl-5-phenylpentanal
(88)

To a solution of alkene 87 (1.20 g, 3.93 mmol, 100 mol %), in tert-BuOH/THF/water
10:3:1 (73.2 mL) were sequentially added OsO4 4 w% in water (0.6 mL, 2.5 mol %) and
NMO (552 mg, 4.71 mmol, 120 mol %). Reaction was stirred at rt for three days and
then quenched with sat. aq. Na2S2O3 (30 mL) and stirred for 1.5 h. The two phases were
separated and the aqueous phase was extracted with EtOAc (2 x 30 mL). The combined
organic phases were dried over Na2SO4, filtered, and concentrated in vacuo.
The residue was taken up in THF (75 mL) and water (6.4 mL) and treated with NaIO4
(2.52 g, 11.8 mmol, 300 mol %). After stirring at rt for 1.5 h Et2O (50 mL) and water
(40 mL) were added. The two phases were separated and the aqueous phase was extracted with Et2O (2 x 20 mL). The combined organic phases were dried over Na2SO4,
filtered, and concentrated in vacuo to afford aldehyde 88 (1.16 g, 96 %), which was used
on without further purification.
[α]D = +2.1 (c = 1.04, CHCl3); Rf(diol) = 0.27 (hex/EtOAc 70:30, visualized by UV or
by KMnO4 staining); Rf(aldehyde) = 0.87 (hex/EtOAc 70:30, visualized by UV or by
KMnO4 staining); colorless oil; IR (film): Q 2953, 2930, 2886, 2857, 1725, 1496, 1496,
1471, 1461, 1389, 1361, 1254, 1092, 1066, 1039, 1006, 960, 939, 835, 814 cm-1; 1H
NMR (400 MHz, CDCl3 TMS): δ 9.75 (d, J = 2.3 Hz, 1H), 7.27-7.30 (m, 2H), 7.16102

7.21 (m, 3H), 4.01, (q, J = 5.4 Hz, 1H), 2.67 (t, I = 8.3 Hz, 2H), 2.57-2.61 (m, 1H), 1.751.91 (m, 2H), 1.11 (d, J = 7.1 Hz, 3H), 0.91 (s, 9H), 0.08 (d, J = 13.2 Hz, 6H); 13C NMR
(100 MHz, CDCl3 TMS): δ 204.8, 141.8, 128.5, 128.3, 126, 72.8, 51.1, 36.6, 311, 25.8,
18.1, 10.3, -4.2, -4.7; ESI-HRMS calculated for C18H30O2NaSi [M+H]+: 307.2093,
found: 307.2090.
NOTE: By using 5 mol-% of OsO4 reaction proceeds to completion overnight.

9.3

Tetraene synthesis- The Julia-Kociénski approach
9.3.1

General procedure for cyanation by using phenyl cyanate: 4-((tetrahydro-2H-pyran-2-yl)oxy)pent-2-ynenitrile (97) 84

To a solution of alkyne 94 (2.0 g, 13.0 mmol, 100 mol %) in THF (40 mL) at –78 oC
was added carefully n-BuLi (6.3 mL, 2.2 M in hex, 105 mol %). The reaction was stirred
at –60 oC for 45 min, and then cooled back to –75 oC. Phenyl cyanate (1.70 g, 14.3
mmol, 110 mol %) was added slowly, and the mixture was stirred at –75 oC for 1h, then
let warm to +6 oC. Reaction was quenched with 1M NaOH (30 mL). The two phases
were separated, and the organic phase was washed with 1M NaOH (20 mL) and H2O
(20mL), dried over Na2SO4, filtered, and concentrated in vacuo. Purification of the
crude product by Kugelrohr distillation afforded nitrile 97 (1.88 g, 81%) as a light yellow oil. The spectroscopic and physical data are identical in respect to those previously
reported.
Rf = 0.43 (hex/EtOAc 80:20, visualized by UV or by KMnO4 staining); IR (film):
Q2942, 2872, 2299, 2278, 1454, 1442, 1373, 1354, 1327, 1261, 1203, 1187, 1162, 1119,
1100, 1079, 1049, 1036, 1019, 979, 960, 932, 909, 889, 874, 816 cm-1; 1H NMR (400
MHz, CDCl3, TMS): δ 4.83-4.85 (app t, 1H), 4.64-4.66 (q, J = 6.9 Hz, 1H), 3.74-3.80
(m, 1H), 3.52-3.57 (m, 1H), 1.72-1.84 (m, 2H), 1.52-1.63 (m, 4H), 1.53 (d, J = 6.9 Hz,
3H); 13C NMR (100 MHz, CDCl3, TMS): δ 104.6, 96.4, 85.1, 62.5, 60.3, 58.7, 30.1,
25.1, 20.9, 19.0.
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9.3.2

4-((tert-Butyldimethylsilyl)oxy)pent-2-ynenitrile (98) 159

Rf = 0.85 (hex/EtOAc 80:20, visualized by UV or by KMnO4 staining); yellow oil; 1H
NMR (400 MHz, CDCl3): δ 4.55-4.60 (q, J = 6.6 Hz, 1H), 1.46-1.48 (d, J = 6.6 Hz,
3H), 0.9 (s, 9H), 0.11-0.13 (d, J = 7.7 Hz, 6H); 13C NMR (100 MHz, CDCl3): δ 104.8,
86.9, 68.0, 58.7, 25.6, 24.1, -4.9 (d), -5.1.

9.3.3

4-(Trityloxy)pent-2-ynenitrile (99)

Rf = 0.75 (hex/EtOAc 70:30, visualized by UV or by vanillin staining); white solid; mp:
80-82 oC; IR (film): Q 3083, 3057, 3023, 2870, 2311, 2280, 1959, 1899, 1816, 1774,
1596, 1490, 1447, 131, 1337, 1321, 1226, 1152, 1075, 1029, 1001, 906, 7756, 765, 748,
704 cm-1; 1H NMR (400 MHz, CDCl3): δ 7.45-7.48 (m, 2H), 7.34-7.38 (m, 4H), 7.267.31 (m, 2H), 7.19-7.23 (m, 1H), 6.82-6.85 (m, 4H), 4.22-4.27 (q, J = 6.8 Hz, 1H) 3.77
(s, 6H), 1.50-1.51 (d, J = 6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3): δ 159.0, 144.3,
135.4, 135.0, 130.3, 128.0127.8, 127.2, 113.4, 113.3, 104.5,87.8, 85.5, 59.7, 57.0, 55.1,
22.0: ESI-HRMS (fragmented product) calculated for: C19H17O [M+H]+: 261.1279,
found: 261.1283.

9.3.4

4,4'-((But-3-yn-2-yloxy)(phenyl)methylene)bis(methoxybenzene)
(103)
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To a solution of 3-butynol 102 (2.2 mL, 30 mmol, 150 mol %) in CH2Cl2 (40 mL) at
were sequentially added rt 4,4'-dimethoxytrityl chloride (6.78 g, 20 mmol, 100 mol%)
and pyridine (1.9 mL, 22 mmol, 110 mol%). The bright red reaction mixture was stirred
at rt overnight during time which the reaction turned yellow. The reaction was quenched
with NaHCO3 (30 mL). The phases were separated and the aqueous phase was back
extracted with CH2Cl2 (10 mL). The combined organic phases were dried over Na2SO4,
and concentrated in vacuo to afford crude 103 as thick syrup/oil. Crystallization from
MeOH (20 mL) afforded alkyne 103 as a fine white powder (5.70 g, 88%).
Rf = 0.63 (hex/EtOAc 80:20, visualized by UV or by KMnO4 staining); pale yellow
solid; mp: 81-83oC; IR (film): Q 3287, 3036, 2997, 2933, 2907, 2835, 1607, 1581, 1509,
1463, 1445, 1415, 1370, 1335, 1300, 1249, 1176, 1154, 1114, 1055, 1035, 1003, 953,
902, 832, 490, 754, 727, 702 cm-1; 1H NMR (400 MHz, CDCl3 TMS): δ 7.52-7.54 (m,
2H), 7.39-7.45 (m, 4H), 7.28-7.30 (m, 2H), 7.19-7.23 (m, 1H), 6.81-6.85 (m, 4H), 4.17
(dq, J = 6.5, 2.1 Hz, 1H), 3.79 (s, 6H), 2.11 (d, J = 2.1 Hz, 1H), 1.20 (d, J =6.5 Hz, 3H);
13

C NMR (100 MHz, CDCl3 TMS): δ 158.6, 145.4, 136.6, 136.5, 130.4, 130.4, 128.4,

126.8, 113.0, 113.0, 87.3, 85.4, 71.6, 60.1, 55.2.
NOTE: In MS only dimethoxytrityl C21H19O2+ (303.1395) fragment is observed.

9.3.5

4-(Bis(4-methoxyphenyl)(phenyl)methoxy)pent-2-ynenitrile (104)

To a solution of alkyne 103 (7.17 g, 18.9 mmol, 100 mol %) in THF (200 mL) at –78
o

C was added carefully n-BuLi (9.5 mL, 2.1M in hex, 105 mol%). The reaction was

stirred at –45 oC for 1h 15 min, and then cooled back to –60 oC. Cyanate 101 (4.07 g,
20.8 mmol, 110 mol %) was added in portions. The mixture was stirred at –60 oC for
1h, then let warm to –45 oC, and finally to +6 oC (internal temperature) over the course
of 20 min. The reaction was quenched with 1M NaOH (40 mL). The phases were separated, and the organic phase was washed with 1M NaOH 1M (30 mL) and H2O (30mL),
dried over Na2SO4, filtered, and concentrated in vacuo. Purification of the crude product
by flash chromatography (EtOAc/hex 20:80) afforded nitrile 104 as a white foam (6.01
g, 80%).
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Rf = 0.75 (hex/EtOAc 70:30, visualized by UV or by KMnO4 staining); white foam; IR
(film): Q 3002, 2956, 2933, 2908, 2837, 2303, 2264, 1734, 1717, 1653, 1646, 1635,
1583, 1559, 1540, 1506, 1463, 1445, 1418, 1392, 1300, 1246, 1174, 1154, 1133, 1117,
1055, 1030, 971, 932, 903, 825, 791, 753, 725 cm-1; 1H NMR (400 MHz, CDCl3 TMS):
δ 7.46-7.48 (m, 2H), 7.159-7.37 (m, 7H), 6.83-6.86 (m, 4H), 4.24 (q, J = 6.7, 1H), 3.81
(s, 6H), 1.52 (d, J = 6.7 Hz, 3H); 13C NMR (100 MHz, CDCl3 TMS): δ 104.6, 143.2,
128.7, 128.1, 127.8, 88.4, 85.0, 60.0, 57.3, 22.2; ESI-HRMS calculated for
C26H23NO3Na [M+Na]+: 420.1593, found: 420.1576.

9.3.6

4-Hydroxypent-2-ynenitrile (100)

To a solution of nitrile 104 (3.80 g, 9.6 mmol, 100 mol %) in CH2Cl2 (96 mL) were
sequentially added Et3SiH (2.4 mL, 10.5 mmol, 110 mol %) and TESOTf ( 80 μL, 0.480
mmol, 5 mol %) at rt, forming a deep red solution. The mixture was stirred at rt for 1 h
during which the colour turned pale yellow. The reaction was quenched with H2O (20
mL) and the phases were separated. To the organic phase was added AcOH 80%/THF
1:1 (43 mL) and stirred for 2 h. The solution was cooled in an ice bath and neutralized
with 3M NaOH (80 mL). The two phases thus formed were separated and the aqueous
phase was extracted with CH2Cl2 (2 x 15 mL). The combined organic phases were dried
over Na2SO4, and concentrated carefully under reduced pressure to afford crude product
as mixture of a solid (DMTr) and an oily product. The mixture was diluted with EtOAc
(5mL), filtered, and purified via flash chromatography (hex/EtOAc 80:20) to give alcohol 100 as a colourless oil.
Rf = 0.75 (hex/EtOAc 70:30, visualized by KMnO4); colourless oil; IR (film): Q 3417,
2989, 2890, 2309, 2278, 1455, 1371, 1326, 1283, 1189, 1149, 1114, 1065, 1034, 1010,
955, 922,886, 851 cm-1; 1H NMR (400 MHz, CDCl3, TMS): δ 5.60 (app dq, J = 5.7, 6.8
Hz, 1H), 2.82 (app d, J = 5.7 Hz, OH), 1.52 (d, J = 6.8 Hz, 3H); 13C NMR (100 MHz,
CDCl3, TMS): δ 104.6, 86.3, 58.0, 58.0, 22.9; ESI-HRMS calculated for C5H6NO
[M+H]+: 96.0449, found: 96.0442.
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9.3.7

(E)-4-Hydroxy-3-methylpent-2-enenitrile (108) 160

To a solution of alcohol 100 (350 mg, 3.68 mmol, 100 mol %) in THF (37 mL) at –78
o

C was added carefully t-BuMgCl (4.0mL, 1M in THF, 108 mol %), followed by

MeMgCl (1.6 mL, 3M in THF, 130 mol %) after 5 min. The reaction was stirred at –78
o

C for 45 min. The temperature was allowed to rise to 0 oC and the reaction was then

quenched with sat. aq. NH4Cl solution (20 mL). The aqueous phase was extracted with
Et2O (3 x 10 mL). The combined organic phases were dried over Na2SO4, filtered and
concentrated in vacuo. Purification of the crude product by flash chromatography
(EtOAc/hex 50:50) afforded alcohol 108 as a pale yellow oil (300 mg, 73%). The spectroscopic and physical data are identical in respect to those previously reported.
Rf = 0.22 (hex/EtOAc 70:30, visualized by UV or by KMnO4 staining); pale yellow oil;
IR (film): Q 3419, 3073, 2982, 2936, 2222, 1634, 1446, 1373, 1286, 1192, 1116, 1082,
954, 895, 833, 793 cm-1; 1H NMR (400 MHz, CDCl3, TMS): δ 5.54 (app. pentuplet, J
= 1.2 Hz, 1H), 4.30-4.36 (m, 1H), 2.03 (dd, J = 1.1, 0.6 Hz, 3H), 1.85 (d, J = 4.2 Hz,
OH), 1.34 (d, J = 6.6 Hz, 3H); 13C NMR (100 MHz, CDCl3, TMS): δ 167.2, 117.5, 94.6,
71.0, 22.3, 17.9; ESI-HRMS calculated for C6H10NO [M+H]+: 112.067, found:
112.0762.

9.3.8

(E)-3-Methyl-4-((1-phenyl-1H-tetrazol-5-yl)thio)pent-2-enenitrile
(109)

To a solution of alcohol 108 (295 mg, 2.65 mmol, 100 mol %) in THF (25 mL) at rt
were added PPh3 (766 mg, 2.92 mmol, 110 mol %), 1-phenyl-1H-tetrazole-5-thiol (520
mg, 2.92 mmol, 110 mol %), and DIAD (0.46 mL, 2.92 mmol, 110 mol %). The reaction
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was stirred at rt for 21 h and then concentrated in vacuo. Purification of the crude product by flash chromatography (EtOAc/hex 30:70) afforded sulfide 109 as a white solid
(685 mg, 95%)
Rf = 0.54 (hex/EtOAc 70:30, visualized by UV or by KMnO4 staining); white solid;
mp: 103-105 oC; IR (film): Q3062, 2976, 2929, 2219, 1731, 1629, 1596, 1498, 1450,
1436, 1409, 1385, 1318, 1278, 1239, 1074, 1014, 913 cm-1; 1H NMR (400 MHz, CDCl3,
TMS): δ 7.57-7.62 (m, 3H), 7.42-7.55 (m, 2H), 5.59 (m, 1H), 4.77 (q, J = 7.1 Hz, 1H),
2.11(d, J = 1.1 Hz 3H), 1.61 (d, J = 7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3, TMS):
δ 161.1, 152.4, 133.2, 130.4, 129.8, 123.9, 116.1, 98.8, 48.8, 19.0, 17.4; ESI-HRMS
calculated for C13H14N5S [M+H]+: 272.0970, found: 272.0979.

9.3.9

(E)-4-Cyano-3-methylbut-3-en-2-yl 4-methylbenzenesulfonate
(111)

To a solution of alcohol 108 (367 mg, 3.3 mmol, 100 mol %) in pyridine (8 mL) at 0oC
were sequentially added DMAP (20 mg, 0.16 mmol, 5 mol %), and Ts2O (1.16 g, 3.5
mmol, 110 mol %) added sequentially. The reaction was stirred at rt for 2 h, then diluted
with EtOAc (5 mL) and quenched with 1M HCl (5 mL). The organic phase was washed
with sat. aq. NaHCO3 (5 mL), 10% aq. CuSO4 (30 mL), and sat. aq. NaCl (10 mL), then
solution, dried over Na2SO4, filtered, and concentrated in vacuo to afford tosylate 111
(651 mg, 75% over three steps) as a pale yellow oil.
Rf = 0.57 (hex/EtOAc 70:30, visualized by UV or by KMnO4 staining); pale yellow oil;
IR (film): 3068, 3033, 2989, 2961, 2923, 2874, 2850 2223, 1680, 1659, 1642, 1598,
1511, 1495, 1444, 1361, 1309, 1293, 1258, 1211, 1189, 1174, 1120, 1097, 1076, 1036,
1018, 994, 949, 895, 812, 778, 739, 705 cm-1; 1H NMR (400 MHz, CDCl3, TMS): δ
7.74-7.77 (m, 2H), 7.35-7.37 (m, 2H), 5.31 (app. sept., J = 1.3 Hz, 1H), 5.00 (q, J = 6.6
Hz, 1H), 2.46 (s, 3H), 1.94 (d, J = 1.3 Hz, 3H), 1.40 (d, J = 6.6 Hz, 3H); 13C NMR (100
MHz, CDCl3, TMS): δ 159.9, 145.4, 133.5, 130.0, 127.7, 115.7, 97.6, 9.2, 21.6, 19.9,
16.7; ESI-HRMS calculated for C13H16NO3S [M+H]+: 266.0851, found: 266.0861.

108

9.3.10 (E)-3-Methyl-4-((1-phenyl-1H-tetrazol-5-yl)thio)pent-2-enenitrile
(109)

To a solution of tosylate 111 (84 mg, 0.32 mmol, 100 mol %) in THF (3.2 mL) was
added 1-phenyl-1H-tetrazole 5-thiol (61 mg, 0.34 mmol, 105 mol %) added. The reaction was stirred at rt for 3.5 h, cooled to 0 oC followed by addition of TEA (50 μL, 0.39
mmol, 120 mol %). The reaction was warmed to rt and further stirred for 30 min, then
quenched with water (2 mL). The two phases were separated and the aqueous phase was
extracted twice with EtOAc. The combined organic phases were dried over Na2SO4,
filtered, and concentrated. The crude product was purified with flash chromatography
(EtOAc/hex 30:70) to afford sulfide 109 (53 mg, 60%). 1H and 13C NMR data correspond to those reported in 9.3.8.

9.3.11 (E)-3-Methyl-4-((1-phenyl-1H-tetrazol-5-yl)sulfonyl)pent-2-enenitrile (110)

To a solution of sulfide 109 (50 mg, 0.18 mmol, 100 mol %) in EtOH (2 mL) was added
(NH4)6Mo7O24 · 4H2O (45 mg, 0.037 mmol, 20 mol %) and 50 % H2O2 in H2O (0.25
mL, 2000 mol %). The reaction was stirred at rt overnight and then quenched with water
(5 mL) and further diluted with CH2Cl2 (5 mL). The aqueous phase was extracted twice
with CH2Cl2. The combined organic phases were dried over Na2SO4, filtered, and concentrated in vacuo to afford sulfone 110 (52 mg, 94%) pure as such.
Rf = 0.30 (hex/EtOAc 70:30, visualized by UV or by KMnO4 staining); white solid;
mp: 113-116 oC; IR (film) Q 2995, 2958, 2922, 2900, 2884, 2853, 1648, 1597, 1473,
1437, 1382, 1345, 1269, 1226, 1202, 1175, 1127, 1100, 1063, 1031, 951, 920, 835,
806, 778, 732 cm-1; 1H NMR (400 MHz, CDCl3): δ 7.60-7.66 (m, 5H), 5.58 (m, 1H),
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4.79 (q, J = 7.1 Hz, 1H), 2.19 (d, J = 1.1 Hz 3H), 1.71 (d, J = 7.1 Hz, 3H); 13C NMR
(100 MHz, CDCl3): δ 153.4, 152.3, 132.7, 131.7, 129.7, 125.3, 115.0, 104.8, 66.7, 19.8,
13.1; ESI-HRMS calculated for C13H13N5O2NaS [M+Na]+: 326.0688, found: 326.0691.

9.3.12 General procedure for cyanation by using phenyl cyanate: 4-((tetrahydro-2H-pyran-2-yl)oxy)but-2-ynenitrile (115) 88

To a solution of alkyne 113 (2.1 g, 15.0 mmol, 100 mol %) in THF (40 mL) at –78 oC
was added n-BuLi (6.6 mL, 16.5 mmol, 110 mol %, 2.5 M in hex) dropwise. PhOCN
(2.32 g, 19.5 mmol, 130 mol %) was then added carefully. The reaction was stirred at –
78 oC for 30 min, allowed to warm to –40 oC and then quenched by pouring the mixture
into 1M NaOH (20 mL). The phases were separated and the aqueous phase was extracted with Et2O (2 x 10 mL). The combined organic phases were washed with sat. aq.
NaCl (20 mL), filtered through a pad of SiO2, dried over Na2SO4, filtered and concentrated. The crude product was purified with Kugelrohr distillation to afford compound
115 (1.23 g, 50 %). The spectroscopic data are identical in respect to those previously
reported.
Rf = 0.43 (hex/EtOAc 70:30, visualized by UV or by KMnO4); colorless oil; 1H NMR
(400 MHz, CDCl3, TMS): δ 4.75-4.77 (br t, 1H), 4.37 (d, J = 2.1 Hz, 2H), 3.77-3.83 (m,
1H), 3.54-3.59 (m, 1H), 1.71-1.88 (m, 2H), 1.52-1.67 (m, 4H); 13C NMR (100 MHz,
CDCl3, TMS): δ 115.3, 97.7, 81.8, 62.1, 53.9, 30.0, 25.1, 18.6.
9.3.13 4-(Trityloxy)but-2-ynenitrile (116)

Rf = 0.66 (hex/EtOAc 70:30, visualized by UV or by vanillin); beige solid; mp: 124128 oC; IR (KBr) Q435, 3064, 2915, 2851, 2329, 2270, 1974, 1837, 1596, 1491,
14450, 1441, 1362, 1323, 1229, 1221, 1156, 1066, 1033, 980, 902, 786, 71,755, 746,
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708 cm-1; 1H NMR (400 MHz, CDCl3, TMS): δ 7.41-7.44 (m, 6H), 7.26-7.36 (m, 9H),
4.01 (s, 2H); 13C NMR (100 MHz, CDCl3, TMS) δ 142.6, 128.5, 128.2, 127.7, 88.5,
81.6, 52.6; ESI-HRMS calculated for C10H16NO2 [M+H]+: 324.1388, found: 324.1392.

9.3.14 4-(Bis(4-methoxyphenyl)(phenyl)methoxy)but-2-ynenitrile (118)

Rf = 0.45 (hex/EtOAc 80:20, visualized by UV or by KMnO4 stainng), yellow oil; IR
(film): Q3002, 2956, 2933, 2908, 2837, 2303, 2264, 1734, 1717, 1653, 1646, 1635,
1607, 1583, 1559, 1540, 1506, 1463, 1445, 1418, 1362, 1300, 1246, 1174, 1154, 1133,
1117, 1055, 1030, 971, 932, 903, 825, 791, 753, 725 cm-1; 1H NMR (400 MHz, CDCl3,
TMS): δ 7.41-7.44 (m, 2H), 7.30-7.37 (m, 7H), 7.24-7.27 (m, 2H), 6.84-6.88 (m, 4H),
4.01 (s, 2H), 3.81 (s, 6H); 13C NMR (100 MHz, CDCl3, TMS): δ 159.0, 143.7, 134.6,
128.1, 127.8, 127.3, 11.5, 104.7, 88.0, 82.0, 55.3, 52.4.
9.3.15 4-((tert-Butyldimethylsilyl)oxy)but-2-ynenitrile (119)

Rf = 0.45 (hex/EtOAc 90:10, visualized by UV or by KMnO4 staining); yellow oil; IR
(film): Q 2956, 2931, 2897, 2859, 2307, 1472, 1365, 1257, 1134, 1093, 1007, 831, 814,
779, 712 cm-1; 1H NMR (400 MHz, CDCl3, TMS): δ 4.42 (s, 2H), 0.91 (s, 9H), 0.13 (s,
6H); 13C NMR (100 MHz, CDCl3, TMS): δ 114.8, 104.7, 83.4, 59.0, 51.5, 25.7, 18.2.
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9.3.16 4-((tert-Butyldiphenylsilyl)oxy)but-2-ynenitrile (122)

Rf = 0.25 (hex/EtOAc 95:5, visualization by UV or by KMnO4 staining); yellow oil; IR
(film): Q3292, 3065, 3031, 2855, 2116, 1955, 1722, 1605, 1496, 1496, 1454, 1388,
1355, 1263, 1228, 1206, 1074, 1028, 1028, 936, 912, 819, 739cm-1; 1H NMR (400
MHz, CDCl3, TMS): δ 7.64-7.67 (m, 4H), 7.40-7.47 (m, 6H), 4.38 (s, 2H), 1.06 (s, 9H);
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C NMR (100 MHz, CDCl3, TMS): δ 135.5, 131.8, 130.3, 128.0, 106.9, 104.7, 83.0,

59.3, 52.3, 36.4, 26.5, 19.1.

9.3.17 General procedure for carbocupration of alkyne: (Z)-3-methyl-4((tetrahydro-2H-pyran-2-yl)oxy)but-2-enenitrile (123)

To a suspension of CuI (dried at 200 oC under argon stream for 1 h) (1.15 g, 6.0 mmol,
167 mol %) in THF (10 mL) at –40oC was added MeLi (3.0 mL, 170 mol %, 2M in
Et2O) dropwise. The resulting yellow solution was stirred at –40oC for 30 min, then
cooled to –78 oC followed by careful addition of 115 (995 mg, 3.6 mmol, 100 mol %)
in THF (3 mL). The reaction was stirred at –78 oC for 1 h 20 min, allowed to warm to
rt, and then quenched with sat. aq. NH4Cl (10 mL). The phases were separated and the
organic phase was washed three times with 1M NH4OH solution, dried over MgSO4,
filtrated, and concentrated. Purification by flash chromatography (hex, hex/EtOAc 95:5,
92:8, 90:10) afforded pure 123 (662.4 mg, quant.).
Rf = 0.37 (hex/EtOAc 80:20, visualized by UV or by KMnO4); 1H NMR (400 MHz,
CDCl3, TMS): δ 1.52-1.93 (m, 6H), 1.93-1.98 (d, J = 1.5 Hz, 3H), 3.53-3.59 (m, 1H),
3.83-3.89 (m, 1H), 4.24-4.45 (ddd, J = 69.3, 13.5, 0.5 Hz, 2H), 4.65-4.67 (sextet, J =
1.5 Hz, 1H); 13C NMR (100 MHz, CDCl3, TMS): δ 19.6, 21.3, 25.7, 30.6, 62.7, 68.4,
96.7, 99.1, 116.3, 161.4; ESI-HRMS calculated for C10H16NO2 [M+H]+: 182.1181,
found: 182.1183.
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9.3.18 (Z)-3-Methyl-4-(trityloxy)but-2-enenitrile (124)

Rf = 0.56 (hex/EtOAc 80:20, visualized by UV or by KMnO4); beige solid; mp: 128131 oC; IR (film): Q3436, 3117, 3083, 3057, 3032, 2907, 2879, 2854, 2215, 1961, 1907,
1817, 1653, 1630, 1595, 1491, 1447, 1218, 1154, 2093, 1066, 1034, 981, 779, 768, 752,
709 cm-1; 1H NMR (400 MHz, CDCl3, TMS): δ 7.23-7.47 (m, 15H), 5.12 (1H, m), 3.97
(1H, s), 1.98 (3H, d, J = 1.5 Hz); 13C NMR (100 MHz, CDCl3, TMS): δ 161.7, 143.4,
117.0, 95.6, 87.5, 65.0, 21.1; ESI-HRMS calculated for C24H21NONa [M+Na]+:
362.1512, found: 362.1521.

9.3.19 (Z)-4-(Bis (4-methoxyphenyl)(phenyl)methoxy)-3-methylbut-2-enenitrile (125)

Rf = 0.63 (hex/EtOAc 90:10, visualized by UV or by KMnO4); yellow oil; IR (film):
3057, 3001, 2955, 5932, 2837, 2219, 2047, 1607, 1581, 1507, 1462, 1444, 1377, 1300,
1248, 1175, 1154, 1116, 1083, 1062, 1032, 983, 903, 828, 791, 771, 755, 727, 702 Qcm1 1

; H NMR (400 MHz, CDCl3, TMS) δ 7.23-7.30 (m, 2H), 7.23-7.35 (m, 6H), 6.84-6.86

(m, 5H), 5.12-5.13 (m, 1H), 3.97 (s, 2H), 3.80 (S, 6H), 1.97 (app. d, J = 1.45 Hz, 3H);
13

C NMR (100 MHz, CDCl3, TMS) δ 162.0, 158.6, 144.5, 135.6, 130.0, 129.8, 128.0,

127.9,126.9, 115.8, 113.2, 95.4, 86.9, 64.9, 55.2, 21.2; ESI-HRMS calculated for
C26H25NO3 [M+Na]+: 422.1713, found: 422.1732.
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9.3.20 (Z)-4-((tert-Butyldiphenylsilyl)oxy)-3-methylbut-2-enenitrile (126)

Rf = 0.63 (hex/EtOAc 80:20, Visulized by UV or by KMnO4); yellow oil; IR (film):
3072, 3050, 2999, 2957, 2931, 2893, 2858, 2220, 1962, 1891, 1826, 1638, 1590, 1567,
1486, 1472, 1463, 1446, 1427, 1340, 1362, 1332, 1307, 1262, 1192, 1105, 1030, 1008,
998, 940, 822, 740 Qcm-1; 1H NMR (400 MHz, CDCl3, TMS) δ 7.66-7.70 (m, 4 H).7.417.48 (m, 6H), 5.15 (app sex, J = 1.5 Hz), 4.46 (app q, J = 0.55 Hz), 2.02 (app d, 3H, J
= 1.4 Hz), 1.11 (s, 9); 13C NMR (100 MHz, CDCl3, TMS) δ 163.2, 135.5, 132.7, 130.0,
127.9, 115.7, 94.6, 65.1, 26.8, 20.5, 19.3; ESI-HRMS calculated for C26H25NO3
[M+Na]+: 422.1713, found: 422.1732.

9.4

Synthesis of alkynenitriles
9.4.1

4-Cyanato-1,1'-biphenyl (101) 161

To a solution of alcohol 128 (13.8 g, 80.9 mmol, 100 mol %) in Et2O (80 mL) at 0 oC
were carefully added BrCN (17.0 mL, 105 mol %, 5M in acetonitrile), TEA (11.9 mL,
85.0 mmol, 105 mol %). Addition of the latter forms a thick slurry of HBr∙TEA. Reaction was stirred at 0 oC for 8 h. The solids were then filtrated and washed with Et2O (20
mL). The organic phase was concentrated in vacuo to afford cyanate 101 (15.8 g, quant)
pure as such. For further purification the product may be recrystallized from Et2O/npentane.
Rf = 0.55 (hex/EtOAc 70:30, visualised by UV or by KMnO4); mp: 62 oC (lit 61-62 oC)
162

; IR (film): Q 3072, 3051, 2957, 2932, 2885, 2858, 2315, 2263, 1962, 1892, 1826,

1773, 1590, 1472, 1428, 1389, 1218, 1191, 1104, 1054, 1008, 999, 909, 822, 734 cm-1;
1

H NMR (400 MHz, CDCl3, TMS): δ 7.63-7.67 (m, 2H), 7.53-7.56 (m, 2H), 7.43-7.48
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(m, 2H), 7.36-7.41 (m, 3H); 13C NMR (100 MHz, CDCl3, TMS): δ 152.2, 140.3, 139.2,
129.1, 129.0, 127.9, 127.1, 115.6, 108.7; Anal. Calcd. for C13H9NO: C, 79.98; H, 4.65;
N, 7.17. Found: C, 79.79; H, 4.24; N, 7.24.

9.4.2

General procedure for the cyanation of terminal alkyne: 6-phenylhex-2-ynenitrile (130)

To a solution of alkyne 129 (0.15 mL, 1.00 mmol, 100 mol %) in THF (10 mL) at –78
o

C was added n-BuLi (0.48 ml, 105 mol %, 2.2M in hex). The reaction was stirred at –

60 oC for 20 min, and then cooled back to –75 oC. Cyanate 101 (215 mg, 1.10 mmol,
110 mol %) was added in one portion. The reaction was stirred at –75 oC for 1h, then
warmed to 0 oC and quenched with 1M NaOH (5 mL). The phases were separated, and
the organic phase was washed with NaOH (5 mL) and H2O (5mL), dried over Na2SO4,
filtered, and concentrated in vacuo. Purification by flash chromatography (hex/EtOAC
90:10) afforded nitrile 130 (127 mg, 75%) as a colourless oil.
Rf = 0.63 (hex/EtOAc 70:30, visulized by UV or by KMnO4); colourless oil; IR (film):
Q 3301, 3064, 3028, 2941, 1863, 2314, 2259, 1748, 1603, 1496, 1455, 1419, 1375, 1346,
13225, 1256, 1216, 1080, 1030, 910, 743 cm-1; 1H NMR (400 MHz, CDCl3, TMS): δ
7.15-7.32 (m, 5H), 2.72 (t, J = 7.4 Hz, 2H), 2.34 (t, J = 7.1 Hz, 2H), 1.93 (t, J = 7.4H,
2H); 13C NMR (100 MHz, CDCl3, TMS): δ 140.1, 128.6, 128.4, 126.4, 105.2, 86.9,
68.6, 55.7, 34.5, 28.5, 18.1; ESI-HMRS calculated for C12H12N [M +H]+: 170.0970,
found: 170.0977.

9.4.3

5-((tert-Butyldiphenylsilyl)oxy)pent-2-ynenitrile (132)
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Purification of by flash chromatography (hex/EtOAC 80:20) afforded nitrile 132 (206
mg, 65%) as a colourless oil.
Rf = 0.55 (hex/EtOAc 70:30, visualised by UV or by KMnO4); IR (film): Q 3072, 3051,
2957, 2932, 2885, 2858, 2315, 2263, 1962, 1892, 1826, 1773, 1590, 1472, 1428, 1389,
1218, 1191, 1104, 1054, 1008, 999, 909, 822, 734 cm-1; 1H NMR (400 MHz, CDCl3,
TMS): δ 7.64-7.69 (m, 4H), 7.38-7.45 (m, 6H), 3.81 (t, J = 6.3 Hz, 2H), 2.57 (t, J = 6.3
Hz, 2H), 1.07, (s, 9H); 13C NMR (100 MHz, CDCl3, TMS) δ 135.5, 135, 133, 130, 128,
105.2, 85.0, 60.6, 26.7, 23.1, 19.2; ESI-HMRS calculated for C21H23NO4Na [M+Na]+:
356.1447, found: 356.1448.

9.4.4

4-((tert-Butyldimethylsilyl)oxy)-4-methylpent-2-ynenitrile (134)

Purification by flash chromatography (hex/EtOAC 80:20) afforded nitrile 134 (260 mg,
85%) as a colourless oil.
Rf = 0.40 (hex/EtOAc 80:20, visualised by UV or by KMnO4); IR (film): Q 3070,
3050, 2988, 2303, 2275, 1959, 1887, 1822, 1428, 1235, 1163, 1111, 1036, 890, 788,
731 cm-1; 1H NMR (400 MHz, CDCl3, TMS): δ 7.29-7.60 (m, 10H), 1.56 (s, 6H), 0.76
(s, 3H)
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C NMR (100 MHz, CDCl3, TMS): δ 136.18, 134.3, 130.0, 127.9, 104.5.

88.3, 67.5, 31.8, -1.02.
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Synthesis of MINC1 137 and 145
9.5.1

2,6-Bis(4,5-dihydro-1H-imidazol-2-yl)naphthalene dihydrochloride
(137∙2HCl) 163

To a suspension of naphthalene-2,6-dicarboxylic acid 143 (865 mg, 4.0 mmol, 100 mol
%) in ethylene glycol (3 mL), were sequentially added ethylene diamine (0.53 mL, 8.0
mmol, 200 mol %), ethylene diamine dihydrochloride (1.06 g, 8.0 mmol, 200 mol %),
and p-toluenesulfonic acid monohydrate (63 mg, 0.33 mmol, 8.3 mol %). The reaction
was heated to 190 oC uopn which it turned into a clear solution and was then stirred at
that temperature for 15 h. During this time the reaction became a suspension again. The
reaction was cooled to room temperature. Aq. HCl (20.6 mL, 267 mM) was added to
the suspension, giving a clear solution. Aq. NaOH (8 mL, 12.5 M) was then added,
leading to the formation of a yellow precipitate, which was filtered and washed with
H2O (20 mL) and finally dried in vacuo to give the crude product as a yellow solid (900
mg).
The hydrochloride salt of 137 was obtained by slowly adding 10% HCl to a suspension
of the crude product in MeOH (8.5 mL). The precipitated product was filtered and dried
in vacuo to afford 2,6-bis(4,5-dihydro-1H-imidazol-2-yl)naphthalene 137 dihydrochloride (428 mg, 38%) as a yellow solid. The spectroscopic and physical data are identical
in respect to those previously reported.
Yellow solid; mp: 310-330 oC (slow decomposition) 163; IR (film): Q 3046, 2925, 1620
cm-1; 1H NMR (400 MHz, D2O): δ 8.34 (d, J = 1.8 Hz, 2H), 8.14 (d, J = 8.6 Hz, 2H),
7.77 (dd, J = 8.6, 1.8 Hz, 2H), 4.09 (s, 8H); 13C NMR (100 MHz, D2O): δ 165.7, 134.2,
130.8, 129.6, 124.4, 122.2, 44.7; ESI-HMRS calculated for C16H17N4 [M+H]+
:265.1451, found: 265.1453.

9.5.2

2-(4,5-Dihydro-1H-imidazol-2-yl)naphthalene hydrochloride (145)
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To a suspension of 2-naphthoic acid 144 (1.72 g, 10 mmol, 100 mol %) in ethylene
glycol (14 mL) were sequentially added ethylenediamine (0.66 mL, 10 mmol, 100 mol
%), ethylenediamine dihydrochloride (1.33 g, 10 mmol, 100 mol-%) and p-toluene sulfonic acid monohydrate (0.16 g, 0.83 mmol, 8 mol %). The reaction was heated to 190°C
upon which it turned into a clear solution and was then stirred overnight. The reaction
was cooled to 0°C. The solvents were evaporated and the precipitate which formed upon
cooling was dissolved in water (50 mL) and concentrated HCl (1.50 mL). The addition
of aqueous NaOH (20 mL, 19 M) into the mixture produced a yellow precipitate, which
was filtered, washed several times with water (50 mL) and dried in vacuo to give the
crude product as a yellow solid (563 mg, 29%).
The hydrochloride salt of 145 was obtained by slowly adding 20% HCl to a suspension
of the crude product in MeOH (5 mL) at 0 oC. The precipitated product was filtered and
dried in vacuo. The product contained still some impurities and was recrystallized from
MeOH and Et2O to afford 145 as a white solid (286 mg, 12%).
Free base:
1

H NMR (400 MHz, CDCl3, TMS): δ 8.19 (s, 1H) 7.93 (app. dd, J = 8.6, 1.8 Hz, 1H)

7.84 (m, 3H) 7.50 (m, 2H) 3.82 (s, 4H); 13C NMR (100 MHz, CDCl3, TMS): δ 164.7,
134.3, 132.7, 128.5, 128.1, 127.7, 127.7, 127.1, 126.7, 126.4, 124.2, 42.5, 41.3.
Hydrochloride salt: 161
White solid; mp: 277°C (lit. 280 °C) 161 : IR (film): Q 3838, 3735, 3724, 3648, 3566,
3032, 2930, 2359, 2324, 1698, 1684, 1670, 1558, 1541, 1521, 1508, 1279, 697 cm-1; 1H
NMR (400 MHz, D2O): δ 8.23 (d, J = 1.8 Hz, 1H) 8.04 (q, J = 4.7 Hz, 3H) 7.75 (m, 2H)
7.62 (dd, J = 8.8, 2.0 Hz, 1H) 4.06 (s, 4H); 13C NMR (100 MHz, D2O): δ 163.0, 134.7,
130.8, 129.3, 129.1, 128.8, 128.4, 127.4, 127.3, 121.6, 116.7, 43.6; ESI-HRMS calculated for C13H13N2 [M+H]+: 197.1079, found: 197.1085.
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Figure 22 1H NMR of 145 HCl salt from above to down 2mg, 20 mg, and 40 mg in 0.6 mL D2O.
Note the strong aggregation effect and consequential shifting of peaks. The same effect is also
observed in 2,6-disubstituted 137.

9.6

Synthesis of aromatic nitriles
9.6.1

2,6-Dibromonaphthalene (159) 153

Ph3P (30.3 g, 116 mmol, 116 mol %) was dissolved in acetonitrile (100 mL) and the
solution was cooled to 0 oC. Br2 (6.0 mL, 116 mmol, 110 mol %) was then added dropwise. The reaction was stirred at rt for 1 h. 6-Bromo-2-naphthol 151 (23.4 g, 105 mmol,
100 mol %) in acetonitrile (100 mL) was added to the solution. The reaction was stirred
at 65 oC for 16 h, after which the solvent was evaporated. The resulting black paste was
then heated to 300 oC for 1 h. The mixture was cooled back to rt and dissolved in toluene
(100 mL). The insoluble material was filtered off. The organic solution was washed
with 1M NaOH (50 mL) and water (50 mL), dried over Na2SO4, filtered and concentrated in vacuo. The crude product was recrystallized from EtOAc (30 mL) affording
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compound 159 as small brown crystals (5.28 g, 18 %). The spectroscopic and physical
data are identical in respect to those previously reported.
Rf = 0.83 (hex/EtOAc 80:20, visualized by UV or by KMnO4 staining); brown
crystals; mp: 158-160°C (lit. 158-159°C) 164; 1H NMR (400 MHz, CDCl3, TMS): δ
7.97 (d, J = 2.0 Hz, 2H) 7.62 (d, J = 8.7 Hz, 2H) 7.56 (dd, J = 8.7, 2.0 Hz, 2H); 13C
NMR (100 MHz, CDCl3): δ 132.8, 130.3, 129.9, 128.6, 120.2.

9.6.2

2,6-Dichloronaphthalene (154) 154

In a screw-cap pressure vessel, a mixture of disodium 2,6-naphthalene disulfonate 153
(8.31 g, 25 mmol, 100 mol %) and phosphorus pentachloride (20.8 g, 100 mmol, 400
mol %) was heated in an oil bath at 165°C overnight. The mixture was then allowed to
cool to 0°C and a large amount of crushed ice was cautiously added. The liquid, which
solidified when washed with water, was stirred for a while. The crude solid was ground
into powder under water, filtered, washed with water and dried in vacuo to give crude
154 as a brown solid.
The crude product was recrystallized by adding CH2Cl2 (25 mL) and water (5 mL). The
product was allowed to crystallize overnight in +6 oC. The product was filtered, washed
with water and dried in vacuo to give 154 as an off-white solid (3.28 g, 67%). The
spectroscopic and physical data are identical in respect to those previously reported.
Rf = 0.83 (hex/EtOAc 80:20, visualized by UV or by KMnO4 staining); off-white
solid; mp: 133°C (lit. 136 °C) 154; IR (film): Q 3073, 1581, 1491, 1192, 1069, 874, 811

cm-1; 1H NMR (400 MHz, CDCl3, TMS): δ 7.81 (d, J = 2.2 Hz, 2H) 7.70 (d, J = 8.6
Hz, 2H) 7.45 (dd, J = 8.6, 2.2 Hz, 2H); 13C NMR (100 MHz, CDCl3): δ 132.2, 131.9,
128.6, 127.9, 126.6.
NOTE: The shape of the vessel was crucial to successful results. The vessel should not
be too wide but rather narrow to ensure good mixing of the reagents. The size of the
vessel was 100 mL.
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9.6.3

Typical procedure for 2- and 2,6- substituted halo-naphtalenes
with Buchwald pre-catalyst and –ligand: 2-naphthonitrile (157) 165

To a screw-cap pressure vessel was charged 2-bromonaphthalene 155 (207 mg, 1.00
mmol, 100 mol %), precatalyst ligand (3.4 mg, 0.004 mmol, 0.4 mol %), XPhos (2 mg,
0.004 mmol, 0.4 mol %) and KOAc (245 mg, 0.25 mmol, 25 mol %). The atmosphere
was changed to argon and degassed NMP (5.0 mL) was added. The vessel was sealed
and heated to 100 oC for 16 h. After that the reaction was let cool to rt, diluted with
EtOAc (10 mL) and quenched with sat. aq. NaCl (5 mL). In a successful reaction the
aqueous phase turned blue at this point, indicating the presence of Prussian blue (M2
Fe[Fe(CN)6], K+, Na+). The phases were separated and the aqueous phase was extracted
with EtOAc (2 x 5 mL). The combined organic phases were washed with H2O (19 mL),
dried over Na2SO4, filtered and concentrated in vacuo. Purification by flash chromatography (hex/EtOAc 90:10) then gave naphthalene 157 (121 mg, 79 %) as a beige solid.
The spectroscopic and physical data are identical in respect to those previously reported.
Rf = 0.65 (hex/EtOAc 70:30, visualized by UV or by KMnO4 staining); beige solid; mp:
67°C (lit: 63-65°C) 165, IR (film): Q3060, 2224, 1624, 1593, 1460, 903, 869, 823, 753
cm-1; 1H NMR (400MHz, CDCl3, TMS): δ 8.22 (s, 1H) 7.89 (t, J = 8.6 Hz, 3H) 7.62
(m, 3H);
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C NMR (100 MHz, CDCl3): δ 134.8, 134.3, 132.4, 129.3, 129.1, 128.5,

128.2, 127.8, 126.4, 119.4, 109.5.

9.6.4

Typical procedure for 2-, 2,6-, and 2,7- substituted halo-naphtalenes with Pd(OAc)2: 2,6-dicyanonaphthalene (158) 166

To a screw-cap pressure vessel was charged 2,6-bromonaphthalene 152 (285 mg, 1.00
mmol, 100 mol %), Pd(OAc)2 (3.4 mg, 1.50 mmol, 1.5 mol %), cataXCium® A (16 mg,
4.5 mmol, 4.5 mol %) and Na2CO3 (106 mg, 1.00 mmol, 100 mol %). The atmosphere
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was changed to argon and degassed DMAc (3.3 mL) was added. The vessel was sealed
and heated to 120 oC for 16 h. After that the reaction was let cool to rt and diluted with
EtOAc (50 mL). The mixture was washed with 3M NaOH (50 mL) five times, dried
over Na2SO4, filtered and concentrated in vacuo to afford naphthalene 154 (113 mg,
48%) as a beige solid. The spectroscopic and physical data are identical in respect to
those previously reported.
Rf = 0.21 (hex/EtOAc 80:20 hex/EtOAc, visualized by UV); beige solid; IR (film): Q
3059, 3025, 2922, 2227, 1492, 1452 cm-1; 1H NMR (400 MHz, CDCl3, TMS): δ 8.30
(s, 2H), 8.02 (d, J = 8.4 Hz, 2H) 7.76 (dd, J = 8.4, 1.2 Hz, 2H); 13C NMR (100 MHz,
CDCl3, TMS): δ 134.0, 133.5, 129.8, 128.3, 118.2, 112.7.
1

H NMR (400 MHz, CDCl2CDCl2): δ 8.31 (s, 2H), 8.02 (d, J = 8.6 Hz, 2H) 7.76 (dd, J

= 8.6, 1.1 Hz, 2H); 13C NMR (100 MHz, CDCl2CDCl2): δ 134.0, 133.2, 129.7, 128.1,
118.4, 112.3.

9.6.5

2,7-Dicyanonaphthalene (162) 167

The spectroscopic and physical data are identical in respect to those previously reported.
Rf = 0.25 (hex/EtOAc 80:20 hex/EtOAc, visualized by UV); beige solid; 1H NMR (400
MHz, CDCl3, TMS): δ 8.30-8.31 (m, 2H), 8.01 (d, J = 8.6 Hz, 2H) 7.79 (dd, J = 8.6, 1.5
Hz, 2H); 1H NMR (400 MHz, CDCl2CDCl2): δ 8.31 (m, 2H), 8.02 (d, J = 8.8 Hz, 2H)
7.80 (dd, J = 8.8, 1.5 Hz, 2H); 13C NMR (100 MHz, CDCl2CDCl2): δ 135.5, 134.3,
131.0, 129.5, 129.3, 118.3, 111.2.

9.7

Synthesis of MINC1-family
9.7.1

General procedure for 2,6-disubstituded heterocycles: 2,6-bis(4,5dihydrooxazol-2-yl)naphthalene (163)
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To a screw-cap vessel were charged nitrile 157 (30 mg, 0.17 mmol, 100 mol %), chlorobenzene (0.55 mL), Cu(OAc)2 (3.4 mg, 0.017 mmol, 10 mol %) and aminoethanol (8
μL, 1.35 mmol, 800 mol %). The vessel was sealed and kept at 120 oC overnight. The
reaction was cooled to rt, diluted with CH2Cl2 (15 mL), filtered and concentrated in
vacuo. Purification by flash chromatography (CH2Cl2/MeOH 97:3) gave bisoxazole 163
(12 mg, 27 %) as a yellow solid.
Rf = 0.20 (CH2Cl2/MeOH 96:4, visualized by UV or by KMnO4 staining); yellow solid;
mp. 185-190 oC; IR (film): Q3033, 2972, 2931, 32903, 2876, 1647, 1596, 1559, 1541,
1507, 1498, 1482, 1457, 1386, 1359, 1320, 1269, 1258, 1211, 1197, 1175, 1132, 1061,
998, 976, 953, 921, 903, 844, 826 cm-1; 1H NMR (400 MHz, CDCl3, TMS): δ 8.45 (s,
2H), 8.08 (dd, J = 8.4, 1.7Hz, 2H), 7.93 (d, J = 8.4 Hz, 2H), 4.50 (t, J = 9.3 Hz, 4H),
4.13 (t, J = 9.3 Hz, 4H); 13C NMR (100 MHZ, CDCl3, TMS): δ 164.5, 134.0, 129.0,
128.3, 126.6, 125.5, 67.8, 55.1; ESI-HMRS calculated for C16H15N2O2 [M+H]+:
267.1134, found: 267.1131.

9.7.2

Intermediate: 6-(4,5-Dihydrooxazol-2-yl)-2-cyanonaphthalene
(164)

Rf = 0.30 (CH2Cl2/MeOH 96:4, visualized by UV or by KMnO4 staining); yellow solid;
mp: 183-185 oC; IR (film): Q 2977, 2930, 2906, 2877, 2225, 1648, 1478, 1351, 1189
cm-1; 1H NMR (400 MHz, CDCl3, TMS): δ 8.48 (s, 1H), 8.25 (s, 1H), 8.17 (dd, J = 8.6,
1.5Hz, 1H), 7.99 (d, J = 8.6Hz, 1H), 7.93 (d, J = 8.6Hz, 1H), 7.66 (dd, J = 8.4, 1.5Hz,
1H), 4.53 (t, J = 9.5Hz, 2H), 4.15 (t, J = 9.5Hz, 2H) ppm; 13C NMR (100 MHZ, CDCl3,
TMS): δ 163.9, 134.0, 133.8, 133.4, 130.1, 128.6, 128.4, 127.1, 126.6, 118.9, 110.8,
67.9, 55.2; ESI-HMRS calculated for C14H11N2O [M +H]+: 223.0871, found: 223.0882.
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9.7.3

2,6-Bis(4,5-dihydrothiazol-2-yl)naphthalene (165)

Rf = 0.18 (CH2Cl2/MeOH 97:3, visualized by UV or by KMnO4 staining); yellow solid;
mp. 207-211 oC; IR (film): Q 2932, 2910, 2845, 1785, 1712, 1691, 1659, 1643, 1608,
1585, 1565, 1553, 1529, 1495, 1432, 1375, 1332, 1311, 1276, 1242, 1209, 1168, 1124,
1006, 970, 9256, 899, 857, 834, 731 cm-1; 1H NMR (400 MHz, CDCl3, TMS): δ 8.25
(s, 2H), 8.04 (dd, J = 8.4, 1.5 Hz, 2H), 7.92 (d, J = 8.4 Hz, 2H), 4.52 (t, J = 8.3 Hz, 4H,
3.47 (t, J = 8.3 Hz, 4H); 13C NMR (100 MHZ, CDCl3, TMS): δ 168.1, 134.0, 132.0,
129.0, 129.0, 125.5, 65.3, 33.8; ESI-HMRS calculated for C16H15N2S2 [M+H]+:
299.0677, found: 299.0668.

9.7.4

2,6-Bis(5,6-dihydro-4H-1,3-oxazin-2-yl)naphthalene (166)

Rf = 0.3 (CH2Cl2/MeOH 97:3, visualization by UV or by KMnO4 staining); pale yellow
solid; mp: 260 oC; IR (film): Q2995, 2958, 2923, 2900, 2884, 2853, 1648, 1597, 1473,
1437, 1382, 1345, 1285, 1269, 1226, 1202, 1175, 1127, 1100, 1062, 1031, 951, 920,
835, 806, 778, 732 cm-1; 1H -NMR (400 MHz, CDCl3, TMS): δ 8.37 (s, 2H), 8.01 (dd,
J = 8.6, 1.7 Hz, 2H), 7.89 (d, J = 8.6 Hz, 2H), 4.43 (t, J = 5.6 Hz, 4H), 3.67, (t, J = 6.0
Hz, 4H), 2.03 (pent, J = 5.6 Hz, 6H); 13C NMR (100 Hz, CDCl3, TMS): δ 155.5, 133.8,
132.4, 128.6, 126.5, 124.4, 65.3, 42.9, 22.0; ESI-HMRS calculated for C18H19N2O2
[M+H]+: 295.1447, found: 295.1453.

9.7.5

2,6-Bis(1,4,5,6-tetrahydropyrimidin-2-yl)naphthalene dihydrochloride (167)
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To a suspension of naphthalene-2,6-dicarboxylic acid 143 (800 mg, 3.70 mmol, 100
mol %) in ethylene glycol (3 mL) were sequentially added propane-1,3-diamine (0.65
mL, 7.40 mmol, 200 mol %), propane-1,3-diamine dihydrochloride (1.36 g, 9.25 mmol,
250 mol %), and p-toluenesulfonic acid monohydrate (51 mg, 0.30 mmol, 8 mol %).
The reaction was heated to 190 oC upon which it turned into a clear solution and was
then stirred for 19 h. During this time the reaction became a suspension again. The reaction was cooled to room temperature. Aq. HCl (19 mL,0.27 mM) was added to the
suspension, giving a clear solution. Aq. NaOH (8 mL, 12.5 M) was added, leading to
the formation of a yellow precipitate, which was filtered and washed with H2O (5 mL)
and finally dried in vacuo to give the crude product as a yellow solid.
The hydrochloride salt of 167 was obtained by slowly adding 20% HCl solution to a
suspension of the free base in MeOH (8.0 mL). The precipitated product was filtered
and dried in vacuo to afford dihydrochloride 167 (837 mg, 62%) as a yellow solid.
Free base:
1

H NMR (400 MHz, DMSO-d6): δ 8.23 (s, 2H), 7.94 (dd, J = 8.6, 1.6 Hz, 2H), 7.86, (d,

J = 8.6 Hz, 2H), 3.40 (t, J = 5.6 Hz, 8H), 1.72 (pent, J = 5.6 Hz, 4H).
Hydrochloride salt:
White solid; mp: 340-360 oC (slow decomposition); IR (film): Q 3066, 2948, 1641,
1607, 1575, 1427, 1371, 1321, 1206, 894, 802, 727 cm-1; 1H NMR (400 MHz, D2O): δ
8.30 (d, J = 1.6 Hz, 2H), 8.16 (d, J = 8.6 Hz, 2H), 7.74 (dd, J =8.6, 1.6 Hz, 2H), 3.58
(m, 8H), 2.08 (pent, J = 5.9 Hz, 4H); 13C NMR (100 MHz, D2O): δ 160.3, 134.0, 130.4,
128.6, 128.3, 124.3, 39.1, 17.6; ESI-HMRS calculated for C18H21N4 [M +H]+:
293.1766, found: 293.1757.

9.7.6

Analyzed side products:
Methyl 6-(4,5-dihydro-1H-imidazol-2-yl)-2-naphthoate (141)
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White solid; IR (film): Q 3336, 3064, 2953, 2351, 2311, 1716, 1612, 1598, 1556, 1432,
1350, 1276, 1236, 1198, 1099, 1032, 987, 973, 906, 824, 765, 751, 706 cm-1; 1H NMR
(400 MHz, DMSO-d6, TMS): δ 8.72 (s, 2H), 8.30 (d, J = 8.8 Hz, 1H), 8.08-8.14 (m,
3H), 3.94 (s, 3H), 3.92 (s, 4H); 13C NMR (100 MHz; DMSO-d6, TMS): δ 166.0, 164.1,
133.9, 133.7, 130.0, 129.5, 129.0, 128.8, 126.0, 125.1, 125.0, 52.5, 46.5; ESI-HMRS
calculated for C15H15N2O2 [M +H]+: 255.1134, found: 255.1130.

6-(4,5-Dihydro-1H-imidazol-2-yl)-2-naphthoic acid hydrochloride
(142)

White solid; mp: 325-330 oC (decomposition); IR (film): Q 3101, 2947, 2377, 2312,
1715, 1695, 1613, 1588, 1576, 1566 1395, 1280, 1257, 1224, 1184, 1148, 1089, 740,
705 cm-1; 1H NMR (400 MHz, D2O): δ 8.11 (s, 1H), 7.80 (dd, J = 8.6, 1.3 Hz, 1H),
7.57-7.63 (m, 3H), 7.23 (dd, J = 8.6, 1.7 Hz, 1H) 4.04 (s, 4H), 3.36 (s, 1H); 13C NMR
(100 MHz; D2O): δ 170.0, 164.6, 133.7, 133.0, 130.0, 129.6, 128.6, 126.1, 122.7, 20.0,
44.4; ESI-HMRS calculated for C15H13N2O2 [M +H]+: 241.0977, found: 241.0972.
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10.
Results of MGcRacGAP inhibition studies─ graphical illustrations
In this chapter the results of MGcRacGAP inhibition studies are collected in graphical
form. Two different methods were used and are defined in each figure separately:
ADPhunter is fluorescence based method for detection of GDP (or ADP); BM stands
for Biomol Green, better known as malachite green, an absorbance based method for
inorganic phosphate. These two methods are complementary and should thus give similar results. In both methods two different incubation times were applied: 2-hour incubation means that the assay was run 2 hours; 4-hour incubation means that the proteins
and compound were incubated for 2 hours and then the assay was run for another 2
hours. These experiments were performed at FIMM and kindly provided by Arjan van
Adrichem.
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Figure 23 The results for dose response studies (ADP) of MINC1 137∙2HCl in MgcRacGAP assay showing a half-maximal inhibition (IC50) of 10 μM (2h) and 1 μM (4h).
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Figure 24 The results for dose response studies (BG) of MINC1 137∙2HCl in MgcRacGAP assay.
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Figure 25 The results for the dose respond studies of 145 showing a half-maximal inhibition
(IC50) of >200 μM (2h) and >50 μM (4h) of MgcRacGAP.
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Figure 26 The results for dose response studies (BG) of MINC1 145 in MgcRacGAP assay.

Figure 27 The results of the dose response studies of by-product 141 in MgcRacGAP assay.

Figure 28 The results of the dose response studies of by-product 142 in MgcRacGAP,
p50RhoGAP, and BCR GAP assays showing promiscuous inhibition.
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Figure 29 The results of the dose response studies of oxazole 163 showing MgcRacGAP IC50
of >1mM.

Figure 30 The results of the dose response studies of oxazole intermediate 164 showing
MgcRacGAP IC50 of >100 μM.
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Figure 31 The results of the dose response studies of thiazol 165 showing MgcRacGAP IC50 of
>250 μM.

Figure 32 The results of the dose response studies of oxazin 166 showing MgcRacGAP IC50 of
>1 mM.
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Figure 33 The results of the dose response studies (ADP) of pyrimidin 167 showing half-maximal inhibition (IC50) of 36 μM (2h) and 24μM (4h) of MgcRacGAP.
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