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Zusammenfassung

Heterocyclen finden sich in einer Vielzahl von Natur-, Wirk- und Effektstoffen und ihre

Herstellung nimmt einen Kernbereich der Organischen Chemie ein. Effiziente Syn-

thesen von Heterocyclen sind deshalb von auRerordentlich grof3er Bedeutung.

Das Ziel dieser Dissertationsarbeit war die Entwicklung neuer Ein-Topf-Reaktionen

auf Basis der Palladium- und/oder Kupferkatalyse zur effizienten Darstellung von

ausgewahlten Heterocyclen oder ihrer Vorstufen. Ausgehend von einfachen Baustei-

nen und mittels einfacher Katalysatorsysteme sollten mithilfe dieser Methoden diver-

se funktionale Molekule aufgebaut werden.

Im Rahmen dieser Arbeit konnten daher folgende Ziele erreicht werden:

1)

2)

Die Entwicklung einer Dreikomponentensynthese von schwer zuganglichen
2,4-disubstituierten Pyrrolen auf der Basis der Sonogashira-Kupplung.**!

Die  Konzeption und methodische Etablierung einer Pseudo-
Vierkomponenten-Synthese von 1,4-di(hetero)arylsubstituierten 1,3-Diinen
durch eine Sequenz aus der Sonogashira-Alkinylierung und nachfolgender
Glaser-Homokupplung.!"®"!

Die Etablierung einer decarbonylierenden Alkinylierung heteroaromatischer
Glyoxalylchloride als neue Variante der Sonogashira-Kupplung. Auf dieser
Basis gelang eine konzeptuell neuartige Dreikomponentensynthese von Ino-
nen, wichtigen Bausteinen in der Synthese vieler Heterocyclenklassen.**®!
Die Konzeption und methodische Etablierung einer neuen Dreikomponenten-
synthese heterocyclischer Indione durch Verknupfung von Glyoxylierung und
nachfolgender katalytischer Stephens-Castro-Alkinylierung im Ein-Topf-
Verfahren. Da Indione bisher weitgehend unerforscht sind, konnten hier am
Beispiel der selektiven Synthese von 5-Acylpyrazolen das synthetische Po-
tenzial dieser reaktiven Zwischenprodukte illustriert werden.3%!
N-Heteroaromatische Carbonsauren und a-Oxocarbonsauren konnen mittels
einer in situ-Aktivierung mit Oxalylchlorid den Alkinylierungen nach Sonogas-
hira oder Stephens-Castro zugefuhrt werden und gestatten erstmals die effi-
ziente Transformation schwieriger N-heterocyclischer Substrate.®"
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6)

Mit der sequenziell Pd-katalysierten Masuda-Borylierung—Suzuki-Kupplungs-
Synthese konnte eine direkte und effiziente Strategie zur Synthese von 3-
(hetero)arylsubstituierten (Aza)lndolen und 2,4-di(hetero)arylsubstituierten
Pyrrolen im Ein-Topf-Verfahren etabliert werden. Neben der Synthese von 7-
Azaindolderivaten als Variolin B-Analoga konnte die Methode auf symmetri-
sche heterocyclisch verbruckte Bisindole und kurze Totalsynthesen der mari-
nen Alkaloide Meridianin G, Meridianin A*®*! und Hyrtinadin A" (ibertragen
werden. Mit den erhaltenen Verbindungen wurden in Kooperation mit Merck
Serono, Darmstadt, biologische Tests an menschlichen Krebszelllinien und an
einer Vielzahl von Kinasen durchgefuhrt. Damit eignet sich diese Methode als
rascher, effizienter Zugang zu biologisch aktiven Leitstrukturen.

Die Konzeption und methodische Etablierung einer Dreikomponenten-
Sequenz aus Sonogashira-Kupplung und nachfolgender Azid-Alkin-
Cycloaddition (“Click”-Reaktion) zur Herstellung von (aza)indolylsubstituierten
Triazolen. Mit dieser Methode gelang die Findung einer neuen Leitstruktur fur

selektive PDK1-Inhibitoren.??"]



Schema 1 fasst das grundlegende Prinzip dieser Dissertation zusammen:

einfach zugangliche
Ausgangsmaterialien
und Reagenzien

o 0 ~N im Ein-Topf

RJI\CI R)l\

NH-Heterocyclen

[ Pd- undloder]
R—N, CI)l\“/CI Cu- Katalyse komplexe
o + funktionalisierte
(Hetero)Aryl—Hal nachfolgende Produkte
Transformationen
Inone,
=—R H-Bpin Indione,
NH Diine,
N-Heterocyclen,
H,N—NHBoc H,N R Kinaseinhibitoren,
/ Naturstoffe

und Analoga

Schema1. Das grundlegende Konzept dieser Dissertation: einfache Grundbau-

steine + einfache Katalysatoren = komplexe funktionalisierte Zielstrukturen.

Alle vorgestellten Ein-Topf-Synthesen sind unter milden Bedingungen durchflihrbar
und breit in ihrem Substratspektrum. Sie sind praparativ einfach anwendbar, gehen
von einfachen Startmaterialien aus und benutzen einfache Katalysatorsysteme. Dar-
uber hinaus wird die synthetische Vielseitigkeit von Oxalylchlorid als Reagenz in ka-
talytischen Kupplungen zur EinfiUhrung des C4-Carbonylsynthons (“Kohlenmonoxid-
Surrogat”) erstmals erfolgreich demonstriert.
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Abstract

Heterocycles are found in a plethora of natural products and active ingredients and

their preparation touches the very core of Organic Synthesis. Therefore, efficient syn-

theses of heterocycles are of paramount importance.

The goal of this thesis was the development of novel one-pot reactions based on pal-

ladium- and/or copper-catalysis for the efficient synthesis of heterocycles or their pre-

cursors. Starting from simple building blocks and using simple catalyst systems, di-

verse functional molecules should be prepared by these methodologies.

In the context of this work following goals were accomplished:

1)

2)

Development of a three-component synthesis of difficult-to-access 2,4-
disubstituted pyrroles based on Sonogashira coupling.!**

Conception and methodological establishment of a pseudo-four-component
synthesis of 1,4-di(hetero)aryl substituted 1,3-diynes via sequential Sonoga-
shira alkynylation—-Glaser homocoupling.!"®"

Establishment of a decarbonylative alkynylation of heteroaromatic glyoxylyl
chlorides as a new variation of Sonogashira coupling. On this basis a concep-
tually novel three-component synthesis of ynones, which are important build-
ing blocks in many heterocycle syntheses, was devised.!**”!

Conception and methodological establishment of a novel three-component
synthesis of heterocyclic ynediones via catenation of glyoxylation and subse-
quent catalytic Stephens-Castro alkynylation in a one-pot fashion. Because
the chemistry of ynediones is scarcely explored, the selective synthesis of 5-
acyl pyrazoles was chosen to exemplify the synthetic potential of these reac-
tive intermediates.*%!

N-Heteroaromatic carboxylic acids and a-oxo carboxylic acids can be in situ
activated with oxalyl chloride for Sonogashira or Stephens-Castro alkynyla-
tions and allow for the first time an efficient transformation of notoriously diffi-

cult N-heterocyclic substrates.!®"
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6)

The sequentially Pd-catalyzed Masuda borylation—Suzuki coupling synthesis,
which was established as a one-pot process, offers a direct and efficient
strategy for the synthesis of 3-(hetero)aryl substituted (aza)indoles and 2,4-
di(hetero)aryl substituted pyrroles. Besides the synthesis of 7-azaindole de-
rivatives as analogs of variolin B this methodology was transposed to the
preparation of symmetrical heterocycle-bridged bisindoles and to concise total
syntheses of the marine alkaloids meridianin G, meridianin A,*®* and hyrti-
nadine A.[**" The obtained compounds were biologically evaluated in collabo-
ration with Merck Serono, Darmstadt, on human cancer cell lines and on a
broad panel of kinases, emphasizing that this methodology opens a rapid and
efficient access to biologically active lead structures.

Conception and methodological establishment of a three-component Sonoga-
shira coupling—azide-alkyne cycloaddition (“Click” reaction) sequence for the
preparation of (aza)indolyl substituted triazoles. By this methodology a new
lead structure for selective PDK1 inhibitors was found.??"!
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Scheme 1 summarizes the basic principle of this thesis:

easily accessible
starting materials
& reagents

o o ~N in one-pot

(hetero)aryl—Hal

[ Pd- and/or ]

Cu- catalysis complex

functionalized
products

+

subsequent
transformations

ynones,
ynediones,
diynes,
N-heterocycles,
H,N—NHBoc H5;N R kinase inhibitors,

~ natural products
& analogs

=—R H—-Bpin

Scheme 1. Basic concept of this thesis: simple building blocks + simple catalysts =
complex functionalized chemical targets.

All presented one-pot syntheses can be conducted under mild reaction conditions
and are broad with respect to the substrate range. They are preparatively very sim-
ple, start from simple reactants and utilize simple catalyst systems. Moreover, the
synthetic versatility of oxalyl chloride as a reagent in catalytic couplings for the intro-

duction of the C4-carbonyl synthon (“surrogate for carbon monoxide”) is successfully
demonstrated for the first time.
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acetyl
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cAMP-dependent protein kinase/protein kinase G/protein kinase C
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butyl
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3’-5’-cyclic adenosine monophosphate (cyclic AMP)
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coenzyme A

1,5-cyclooctadiene

cyclopentadienyl
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T aromatic system
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S
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X-ray
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tert
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Introduction

Catalysis

Catalysis is one of the main principles of modern synthetic methodologies and is a
key technology to achieve objectives of sustainable (green) chemistry.l"! The most
important domain of metal-catalysis is the direct carbon-carbon bond coupling,m
which has been considered to be the main goal for organic chemists for many dec-
ades. With the formulation of the concept of “click chemistry”, the alternative philoso-
phy of making carbon-heteroatom bonds® in an easy way is now strongly in devel-

opment, with catalysis again playing the central role.

Heterocycles

Heterocyclic chemistry is one of the most important topics in synthetic organic chem-
istry that covers a wide variety of potent molecules. The prevalent number of drugs
contains heterocyclic moieties. Efficient syntheses of heterocycles are therefore of
paramount importance for pharmaceutical industry. In particular, nitrogen containing
heterocycles are structural constituents of many bioactive natural products, medici-
nally important compounds, and organic materials. Moreover, natural products con-
taining heterocycles often possess unprecedented structures, which represent con-

siderable synthetical challenges for organic chemists and encourage their creativity.
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Concept of the ideal synthesis

Contemporary requirements for new synthetic methods go far beyond the traditional
quests for chemo-, regio-, and stereoselectivity and include additional factors such

as:
e Use of simple and readily available starting materials
e Experimental simplicity

e Favorable economic factors, including the cost of raw materials, human re-

sources, and energy
e Low environmental impact: minimization of waste and Trost’s atom economy!*!

e Concepts of step economy (Wender and Baran),” redox economy (Baran and

Hoffmann),’® and recently introduced pot economy (Clarke)”

e Synthetic elegance

These and other requirements are expressed in the concept of the “ideal” synthesis
(Figure 1), which is an ideal goal that certainly can only be approached asymptoti-

cally but which can still serve as a useful guideline for development of new synthetic

methods.

"green" preserving

safe resources
simple
. environmentally
in one step Ideal Synthesis bening
-pot
(one-pot) diverse,

but selective
100 % yield . .
readily available

starting materials

Figure 1. The ideal synthesis — showing the way (adapted from [55]).
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One-pot and multicomponent reactions

Nature with its chemistry going through cascade catalysis and multistep conversions
in “one-pot” (living cells) provides concepts of high value for designing sustainable
organic syntheses, which already have found applications on pilot or industrial
scale.”) From a practical aspect, one-pot reactions can accelerate the search for

pharmaceuticals.!"”

“For this reason, development of processes that allow creation of several bonds in a
single operation has become one of the most attractive scientific challenges. Multi-
component reactions (MCRs) can be defined as convergent chemical processes
where three or more reagents are combined in such a way that the final product re-
tains significant portions of all starting materials”.*®*@ MCRs can be successfully im-
plemented in the synthesis of diverse heterocycles. “For a long time multicomponent
syntheses of heterocycles have been a domain of classical carbonyl condensation
chemistry, with isocyanide-based Ugi chemistry being still prevalent in this area of
research.l'! However, the advent and rapid evolution of transition metal catalysis not
only has revolutionized strategies in heterocyclic synthesis by uni- and bimolecular
transformations but the past decade has also witnessed the rapid development of
transition metal catalysis in new MCRs. Transition metal catalysis, and especially se-
quential catalysis, with palladium occupying a dominant but not monopolistic posi-
tion”,['21314] offers numerous possibilities to develop new MCRs due to the mild re-
action conditions and generality of scope, favorable features that are shared by many

cross-couplings.[*1®!
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Pd- and Cu-catalysis

Palladium and copper are the most widely used late transition metals with numerous

applications in organic synthesis.

Pd- and Cu-assisted methods often work in a complementary fashion, giving for ex-
ample different chemoselectivities. On the other hand, the combination of these two
metals in a cooperative way plays a key role in some important transformations. The
most prominent example is the Sonogashira-Hagihara cross-coupling where two

catalytic cycles coexist, cooperate, and interlock with each other (Scheme 2).

PdL,
R'—R? R'—Hal
reductive elimination oxidative addition
R1\ PALLADIUM CYCLE 1
R
PdL,, N
P?Ln
It Hal
R? transmetalation
HalCulL,,
COPPER CYCLE )
NEt3 + R
/CuLm N
R2
® ©
HNEt;Hal

Scheme 2. Pd and Cu cycles in the proposed mechanistic rationale for the

Sonogashira coupling.
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Natural products

“Natural products are the richest source of small molecules that bind to proteins with
high specificity thanks to millions of years of evolution”."®”! Hence, “medicine and
natural products have been closely linked for thousands of years by the use of tradi-
tional medicine and natural poisons. It has been estimated that over half the drugs
currently used for the treatment of cancer are either natural products or drugs derived
from them. Even today, in the century of combinatorial chemistry, secondary metabo-
lites of plants, fungi, marine organisms, and microorganisms are an important source
for the development of new drugs."”? Approximately 50 % of drugs introduced to the

market are derived directly or indirectly from small molecules of natural origin”.**"

Kinase inhibitors

Protein kinases catalyze the phosphorylation of serine, threonine, tyrosine, and his-
tidine residues in proteins.!"® Reversible phosphorylation is one of the major modes
of cellular signal transduction and plays a regulatory role in most metabolic pathways.
Hence, virtually every aspect of cellular physiology, such as cell growth, metabolism,
differentiation, and apoptosis, is inherently linked to the proper functioning of these
enzymes. Abberant regulation of kinase activity has been implicated in many dis-
eases including cancer. Hence, kinases are among the most promising drug tar-
gets."¥ Frequently, kinase inhibitors are small molecules suitable for development
and preparation in chemical laboratories on a big scale. For this reason, small het-
erocyclic molecules play an immensely important role in oncology,?” and investiga-
tions of new strategies for kinase inhibitor design remains an active area of research
with direct relevance to drug development. Currently, it is estimated that approxi-
mately one-third of the drug discovery programs target protein kinases.”" For me-

dicinal chemists, protein kinases represent a goldmine of design opportunities.
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1 Goal of This Work

The goal of this work was to develop novel one-pot Pd and/or Cu-catalyzed reaction
sequences for the efficient construction of heterocycles or their immediate precur-
sors. The reactions should be mild, preparatively convenient, and allow to synthesize
biologically active heterocyclic molecules for biological studies as well as natural
products in a concise sequential or consecutive fashion starting from easily accessi-
ble materials and using simple catalysts (Scheme 3).

one-pot methodologies

simple easily

accessible
starting materials . > | diverse complex products
& reagents [Pd/Cu] N-heterocycles or
their precursors
simple catalytic systems natural products & analogs
mild reaction conditions biologically active compounds
preparatively convenient
procedures efficient & concise fashion

Scheme 3. Basic concept for the development of novel Pd/Cu-catalyzed se-
quences.
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2 General Part — Literature Overview

2.1 Multicomponent Reactions and Sequential Catalysis

“One of the major research endeavors in synthetic chemistry over the past decades
is the exploration of synthetic methods that maximize atom utilization”.l"”! “By gener-
ating structural complexity in a single step from three or more reactants, MCRs make
it possible to synthesize target compounds with greater efficiency and atom economy.
The history of such reactions can be traced back to the mid-19™ century when
Strecker first produced a-aminonitriles from the condensation of aldehydes with am-
monia and hydrogen cyanide”.?®® An exceptionally beautiful first example for the util-
ity of a MCR in the total synthesis of natural products is the tropinone synthesis by

Robinson, published in 1917 (Scheme 4).1%

Me
(|3 CO,H
+  H,N—Me + o >
(I) CO,H o
Tropinone

Scheme 4. First total synthesis of natural product tropinone via MCR.

“Recently, academic chemists have revitalized their interest in MCRs.”**! In part,
pharmaceutical industry has fueled this resurgence because of the growing need to
assemble libraries of structurally complex substances for evaluation as lead com-
pounds in drug discovery and development programs.??132 The application of MCRs,
however, remains limited by the relatively small number of traditionally proved reac-
tions”?%? such as Strecker (1850), Hantzsch (1882), Biginelli (1891), Mannich (1912),
Passerini (1921), and Ugi (1959).*°! Not surprising, therefore, is the recent develop-

ment of novel logic-based strategies for the engineering of new MCRs.?®!
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In terms of classification, “domino reactions are regarded as sequences of uni- and
bimolecular elementary reactions that proceed without isolation or workup of inter-
mediates as a consequence of the reactive functionality that has been formed in the
previous step. Besides uni- and bimolecular domino reactions that are generally re-
ferred to as “domino reactions”,*”! the third class is called multimolecular domino re-
actions or multicomponent reactions (MCRs). Whereas uni- and bimolecular domino
reactions inevitably cause a significant increase in the degree of molecular complex-
ity, MCRs inherently lead to an increase in molecular diversity.’® Therefore, MCRs
bear some significant advantages over uni- and bimolecular domino reactions. Be-
sides the facile accessibility and high diversity of starting materials, multicomponent
syntheses promise high convergence and enormous exploratory potential. In addition
to a purist standpoint, where all ingredients of MCRs have to be present from the
very beginning of the process (MCRs in a domino fashion), nowadays sequential
(subsequent addition of reagents in a well defined order without changing the condi-
tions) and consecutive (subsequent addition of reagents with changing the condi-

tions) one-pot reactions are counted as well in the class of MCRs"™® (Figure 2).

[ Domino Reactions )

(\unimolecular] ( bimolecular) ( multimolecular
Y
High Complexity
[ Multicomponent Reactions ]
| |
Domino Sequential Consecutive
All components are initially | | Addition in a defined order, Conditions are changed
present, intermediates constant conditions, stepwise, intermediates
are not isolable intermediates are isolable are isolable
N P

~

High Diversity

Figure 2. Multicomponent and domino reactions (adapted from [55]).
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Sequential catalysis is defined as a combination of identical, related, or significantly
different® (metal)-catalyzed processes that occur in a sequential or consecutive
fashion in the same reaction vessel without addition of further amounts of catalyst to
the reaction media."”® Fogg and dos Santos provided a classification review on one-
pot catalytic processes involving sequential elaboration of an organic substrate via
multiple catalytic transformations with the focus on tandem catalysis.*® Cooperative
multicatalyst systems for one-pot organic transformation are also of high interest, with
Pd and Cu-catalyzed Sonogashira coupling being one of the most prominent exam-

ples.B!

“Multicomponent and sequential one-pot processes address very fundamental princi-
ples of synthetic efficiency® and reaction design and they are steadily gaining a
considerable and increasing academic, economic, and ecological interest”.?*¥! Ac-
cording to the basic principles of MCRs the products of consecutive transformations
should preferentially contain substantial fragments of all starting materials, thus pro-
viding a high degree of atom-efficiency (or atom economy,* defined as the number of

atoms of the reactants which can be found in the product).

MCRs belong to highly sophisticated tools in the repertoire of an organic chemist.
They are masterpieces and require intelligent reaction design and a judicious choice
of propriate reaction conditions to combine different transformations into a one-pot
process. Hence, it is not surprising that the separate steps of a reaction sequence
have to be efficient by themselves to give an efficient and clean one-pot transforma-
tion. Otherwise, undesired byproducts will accumulate leading to a loss of efficiency
and product purity. However, one-pot reactions are frequently more than just a clever
combination of already known methods. They can include the generation of unstable
intermediates, thus leading to higher product yields than the corresponding separated
reactions. An even more sophisticated situation occurs if a byproduct generated dur-
ing the first reaction promotes the second reaction in the same sequence. In the
framework of this thesis both cases were experienced during the design of new one-
pot reactions.
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2.2 Cross-Coupling Reactions

Transition metal-catalyzed cross-coupling is recognized as one of the most powerful
C—-C bond-forming reactions.” “Cross-coupling is a generic term used to denote a o-
bond metathesis reaction between a nucleophilic and an electrophilic reagent, and
thus can be regarded as a generalization of nucleophilic substitution. Coupling reac-

tions take place only in the presence of a catalyst”.**!

The Pd-catalyzed coupling of aryl halides or their synthetic equivalents with aryl met-
als is very often employed in the synthesis of biaryl molecules,®® whose scaffolds
can be found in a wide range of important compounds including pharmaceuticals,**
natural products, and functional organic materials (Scheme 5).

[Pd(0)]
Aryl'—Hal  + M—Aryl2 > Aryl'—Aryl?

Scheme 5. Pd-catalyzed cross-coupling reactions for the synthesis of biaryls.

“The role of the catalyst is generally believed to take part in successive oxidative ad-

dition, transmetalation, and reductive elimination reactions”**¥ (Scheme 6).

Pd® or Pd"

0
Aryl—Nu Pd"L, Aryl—LG
reductive elimination oxidative addition

; T
I
Ary|—P|d_|- CATALYTIC CYCLE AryI—PId—LG
L
cis Nu trans
L Nu”
I
trans-cis-isomerization AryI—Pld—Nu transmetalation
L
trans LG

Scheme 6. A simplified representation of the proposed general mechanism for Pd-

catalyzed cross-coupling reactions using monodentate ligands.
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Cross-coupling reactions have found numerous applications in the synthesis of bio-
logically active molecules, heterocycles,® and total synthesis of natural products,®®!

and have become a standard tool for the synthetic chemist.

Halides are the most frequently used electrophilic partners in coupling reactions. Fol-
lowing the dissociation energies of the sp?-C—Hal bonds (272, 339, and 402 kJ mol™
at 298 K for Phl, PhBr, and PhCI, respectively), aryl iodides are by far more reactive
than bromides and chlorides. In recent years, “the acquisition of the ability to utilize
inexpensive aryl chlorides has been of particular interest in the cross-coupling re-
search arena.®”! However, by far the largest application of cross-coupling chemistry
occurs in the medicinal and discovery groups of pharmaceutical companies and in
academic laboratories. For the vast majority of these cases the scope, experimental
ease, and reliability of a method is much more important than whether aryl chlorides

can be used rather than aryl bromides or aryl iodides”.!"%*

Although the vast majority of synthetic methods is typically exemplified with simple
aryl substrates, heterocyclic,[35] especially N-heterocyclic, substrates have remained
demanding and challenging for the method development and, therefore, have been
far less investigated. Heteroaromatics tend to be good ligands for transition metals,
hence substrate and/or product inhibition are quite common. Moreover, free amino
and alcohols groups often poison the metal catalyst via ligation or act as nucleophiles
and need protection (Ts, Boc, Bn, Ac). Cross-coupling with heteroarenes is therefore
highly topical and rapidly developing area of research. Just recently, methods of cou-

pling two heteroarenes were reviewed, emphasizing the importance of this issue.*®
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2.3 Pd/Cu-Catalyzed Reactions

Pd reagents have decisively changed the synthetic strategies, especially of natural

products, and altered even the way of thinking of organic chemists. They contributed

to a change in synthetic schemes from previously linear to currently convergent

strategies. “Today, cross-coupling is so closely associated with palladium catalysis

that both terms are often regarded as inseparable parts of an idiom”.**¥ The element

palladium possesses several unique features that render it highly suitable for cross-

couplings:

“The middle atom size (second transition metal row) between that of Ni and Pt
leads to a moderate stability of Pd-complexes. They are more stable than the
Ni-, but more reactive than Pt-complexes, thus being synthetically highly use-

ful. There are sufficient coordination sites for catalytic reactions.

Pd prefers two oxidation states: 0 and +II. The change between these two
states is very facile, so that Pd is perfectly suited for performing oxidative addi-
tion and reductive elimination steps. The active species can be easily regen-
erated, closing the catalyst cycle. There is little tendency toward one electron

radical processes.

Pd is a late transition metal and realizes d'® and d® complexes. In connection
with its medium size, the high number of electrons makes it “soft”. It pos-
sesses high affinity to unpolar n-systems such as alkynes, alkenes, arenes, as

well as “soft” phosphane ligands.

High electronegativity (2.2 according to Pauling electronegativity scale; C:
2.5). The unpolar C-Pd bonds display low reactivity toward polar functional-
ities, unlike polar organolithium or organomagnesium compounds. Therefore,
Pd-catalyzed reactions are highly tolerant to functional groups. A very impor-
tant exception are acyl halides, which are very reactive toward palladium and

are extensively used as substrates™ (vide infra).

Pd is capable of absorbing large amounts of hydrogen gas, which led to one of its

earliest chemical applications as a hydrogenation catalyst. In the last decades, many
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synthetic transformations have been developed that use palladium compounds, such
as carbon-carbon and carbon-heteroatom coupling reactions: Buchwald-Hartwig,
Heck-Mizoroki, Kumada-Corriu, Negishi, Nozaki-Hiyama, Sonogashira-Hagihara,
Stille-Migita, Suzuki-Miyaura, and Tsuji-Trost. An extremely important domain of Pd-
catalysis are carbonylative reactions, which allow the introduction of the most impor-
tant functionality, the carbonyl group.*! All these reactions are gaining increasing
popularity as they are generally tolerant to a wide range of functional groups and can

therefore be applied to complicated advanced molecules.

Cu-catalyzed transformations belong to the basic processes in the organic chemistry.
Indeed, copper was the ancestor of palladium in the cross-coupling domain. “Classi-
cal Ullmann chemistry has been known for a full century and served well for C-N, C—
S, C-0, and some other bond formation reactions. Moreover, C-C bond formation
has been the priority domain of organocuprate chemistry. However, after the discov-
ery and with the dramatic development of the Pd-catalyzed cross-coupling method-
ologies, Cu-mediated transformations became far less important and have fallen into
oblivion. A critical point was the discovery and fast development of the Pd-catalyzed
amination, known as Buchwald-Hartwig chemistry, which conquered the last strong-
hold of Cu — the synthesis of arylamines in which the classical Ullmann and Goldberg
reactions had kept an exclusive and unshakable position”.*" However, Cu possesses

several very attractive features making it extremely versatile:

e “The most important feature of Cu is an easy accessability of four oxidation
states from 0 to +lll. Most likely, the cross-coupling catalytic cycle with Cu is

operated by +I/+ll oxidation states.

e Accessibility of odd-electron states in Cu, implying that Cu can take part in re-
dox single-electron transfer processes.

e Cu is much cheaper than Pd. Despite of that, industrial processes need to be
catalytic in Cu.

e N- or O-ligands required for the Cu-catalysis are usually cheap and easily ac-

cessible. Many of them are common analytical or general purpose reagents.

e Cu shows wide tolerance to functional groups and double bonds”.*"]
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For these reasons, in the past years there has been a true renaissance of the Cu-
chemistry, and a plenty of very exciting novel reactions were discovered and continue

to appear in the literature.*2*!

Pd- and Cu-catalysis can be applied complementarily, for instance in arylations to
give regioisomeric products. Buchwald reported an orthogonal catalyst system for the
chemoselective O- and N-arylation of aminophenols, using Cul/picolinic acid or
CyDMEDA and Pd/BrettPhos, respectively.**! In the same group an orthogonal cata-
lytic system for the chemoselective C- and N-arylation of oxindoles has been devel-
oped using Pd/XPhos or RuPhos and Cul/CyDMEDA, respectively.”*”!

An interesting orthogonal system has been developed for arylation of aromatic car-
boxylic acids with boronic acids.*®! Under Pd-catalysis, biaryls were obtained,

whereas the Cu-catalyst gives rise to the formation of carboxylic esters (Scheme 7).

OMe O
C 20 mol % Pd(TFA), O
OMe O (HO),B Ag,CO; (3.0 equiv) MeO OMe

DMSO, 120 °C, 10 min

(2.0 equiv)

OH 92 %

MeO oM
© © OMe O
20 mol % Cu(OTf),
> O

Ag,CO3 (2.0 equiv)
DMSO, 120 °C, 2 h MeO OMe

90 %

Scheme 7. Orthogonal catalyst systems for arylation of aromatic acids.
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Palladium and copper can also work cooperatively in a variety of important transfor-

mations.

Cu is widely used to accelerate the reoxidation of Pd(0) to Pd(ll) with O, as in the
industrially important Wacker process for the aerobic oxidation of alkenes to alde-
hydes (Scheme 8).14"]

-2 HCI
[PAClI> + C,H, + H,0 > Pd® + CHsCHO
2Cr
Pd® + 2cCuCl, + 2CrI > [PdACL,]* + 2cCuCl
2CuCl + 1/20, + 2HCI > 2CuCl, + H,0
Net: CoHy, + 120, >  CH3CHO

Scheme 8. Individual reactions of the Wacker process (scheme taken from [47a]).

Both Pd and Cu were required in the decarboxylative cross-coupling of a-oxo-
carboxylates and aryl bromides reported by GooBen (Scheme 9).1®! The method is
applicable to the synthesis of simple biaryl ketones.

1 mol % Pd(Fg-acac),
2 mol % P(o-Tol);

0 15 mol % CuBr o
o _ .
oK 15 mol % 1,10-phenanthroline 1)]\ ,
R’ + Br—R? > R" "R
o) NMP/quinoline
170 °C, 16-36 h
R' = Aryl, 2-Th, 2-Furyl, ‘Bu, Bu, Bn 25 examples
R% = Aryl, 3-Py, 3-Th 26-99 %

Scheme 9. Decarboxylative cross-coupling according to Goof3en.

The postulated mechanism consists of Pd- and Cu-catalytic cycles, Cu being respon-
sible for the decarboxylation of the Cu glyoxylate and transmetalation of the aroyl
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residue to Pd. However, for practical applications high reaction temperatures and
prolonged reaction times are less favorable. Moreover, many additives and rigorously
dried solvents are indispensable.

Similarly, both metals were used for the synthesis of biaryls via catalytic decarboxyla-
tive coupling of acids with aryl bromides according to GooBen.*? Later, the same
group reported a decarboxylative coupling of carboxylate salts with triflates, % tosy-
lates®®" and aryl chlorides, a microvawe-assisted coupling of carboxylates with aryl
bromides,®® as well as a one-pot three-component synthesis of azomethines from o-

oxo-carboxylates, amines, and aryl bromides.

The most prominent example of Pd and Cu working in a cooperative fashion is the
bimetallic Sonogashira-Hagihara cross-coupling, which will be discussed below in

chapter 2.3.2 Sonogashira-Hagihara coupling. In Miiller’s group Pd/Cu-catalyzed al-

kyne activation has been extensively used as an entry to diverse heterocycles (vide

infra).®!

Both metals have been shown to be essential also in the related alkyne homocou-
pling, where Cu is believed to possess a dual role, first being utilized to mediate the
alkynyl transfer to Pd(ll), and second in the reoxidation of Pd(0) to Pd(Il).["**"! This

reaction will be discussed in chapter 2.3.4 Glaser-type acetylene couplings.
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2.3.1 Stephens-Castro coupling

In 1963, Stephens and Castro disclosed that diarylacetylenes can be produced in
good yields upon treatment of aryl iodides with copper(l) acetylides in refluxing pyri-
dine (Scheme 10).°®

Py
(base and solvent)
Aryl—I + Cu———R > Aryl————R
rfl.
Aryl = EWG-Aryl, EDG-Aryl 8 examples
75-99 %

Scheme 10. Stephens-Castro coupling.

Although the initial reaction conditions were quite harsh requiring refluxing pyridine
and stoichiometric amounts of potentially explosive acetylides, this finding paved the
way for the further development of alkynylations based on cross-coupling method-
ologies. Later, catalytic variants (“copper-only Sonogashira coupling”) and milder

conditions have been developed rendering the reaction more general.[57]

The reaction is also suitable for the preparation of ynones (for the detailed discussion

on ynones, see chapter 2.6.1. Syntheses and reactivity of ynones). In 1999, Kundu

described a catalytic Stephens-Castro coupling of aromatic acid halides with terminal

alkynes (Scheme 11). Triethylamine was used as a base and solvent.*®

o 5 mol % Cul (@]

&—u + =—R? - §%R2
R NEt; R
(1.25 equiv) (base and solvent)
' it 30 h 10 examples
_ 0,
R' = Aryl, 'Pr 4883 %

R? = (Hetero)Aryl, "Bu, TMS, (CH3),C(OH)

Scheme 11. Catalytic Stephens-Castro coupling of acid chlorides.
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No diyne byproducts, which are usually formed in Pd-catalyzed reactions of terminal

alkynes (vide infra), have been observed.

A microwave-assisted coupling of acid chlorides appeared in 2001 (Scheme 12).5%

o 5 mol % Cul @)
Cl + —Ph » >%Ph
Aryl NEt; Aryl
(1.28 equiv) (base and solvent)
uW, 10 min 9 examples
76-93 %

Scheme 12. Microwave-assisted synthesis of ynones.

The first carbonylative Stephens-Castro coupling of aryl iodides with alkynes using
Cu(TMHD), as a catalyst and triethylamine as a base was described in 2008 and
proceeded at 90 °C and under 20 atm of CO pressure.’® Simple aromatic ynones

were obtained in moderate to good yields.

In 2003, a mild catalytic Stephens-Castro coupling of monooxalyl chlorides was re-

ported (Scheme 13).°" Here, triethylamine was used in slight excess.

0 5 mol % Cul )
R’ + =—R? > R
Cl NEt; (2.0 equiv) ——R?
o) o)
THF, rt, 12 h
R' = OAlkyl, NAlkyl, 14 examples
R2 = Aryl, Alkenyl, Bu, TBS, TMS 43-95 %

Scheme 13. Catalytic Stephens-Castro coupling of monooxalyl chlorides.

The reaction was highly suitable for the synthesis of 2-oxo-3-butynoates and 2-oxo-3-
butynoamides. However, prior to this work this direct approach has been neither ex-
tended into a one-pot protocol nor applied to the functionalization of heterocycles.
The potential of ynediones as versatile building blocks has not been explored to a

proper extend.
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2.3.2 Sonogashira-Hagihara coupling

Soon after the pioneering report by Stephens and Castro, in 1975 Sonogashira dem-
onstrated that terminal alkynes react smoothly with bromoalkenes, iodoarenes, and
bromopyridines in the presence of catalytic amounts of
bis(triphenylphosphane)palladium dichloride and cuprous iodide in diethylamine at

room temperature (Scheme 14).16%

[PACI,(PPhs),/Cul]
R'—Hal + =——R?2 > Rl— R2
HNE,
R' = Alkenyl. Aryl, 2-Py (base and solvent) 16 examples
R2 = H, Ph, CH,OH . 3-6h 27-99 %

Hal =1, Br

Scheme 14. Sonogashira coupling.

The authors proved that Cul was essential for the reaction to proceed under very
mild conditions and proposed a mechanism which involved the generation of an ac-
tive Pd(0)-species and of the crucial Pd(ll)-alkynyl complex via a Cu-acetylide formed
by the assistance of Cu(l) and the amine base (Scheme 15). Although the main fea-
tures of the Pd catalytic cycle have been established, the Cu catalytic cycle is still
poorly understood.
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® O

HNEt;Hal NEt; + =——R?
CuL, HalCulLg,

COPPERﬁ
X
CLPdL, \
/

precatalyst
transmetalatlon

reductive elimination

RZ————R?
PdL,
catalyst
R'—R? R'—Hal
reductive elimination oxidative addition
R{ PALLADIUM CYCLE R
PdL, AN
PcliLn
| | Hal
R2 transmetalation
HalCuL,
COPPER CYCLE
NEt; + R2
/CuLm A
R2
® 6
HNEt;Hal

Scheme 15. General mechanistic rational for Sonogashira coupling with triethyl-

amine as a base.

It should be mentioned that in the same year Cassar®! and Heck®® reported their
catalytic systems based on Pd(0) and Pd(ll) triphenylphosphane complexes. How-
ever, the Cu-cocatalyzed mild method of Sonogashira turned out to be more practi-

cal.[®®
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In order to synthesize an unsymmetrical tolane, the Sonogashira coupling of aryl hal-
ides with trimethylsilylacetylene can be performed to provide TMS-protected alkynes,
which have to be protodesilylated to obtain terminal alkynes that in turn can be cou-
pled with another aryl halide to obtain the desired tolane. This stepwise procedure is
tedious, thus the one-pot sila-Sonogashira coupling has been introduced by Mori and
later generalized by Brisbois and Grieco in 2002 (Scheme 16).°®! Symmetrical and

unsymmetrical tolanes are obtained in good yields.

6 mol % PdCl,(PPhs),, 10 mol % Cul

7/
TMSA (0.5 equiv) RA\=X X—7"R
DBU (6.0 equiv), 40 mol % H,O

R = EDG, EWG benzene, rt or 60-80 °C, 18 h 22 examples
X = CH, N 48-99 %
Hal = I, Br, OTf

1) 6 mol % PdCl,(PPhs),, 10 mol % Cul
NEt; (6.0 equiv), TMSA (1.05 equiv)

benzene, rt, 18 h —
/ \ | > / \ —— /,
R1/_ _ R‘]/_ \ /\RZ
2) |@RZ (1.0 equiv)

DBU (12 equiv), 40 mol % H,0O 8 examples
rt, 18 h 61-90 %

R' = Br, Cl, OMe
R? = Br, Cl, CO,CH,4

Scheme 16. Sila-Sonogashira coupling for the preparation of symmetrical and un-

symmetrical tolanes.

Eventually, a recent one-pot procedure described the synthesis of unsymmetrical di-
arylalkynes via coupling of two different aryl halides and TMSA. The TMS-alkyne
formed after the first coupling step is deprotected with aq. KOH and coupled again
without additional Pd/Cu-catalysts.®”]

In the arena of alkyne chemistry, the Sonogashira coupling is one of the most signifi-
cant developments over the past 35 years.®® The Sonogashira reaction possesses
several features that render it one of the most efficient and reliable C—C cross cou-

pling reactions:
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e The reaction is very general and includes (hetero)aryl or vinyl halides as elec-
trophiles and terminal alkyl, alkenyl, (hetero)aryl, and silyl substituted alkynes

or acetylene as nucleophiles.

e The catalysts are readily available. Cu(l)-sources are typically Cul or CuBr;
typical Pd(ll)-precatalysts are PdCl,(PPhs), or Pd(PPhs3)s.

e Abase is required. Typically, amine bases are used, often as solvents.
e Solvents do not need to be rigorously dried (but deoxygenation is required!).

e A wide functional group tolerance. Therefore, useful in the synthesis of natural
products and active pharmaceutical ingredients (APIs). However, 1-alkynes
containing an EWG directly attached to the ethynyl carbon atom hardly react

with aryl halides.

e Mild reaction conditions with reactions typically proceeding at room tempera-
ture or slightly above. At higher temperatures, alkynes are prone to undergo

side reactions.
e Cu-acetylides are catalytically generated in situ.

e Good scaleability of the process.

In 1977, Sonogashira and Hagihara reported a coupling of acid chlorides with termi-

nal alkynes to form ynones, a useful class of synthetic intermediates (Scheme 17).1%!

Both coupling partners were used in exactly stoichiometrical amounts.

0O
0 [PACI,y(PPh3),/Cul] R’
R1—/< + =—R? >
Cl NEt; \\
(base and solvent) R?2
rt-90°C, 3-15h
9 examples
R' = Alkyl, (Hetero)Aryl, Styryl, NMe, 40-96 %

R? = Ph, "Bu

Scheme 17. Sonogashira coupling of acid chlorides.

42



The reactivity of acid chlorides toward alkyne addition is more pronounced as com-

pared to other carbonyl compounds, thus making them attractive substrates for al-

kynylations (Scheme 18).l"%

S GRS G W |
R/U\CI R H R)]\R’ R OR' R NR's
increased
reactivity

Scheme 18. Reactivity of carbonyl compounds toward alkynylation.

Under classical conditions, the amine base is used as a solvent in large excess. In
2003, a useful modification of Sonogashira coupling of acid chlorides with terminal
alkynes was introduced by Miiller using exactly one equivalent of triethylamine as a
base (Scheme 19).""M"2 This amount is stoichiometrically required and is consumed
by scaveging the hydrogen chloride formed during the reaction.

2 mol % PdCl,(PPhs),

0
o 4 mol % Cul (Hetero)Aryl
(Hetero)Aryl% = TMS j
o ' NEt; \\
(1.0 equiv) (1.0 equiv) TS
THF, rt, 1 h
5 examples
61-82 %

Scheme 19. Modified Sonogashira coupling using exactly one equivalent of

triethylamine.

This subtle modification has the significant advantage of milder reaction conditions.
The ynones formed under essentially neutral conditions can be now converted to a
huge variety of O-, S-, and N-heterocycles in diverse one-pot reactions (see discus-

sion in chapter 2.6.1 Synthesis and reactivity of ynones).

A number of other conditions has been reported utilizing the reactivity of acid chlo-

rides toward alkynes in Sonogashira reactions: (1) very efficient copper-free coupling
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using phosphane-free oxime-derived palladacycle and triethylamine as a base, ac-
cording to Néjera;[73] (2) coupling in water as solvent using a catalytic amount of so-
dium lauryl sulfate as a surfactant and K,COs as a base;!"* (3) recyclable nanosized
MCM-41 anchored palladium bipyridyl complex-catalyzed coupling with very low
catalyst loadings;/"”® and (4) recyclable polystyrene-supported Pd(0)-complex under

copper- and solvent-free conditions,” only to mention a few.

Certainly, the major limitation of using acid chlorides as substrates for metal-
catalyzed cross-coupling reactions is the inherent need for protection of reactive
functionalities such as OH and NH; groups. Moreover, acid chlorides are not always
commercially available and have to be prepared from the corresponding acids. For
that reason, an interesting alternative is the utilization of carboxylic acids,”’” which
are readily available, stable, and easy-to-handle compounds, representing very at-
tractive substrates for cross-couplings. These methodologies proceed mostly with a
decarboxylative outcome. The first herald was a Cu-catalyzed biaryl synthesis re-
ported in 1966 by Nilsson.l"”® However, this approach was “reinvented” by Myers!’
and became very popular only in recent years.%®" -Oxo-acids are also known to
undergo decarboxylative cross-couplings under Pd-®% and Pd/Cu-catalysis.*&"*4 Al-
though the initially drastic conditions!®®! have mellowed, the major inherent disadvan-
tage of these methods is the loss of the precious carbonyl group — a circumstance
that frequently gives rise to the formation of products which are of little interest from
the synthetical point of view and can be made by numerous other methods. However,
there are notable exceptions working also with 5-ring electron rich heterocyclic sub-
strates such as thiazole, oxazole, and pyrrole carboxylic acids.®! In one report, a
nicotinic acid derivative was coupled under decarboxylative conditions.®® Further,
indole carboxylic acids could be arylated via Pd-catalyzed decarboxylations.®® Ulti-
mately, a protodecarbonylation reaction, catalyzed by Ag,CO3/AcOH, is broadly ap-
plicable with diverse heterocyclic acids including pyridine carboxylic acids.®”!

In situ activation of acids in metal-catalyzed cross-couplings in analogy to methods
applied in the peptide synthesis has been described by Goolen. As activators, DCS
(Scheme 20),8 Piv,0,%2% (Me0C0),0,”” and Boc,0%°" have been utilized.
However, generally no N-heterocyclic carboxylic acids have been used as substrates.
The activators were applied in excess (1.2-3.0 equivs), and the method required spe-

cial ligands and additives.
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1) 3 mol % Pd(Fe-acac),, 9 mol % PCy;

O 0]
it
N\O O’N
e} O (1.2 mmol)
Na,COs5 (2.0 equiv)
o THF, rt, min Q
- 1 2
R1J\0H R A
2) R2—B(OH), (1.2 equiv)
rto60°C,20h 23 examples
37-95 %

R' = Alkyl, Ph, EDG-Aryl, EWG-Aryl, 3-Th, 3-Furyl, 4-Py
R2 = Ph, EDG-Aryl, EWG-Aryl, 3-Th, 2-Furyl

Scheme 20. In situ activation of carboxylic acids with DCS as an activator.

In conclusion, prior to this work carboxylic acids have never been used in alkynyla-
tions. Since many heterocyclic acids but not the corresponding chlorides are com-
mercially available, a method to produce ynones from acids would beneficially com-
plement already existing methods for the generation of ynones. Additionally, oxalyl
chloride has never been used as an activator of carboxylic acids in metal-catalyzed

cross-couplings (for a discussion, see chapter 2.7 Oxalyl chloride in organic synthe-

Sis).
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In the framework of this thesis, the synthetic utility of oxalyl chloride was exploited in

novel activation — alkynylation sequences in collaboration with M. Sc. Christina
Boersch, who performed the experimental work. Heterocyclic carboxylic acids and a-
oxo-carboxylic acids could be efficiently converted to the corresponding acid chlo-
rides via clean reaction with oxalyl chloride. The resulting acid chlorides were reacted
in a one-pot fashion with alkynes under Sonogashira or catalytic Stephens-Castro
coupling conditions giving rise to the formation of ynones and ynediones (Scheme 21
and Scheme 22).°" Astonishingly, a wide variety of N-heterocyclic acids could be
successfully brought to reaction, although N-heterocycles are notoriously difficult

substrates in cross-couplings.

Activation-Sonogashira Coupling
Sequence
0

Cl
Cl .
o) S (1.0 equiv) o)
1JJ\ > R
R'™ “OH AN
then:  [Pd/Cu], NEt; (3.0 equiv)

=——R? (1.0 equiv)

R2

22 examples
18-98 %
in one-pot

Scheme 21. One-pot synthesis of ynones from carboxylic acids.”®"!

Activation-Stephens-Castro
Coupling Sequence

0]

Cl
CI/U\H/ '
o o (1.0 equiv) (o) P R?
RJH(OH - R1V
then:

o [Cu], NEt; (3.0 equiv) o)
——R? (1.0 equiv)
7 examples
34-65 %
in one-pot

Scheme 22. One-pot synthesis of ynediones from a-oxo-carboxylic acids.®"
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This strategy represents a novel approach to ynones and ynediones using standard
catalytic systems without need for exotic ligands or additives. Upon addition of gua-
nidinium salts, a one-pot three-component synthesis of pyrimidines is feasible as il-
lustrated by a concise one-pot preparation of the pharmacophore of the blockbuster
drugs imatinib and nilotinib,*8®"4%4 hoth acting as tyrosine kinase inhibitors to combat

cancer (Scheme 23).°"

Activation-Sonogashira Coupling-
Michael Addition-Cyclocondensation
Sequence

~

(COCI), (1.0 equiv) NH

X OH > )\

N

N

7 . i

N then: [Pd/Cu], NEt; (3.0 equiv) N S |
——TMS (1.0 equiv)

—
N
then: o-Tol .
NH (1.0 equiv)
53 %
HN”" “NH, x HNO3 in one-pot

Scheme 23. One-pot synthesis of the pharmacophore of Gleevec® and Ta-

signa®."

This approach represents the most concise synthesis of this highly important struc-

tural motif (for a discussion, see chapter 2.11 Kinases and kinase inhibitors).

These results are part of this cumulative dissertation (publication 3.1).
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2.3.3 Carbonylative Sonogashira coupling

Given the case that acid chlorides are not readily available, another useful modifica-
tion, such as carbonylative Sonogashira coupling, can be envisioned for the con-
struction of ynones. Carbonylative alkynylation is recognized as the coupling of hal-
ides with terminal acetylenes in the presence of carbon monoxide. This
transformation is a very useful approach and attracts much attention. However, high
reaction temperatures and pressure of carbon monoxide are necessary in order to
achieve selective carbonylative coupling.®? For example, in a recent synthesis of the
quinolone key substructure of the protease inhibitor BILN 2061 via carbonylative
Sonogashira coupling, the reaction was run at 120 °C under 250 psi CO.*¥ Nicolaou
utilized the carbonylative Sonogashira coupling in the total synthesis of the natural
product biyouyanagin A, working at 100 °C under 200 psi CO.®¥ Several syntheses
of heterocycles via carbonylative Sonogashira coupling have been reported. Flavons
and chromones®! as well as 4-quinolones®® were prepared by Kalinin from o-
iodophenols and o-iodoanilines, respectively (120 °C/20 atm CO). Simultaneously,
Torii reported similar approaches to 4-pyridone-3-carboxylic esters (90 °C/40 atm
C0),P"! 4-dialkylaminoquinolines (70 °C/10 kg cm™ CO),® as well as 4-quinolone-3-
carboxylic esters® and 4-quinolones!'® (120 °C/20 kg cm™ CO).""Y A further exam-
ple is the synthesis of (E)-3-arylidene-5-aryl-2-(3H)-furanones, performed at 110-120
°C and under 300-1200 psi CO pressure.!'%

Not surprisingly, attempts have been made to find milder conditions. For instance, a
reaction under normal pressure of carbon monoxide but with a twofold excess of rela-
tively precious aryl iodides can be applied."! A mild (30 °C/1 atm CO) Pd/Cu-
catalyzed carbonylative coupling of iodonium salt was achieved, with a drawback of
using rather precious starting materials.''® For the coupling of vinyl triflates, a mild
carbonylative alkynylation (60 °C/1 atm CO) using Pd(OAc)./dppp/NEt; system has
been described as early as in 1991.['%! At the same time, the same authors per-
formed studies on Pd-catalyzed carbonylative coupling of 2-hydroxyaryl iodides with
ethynylarenes at 60 °C under 1 atm of CO pressure.['® In this work, however, mix-

tures of flavones and (Z)-aurones were generally obtained.
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In recent years, several mild procedures for carbonylative alkynylations of aryl io-
dides have been developed which allow couplings at ambient temperatures and

pressure of carbon monoxide.

First report by Yang in this direction appeared in 2000 and described synthesis of
flavones!'””! at 40-45 °C under a balloon pressure of CO using PdCly(PPhs)y-

thiourea-dppp complex.

The carbonylative Sonogashira coupling under mild conditions was generalized by
Mori in 2003 (Scheme 24).1'%8!

1 mol % PdCl,(PPhs),
or 5 mol % PdCl,(dppf)

or 5 mol % PdCly(PPhg),/ o}
4 mol % Cul / \
@| y =R > RX=
RI— 0.5 M aq. NH, (2.0 equiv) AN

(1.2 equiv) )

CO (1 atm) R

THF, rt, 12-48 h 20 examples
R' = EDG, EWG 50-81 %

R2 = Ph, Alky!

Scheme 24. Carbonylative Sonogashira coupling according to Mori.

The authors claimed that aqueous ammonia as a base was superior to triethylamine
and decisive for the carbonylative outcome of the reaction. The choice of the catalytic
system depends on the electronic nature of substituents on the iodide and on the al-
kyne. The formation of the noncarbonylated product could be suppressed; only in
some cases the byproduct was formed in 1-7 % vyield. However, the method was

demonstrated to proceed only with simple substrates.

Later, this approach was extended by the same group for a one-pot construction of

pyrazoles and isoxazoles.['*!

In 2005, a Pd-catalyzed copper-free carbonylative alkynylation of aryl iodides for the
synthesis of ynones and flavones in water as a solvent under ambient temperature

and CO pressure was reported by Yang.'™

49



Also in 2005, we used a mild carbonylative Sonogashira coupling as a key step in the
total synthesis of natural products meridianins and a variolin B analog.”**¥! The syn-
thesis of the key ynone structures has been performed at room temperature and us-
ing 1 atm of carbon monoxide and was particularly well suited for N-Boc protected 3-
iodo (aza)indoles as substrates (see discussion in chapter 2.70.1.1 Meridianins).

Ultimately, in 2009 Capretta presented an access to flavones via microwave-assisted
one-pot three- and four-component carbonylative sequences working at 1 atm of

CcO."" PA-Ph was shown to be an effective ligand in these transformations.

However, these examples rather represent exceptions since newer reports continue
to work under high temperatures and pressures of carbon monoxide: (1) coupling in
an ionic liquid [bmim]PFg using PdClx(PPhs),/NEts (120 °C/20 atm CO);""*? (2) mag-
netically separable and recoverable heterogeneous catalyst Pd/Fe;O4 (130 °C/2.0
MPa CO);"™ (3) synthesis of alkyl alkynyl ketones using PdCl,(PPhs),/NEt; under
photoirradiation conditions (500 W xenon lamp, Pyrex/45 atm CO):"" (4) coupling of
aryl bromides using [(cinnamyl)PdCl]/BuPAd,/K,CO5 (100 °C/10 bar CO);""® and (5)
coupling of aryl triflates using [(cinnamyl)PdCl],/Xantphos/NEt; (110 °C/10 bar
C0)."® Obviously, the success of the selective carbonylative alkynylation without
formation of the direct coupling product is strongly substrate dependent and remains
matter of careful optimization. Additionally, it should be noted that all methods re-
ported deal with rather simple substrates such as aryl iodides and aryl alkynes; no
complex or N-heterocyclic halides and alkynes have been utilized.

In general, a palladium-catalyzed reaction in the presence of carbon monoxide!*®
proceeds slower than under an inert atmosphere since CO serves as a strong ligand
with electron withdrawing characteristics. Certainly, long reaction times are a signifi-
cant drawback of carbonylative methods. Furthermore, the success of the carbonyla-
tive reactions using carbon monoxide is strongly dependent on the solubility or diffu-
sion of the gas into the bulk, which can be cotrolled by the pressure of CO (however,
increasing CO pressure causes additional coordination to the catalytic intermediates
slowing down the reaction) and/or the surface area-to-volume ratio,!''”? causing re-
producibility and scaleability problems. Moreover, since carbon monoxide is a highly
toxic gas,['"® which has no smell, color, or taste, special equipment is required for
safety reasons. Moreover, synthetic organic chemists are reluctant to use high-

pressure equipment. Thus, attempts have been made to replace it with other CO
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sources (see discussion in chapter 2.5 Oxalyl chloride in organic synthesis). A promi-

nent CO surrogate is molybdenum hexacarbonyl Mo(CO)s, which is utilized quite fre-
quently.

An example of its use is the procedure described by Kondo in 2007 (Scheme 25).1'"°]

Aryl iodides could be reacted, and P'Bu; was essential for smooth conversion and
facilitated the formation of ynones rather then the direct Sonogashira coupling prod-

ucts.

2 mol % Pd(P'Bus),
0
Mo(CO)g (1.5-1.6 equiv)

R1
R1@I + =—R? > \
NEts (1.4-2.0 equiv) \

(1.8-2.0 equiv)

CH5CN, rt, 12-48 h R?
4 examples

R' = CO,Et, NO,, Ac, OMe 68-92 %
R? = Ph, TMS

Scheme 25. Carbonylative alkynylation using Mo(CQO)g as a CO source.

A similar approach was used by Stonehouse in one-pot syntheses of pyrazoles and

pyrimidines.!'?!

Despite its nontoxicity and nonproblematic handling, Mo(CO)s as a CO source has
one significant disadvantage of being typically used in large excess, rendering such

processes not economical considering the high costs of this reagent.

In conclusion, the Sonogashira reaction with its numerous modifications has estab-
lished itself as one of the most powerful and popular synthetic methods for the syn-
thesis of substituted alkynes.?" It is technically simple, efficient, high yielding, and
tolerant toward a wide variety of functional groups. However, couplings of aryl bro-
mides!'?? and especially chlorides,*"1'**! as well as tosylates and mesylates!'** are
not efficient with the standard catalytic system, and higher temperatures lead to al-
kyne side reactions. For this reason, improvements are still necessary, and the

Sonogashira coupling remains an active research domain.l'**! New catalyst systems
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and ligands are being developing, and numerous metal complexes have been re-
ported to catalyze the C(sp)—~C(sp?) coupling.['*®! Due to the generality and mild reac-
tion conditions, Sonogashira coupling is highly suitable for designing various one-pot

sequences containing this transformation.'?"!

“It appears from the recent literature on applications of the Sonogashira coupling in
organic synthesis that the synthetic community is hesitant to apply the new highly
efficient Pd catalysts that have been developed. Still, a very significant proportion of
Sonogashira coupling reactions are carried out with the classical catalysts such as
PdCl»(PPhs), and Pd(PPhs)s4 and aryl iodides as substrates. Although a catalyst load-
ing in the 1-5 mol % range may be required, with typical yields of around 75 %, the
transformation relies on an established protocol. Copper-only procedures (catalytic
Stephens-Castro coupling) with aryl iodide substrates are already competitive with
Pd-catalyzed reactions. From a practical point of view, the simplicity of the copper-
only catalytic systems is a strong argument in favor of their application in organic syn-
thesis, whereas Pd-based Sonogashira catalysts are characterized by their out-

standing efficiency.”!'2%

Finally, the reaction is fraught with a limitation, in that it often results in considerable
yields of the homocoupling product (Glaser-type or Hay product). This aspect will be

discussed in chapter 2.3.4 Glaser-type acetylene couplings.
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2.3.4 Glaser-type acetylene couplings

The synthetic studies of 1,3-disubstituted diyne derivatives via the homocoupling re-
action of terminal alkynes has an extremely long history. As early as in 1869, Glaser
made the observation that the alcoholic solution of copper phenylacetylide undergoes
smooth homocoupling in the presence of aqueous ammonia when exposed to air
(Scheme 26).1'%8]

CuCl air —
720 \— 7 N\ — ¢, 7 N = — N/
— aqg. NH3, EtOH — aq. NH5, EtOH —
. then H,O . .
yellow precipitate beautiful shiny needles

Scheme 26. Glaser coupling.

Baeyer provided an early demonstration of the synthetic utility of the method in his
1882 synthesis of indigo (Scheme 27).'* |n this synthesis, potassium ferricyanide

was used as an oxidizing agent.

P CO,H P Cu
7 1) Hy0, A 7
NO, 2) CuCl NO,

aq. NHs;, EtOH

3) Ko[Fe(CN)e] | HO

O
N 4) H,SO, —
_ ) /7 N\
L1 - ==

\ (NHy4)2S

Scheme 27. Baeyer synthesis of indigo.

Nevertheless, the original Glaser reaction had a significant drawback of need for iso-
lating potentially explosive copper acetylides, which was often tedious in view of the

poor crystallization properties of most copper salts.
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Therefore, many groups have modified and improved the reaction to obtain useful
approaches to symmetrical and unsymmetrical butadiynes. Acetylene couplings as
well as their synthetic applications were comprehensively reviewed by Diederich in
2000.1"%%

Particularly important was the observation of Zalkind and Aizikovich in 1937 that ter-
tiary alkynols coupled directly in the presence of CuCl and NH,4CI to afford the corre-
sponding diacetylene dicarbinols. The possibility of forming the copper(l) acetylide in
situ paved the way for intensive investigations of the factors influencing the oxidative
coupling of various substituted acetylenes, such as the proportion of copper(l) salt,
oxidizing agent, pH, time, temperature, solvent, and character of the alkyne, which
ultimately led to improved convenience and scope of the reaction and to industrial

applications.

In 1956, Eglinfon and Galbraith introduced the copper(ll) mediated coupling in
methanolic pyridine using an excess of Cu(OAc)2, which turned out to be very useful

in the preparation of unsaturated macrocycles.!"*"!

Another milestone in the evolution of oxidative acetylene coupling was reported in
1962 by Hay. In this important modification a Cu(l)-salt was used in the presence of
an amine such as pyridinel'*? or the bidentate ligand TMEDA!"*¥ that promoted facile
homocoupling of terminal acetylenes at room temperature in the presence of oxygen
(Scheme 28). The modification provided better solubility of the reactive Cu(l)-species
and allowed mild conditions, high efficiency, and catalytic amounts of Cu(l) and amine

to be realized.

5 mol % CuCl
5 mol % TMEDA
R—— > R————=—R
acetone, O,
5 examples
R = Ph, Alkyl 82-97 %

Scheme 28. Hay coupling.

The Cu-mediated homocouplings described above and the heterocoupling conditions
according to Cadiot—Chodkiewitz, utilizing coupling of terminal acetylenes with 1-

bromoalkynes,[*¥ still remain popular, and new Cu-promoted methods continue to
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appear.l" Just recently, a comprehensive investigation of the influence of bases and
ligands on the outcome of the Cu(l)-catalyzed oxidative homocoupling of terminal
alkynes to 1,4-disubstituted 1,3-diynes using oxygen as an oxidant (i.e. Glaser-Hay

coupling) was performed by Beifuss.[*®!

Instead of terminal alkynes alkynylsilanes can be coupled in a sila modification intro-
duced by Mori (Scheme 29).'*"! The method allows preparation of symmetrical and
unsymmetrical 1,3-butadiynes. Nevertheless, the method was not extended into a
one-pot alkynylation — oxidative dimerization sequence and still requires alkynylsi-
lanes as starting materials.!"® A further drawback is the need for a stoichiometric

amount of CuCl.

CuCl (1.0 equiv)

R———TMS

Y
Py
|
|

DMF, 60 °C, 3 h
air 5 examples

70-99 9 i
R = Ph, p-MeOCgHj, p-MeCOCgH, 0-99 % (GC yields)

2-Th, "He

Scheme 29. Coupling of TMS-alkynes to symmetrical diynes.

Palladium is also a competent metal for acetylene couplings. An early observation
was the formation of symmetrical diynes in the course of Sonogashira coupling.®? In
1985, Rossi optimized this process as a homocoupling for terminal acetylenes

(Scheme 30).1"*% (Hetero)aryl substituted alkynes are excellent substrates for this

reaction.['391140]
2 mol % Ph(PPhj),, 8 mol % Cul
R—— » R———R
NEt, (2.0 equiv), CICH,COCHj (1.0 equiv)
benzene, N, rt 2 examples
R=Ph, 2-Th 87-94 %

Scheme 30. Pd/Cu-catalyzed synthesis of diynes.

Pd(0) alone can be used in the presence of allyl bromide and phase transfer cata-

lysts.l"*"! Another modification using PdClx(PPhs),/Cul as a catalytic system, 'ProNH
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as a base, and iodine as an oxidizing agent was reported by Burton.['*? Several new
reports stem from the last decade: (1) room temperature coupling using
PdCl,(PPhs),/Cul/Pro,NH and ethyl bromoacetate as an initiator;['*® (2) efficient room
temperature diyne synthesis “using standard Sonogashira conditions”, i.e.
PdCly(PPhs)/PPhs/Cul/NEts; " (3) amine- and phosphine-free Pd(I1)/Cu(l)-catalyzed
homocoupling with NaOAc as a base and MesNO as an oxidant!™ (4) NHC-
Pd(I1)/Cu(l)-catalyzed homocoupling;"'*® and (5) ligand- and base-free low-loading

Pd/C-Cul-catalyzed homocoupling.['*"!

Some reports dealing with studies on both Glaser and Sonogashira reactions under
similar conditions deserve a special mention. Najera described in 2003 an efficient
low-catalyst homocoupling catalyzed by oxime-derived palladacycle and Cul with pyr-
rolidine as a base and air as an oxidant.['*® Under very similar conditions, Sonoga-
shira coupling (palladacycle/BusNOAc) and sila-Sonogashira coupling (palladacy-
cle/Cul/pyrrolidine) were also effective. In 2005 Li published a study dealing with a
catalytic  system which was very effective in both  Glaser-type
(Pd(OAC)./Cul/DABCO/O5) homocoupling and Sonogashira coupling
(Pd(OAC),/DABCO/O,) reactions.*! A report by Wu in 2007 delt with cyclopalladated
ferrocenylimine/Cul/KOAc/O, as a catalytic system for the homocoupling. A similar
palladacycle in the presence of BusNBr and KOAc was also applied for Sonogashira
couplings.["® Despite all these reports described almost identical conditions for both
alkyne couplings, no combination of these reactions in a one-pot transformation has

been attempted.

The two processes are very closely related indeed. A similar Pd/Cu-catalyzed Glaser-
type homocoupling is believed to be responsible for the generation of the catalytically
active Pd(0) species at the beginning of the Sonogashira reaction.®21'* But the
same process also leads to the unwanted alkyne dimerization, which is a known

“‘plague” of the Sonogashira cross-coupling (Scheme 31).
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Ph3P\P||/CI
PhsP” ClI

/ HNEt3Ha|
transmetalation \
Y

CuHal NEt; + R
R . Lo
— reductive elimination
Phyp I
o p-P > [Pd]
3 x 3
R
R—————R

Scheme 31. Mechanistic rationale for the formation of a symmetrical diyne along

with the generation of the catalytically active palladium(0) species.

To avoid the diyne formation, even special strategies such as coupling under a hy-
drogen and nitrogen atmosphere have been developed (Scheme 32).1"*" The method

allowed to suppress the homocoupling and less than 2 % of diynes were formed.

1 mol % PdCl,(PPhs),

1 mol % Cul
// N 4 =—1ms Q%TMS
R™\— NEts, Hp + N, R\—

(1.1 equiv)

\J

rt,1h 4 examples

R = Me, OMe, NMe,, NEt, 96-100 %

Scheme 32. Sonogashira reaction with diminished homocoupling.

Just very recently, a click-reagent version of the Sonogashira coupling, i.e. coupling
using Cu(ll)/NaAsc system, has been introduced with no or dramatically reduced ho-

mocoupling.!'*?

However, prior to this work no attempts have been undertaken to make use of this
obstacle and to combine Sonogashira and Glaser couplings into a one-pot procedure

to synthesize diynes using the same catalytic system.
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Diynes and higher polyynes are frequently found in natural products making up more
than 1000 isolated compounds with two or more conjugated triple bonds.[*® Sym-
metrical 1,3-butadiynes can be used for the construction of chalcogene heterocycles
such as thiophenes and selenophenes,™® nitrogen heterocycles such as pyridines
and pyrroles,™™ 3 3'-disubstituted 2,2-biindoles,[*® as well as the indolo[2,3-

alcarbazole ring system,!'*!

which is present in several biologically active molecules
such as arcyriaflavin A and the potent antitumor agent rebeccamycin. A representa-
tive example of the utility of 1,4-di(hetero)aryl-1,3-butadiynes in the organic synthesis
is the preparation of 2,2-bisindole, which requires a linear stepwise approach

(Scheme 33).1"°8]

TMS

| [PACI,(PPhs),/Cul] Z K,CO3, MeOH Z
| _—
NH TMSA, NEt; 'T'H rt, 40 min l}lH
95 % 97 %
[PACIy(PPhs),/Cul] 0,
NEt;, DMF rt, 4 h
NaOEt, EtOH
N - 7N = =
N N _ \ 7
\ / rfl, 45h
H H NH HN
EtO,C CO,Et
86 % 94 %

Scheme 33. Synthesis of 2,2’-bisindole via 1,3-diyne.

Typically, although the same catalytic system and the same base are required, the
synthesis of the key diyne was performed in separate steps rather than in a one-pot
procedure.

In conclusion, prior to this work no one-pot sequentially catalyzed method of synthe-
sis of symmetrical 1,3-diynes starting directly from (hetero)aryl halides was known.
However, just recently, two one-pot syntheses appeared in the literature starting from
aryl iodides. In the first method, Kim described a Pd/Cu-catalyzed approach relying
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on coupling of iodoarenes and propiolic acid via Sonogashira reaction followed by a

Pd-catalyzed decarboxylative homocoupling (Scheme 34).">]

1) 5 mol % PhCly(PPhs),, 10 mol % Cul
NEt, (3.5 equiv), DMF, rt, 6 h

Y
Py
|
|

R— + =——CO,H

2) Ag,CO3 (2.0 equiv)
130 °C, 20 h 11 examples
54-90 %

(2.0 equiv)

R = Ph, EDG-Aryl, EWG-Aryl, 2-Th, 3-Py

Scheme 34. Kim’s one-pot synthesis of 1,3-diynes via Sonogashira coupling — de-

carboxylative homocoupling.

The major disadvantages of this procedure are the use of silver carbonate as a
stoichiometric oxidant and the formation of 1-10 % of the corresponding tolane as a

byproduct giving inseparable mixtures with the desired product.

The second method also works under Pd/Cu-catalysis and uses K,COs; instead of
Ag,CO3 (Scheme 35).°%

5 mol % PhCly(PPh3),, 10 mol % dppb
10 mol % Cul
DBU (2.4 equiv), K,CO3 (1.2 equiv)

Y
Py
|
|
Py

R— + =——CO,H

12 . DMSO, air, 30 °C,6 hto 80 °C, 3 h
(1.2 equiv) 13 examples

44-92 %
R = Ph, EDG-Aryl, EWG-Aryl, 2-Th, 3-Py

Scheme 35. Lee’s one-pot synthesis of 1,3-diynes via Sonogashira coupling — de-

carboxylative homocoupling.

This procedure resembles the preceding precisely in scope and shares the same

disadvantage of producing 4-33 % of the corresponding tolane.
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In the framework of this thesis, two catalytic alkyne coupling reactions have been

combined in the sense of a consecutive sequentially Pd/Cu-catalyzed process to fur-
nish a novel one-pot pseudo-four-component synthesis of a broad variety of symmet-
rically substituted 1,4-di(hetero)aryl-1,3-butadiynes in good to excellent yields starting
from easily available (hetero)aryl iodides and using air oxygen as an oxidant
(Scheme 36)."" Pd and Cu species as well as triethylamine as a base are essential
for both couplings, which proceed with higher efficiency if performed in a one-pot se-
quence. The synthetic procedure is extremely simple to carry out, works for a variety
of electronically different heterocyclic iodides and tolerates many functional groups

including free hydroxy and amino groups.

Sonogashira Coupling-
TMS-Deprotection-
Glaser Coupling Sequence

_ , [Pd/Cu]
— SIMe3 .
NEt; (2.0 equiv)
(Hetero)Aryl—I I—(Hetero)Aryl (Hetero)Aryl—————(Hetero)Aryl
— then: F~, air
Me3S| pr—
26 examples
(1.5 equiv)
51-93 %
in one-pot

Scheme 36. One-pot synthesis of symmetrical diynes.'®"!

These results are part of this cumulative dissertation (publication 3.2).
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2.3.5 Suzuki-Miyaura coupling

In 1981, Suzuki and Miyaura described a palladium-catalyzed coupling of aryl halides

or pseudo halides with arylboronic acids (Scheme 37).1'%2 The decisive breakthrough

(1.1 equiv) benzene/EtOH/H,O 74 %
rfl. 6 h

was achieved by the addition of a base, which is essential for this reaction.!®*!

Br 3 mol % Pd(PPhs),
o - 1 - 1.
Cl (HO).B cl

2 M Na,CO3; (2.0 equiv)

Scheme 37. Suzuki-Miyaura coupling (representative example).

The Suzuki coupling reaction has established itself as a powerful and general method
for the formation of C—C bonds,"®"! especially those involving sp*-hybridized centers.
The reaction is extremely popular in the synthetic community for the synthesis of
biaryl compounds where it usually involves the Pd(0)-mediated linking of an aryl hal-

ide with an arylboronic acid or arylboronic ester.['®!

There are several significant advantages of this methodology:

e Mild reaction conditions and extreme versatility allowing the coupling of a wide
range of carbons in aryl, alkenyl, alkyl, and alkynyl groups under a wide variety

of conditions.
¢ High efficiency and reliability.

e Wide applicability and functional group tolerance, hence the reaction is highly

suitable for designing one-pot methodologies.

e The coupling is stereo- and regioselective and is little affected by steric hin-

drance.

¢ No stoichiometric amounts of heavy metals are required.
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e Boronate reagents as well as byproducts are nontoxic, usually stable, and en-
vironmentally safe (in contrast, organostannanes used in the Stille coupling

are toxic).

e The inorganic byproducts are easily removed from the reaction mixture, mak-

ing the reaction suitable for industrial processes.

Although this method is well established, improvements are still necessary, promoting
development of new and efficient rationally developed catalyst and ligand sys-
tems.['®® Heteroaromatic substrates deserve a special attention due to their impor-
tance in many areas of research and difficulties associated with their couplings.!'®”’
The cross-coupling reactions of such substrates are generally considered to be prob-
lematic because these substrates can bind to the metal center and deactivate the
catalyst. In the past, heteroaryl halides with heteroatom substituents bearing labile
atoms such as OH and NH; were generally found to be unsuitable coupling partners.
Further investigations are currently directed toward strategies for orthogonal func-
tionalization of complex molecules, especially devising new sophisticated boron re-
agents.'®® On the other hand, normally used boronate reagents are frequently ex-
pensive and difficult to access. Furthermore, coupling of electron deficient arylboronic
acids or arylboronates, especially those bearing an a-nitrogen atom, is a real chal-
lenge. The difficulty can be attributed to several factors: electron deficient heteroaryl
boron derivatives undergo transmetalation at a relatively slow rate, and these re-

agents rapidly decompose by a protodeborylation pathway.

For this reason, several strategies directed to solve this problem have recently been
described (Scheme 38, Scheme 39,!""% and Scheme 40!""")).
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(Hetero)Aryl—Hal + Li(PrO),B

Hal = Br (X = Ph), CI (X =
R=H,OMe F, %

o)

1-1.5 mol % Pd,dbas

6 mol % Q:X
H "X

KF (3.0 equiv)
dioxane, 110 °C, 20 h

Scheme 38. Strategy described by Buchwald.

(Hetero)Aryl—Hal +

Hal =1, Br, Cl, OTf

R =H, Me, OMe, F, CI, CF3, CN

X=CH,N

5 mol % Pd(OAc),
10 mol % dppf

Cul (1.0 equiv)

(2.0-2.5 equiv)

Cs,CO;3 (2.0 equiv)
DMF, 100 °C, 16 h

Scheme 39. Strategy described by Deng and Paone.

(Hetero)Aryl—Hal + 0\ D

Hal =1, Br, Cl

R = H, Me, OMe, CF5, Cl, Br, CF5, CN, NEt,

3 mol % PdCIQ(PCI’Bu)Q

(1.2-2.0 equiv)

CsF (2.0-3.0 equiv)
'PrOH, 90 °C, 18 h

Scheme 40. Strategy described by Li and Shen.
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(Hetero)Aryl

20 examples
40-92 %

»

(Hetero)Aryl N

16 examples
42-97 %

(Hetero)Aryl N

20 examples
15-80 %



However, all these strategies have a common disadvantage: the need for an excess

of the precious boronate or boronic ester component.

“The mechanism of the Suzuki coupling is known to be complex in its details, and the
oxidative addition, transmetalation, and reductive elimination steps have all been re-

ported to be rate-determining in certain cases™'’? (Scheme 41).

Pd(O)L, R2—R'
R2—R! R'—Hal Pd(O)L,
reductive
elimination oxidative reductive

addition elimination

R'—Pd(ll)L;—Hal

R'—Pd(Il)L,—R? R'—Pd(Il)L,—R?

intramolecular anion
transmetalation exchange RO

base

ROB(OR),

transmetalation

|?1 R'—Pd(I)L;—OR
. S
via: L, Pcll(ll)—(l)R ot R?B(OR), HalB(OR'),
R2—B(OR), a éR + RO
boronate

R2B(OR'),

boronic ester

Scheme 41. Proposed mechanistic rationales for the Suzuki reaction.

“The reaction is still not fully understood and much remains to be clarified. The base
is crucial for the transmetalation that can proceed inter- or intramolecularly. The
choice of arylboron reagent may profoundly affect the outcome of a given coupling
reaction, particularly since it usually determines the selection of other key reaction
parameters such as solvent, base, and palladium(0) source. In contemporary prac-
tice, Suzuki couplings often employ widely differing reaction chemistries depending

on whether arylboronic acids or arylboronate esters are used as reagents.

All other factors being equal, best results are usually obtained when the aryl halide
coupling partner is electron deficient and the arylboron partner electron rich, a situa-
tion that favors oxidative addition and transmetalation, respectively. However, with
complex, polyfunctionalized substrates it may not always be easy to judge which ring
should be which component. Alternatively, tactical considerations may require a par-

ticular coupling reaction be carried out with the coupling partner roles inverted with
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respect to those that are a priori desirable. The outcome of a given coupling may be
significantly affected by the assignment of partner roles”.['"?

A study on Suzuki coupling involving indoles revealed some interesting points.!'"?

5-, 6-, or 7-Bromo indoles were coupled with arylboronic acids or pinacol esters, then

the partner roles were swaped (Scheme 42).

2

2 . .
5 | AN A @/X Suzuki coupling | AN N
+
(= NS Z
6 X1 . N\ 1 4 R2 — N\ 1
R R
N\ 7#R2
R'=H, Boc or Ts R2 = Me or OMe
X' = Br or B(OH), X2 = B(OH), or Br R'=H, Bocor Ts
0 0 R2 = Me or OMe
or B\ or B\
0] 0]

Scheme 42. Study on the Suzuki coupling involving indoles.

The yields of the Suzuki coupling depended on:
e Whether arylboronic acids or arylpinacolboronate esters were used.
e Whether the heterocycle was the aryl halide or the arylboron coupling partner.

e Whether the heterocycle was protected or not, which provides a means of

modulating the electronic character of the heterocycle.

A careful selection of the arylboron reagent, of the coupling partner roles, and of the
protective groups was essential to ensuring optimum results in these Suzuki cou-
plings. This study is very instructive also for coupling of other heterocycles since it
gives an impression how the influences of different factors can affect the outcome of

the Suzuki coupling reaction.

In 2010, Suzuki, Heck, and Negishi were awarded with the Nobel Prize in recognition
of the enormous utility of Pd-catalyzed cross-coupling methodologies developed by

these researchers, among others.!'"*!
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2.3.6 Miyaura and Masuda borylations

The main limitation of the Suzuki-Miyaura reaction is the accessibility of the boronic
acids or esters used as the nucleophilic partner. They are expensive and only a lim-
ited number of them are commercially available. The other issue is their sensitivity
toward air and moisture as well as chromatographic instability. Classically, boronates
are prepared by the transmetalation of Li- or Mg-organyls with borone compounds
that contain good leaving groups such as halogen or alkoxy groups. These ap-

proaches suffer from functional group intolerance.

Among boronic species, pinacolboronic esters are the most convenient nucleophilic
coupling partners in Suzuki cross-couplings because they are generally stable to air,
moisture, and temperature and are much more amenable to chromatographic purifi-

cation and spectroscopic characterization.

In 1995, Miyaura described a Pd-catalyzed coupling reaction between bispinacolato-
diboron with halo arenes to give a direct procedure for preparation of arylboronic es-
ters (Scheme 43).1'"

0 o) 3 mol % PdCl,dppf e}
\ / /
Aryl—Hal + /B—B\ > AryI—B\
o e} KOAc (3.0 equiv) o
DMSO, 80 °C, 1-24 h
(1.1 equiv)
11 examples
60-98 %

Scheme 43. Miyaura borylation.

As in the case of the Suzuki coupling, a suitable base is also essential for this boryla-
tion. Potassium acetate was found to be the best base, which did not promote the
undesired Suzuki coupling reaction of starting halide with the formed boronic ester.
The reaction is accelerated in polar solvents. Among Pd-precatalysts, PdCl.dppf gave
the best results. The reaction was found to proceed more efficiently with electron
withdrawing substituents on aryl halide; iodides performed better than bromides.
Various functional groups are tolerated including polar functionalities incompatible

with Grignard or lithium reagents (ester, ketones, cyano groups).
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The key step in the mechanism is believed to be the transmetalation between
bispinacolatodiboron and acetoxopalladium(ll) intermediate formed by the ligand ex-
change with acetoxy anion (Figure 3).

O\B—A I
y, ry

S d(o)L,

oxidative addition

Aryl—Hal

\

reductive elimination

0
Aryl—Pd(Il)L,; —B

transmetalation
B OAc ACO"
Aryl—Pd(Il)L,—OAc anion exchange

F

Figure 3. Proposed mechanism of the Miyaura borylation.

Aryl—Pd(Il)L,—Hal

H

The main advantage of bispinacolatodiboron as a source of boron nucleophile is its

thermal stability and insensitivity toward air, making it easy to handle.
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In 1997, Masuda reported a further improvement of this procedure using the cheaper
pinacolborane.l'”® The reaction now became highly elegant and atom economical
(Scheme 44).1'78]

0 3 mol % PdCl,dppf o
R—Hal + H—B< > R—B
o NEt; (3.0 equiv) 0o
_ dioxane, 80-100 °C, 1-18 h
(1.5 equiv) 17 examples
43-93 %

R = EDG-Aryl, EWG-Aryl, 2-Th
Hal = I, Br, OTf

Scheme 44. Masuda borylation.

Aryl iodides gave the best yields. Only two heteroaromatic substrates have been in-
vestigated. Since pinacolborane tolerates various functional groups (ketone, ester,
cyano, carbamate, and others), this borylation is broadly applicable. The typical by-
product of this reaction is the dehalogenative hydrogenation as a result of the behav-
ior of pinacolborane as a hydride donor. Triethylamine is the base of choice, allowing
to minimize the reduction. The authors pointed out that the reaction was efficiently
catalyzed by the palladium(ll)-complexes having two equivalents of phosphane
ligands such as PdCl.dppf and PdCIy(PPhs),;, and additional phosphane ligand re-
tarded the reaction. Very low yield was observed for Pd(PPh3); as a catalyst. The
solvent does not play an important role; however, polar solvents such as DMF cause
low yields.

The reaction works best with electron rich halides, thus indicating that the mecha-
nism should be different from the usual mechanism of cross-coupling reactions,
which would start with the oxidative addition of the aryl halide on the Pd(0) species,
followed by a transmetalation of boryl anion generated by deprotonation of pinacolbo-
rane with triethylamine, and concluded by a reductive elimination (however, at pre-
sent this mechanism can not be ruled out). The mechanism could be rationalized to
proceed via the first oxidative addition of pinacolborane to the Pd(0)-catalyst, fol-

lowed by c-bond metathesis between a B—Pd and a C—Hal bond (Scheme 45).
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H—Bpin Hal—Aryl
[Pd] —— H-[Pd]-B(OR), ——— H-[Pd]-B(OR), —— Ary—B(OR),

|
|| \ +
\ |

Hal—Aryl H—[Pd]—Hal

Scheme 45. Mechanistic rationale of Masuda borylation.

In 2006, a Cu(l)-catalyzed borylation of aryl iodides was reported using pinacolbo-

rane and NaH as a base (Scheme 46).l"""!

/O 10 mol % Cul 0]
R—I + H—B > R—B
O NaH (1.5 equiv) O
THF, rt, 6-12 h
(1.5 equiv) 14 examples

61-83 %
R = EDG-Aryl, EWG-Aryl, 2-Th

Scheme 46. Cu(l)-catalyzed borylation of aryl iodides.

An interesting borylation procedure was described by Maleczka Jr. and Smith Il in
2009 for Boc-protected heterocycles.['® This Ir-catalyzed borylation allows to intro-

duce the pinacolboronate group directly involving C—H bond activation (Scheme 47).

1.5 mol % [Ir(OMe)COD],
3 mol % dtbpy

Bpin
TN HBpin (1.0-3.5 equiv) SN
X X
X, - M~ Xas, A~
x N solvent, rt to 60 °C, 1.5-96 h x” N
Boc Boc
X =C (CH)or N 9 examples
14-90 %

Scheme 47. Ir-catalyzed borylation of N-Boc heterocycles.

Thus, pyrroles, indoles, azaindoles, and pyrazole can be selectively functionalized at

C-H positions B to the nitrogen atom. The Boc protective group was shown to be eas-
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ily removed by thermal deprotection (except for 7-azaindole products); however, a
temperature of 180 °C was required. In one case the possibility of performing the
subsequent Suzuki coupling reaction in one-pot procedure has been demonstrated.
However, the Pd-precatalyst and XPhos as a ligand had to be added; moreover, sol-
vents used in the borylation step had to be removed and replaced by a solvent ap-

propriate for the Suzuki coupling step (Scheme 48).

3) 1 mol % Pdydbag

1) 1.5 mol % [Ir(OMe)COD], 4 mol % XPhos \S |
S
3 mol % dtbpy Bpin N |
HBpin (1.5 equiv) .

@ _ | N\ cI (1.0 equw): | N\

N N ) N

\ n-hexane, 60 °C, 30 h \ K3PQOy4 (2.0 equiv) \
Boc Boc Boc

, - - {AmOH, 80 °C, 48 h

2) Solvent removal in vacuo 76 %

Scheme 48. An example of the Ir-catalyzed borylation — Pd-catalyzed Suzuki cou-

pling reaction.

Despite the obvious utility of this methodology, the borylation has to be performed in

a glovebox, which is not very practical.

An example for the construction of heterocycle-linked bisindole compounds using
Masuda borylation and Suzuki coupling includes separate reaction steps and two

different Pd-precatalysts (Scheme 49).['"!
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HBpin

\ _ A\
SO,  dioxane, 80 °C, 4 h BsRfg

BsRfg CBF17\© 88 %

2) [Pd(PPhg3)4]
Br

0]
OMe
MeO
(@]

Br
TI,CO4
benzene, 80 °C,24 h Y

3) [Pd(PPhs)4]

A

TIPS
N

N\

Bpin

TI,CO4
benzene, 80 °C, 24 h

Scheme 49. Synthesis of bisindole compounds using Masuda borylation and Su-

zuki coupling as separate steps.

The same strategy was applied in the synthesis of a 3,4-disubsituted pyrrole as the
pivotal subtarget toward the cytotoxic marine natural alkaloid halitulin (Scheme
50).1"8%
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| 1) 14 mol % PdCl,dppf Bpin

! HBpin (6.0 equiv) Bpin
\E\g - B
N

N\ NEt; (10 equiv) {
TIPS dioxane, 85 °C, 24 h TIPS
2) 10 mol % Pd(PPhs), Na,CO; (10 equiv)
Meo  OMe toluene-MeOH
N 65°C, 24 h
N\
Br )
(1.4 equiv)

A

29 %

Scheme 50. Synthesis of a substituted pyrrole using Masuda borylation and Su-

zuki coupling as separate steps.

Since both the Miyaura and Masuda borylations are Pd-catalyzed reactions, it lies at
hand to combine both reactions in a one-pot process to avoid the isolation of the in-
termediate pinacol boronic esters. This approach considerably improves the utility of
the Suzuki coupling, since it allows to connect directly two organic halides that are
broadly available. Moreover, time and materials needed for the isolation of arylboro-
nate intermediates, are saved. In order to carry out the two steps in one-pot effec-
tively, the boronate ester formation needs to be clean and proceed with complete
conversion. The same holds true for the subsequent Suzuki coupling. Thus, a judi-
cious selection of reaction conditions, such as catalyst, solvent, base, reaction tem-
perature, and protective groups (where appropriate) is very essential for the success

of this endeavor.

An example of a one-pot Miyaura borylation — Suzuki coiupling sequence is the re-
cent synthesis of some bisindoles, bibenzofurans and biflavones (Scheme 51).1'*" |t
should be noted that two different Pd-catalysts, PdCl,dppf and Pd(PPh3)4, are re-

quired and only symmetrical biheteroaryls could be prepared.
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Br Bpin

OMe O 1) 5 mol % PdCl,dppf OMe !
Bopin, (1.0 equiv)
MeO N KOAc (3.6 equiv) MeO N\H

H DMF, 100 °C, 2-3 h

2) 8 mol % Pd(PPh),
H

N OMe
I
2

O O OMe
OMe NaOH (2.0 equiv)

Br  (1.0equiv) H,0,12h
MeO N

37 %

Scheme 51. Synthesis of bridged bisindoles via Miyaura borylation — Suzuki cou-

pling sequence.

Huang reported on synthesis of 7-azaindolyl pyrimidines related to compounds pre-
pared in the presented work. In this case, Miyaura borylation and Suzuki coupling
have been performed in two separate steps, and two different Pd-precatalysts have
been utilized (Scheme 52).['* Interestingly, the authors underlined that the protection
of 7-azaindole with phenylsulfonyl group was critical for the success of the reaction,
and unprotected or Boc protected 7-azaindole failed to give the desired product.
Phenylsulfonyl group remained uncleaved after the Suzuki coupling step, thus two
equivalents of the amine had to be used (cleavage of the PhSO, group consumed

one equivalent of the amine reagent).

73



2) [Pd(PPhg),] NG
Cl >//

7N

Br 1) [PdClydppf] Bpin N _
szinz AN cl
Dh - [ -
N N KOAc, THF N N K,COj3, DME
SO,Ph SO.Ph
92 %

3) RNH, (2.0 equiv)

2-methoxyethanol

A

80-95 %

Scheme 52. Synthesis of 7-azaindolyl pyrimidines according to Huang.

The biological activity of the obtained compounds will be discussed in chapter
2.10.1.3 Meriolins.

The idea of reacting two (hetero)aromatic halides to form a biaryl compound directly
in a one-pot sence is very attractive because of the easy availability of halides. The
direct coupling of two aryl iodides has precedence; however, the method suffers from
intristic selectivity problems if unsymmetric biaryl synthesis is attempted (Scheme
53)."81 Hence, the reactivity difference between two iodo arenes and their employed
ratios are crucial for the selectivity. One component is used in excess, which repre-

sents a serious limitation of this approach.
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5 mol % Pd(OAc), —
72 /2R /A \
R1/_ _\R2 i R1/_ \ /\RZ
KoCO3 (12 equiv)
(1.2-2.5 equiv) MeCOEt, 120 °C, 12 h 13 examples
53-82 %

R!, R? = Me, OMe, ClI, Br, NO,, CO,Et

Scheme 53. Pd(ll)-catalyzed coupling of aryl iodides to unsymmetrical biaryls.

Another strategy is to prefix the umpolung of one electrophilic component (aryl io-
dide) in situ and perform the coupling upon addition of a second electrophilic compo-
nent without isolation of the intermediate. There are several reports on successful
implementation of the Masuda borylation using pinacolborane in combination with the

Suzuki coupling in a one-pot manner.

This approach was pioneered by Baudoin in 2000 in the course of investigations to-
ward the total synthesis of the antimitotic (-)-rhazinilam (Scheme 54).1'"® The focus of
this work was placed on the investigation of the Masuda borylation of ortho-
substituted bromides, whereas the subsequent Suzuki coupling was only described
for very few examples of special biphenyls. No heterocyclic halides were used. The
sequence also required the Buchwald biphenyl ligand. With Pd(PPhs)4 as a catalyst,
0 % yield was obtained (5 mol % Pd(PPhs)4, 100 °C, 14 h).

R! R?

1) 5 mol % Pd(OAc),
2) (jf(CN (1.0 equiv)
NH, 20 mol % O : :NHZ Ba(OH), (3.0 equiv) ‘ NH;
©: /O o
Br B H,0, 100 °C, 1 h
HBpin (3.0 equiv) 3 \t NC

NEt; (4.0 equiv)
° 81 % R R?
dioxane, 80 °C, 1 h L ° _
R', R2=H, Et 2 examples
66-73 %

Scheme 54. Masuda borylation — Suzuki coupling sequence according to Baudoin.
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The authors figured out that the choice of the borylation and cross-coupling compo-
nent depends on the nature of the substituents present on the aromatic ring (Scheme
55).

EDG EWG Suzuki coupling EDG
X - ®
Hal’ Bpin Hal?
\_/
EWG

Masuda borylation

\j

Scheme 55. Electronic requirements for the Masuda borylation — Suzuki coupling

step according to Baudoin.

Thus, the borylation should be performed on the component that bears an electron
rich group (EDG) and the coupling of the resulting boronate with the component
bearing an electron poor group (EWG). The reason may be that electron rich boro-
nates are more reactive in the transmetalation step, and the electron deficient halides
in the oxidative addition step of the Suzuki coupling.

Using this strategy, special 2-phenylindoles as possible intermediates in the synthe-
sis of paullone, have been prepared (Scheme 56).1'®! Here, 2-bromoindoles were
used as heterocyclic components. However, a two-fold excess of the halide, which
was supposed to be borylated, was used in order to achieve good yields, thus mak-

ing the reaction less efficient.

1) 5 mol % Pd(OAC), 2) CN
\
Br
ar O
R2 (0.5 equiv) CN
NHR' 20 mol % O
L - U0
Hal N

HBpin (3.0 equiv) Ba(OH), (3.0 equiv) \,
i R®  NHR'
NEt; (4.0 equiv) H20,100°C, 1 h
dioxane, 80 °C, 0.5-1 h 3 examples
Hal = Br, | 62-89 %
R'=H, Boc R2=H, MOM IR

Scheme 56. Masuda borylation — Suzuki coupling sequence in the synthesis of in-

termediates toward paullone.
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In 2003, Levacher presented a one-pot Masuda borylation — Suzuki coupling se-

quence for the synthesis of a special 2-naphthylpyridine required for the investiga-

tions on a bicyclic lactam construction (Scheme 57).1'¢!

2) | BN
A
Et0,C” N | |
oTf Cl (1.0 equiv) Et0,C 7
COMe 1) 8 mol % Pd(PPhs), Ba(OH), (3.0 equiv) | COMe
HBpin (2.0 equiv) H,0, 100 °C, 24 h
NEt; (3.0 equiv) dioxane 84%

dioxane, 80 °C, 2 h

Scheme 57. Preparation of a 2-naphthylpyridine via Masuda borylation — Suzuki

coupling sequence according to Levacher.

Although this sequence worked well for the synthesis of a heterocyclic product, these
conditions have not been extended to other substrates and no generalization has

been undertaken.

Colobert described in 2004 another sequence for the preparation of biaryls (Scheme
58)."8"1 Again, only few examples of rather simple biaryls have been presented, and
no heterocyclic halides have been investigated. The sequence worked with DPEphos
as a ligand, and a second charge of the precatalyst Pd(OAc), had to be added in the

Suzuki coupling step.
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1) 5 mol % Pd(OAc),
10 mol %

1 PPh,  PPh,
R o}

HBpin (2.0 equiv)
Br NEt; (3.0 equiv)
dioxane, 100 °C, 3 h

R' = NMe,, OMe

Xy (1.0 equiv)

XR2

5 mol % Pd(OAc),

dioxane
CsF (8.0 equiv)

100 °C, 20 h

R? = 0-Me, p-Me
o0-CN, p-CN
O-NOz, p—N02

7 examples
51-90 %

Scheme 58. Masuda borylation — Suzuki coupling sequence according to Colobert.

Eventually, in 2006 Huleatt and Chai reported the synthesis of a broad range of

homo- and heterobisindoles using XPhos as a ligand.l'® The dimerization of bro-

moindoles was performed using the Miyaura borylation — Suzuki coupling procedure,

whereas unsymmetrical bisindoles have been prepared by the Masuda borylation —

Suzuki coupling sequence (Scheme 59). In the latter sequence, the authors observed

precipitation of palladium during the borylation step, thus the addition of a second

batch of Pd(0) was necessary in the second step. The bromo indoles used as starting

materials were either unprotected or protected with the electron donating Bn group.
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1) 1 mol % Pd,(dba)s

MeO
MeO
Br
MeO.
N
MeO N
Br H

4 mol % 'Pr

1 mol % Pd,(dba)s

i i
Pr ! Pr PCy,
4 mol % iPr O

B,pin, (0.5 equiv)
K35PO4 x H,0 (3.0 equiv)
dioxane-H,0, 100 °C

TS

2) 1 mol % Pd2(dba)3
Br

[}

Pr
PCy, MeO

Pr
~ o
O MeO N
H

> >

HBpin (3.0 equiv)
NEt; (3.0 equiv)
dioxane, 100 °C, 2 h

dioxane-H,0, 100 °C

KsPO, x H,0 (3.0 equiv)

MeO.
0
MeO N
MeO. H
D
MeO N

Scheme 59. Synthesis of bisindoles according to Huleatt and Chai.

In summary, prior to this work no general method for coupling of two heterocyclic hal-

ides via umpolung of one component with pinacolborane resulting in a Masuda bory-

lation — Suzuki coupling sequence and using simple catalytic system was known.
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2.4 Cu(l)-Catalyzed Reactions and Azide—Alkyne Cycloaddition (CUAAC)

2.41 Cu(l) catalysis

The copper-mediated Ullmann biaryl synthesis,['® arylation of amines, phenols (Ull-
mann condensations),['® amides, carbamates (Ullmann-Goldberg condensa-
tions),!""! and activated methylene compounds (Ullmann-Hurtley condensations)!'®
are well-documented methods that were discovered several decades prior to palla-
dium and nickel-catalyzed procedures. Such copper-mediated coupling reactions
have found numerous industrial applications. However, until 2000 the synthetic scope
of the Ullmann-type coupling reactions was restricted because of the often harsh re-
action conditions, a limited range of suitable substrates, and the only moderate yields
obtained. The condensations were usually conducted in high-boiling polar solvents
such as NMP, nitrobenzene, or DMF, at temperatures as high as 210 °C, often with

stoichiometric amounts of copper reagents and usually with activated aryl halides.

In 2001, two research groups achieved important breakthroughs with the discovery of
versatile and very efficient new Cu/ligand systems for the formation of C—C, C-N,
and C-0O bonds that enabled the use of only catalytic amounts of metal under much
milder conditions (90-110 °C).['*¥ |n the past few years, a plenty of novel exciting Cu-
catalyzed reactions appeared in the literature, leading to a spectacular renaissance
of this metal in organic synthesis.*?!**! Recent examples of Cu-catalyzed processes
cover an extremely wide range of very distinct transformations, making copper the
metal of choice for numerous useful processes such as Ullmann-type cou-
plings, 3% N_arylations of NH-heterocycles,['* halogen exchange,!' cyana-
tions,['¥"! diverse syntheses of heterocycles,?®1'% trifluoromethylations,”® and C—

H activations,?°"2%] only to mention a few.

Cul is a widely utilized source of catalytically active Cu(l) species, although numerous

other salts and complexes are currently in use.

80



As an example for the utility of Cu(l)-catalysis in modern organic chemistry, a Pd-free
Sonogashira-type reaction under mild conditions using a nonexpensive 1,3-
dicarbonyl ligand by Monnier and Taillefer should be mentioned (Scheme 60).2%% Al-
though a Cu(ll) salt is used as a precatalyst, the catalytic active species is assumed
to be Cu(l).

10 mol % Cu(acac),

30 mol % o) o)

Ph)J\/U\Ph

®7| + =——R? > R@%RZ
R X

KoCO5 (2.0 equiv)
DMF, 90-120 °C, 24-40 h 14 examples

(1.1 equiv)
63-96 %

R' = EDG, EWG R2 =Aryl, Alkyl

Scheme 60. Pd-free Sonogashira-type coupling.

Further examples of these copper-only procedures were already discussed in chap-
ter 2.3.1 Stephens-Castro coupling.
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2.4.2 CuAAC

Probably the most exciting Cu-catalyzed reaction developed in the last decade is the
azide-alkyne cycloaddition reaction (CUAAC).?® This transformation belongs to and
is meanwhile the premier example of “click” reactions, the term coined by Sharpless
in 2001 and defined as “a set of powerful, highly reliable, and selective reactions for
the rapid synthesis of useful new compounds and combinatorial libraries through
heteroatom links (C—X—C)”.[2%°M2%] 1 4_Disubstituted 1,2,3-triazoles, which are the
exclusive products of this transformation, are electron poor 5-membered heterocy-
cles, which possess several properties rendering them interesting structural elements
in medicinal chemistry,?°”! drug discovery,?*®! bioconjugate chemistry,?*” as well as

in polymer and material science:

e Triazoles are among the most metabolically stable heterocycles as revealed
by SMR studies.”'” They are stable to acid and base hydrolysis and reductive
and oxidative conditions, even at high temperature, indicative of a high aro-

matic stabilization.

e Triazoles are rigid linking units and peptidomimetics with the distance of 5.1 A
between N-1 and N-3 compared with 3.9 A found in peptides.?'" Unlike pep-

tides, they are not susceptible to hydrolytic cleavage.

e Triazoles possess a large dipole moment (4.8-5.6 Debye) and are able to par-
ticipate actively in hydrogen bond formation as well as in dipole-dipole and =-
stacking interactions. Thus, they can interact productively with biological mole-

cules, as well as with organic and inorganic surfaces and materials.

The crucial observation was made independently by the groups of Sharpless and
Meldal in 2002,*'? who described the acceleration of the Huisgen 1,3-dipolar
cycloaddition?'® by a factor up to 107 if the reaction was catalyzed by Cu(l). More-
over, 1,4-disubstituted 1,2,3-triazoles were exclusively formed rather than a statistical
mixture of two possible isomers, which is obtained thermally. More recently, Ru com-

plexes have been shown to give 4,5-disubstituted 1,2,3-triazoles,’'¥ but the reaction
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has to be further developed to obtain such a broad scope and convenience compa-
rable to CUAAC (Scheme 61).

®
N. _R?
N/// \N/ A N R2 N
© . N7 N~ AN C
R—— =/ \=<
R1 R‘l
1 : 1
®
NS
5 cumn NP SR
P _
RI— >_/
R1
®
AN /R2
NZ N
S [Ru] _ NP SR
—R'’ \—{
R1

Scheme 61. Regioselectivities of the thermal 1,3-dipolar cycloaddition, CuAAC,
and RuAAC.

This remarkable transformation is accompanied by several extremely attractive fea-

tures:

e CuAAC is a very straightforward way for making covalent connections be-
tween building blocks containing various functional groups and is conceptually

(but not mechanistically) simple.

e The reaction is extremely user friendly and can often be carried out under
aerobic atmosphere, without need for dry solvents, and at ambient tempera-
ture or slightly above (25-70 °C). The products are frequently obtained as
crystalline solids, which can be isolated by simple filtration without chroma-

tographical purification.?'

e CuAAC proceeds in high yields (often > 95 %) and with 100 % atom economy.
Little or no byproducts (e.g. diynes via the Glaser homocoupling) are formed.

83



The reaction proceeds under very mild conditions in most organic solvents. It

is not sensitive to water and tolerates a wide range of pH values.

The source of Cu(l) can be very different: (1) Cu(l)-salts such as Cul; (2) Cu(ll)
salts such as CuSOQg4, accompanied by a reducing reagent such as sodium
ascorbate; or (3) Cu(ll) and Cu(0), often simply copper wire, furnishing Cu(l)
via synproportionation. Typically, about 0.25-2 mol % of Cu(l) catalyst are

used.

No sophisticated additives or ligands are typically required, although TBTAZ'®!
as a ligand and triethylammonium chloride as an additive®’”! have been shown
to promote the reaction. However, 1-5 equivalents of a base are usually used

to generate the Cu(l)-acetylide in organic solvents.
1,4-Disubstituted triazoles are formed regiospecifically.

The reaction tolerates most functional groups including unprotected alcohols,
carboxylic acids, and amino groups, which makes protective groups futile in
many cases. Therefore, CUAAC is highly reliable and became very popular in
the synthetic community within a very short time. Not tolerated are electron de-

ficient or strained double bonds, free thiols, and electron deficient nitriles.
The reaction is usually insensitive to steric shielding effects.

Both alkynes and azides are high in chemical potential energy, and their fusion
to triazoles is an irreversible process with a strong thermodynamic driving
force of > 45 kcal mol™ (by contrast, equilibrium aldol reactions are energeti-
cally favored by less than 3 kcal mol'1). However, alkynes and azides are ki-
netically stable, and this stability is responsible for a slow uncatalyzed

cycloaddition.

Alkynes and azides can be easily introduced into organic molecules and are
inert toward many reaction conditions such as nucleophiles, electrophiles, and
solvents. The azide is a rare example of a 1,3-dipole to have these qualities.
Both alkynes and azides are small, incapable of significant hydrogen bonding,
and relatively nonpolar functionalities. Thus, they are essentially unreactive

toward biological molecules.
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“The key C—N bond-forming event takes place between the nucleophilic, vinylidene-
like B-carbon atom of copper(l) acetylide and the electrophilic terminal nitrogen atom
of the coordinated organic azide (Scheme 62). [Cu] is either a single-metal center

Cul, or a di-/oligonuclear cluster CupL,”.%*!

5 O Rr2
o+ _N R
N/// N7 N R2 //N\ _R?
3+ _N R? NZ N7 N N
\ —_— ( N// \ll\l/ —_ /L \ —_ : :
R'———1ICu] R'———Cu] R ~—[Cu] R' [Cu]

Scheme 62. Simplified representation of the C—N bond-forming step of the
CuAAC.

Interestingly, other metals known to catalyze various transformations of alkynes have
not so far yielded effective catalysts for the conversion of azides and terminal alkynes
to 1,4-triazoles. The unique catalytic function of Cu(l) may be explained by the fortui-
tous combination of its ability to engage terminal alkynes in both o- and n-interactions
and the rapid exchange of ligands in its coordination sphere. When an organic azide
is a ligand, the synergistic nucleophilic activation of the alkyne and electrophilic acti-

vation of the azide drives the formation of the first C—N bond.

Besides aiming to improve the biocompatibility of the method, recent efforts in the
field of CUAAC have focused on one-pot multicomponent reactions based on the in
situ generation of the azide component,?'® in situ utilization of TMS-acetylenes,?'™
or the direct Cu(l)-catalyzed C—H-bond arylation of the obtained triazoles.”*?? The
attraction of these approaches is the minimization of time-consuming workup and
purification protocols. Additionally, handling of potentially explosive organic azides is
avoided. However, despite the obvious similarity of the Sonogashira coupling and
CuAAC in terms of reaction conditions, Cu-acetylides being the putative essential
intermediates®?" and Cu(l) the catalytically active species in both reactions, no at-
tempts have been made to combine the two reactions into a one-pot procedure until

recently.

Eventually, when this thesis was in progress, two reports appeared in the literature
describing essentially the same one-pot approach based on the Sonogashira cou-

pling of halides with trimethylsilylacetylene, followed by in situ deprotection of the
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TMS group and CuAAC upon addition of an azide. In 2009, Novak reported a se-

quential Sonogashira coupling — CuAAC reaction starting from simple aryl and het-

eroaryl iodides (Scheme 63).12%?
1) 1 mol % PdCI,(PPh3), 2) R2Nj (1.05 equiv)
5 mol % Cul 5 min N
<N
RI—| RI——=——TMS R14<\/ |
N
TMSA (1.1 equiv) 3) TBAF x 3 H,0 (1.05 equiv) “R2
DIPA (2.0 equiv) (over 1h)
EtOH, 25 °C, 2-26 h rt, 12 h 20 examples
24-77 %

R' = Aryl, 2-Th, 3-Py, 4-Py
R? = Bn, CH,SPh, Alkyl, Ad

Scheme 63. One-pot Sonogashira coupling — CuAAC sequence according to

Novak.

In 2010, another very similar microwave assisted approach was reported by Boons
(Scheme 64).”%I The new aspect of this synthesis was the possibility to react acid
chlorides to yield 4-acyl triazoles. It should be noted, however, that in this approach a
second charge of Cul had to be added in the second step and the total loading of 20
mol % catalyst was considerably high. Alternatively, CuF, was used, however in ex-
cess (2.0 equivs). Moreover, the CUAAC was performed at 120 °C. This can cause

problems if less stable azides are used as starting materials.
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2) TBAF (2.0 equiv)

1) 5 mol % Pd(PPhj), 10 mol % Cul
10 mol % Cul or CuF, (2.0 equiv) N—
R—I > [ R'———TMS > R1_<\;E
TMSA (1.3 equiv) R2Nj; (1.0 equiv) “R2
DIPEA (2.0 equiv) 120 °C, uW, 20 min
MeOH, 120 °C, uW, 20 min 11 examples
53-98 %
R' = Aryl
R? = Bn, 4-MeOBn, 4-NO,Bn
2) TBAF (2.0 equiv)
1) 5 mol % PdCl,(PPh3), 10 mol % Cul
0, 10 mol % Cul or CuF;, (2.0 equiv) o) Ny
§—CI > [ R'———TMmS > §—<\/ I
R’ TMSA (1.0 equiv) R2N, (1.0 equiv) R N\ e
NEt; (1.0 equiv) MeOH, 120 °C, uW, 20 min
THF. it 1h 5 examples
35-88 %
R = Aryl
R2=Bn

Scheme 64. One-pot Sonogashira coupling — CuAAC sequence according to
Boons.

Ultimately, just recently Kolarovi¢ presented a one-pot three-component synthesis of
1,4-disubstituted 1,2,3-triazoles using aryl iodides and alkynoic acids that proceeded
via decarboxylation.”*" In addition to the accesibility issue of alkynoic acids, no het-

erocyclic iodides or propynoic acids have been applied.

CuAAC has already been used in several approaches to synthesize kinase inhibi-
tors,?*! for instance in a recent synthesis of 3-triazolyl substituted pyrazolo[3,4-
dlpyrimidines (Scheme 65).%%°! Typically, the Sonogashira coupling for the prepara-
tion of the terminal alkyne and the CuAAC for the construction of triazole are per-

formed in separate steps using two different Cu(l)-catalysts.
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1) 2 mol % Pd(PPhy), -
20 mol % Cul e
n 1
NH, | OH N, )] Hal °
:—% (4.0 equiv) .
S X SN (1.2 equiv) NP
lk J N i - l P lk P
N N Amberlite IRA-67 N NaN; (1.2 equiv) N

N N
)\ (5.0 equiv) )\ DMF/H,O )\
THF, uW, 120 °C, 15 min 2

20 mol % CuSOQO,
2) NaOH, toluene, rfl., 2 h 67 %

40 mol % NaAsc 10 examples
uW, 130 °C, 30 min 45-95 %
3
/4
A \\ R2 (1.0 equiv)
( )n R1
NH, \ NH,

NaN; (1.2 equiv)

/=
\
2N

z

Y

/=
\
Z,

b4

20 mol % CuSQy,, 40 mol % NaAsc N

)\ DMF/H,0 )\

pW, 130 °C, 30 min
(1.2 equiv) 8 examples
58-91 %
Hal=1,Br; X=CH,N;n=0,1,2
R',R? R®=H, EDG, EWG

Scheme 65. Preparation of 3-triazolyl substituted pyrazolo[3,4-d]pyrimidines for
the evaluation of their kinase inhibitory activity.

Two compounds showed activity toward the PfPK7 kinase of Plasmodium falciparum

(ICsp values in 10-20 uM range), the organism responsible for the most virulent form
of malaria.

In conclusion, prior to this work no synthesis of 3-triazolyl substituted indole and its

aza analogs and investigations of their kinase inhibitory activity have been reported.
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In the framework of this thesis, a very general one-pot three-component synthesis of

NH-heterocyclic triazoles has been developed (Scheme 66).%1 N-Boc iodo NH-

heterocycles were reacted with trimethylsilylacetylene, the corresponding TMS-

alkynes were deprotected and converted to N-Boc protected triazolyl heterocycles via

Cu-catalyzed azide-alkyne cycloaddition (CUAAC), all in a one-pot fashion. After mild

deprotection, the final products were obtained in fair yields. The strategy was found

to be applicable for indole and virtually all indole isosters such as azaindoles, as well

as indazole, deazapurines, and diazaindole. Some other heterocycles such as pyr-

role and pyrazole could be reacted as well.

RZ
N\N
Sonogashira Coupling- I
TMS-Deprotection- \ N
CuAAC Sequence
X
=~ rRUILx ]
~N
[Pd/Cu], NEt3 (2.0 equiv) \B
— TMS (15 equiv) o¢
then: TBAF (1.5equiv) 12 examples
then: R2N; (1.0 equiv) 55-83 %
in one-pot

Deprotection

(min
— R | X

K,CO3
MeOH

N
\
H
12 examples
41-67 %
(total yields)

Scheme 66. One-pot synthesis of indolyl triazoles by a Sonogashira coupling —

TMS-deprotection — CUAAC sequence with subsequent deprotectio
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7-Azaindolyl triazole was found to be a submicromolar inhibitor of the kinase
PDK1,%% 3 target of high relevance for oncology (Figure 4). This compound became
a new lead structure and was used for the synthesis of further analogs.”??® An X-ray
structure analysis of this compound in PDK1 revealed the detailed binding mode of
the molecule in the kinase. Interestingly, an isomeric compound differing only in the
permutation of substituents on N-1 and C-4 atoms and following in the dipole moment

of the triazole unit showed no activity on the kinase PDK1 (Figure 4).1%"

Bn\ Bn
N\N Vi N
\ I,ll [l
N/
X
B B
= —
N
N \ NT N
H H
ICs0 (PDK1) = 0.8 uM ICso (PDK1) > 10 uM
lead structure inactive

Figure 4. Comparison of PDK1 inhibitory activities of two isomeric 3-triazolyl 7-

azaindoles.[??"]

The strategy could be easily extended to four-component sequences with in situ N-
Boc-protection of the NH-heterocyclic halide or in situ generation of azide via halide-

azide exchange demonstrating high flexibility of this methodology.

These results are part of this cumulative dissertation (publication 3.3).
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2.5 Decarbonylations

Carbonylations*” and decarbonylations?*” belong to the most important elementary
reactions occurring in the coordination sphere of a metal and constitute the very
“heart” of the organometallic chemistry. The process of carbon monoxide insertion,
i.e. the migratory insertion, is reversible depending on the pressure of carbon monox-
ide and temperature. The opposite process is a decarbonylation, i.e. the migratory

deinsertion or extrusion.

In 1965, Tsuji and Ohno described a decarbonylation of aldehydes with stoichiometric
amounts of Wilkinson’s catalyst RhCI(PPhs)s.2"! This Rh-mediated transformation is
now well known as Tsuji-Wilkinson decarbonylation of aldehydes (Scheme 67).12%4

RCHO + RhCI(PPhs)s » RH + RhCICO)(PPh3), + PPh;

Scheme 67. Tsuji-Wilkinson decarbonylation of aldehydes.

The formation of the very stable carbonyl complex trans-[RhCI(CO)(PPhs),] prevents
catalysis by Rh around room temperature. Only at temperatures above 200 °C the
complex RhCI(CO)(PPhs), becomes a catalyst.*® Tsuji and Ohno immediately real-
ized the immense synthetic potential of decarbonylative methods as they postulated
that “decarbonylation reactions would be very useful in organic chemistry if they can

be carried out smoothly under mild conditions”.[#3%?!

Although later the reaction has been made catalytic in rhodium®**! and can proceed
even at room temperature,'*>*"! still many current applications in total synthesis use
Wilkinson’s catalyst in stoichiometric amounts or even in a slight excess.?®* In order
to realize the efficient decarbonylation of aldehydes, elevated reaction temperatures
(typically > 160 °C) are indispensable. The other possibility is to use an associated
chemical scavenger of the evolved CO, i.e. by an accompanying carbonylation reac-
tion®*¥ or by addition of DPPA.”2*! CO is a strong ligand and can therefore be a

catalyst poison.

Over the past years, a plenty of decarbonylation methods have been developed
which utilize various substrates such as acyl halides, cyanides, phosphonates, si-

lanes, stannanes, anhydrides, esters, thioesters, imides, aldehydes, ketones, 1,2-
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diketones, and others, catalyzed by transition metals such as Rh, Ni, Cu, Ru, Pd, Ir,
pt.[23%€]

A decarbonylation event is often coupled with a concomitant carbonylative reaction
proceeding as a tandem processP*%% (for a discussion, see chapter 2.7 Oxalyl

chloride in _organic synthesis) or with a cross-coupling reaction. Biaryls have been

prepared from carboxylic anhydrides, which serve as synthetic equivalents of halides,
and from triaryl boroxines via Rh-catalyzed decarbonylative Suzuki coupling.**”! De-
spite harsh reaction conditions (160 °C, 8 h), the nondecarbonylated byproduct is

also formed in substantial amounts.

Acid chlorides are also suitable substrates for metal-catalyzed decarbonylative trans-
formations. In fact, Ohno and Tsuji first described decarbonylations of acyl halides
using stoichiometric amounts of Wilkinson’s catalyst at rt-180 °C or catalytic amounts
of RhCI(CO)(PPh3), at 190-250 °C to form olefins or the corresponding halides de-
pending on the acyl halide used.?*** Notably, the Rh acyl complexes formed via an
irreversible oxidative addition of acyl halides were stable and could be isolated and
characterized. Almost simultaneously, Blum reported decarbonylation of aroyl chlo-
rides to aryl chlorides under similar conditions.”**® To date, decarbonylations of acid

chlorides are known to proceed with Rh,3% |,4% and pd.24"]

For the first time a Pd-catalyzed decarbonylation of aldehydes was disclosed as a
side reaction of the Rosenmund reduction.”*? Later, in 1960 Hawthorn and Wit de-
scribed a preparative procedure operating with 5 % Pd/C at 179-250 °C.*¥! |nterest-
ingly, although a Pd-catalyzed decarbonylation of acid chlorides and aldehydes,
which proceeded at 180-220 °C with Pd/C or PdCI, as a catalyst, was described by
Ohno and Tsuji in the same year as the Tsuji-Wilkinson decarbonylation reaction,*4
it has not received a synthetic utility comparable to the latter process. In contrary, Pd-
catalyzed decarbonylations received much less attention. Besides decarbonylation of
aroyl chlorides under extremely high temperature (360 °C)?*! and decarbonylative
carbostannylation of alkynes with acylstannanes catalyzed by Pd/C,**? salt-free de-
carbonylative Heck reactions using anhydrides as substrates were known.”**"! How-
ever, reaction conditions are harsh (NMP, 140-190 °C, 90-180 min).

In the last decade, Gool3en revitalized this strategy and reported salt-free Heck olefi-
nations of p-nitrophenyl esters!®*® and enol esters,***! which however still proceed
under harsh reaction conditions (160 °C, 16 h) in NMP as a solvent (Scheme 68).
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3 mol % PdCl,
10 mol % LiCl

NO,
0 /©/ 30 mol % isoquinoline
2
R1J\o fONA e

NMP, 160 °C, 16 h

Y

(1.2 equiv)
-CO 21 examples
-p-N02C6H4OH 40-95 %
R'= EDG-Aryl, EWG-Aryl, 3-Th, 3-Py, Alkenyl 4:1to0 20:1

R? = Ph, H, CN, Alkyl, AlkylOCO, Alkyl,NCO

3 mol % PdBr,

o 3 mol % "Bus N%\_
I AL : o :
R” N0 + R > R1/\/R

NMP, 160 °C, 16 h

(2.0 equiv)
Co 16 examples
. -
R' = EDG-Aryl, EWG-Aryl, 3-Th acetone 63-99 %
R2 = Ph, Alkyl, AlkylOCO
5:1to>50:1

Scheme 68. Decarbonylative Heck olefinations.

Other examples involve the in situ generation of acid anhydrides starting from ali-
phatic carboxylic acids. The activation can proceed with Piv,0**” or Boc,0.?°" The
mixed anhydrides are then decarbonylated under Pd-catalysis to give olefins. The
reactions proceed at 110-120 °C for 16 h and use 2-3 equivs of anhydrides as activa-

tors.

In conclusion, prior to this work no decarbonylative alkynylation methods were
known. A minor amount (4 %) of a decarbonylated product was detected by an at-
tempt to perform the Sonogashira coupling with methyloxalylchloride, along with 4 %

of the nondecarbonylated product.’?*?
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2.6 Ynones and Ynediones as Valuable Synthetic Building Blocks

2.6.1 Synthesis and reactivity of ynones

a,B-Acetylenic carbonyl compounds (propargy! ketones, ynones)?*?! are of great in-
terest because they represent very useful synthetic intermediates,®* especially for
the preparation of natural products 2289256114481 gy of 5 huge number of hetero-
cyclic molecules.®®"! The main feature of ynones is the presence of two electrophilic
centers: the carbon atom of the carbonyl group and the B-carbon atom of the triple
bond, which is activated toward Michael addition. As a consequence, ynones react
with nucleophiles via Michael addition and with binucleophiles via Michael addition —
cyclocondensation reactions. This reactivity has been extensively used in numerous

syntheses of a wide range of important heterocycles (Scheme 69).12°%

o) Michael addition 0) R2
> =
R1)J\5+ R1MNU
\ R2
HNU)
Michael addition- R?

0] Cyclocondensation

1)1&\ > bNu
R N
X H,0 R Nu

Scheme 69. Reactivity of ynones.

Ynones as versatile three-carbon building blocks can be easily converted to 5, 6-,
and 7-ring N-, O-, and S-heterocycles such as pyrroles,**® pyrrolin-4-ones,?* in-
doles,”®? furans,?®" bifurans,?®? furanones,®®® oxazoles,’?®¥ thiophenes,??®® pyra-
zoles,?®® pyrazolo[1,5-a]pyridines,”®"! triazoles,**® isoxazoles,®®? indolizines, py-
rones,?”® chromones,?”" pyrimidines,'*’? pyridazines, pyridopyrimidines, pyridines

[273]

(Bohimann-Rahtz synthesis),””?! pyridinones, quinolines,’*’* naphthyridines,*””! ben-
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zonaphthyridinones,?’®  4-oxo-indeno[1,2-b]pyrroles,?’”!  benzoheterozepines, and
some others. In a very recent approach, a phosphane-mediated construction of 1,4-

oxazepines and 1,3-oxazines from ynones and 2-azido alcohols was described.?’®!

Besides their useful synthetic potential, ynones can possess interesting biological
properties in their own right. Kundu reported uracil and its corresponding nucleosides
substituted at C-5 by an acetylenic ketone functionality displaying promising cytotoxic
activity against CCRF-CEM human lymphoblastoid cells and L1210 mouse leukemia
cells in culture. These compounds were also shown to be inhibitors of thymidylate
synthase, an essential enzyme needed for cellular multiplication processes.?” As a
further example, diphenylpropynone derivatives have been recently synthesized for
in vivo use to image B-amyloid (AB) plaques in the brain of patients with Alzheimer’s
disease. Binding experiments in vitro revealed high affinity for AB (1-42) aggregates

at a K; value ranging from 6 to 326 nM.?%"!

Not surprisingly, a considerable effort has been devoted to the development of effi-

cient and general syntheses of ynones (Scheme 70).1%"]

0

/U\+M:R2

R X R.X + CO + =——R?

C/7
.
S

X = FG or H (then oxidation)

S~
. e =

R’ Cl

0
R+ >—: R2 + CO

HO

Scheme 70. Synthetic approaches toward ynones.

Classical approaches toward ynones (Scheme 70, path A) are mainly based on the
reaction of organometallic acetylides with carboxylic acid derivatives such as acid
chlorides,’?® Weinreb amides or morpholides,’?®! or with aldehydes followed by oxi-
dation of the formed propargyl alcohols.?® An illustration of this strategy, which is
still often used, is the synthesis of a chemopreventive agent (+)-deguelin with a quite
complex ynone as a key intermediate (Scheme 71).12%
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1. "BuLi, THF o
o O /
OMe

) el
MeO O MeO O

2. MnO,, DCM

MeO O Deguelin

Scheme 71. Synthesis of (x)-deguelin via an ynone as a key intermediate.

In recent years, numerous catalytic approaches by direct reactions of acid chlorides

with terminal alkynes appeared, which are more elegant, efficient, and atom eco-

nomical (Scheme 70, path B; for a discussion, see chapter 2.3.2 Sonogashira-

Hagihara coupling). From a synthetic point of view, Pd and/or Cu are the most practi-

cal transition metals for these transformations.

However, the most interesting and efficient syntheses of heterocycles involve the in
situ generation of ynones with the subsequent conversion to diverse heterocycles in

a one-pot sense.?®M287) |n Miiller’s group, syntheses of diverse heterocycles such as

512881 s, [289 g, [290] g, 1291]

isoxazole indolizine

g, 129

furans,?*’! oxazoles,”*® pyrazole pyrimidine

quinolines,?®?  tetrahydro-p-carboline 4H-thiochromen-4-ones,”*¥  1,5-
benzodiazepines,?®® and 1,5-benzothiazepines®®® have been developed on the ba-

sis of the Sonogashira coupling.

In 2005, we reported a new one-pot synthesis of 2,5-disubstituted 3-halo furans via a
three-component one-pot reaction. In the first reaction step acid chlorides were cou-
pled with THP-protected propargyl alcohol in the sense of the modified Sonogashira
coupling. The intermediate ynone was then converted to the furan in the course of
Michael addition — deprotection — cyclocondensation sequence.”®”! The iodo furans
could be isolated or transformed into 3-aryl substituted furans by an additional Suzuki

coupling step, still in a one-pot fashion (Scheme 72).
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;
R < 1) 2 mol % PdCly(PPhs),, 4 mol % Cul Hal

Cl NEt; (1.0 equiv), THF, rt, 2 h
+ > / \
R R?

2) Nal (5.0 equiv), PTSA x H,O (1.1 equiv) 0
OTHP
__ MeOH, rt, 2 h
— » or 16 examples
NaCl (2.0 equiv), PTSA x H,O (1.1 equiv) 24-73%
(1.0 equiv) MeOH, 60 °C, 20 h
R' = (Hetero)Aryl, Alkyl, Alkenyl
R2 = H, Et, Aryl
Hal = Cl, |
0
R1—-/<
1) 5 mol % PdCl,(PPhs),, 4 mol % Cul R3

Y

Cl
NEt; (1.0 equiv), THF, rt, 2 h
. ] \
R’ R2

2) Nal (5.0 equiv), PTSA x H,O (1.1 equiv) O

OTHP
I MeOH, rt, 2 h
- 3 . . 4 examples

R2 3) R°B(OH), (1.05 equiv), Na,COs3 (8.0 equiv)

_ 0,
90 °C, 1646 h 42-52 %

(1.0 equiv)

R' = (Hetero)Aryl, Alkyl, Alkeny!
R?=H, Et, Aryl
R3 = (Hetero)Aryl

Scheme 72. One-pot synthesis of 3-halo and 3-aryl furans.

In 2006, we described the formation of 2,5-disubstituted oxazoles in the course of
acylation of the propargyl amine with an acid chloride, the modified Sonogashira
coupling of the resulting amide with another equivalent of an acid chloride, and an
acid-mediated cycloisomerization sequence (Scheme 73).*°®! Again, an ynone was

the key intermediate in this synthesis.
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1) NEt3 (1.0 equiv), THF, 0°Ctort, 1 h

0]
NM
2
+ R1/<O R
" 2) 2 mol % PACl,(PPh),, 4 mol % Cul
2

__ R2COCI (1.0 equiv), NEt3 (1.0 equiv), rt, 1 h
3) PTSA x H,0 (1.0 equiv), 'BuOH, 60 °C, 1 h

17 examples

42-75 %
(1.0 equiv)

R' = Aryl, Alkenyl
R? = Aryl, Alkeny!

Scheme 73. One-pot synthesis of oxazoles.

The carbonylative alkynylation (Scheme 70, path C; for a discussion, see chapter

2.3.3 Carbonylative Sonogashira coupling) is a highly convergent approach and an

increasingly popular tool for the construction of ynones. In 2005, we published the
first application of this method in the synthesis of natural products meridianins, a

class of marine indole alkaloids (for a discussion, see chapter 2.10.1.1 Meridianins).

The major drawback of carbonylative alkynylations is the preparative nuisance asso-

ciated with toxic carbon monoxide.

Recently, a new approach (Scheme 70, path D) was demonstrated utilizing propynoic
acids as substrates (Scheme 74).%° However, the practical limitation is the accessi-

bility of the starting materials.

0.5 mol % PdCl(PPhj),
10 mol % Cul (R? = Alkyl)

o CO (10 atm) o)

R- + >%R2 g \>%R2
HO NEt; (5.0 equiv) R

toluene, 100 °C, 3 h 22 examples

R' = o-, m-, p-Aryl
EWG-Aryl, EDG-Aryl
3-Py, 2-Th, 1-Naphthy/

R? = Ph, "Pentyl, "Bu

-CO, 42-89 %

Scheme 74. Carbonylative alkynylation of (hetero)aryl iodides via decarboxylative

coupling with alkynyl carboxylic acids.
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Despite numerous syntheses of ynones bearing simple aryl substituents have been
reported, only a very limited number of N-heterocyclic examples exists.2 448l prior
to this thesis, no general and broadly applicable method for obtaining these poten-

tially highly requested building blocks was known.
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2.6.2 Synthesis and reactivity of ynediones

The chemistry of ynones is well explored, and many approaches exist toward this
structural motif (for a discussion, see chapter 2.6.1 Synthesis and reactivity of

ynones). On the other hand, ynediones are very difficult to access, and therefore only
little attention has been paid to them as building blocks in organic synthesis. How-
ever, ynediones possess an additional carbonyl group and therefore a 1,2-diketone
motif, which makes them very promising structural elements in diversity oriented syn-

thesis of various classes of heterocycles (Scheme 75).

o] Michael addition 0 R?
\H)J\S.F WNU
O )RZ o)
HNu
Michael addition- R? ,
0 cyclocondensation { Oj\\/\(R
o+
R 6+ > | “Nu
m)\* R AN % RS
o) R2 -H;0
or } O
NuH,—NuH ,
R
0 Cyclocondensation | |
RKF%J&\ > R! \
NV u
0 \\ R? -2H:0 Nu—"
H2NUVNUH2

Scheme 75. Some modes of potential reactivity of ynediones.

The 1,2-diketone functionality of diynediones has been used in the synthesis of or-
tho-dialkynyl (hetero)cycles via cyclocondensations with diaminomaleic acid dinitrile

or (hetero)aromatic ortho-diamines (Scheme 76).%"!
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H,N__CN

I (1.0 equiv) R! “
H,N"CN N CN
ACOH, rt, 5 min é CN
R! 0 R
% 2 examples
S 72-81 %
\ 2 H2N N
° i I\; (1.0 equiv) : NN
2Y (1.0 equiv
HoN" X N Ny
g Y
MS, toluene, 80 °C, 20 min _ X~
/
2
R',R?=Ph, TIPS X=Y=2Z=CH R
orX=N,Y=Z=CH 6 examples
Y=N,X=Z=CH 66-95 %
Z=N,X=Y=CH

Scheme 76. Preparation of ortho-dialkynyl (hetero)arenes from diynediones.

A rare example of a synthetic application of ynediones is a Au(lll)-catalyzed reaction
with nucleophiles (used in excess) followed by cyclization to form furanones (Scheme

77).0021

0
0
R2 NuH (1.5-3.0 equiv) Nu
- 2
= g i
R o 2 mol % AuCl3 R! O
DCM, rt, 2-24 h
16 examples
R' = Alkyl, Alkenyl, Aryl
42-88 %

R2 = Alkyl, OAlkyl, Alkyny!
Nu = OAlkyl, OPh, 0™, O™y . O\Ph

Scheme 77. Au(lll)-catalyzed synthesis of furanones from ynediones.

This reactivity was not adressed in the investigations described in this thesis. In con-
clusion, prior to this thesis neither general accesses to ynediones have been de-

scribed nor the reactivity of ynediones has been thoroughly investigated.
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In the framework of this thesis, by omitting Pd responsible for the decarbonylative
[355]
S,

outcome of the Sonogashira coupling of glyoxylyl chloride ynediones as novel
useful synthetic intermediates can be obtained in a mild, concise, and straightforward

fashion (Scheme 78).1°%!

R5
Glyoxylation- Q /
Stephens-
N Castro Coupling (0]
7
X N\ o x/ N\ 35-74 %
R1 Cl R’

X=CH,N O (1.0 equiv) / RS
in pot or

or in one-po //
then: [Cu] \ 5 o)

NEt, (3.0 equiv) s 0

Rzl N | N =—R5 (1.0 equiv) Rz_:l\ N\ xl A\

k\( X~N Y o) N

R R4
Y=NR% S, 0 8 examples 2 examples
38-77 % 44-47 %

Scheme 78. One-pot synthesis of ynediones as valuable synthetic building

blocks.B%!

The sequence is not restricted to indoles and 7-azaindole but could also be success-
fully extended to other electron rich heterocycles such as pyrroles, pyrazoles, thio-
phenes, and furans. No exotic ligand or additives are required, and the sequence

gives a direct access to ynediones, whose synthetic potential has yet to be disclosed.
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As an illustration of the versatility of the obtained ynediones in the synthesis of het-
erocyclic compounds, 5- and 6-membered N-heterocycles could be constructed via
novel four-component syntheses (Scheme 79).%! An unprecedented strategy toward

selective and convenient synthesis of 5-acylpyrazoles was disclosed.

Heterocycle Synthesis in one-pot
N
4
) Indolyl
(1 W 72 %
Ph
Glyoxylation- / / NHTNHE."OC Y
Stephens- (1.0 equiv) N
Castro Coupling Q theni — N
O
\ Sequence 5 Boc/
> Indolyl |
NH ndolyl
N\ Ph 77 %
— - 2
not isolated )
(1.0 equiv)

N
N
Ph/QN/

Indolyl
41 %

Scheme 79. One-pot syntheses of diverse heterocycles using ynediones as inter-

mediates.B%!

Diverse heterocycles are obtained in an atom economical fashion since all reactants

are used in strictly equimolar amounts.

These results are part of this cumulative dissertation (publication 3.4).
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2.7 Oxalyl Chloride in Organic Synthesis

Development of novel processes involving small molecules is a tremendously impor-

el is an ex-

tant area of research in synthetic organic chemistry. Oxalyl chlorid
tremely versatile and extensively used C, reagent in the organic synthesis. Despite
being a very reactive biselectrophile, it can be handled conveniently in the laboratory
without the need for special equipment and can be simply transferred to the reaction

flask via syringes in the air atmosphere.

As a donor of two carbonyl groups, oxalyl chloride has found applications in reactions
with binucleophiles such as silyl enol ethers and 1,3-bis-silyl enol ethers to form vari-
ous oxygen heterocycles,%! in a synthesis of 5-oxo-2,5-dihydro-1H-pyrroles,**® or

in an approach to N-methylisatins.?°"!

Moreover, oxalyl chloride is a reagent of choice in several important transformations
such as Swern oxidation and Vilsmeier-Haack formylation. In these reactions oxalyl
chloride readily decomposes to generate an active species, which is required for the
key step (Scheme 80).

(0]
—_— St 7 _Cl —_— Ccl—s* cr
/ ~N,
AN /‘ 0 cr G T o, \
/S -0 0O
€0 chlorosulfonium salt
(Swern oxidation)
A1) y cl o o
'/C—ZI\ —_ > \,\T:/ o ~y_Cl _ > - /J
. o/‘ 0 oS I~ o, \ cl
“Y/ o}
/N -CO

chloromethyliminium salt

(Vilsmeier reagent)

(Vilsmeier-Haack formylation)

Scheme 80. Generation of active species in the Swern oxidation and Vilsmeier-

Haack formylation reactions.

104



Since only volatile byproducts are formed (CO and CO,), the reactions are generally

very clean. This offers opportunities for designing efficient one-pot reactions.

In a large-scale preparation of a useful building block 4-chloropyridine-2,6-dicarbonyl

dichloride, oxalyl chloride was crucial to achieve an excellent yield of the desired

product (Scheme 81).2%¢!
Cl
(COCl), (10 equiv)
| X [DMF] | N
= > =
HO,C” N COpH DCM. 10 °C to cloc” N~ “cocl
o 72 h

64.6 g (99 %)

Scheme 81. Deoxygenative chlorination of a pyridine N-oxide with oxalyl chloride.

Amides can be reacted with oxalyl chlorides to give imidoyl chlorides. Recently, this
reaction could be used in a deprotection of secondary acetamides (Scheme 82).°%!
The reaction conditions are mild enough to allow for a deprotection without epimeri-

zation of the amino center.

2 Hoj/\OH

/g 1) (COCIl), (1.1 equiv) )\
Py (1.2 equiv (2.0 equiv)
HN" X0 y(i2equw) NZ cl - NH, x HCI
R« OR2 THF, 0 °C R+ R2 3) warm to rt R "R?
1 10 examples
R' = Aryl, Alkyl
_ [V
R2=H, Alkyl 62-86 %

Scheme 82. Deprotection of secondary acetamides using oxalyl chloride.

In another recent application, in situ formed imidoyl chlorides are utilized in a one-pot

synthesis of 2-imidazolines via reaction with aziridines.?™

Oxalyl chloride can be used as a reagent for the preparation of carboxylic acid chlo-
rides from carboxylic acids or their salts (Scheme 83).B""! Usually, an excess of oxalyl

chloride is used, especially in the case of the phenylglyoxylic acid.l*'?
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o) ; 0O
/”\ (COCl), (2.0-2.5 equiv) )J\

R OH R Cl
ifl., 2 h
9 examples
R = Alkyl, Aryl
74-99 %
j\ (COCl), (1.2-1.5 equiv) )OJ\
R ONa > R Cl
benzene, rfl.,, 2 h
R = Bn, Alkenyl, Aryl 10 examples
75-90 %
O (COCl), (4.0 equiv) O
Ph > Ph
fl., 6 h
0 r 5
75 %

Scheme 83. Preparation of carboxylic acid chlorides from carboxylic acids using
oxalyl chloride.

Again, only gaseous byproducts are formed during this clean reaction (Scheme 84).
DMF is often applied as a catalyst to activate oxalyl chloride via formation of the
Vilsmeier reagent (Scheme 83).5"

% ,

,,CT)J\H/C, 0) O 0
LIV 7 ougs = o
R0 oF O

I -CO

-HCl

Scheme 84. Mechanism of the chlorodehydration of carboxylic acids.

Just recently, this in situ activation of aliphatic carboxylic acids was used in a Barton
reductive decarboxylation using chloroform as a solvent and as a hydrogen atom do-
nor.*' Similarly, phosphine oxide reacts with oxalyl chloride to form the chlorophos-

phonium salt, again releasing only gaseous CO and CO; as byproducts, and can be
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used as a catalyst in dichlorination of epoxides under Appel conditions.™ Another
interesting recent application is the synthesis of 2,3,4,5-tetramethoxybenzoyl chlo-
ride, which was reported to be a constituent of the fruiting body of the fungus An-
trodia camphorata, in order to prove the correctness of the structure assignment of

the natural product.®'®

In 1954, Speeter and Anthony reported an ingenious reaction of oxalyl chloride with
indoles to give glyoxylyl chlorides in a very smooth way (Scheme 85).B'! The reac-
tion belongs to the Friedel-Crafts-type acylations, thus electron rich unprotected or
EDG-protected indoles are suitable substrates. The reaction conditions are very mild,
proceeding typically in ethereal solvents at 0 °C or room temperature without need for
Lewis acid assistance. The reaction has been developed to gain an efficient access

to tryptamine derivatives.

R2
\
| —R
0 C N
R1 (COC|) R1 0] R1
2
—_—
N N N
\ \ \
H H H
R"=H, OBn glyoxylyl chlorides R'=H,R?=H: Tryptamine

R'=0OH,R2=H: Serotonin
R'= OH, R2= Me: Bufotenine

Scheme 85. The Speeter-Anthony reaction of indoles with oxalyl chloride.

Glyoxylyl chlorides are obtained as beautiful bright yellow or orange crystalline solids
in very high yields. They can be isolated, but are typically immediately used due to
the limited stability to storage. In most cases, oxalyl chloride is used in excess (1.2-

3.0 equivs) and is removed after the reaction is complete.

The reaction has been found to be very general for indoles and tolerates many func-
tional groups including OMe, OBn, OAc, Alkyl, Aryl, CI, F, OCF3, and other functional-
ities at C-2, C-4, C-5, C-6, and C-7. This reaction has found numerous applications in
the synthesis of natural products and biologically active molecules.®' In the most

cases, it is used in the beginning of a synthesis.
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A typical example is the synthesis of psilocin and psilocybin, two principal hallucino-
genic constituents of “magic mushrooms” (Scheme 86).5'9!

AN
o Cl o N—
OAc 1) (COC|)2 OAC 2) HNMe2 OAC
(1.46 equiv) (0] (1.2 equiv) 0
N Et0 0°C, 15min N THF, Py, 0.5 h N
H then: H H
en: i 80 %
n-hexane, -20 °C
N l
HOL / N— \N/
/N
hd 9 oH
\ - \
-
N N
\ \
H H
Psilocybin Psilocin

Scheme 86. Synthesis of psilocin and psilocybin using the Speeter-Anthony reac-
tion.

The marine natural product hytriosin B, a bisindole alkaloid isolated from the Okina-
wan marine sponge Hyrtios erecta, has been synthesized using the glyoxylation of 5-
methoxy- or 5-benzyloxyindole (Scheme 87).°%"!

Cl
(COCI), Q
RO (1.02-1.03 equiv) RO O
oo - :
N Et0,0°C 1h N
H H
R =Me, Bn R = Me: 88 % Hyrtiosin B
R=Bn: 87 %

Scheme 87. Glyoxylation in the synthesis of hyrtiosin B.
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A similar strategy has been applied for the synthesis of coscinamides A and B, indolyl

enamides isolated from the marine sponge Coscinoderma sp..??"

Another cytotoxic marine bisindole alkaloid (+)-dragmacidin from the deep water
sponge Dragmacidin sp. has been synthesized using the glyoxylation reaction
(Scheme 88).13%!

\
N Br
0 Cl \
OMe (COCN, OMe
(1.2 equiv) 0]
N > A\
Br N Et,0, rfl,, 3d Br N
Br H Br H

79 %

Dragmacidin

Scheme 88. Glyoxylation in the synthesis of (x)-dragmacidin.

Examples of glyoxylation reactions of substrates other than indole are rare. The 3-
position of azaindoles is known to be inert in comparison to that of indole as a conse-
quence of the electron deficient nature of the pyridine moiety, which reduces the
overall nucleophilicity of the heterocyclic system. This is further complicated by the
potential of oxalyl chloride, which is typically used in excess, to acylate the pyridine
nitrogen atom. For that reason, the reaction of 7-azaindole with oxalyl chloride in
Et,O was unproductive, while indole, under the same conditions, provided the corre-
sponding 3-glyoxylated product in an excellent yield.*?® Benzyl protected 7-
azaindoles, however, have been shown to react with oxalyl chloride in a similar way
as indoles, but the reflux temperature was needed due to the diminished n-

nucleophilicity of 7-azaindole compared to indole.??*

Pyrrolyl glyoxylyl chloride has been used as intermediate in the synthesis of the cor-

responding ester in a rather low yield (Scheme 89).7%!
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1) (COCI),
(0.9 equiv)

Q Q
Py (0.8 equiv) Cl 2) '‘BuOH OBu
L) - | L) - D
N bem, -78t0-20°C N © ., 1 h N ©
H . H H
overnight L i
32 %

Scheme 89. Glyoxylation of pyrrole.

An interesting method has been described for the preparation of pyrazole-4-
carboxylic acids (Scheme 90).?®! The reaction of pyrazoles with an excess of oxalyl

chloride led to decarbonylation of the intermediate glyoxylyl chlorides.

0 o 0
1) (COCl), OH
R! : R! O 2) -CO R!
\ (4.0 equiv) \ ) -
| R’ > | R’ - | D—rt
\Rz ’ kz };{2
R'=H, Me, Ph 9 examples
R? = Aryl, Alkyl, Bn 23-92 %

Scheme 90. Glyoxylation of pyrazoles.

The hydrocarbon azulene was reacted with oxalyl chloride to form the corresponding
glyoxylyl chloride. After trapping with an alcohol, a new colored azulen-1-yl-oxo-acetyl
(Az) protective group was introduced, which is useful in the sugar chemistry (Scheme
91).1%7]

1) (COClI), O 0 2) ROH (1.0 equiv) O 0
I (1.5 equiv) ! Cl Py (5.0 equiv) I OR

toluene, rt, 5 min @) DCM, rt, 5 min (0]
(1.1 equiv) 89-99 %

Scheme 91. Reaction of azulene with oxalyl chloride.
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Very soon after the discovery of Speeter and Anthony, an attempt was undertaken to
perform a decarbonylative reaction of the 3-indoleglyoxylyl chloride.*?® However,
thermal decomposition in tetrachloroethane at 115-120 °C yielded only 16-23 % of
the corresponding 3-indole carbonyl chloride along with polymeric amide arising from

selfamidation.

Moreover, a facile decarbonylation of Pd(ll)-alkyloxalyl complexes at room tempera-
ture in solution has been described to give the corresponding alkyloxycarbonyl com-
plexes. Interestingly, by addition of phosphane ligands, the decarbonylation was re-
tarded or even inhibited.®® In contrary, the Pt(ll)-alkyloxalyl complexes are stable at
room temperature in solution. Despite these findings, no preparatively useful method
utilizing metal-catalyzed decarbonylative reaction of glyoxylyl chlorides has been de-

scribed so far.

Ultimately, oxalyl chloride can be used as a CO donor in combination with Lewis ac-
ids. Gribble demonstrated that (COCI),/AICI; can be used as synthetic equivalent of
phosgene in reaction with N-PhSO, protected indole (Scheme 92).**% However, a

large excess of both reagents had to be used.

1) (COCI),

. 0] O
(5.0 equiv) cl NH'BU

2) H,NBu

AICl; (5.0 equiv)
N N N

\ DCM, 0 °C to rt DCM, overnight \
SO,Ph SO,Ph

97 %

Scheme 92. (COCI),/AICI3 as a synthetic equivalent of COCI,.

Consequently, metal salts tend to promote the decarbonylation. For example, a de-
carbonylation was observed when a mixed alkynylalane was coupled with oxalyl
chloride.?®?® The corresponding diynone was obtained in a preparatively useful yield.

This behavior of oxalyl chloride is typical of reactions under Friedel-Crafts conditions.

Furthermore, a copper-mediated decarbonylation of indolyl glyoxylyl chloride has
also been described to deliver an acyl cyanide,*"! which was used in the synthesis

of bisindole alkaloids (nor)topsentins (Scheme 93).*2 An excess of oxalyl chloride
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and copper cyanide had to be used and the decarbonylation proceeded at elevated

temperatures.

/'/f }-| Topsentin A

1) (COCI),

0
(1.5 equiv) CN
R
Et,0,0°C, 1h

N 2) CuCN (1.9 equiv) N

H H
\ N ~ N—H
\ =

\_NH

CH3CN, toluene

A (-E0) 53 %
110°C,6h

A\
N R =Br: Nortopsentin B
\

H R =H: Nortopsentin D

Scheme 93. Cu-mediated decarbonylative cyanation of the indolyl glyoxylyl chlo-

ride.

Despite the fact that glyoxylyl chlorides are very reactive and potentially very useful
electrophilic components in cross-coupling reactions, prior to this work no attempts

have been made to investigate this reactivity.

Interestingly, although oxalyl chloride is a very “carbonyl group rich” compound, it has
found little attention in catalytic carbonylative reactions. Stoichiometric reactions of
two equivalents of organometallic compounds, such as Grignard reagents, organo-
lithium, organotin, or organocopper compounds, with oxalyl chlorides to give 1,2-
diorgano-1,2-diones are more common.'**¥! A representative example is the prepara-
tion of symmetrical diynediones used in the synthesis of (hetero)arenes as already

discussed in chapter 2.6.2 Synthesis and reactivity of ynediones (Scheme 94).12%"!
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0
1) BuLi R o
) Bull C'\H)Lcn (0.45 equiv) SN

2) CuBr/ 2 LiBr I

R— » | R——=—=cu A
THF,0°C THF,0°C © R
3 examples
R = Ph, TIPS, C(OMEM)Me, 37-85 %

Scheme 94. Synthesis of symmetrical diynediones.

One report appeared in the literature, where oxalyl chloride was used as a one car-
bonyl donor (Scheme 95).2**! However, copper was applied in a stoichiometric rather

than catalytic amount. Moreover, oxalyl chloride had to be used in excess.

R R
RS ¢l CuCl (2.0 equiv) R2
-
ZrCp, + @) o _ 0
3 3
R R4 Cl DMPU (2.0 equiv) R 4
(1.5 equiv) 0°C,1h
6 examples
R', R2, R3, R* = Alkyl, Ph P
49-87 %
R R
RS ¢l CuCl (2.0 equiv) R2
= L o
~ _Li + @) - (0]
3 3
(1.2 equiv)
R', R?, R3, R* = Alkyl, Ph 3 examples
63-68 %

Scheme 95. Synthesis of cyclopentadienones using oxalyl chloride as a CO donor

and stoichiometric amount of Cu(l).

Later, the same group developed a Cu(l)-catalyzed approach to cycopentenones by a
reaction of zirconacyclopentenes with oxalyl chloride, which served as a C4 syn-

thon.[2%%

In 1979, Stille made the observation that acetone was produced in 10 % vyield in the

reaction of oxalyl chloride with tetramethyltin under Pd-catalysis.**® The assumption
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was made that unreactive Pd carbonyl complexes were formed resulting in a low
yield of the decarbonylated product. As a consequence, the utilization of oxalyl chlo-
ride in this direction was not further investigated.

Very recently, in 2010 oxalyl chloride has been reported to serve as a Cq carbonyl
synthon in carbonylations of triarylbismuth and triarylindium nucleophiles under pal-
ladium catalysis.**”! Symmetrical ketones with simple aryl substituents can be ob-
tained in moderate to good yields (Scheme 96). However, this method can hardly
become synthetically useful due to the need for bismuth or indium organyls as start-

ing materials. Moreover, oxalyl chloride is used in excess.

9 mol % Pd(PPhs), o

ArylsM > )J\

Aryl Aryl
(COCl), (2.0 equiv)

(1.0 equiv) (1.5 equiv)
1,4-dioxane, 80 °C, 4 h
orTHF,60°C,4 h M = Bi: 15 examples
(70-89 %)

M = In: 15 examples

(67-83 %)

Scheme 96. Synthesis of symmetrical ketones from triarylbismuth and —indium or-

ganometallics.

In conclusion, many reagents have been described as CO surrogates in carbonyla-
tive reactions*®¥% including metal carbonyls, especially the nontoxic
Mo(CO)s,["'9M1201B340 carhamoylsilanes and —stannanes,®*"! DMF,?*?) DMF/POCI;,?*3!
formic acid,**! acetic formic anhydride,®**! Ac,O/HOOLI,**®! chloroform/KOH,?*"!
methyl and 2-pyridylmethyl formates,**® benzyl formate,**! ammonium formate,**%
formaldehyde,®®"! benzaldehydes,**? and cinnamaldehyde.?*® However, the “car-
bonyl group rich” oxalyl chloride has found undeserved little attention. In spite of that,
it possesses an enormous synthetic potential and its utility as a C4 synthon and as a
surrogate for the malicious toxic gas phosgene®* (bp 8 °C) and for the toxic gas

carbon monoxide in cross-coupling reactions should be explored more intensively.
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In the framework of this thesis, it was shown that decarbonylative carbonylation by a

consecutive glyoxylation of electron rich heterocycles such as indoles, 7-azaindole,
or pyrroles with oxalyl chloride and subsequent Pd/Cu-catalyzed decarbonylative al-
kynylation with terminal alkynes furnishes alkynones in fair yields under mild condi-
tions (Scheme 97).°%® The sequence works under standard Sonogashira coupling
conditions (PdCI,(PPh3)./Cul/NEt;) without need for exotic ligands or additives. No
reagent excess is needed as well. The unprecedented decarbonylative alkynylation is

a new modification of the Sonogashira-Hagihara coupling procedure.

Glyoxylation-
Decarbonylative
Sonogashira Coupling Q _— R?
Sequence —

X
m 0 | N AN 8 examples
=
N cl xZ N 45-85 %
1
R Cl
(1.0 equiv)

X=CH, N o]

or in one-pot

then: [Pd/Cu] / 7/

N

2 examples
@ NEt; (2.0 equiv) | N P
N ) N 43-61 %
\ =——R? (1.0 equiv) \ o
R’ R’

Scheme 97. One-pot synthesis of ynones via glyoxylation — decarbonylative

Sonogashira coupling sequence.**
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As an illustration for the utility of the obtained ynones in the heterocycle synthesis, 4-
(indol-3-yl)- and 4-(7-azaindol-3-yl)-2-amino pyrimidines, derivatives of the natural
products meridianins and their 7-azaindole analogs meriolins, can be readily obtained
in one step (Scheme 98).5%!

O ___— _R?
/
| X N\ 8 examples
X/ N 68-88 %
R
Pyrimidine Synthesis
or or
R2 H,N
// >¢NH R2
HoN —
2 I
| N\ | AN $ N examples
N o N N_/< 92-94 %
\ \
R' R’ NH,

Scheme 98. Implementation of ynones in the synthesis of 2-amino pyrimidines.*®

These results are part of this cumulative dissertation (publication 3.5).
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2.8 N-Heterocycles

Nitrogen-heterocyclic frameworks are ubiquitous in natural products, pharmaceuti-
cals, organic materials, and numerous functional molecules. Especially, small “drug-
like” heterocycles are predominant building blocks in medicinal chemistry.?” Privi-
leged scaffolds, the term coined by Evans in 1988,1*°® are dominated by heterocyclic

motifs, especially by N-heterocycles.**"!

Despite numerous available methods, there is an ongoing search for simple and
straightforward routes to heterocycles. Among new synthetic approaches to this

compounds, many transition metal-catalyzed syntheses continue to appear.*®

MCRs offer a plenty of possibilities to design novel heterocycle syntheses. Besides
domino MCRs that are purely based on organometallic catalysis the sequential and
consecutive combination with condensation, addition, and cycloaddition steps opens
a vast playground for the invention of new sequences and strategies in heterocyclic

synthesis!'®"*° or with heterocycles as substrates.*®"!
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2.8.1 Indoles

The indole scaffold represents one of the most important privileged structures since it
is capable of binding to multiple receptors with high affinity.*¥ Favorable features
rendering indole an outstanding privileged structure are discussed in a recent review
by Fraga.”®" Indole is broadly widespread in natureP®?#% and pharmaceutically
relevant compounds./**? Selected examples of natural products with hydroxylated
indole units are displayed in Scheme 99. Further representatives, especially those
bearing heteroaryl substituents at C-3 position of an indole, will be discussed in chap-
ter 2.10 Indole alkaloids.

0
NH, Q o OH
HO. HO OH HO.
\ N\ O N\
N N N \
\ \ \ H
H H H
Serotonin Hyrtiosin A Hyrtiosin B
0]
O OH N OH
HN AN \
— NN \NH
o H N
A\ A H
N
Br \ R N
H H
Coscinamide C R =H: Topsentin

R = Br: Bromotopsentin

Scheme 99. Hydroxylated indole — a frequent structural motif in alkaloids.

Not suprisingly, the synthesis and functionalization of indoles has been the object of
research for over 100 years and for many generations of researchers. Today, this
scaffold continues to attract considerable interest of synthetic chemists, and numer-
ous metal-catalyzed approaches continue to be developed, with Pd-catalyzed reac-
tions such as Larock and Cacchi indole syntheses being the most popular method-

ologies.**?
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2.8.2 Indole bioisosters

Besides indoles, their aza analogs, i.e. indazole and azaindoles, play an increasingly
important role as scaffolds for biologically active molecules. The azaindole and inda-
zole moieties differ only by the presence of an additional nitrogen atom, and thus ex-
hibit an excellent potential as bioisosters®®* of the indole ring system. Although con-
siderably less frequent in nature, they constitute essential subunits in many
pharmaceutically important compounds, and have been very valuable for synthetic
and medicinal chemists. “Indazole is a relatively seldom used but effective pharma-
cophore in medicinal chemistry as illustrated by its applications in pharmaceutical
agents in fields as diverse as CNS disorders (granisetron), antiinflammatory area
(bendazac and benzydamine), oncology (lonidamine), and HIV protease inhibition
(SE063)”.°"*"! Azaindoles represent an extremely rich source of potentially active
molecules with numerous possibilities for the preparation of analogs with different
and unexpected behavior and improved drug properties such as metabolic stability,
solubility, and oral bioavailability.*®®! As early as in 1955, 7-azagramine, 7-azascatole,
and 7-azatryptophan were prepared as aza analogs of the alkaloid gramine, the fra-
grance scatole, and the amino acid tryptophan.**® More recently, azaindole analogs

of melatonin, the key neurotransmitter in the CNS, have been prepared (Scheme

100).5¢7
HN/< HN/<

O O
MeO MeO.
A\ A\
N N
\ \
H H
Melatonin Melatonin analogs

Scheme 100. Melatonin and its 7-azaindole analogs.
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7-Azaindole is of particular interest because of its pronounced ability to bind to the
hinge region of kinases via its H-donor/H-acceptor motif, thus mimicking purine (i.e.
the pyrimidine portion of ATP).l'82M374L368L3721 consequently, the chemistry of 7-
azaindole increased tremendously in the last decade leading to a wide variety of new
synthetic methods for the preparation of derivatives for use in medicinal chemistry.
Synthesis, reactivity, and biologically active derivatives of this interesting heterocycle
were recently reviewed.P® Similarly, 7-deazapurine®® and pyrazolo[1,2-
blpyridine®" " are important structural motifs found in a wide range of biological
niches. In contrast, 4,7-diazaindole core structure is a new promising scaffold that will

certainly lead to many interesting derivatives in the near future.

Also in biologically active indole bioisosters, aromatic and heterocyclic substituents at

C-3 position are very common (Figure 5).['82/36915372]

\ 0
N A
HO N— F
_N
- N\ Et
(0] / / N/
—
OMe — HN—R
N\ N AN —
/N | \ F \ | \ \ N
Z
N\ H,N” N N\ N\ = N\ /)
Bn H H H
YC-1 RWJ 68354 Azaindol-3-yl- Pyrrolopyridines

dipyridodiazepinones

Figure 5. Indole bioisosters with (hetero)aryl substituents at C-3.

For example, the 3-furylindazole YC-1 is a potent inhibitor of platelet aggregation.”*!
RWJ 68354 is a strong, selective, and orally active inhibitor of p38 kinase in vitro
(ICsy = 9 nM) and in vivo (EDsy < 10 mg/kg po).P" Azaindol-3-yl-
dipyridodiazepinones are analogs of nevirapine (i.e. viramune, non-nucleoside inhibi-
tor of reverse transcriptase (RT)) that have been investigated as inhibitors of wild-
type RT as well as its mutants but were not further pursued due to their high toxicity.
These compounds showed different activities dependent on the presence and posi-
tion of an additional nitrogen atom in the indole moiety.”® 3-(4-Fluorophenyl)-2-

(pyridine-4-yl)-1H-pyrrolo[3,2-b]pyridine is the core structure of p38 MAP kinase in-
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hibitors with R = (S)-2-hydroxypropyl being a potent, selective, and orally bioavailable

inhibitor."®

The development of further biologically active compounds with indole bioisosters as

core structures is an extraordinarily active area of research in the medicinal chemis-

try.

121



2.9 Syntheses of Pyrroles

Pyrroles are among most prominent 5-membered heterocycles since they constitute

important classes of natural products and synthetic pharmaceuticals.

The pyrrole nucleus is widespread in nature and is the key structural fragment of
heme, vitamin B, chlorophyll, and cytochromes — tetrapyrrole pigments essential for
life. Moreover, numerous secondary metabolites produced mainly by marine organ-

isms and bacteria contain pyrrole.l*’"]

Many substituted pyrroles show important biological activities. A very prominent ex-
ample of a pyrrole containing drug is the cholesterol lowering agent atorvastatin,
world’s largest selling pharmaceutical (2008 sales of US$: 12.4 billion). The “block-
buster” was developed by Pfizer and functions by binding to the active site of HMG-
CoA reductase, thus inhibiting the enzyme (Figure 6). Sunitinib is a multiple inhibitor
of receptor tyrosine kinases and is used clinically against GIST and renal cell canci-

noma (Figure 6).

NEt,

CO,H

Atorvastatin Sunitinib

Figure 6. Structures of pyrrole-containing drugs atorvastatin (Lipitor®) and sunitinib.

Classical methods for the preparation of pyrroles include Knorr,*"® Paal-
Knorr,B9380 antzsch ¥ and Piloty-Robinson'®? condensation reactions. How-
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ever, these methods have some limitations with respect to harsh reaction conditions,

as well as the regioselectivity and substitution patterns that can be assembled.

Therefore, the development of new pyrrole syntheses and synthetic strategies has
remained an ongoing challenge,®®! and numerous syntheses continue to appear.*®
In particular, one-pot and multicomponent approaches have inevitably become in-
creasingly important due to their elegance and practicability.**°"3%€! For example, a
four-component synthesis of 2,3,5-trisubstituted and 1,2,3,5-tetrasubstituted pyrroles
was reported by Miiller, which combined cross-coupling methodology (Sonogashira
reaction) with classical condensation (Paal-Knorr pyrrole synthesis) chemistry
(Scheme 101).2%"!

RS, 1) 2 mol % PdCly(PPhs),
Br 1 mol % Cul 5
R
NEt, rfl., 16 h
0 R~ N
OH 2) R2Z (1.2 equiv) R’
T i 11 examples
i "o S 53-70 %
20 mol % | 2 10 %
(1.05 equiv) N\ -
fl., 8 h R' = H, Bn, Alkyl
3) R'—NH, (1.2 equiv) R? = Ph, p-MeOCgH,, p-FCgH,4
HOAc. rfl.. 5d 2-Furyl, Alkyl

R3 = p-CNCgHy, 4-Py

Scheme 101. The Sonogashira coupling — isomerization — Stetter — Paal-Knorr se-

quence for the preparation of tri- and tetrasubstituted pyrroles.

In contrast to a great number of approaches giving the classical Paal-Knorr products,
the quest for mild synthetic methods for compounds with unusual substitution pat-
terns such as 2,4-disubstituted pyrroles has turned out to be not trivial.282%8! The
difficulty to obtain this substitution pattern can be illustrated by a rather complicated
approach via rearrangement of 2-furanyl carbamates developed by Padwa (Scheme

102).P®) The synthesis requires multiple steps to accomplish the task.
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R1
1) 1,/NaHCO,

1) R'Li/Cul
-
D - pfOMe - +1OMe
2 .
o 2) CHsl/Ag,0 o N 2) R 0 e HN~co, 184
3) H,N—R?

R’ PTSA

/E\g 150 °C, uW

N

R'= Alkyl, Ph

R? = Alkyl, Ph, 2-Th 9 examples
R3 = Alkyl, Bn, Ph 42-97 % (last step)

CO,R

Scheme 102. Synthesis of 2,4-disubstituted pyrroles by Padwa.

Interestingly, as early as in 1981 a Pd(ll)-catalyzed pyrrole synthesis from 1-amino-3-
alkyn-2-ols, which are obtained from the corresponding alkynones via addition of
highly toxic TMSCN on the carbonyl group and subsequent reduction with LiAlHg4,
was described by Utimoto.®*® The rather tedious preparation of the starting materials

is a strong limitation of this method.

A rare example of a strategy toward 2,4-substituted pyrroles bearing N-heterocyclic
substituents has been presented by Yamamoto in 2004 (Scheme 103).2°" However,
the substituent at C-4 of the pyrrole is strictly limited to be methyl and the acetyl N-

heterocycle has to be used in excess in order to obtain good yields.

Me

R 0 30 mol % Pd(PPh),
1 A\
y bl . |
= +  Heteroaryl Me N

120°C, 3d Heteroaryl \
R

(2.0 equiv)
11 examples

R = Alkyl 43-96 %

Heteroaryl = 2-Py, 3-Py, 4-Py
2-Pyrazinyl

Scheme 103. Synthesis of 2-heteroaryl substituted 4-methyl pyrroles by Yama-

moto.
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Although many approaches exist toward 3-(hetero)aryl substituted indoles, there are
only a few leading to the structurally related 2,4-diaryl substituted pyrroles.*®? For
example, 2,4-disubstituted pyrroles with aryl substituents at the B-position could be

obtained by a Rh-catalyzed hydroformylation of propargyl amines (Scheme 104).2%!

0.5 mol % [Rh(OAc),), R

R‘l

R2 2 mol % PPhg __
> — R!' R? —0 - > | N
N
R? \
H

Y

HoN H,/CO (400 psi) NH;
70 °C, 18-20 d - -
R' = Ph, p-MeCgH, 4 examples
R?=H, Ph, Me 48-96 %
- 0

Scheme 104. Pyrroles via Rh-catalyzed reaction of propargyl amines with H,/CO.

A Sm(ll)-mediated synthesis of 2,4-diaryl pyrroles from phenacyl azides with a quite
complex mechanistic rationale was described in 2002 (Scheme 105).%%! Besides the
need for the preparation of azides as starting materials and for an excess of the Ka-

gan’s reagent, this synthesis is strongly limited to give pyrroles bearing two identical
aryl substituents.

0 Sml, (2.5 equiv)

N
Aryl)J\/ 8

Y
Y

THF, rt, 5-10 min Aryl \

6 examples

Aryl = Ph, p-MeCgH,4 56-76 %

p-MeOCgHy, p-BrCgH,4
p-CICgH,4, 2-Naphth

Scheme 105. Smiy,-mediated synthesis of 2,4-diarylpyrroles.

In 2006, Carreira described a synthesis of 2,4-diaryl pyrroles via a four-step synthesis
from an alkene proceeding though an azirine as a key intermediate (Scheme
106).°%! Using this method pyrroles with an electron rich 2-aryl substituent and

phenyl substituent on C-4 of the pyrrole can be obtained in moderate yields.
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N3

oh 1) ICI, NaN; Ph 2) 'BUOK N3 3) DCM N
\\ > > ph« . Ph%j
CH;CN, 23 °C Et,0, 23 °C 175 °C
Ph
/k (1.0 equiv)
4) EDG-Aryl” >0
| A\ < |
EDG-Aryl N NaH (1.0 equiv)
H DMSO, 23 °C
7 examples

36-75 % (4 steps)

Scheme 106. Synthesis of 2,4-diaryl pyrroles according to Carreira.

Recently, a Au(l)-catalyzed synthesis of 2,4-diaryl pyrroles from alkynyl aziridines
was reported by Davies (Scheme 107).%! However, the starting materials are not
readily available, and the formation of the desired products is accompanied by the
formation of the corresponding 2,5-disubstituted pendants, even under the optimized

reaction conditions.

R1
\\ 5 mol % PPh;AuCl R
5 mol % AgX
N—Ts - B * Dﬁ R
2 Y N
R Ts Ts
X =OTf X=0Ts
R' ="Bu, Ph
DCM, rt, 0.5-2 h DCE, 70 °C, 3.5-5h
R2 = Aryl
2,4:2,5-selectivity
1.0-1:3
32-98 % 98 %
6 examples

Scheme 107. Au(l)-catalyzed synthesis of 2,4-diaryl pyrroles by Davies.

2,4-Diheteroaryl substituted pyrroles are even less common. Chalcones were shown
to be used in an approach delivering only two examples of pyrroles bearing 2-furyl

and 2-thienyl substituents (Scheme 108).B%"!
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NBuLi CuCl,-CuO
" . >
-78 °C, THF \J acetone/H,O

rfl.

MeNH, x HCI
(1.0 equiv)

NaOAc, EtOH
fl.,2h

X=S,Y=0:70%
X=0,Y=8:76%
(last step)

Scheme 108. Preparation of 2,4-diheteroaryl substituted pyrroles from chalcones.

In conclusion, prior to this work there were no general and practically useful methods
for the construction of 2,4-di(hetero)aryl pyrroles, especially those bearing N-
heterocyclic moieties. Nevertheless, this substitution pattern could represent an yet
underexplored class of biologically active compounds.**!
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In the framework of this thesis, (hetero)aryl, alkenyl, and selected alkyl substituted

acid chlorides can be efficiently coupled with N-Boc protected propargyl amine to
produce ynones, which are converted in a one-pot fashion into 2-substituted 4-iodo

N-Boc pyrroles, valuable synthetic building blocks (Scheme 109).1%!

Sonogashira Coupling-Addition-
Cyclocondensation Sequence

! [Pd/Cu] I
L .
o N—Boc NEt; (1.0 equiv) N\
)J\ . = g | N
R Cl . . n " R \
(1.0 equiv) then: "HI Boc
11 examples
61-75 %
in_one pot

Scheme 109. One-pot synthesis of 2,4-disubstituted pyrroles.**!

Upon addition of a further alkyne, a second Sonogashira coupling could be carried
out still in a one-pot fashion. This sequentially Pd/Cu-catalyzed process represents a
very mild, preparatively simple, and efficient entry to 2,4-disubstituted N-Boc pyrroles,
which represent a rare substitution pattern. The obtained 2-substituted 4-iodo N-Boc
pyrroles were shown to be excellent substrates for a borylation — coupling sequence,

also developed in the course of this work, to give 2,4-di(hetero)ary! pyrroles.! %4

These results are part of this cumulative dissertation (publication 3.6).
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2.10 Indole Alkaloids

“The marine environment, covering 70 % of the earth’s surface and 95 % of its tropi-
cal biosphere, represents 34 of the 36 phyla of life and provides a fascinating variety
of biodiversity exceeding that of the terrestrial environment. Not surprising is that ma-
rine organisms produce an unprecedented molecular diversity by the incorporation of
elements like bromine that are not readily available to terrestrial species. Partially
responsible for the unique secondary metabolism of marine life are the ecological
pressures in the marine ecosystem including significant competition for space, deter-
rence of predation, and a high level of symbiosis between different species. Due to
the biogenetic origin, marine organism secondary metabolites possess a number of
structural differences as compared to terrestrial natural products. In addition, marine
organisms are not closely related to their terrestrial counterparts. Over 12,000 com-
pounds from marine invertebrates, algae, and microorganisms have been discovered

by a relative few marine research groups”.*%

Marine organisms represent one of the most promising sources of bioactive mole-
cules #0102 “They produce natural products from a variety of structural classes ex-
hibiting activity against numerous disease targets. Historically, marine natural prod-
ucts have largely been explored as anticancer agents. The indole alkaloids are a
class of marine natural products that show unique promise in the development of new
drug leads. A variety of marine sources including sponges, tunicates, red algae,
acorn worms, and symbiotic bacteria have been shown to generate indole alkaloids,
which represent the largest number and most complicated of marine alkaloids (1/4 of
total alkaloids). Alkaloids obtained from marine organisms frequently possess novel
frameworks, while in other cases terrestrially related compounds clearly exist. Their
structure elucidation, chemical modification, stereochemistry, synthesis, and pharma-
cology have received a considerable interdisciplinary attention from areas of re-
search other than chemistry and include pharmacology, physiology, and medicine.
Specific biological activities of indole alkaloids include cytotoxic, antiviral, antimicro-
bial, antiparasitic, antiinflammatory, serotonin antagonistic, Ca2+-releasing,
calmodulin antagonistic, antitopoisomerase-I, and other pharmacological activi-

ties”. 1400
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Total synthesis of natural products and especially of indole alkaloids remains a tre-
mendously important area of chemical research. It is still the ultimative prove of cor-
rect structure determination as has been recently demonstrated by Baker who reas-
signed the structures of psammopemmins (for a discussion, see chapter 2.70.1.5
Other 3-heteroaryl substituted indole alkaloids). Moreover, total synthesis is the only

economically and ecologically bearable alternative to the isolation of natural products
from their natural sources. For instance, there was not enough material available
from the natural source to allow a full investigation of biological properties of variolin
B. The combination of “high cost and difficulties of accessing the sponge Kirkpatrickia
varialosa from Antarctica with the 1991 Madrid Protocol to the Antarctic treaty, which
prohibits any person from removing flora and fauna from the region without the au-
thorization of the government and which came into force in 1998, limits the possibility
of obtaining more variolin B from its natural source”.**® As a consequence, there has
been significant interest in the synthesis of variolin B and related compounds, so that
access to these interesting materials could be restored and full biological studies
could be carried out. Finally, total synthesis remains the touchstone of new synthetic
methods and gives the inspiration for the development of novel elegant and efficient

synthetic routes.
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2.10.1 Meridianins, variolins, and related compounds

Numerous biologically active indole alkaloids have been discovered. Among them, 3-
substituted indoles constitute a huge structural class of compounds with remarkable
biological activity. The substituent in 3-position is frequently another heterocyclic ring:
imidazole (nortopsentins!®! and topsentinst*®); imidazolone;"**"*%! imidazoline
(discodermindoles,*”! spongotines,*®® trachycladindoles*®®); maleimide (didemnim-
ides*'?); oxazole (diazonamides,*'" martefragin A,**'? almazoles,*'® pimprinine,*'4
and labradorins*™); oxazoline (JBIR-34 and JBIR-35);*'® pyrrole (chromopyrrolic
acid,*" lynamicins*'®); pyrrolinone (violacein®'?); thiazole (camalexins!*?®, BE-
1098812™); oxazinone (oxazinins!*??); oxadiazinone (alboinon*?¥); benzoxazinone
(cephalandole A*?*)); piperazine and (dihydro)pyrazine (dragmacidins,**® hamacan-
thins!*®)); pyrimidine (hyrtinadine A,“"® meridianins,**2%%). tetrahydropyrimidine

(aplicyaninst*’™); azepine (hyrtiazepine!*?”); isoquinolinequinone (mensouramycin

D28 B-carboline (eudistomin U,“?* hyrtioerectine A"**”); and another indole.!**"!
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2.10.1.1 Meridianins

“To date, more than 18,000 compounds have been reported from marine sources.
However, only about 300 marine natural products originate from organisms collected
in Antarctic habitats. Thus, cold-water marine habitats represent a source of natural
products that has yet to be fully explored”.**®! A class of indole alkaloids are merid-
ianins A-E (Figure 7),1*¥ isolated and identified first in 1998 by the group of Palermo
from the tunicate Aplidium meridianum (Ascidiae, Polyclinidae family), collected at a
depth of 100 m in the vicinity of the South Georgia Islands (South Atlantic). This Ant-
arctic tunicate, first described by Sluiter in 1906, has various coloration, often forming

green or gray colonies.

Meridianins

A:R'=0OH: R2=R3=R*=H
B:R'=OH; R®=R*=H; R®=Br
C:R'=R3®=R*=H: R2=Br
D:R'=R?=R*=H; R®=Br
E:R'=0OH;R2=R%®=H; R*=Br
F-R'=R*=H;R2=R3=Br
G:R'=R?*=R®=R*=H

Figure 7. Structures of meridianins.

Later, the same group identified two further compounds, meridianins F and G, from a
sample of another population of Aplidium meridianum.***! Just recently, meridianins

A, B, C, and E have been isolated from the Antarctic tunicate Synoicum sp.1*’®

All compounds possess a brominated and/or hydroxylated indole core structure con-
nected with a 2-amino pyrimidine substituent through a C-3/C-4’ linkage. Only the
simplest member of this family, meridianin G, has no substituents on the indole nu-

cleus.

These alkaloids are cytotoxic toward cancer cell lines and inhibit protein kinases such
as cyclin dependent kinases (CDKs), glycogen synthase kinase-3, cyclic nucleotide
dependent kinases, and casein kinase 1. Meridianins display moderate cytotoxicity
toward LMM3 (murine mammary adenocarcinoma cell line) and human cancer cell

lines with 1C5sp values in low micromolar range. Certainly, exhibiting micromolar inhibi-
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tion of protein kinases meridianins constitute a new scaffold, from which more potent
and selective inhibitors can be designed. Meridianins penetrate into cells and inter-
fere with the activity of kinases which are responsible for cell division and apop-
tosis.**¥ The structure-activity studies show analogies with ATP-competitive CDK
inhibitors.The “isomeridianins”, bearing the 2-amino pyrimidine substituent at the C-2-
position of indole, are biologically inactive, which underlines the importance of the C-

3 substitution.[*34143]

The first synthesis of meridianins was reported in 2000 by Jiang.**®! The key step
was the Suzuki coupling of 3-indolyl boronic acids with 2-amino-4-chloropyrimidine
(Scheme 110). The boronic acids had to be prepared from the corresponding bro-
mides via bromine-lithium exchange with ‘BuLi at -78 °C followed by the reaction of
the indolyllithium reagents with trimethoxyborane and aqueous workup. After the Su-
zuki coupling step, the Ts protective group remained uncleaved and had to be re-

moved in a separate step.

B(OH),
N\ 1) 10 mol % Pd(PPh3), 2) NaOH/MeOH
R N\TS HzN)/N\ rfl, 1.5h
N —
Cl (1.0 equiv) R=H: (79 %) R = H: Meridianin G (80 %)
2 M Na,CO, R = Br: (53 %) R = Br: Meridianin C (76 %)

benzene/MeOH, rfl.

Scheme 110. Synthesis of meridianins according to Jiang.

In the meantime, several groups have reported syntheses of meridianins and their

analogs as well as biological activities of these compounds: (1) synthesis of merid-

ianins A-E via reaction of B-enaminones with guanidinium salts by Fresneda and

Molina in 2001;**" (2) preparation of N-alkylated derivatives using the approach of

Fresneda and Molina;**® (3) synthesis of derivatives with aryl substitution at C-5*3

and their in vitro antiproliferative activities;**” (4) synthesis of indolyluracils;**" (5)
.[442]

derivatives via alkenylation of indoles with o-oxo ketene dithioacetals; (6) new

antimalarial agents via reaction of chalcones with guanidinium salts;***! and (7) me-
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ridianins C and G with analogs via one-pot indolization of nitrosoarenes.”*** Synthe-

ses of meridianins have been reviewed. #4245

An intriguing issue is the biological role of meridianins. “Tunicates are subject to little
predation, and this is often attributed to chemical compounds”.1**®! Meridianins from
Antarctic colonial ascidians Aplidium meridianum and Aplidium falklandicum have
been shown to serve as chemical defence against predation.**®! Crude extracts as
well as isolated meridianins were tested for ecological activity against sympatric gen-
eralist predator, the Antarctic sea star Odontaster validus. The experiments showed
significant feeding repellance. However, none of the isolated meridianins showed ac-

tivity in laboratory assays against cosmopolitan bacteria and yeasts.

Prior to this investigations, a sole total synthesis of meridianin A was reported by
Molina and Fresneda in 2001 (Scheme 111).144"]

o 1) NaH, DMF Qe QBN
a )
CHO  "BnBr,0°C AN CO4Et 3) toluene, rfl.
. . A\
N3
GG o puonmr Y
Br Br 5) Cu, quinoline Br H
75 % 235 °C
° 66 %
NMez
o/ Q
OBn OBn
8) ?%'f;gMA, DMF 6) AcCl, SnCly, toluene
A\ » A\
N\ N\ 7) TsCl, NaH, DMF
Br Ts Br Ts
45 % 49 %

9) Gu x HCI (1.5 equiv)

K,CO3 (2.1 equiv) 10) H,, Pd/C, EtOAc

2-methoxyethanol, rfl.

82 % 83 %

Meridianin A

Meridianin E

Scheme 111. Synthesis of meridianin A according to Molina and Fresneda.
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The natural product (19 mg) was obtained in 7 % total yield over 10 linear steps via a
B-enaminone as a key intermediate (Bredereck pyrimidine synthesis). This synthesis
can hardly be regarded as a useful approach since the objective was not to prepare
meridianin A in a targeted fashion, but rather to prepare a common precursor for both
meridianins A and E. Therefore, no efficient synthesis of this natural product was

known prior to the presented work.

In 2005, we reported a short and elegant synthesis of several meridianins and a sim-

)18l which was later called meriolin 1.5 The

plified variolin B analog (Scheme 112
key step was the carbonylative Sonogashira coupling of N-Boc 3-iodo (7-aza)indoles,
which proceeded under mild conditions. The coupling was performed under ambient
pressure of carbon monoxide at room temperature. It is worth mentioning that
triethylamine was used as a base in the carbonylative Sonogashira step, whereas
aqueous ammonia,!'®! used in the procedure described by Mori, failed in our hands
to give the desired products.

Q. ——TMs
| 5 mol % PdCly(PPh3),/1 mol % PdCl,dppf -

R2 2 mol % Cul R2
N\ N\
R3 N TMSA (1.5 equiv), NEt3 (1.0 equiv) R®

B
Boc 1 atm CO, THF, t, 48 h oc

Z

R?=R®=H
R?=Br; R®=H o8 %
R?=H; R3=Br 84 %

5 M guanidine (2.5 equiv)

Meridianin G: 66 % Na,CO3 (1.0 equiv)
Meridianin C: 73 %
Meridianin D: 78 %

A\
f\{ CH3CN/'BUOH
H 80 °C, 40 h

Scheme 112. Synthesis of meridianins by the carbonylative Sonogashira coupling

as a key step.

The desired products were obtained in four steps and 28-41 % overall yields from the
commercially available indoles. This total synthesis represents the first application of

the carbonylative alkynylation in the synthesis of natural products.
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Regarding the biological activity of the natural meridianins, kinase inhibition tests of
the synthesized compounds have been performed revealing moderate micromolar

activities. However, meridianins display only modest antiproliferative activities.

The synthesis and the biological activity of the 7-azaindole analog (meriolin 1), pre-

pared by the same approach, will be discussed in chapter 2.70.1.3 Meriolins.
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2.10.1.2 Variolins

Meridianins show structural similarities with the alkaloid family of variolins, which
have been extracted in 1994 from the rare and difficult-to-access red Antarctic
sponge Kirkpatrickia varialosa by Blunt and Munro and have been shown to possess
antitumor and antiviral activities (Figure 8).**! The isolated compounds included
variolin A, variolin B, N-3'-methyl tetrahydrovariolin B, and variolin D, the latter of
which was reported to be an artifact of the extraction process produced by aerial oxi-

dation of the variolins.

H.N. /
2 >/N+
7 N\
N
OH o OH  co,Me
X
N\ T TN
N N\
>:N >:N
H2N H,N
Variolin A R = OH: Variolin B N-3’-Methyl-3" 4°,5",6'- Variolin D

R = H: Deoxyvariolin B tetrahydrovariolin B

Figure 8. Structures of variolins.

Strikingly, variolin B possesses the same heterocyclic substituent on C-5 of the tricy-

cles as meridianins on C-3 of the indole core.

Variolins are the first example of either terrestrial or marine natural products with a
fused tricyclic pyrido[3’,2:4,5]pyrrolo[1,2-c]pyrimidine heteroaromatic core. This un-
precedented tricyclic skeleton has made variolins an interesting class of alkaloids
from both structural and biogenetic points of view. Preliminary investigations estab-
lished that variolin B displayed the highest biological activity, whereas variolin D was
inactive in all assays, again indicating the importance of the 2-amino pyrimidine ring.
Variolin B inhibited the growth of P388 murine leukemia tumor cell line in micromolar
concentrations (ICsp value of 210 ng/mL) and was a very fast inducer of apoptosis.

Moreover, it was active against Herpes Simplex type | and polio virus but inactive

137



against a range of bacteria and fungi. Further investigations have been hampered by

a lack of material.

Therefore, there has been considerable interest in the synthesis of variolins due to
the novelty of their structures, not to mention their biological properties and low natu-
ral occurrence. Several groups have reported syntheses of the variolin core**” as

well as synthetic manipulations on the core."*"!

To date, four total syntheses of variolin B have been reported in the literature: (1) the
first successful total synthesis via tandem deoxygenation and cyclization of a triaryl-
methanol was reported by Morris in 2001, elegantly taking advantage of a hidden
symmetry element in the molecule;**? (2) Molina and Fresneda used a sequential
approach with the Bredereck synthesis of the 2-amino pyrimidine ring;**® Alvarez
and Joule reported an approach based on the Stille coupling of the iodo tricycle with
the pyridylstannane to introduce the C-5 substituent;*** and finally Vaquero used Pd-
mediated C-C, C-0O, and C-N couplings to install substituents on a trihalo substi-
tuted tricyclic core."*>® Preparation of the synthetic deoxyvariolin B, which showed
higher stability and solubility compared to the natural product, has also been de-
scribed.[#oe1452b114540] gyntheses and biological evaluation of simplified bicyclic ana-
logs as well as of various derivatives such as 7-isovariolin B having the 2-amino
pyrimidine ring at C-7 instead of C-5 and derivatives with the 2-amino pyrimidine at
both positions have been reported as well.**4%3] However, none of the derivatives

has shown improved activity compared to the natural product.

In different human cancer cell lines variolin B and deoxyvariolin B inhibited colony
formation, caused cell cycle perturbations, and induced apoptosis at concentrations
ranging from 0.1 to 2 uM. They prevent the cells from entering S phase, blocking
cells in G1, and cause accumulation already evident 4 h after the beginning of treat-
ment. Although intercalation of deoxyvariolin B in DNA has been demonstrated, nei-
ther variolin B nor deoxyvariolin B produce detectable breaks in DNA. In vitro bio-
chemical assays also demonstrated that deoxyvariolin B is not a topoisomerase | or |l
poison. Instead, variolin B was identified as a potent inhibitor of all CDKs in micromo-
lar concentrations, whereas deoxyvariolin B was 5- to 10-fold less potent. Both are a
new class of CDK inhibitors that activate apoptosis in a p53-independent fashion,

and thus they may be effective against tumors with p53 mutations or deletions.!**®
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Additionally, variolin B was found to be the most potent inhibitor of CK1, a significant

therapeutic target in both Alzheimer’s disease and cancer.

In conclusion, the unique heterocyclic framework of variolins has emerged as a new
scaffold for the design of new inhibitors of CDKs. Indeed, the Spanish pharmaceutical
company PharmaMar has been investigating the potential of variolin B and its ana-

logs as antitumor agents.

Isolation, structure determination, synthesis, and biological activity of variolins and
related compounds such as meridianins and meriolins have been recently compre-
hensively reviewed by Morris in 2009"°%! and by Januéario in 2010.1%% An earlier re-
view on syntheses of variolins and bicyclic analogs was provided by Alvarez in
2004 14611
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2.10.1.3 Meriolins

Through a combination of the common features of meridianins and variolins, a new
class of 7-azaindole containing analogs known as meriolins has been designed. Due
to the 7-azaindole core with its pronounced inherent ability to bind to the hinge region
of kinases, these compounds are predestined for investigations as kinase inhibi-
tors.P"2 B The first synthesis of the simplest member of this class was performed
by Molina and Fresneda in 2001,**" followed by our synthesis in 2005.1*®! Later,
Meijer reported a comprehensive study on synthesis, kinase inhibitory activity, cellu-
lar effects, and structure of a CDK2/cyclin A/meriolin complex, and coined the term
“meriolins” to describe these hybride structures (Figure 9).1621463l

Meriolins

Figure 9. Some members of the meriolin family.

The above mentioned synthesis by Molina and Fresneda relies on the same syn-
thetic strategy as used for the synthesis of meridianin A. The desired product was
obtained in 4 linear steps and 16 % total yield (Scheme 113)."*"1 The major drawback
of this synthesis is the difficult Friedel-Crafts acylation of 7-azaindole resulting in the

poor yield of 3-acetyl 7-azaindole.
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NMeZ

Q oL/
1) AcCl, SnCl, 3) DMF-DMA, DMF

benzene/THF 110 °C AN

D - O s
_ 2 =

N N 2) TsCl, NaH, DMF N N N N

H Ts Ts

39 % 60 %

4) Gu x HCI (1.5 equiv), K;CO5 (2.1 equiv)
2-methoxyethanol, rfl.

Scheme 113. Synthesis of meriolin 1 according to Molina and Fresneda.

Meriolins display enhanced specificity toward CDKs (from 32 kinases tested), with
marked potency on CDK2 and CDK9. Indeed, meriolins have proved to be even
more potent CDK inhibitors than variolin B. This class of compounds also exhibits
better antiproliferative and proapoptotic properties in human tumor cell cultures com-
pared with their “inspirational parent” molecules, meridianins and variolins. SAR
studies complemented with the crystal structure have provided some clarification on
the action mechanisms of these molecules on their CDK target. Meriolin 3 and vari-
olin B bind within the ATP binding site of the kinase, but in different orientations and
via different binding modes, as could be determined by the X-ray crystallography.
Meriolins induce cell death at submicromolecular concentrations in all cell lines
tested, with the noticeable exception of normal fibroblasts, which were rather resis-
tant. Moreover, meriolin 3 potently inhibits tumor growth in two mouse xenograft can-
cer models, namely, Ewing’s sarcoma and LS174T colorectal carcinoma. Meriolins
thus constitute a new CDK inhibitory scaffold with promising antitumor activity, de-

rived from molecules initially isolated from marine organisms.

Huang reported the synthesis of 7-azaindolyl pyrimidines with substituents on the
amino group (described in chapter 2.3.6 Miyaura and Masuda borylations) (Figure
10)_[182]
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Figure 10. Structure of the meriolin analogs synthesized by Huang.

Some of the obtained compounds were shown to be very potent CDK1 inhibitors
(ICs0 value of 3 nM for R = 0-MeCgHj), and exhibited high antiproliferation activity on
the Hela (cervical carcinoma) cell line (ICso value of 28 nM for the same compound).
The unsubstituted nitrogen atom of the indole nucleus was found to be essential for
both CDK1 and antiproliferation activity. When screened against a panel of 100
kinases with 2 mM of ATP, the above mentioned compound displayed > 50 % inhibi-
tion of 61 kinases, and > 80 % inhibition of 33 kinases in the panel, thus representing

a family of very potent multikinase inhibitors.

Our synthesis was based on the carbonylative Sonogashira coupling as described in
chapter 2.10.1.1 Meridianins (Scheme 114).1*8] The desired product was obtained in

4 steps and 25 % total yield from the commercially available 7-azaindole.

142



5 mol % PdCly(PPhs),, 2 mol % Cul

\ //
-

TMSA (1.5 equiv), NEt; (1.0 equiv)
Boc Boc
1atm CO, THF, rt, 48 h

5 M guanidine (2.5 equiv)
Na,COj3 (1.0 equiv)

CH3CN/'BuOH
80 °C, 40 h

59 %

Scheme 114. Synthesis of meriolin 1 according to Miller.

The compound was tested against a panel of 121 kinases displaying an inhibitory
activity of > 50 % on 25 and > 90 % on 4 kinases at a concentration of 1 uM. More-
over, a significant improvement of antiproliferative activity on cancer cell lines was
determined. In contrast to meridianin G diplaying essentially no activity, meriolin 1
showed a sub-uM activity on HCT116 and A2780 cancer cell lines with 1Csy values of

0.18 uM and 0.14 uM, respectively.

In conclusion, meriolins display better antiproliferative and proapoptotic properties in
human tumor cell cultures than their parent natural products, as determined by us
and others, and therefore represent a very promising 7-azaindole based scaffold for

development of potent kinase inhibitors.
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In the framework of this thesis, a practical Masuda borylation — Suzuki coupling se-

quence was developed for the direct preparation of (7-aza)indoles bearing diverse 5-
and 6-membered aryl and heteroaryl substituents starting from the corresponding
iodides (Scheme 115).14¢4

(Hetero)aryl
| | N
7
| N X~ N
7 Boc
X N\ Masuda Borylation-
Boc Suzuki Coupling Sequence 10 examples
7-819
X=CH,N 37-81 %
or ' [Pd(PPh3),], HBpin or (Hetero)aryl
NEt5;, dioxane
~ . . X
Y then: (Hetero)ary—Hal (1.0 equiv) in one-pot Y
Y =NBoc, S, O Cs,CO3, MeOH 7 examples
35-80 %
or
! or
/4% (Hetero)aryl
Xoo
R N\—X
4 examples
44-92 %

Scheme 115. One-pot synthesis of (hetero)aryl substituted heterocycles.! !

Besides iodo indoles and 7-azaindoles, iodo pyrroles®® were found to be excellent
substrates to furnish 2,4-di(hetero)aryl pyrroles as a rare substitution pattern. Other
electron rich (hetero)aryls could be reacted as well, and the scope of this sequence is
remarkable. Even free hydroxy and amino groups as well as notoriously difficult 2-
amino pyridine and pyrimidine motifs on both substrate and (hetero)aryl halide are

well tolerated.

An an illustration of the utility of the developed sequence, concise total syntheses of
marine natural products meridianin G, meridianin A, as well as of the variolin B ana-
log, meriolin 1, were performed (Scheme 116 and Scheme 117).*¢*! This strategy
represents the most efficient and convenient approach to these alkaloids.
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| [Pd(PPhs),], HBpin

NEt;, dioxane
o -
x~ N
then: H,N
\ 2 Cs,CO3, MeOH
Boc \],/N\ 2
L
cl X = H: Meridianin G (73 %)
. X = N: Meriolin 1 (63 %)
(1.0 equiv)
in one-pot
Scheme 116. Total syntheses of meridianin G and meriolin 1.1

Again, a single commercially available Pd-precatalyst has been used for both cou-

plings. No exotic ligands or additives were required.
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[Pd(PPh3)4]
N HBpin

[
R2\©j\g NEt3, dioxane
N
then: H,N
\ 2
Boc N
N _—
Cl 1= 2 - . 0, 1 2
(1.0 equiv) R'=0OMe, R =H:77 % R'=0H,R?=H:85%
L R'=H, R?=OMe: 86 % (Meridianin A)
032003, MeOH
in one-pot R'=H, R?=0OH: 89 %

(Isomeridianin A)

Scheme 117. Total syntheses of meridianin A and isomeridianin A.1#641481

Meridianin A was prepared in 65 % total yield, representing the first targeted synthe-
sis of this natural product. In a similar way, literature unknown isomeridianin A bear-

ing the hydroxy group at C-5 was prepared in 77 % total yield.

Whereas the precursor to meridianin A, O-Me-meridianin A, was essentially inactive
in the viability and kinase inhibition assays (> 50 % inhibition of 3 from 102 kinases at
a concentration of 1 uM), the natural product displayed a micromolar activity on the

A2780 (ovarian tumor) cancer cell line (ICsp = 3.9 uM).

In contrary, isomeridianin A and its precursor, O-Me-isomeridianin A, were only weak
kinase inhibitors (> 50 % inhibition of 8 and 7 from 110 kinases at a concentration of
1 uM, respectively) and showed no essential activity on the cancer cell lines tested
(A2780 and HCT116 (colon tumor)).

These results are part of this cumulative dissertation (publication 3.7).
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2.10.1.4 Camalexins

Two indole phytoalexins, camalexin and methoxycamalexin, were isolated for the first
time in 1991 from Camelina sativa leaves."*®® These compounds are fungitoxic to
Alternaria brassicae and are produced after exposure and in response to this fungus.
Later, the compounds were found to possess antitumor activity as well. They bear a
thiazol-2-yl substituent at C-3 of the indole core (Figure 11).

N
S

N\ R = H: Camalexin

R = OMe: Methoxycamalexin
R N
\
H

Figure 11. Structures of camalexin and methoxycamalexin.

The main phytoalexin camalexin attracted considerable interest, and extensive stud-
ies dealing with its biosynthesis“®®! and biological role have been undertaken.®”!

The synthesis of camalexins and an analog, 5-methoxycamalexin, by an or-

ganometallic approach was reported in 1992 by Ayer (Scheme 118).1468]

N()js N/ﬁ
Br NS

2)
1
R 1) CHgMgl RS (0.52.0equiv) R
o0 0 : ’
2 N
R2 N\ Et,0 R2 N\ benzene R \H
H Mgl rfl., 20-67 h
R' = R? = H: Camalexin 76 %
R! = H; R? = OMe: Methoxycamalexin 77 %
R' = OMe; R? = H: 5-Methoxycamalexin 98 %

Scheme 118. Synthesis of camalexins by an organometallic approach.
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The reaction is well suitable for the preparation of natural products but has a limita-
tion of functional group intolerance typical for organometallic approaches, which may
be an obstacle for the preparation of further analogs.

The biological activity of camalexin is not restricted to microorganisms and plants.
The natural product and some analogs, prepared according to Ayer’s method, were
tested on the human breast cancer cell line SKBr3 with camalexin showing an ICsg
value of 2.7 uM.[*®9!

Analogs of camalexin such as 1-methylcamalexin, 5-methyl-, and 5-fluorocamalexin
were prepared according to Ayer’s method, and studies concerning detoxification and
antifungal activity of these compunds were performed.*’® 5-Fluorocamalexin was
found to be the best designer phytoalexin against fungus Rhizoctonia solani due to a

slow metabolisation.

Another organometallic approach was described by Sakamotfo using active Zn to
produce indolylzinc iodide as the key intermediate that was coupled with 2-
iodothiazole in a Negishi coupling to give camalexin in 2 steps and 61 % total yield
(Scheme 119).#"" The method has a drawback of relatively tedious preparation of the

active Zn reagent.

I
_ _ )
N/ﬁ \_-S
l 1) active Zn, THF Znl >/S
3.0 equiv 2) | (1.2 equiv)
N rt, 1-2 h N\ 5 mol % Pd(PPhj), N\
\SOzPh SO,Ph THF, rt, 18 h SO,Ph

73 %

'S

\_-S
3) NaOH
A\ -
N MeOH, rt, 4 h
\
H

83 %

Scheme 119. Synthesis of camalexin according to Sakamoto.
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A short synthetic route to camalexin was presented by Fiirstner in 1995 based on a
low-valent titanium induced reductive coupling of an oxo-amide, currently known as
Fiirstner indole synthesis (Scheme 120).47? This synthesis gave the desired product

in 61 % yield and is suitable for the synthesis of C-2 substituted analogs.

—\ — . . ~3
Noo S 1) 5 mol % Pd/C Na S 3) TiCl (5.0 equiv) N s
H, (1 atm) Zn-dust (5.0 equiv)
DME, rfl., 20 min
o EtOAc, 12 h R o _ \
NO, 2) HCO,H/Ac,0 ”&o 4) EDTA disodium salt N
50-60 °C, 2 h H,0 H
85 % 71 %

Scheme 120. Synthesis of camalexin according to Flirstner.

A biomimetic approach according to the proposed biosynthetic scheme was demon-
strated in 2001 by Dzurilla (Scheme 121).47® This synthesis gave only 10 mg of sub-
stance, which corresponds to 2.6 % total yield.

MeOZQ MeOzC
MeO,C z
= 5
HN/\‘ N
SN 1) HCI x HZN/\\SH NS \_S
° 2) MnO
N NEts, 25 °C, 3 h . ©j\g ) 2 X N\
N MeOH/benzene N\ benzene/Py N\
\Boc Boc 55°C,1.5h Boc
85 % 44 %
MeO,C
I IS
N
N/\\é \_S
4) NaOH, NaHCO 3) NaOMe
A\ ’ A\
N rfl., 2 h N MeOH, 25 °C, 20 min
\ \
H H
12 % 59 %

Scheme 121. Biomimetic synthesis of camalexin.
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2-Aryl and 2-alkyl substituted camalexin derivatives were prepared using the Pd-
catalyzed Cacchi indole synthesis.*’#! However, no extensive SAR studies of

camalexin analogs have been conducted yet.
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2.10.1.5 Other 3-heteroaryl substituted indole alkaloids

Psammopemmins were described in 1992 by Capon to represent an unusual group
of natural products isolated as an amine salt from an Antarctic marine sponge
Psammopemma sp. (Figure 12).” Three structurally related compounds designated
psammopemmins A—C have been assigned. Unfortunately, a recent study of Baker,
who also performed the first total synthesis of the proposed psammopemmin A, re-
vealed the incorrect structure assignment in the original report.*’® According to the
comparison of NMR data of meridianin A with the reported data of psammopemmin A,

the molecules are identical.

) Br Psammopemmins
X H\N+
Y A'R'=RZ=H
OH — B:R'=H; R®=Br
NH, C:R'= Br;R?=H
N
1 N
R \
R2 H

Figure 12. Erroneously assigned structures of psammopemmins.

A new family of indole alkaloids was recently isolated from the Antarctic tunicate Ap-
lidium cyaneum by Reyes (Figure 13).4”"1 The aplicyanins A—F contain a bromoindole
nucleus and a 6-tetrahydropyrimidine substituent at C-3. The aplicyanins share a
common 3-(pyrimid-4-yl)indole structure with meridianins and variolins. The tetrahy-
dropyrimidine system of the aplicyanins has a stereocenter at C-4’, in contrast to the

planar pyrimidine ring of the meridianins.
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R1
/ Aplicyanins
N H plicy

>\/
A:R'=R?=R%= H
N

B:R'=Ac.R2=R%®=H
C:R'=H; R2=0OMe; R3=H

H

Br-
N\ D: R'=Ac; R?= OMe; R®=H
N E: R'=H; R2= OMe; R®=Br
R® \ F: R' = Ac: R2 = OMe: R3 = Br
R

Figure 13. Structures of aplicyanins.

Aplicyanins B, D, and F have been found to possess significant cytotoxic and antimi-

totic activities, with 1Cs values in the low to sub-uM range.

Indoles with 5-membered heterocyclic substituents at C-3 represent another wide-
spread group of natural products. Some representatives are depicted in Figure 14.

N%‘/ N /ﬁ
\_0 \_0 N8
A\ N\ A\
N N N
\ \ \
H H H
Pimprinine Labradorin 1 Martefragin A Camalexin
(see chapter 2.10.1.4_ Camalexins)
NH; +
0] HoN HyN
H__o
S 7 ~NH NH
N N —N @] H
N\_S = N
Br Br: | />
N N—ar N—co;, D N
N N
N " \ |
H H H H
BE-10988 Discodermindole Trachycladindole A Didemnimide A

Figure 14. Natural products with 5-membered heterocycles at C-3 of an indole.
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2.10.2 Marine bisindole alkaloids

Certain bisindole alkaloids possess unique structures with a 5- or 6-membered cen-

tral ring which is shared by two indole units (Figure 15). These compounds display a

broad spectrum of biological activities.[*"®!
Br,
H\ 5
r
N N/H Br
\V\© = 0
\N 3 3
I N NN A
OH NH O —N N
N A\ A\
N
Br \H Br N\ Br N\
Br H H
Dragmacidin Br Hamacanthin A Hamacanthin B
N A N TH
~N
\ NH
A\
Br N\
H
Nortopsentin A Lynamicin D

Figure 15. Structures of naturally occuring bisindole alkaloids (representative ex-

amples).

In 2007, Kobayashi reported the isolation and structural elucidation of the new bis-

indole alkaloid hyrtinadine A (Figure 16).179!
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OH

HO
N
N
\
H

Hyrtinadine A

Figure 16. Structure of hyrtinadine A.

The compound was isolated from an Okinawan marine sponge Hyrtios sp. and con-
tains two 5-hydroxyindole moieties connected by a 2,5-pyrimidyl ring. This structural
element is unprecedented. It is worth mentioning that only 1 mg of this alkaloid could
be obtained from 1.13 kg (!) sponge (wet weight), which corresponds to 0.0046 %
yield. Hyrtinadine A exhibited cytotoxicity against murine leukemia L1210 cells (ICso =

1 ug/mL) and human epidermoid carcinoma KB cells (ICsp = 3 ug/mL) in vitro.

The sole total synthesis of hyrtinadine A, desribed in 2008 by Sestelo and
Sarandeses, was achieved by a two-fold cross-coupling reaction between a tris(3-
indolyl)indium reagent and 5-bromo-2-chloropyrimidine as a key step (Scheme
122).14801
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TBS
H
\
N
\
OH
N r<1
HO
AN
N
\
H

58 %

1) "BuLi, THF, -78 °C MeO 3
> A\
2) InClg N

3) 5 mol % Pd(PPhs),

Br
=
N\]\/N
[

C (1.0 equiv)

THF, 80 °C, 48 h

TBS
N
N\
4) BBrs, DCM OMe
) No /
5) TBAF, THF ¢
MeO
A\
N
\
TBS
87 %

Scheme 122. Total synthesis of hyrtinadine A via Pd-catalyzed coupling of an or-

ganoindium compound.

The starting material was prepared in a one-pot procedure and 90 % yield from the

commercially available 5-methoxyindole by N-silylation with TBSCI, followed by bro-

mination with NBS at a low temperature. The natural product was obtained in 46 %

overall yield (31 mg were prepared). Despite the elegance and novelty of the key

step, the major drawback of this synthesis is the reqiured excess of the core indo-

lylindium reagent, which has to be prepared and which is therefore a precious com-

pound. In terms of the concept of atom economy, the key step is not efficient.
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In the framework of this thesis, the developed Masuda borylation — Suzuki coupling

sequence!*® working with a simple catalytic system could be successfully applied for
a concise one-pot synthesis of heteroaryl brigded (aza)indoles as demonstrated for

the total synthesis of the marine natural product hyrtinadine A (Scheme 123).18"]

\ then: Br

HO H
N/
[PA(PPh)4] =
| HBpin
MeO. NEts, dioxane / N Py x HCI / N\
N —

Boc MeO.
r\S N\
N ~N

Y N

I \
i H

(0.5 equiv)
Cs,CO3, MeOH 85 % Hyrtinadine A (39 %)

in one-pot

Scheme 123. Total synthesis of hyrtinadine A.[*8"!

Although hyrtinadine A was found to be essentially inactive in viability assays and in
kinase assays (> 50 % inhibition of 3 from 121 kinases at a concentration of 1 uM),
its synthetic precursor, O,0-dimethyl hyrtinadine A, possessed an antiproliferative
activity in a low micromolar range in assays with two cancer cell lines (ICso (HCT116)
= 3.7 uM; ICs (A2780) = 4.5 uM). However, none of the 110 kinases tested were in-
hibited, indicating that the cytotoxic activity is presumably not correlated to the kinase

inhibition activity of these compounds.

These results are part of this cumulative dissertation (publication 3.8).
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2.11 Kinases and kinase inhibitors

The human genome encodes some 518 protein kinases (human kinome), which con-
stitute one of the largest protein families in humans. The majority of small-molecule
kinase inhibitors target the ATP-binding site of the enzymes.!*®? The ATP-binding site
in protein kinases, placed between the two lobes of the kinase fold and called the
hinge region, is highly conserved, and therefore, the development of highly ATP-
competitive kinase inhibitors is a difficult task. Moreover, these inhibitors usually lack
selectivity. However, there are regions within the binding cleft that are not occupied
by ATP, and these regions (hydrophobic pockets) show a higher degree of structural
diversity between members of the kinase family than the ATP-binding regions. This
provides opportunities for the discovery or design of selective and small molecule

ATP-competitive inhibitors.*831484]

Although a few kinase inhibitors such as staurosporine (Figure 17), a natural in-
dolo[2,3-a]carbazole alkaloid originally isolated in 1977 from Streptomyces stauro-
sporeus, are unselective, many display a definite specificity profile, but all inhibit sev-
eral kinases. Multitarget inhibitors may find appropriate medicinal use because they
are less likely to allow resistance to develop.

Interestingly, certain indirubin dyes, which are the active ingredients in an ancient

Chinese herbal remedy that has been used for centuries to treat diseases such as

cancer, are potent CDK inhibitors (Figure 17).1%!

NHMe

Staurosporine Indirubin

Figure 17. Structures of the multikinase inhibitor staurosporine and of CDK inhibi-

tor indirubin, an isomer of indigo.
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®)488l is one of the most in-

The anticancer drug Gleevec® (imatinib mesylate, Glivec
teresting developments in the pharmaceutical industry in the last two decades. It is a
2-phenylamino pyrimidine!*®”! containing drug and belongs to the class of kinase in-
hibitors (Figure 18). The drug was developed by Novartis and is indicated for the
treatment of chronic myeloid leukaemia (CML) and gastrointestinal stromal tumors

(GISTs).

T

X CH3SO3H

|
x N

Figure 18. Structure of imatinib mesylate (gleevec). The pharmacophore is drawn
in bold.

Gleevec, which was approved for clinical use in May 2001, is the first important drug
to be developed by targeting a protein kinase specifically. Gleevec does not attack all
proliferating cells, but blocks selectively the ATP-binding site of Bcr-Abl tyrosin kinase
protein, which is a constitutively active fusion protein version of the protein kinase c-
Abl and plays the key role in the occurrence of CML. The structure-activity-
relationship shows the phenylamino pyrimidine unit to be essential for the biological
activity. Further substituents enhance the selectivity and bioavailability. The impact of
imatinib on the field of cancer therapy has been dramatic and can not be overesti-
mated. As the first successful targeted drug to treat cancer, imatinib opened the era
of molecular targeted therapy and established a model for the development of future

drugs.

The compound has been rationally designed, in contrast to another kinase inhibitor
drug sorafenib (Nexavar®, Bayer), which has been developed by a combinatorial ap-
proach (Figure 19).4881489 This compound inhibits Raf kinase, a key mediator of sig-

nal-transduction pathways from cell surface receptors to the cell nucleus.
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Figure 19. Structure of sorafenib (nexavar).

Due to the outstanding properties of imatinib, there has been an enormous interest in
improvements of its synthesis.**” In 2008, imatinib and its analogs were reported to
be prepared in an improved procedure using a Cu-catalyzed Ullmann-type coupling
as a key step to synthesize the pharmacophore. The amino pyrimidine intermediate,

however, was prepared by the reaction of f-enaminone and guanidine nitrate in a

classical stepwise fashion (Scheme 124).1°"!
NMe; No__NH
| o Y
o) DMF-DMA o) u x HNO; N
xylene NaOH, "BuOH Br NO,
—_—
A | ~ | N )@/
_N il., 20 h _N fl.,12h N
93 % 86 %
| |
N. N NO Cul/DMEDA 1,4-dioxane
Y 2 .
| KI, K,CO3 100 °C, 20 h
N
-
Imatinib base -~
=
6 main steps, 46 % |
N 82 %

Scheme 124. Improved synthetic route to imatinib and its analogs.

In 2010, Lu presented a new synthesis of imatinib using a stepwise preparation of the
key phenylamino pyrimidine intermediate via reaction of the enaminone with thiourea,
followed by a nucleophilic aromatic substitution of the 2-(methylthio)pyrimidine with
an aniline derivative. However, this approach required even more steps to construct
the pharmacophore.*® Also in 2010, Ley reported a concise flow-based synthesis of

imatinib. Despite obvious advantages of this convergent approach, the pharma-
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cophore is still built up via Buchwald-Hartwig amination using a large excess (4
equivs) of 4-(pyridine-3-yl)pyrimidine-2-amine for the ultimate construction of the

phenylamino pyrimidine motif.1**!

Nilotinib™*®*! (Tasigna®, Novartis) posesses the same and bafetinib**®! a very similar

pharmacophore as imitinib. They belong to the “second generation” inhibitors of Bcr-

Abl for the treatment of imatinib-resistant CML (Figure 20).1%°!

Z /
< ]
N Nilotinib N N Bafetinib

Figure 20. Kinase inhibitors as drugs.

It is worth mentioning that imatinib, sorafenib, and other kinase inhibitors which
reached the market have been developed as selective inhibitors but turned out to be
inhibitors of at least several kinases, which can also display cooperative effects.[*®*
For example, besides being a relatively specific inhibitor of Becr-Abl, gleevec also in-
hibits the c-kit and PDGF-receptor tyrosin kinases with similar potency. It has been
undergoing clinical trials for the treatment of gastrointestinal stromal tumors and
other cancers in which c-kit or PDGF-receptor signalling is disregulated. Therefore,
although achieving high selectivity is possible, it can often be an advantage to simul-
taneously inhibit several therapeutically relevant and complementary kinases at the
same time (selectivity profile rather than absolute selectivity).*®”! Thus, developing

oligokinase inhibitors that inhibit a range of protein kinases is a valid approach.

To summarize, prior to this work the pharmacophore of imitinib and nilotinib had to be

prepared in several steps rather than in a one-pot manner.
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3 General Part — Publications

Publications relevant for this cumulative dissertation are enrolled and the estimated

contributions are discussed.

Complete publication manuscripts with supporting information including characteriza-

tion of all compounds can be found in the appendix.

3.1  Catalytic syntheses of N-heterocyclic ynones and ynediones by in

situ activation of carboxylic acids with oxalyl chloride

Christina Boersch, Eugen Merkul, Thomas J. J. Muller, Angew. Chem. Int. Ed. 2011,
published online, 10.1002/anie.201103296.

Contribution

In the framework of this thesis, | developed the idea to establish this method, per-
formed first orienting experiments that demonstrated its feasibility, was involved in the
planning of the experiments, contributed to the writing of the first draft of the manu-
script, assisted in the compilation of the supporting information, and was involved in

the discussions. The experimental work was performed by M. Sc. Christina Boersch.

My contribution as a co-author of this paper is approximately 20 %.
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3.2 Consecutive one-pot Sonogashira-Glaser coupling sequence — direct

preparation of symmetrical diynes by sequential Pd/Cu-catalysis

Eugen Merkul, Dominik Urselmann, Thomas J. J. Muller, Eur. J. Org. Chem. 2011,
238-242. DOI: 10.1002/ejoc.201001472.

Contribution

In the framework of this thesis, | developed the idea to work out this reaction as a
preparative method, planned the experiments and performed approximately 55 % of
the experimental work including the optimization. The remaining examples were pre-
pared by Dipl.-Chem. Dominik Urselmann. | compiled the supporting information,
contributed to the writing of the first draft of the manuscript, and was involved in the

discussions.

My contribution as a co-author of this paper is approximately 70 %.
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3.3 Rapid preparation of triazolyl substituted NH-heterocyclic kinase in-
hibitors via one-pot Sonogashira coupling—-TMS-deprotection—

CuAAC sequence

Eugen Merkul, Fabian Klukas, Dieter Dorsch, Ulrich Gradler, Hartmut E. Greiner,
Thomas J. J. Mdaller, Org. Biomol. Chem. 2011, 9, 5129-5136. DOI:
10.1039/C10B05586K.

Contribution

In the framework of this thesis, | developed the idea to establish this method, planned
the experiments and performed most of the experimental and optimization work.
Several examples and the optimization of one sequence were performed by Fabian
Klukas in the course of his organic chemistry research practicum under my guidance.
| wrote the first draft of the manuscript, compiled the supporting information, and was
involved in the discussions. Dr. Dieter Dorsch and Dr. Hartmut Greiner were respon-
sible for the biological evaluation of the compounds and the discussion of the ob-
tained data. Dr. Ulrich Gradler performed the X-ray structure analysis of the complex

of the compound 8f with the kinase PDK1 and discussed the crystallographic data.

My contribution as a co-author of this paper is approximately 80 %.
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3.4 Three-component synthesis of ynediones by a glyoxyla-

tion/Stephens-Castro coupling sequence

Eugen Merkul, Janis Dohe, Charlotte Gers, Frank Rominger, Thomas J. J. Muller,
Angew. Chem. 2011, 123, 3023-3026; DOI: 10.1002/ange.201007194; Angew.
Chem. Int. Ed. 2011, 50, 2966-2969; DOI: 10.1002/anie.201007194.

Contribution

In the framework of this thesis, | developed the idea to establish this method, planned
the experiments, performed approximately 50 % of the experimental work and parts
of the optimization studies. The remaining examples and additional optimization trials
were performed by Janis Dohe in the course of his bachelor thesis and by B. Sc.
Charlotte Gers in the course of her master thesis, both under my guidance. | wrote
the first draft of the manuscript, compiled the supporting information, and was in-
volved in the discussions. Dr. Frank Rominger performed the X-ray structure analy-

Sis.

My contribution as a co-author of this paper is approximately 80 %.
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3.5 Consecutive three-component synthesis of ynones by decarbonyla-

tive Sonogashira coupling

Eugen Merkul, Thomas Oeser, Thomas J. J. Muller, Chem. Eur. J. 2009, 15, 5006-
5011. DOI: 10.1002/chem.200900119.

Contribution

In the framework of this thesis, | developed the idea to establish this method, planned
the experiments, performed the experimental work, compiled the supporting informa-
tion, wrote the first draft of the manuscript, and was involved in the discussions. Dr.

Thomas Oeser performed the X-ray structure analysis.

My contribution as a co-author of this paper is approximately 95 %.
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3.6 Three-component synthesis of N-Boc-4-iodopyrroles and sequential

one-pot alkynylation

Eugen Merkul, Christina Boersch, Walter Frank, Thomas J. J. Mlller, Org. Lett. 2009,
11, 2269-2272. DOI: 10.1021/01900581a.

Contribution

In the framework of this thesis, | developed the idea to establish this method, planned
the experiments, and performed approximately 55 % of the experimental work includ-
ing the optimization. The remaining examples were prepared by Christina Boersch in
the course of her bachelor thesis under my guidance. | wrote the first draft of the
manuscript, compiled the supporting information, and was involved in the discus-

sions. The X-ray structure analysis was performed by Prof. Dr. Walter Frank.

My contribution as a co-author of this paper is approximately 80 %.
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3.7 Rapid synthesis of bis(hetero)aryls by one-pot Masuda borylation —
Suzuki coupling sequence and its application to concise total syn-

theses of meridianins A and G

Eugen Merkul, Elisabeth Schafer, Thomas J. J. Mlller, Org. Biomol. Chem. 2011, 9,
3139-3141. DOI: 10.1039/clob05310h.

Contribution

In the framework of this thesis, | developed the idea to adapt this one-pot method to
our synthetic problem, planned the experiments and performed most of the experi-
mental work including the optimization. The total synthesis of meridianin A was per-
formed by Elisabeth Schafer in the course of her organic chemistry internship under
my guidance. | wrote the first draft of the manuscript, compiled the supporting infor-

mation, and was involved in the discussions.

My contribution as a co-author of this paper is approximately 95 %.
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3.8 One-pot synthesis of diazine-bridged bisindoles and concise synthe-

sis of marine alkaloid hyrtinadine A

Boris O. A. Tasch, Eugen Merkul, Thomas J. J. Muller, Eur. J. Org. Chem. 2011,
4532-4535. 10.1002/ejoc.201100680.

Contribution

In the framework of this thesis, | developed the idea to perform this synthesis,
planned the experiments and performed approximately 50 % of the experimental
work including the initial total synthesis of the natural product hyrtinadine A. The re-
maining examples were prepared by Dipl.-Chem. Boris Tasch and he improved the
yield in the last step of the synthesis of hyrtinadine A. | contributed in parts to the writ-
ing of the first draft of the manuscript, to the compilation of the supporting informa-

tion, and was involved in discussions.

My contribution as a co-author of this paper is approximately 70 %.
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4 General Part — Outlook

4.1 Oxazol-2-ones

When the synthesis of 2,5-disubstituted 4-iodo pyrroles in analogy to the presented
one-pot three-component synthesis of 2-(hetero)aryl 4-iodo pyrroles was attempted,
unexpectedly 4,5-disubstituted oxazol-2-ones were obtained in moderate yields.[*°®!
Remarkably, no pyrrole byproducts could be detected, indicating a high selectivity of

this process (Scheme 125).

1) 2 mol % PACl(PPhs),, 4 mol % Cul 0
Me0—<: :>—< >
cl H AN

N-Boc H
= N
\
‘b (1.0 equiv) O Boc
R
NEts (1.0 equiv), THF, rt, 1h - R -

2) Nal (5.0 equiv)
PTSA x H,O (2.0 equiv)
BUOH, rt, 1h

MeO

OMe

R=H 69 %
R=0OMe 33%
R=Cl 60 %

in one-pot

Scheme 125. Unexpected selective formation of oxazol-2-ones.
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In one case, the structure was also confirmed by an X-ray structure analysis (Figure
21). The compound forms an unsymmetrical dimer via intermolecular H-bonding be-

tween the two conformers.

Figure 21. X-Ray structure analysis of 5-[2-(4-methoxyphenyl)-2-oxo-ethyl]-4-(4-
methoxyphenyl)-3H-oxazol-2-one (performed by Prof. Dr. Walter Frank).

This new synthesis of oxazolones via coupling — isomerization should be further in-
vestigated to unravel substitution effects leading to the selective formation of oxa-

zolones over pyrroles.
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4.2 Glyoxylation — cross-coupling sequences

The developed strategy based on the glyoxylation of electron rich heterocycles with
oxalyl chloride as a surrogate for carbon monoxide followed by metal-catalyzed cou-
pling reactions such as Sonogashira or Castro couplings has the potential to be fur-
ther developed in two directions: the one-pot synthesis of diverse heterocycles and

the implementation of further cross-coupling reactions as part of new sequences.

As an illustration, in 2010 we reported a new synthesis of ketones by a glyoxylation —
decarbonylative Stille coupling sequence as another example of decarbonylative re-

action of glyoxylyl chlorides proceeding in a one-pot fashion (Scheme 126).14%!

@) R2

TN
@ Glyoxylation- N AN 58-81 %
N | 7
N

Stille Coupling Sequence
7 examples

”i‘/
X

\

1
X=CH, N R
CH, 1) (COCI), (1.0 equiv)

THF,0°Ctort, 4 h or

or DME, 0 °C to 100 °C, 2 h R?
E\> . m 81-88 %
N 2) 5mol % PdCly(PPhs), N 0 4 examples
R’ R2—SnBuj (1.0 equiv) R’
or NEt; (2.0 equiv)
60 °C, 1-20 h or
B ./
\
B 57 %
N
\

R' = Me, Bn, PMB, (CH,),CN )
R? = Ph, 2-Th, 3-Th, 2-Py, Vinyl, C=C—Ph in one-pot

Scheme 126. Glyoxylation — Stille coupling sequence for the preparation of ke-
tones.

Further sequences based on the glyoxylation — cross-coupling strategy can be con-
ceived.
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4.3 5-Acyl pyrazoles

The disclosed access to ynediones via glyoxylation — Stephens-Castro alkynylation
opens numerous possibilities for designing one-pot syntheses of heterocycles that
are difficult to access in a conventional way. The best example is a novel strategy

toward a selective synthesis of 5-acyl pyrazoles discovered in the scope of this work
(Scheme 127).

Ph

1) (COCI), (1.0 equiv)

THF,0°Ctort, 4 h O
D
N N

\ 2) 5mol % Cul

—Ph (1.0 equiv)
NEt; (3.0 equiv) _ -
rt, 24 h

|
Z

3) H,N-NHBoc (1.0 equiv)
MeOH, 50 °C, 24 h

K,COs (2.5 equiv)

A

MeOH, rt, 1 h

Scheme 127. Selective formation of an indoloyl pyrazole using Boc hydrazine as a
key reagent.

After the ynedione was formed in the course of the glyoxylation — Stephens-Castro
coupling sequence, one equivalent of the Boc-protected hydrazine (tert-butyl carba-
zate) as an easy-to-handle, nontoxic, and safe reagent was added, furnishing the N-

Boc protected indoloyl pyrazole in a good yield. After a smooth deprotection, the in-
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doloyl pyrazole can be obtained in 61 % overall yield. No formation of the corre-
sponding indolyl pyridazinone was observed. In contrary, the reaction of the same
ynedione with hydrazine hydrate gave a statistical mixture of the acyl pyrazole (5-
membered ring) with the corresponding pyridazinone (6-membered ring) (Scheme
128).

Ph
/ / Ph
Q H,N-NH, x H,0 SNG4 W
7
O (1.0 equiv) N

N . \y H .\

N 2-methoxyethanol N

\ 120 °C, 19 h

38 % 36 %

Scheme 128. Mixture of indoloyl pyrazole and indolyl pyridazinone by reaction of

indolyl ynedione with hydrazine hydrate.

For the pyridazinone compound, an X-ray structure analysis confirmed the correct
structural assignment (Figure 22). Dotted lines indicate intermolecular H-bonding be-

tween the molecules.

Figure 22. X-Ray structure analysis of 3-(1-methyl-1H-indol-3-yl)-6-
phenylpyridazin-4(1H)-one (performed by Prof. Dr. Walter Frank).
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Since pyrazoles as metabolically stable compounds represent one of the most widely
used classes of 5-membered heterocycles in medicinal chemistry, this unprece-
dented strategy toward 3(5)-aryl-5(3)-aroyl pyrazoles,®® to which no preparatively
useful general synthetic approaches exist to date, may turn out to be very useful in
the synthesis of pharmaceutically important molecules. This strategy is now under

investigation.
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44 Camalexins

The developed Masuda borylation — Suzuki coupling sequence works efficiently for
the installation of 6-membered nitrogen heterocycles on (aza)indoles, pyrroles, and
some other heterocycles. However, the sequence is by far less efficient in the case of
5-membered heterocyclic halides. Nevertheless, camalexin, methoxycamalexin, and
5-methoxycamalexin could be prepared in moderate yields using the standard proce-
dure (Scheme 129).

1) 3 mol % Pd(PPhs), N/ﬁ
| NEt; (10 equiv), HBpin (1.5 equiv) \
=X 1,4-dioxane, 80 °C, 3 h =
A\ A\
R? N 2 S R? N
Boc ) N/ﬁs Cs,CO; (2.5 equiv) 4
Br>/ MeOH, 100 °C, 16-48 h
(1.0 equiv)
R' = R? = H: Camalexin 41 %
R' = H; R2 = OMe: Methoxycamalexin 46 %

R' = OMe; R? = H: 5-Methoxycamalexin 56 %

in one-pot

Scheme 129. Synthesis of camalexins by the developed Masuda borylation — Su-

zuki coupling sequence.

The prepared camalexins were tested on two cancer cell lines and on a broad panel
of kinases. Camalexin showed inhibition of the ovarian tumor cell line A2780 (ICsp =
3.6 uM) but inhibited none of the 103 kinases tested.

Prospective investigations could be focused on preparation of further analogs of
these natural products and other derivatives with 5-membered heterocyclic rings at

C-3 of indoles and related systems.
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Ynones are highly reactive Michael systems and can be
smoothly reacted with various mono- and binucleophiles in
addition and addition—-cyclocondensation processes. Conse-
quently, they have received considerable attention as valuable
building blocks in heterocycle!”! and natural-product® syn-
thesis. Ynediones contain a 1,2-dione motif and are even more
densely functionalized electrophiles, thus enabling a more
multifaceted transformation profile towards heterocycles.**
Despite their auspicious synthetic potential, ynediones have
remained scarcely explored owing to a lack of a general and
practical preparative access.’! Therefore, a direct, simple, and
efficient route to this class of compounds would be highly
desirable.

Aryl-substituted ynones can be easily prepared by stoi-
chiometric or catalytic acylation of organometallic reagents,
especially by Sonogashira coupling.*”) However, an essential
limitation of this methodology to date is the lack of an
efficient method for the preparation of ynones with N-
heterocyclic substituents.”) N-Heteroarenes are pervasive in
numerous natural products'” and in biologically active agents
in medicinal chemistry, and the quest for nitrogen-containing
building blocks is enormous. However, the often observed low
reactivity in cross-coupling reactions resulting from substrate
or product inhibition by coordination to transition metals!'!
has fostered the necessity to develop a convincing and robust
methodology for breaking this bottleneck. For instance,
pyridine or quinoline carboxylic acid chlorides, which are
highly interesting building blocks in medicinal chemistry, are
often not readily available and thus, their transformation to
ynones under modified Sonogashira coupling conditions!'?
was not considered to be practical. On the other hand, N-
heterocyclic carboxylic acids are the immediate precursors of
acid chlorides. Therefore, a one-pot access to ynones starting
directly from carboxylic acids could overcome the short-
comings of acid chloride preparation and isolation, and a
valuable, conceptually new synthetic tool for ynone prepara-
tion could evolve.
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Aromatic carboxylic acids have received considerable
attention as aryl-nucleophile precursors in metal-catalyzed
cross-couplings,™® which in most cases proceed under decar-
boxylation.'"* ! Cross-couplings of carboxylic acids using an
excess of anhydrides or carbonates for activation allow for the
carbonyl group to be maintained but result in the formation of
simple alkyl and aryl ketones."®

At the same time, the activation of carboxylic acids with
oxalyl chloride is a widespread, mild, and clean method for
the preparation of acid chlorides, which produces only
gaseous by-products (carbon monoxide, carbon dioxide, and
hydrogen chloride).!'”! Thus, an in situ conversion of carbox-
ylic acids to acid chlorides using oxalyl chloride followed by
alkyne coupling in a one-pot fashion can be considered as an
activation—alkynylation sequence to ynones and ynediones.
To our knowledge this straightforward alkynylation method-
ology is unprecedented to date.

Recently, we disclosed conceptually novel approaches to
ynones and ynediones initiated by glyoxylation of electron-
rich heteroaromatic & nucleophiles with oxalyl chloride and
subsequent alkyne coupling. The Pd/Cu-catalyzed decarbon-
ylative Sonogashira coupling gives rise to the formation of
ynones,”) whereas the Cu-catalyzed Stephens—Castro cou-
pling maintains both carbonyl groups and results in the
generation of ynediones (Scheme 1).1

Inspired by the alkynylation of in situ generated glyoxylyl
chlorides, we set out to design one-pot activation—alkynyla-
tion sequences that either start from a-keto carboxylic acids 1
and apply Castro conditions for the synthesis of ynediones 3
or from carboxylic acids 4 using Sonogashira conditions for
the generation of ynones 5 (Scheme 2), especially addressing
notoriously difficult transformations of N-heterocyclic car-
boxylic acids.

For the optimization of the activation-alkynylation
sequence phenylglyoxylic acid (1a) and phenylacetylene

Decarbonylative
Sonogashira
Coupling
[Pd%Cul']

0]

1

e | =

(COCl), o T ©
[CUI] R1

Stephens- A

Castro 0 R2
Coupling ynedione

Glyoxylation

R'-H

heteroaromatic
© nucleophile

glyoxylyl
chloride

Scheme 1. One-pot three-component glyoxylation—alkynylation synthe-
ses of ynones and ynediones.
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Scheme 2. Conceptual access to ynediones and ynones by sequential
activation—alkynylation.

(2a) were chosen as model substrates furnishing 1,4-diphe-
nylbut-3-yne-1,2-dione (3a; Table 1). Different ethereal sol-
vents were examined and parameters such as temperature,
reaction time, order of reagent addition, and amount of Cul
were modified (for experimental details and full optimization,
see the Supporting Information).

Table 1: Selected optimization trials for the synthesis of ynedione 3 a.
0 1.0 equiv (COCI), (0]

Ph solvent, additives, conditions pp,
OH \\
o then: [Cu]

) o Ph
1a 1.0 equiv =——Ph 2a 3a
NEt;, 24 h, RT

Entry First reaction step® Second reaction step Yield [96]"®

1 1.0 equiv NEt;, THF 5 mol% Cul, 2.0 equiv NEt; 39
2 THF 5 mol% Cul, 3.0 equiv NEt; 43
3 1,4-dioxane 5 mol % Cul, 3.0 equiv NEt; 65
4 1,4-dioxane/DMF? 5 mol% Cul, 3.0 equiv NEt; 51
5 1,4-dioxane 2 mol% Cul, 3.0 equiv NEt; 47
6 1,4-dioxane 10 mol % Cul, 3.0 equiv NEt; 64

[a] Reaction temperature: 50°C, reaction time: 4 h. [b] Yield of isolated
product on a 2.0 mmol scale. [c] Addition of 2 mol% N,N-dimethylfor-
mamide.

The addition of triethylamine in the first step for
deprotonation of the carboxylic acid in the chlorination step
or scavenging the generated hydrogen chloride is not
necessary (Table 1, entries 1 and 2). The most significant
increase of the yield of isolated product from 43 to 65 % was
observed upon changing the solvent from THF to 1,4-dioxane
(entry 3). It is known that 1,4-dioxane and oxalyl chloride
form oligomeric complex chains of alternating 1,4-dioxane
and oxalyl chloride molecules by coordination of the oxygen
atoms of 1,4-dioxane to the chlorine atoms of oxalyl
chloride." Presumably, the enhanced reactivity is caused by
an activation of the reagent by destabilization of the chlorine—
carbon bond of oxalyl chloride. We also attempted to exploit
the known catalytic effect of DMF on the chlorination with
oxalyl chloride by addition of 2 mol % of DMF; however, the
obtained yield was lower (entry 4). The variation of the Cul
loading in the alkynylation step from 2 to 10 mol % revealed
an optimum with 5 mol % of the catalyst (entries 3, 5, and 6).
These optimized conditions were successfully applied to one-
pot syntheses of several ynediones 3, which were obtained in
moderate to good yields (Scheme 3).1""
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1.0 equiv (COCI),
1,4-dioxane, 4 h, 50 °C

, ] ) R1
%OH then: 5 mol % Cul V\

1.0 equiv =—R? 2
1 3.0 equiv NEt;, RT, 24 h 3

3ax HRZ-Ph 65 %) d (Y=
3b (X = H, R? = TIPS, 63 %) 3e(Y=
3¢ (X = Me, R? = Ph, 43 %)

.61%)  3f(X=H, 34 %)
3g (X = Cl, 39 %)

Scheme 3.

One-pot synthesis of ynediones 3 by an activation-Stephens—Castro
alkynylation sequence. All reactions were carried out on a 2.00 mmol
scale [¢(1) =0.2 M] and yields refer to isolated and purified com-
pounds. [a] The potassium carboxylate was used as a substrate.
Ph = phenyl, TIPS =triisopropylsilyl, Me =methyl.

With this new and mild activation—Stephens—Castro
alkynylation sequence it was possible to prepare aryl (3a—
¢), heteroaryl (3d,e), and alkenyl ynediones (3f g)
moderate to good yields starting directly from a-keto
carboxylic acids 1 or their carboxylates. This novel, valuable
sequence convincingly complements the glyoxylation—Ste-
phen-Castro coupling sequence,!! because electron-neutral
and even sterically hindered substrates (see formation of 3¢)
can be transformed uneventfully.

Likewise, the one-pot in situ activation—alkynylation
scenario was transposed to carboxylic acids 4 in the presence
of 2mol% [PdCl,(PPh;),] and 4 mol% Cul as a catalyst
system, leading to the successful formation of ynones § in
moderate to excellent yields (Scheme 4)."”) Expectedly, the
reaction times under Sonogashira conditions are considerably
shorter, and complete conversion was achieved after only 1 h
at room temperature.

The activation—Sonogashira alkynylation sequence start-
ing from heterocyclic carboxylic acids and carboxylates 4
furnishes a broad variety of the corresponding ynones 5. Most
remarkably, Sonogashira coupling of commercially available
pyridine-3-carbonyl chloride hydrochloride (Merck KGaA)
to give ynone Sa under identical reaction conditions failed
completely, even if the reason for this strange observation is
yet unknown.

For sodium nicotinate (4a) it was demonstrated that the
variation of the alkyne 2 was feasible. Besides phenylacety-
lene, 1-hexyne, and TIPS-acetylene, also N-heterocyclic
alkynes can be efficiently coupled to yield highly functional-
ized building blocks (see formation of 5d,e). The example of
the ynone 5e shows that even the highly labile Boc protective
group on the 7-azaindolyl moiety is preserved.

Substituents in 2-, 5-, and 6- as well as in 2,6-positions of
the pyridine core are well tolerated (5 f-i and 51). Bromine in
3-position of pyridine (5g) remains untouched under these
gentle conditions, ready for addressing this ynone in further
functionalizations. It could also be shown that dinicotinic acid
can be activated and coupled to give a bis(ynone) (5j) in a
good yield. In addition to pyridine-containing carboxylic
acids, this method can be well applied to convert a whole

Angew. Chem. Int. Ed. 2011, 50, 1-6
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1.0 equiv =—R?2 2

3.0 equiv NEt;, RT, 1 h

T TP

5g (X = Br, 61 %)

5a (X = H, R? = Ph, 91 %)
5h (X = p-CgH4F, 82 %)
o}

5b (X = H, R? = nBu, 80 %)
5c (X = H, R? = TIPS, 97 %)@

5d (X = H, R? = 3-Py, 57 %) | N
5e (X = H, R? = N-Boc-7-azaindol-3-yl, 71 %) P Ph
5f (X = Cl, R2 = Ph, 62 %) MeO™ N
5i (41 %)

(o} (0] o (0]
X X
/K(j)\ | % N/j)\
/
Z4 A S
Ph P PR PR Ph
N X N

5k (X=H, 35 %)

5) (67 %) 51 (X = CI, 69 %) 5m (58 %)
o o
D [
N/ Ph
5n (83 %) bo (X H, 98 %) 5q (26 %)

5p (X = Ph, 88 %)

A w&Qﬁ&

N Ph
N
5r (37 %) 5s (40 %) 5t (62 %)
o
=
LT Ph [ Ph
N"ON
Et o)
5u (18 %) 5v (53 %)

Scheme 4.

One-pot synthesis of ynones 5 by an activation—Sonogashira alkynyla-
tion sequence. All reactions were carried out on a 2.00 mmol scale
[c(4) =0.2 M] and yields refer to isolated and purified compounds.

[a] The sodium carboxylate was used as a substrate. nBu=n-butyl,

Py = pyridyl, Boc = tert-butyloxycarbonyl.

variety of 6-membered N-heterocyclic carboxylic acids, such
as isonicotine, pyrimidine, quinoline, and cinnoline carboxylic
acid (see formation of 5k—q). Also azoles such as indole,
pyrazole, and indazole carboxylic acids can be successfully
carried through the sequence (see formation of Sr-t).

It is noteworthy that the indazole derivative 5t is
accessible neither by the carbonylative Sonogashira cou-
pling™ nor by the glyoxylation—-decarbonylative alkynylation
sequence.’! Therefore, it is quite remarkable that there is no
limitation with respect to the electronic nature of the
substrates. Electron-poor (5a-q) as well as electron-rich
(5r-t) ynones are accessible. Interestingly, the antimicrobial
nalidixic acid®! (4p) can also be functionalized (5u) as well as
a chromone carboxylic acid (4q) to give a chromenyl ynone

Angew. Chem. Int. Ed. 2011, 50, 1-6
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(5v), now opening access to heterocyclic derivatives of
flavones.

Both activation—alkynylation sequences for the prepara-
tion of ynediones 3 and ynones 5 are preparatively very
simple, mild, and straightforward to perform. In particular,
they open an entry to derivatives that are not accessible or
difficult or expensive to access with known methods. Carbox-
ylic acids are easily available, stable, and generally nontoxic
compounds. Moreover, oxalyl chloride is a liquid which can be
conveniently handled. Both sequences use simple standard
catalyst systems. Neither exotic ligands nor additives are
required, and the alkynylation steps proceed smoothly at
room temperature. Finally, all reactants and reagents are used
in strictly equimolar amounts without the need for excess
reagents.

As an illustration of the applicability of ynediones and
ynones as intermediates, one-pot three-component hetero-
cycle syntheses of N-Boc-5-acylpyrazoles 6 and 2-amino-
pyrimidines 8 were conceived. In a consecutive three-
component fashion the in situ generated ynediones 3 can be
selectively transformed to N-Boc-protected S-acylpyrazoles 6
with N-Boc-hydrazine. After deprotection, the 5-acylpyra-
zoles 7a—c are isolated as analytically pure products
(Scheme 5).

e} 1.0 equiv (COClI), @)
1 1,4-dioxane, 4 h, 50 °C )X%/ Ph
R \[HKOH R’ )
o) then: N-N
1a (R' = phenyl)or M0l % Cul, 1.0 equiv 2a z
| Phem Or 3 5 equiv NEt, RT, 24 h 6 (Z=Boc)
1b (R' = mesityl) or then: K.CO. MeOH
1= . ; e
1e (R =2-thienyl) 4 ¢ equiv BocHN-NH, 150 °C
2-methoxyethanol 7a-c (Z = H)

100°C, 24 h (41-54 % over 2 steps)

Scheme 5. One-pot three-component access to 5-acylpyrazoles 6.

Likewise, the cyclocondensation of o-tolyl guanidinium
nitrate with the in situ generated trimethylsilyl (TMS) ynones
concludes the one-pot three-component synthesis of 2-o-
tolylaminopyrimidines 8 (Scheme 6). 4-(3-Pyridyl)-2-o-toly-
laminopyrimidine (8a) is the pharmacophore of the block-
buster drugs imatinib (Gleevec)?!! and nilotinib (Tasigna),??
both acting as tyrosine kinase inhibitors in cancer chemo-
therapy. This new sequence allows the rapid assembly of the
phenylaminopyrimidine scaffold in a one-pot fashion using
simple and cheap starting materials, whereas other known
procedures take two or more steps and use more elaborate
precursors.’” Most remarkably, the analogue 8b possesses
two activated chlorine atoms that have remained untouched,
again emphasizing the high compatibility with other function-
alities and the mild reaction conditions of the presented
methodology.

In conclusion, we have developed new one-pot activation—
alkynylation sequences starting from a-keto carboxylic acids
or carboxylic acids as versatile and efficient approaches to
ynediones and N-heterocyclic ynones, respectively. The one-
pot three-component syntheses of 5-acylpyrazoles and 2-o-
tolylaminopyrimidines illustrate the implementation of this
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Scheme 6. One-pot three-component synthesis of 4-pyridyl-2-o-tolylaminopyrimidines 8. Tol =tolyl.

highly efficient methodology in multicomponent syntheses of
pharmaceutically important heterocycles. Further methodo-
logical studies are currently underway.

Experimental Section

3a: Phenylglyoxylic acid (1a, 306 mg, 2.00 mmol) in dry 1,4-dioxane
(10 mL) was placed under argon atmosphere in a screw-cap Schlenk
vessel with septum. Argon was passed through the solution for 5 min.
Then, oxalyl chloride (0.18 mL, 2.00 mmol) was added dropwise to
the reaction mixture at room temperature (water bath). The mixture
was stirred for 4 h at 50°C in a preheated oil bath and then cooled to
room temperature. Cul (20 mg, 0.10 mmol), phenylacetylene (2a,
0.23 mL, 2.00 mmol), and dry triethylamine (0.84 mL, 6.00 mmol)
were successively added to the mixture, and stirring at room
temperature was continued for 24 h. After complete conversion,
water (10mL) was added and the mixture was extracted with
dichloromethane. The combined organic layers were dried with
anhydrous sodium sulfate. After removal of the solvents in vacuum
the residue was adsorbed on Celite and purified by flash chromatog-
raphy onsilica gel (petroleum ether/ethyl acetate = 50:1; R;=0.14) to
give the analytically pure 1,4-diphenylbut-3-yne-1,2-dione (3a,
302 mg, 65%) as a yellow oil. 'HNMR (CDCl,;, 500 MHz): 6 =
7.39-7.43 (m, 2H), 7.48-7.56 (m, 3H), 7.63-7.70 (m, 3H), 8.07-
8.10 ppm (m, 2H); *C NMR (CDCl,, 125 MHz): 6 = 87.0 (Cyya), 99.1
(Cqua)> 119.1 (Cyyr), 128.7 (CH), 128.9 (CH), 130.5 (CH), 131.5 (Cypar)»
131.7 (CH), 133.6 (CH), 134.9 (CH), 178.5 (Cyuar)> 188.4 ppm (Cyua);
elemental analysis calcd (%) for C;¢H,;,0, (234.3): C 82.04, H 4.30;
found: C 82.13, H 4.31.

50: Quinoline-4-carboxylic acid (4k, 357 mg, 2.00 mmol) in dry
1,4-dioxane (10 mL) was placed under argon atmosphere in a screw-
cap Schlenk vessel with septum. Argon was passed through the
solution for 5 min. Then, oxalyl chloride (0.18 mL, 2.00 mmol) was
added dropwise to the reaction mixture at room temperature (water
bath). The mixture was stirred for 4 h at 50°C in a preheated oil bath
and was cooled to room temperature. [PdCl(PPh;s),] (28 mg,
0.04 mmol), Cul (15 mg, 0.08 mmol), phenylacetylene (2a, 0.23 mL,
2.00 mmol), and dry triethylamine (0.84 mL, 6.00 mmol) were suc-
cessively added to the mixture and stirring at room temperature was
continued for 1h. After complete conversion, water (10 mL) was
added, and the mixture was extracted with dichloromethane. The
combined organic layers were dried with anhydrous sodium sulfate.
After removal of the solvents in vacuum the residue was adsorbed on
Celite and purified by flash chromatography on silica gel (petroleum
ether/ethyl acetate =6:1, R;=0.22) to give the analytically pure 3-
phenyl-1-(quinolin-4-yl)prop-2-yn-1-one (50, 505 mg, 98 %) as a pale
brown solid. M.p. 93°C; 'H NMR (CDCl,;, 300 MHz): ¢ =7.38-7.56
(m, 3H), 7.65-7.76 (m, 3H), 7.76-7.85 (m, 1H), 8.16-8.28 (m, 2H),
8.93-9.02 (m, 1H), 9.12-9.19 ppm (m, 1H); *CNMR (CDCl,,
75 MHz): 6 =884 (Cyu), 94.1 (Cyua)s 119.9 (Cyua), 1243 (Cyua)s
124.4 (CH), 125.9 (CH), 129.1 (CH), 129.4 (CH), 130.3 (CH), 130.4
(CH), 131.6 (CH), 133.6 (CH), 139.9 (Cyua), 149.6 (Cyyar), 150.3 (CH),
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1793 ppm (Cg,); elemental analysis caled. (%) for CiH;NO
(257.3): C 84.03, H 4.31, N 5.44; found: C 83.86, H 4.40, N 5.51.
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1. General considerations -1-

1 General considerations

All cross coupling reactions were carried out in oven-dried Schlenk glassware using
septa and syringes under nitrogen or argon atmosphere. 1,4-Dioxane was dried
using MBraun system MB-SPS-800 and triethylamine was refluxed under argon over
ketyl sodium, distilled and stored in a Schlenk flask over potassium hydroxide pellets
under argon atmosphere.

Commercial grade reagents were used as supplied without further purification and
were purchased from ABCR GmBH & Co. KG, Acros Organics, Alfa Aesar
GmbH & Co. KG, Fluka AG, Maybridge, Merck KGaA, Darmstadt, and Sigma-Aldrich
Chemie GmbH.

The content of palladium (4 ug/g) in copper(l) iodide was determined in the laboratory
Elementaranalytik of Merck Serono, Darmstadt.

The purification of pyrazoles was performed on silica gel 60 M (0.04-0.063 mm) from
Fluka Analytical using flash technique and under pressure of 2 bar. The purification
of alkynediones and alkynones was performed on Biotage SP-1 system using
cartridges filled with ca. 340 g silica gel 60 (0.015-0.040 mm) from Merck KGaA,
Darmstadt. The crude mixtures were adsorbed on Celite® 545 (0.02-0.10 mm) from
Merck Serono, Darmstadt before chromatographic purification.

The reaction progress was monitored qualitatively using TLC Silica gel 60 Fys4
20 x 20 cm aluminium sheets obtained from Merck KGaA, Darmstadt. The spots
were detected with UV light at 254 nm and using aqueous potassium permanganate
solution.

'H-, 3C-, and 135-DEPT-"3C-NMR spectra were recorded on Bruker Advanced DRX
500, Bruker Advanced DRX 200 and Bruker AVIII-300. CDCI3; and DMSO-ds were
used as deuterated solvents. TMS was used as reference (6 = 0.0) or the resonances
of the solvents were locked as internal standards (CDCls: 'H & 7.26, '°C & 77.4;
DMSO-ds: 'H & 2.50, "*C § 39.5). The multiplicities of signals were abbreviated as
follows:

s: singlet; d: doublet; dd: doublet of doublets; dt: doublet of triplets; ddd: doublet of
doublets of doublets; t: triplet; tt: triplet of triplets; q: quartet; quin: quintet; sext:
sextet; m: multiplet and br: broad signal. The type of carbon atoms was determined
on the basis of 135-DEPT-NMR spectra. For the description of the *C-NMR spectra
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primary carbon atoms are abbreviated with CH3, secondary carbon atoms with CHy,
tertiary carbon atoms with CH and quaternary carbon atoms with Cqat.

El mass spectra were measured on Finnigan MAT 8200 spectrometer.

IR spectra were obtained on Bruker Vector 22 FT-IR, where the solids were
measured as potassium bromide pellets and oils as films on potassium bromide
plates or on Shimadzu IRAffinity-1 which works with the attenuated total reflection
(ATR) method. The intensity of signals is abbreviated as follows: s (strong),
m (medium) and w (weak).

The melting points (uncorrected) were measured on Reichert Thermovar.
Combustion analyses were carried out on Perkin EImer Series |l Analyser 2400 in the
micro analytical laboratory of Institut fur Pharmazeutische und Medizinische Chemie

der Heinrich-Heine-Universitat Dusseldorf.



2. Optimization studies

2 Optimization studies

For optimization of the activation-alkynylation sequence the following model reaction

has been chosen (Scheme 1).

Scheme 1. Model reaction for the optimization.

(0]
1a

Q _ o
Ph% 1.0 equiv. (COC), Ph%
OH Cl

0]

(0]
[Cu(N] o~ Ph
1.0 equiv.=—Ph %
2a o
base, 24 h, RT 3a

The reaction was carried out on a 2.00 mmol scale. The yields refer to the isolated

and pure product 3a. The optimization steps are summarized (Table 1).

Table 1. Optimization of the activation-alkynylation sequence.

1! Reaction step 2" Reaction step Yield
Entry ynedione
NEt; Solvent T t NEt; [Cul] 3a

1 1.0 equiv.®!| THF 0°C—RT |4h|20equivs. | 5mol% | 28%
2 [1.0equiv.’l THF 0°C—RT |4h|20equivs. | 5mol% | 23%
3 [1.0equiv’l THF |0°C—50°C|4h|20equivs. | 5mol% | 39%
4 - THF |0°C—>50°C|4h|3.0equivs. | 5mol% | 43 %
5 - THF |0°C > 50°C|4h|3.0equivs. |10 mol %| 27 %
6 - THF |0°C—>50°C|1h|3.0equivs. | 5mol% | 36 %
7 - THF |0°C — 50 °C| 4 h |3.0 equivs.[l 5 mol % n. i.
8 - 1,4- |RT—100°C|4h|3.0equivs. | 5mol% | 59 %

dioxane
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Table 1 (continuation).
1% Reaction step 2"? Reaction step Yield
Entry ynedione
NEt; Solvent T t NEt; [Cul] 3a
9 - DMF 0°C—>80°C|4h| 3.0equivs. | 5mol % 39 %
10 - diglymel® 0°C— |4h|3.0equivs. | 5mol % n.i.
120 °C
11 - 1,4-dioxane|RT — 100 °C| 4 h | 3.0 equivs. | 2 mol % 44 %
12 - 1,4-dioxane|RT — 100 °C| 1 h | 3.0 equivs. | 5 mol % 56 %
13 - 1,4-dioxane| RT - 50 °C | 4 h | 3.0 equivs. | 5mol % | 65 %
14 - 1,4-dioxane| RT — 50 °C | 4 h | 3.0 equivs. | 5 mol % 51 %
2 mol %
DMF
15 - 1,4-dioxane| RT — 50 °C | 2h | 3.0 equivs. | 5 mol % 59 %
16 - 1,4-dioxane RT 4 h | 3.0 equivs. | 5 mol % 56 %
17 - 1,4-dioxane RT 3 h | 3.0 equivs. | 5mol % 63 %
18 - 1,4-dioxane| RT — 50 °C | 4 h | 3.0 equivs. | 2 mol % 47 %
19 - 1,4-dioxane| RT — 50 °C | 4 h | 3.0 equivs. |10 mol % 64 %
20 1.0 1,4-dioxane| RT — 50 °C |4 h | 2.0 equivs. | 5 mol % 59 %
equiv.
21 - 1,4-dioxane| RT — 50 °C |24 h| 3.0 equivs. | 5 mol % 49 %

[a] Addition of oxalyl chloride, then addition of NEt;
[b] Addition of NEt;, then addition of oxalyl chloride
[c] Hiinig’s base (N,N-diisopropylethylamine) was used instead of NEt;

[d] 1-Methoxy-2-(2-methoxyethoxy)ethane

[e] On a 5.00 mmol scale, 61 % yield was optained

n. i.: not isolated




3. Preparation of ynediones 3 -5-

3 Preparation of ynediones 3

3.1 General procedure

R2

O O
1 2

O O O
- HOH 1)(COC, _ y ;S(C, 2>[C_u|1 e ;H/
3O
2.00 mmol of glyoxylic acid 1 in dry 1,4-dioxane (10 mL) were placed under argon
atmosphere in a screw-cap Schlenk vessel with septum and degassed with argon.
Then, oxalyl chloride (0.18 mL, 2.00 mmol, 1.00 equiv.) was added dropwise to the
reaction mixture at room temperature (water bath). The mixture was stirred for 4 h at
50 °C in a preheated oil bath and was allowed to come to room temperature. Cul
(20 mg, 0.10 mmol, 5 mol %), alkyne 2 (2.00 mmol, 1.00 equiv.) and dry triethylamine
(0.84 mL, 6.00 mmol, 3.00 equivs.) were successively added to the mixture and
stirring at room temperature was continued for 24 h. After complete conversion
(product monitored by TLC) water (10 mL) was added and the mixture was extracted
with dichloromethane (4 x 10 mL, monitored by TLC). The combined organic layers
were dried with anhydrous sodium sulfate and the desiccant was removed by
filtration. After removal of the solvents in vacuum the residue was adsorbed on
Celite® and purified chromatographically (Biotage SP-1 apparatus, 100 g SNAP
cartridge) on silica gel with petroleum ether (boiling range 40-60 °C)/ethyl acetate to

give ynediones 3.

The experimental details for the synthesis of ynediones 3 are given in Table 2.
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Table 2. Experimental details for the synthesis of ynediones 3.

Glyoxylic acid _ Chromatographic
Alkyne 2 Ynedione 3 o
Entry 1 . _ purification
(2.00 mmol) (isolated yield)
(2.00 mmol) R¢ (eluent)
1 Phenylglyoxylic Phenyl- O _ Ph PE/EtOAc = 50:1
acid acetylene 2a i Rr (PE/EtOAC =
(Merck) (Merck) 3 50:1)=0.14
a
1a 0.23 mL
302 mg
306 mg
(1.29 mmol)
65 %
2 1a Tiisopropylsilyl- O P TIPS PE/EtOAc = 100:1
306 mg acetylene 2b I R¢ (PE/EtOAC =
(Fluka) 100:1) = 0.19
3b
0.45 mL
396 mg
(1.26 mmol)
63 %
3  Mesiylglyoxylic 2a O = Ph PE/EtOAc = 50:1
acid (ABCR) 0.23 mL i R (PE/EtOAC =
1b 50:1) = 0.36
3c
388 mg
237 mg
(0.86 mmol)
43%

4 2-Thiophenyl 2a 0 > Ph PE/EtOAc = 50:1
glyoxylic acid 0.23 mL @/L(r)/ R (PE/EtOAC =
(Alpha Aesar) 3d 50:1) =0.15

Tc 293 mg
319 mg (1.22 mmol)

61 %
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Table 2 (continuation).

Glyoxylic acid . Chromatographic
Alkyne 2 Ynedione 3 o
Entry 1 . _ purification
(2.00 mmol) (isolated yield)
(2.00 mmol) Rr (eluent)

5 2-Furanyl 2a 0 _ Ph PE/EtOAc = 10:1

glyoxylic acid 0.23 mL \\o X Rr (PE/EtOAC =
(Sigma Aldrich) 3e 10:1) = 0.27
1d 244 mg
289 mg (1.09 mmol)
54 %

6 (E)-Benzylidene 2a O P Ph PE/EtOAc = 50:1
glyoxylic acid 0.23 mL o z Rr (PE/EtOAC =
potassium salt 3f 50:1)=0.14

1"
175 mg (0.67 mmol)
429 mg
34 %
7 (E)-p-Chloro- 2a O _ Ph - PE/EtOAc = 50:1
benzylidene 0.23 mL o i R¢ (PE/EtOAC =
glyoxylic acid 1f® cl 39 50:1) = 0.18
421 mg 228 mg (0.77 mmol)
39 %

[a] The potassium salt was prepared according to the literature procedure: C. Allais, T. Constantieux,
J. Rodriguez, Synthesis 2009, 15, 2523-2530. 2.00 equivs. of triethylamine in the 2™ reaction step
were used.

[b] The potassium salt was prepared according to the literature procedure: C. Allais, T. Constantieux,
J. Rodriguez, Synthesis 2009, 15, 2523-2530. The free acid was obtained after acidifying with
hydrochlorid acid..
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3.2 Spectroscopic data of compounds 3a-g
3.21 1,4-Diphenylbut-3-yne-1,2-dione (3a)

(0) Ph
F

@)

C16H1002
234.25

302 mg (1.29 mmol, 65 % yield) as a yellow oil. "H-NMR (CDCls, 500 MHz): § 7.33-
7.47 (m, 2 H), 7.47-7.59 (m, 3 H), 7.61-7.74 (m, 3 H), 8.00-8.21 (m, 2 H). "*C-NMR
(CDCl3, 125 MHz): 6 87.4 (Cquat), 99.5 (Cquat), 119.5 (Cquat), 129.1 (CH), 129.3 (CH),
130.9 (CH), 131.9 (Cquat), 132.1 (CH), 134.0 (CH), 135.3 (CH), 178.9 (Cquat), 188.8
(Cquat). ElI + MS (m/z (%)): 234 (M", 0.4), 206 ((M-CO)", 3), 178 ((M-C.0,)", 31), 129
(CoHsO*, 71), 106 (7), 105 (C7H50O", 100), 85 (11), 77 (CeHs", 38), 75 (11), 71 (15),
57 (13). IR (film): ¥ 3065 (w) cm™, 2927 (w), 2593 (w), 2361 (w), 2191 (s), 1656 (s),
1595 (m), 1489 (w), 1449 (m), 1249 (m), 1182 (w), 1108 (s), 1025 (w), 1000 (w), 924
(m), 816 (w), 778 (m), 759 (m), 738 (m), 685 (s), 611 (w), 538 (w). Anal. calcd. for
C16H1002 (234.3): C 82.04, H 4.30. Found: C 82.13, H 4.31.

Data reported in the literature: Y. C.-T. Chen, J.-Q. Kao, S. B. Salunke, Y.-H. Lin,
Org. Lett. 2011, 13, 26-29.

"H NMR (CDCls, 400 MHz): 5 7.41 (t, J = 7.74 Hz, 2 H), 7.46-7.55 (m, 3 H), 7.64-7.69
(m, 3 H), 8.08 (d, J = 7.74 Hz, 2 H). *C NMR (CDCls, 100 MHz): & 87.05, 99.14,
119.24, 128.73, 128.92, 130.50, 131.66, 133.63, 134.86, 178.53, 188.43. MS (EI,
70 eV): 234 (M, 27), 129 (44), 105 (100). R{EtOAc/hexanes = 1:15) = 0.37.
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3.2.2 1-Phenyl-4-[tris(propan-2-yl)silyl]but-3-yne-1,2-dione (3b)

0 Si'Pry
4

)

C19C2602Si
314.49

396 mg (1.26 mmol, 63 % yield) as a yellow oil. "H-NMR (CDCls, 300 MHz): & 1.06-
1.19 (m, 21 H), 7.44-7.54 (m, 2 H), 7.59-7.68 (m, 1 H), 7.98-8.06 (m, 2 H). *C-NMR
(CDCl3, 75 MHz): 6 11.2 (CH), 18.7 (CHj3), 102.8 (Cquat), 106.5 (Cquat), 129.1 (CH),
130.6 (CH), 131.8 (Cquat), 135.1 (CH), 178.4 (Cquat), 188.5 (Cquat). EI + MS (m/z (%)):
286 ((M-CO)*, 0.1), 258 ((M-C,02)", 0.4), 271 ((M-C3H7)", 3), 243 ((M-C3H7-CO)*, 3),
106 (8), 106 (7), 105 (C;HsO", 100), 77 (CeHs", 16). IR (ATR): ¥ 2945 (w) cm™, 2666
(w), 2145 (w),1665 (s), 1597 (w), 1462 (w), 1450 (w), 1385 (w), 1319 (w), 1279 (w),
1125 (s), 1072 (w),1018 (w), 999 (w), 916 (s), 881 (s), 812 (w), 756 (w), 733 (m), 681
(s), 662 (s). Anal. calcd. for CgH260,Si (314.5): C 72.56, H 8.33. Found: C 72.20,
H 8.62.
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3.2.3 4-Phenyl-1-(2,4,6-trimethylphenyl)but-3-yne-1,2-dione (3c)

(0) Ph
G

O

C19H1602
276.33

237 mg (0.86 mmol, 43 % yield) as a yellow oil. "H-NMR (CDCls, 500 MHz): & 2.26
(s, 6 H), 2.32 (s, 3 H), 6.91 (s, 2 H), 7.39-7.48 (m, 2 H), 7.50-7.58 (m, 1 H), 7.60-7.73
(m, 2 H). ®C-NMR (CDCls, 125 MHz): § 20.4 (CHs), 21.6 (CHs), 86.8 (Cquat), 99.8
(Cquat), 119.6 (Cquat), 129.1 (CH), 129.3 (CH), 132.0 (CH), 132.6 (Cquat), 134.1 (CH),
136.6 (Cquat), 141.4 (Cquat), 177.1 (Cquar), 194.8 (Cquar). El + MS (m/z (%)): 276 (M",
0.2), 220 ((M-C,02)*, 1), 148 (12), 147 (C1oH1O*, 100), 129 (CeHsO*, 6), 119
(CoH11*, 24), 57 (10). IR (film): ¥ 3299 (w) cm™!, 2923 (m), 2561 (w), 2181 (s), 1661
(s), 1610 (m), 1489 (m), 1444 (m), 1379 (m), 1295 (w), 1234 (w), 1101 (m), 1027 (m),
959 (m), 905 (s), 853 (m), 760 (m), 687 (m), 611 (m), 543 (m). Anal. calcd. for
C19H1602 (276.3): C 82.58, H 5.84. Found: C 82.60, H 5.98.
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3.24 4-Phenyl-1-(thiophen-2-yl)but-3-yne-1,2-dione (3d)

0] Ph
Z
\ S (0]
C14Hg0,S
240.28

293 mg (1.22 mmol, 61 % yield) as a yellow solid. Mp 84 °C. "H-NMR (CDCls,
500 MHz): 6 7.15-7.25 (m, 1 H), 7.35-7.46 (m, 2 H), 7.47-7.58 (m, 1 H), 7.62-7.75 (m,
2 H), 7.79-7.92 (m, 1 H), 8.13-8.25 (m, 1 H). ">*C-NMR (CDCls, 125 MHz): & 87.2
(Cquat), 99.6 (Cquat), 119.6 (Cquat), 129.1 (CH), 132.0 (CH), 134.1 (CH), 137.5 (Cquat),
137.9 (CH), 138.2 (CH), 176.5 (Cquat), 178.9 (Cquat). El + MS (m/z (%)): 240 (M", 2),
212 ((M-CO)*, 11), 184 ((M-C20,)", 31), 130 (10), 129 (CgHsO", 100), 111 (CsH30S",
97), 83 (C4H3S", 9), 75 (12). IR (KBr): ¥ 2181 (s) cm™, 1650 (s), 1592 (m), 1501 (m),
1487 (m), 1443 (w), 1405 (m), 1363 (m), 1298 (w), 1248 (m), 1111 (m), 1072 (w),
1040 (m), 909 (m), 858 (m), 763 (m), 732 (s), 684 (m), 624 (w), 567 (w), 540 (w).
Anal. calcd. for C14HgO2S (240.3): C 69.98, H 3.36. Found: C 69.79, H 3.34.
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3.2.5 1-(Furan-2-yl)-4-phenylbut-3-yne-1,2-dione (3e)

e Ph
Z
S
\ (0] (0]
C14HgO3

224.21

244 mg (1.09 mmol, 54 % yield) as a yellow solid. Mp 84 °C. "H-NMR (CDCls,
500 MHz): 5 6.59-6.69 (m, 1 H), 7.35-7.48 (m, 2 H), 7.49-7.54 (m, 1 H), 7.63-7.73 (m,
2 H), 7.74-7.78 (m, 1 H), 7.78-7.82 (m, 1 H). "*C-NMR (CDCls, 125 MHz): & 87.1
(Cquat), 99.5 (Cquat), 113.5 (CH), 119.6 (Cquar), 125.5 (CH), 129.1 (CH), 132.0 (CH),
134.1 (CH), 148.1 (Cquat), 150.0 (CH), 173.8 (Cquat), 175.9 (Cquat). EI + MS (m/z (%)):
224 (M7, 0.1), 196 ((M-CO)*, 7), 168 ((M-C202)", 15), 130 (10), 129 (CgHs0", 100), 95
(CsH302*, 15). IR (KBr): ¥ 3117 (m) cm™, 2191 (s), 1654 (s), 1596 (m), 1552 (m),
1489 (w), 1459 (s), 1367 (m), 1323 (m), 1272 (m), 1186 (w), 1129 (s), 1084 (m),
1030 (s), 999 (w), 950 (s), 892 (s), 757 (s), 685 (s), 591 (m), 538 (m), 515 (w). Anal.
calcd. for C14HgO3 (224.2): C 75.00, H 3.60. Found: C 74.82, H 3.68.
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3.2.6 (1E)-1,6-Diphenylhex-1-en-5-yne-3,4-dione (3f)

X

C18H1202
260.29

170 mg (0.65 mmol, 34 % vyield) as a yellow solid. Mp 104 °C. "H-NMR (CDCls3, 300
MHz): & 7.37-7.57 (m, 7 H), 7.63-7.75 (m, 4 H), 7.93 (d, J = 16.1 Hz, 1 H). *C-NMR
(CDCl3, 75 MHz): 8 87.0 (Cquat), 99.4 (Cquat), 118.2 (CH), 119.8 (Cquat), 129.1 (CH),
129.4 (CH), 131.9 (CH), 132.0 (CH), 134.1 (CH), 134.6 (Cquat), 148.9 (CH), 177.4
(Cquat), 184.8 (Cquat). El + MS (m/z (%)): 260 (M*, 2), 232 ((M-CO)", 2), 204 ((M-
C,0,)*, 3), 132 (10), 131 ((M-CoH50)", 100), 129 (CoHsO", 33), 103 (CgH;", 28), 77
(CeHs", 12). IR (KBr): ¥ 2200 (m) cm™, 1719 (w), 1701 (w), 1685 (m), 1654 (s), 1608
(s), 1572 (m), 1561 (m), 1544 (m), 1509 (w), 1490 (w), 1459 (w), 1440 (m), 1273 (w),
1180 (w), 1033 (m), 1011 (m), 993 (s), 736 (s), 681 (m), 566 (w), 540 (w). Anal.
calcd. for C1gH120, (260.3): C 83.06, H 4.65. Found: C 82.90, H 4.70.

Data reported in the literature: A. R. Katritzky, Z. Wang, H. Lang, D. Feng, J. Org.
Chem. 1997, 62, 4125-4130.

Obtained as yellow needles, yield 85%, mp 103-105 °C; '"H NMR §7.41-7.60 (m, 7
H), 7.62-7.82 (m, 4 H), 7.94 (d, 1 H, J 16.2 Hz); ®*C NMR & 86.6, 99.0, 118.0, 119.4,
128.7, 129.0, 131.5, 131.6, 133.7, 134.2, 148.5, 177.1, 184.5. Anal. Calcd. for
C1gH1202: C, 83.06; H, 4.65. Found: C, 83.20; H, 4.64.
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3.2.7 (1E)-1-(4-Chlorophenyl)-6-phenylhex-1-en-5-yne-3,4-dione (3g)

Cl
C1gH11CIO,
294.73

170 mg (0.65 mmol, 39 % vyield) as a yellow solid. Mp 144 °C. "H-NMR (CDCls,
300 MHz): & 7.34-7.55 (m, 6 H), 7.56-7.63 (m, 2 H), 7.66-7.73 (m, 2 H), 7.86 (d,
J =16.1 Hz, 1 H). ®*C-NMR (CDCls, 75 MHz): & 86.9 (Cquat), 99.7 (Cquat), 118.6 (CH),
119.7 (Cquat), 129.1 (CH), 129.8 (CH), 130.5 (CH), 132.0 (CH), 133.1 (Cquat), 134.1
(CH), 138.0 (Cquat), 147.2 (CH), 177.2 (Cquat), 184.6 (Cquat). EI + MS (m/z (%)): 296
(MC'Cl*, 1), 294 (M(**CI)*, 4), 265 ((M(**Cl)-CO-H)*, 5), 259 ((M-CI)*, 7), 167
((M(*"CI)-CoH50+2H)*, 33), 166 (9), 165 ((M(**Cl)-CgHsO+2H)*, 100), 139 (CgHg*'CI,
6), 137 (CgHs>°CI*, 19), 129 (CgHs0*, 77), 102 (CgHs", 17), 101 (18), 75 (13), 43 (24),
40 (10). IR (ATR): ¥ 2195 (m) cm™, 1682 (w), 1649 (w), 1630 (m), 1614 (m), 1595
(m), 1568 (m), 1489 (m), 1443 (w), 1368 (w), 1290 (m), 1209 (w), 1175 (m), 1146 (w),
1119 (w), 1026 (w), 1011 (m), 995 (w), 988 (w), 957 (m), 785 (m), 750 (s), 685 (s),
658 (w). Anal. calcd. for C1gH11CIO; (294.7): C 73.35, H 3.76. Found: C 73.36, H
3.81.



4. Preparation of heterocyclic ynones 5 -15-

4 Preparation of heterocyclic ynones 5

4.1 General procedure

j)]\ 1) (COCI) j\ 2) [Pd/Cu] 0
2 u
> 1 _— = 1
R1” ~OH R ~Cl — r2 R K
2 R?
4 5

2.00 mmol of carboxylic acid 4 in dry 1,4-dioxane (10 mL) were placed under argon
atmosphere in a dry screw-cap Schlenk vessel with septum and degassed with
argon. Then, oxalyl chloride (0.18 mL, 2.00 mmol, 1.00 equiv.) was added dropwise
to the reaction mixture at room temperature (water bath). The mixture was stirred for
4 h at 50 °C in a preheated oil bath and was allowed to come to room temperature.
PdCI»(PPhs), (28 mg, 0.04 mmol, 2 mol %), Cul (15 mg, 0.08 mmol, 4 mol %),
alkyne 2 (2.00 mmol, 1.00 equiv.), and dry triethylamine (0.84 mL, 6.00 mmol, 3.00
equivs.) were successively added to the mixture and stirring at room temperature
was continued for 1 h. After complete conversion (product monitored by TLC) water
(10 mL) was added and the mixture was extracted with dichloromethane (4 x 10 mL,
monitored by TLC). The combined organic layers were dried with anhydrous sodium
sulfate and the desiccant was removed by filtration. After removal of the solvents in
vacuum the residue was adsorbed on Celite® and purified chromatographically
(Biotage SP-1 apparatus, 100 g SNAP cartridge) on silica gel with petroleum ether
(boiling range 40-60 °C)/ethyl acetate to give ynones 5.

The experimental details for the synthesis of ynones 5 are given in Table 3.
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Table 3. Experimental details for the synthesis of ynones 5.

Carboxylic Chromatographic
Alkyne 2 Ynone 5
Entry acid 4 purification
(2.00 mmol) (isolated yield)
(2.00 mmol) Rr (eluent)
1 3-Pyridyl Phenylacetylene o PE/EtOAc = 3:1
carboxylic (Merck) | \/ N p, Rr (PE/EtOAC =
acid sodium 2a N 3:1) = 0.25
salt (ABCR) 0.23 mL >a
42! 377 mg
206 mg (1.82 mmol)
91 %
2 43! 1-Hexyne (Acros Q PE/EtOAc = 5:1
296 mg Organics) T R (PE/EtOAC =
2¢ N 5:1) = 0.33
0.24 mL Sb
299 mg
(1.60 mmol)
80 %
3 43" Ethynyltriiso- o PE/EtOAc = 15:1
296 mg propylsilane \/ \\\S/J\ R (PE/EtOAC =
(Fluka) N I 15:1) = 0.24
2b 5¢c
0.45 mL 558 mg
(1.94 mmol)
97 %
4 43" 3-Ethynylpyridine o PE/EtOAc = 1:1
296 mg (Sigma Aldrich) \/ N R¢ (PE/EtOAC =
2d N L 1:1) = 0.06
210 mg 5d
238 mg
(1.14 mmol)

57 %
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Table 3 (Continuation).

Carboxylic Chromatographic
Entry acid 4 Alkyne 2 Ynone 3 purification
(2.00 mmol) (isolated yield)
(2.00 mmol) Rr (eluent)
5 43" tert-Butyl 3- 0 PE/EtOAc= 1:1
296 mg ethynylpyrrolo[2,3- \/ X \/ / Rr (PE/EtOAC =
blpyridine-1- N . g\ 1:1) = 0.06
carboxylate™ o)/\ ©
2e 5e
485 mg 491 mg
(1.41 mmol)
71 %
6 2-Chloro- 2a 0 PE/EtOAc= 7:1
nicotinic 0.23 mL T Y o Ry (PE/EtOAC =
acid® N© 7:1)=0.16
4b S
315 mg 297 mg
(1.23 mmol)
62 %
7 5-Bromo- 2a 0 PE/EtOAc = 20:1
nicotinic 0.23 mL ” D o R (PE/EtOAC =
acid! N 20:1) = 0.16
4c 59
404 mg 349 mg
(1.22 mmol)

61 %
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Table 3 (Continuation).

Carboxylic Chromatographic
Alkyne 2 Ynone 5
Entry acid 4 purification
(2.00 mmol) (isolated yield)
(2.00 mmol) Rr (eluent)

8 5-(4-Fluoro- 2a PE/EtOAc = 4:1
phenyl)- 0.23 mL \G\O)\ Rf (PE/EtOAc =
nicotinic =0.25

acid®
4d 495 mg
434 mg (1.64 mmol)
82 %
9 6-Methoxy- 2a 0 PE/EtOAc = 25:1
nicotinic acid 0.23 mL m% Rr (PE/EtOAC =
N —
(Matrix o N 25:1) = 0.13
Scientific)
4e 197 mg
313 mg (0.83 mmol)
41 %

10 Dinicotinic 2a 0 O PE/EtOAc = 6:1
acid (Alfa 0.23 mL Ph/KEj)\Ph Rf (PE/EtOAC =
Aesar) N 6:1) = 0.30

4f
341 mg 449 mg
(1.34 mmol)
67 %
11 Isonicotinic 2a O PE/EtOAc = 2:1
acid (Sigma 0.23 mL I\@)J\Ph R (PE/EtOAC =
=
Aldrich) 2:1)=0.35
4 5k
g 143 mg
249 mg
(0.69 mmol)

35 %
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Table 3 (Continuation).

Carboxylic Alk ) v 5 Chromatographic
ne none
Entry acid 4 Y purification
(2.00 mmol) (isolated yield)
.00 mmo 7 (eluen
(2.00 ) Ry (eluent)
12 2,6-Dichloro- 2a 0 PE/EtOAc = 50:1
cl
isonicotinic 0.23 mL Nl : X o Rr (PE/EtOAC =
acid (ABCR) & 50:1) =0.19
4h 5
(1.37 mmol)
69 %
13  Pyrimidine-5- 2a O PE/EtOAc = 4:1
carboxylic 0.23 mL N'K = X o Rr (PE/EtOAC =
acid® N 4:1)=0.20
4i >m
248 mg 242 mg
(1.16 mmol)
58 %
14 Quinoline-3- 2a 0 PE/EtOAc = 6:1
carboxylic 0.23 mL 7 X o Re(PE/EtOAc=
acid (Alfa N 6:1) = 0.24
Aesar) Sn
4j 425 mg
353 mg (1.65 mmol)
83 %
15  Quinoline-4- 2a o] PE/EtOAc = 6:1
carboxylic 0.23 mL Y X R (PE/EtOAC =
N Ph
acid Z 6:1) = 0.22
(Maybridge) S0
ak 505 mg
357 mg (1.98 mmol)

98 %
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Table 3 (Continuation).

Carboxylic Chromatographic
Alkyne 2 Ynone 5
Entry acid 4 purification
(2.00 mmol) (isolated yield)
(2.00 mmol) Rr (eluent)
16 2-Phenyl- 2a 0 PE/EtOAc = 25:1
quinoline-4- 0.23 mL Xy Rr (PE/EtOAC =
N Ph
carboxylic 25:1)=0.20
acid® i
Sp
4]
584 mg
499 m
g (1.75 mmol)
88 %
17  Cinnoline-4- 2a o] PE/EtOAc = 4:1
carboxylic 0.23 mL X Rr (PE/EtOAC =
N Ph
acid (Sigma N 4:1) =0.21
Aldrich) 59
4m 134 mg
359 mg (0.52 mmol)
26 %
18 1- 2a 0 PE/EtOAc = 30:1
Methylindole- 0.23 mL \N X o R (PE/EtOAC =
2-carboxylic h 30:1) =0.19
acid (Acros Sr
Organics) 190 mg
4n (0.73 mmol)
350 mg 37 %
19 2-Methyl- 2a 0 PE/EtOAc = 20:1
pyrazole-3- 0.23 mL W\Ph R¢ (PE/EtOAC =
N-
carboxylic h 20:1) = 0.09
5s
acid (ABCR)
168 mg
40
(0.80 mmol)
363 mg

40 %
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Table 3 (Continuation).

Carboxylic Chromatographic
Entry acid 4 Alkyne 2 Ynone 3 purification
(2.00 mmol) (isolated yield)
(2.00 mmol) Rt (eluent)
20 1-Methyl- 2a 0 PE/EtOAc = 5:1
indazole-3- 0.23 mL N,‘\I A o R (PE/EtOAC =
carboxylic / 5:1)=0.18
acid (Alfa St
Aesar) 325 mg
4p (1.25 mmol)
363 mg 62 %
21 Nalidixic acid 2a o 0 PE/EtOAC = 3:1
(Sigma 0.23 mL \/ [ I x, Re(PE/EtOAC=
Aldrich) N “L 3:1) = 0.07
4q Su
464 mg 117 mg
(0.37 mmol)
18 %
22 4-Oxo- 2a 0 PE/EtOAc = 6:1
chromene-2- 0.23 mL 7 R o Rr (PE/EtOAcC =
carboxylic S 6:1)=0.22
acid (Acros 5v
Organics) 470 mg
4r (1.06 mmol)
392 mg 53%

[a] 2.00 equivs. of triethylamine in the 2™ reaction step

[b] The alkyne 2e was prepared by Sonogashira coupling of tert-butyl 3-iodopyrrolo[2,3-b]pyridine-1-
carboxylate with trimethylsilylacetylene. The trimethylsilyl group was removed by adding tetra-n-
butylammonium fluoride solution (1 M in THF, Aldrich).

[c] The carboxylic acid was prepared in the laboratories of Merck Serono KGaA, Darmstadt.

[d] Differing from the general procedure 0.36 mL (4.00 mmol, 2.00 equivs.) of (COCI),, 56 mg
PdClI,(PPh3), (0.08 mmol, 4 mol %), 30 mg Cul (0.16 mmol, 8 mol %), 0.46 mL (4.00 mmol, 2.00

equivs.) of phenylacetylene 2a, and 1.65 mL (12.0 mmol, 6.00 equivs.) of triethylamine were used.



4. Preparation of heterocyclic ynones 5 -22-

4.2 Spectroscopic data of compounds 5a-u

421 3-Phenyl-1-(pyridin-3-yl)prop-2-yn-1-one (5a)

AN
| X
s Ph
N
C14H9NO
207.23

377 mg (1.82 mmol, 91 % vyield) as a pale brown solid. Mp 73 °C. 'H-NMR (CDCls,
300 MHz): 5 7.40-7.60 (m, 4 H), 7.65-7.74 (m, 2 H), 8.34-8.48 (m, 1 H), 8.80-8.88 (m,
1 H), 9.40-9.47 (m, 1 H). ">C-NMR (CDCl3, 75 MHz): 5 86.6 (Cquat), 95.1 (Cquat), 119.9
(Cquat), 123.9 (CH), 129.1 (CH), 131.6 (CH), 132.5 (Cquat), 133.6 (CH), 136.6 (CH),
151.7 (CH), 154.5 (CH), 176.7 (Cquat). El + MS (m/z (%)): 208 ((M+H)*, 7), 207 (M",
46), 206 (12), 179 ((M-CO)", 29), 178 ((M-CO-H)", 14), 130 (10), 129 (CgHs0O", 100),
101 (CgHs", 8), 75 (12). IR (KBr): ¥ 3063 (w) cm™, (w), 2200 (s), 1650 (s), 1584 (s),
1488 (m), 1443 (m), 1421 (s), 1328 (s), 1304 (s), 1215 (s), 1193 (m), 1156 (w), 1115
(m), 1080 (w), 1044 (s), 1030 (m), 1014 (m), 995 (s), 918 (w), 838 (w), 820 (w), 756
(s), 719 (s), 694 (m), 684 (s), 636 (m), 616 (m), 533 (m). Anal. calcd. for C14HgNO
(207.2): C 81.14, H 4.38, N 6.76. Found: C 80.94, H 4.53, N 6.59.

Data reported in the literature: J. P. Waldo, R. C. Larock, J. Org. Chem. 2007, 72,
9643-9647.

Mp 73-75 °C. 'H-NMR (CDCls, 400 MHz) & 7.42-7.54 (m, 4 H), 7.69-7.71 (dd, J = 8.2,
1.4 Hz, 2 H), 8.42-8.45 (m, 1 H), 8.84-8.86 (dd, J = 4.8, 1.6 Hz, 1 H), 9.45 (t, J = 0.8,
1 H). ®*C-NMR 5 86.4, 94.8, 119.6, 123.7, 128.9, 131.4, 132.3, 133.4, 136.3, 151.5,
154.3, 176.5. HRMS Calcd. for C14HsNO: 207.0684; Found: 207.0689.
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42.2 1-(Pyridin-3-yl)hept-2-yn-1-one (5b)

AN
| X
— "Bu
N
C12H13NO
187.24

274 mg (1.46 mmol, 73 % vyield) as an orange oil. '"H-NMR (CDCls;, 500 MHz): & 0.93
(t, J=7.3 Hz, 3 H), 1.47 (sext, J = 7.6 Hz, 2 H), 1.64 (quin, J = 7.3 Hz, 2 H), 2.50
(t, J=7.3 Hz, 2 H), 7.40 (ddd, J = 8.2 Hz, J = 5.0 Hz, J = 0.5 Hz, 1 H), 8.31 (dt,
J=79Hz, J=19Hz, 1 H), 877 (dd, J =4.7 Hz, J =16 Hz, 1 H), 9.30 (d, J =
1.6 Hz, 1 H). *C-NMR (CDCls, 125 MHz): & 13.8 (CHs), 19.2 (CH,), 22.4 (CH), 30.0
(CHz), 79.5 (Cquat), 99.0 (Cquat), 123.7 (CH), 132.5 (Cquat), 136.5 (CH), 151.8 (CH),
154.3 (CH), 176.9 (Cquat). EI + MS (m/z (%)): 187 (M", 5), 186 (20), 172 ((M-CHs)",
10), 159 ((M-CO)", 23), 158 ((M-CO-H)*, 49), 146 (29), 145 ((M-CO-CH3+H)*, 100),
144 ((M-CO-CHa3)*, 14), 131 (14), 130 ((M-CO-CzHs)*, 22), 117 (18), 116 ((M-CO-
CsH7)", 9), 109 ((M-CsH4N)*, 42), 106 (62), 90 (10), 89 (11), 79 (CsHsN*, 50), 78
(CsH4N*, 40), 77 (11), 53 (16), 51 (19), 43 (10), 41 (13). IR (ATR): ¥ 2959 (w) cm™,
2934 (w), 2872 (w), 2251 (w), 2203 (m), 1645 (s), 1584 (s), 1572 (w), 1464 (w), 1416
(m), 1327 (w), 1267 (s), 1234 (w), 1194 (w), 1125 (w), 1084 (w), 1024 (w), 984 (w),
961 (w), 910 (m), 845 (w), 826 (w), 721 (s), 698 (m), 625 (w). Anal. calcd. for
C12H43NO (187.2): C 76.98, H 7.00, N 7.48. Found: C 77.15,H 7.18, N 7.18.
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4.2.3 1-(Pyridin-3-yl)-3-[tris(propan-2-yl)silyl]prop-2-yn-1-one (5c)

X
| X
7 SiPPry
N
C17H25NOSi
287.47

558 mg (1.94 mmol, 97 % yield) as a colorless oil. '"H-NMR (CDCls, 500 MHz):
3 1.11-1.22 (m, 21 H), 7.36-7.50 (m, 1 H), 8.36 (dt, J = 8.0 Hz, J = 2.0 Hz, 1 H), 8.80
(dd, J = 4.8 Hz, J = 1.7 Hz, 1 H), 9.32-9.44 (m, 1 H). *C-NMR (CDCls, 125 MHz):
011.4 (CH), 18.9 (CHs), 100.5 (Cquat), 102.5 (Cquat), 123.8 (CH), 132.4 (Cquat), 136.5
(CH), 151.7 (CH), 154.4 (CH), 176.2 (Cquat). El + MS (m/z (%)): 287 (M*, 2), 245
(21), 244 ((M-C3H7)*, 100), 217 (9), 216 ((M-CO-C3H7)", 45), 202 ((M-CeH13)", 17),
189 (13), 188 (77), 173 ((M-CO-CgH13)", 23), 160 ((M-CgH1o)*, 13), 158 (11), 156
(11), 142 (10), 130 (M-Si(C3H7)3)", 9), 106 (24), 78 (CsHsN", 21), 75 (11). IR (ATR): ¥
2943 (w) cm™, 2866 (w), 2149 (w), 1647 (s), 1584 (m), 1460 (w), 1418 (m), 1248 (s),
1192 (w), 1107 (w), 1076 (w), 1051 (s), 1009 (s), 920 (w), 881 (m), 824 (w), 785 (m),
715 (s), 677 (s), 660 (s), 602 (s). Anal. calcd. for C47H2sNOSi (287.5): C 71.03, H
8.77, N 4.87. Found: C 70.94, H 8.53, N 4.73.
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4.2.4 Bis(pyridin-3-yl)prop-2-yn-1-one (5d)

@)

N X
NN
N |

~
N
C13HgN>O
208.22

238 mg (1.14 mmol, 57 % vyield) as a pale brown solid. Mp 131 °C. "H-NMR (CDCls,
300 MHz): 6 7.35-7.42 (m, 1 H), 7.44-7.50 (m, 1 H), 7.96 (dt, J = 7.9 Hz, J = 1.9 Hz,
1 H), 8.40 (dt, J = 8.0 Hz, J = 2.0 Hz, 1 H), 8.70 (dd, J = 4.9 Hz, J = 1.7 Hz, 1 H),
8.84 (dd, J = 4.8 Hz, J = 1.7 Hz, 1 H), 8.87-8.93 (m, 1 H), 9.34-9.45 (m, 1 H). "*C-
NMR (CDCls, 75 MHz): 6 89.0 (Cquat), 90.8 (Cquat), 117.3 (Cquat), 123.7 (CH), 124.0
(CH), 132.2 (Cquat), 136.6 (CH), 140.4 (CH), 151.5 (CH), 151.8 (CH), 153.8 (CH),
154.9 (CH), 176.3 (Cquat). El + MS (m/z (%)): 208 (M*, 65), 207 (19), 180 ((M-CO)",
33), 179 (22), 131 (9), 130 ((M-CsH4N)", 100), 102 (17), 77 (14), 75 (13), 74 (10), 51
(11). IR (ATR): ¥ 2203 (m) cm™, 1641 (s), 1582 (s), 1479 (m), 1422 (w), 1410 (m),
1329 (m), 1302 (s), 1323 (m), 1192 (m), 1121 (m), 1080 (w), 1047 (w), 1026 (m),
1007 (s), 826 (w), 802 (m), 719 (s), 694 (s), 642 (m). Anal. calcd. for Cy3HgN2O
(208.2): C 74.99, H 3.87, N 13.45. Found: C 74.97, H4.12, N 13.27.



4. Preparation of heterocyclic ynones 5 -26-

4.2.5 tert-Butyl 3-[3-ox0-3-(pyridin-3-yl)prop-1-yn-1-yl]-1H-pyrrolo[2,3-b]-pyri-
dine-1-carboxylate (5e)

C20H17N303
347.37

491 mg (1.41 mmol, 71 % vyield) as a pale brown solid. Mp 148 °C. "H-NMR (CDCls,
300 MHz): 6 1.69 (s, 9 H), 7.35(dd, J=7.8 Hz, J=4.8 Hz, 1 H), 7.49 (dd, J = 7.9 Hz,
J=48Hz, 1 H), 813 (dd, J = 7.8 Hz, J = 1.5 Hz, 1 H), 8.19 (s, 1 H), 8.43 (dt,
J=80Hz, J=19 Hz, 1 H), 861 (dd, J = 4.8 Hz, J = 1.6 Hz, 1 H), 8.85 (dd,
J=48Hz, J=1.6Hz, 1H), 9.39-9.58 (m, 1 H). "*C-NMR (CDCls, 75 MHz): & 28.4
(CH3), 86.2 (Cquat), 87.7 (Cquat), 91.1 (Cquat), 97.9 (Cquat), 120.1 (CH), 122.9 (Cquat),
124.0 (CH), 129.1 (CH), 132.5 (CH), 134.6 (CH), 136.4 (Cquat), 147.0 (Cquat), 147.3
(CH), 147.9 (Cquat), 151.8 (CH), 154.6 (CH), 176.2 (Cquat). El + MS (m/z (%)): 347
(M*, 2), 248 (17), 247 ((M-CsHgO2+H)*, 100), 246 ((M-CsHgO2)", 67), 219
((M-CsHgO2-CO)*, 52), 218 (19), 19 (12), 191 (10), 170 (11), 169 ((M-CsHgO>-
CsH4N)*, 99), 164 (13), 141 (44), 114 (30), 110 (11), 88 (10), 87 (15), 78 (CsH4N",
12), 57 (C4Hq", 66), 56 (15), 51 (10), 44 (14), 41 (26), 39 (12). IR (ATR): ¥ 2195 (m)
cm™, 1765 (s), 1634 (s), 1584 (w), 1541 (m), 1477 (w), 1412 (m), 1365 (m), 1333 (m),
1296 (s), 1246 (s), 1233 (m), 1182 (m), 1148 (s), 1140 (s), 1096 (m), 1057 (m), 1034
(m), 980 (m), 854 (w), 775 (s), 748 (w), 719 (s), 696 (m), 646 (s), 629 (m), 617 (m).
Anal. calcd. for CyH17N3O3 (347.4): C 69.15, H 4.93, N 12.10. Found: C 69.01,
H5.14, N 12.14.
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4.2.6 1-(2-Chloropyridin-3-yl)-3-phenylprop-2-yn-1-one (5f)

X
| X
7 Ph
N Cl
C14HsCINO

241.67

297 mg (1.23 mmol, 62 % vyield) as a pale brown solid. Mp 72 °C. '"H-NMR (CDCls,
300 MHz): §7.37-7.46 (m, 3 H), 7.47-7.55 (m, 1 H), 7.61-7.70 (m, 2 H), 8.34 (dd, J =
7.1 Hz, J = 2.0 Hz, 1 H), 8.56 (dd, J = 4.8 Hz, J = 2.0 Hz, 1 H). *C-NMR (CDCls,
75 MHz): & 88.3 (Cquat), 96.1 (Cquat), 120.0 (Cquat), 122.8 (CH), 129.2 (CH), 131.7
(CH), 133.0 (Cquat), 133.6 (CH), 141.1 (CH), 149.9 (Cquat), 152.7 (CH), 175.9 (Cquat).
El + MS (m/z (%)): 243 (M(}'Cl))*, 7), 241 (M(°CI))*, 21), 215 (M(*’CI)-CO)*, 6),
213 ((M(**CI)-CO)*, 17), 178 ((M-CO-CI)*, 6), 130 (10), 129 (CgHsO*, 100), 75 (11).
IR (ATR): ¥ 2195 (m) cm™, 1634 (s), 1572 (m), 1489 (w), 1443 (w), 1400 (m), 1312
(m), 1260 (w), 1088 (s), 1065 (m), 1028 (w), 1015 (m), 995 (m), 822 (m), 750 (s), 710
(m), 681 (s), 658 (m), 627 (m), 619 (m). Anal. calcd. for C14HsCINO (241.7): C 69.58,
H 3.34, N 5.80. Found: C 69.33, H 3.55, N 5.54.
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Data reported in the literature: F. C. Fuchs, G. A. Eller, W. Holzer, Molecules 2009,
14, 3815-3832.

Yellowish-brown crystals, mp 69-71 °C (MeOH); 'H-NMR (500 MHz, CDCls): & 8.56
(dd, 3J(H5,H6) = 4.7 Hz, *J = 1.9 Hz, 1H, H-6), 8.34 (dd, *J = 7.7 Hz, *J = 1.9 Hz, 1H,
H-4), 7.65 (m, 2H, Ph H-2,6), 7.51 (m, 1H, Ph H-4), 7.42 (m, 3H, H-5, Ph H-3,5);
BC-NMR (125 MHz, CDCls): § 175.5 (C=0, >J(CO,H4) = 5.3 Hz), 152.3 (C-6,
'J(C6,H6) = 183.7 Hz, 2J(C6,H5) = 3.8 Hz, >J(C6,H4) = 8.2 Hz), 149.5 (C-2,
3J(C2,H4) = 8.8 Hz, 3J(C2,H6) = 13.8 Hz, *J(C2,H5) = 1.5Hz), 140.7 (C-4, 'J(C4,H4)
= 166.2 Hz, 2J(C4,H5) = 1.9 Hz, ®J(C4,H6) = 6.7 Hz), 132.6 (C-3), 133.2 (Ph C-2,6),
131.3 (Ph C-4), 128.8 (Ph C-3,5), 122.4 (C-5, 'J(C5,H5) = 168.2 Hz, 2J(C5,H6) = 8.2
Hz), 119.5 (Ph C-1, *J(Ph C1,Ph H3,5) = 8.6 Hz, “*J(Ph C1,Ph H4) = 1.4 Hz), 95.7
(COC=C, *J(C,Ph H2,6) = 5.3 Hz), 87.9 (COC=C); "°N-NMR (50 MHz): 5§ -70.3 (N-1);
IR: 2199 (C=C), 1636 (C=0) cm™'; MS m/z (%): 243/241 (M*, 6/15), 215/213
(IM - C=0]", 6/21), 129 ([COC=CCgHs]", 100), 101 ([C=CCgHs]*, 13). Calcd. for
C14HsCINO: C, 69.58; H, 3.34; N, 5.80. Found: C, 69.59; H, 3.16; N, 5.67.
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4.2.7 1-(5-Bromopyridin-3-yl)-3-phenylprop-2-yn-1-one (5g)

Br.
X
| N
/
N
C14HgBI'NO
286.12

Ph

349 mg (1.22 mmol, 61 % yield) as a pale brown solid. Mp 127 °C. "H-NMR (CDCls,
300 MHz): & 7.31-7.58 (m, 3 H), 7.59-7.86 (m, 2 H), 8.53 (t, J = 2.1 Hz, 1 H), 8.89 (d,
J=2.3Hz, 1H),9.33(d,J=18Hz 1H). ®C-NMR (CDCls, 75 MHz):  86.4 (Cquat),
96.0 (Cquat), 119.6 (Cquat), 121.5 (Cquat), 129.2 (CH), 131.9 (CH), 133.7 (CH), 138.9
(CH), 149.6 (CH), 155.6 (CH), 175.3 (Cquat). El + MS (m/z (%)): 287 (M(®'Br)*, 40),
286 (11), 285 (M("®Br)*, 40), 259 ((M(®'Br)-CO)*, 16), 257 ((M("°Br)-CO)*, 15), 206
((M-Br)*, 3), 130 (10), 129 (CgHs0*, 100), 101 (CgHs", 6), 77 (CsHs", 3), 75 (11). IR
(ATR): ¥ 2201 (m) cm™, 1628 (m), 1570 (w), 1489 (w), 1416 (m), 1290 (m), 1213 (m),
1153 (m), 1140 (w), 1092 (w), 1040 (m), 1013 (m), 964 (w), 928 (w), 905 (w), 839
(m), 764 (s), 739 (s), 685 (s), 660 (m), 619 (m). Anal. calcd. for C14HgBrNO (286.1): C
58.77, H 2.82, N 4.90. Found: C 58.99, H 2.95, N 4.69.
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4.2.8 1-[5-(4-Fluorophenyl)pyridin-3-yl]-3-phenylprop-2-yn-1-one (5h)

| X
~
N
Con12FNO

301.31

Ph

495 mg (1.64 mmol, 82 % vyield) as a bright yellow solid. Mp 136 °C. 'H-NMR (CDCls,
300 MHz): 6 7.21-7.34 (m, 2 H), 7.45-7.61 (m, 3 H), 7.62-7.71 (m, 2 H), 7.72-7.84 (m,
2 H), 859 (t, J = 2.1 Hz, 1 H), 9.03-9.12 (m, 1 H), 9.42-9.50 (m, 1 H). "*C-NMR
(CDCl3, 75 MHz): 6 86.8 (Cquat), 95.4 (Cquat), 116.8 (d, J = 21.8 Hz, CH), 119.8 (Cquat),
129.2 (CH), 129.4 (d, J = 8.3 Hz, CH), 131.7 (CH), 132.6 (Cquat), 133.0 (d, J = 3.3 Hz,
Cquat), 133.7 (CH), 134.2 (CH), 136.2 (Cquat), 150.5 (CH), 152.8 (CH), 163.7 (d, J =
249.1 Hz, Cquat), 176.6 (Cquat). EI + MS (m/z (%)): 302 (11), 301 (M", 52), 300
(6), 273 ((M-CO)", 26), 272 (10), 130 (10), 129 (CgHsO", 100), 75 (8). IR (ATR):
¥ 2197 (m) cm™, 1638 (m), 1605 (w), 1585 (w), 1566 (W), 1512 (m), 1489 (w), 1445
(m), 1431 (m), 1329 (w), 1308 (m), 1271 (m), 1225 (m), 1198 (m), 1155 (m), 1099
(w), 1072 (m), 1018 (m), 995 (m), 860 (w), 833 (s), 812 (m), 758 (s), 745 (s), 702 (m),
685 (s), 673 (m), 617 (m). Anal. calcd. for CyoH12FNO (301.3): C 79.72, H 4.01,
N 4.65. Found: C 79.51, H 3.92, N 4.59.
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4.2.9 1-(6-Methoxypyridin-3-yl)-3-phenylprop-2-yn-1-one (5i)

O

| X
~ = Ph
C15H11NO2
237.25

197 mg (0.83 mmol, 41 % vyield) as a colorless solid. Mp 86 °C. 'H-NMR (CDCls,
300 MHz): 64.04 (s, 3 H), 6.83 (d, J=8.7 Hz, 1 H), 7.36-7.54 (m, 3 H), 7.63-7.72 (m,
2 H), 8.29 (dd, J = 8.7 Hz, J = 2.4 Hz, 1 H), 9.09 (d, J = 2.3 Hz, 1 H). *C-NMR
(CDCl3, 75 MHz): ¢ 54.6 (CHz3), 86.7 (Cquat), 93.6 (Cquat), 111.7 (CH), 120.3 (Cquat),
127.5 (Cquat), 129.1 (CH), 131.3 (CH), 133.5 (CH), 138.8 (CH), 152.1 (CH), 167.8
(Cquat), 175.8 (Cquat). El + MS (m/z (%)): 238 (16), 237 (M", 100), 236 (76), 209 (10),
208 ((M-CO)*, 39), 207 (14), 180 (23), 178 ((M-CsHsN+H)", 10), 139 (14), 130 (7),
129 (CgHs0*, 68), 75 (13). IR (ATR): ¥ 2195 (s) cm™, 1632 (s), 1597 (s), 1560 (m),
1495 (m), 1375 (s), 1300 (m), 1285 (s), 1213 (m), 1117 (m), 1032 (m), 1022 (m),
1007 (s), 993 (m), 939 (w), 912 (w), 833 (s), 787 (w), 772 (s), 750 (s), 706 (m), 679
(s), 625 (m), 615 (s). Anal. calcd. for C4sH11NO, (237.3): C 75.94, H 4.67,
N 5.90. Found: C 76.00, H 4.83, N 5.81.
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4.2.10 3-Phenyl-1-[5-(3-phenylprop-2-ynoyl)pyridin-3-yl]prop-2-yn-1-one (5j)

C23H13NO,
335.35

449 mg (1.34 mmol, 67 % vyield) as a yellow solid. Mp 153 °C. "H-NMR (CDCls,
500 MHz): 6 7.35 (tt, J = 7.5 Hz, J = 1.1 Hz, 2 H), 7.39-7.44 (m, 4 H), 7.68-7.72 (m,
4 H), 9.16 (t, J = 2.1 Hz, 1 H), 9.60 (d, J = 2.1 Hz, 2 H). "*C-NMR (CDCls3, 125 MHz):
3 86.5 (Cquat), 96.2 (Cquat), 119.6 (Cquat), 129.2 (CH), 131.9 (CH), 132.4 (Cquat), 133.7
(CH), 137.4 (CH), 155.0 (CH), 175.6 (Cquat). El + MS (m/z (%)): 336 (8), 335 (M*, 29),
334 (3), 307 ((M-CO)", 4), 280 ((M-C,02+H), 1), 279 ((M-C,0,)*, 6), 130 (9), 129
(CoHs0*, 100). IR (ATR): ¥ 3028 (w) cm™, 2922 (w), 2851 (w), 2199 (m), 2174 (w),
1732 (w), 1636 (s), 1582 (m), 1441 (w), 1423 (w), 1279 (m), 1240 (w), 1165 (m),
1067 (m), 1018 (w), 918 (w), 872 (w), 791 (w), 752 (s), 729 (s), 700 (s), 632 (m), 617
(m). Anal. calcd. for Cp3H13NO, (335.4): C 82.37, H 3.91, N 4.18. Found: C 82.61,
H 4.18, N 4.08.
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4.2.11 3-Phenyl-1-(pyridin-4-yl)prop-2-yn-1-one (5k)

AN
| AN
N =~ Ph
C14H9NO

207.23

143 mg (0.69 mmol, 35 % yield) as a pale brown solid. Mp 81 °C. "H-NMR (CDCls,
300 MHz): 5 7.40-7.56 (m, 3 H), 7.66-7.74 (m, 2 H), 7.95-8.02 (m, 2 H), 8.84-8.90 (m,
2 H). ®*C-NMR (CDCls, 75 MHz): § 86.7 (Cquat), 95.4 (Cquat), 119.7 (Cquat), 122.3 (CH),
129.2 (CH), 131.7 (CH), 133.6 (CH), 142.8 (Cquat), 151.2 (CH), 177.2 (Cquat)- EI + MS
(m/z (%)): 207 (M*, 27), 179 ((M-CO)", 10), 130 (10), 129 (CgHs0", 100), 101 (CgHs",
6), 75 (8). IR (KBr): ¥ 2197 (s) cm™, 1645 (s), 1555 (m), 1491 (w), 1449 (w), 1404
(m), 1324 (m), 1290 (m), 1218 (m), 1200 (m), 1058 (w), 1035 (m), 995 (m), 839 (m),
760 (s), 745 (m), 686 (s), 627 (m), 535 (m). Anal. calcd. for C14HoNO (207.2):
C 81.14,H 4.38, N 6.76. Found: C 80.92, H 4.58, N 6.87.

Data reported in the literature: R. Erenler, M. Uno, T. V. Goud, J.-F. Biellmann, J.
Chem. Res. 2009, 7, 459-464.

UV (CH2Cl2): Amax (€) 233 (9300), 301 (7200). IR (CH,Clo): 1264, 1421, 1551, 1604,
1650, 1961 cm™. "H NMR (400 MHz, CDCls): & 7.41 (m, 2H), 7.48 (m, 1H), 7.66 (m,
2H), 7.96 (d, J = 5.8 Hz, 2H), 8.83 (d, J = 5.8 Hz, 2H), ">C NMR (100 MHz, CDCl3): &
86.2, 95.2, 119.3, 122.1, 128.8, 131.4, 133.3, 142.5, 150.6, 176.7. MS (FAB*): m/z
208 [M + HJ*. Anal. Calcd for C14HgNO (207.2): C, 81.14; H, 4.38; N, 6.76. Found: C,
81.02; H, 4.42; N, 6.69%.
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4.2.12 1-(2,6-Dichloropyridin-4-yl)-3-phenylprop-2-yn-1-one (5I)

Cl
AN
A
N =~ Ph
Cl
C14H7CI,NO

276.12

379 mg (1.37 mmol, 69 % yield) as a pale yellow solid. Mp 121 °C. "H-NMR (CDCls,
300 MHz): § 7.43-7.51 (m, 2 H), 7.52-7.60 (m, 1 H), 7.67-7.74 (m, 2 H), 7.92 (s, 2 H).
"®C-NMR (CDCls, 75 MHz): § 86.3 (Cquat), 97.1 (Cquat), 119.2 (Cquat), 122.3 (CH),
129.2 (CH), 132.3 (CH), 133.9 (CH), 147.8 (Cquat), 152.2 (Cquat), 174.0 (Cqua).
El + MS (m/z (%)): 279 (M(*’CIP’Cl)*, 2), 277 (M('CI*°Cl)*, 7), 275 (M(*°*CI*°Cl)*, 13),
251 (MC'CPP’CI)-CO)*, 0.4), 249 ((M(*’CI*°Cl)-CO)*, 3), 247 ((M(**CI**CI)-CO)*, 5),
130 (10), 129 (CoHs0", 100), 101 (CgHs", 5), 75 (9). IR (ATR): ¥ 2197 (m) cm™', 1643
(s), 1578 (w), 1541 (m), 1489 (w), 1443 (w), 1406 (w), 1350 (m), 1296 (s), 1283 (m),
1211 (s), 1175 (w), 1153 (m), 1105 (m), 1074 (w), 1053 (m), 1022 (w), 937 (w), 883
(m), 858 (w), 806 (m), 762 (s), 735 (s), 691 (s), 637 (s). Anal. calcd. for C14H;CI,NO
(276.1): C 60.90, H 2.56, N 5.07. Found: C 61.07, H 2.84, N 4.96.
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4.213 3-Phenyl-1-(pyrimidin-5-yl)prop-2-yn-1-one (5m)

o F

| X
N._N
C13HgN>O

208.22

242 mg (1.16 mmol, 58 % vyield) as a pale yellow solid. Mp 99 °C. 'H-NMR (CDCls,
300 MHz): 5 7.40-7.49 (m, 2 H), 7.50-7.58 (m, 1 H), 7.66-7.74 (m, 2 H), 9.08-9.83 (m,
3 H). ®C-NMR (CDCls, 75 MHz): & 86.1 (Cquat), 96.7 (Cquat), 119.4 (Cquar), 129.3 (CH),
130.1 (Cquat), 132.1 (CH), 133.8 (CH), 158.1 (CH), 162.1 (CH), 174.8 (Cquat). EI + MS
(m/z (%)): 208 (M*, 43), 207 (28), 181 ((M-CO+H)", 12), 180 ((M-CO)*, 21), 153 (11),
130 (10), 129 (CgHsO", 100), 126 (24), 101 (CgHs", 8), 75 (12). IR (ATR): ¥ 2197 (m)
cm™, 1632 (s), 1574 (s), 1557 (m), 1487 (w), 1433 (m), 1408 (m), 1348 (w), 1300 (m),
1221 (m), 1196 (m), 1113 (m), 1043 (m), 1009 (m), 993 (m), 925 (w), 827 (w), 764
(s), 731 (s), 712 (m), 689 (s), 632 (s), 621 (m). Anal. calcd. for C13HgN2O (208.2):

C 74.99, H 3.87, N 13.45. Found: C 74.99, H 4.07, N 13.21.
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4.2.14 3-Phenyl-1-(quinolin-3-yl)prop-2-yn-1-one (5n)

| X
— Ph
N

C18H11NO

257.29

302 mg (1.18 mmol, 59 % vyield) as a pale brown solid. Mp 125 °C. "H-NMR (CDCls,
300 MHz): 5 7.40-7.58 (m, 3 H), 7.62-7.70 (m, 1 H), 7.70-7.78 (m, 2 H), 7.84-7.93 (m,
1H), 8.02 (d, J=8.0Hz, 1 H),8.21 (d, J=8.2 Hz, 1 H), 8.97 (s, 1 H), 9.62-9.68 (m, 1
H). "*C-NMR (CDCls, 75 MHz): & 86.6 (Cquat), 95.1 (Cquat), 112.0 (Cquat), 127.1 (Cquat),
128.2 (CH), 129.2 (CH), 129.7 (Cquat), 129.8 (CH), 130.0 (CH), 131.6 (CH), 133.0
(CH), 133.6 (CH), 139.5 (CH), 149.9 (CH), 150.3 (Cquat), 176.6 (Cquat)- EI + MS
(m/z (%)): 258 (18), 257 (M*, 91), 256 (31), 229 ((M-CO)", 41), 228 (26), 155 (10),
130 (10), 129 (CoHs0O", 100), 128 (CoHeN™, 9), 127 (15), 114 (23), 101 (CgHs", 27), 75
(18), 43 (13). IR (ATR): ¥ 2195 (w) cm™, 1651 (m), 1609 (m), 1585 (m), 1568 (m),
1487 (m), 1443 (w), 1410 (w), 1287 (w), 1271 (w), 1180 (w), 1086 (w), 1007 (m), 986
(s), 951 (w), 897 (w), 822 (m), 772 (m), 750 (s), 687 (s), 646 (w). Anal. calcd. for
C1gH11NO (257.3): C 84.03, H 4.31, N 5.44. Found: C 83.94, H 4.28, N 5.41.
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4.215 3-Phenyl-1-(quinolin-4-yl)prop-2-yn-1-one (50)

AN
| A
N =~ Ph

C18H11NO
257.29

354 mg (1.37 mmol, 69 % vyield) as a pale brown solid. Mp 93 °C. 'H-NMR (CDCls,
300 MHz): 5 7.38-7.56 (m, 3 H), 7.65-7.76 (m, 3 H), 7.76-7.85 (m, 1 H), 8.16-8.28 (m,
2 H), 8.98 (d, J = 9.0 Hz, 1 H), 9.16 (d, J = 9.2 Hz, 1 H). "*C-NMR (CDCls, 75 MHz):
5 88.4 (Cquat), 94.1 (Cquat), 119.9 (Cquat), 124.3 (Cquat), 124.4 (CH), 125.9 (CH), 129.1
(CH), 129.4 (CH), 130.3 (CH), 130.4 (CH), 131.6 (CH), 133.6 (CH), 139.9 (Cquat),
149.6 (Cquat), 150.3 (CH), 179.3 (Cquat). EI + MS (m/z (%)): 258 (13), 257 (M", 74),
256 (49), 229 ((M-CO)", 31), 228 (36), 202 (33), 201 (14), 200 (11), 130 (10), 129
(CoHsO", 100), 114 (18), 101 (CgHs', 26), 100 (12), 75 (22). IR (KBr): ¥ 3045 (w)
cm™, 2199 (s), 1638 (s), 1578 (m), 1506 (m), 1492 (m), 1460 (m), 1443 (m), 1349
(w), 1288 (s), 1210 (w), 1162 (m), 1141 (w), 1108 (s), 1069 (m), 963 (m), 930 (w),
878 (w), 858 (m), 789 (m), 774 (s), 759 (s), 688 (s), 629 (m), 620 (m), 570 (w), 538
(m), 514 (w). Anal. calcd. for C1gH1{NO (257.3): C 84.03, H 4.31, N 5.44. Found:
C 83.86, H 4.40, N 5.51.

Data reported in the literature: R. Erenler, M. Uno, T. V. Goud, J.-F. Biellmann, J.
Chem. Res. 2009, 7, 459-464.

UV (CH2Cl2): Amax (€) 230 (25200), 309 (13200). IR (CH2Cl,): 1605, 2354, 3679 cm’™.
'H NMR (400 MHz, CDCls): & 7.43-7.47 (m, 2H), 7.50 (m, 1H), 7.69-7.74 (m, 3H),
7.78-7.83 (m, 1H), 8.21 (d, J = 8.5 Hz, 1H), 8.25 (d, J = 4.4 Hz, 1H), 8.98 (d, J = 8.5
Hz, 1H), 9.15 (d, J = 4.4 Hz, 1H), *C NMR (100 MHz, CDCls): & 88.2, 93.8, 119.7,
1241, 125.7, 128.9, 129.1, 130.2, 131.4, 133.3, 139.7, 149.4, 150.1, 179.1. MS
(FAB*): m/z 258 [M+H]*. Anal. Calcd for CisHsNO: C, 84.03; H, 4.31; N, 5.44.
Found: C, 84.11; H, 4.23; N, 5.49%.
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4.2.16 3-Phenyl-1-(2-phenylquinolin-4-yl)prop-2-yn-1-one (5p)

C24H1sNO
333.38

584 mg (1.75 mmol, 88 % yield) as a yellow solid. Mp 101 °C. "H-NMR (CDCls, 300
MHz): 6 7.41-7.63 (m, 6 H), 7.64-7.75 (m, 3 H), 7.77-7.84 (m, 1 H), 8.22-8.30 (m,
3 H), 8.72 (s, 1 H), 8.95 (dd, J = 8.5 Hz, J = 0.9 Hz, 1 H). "*C-NMR (CDCls, 75 MHz):
0 88.6 (Cquat), 94.2 (Cquat), 120.0 (Cquat), 122.6 (CH), 123.3 (Cquat), 125.7 (CH), 127.8
(CH), 129.0 (CH), 129.2 (CH), 129.5 (CH), 130.2 (CH), 130.6 (CH), 130.7 (CH),
131.7 (CH), 133.7 (CH), 139.2 (Cquat), 141.0 (Cquat), 149.8 (Cquat), 157.2 (Cquat), 179.6
(Cquat). EI + MS (m/z (%)): 334 (29), 333 (M*, 100), 332 (38), 305 ((M-CO)", 38), 304
(89), 303 (11), 256 ((M-CeHs)*, 5), 203 (12), 202 (47), 152 (11), 151 (11), 130 (5),
129 (CgHs0", 47). IR (ATR): ¥ 2922 (w) cm™, 2197 (m), 1645 (m), 1580 (w), 1543
(w), 1491 (m), 1443 (w), 1333 (m), 1288 (m), 1269 (m), 1236 (m), 1219 (m), 1163
(m), 1139 (m), 1101 (s), 1063 (w), 1026 (w), 999 (w), 951 (m), 887 (w), 757 (s), 756
(s), 731 (m), 685 (s), 667 (m), 629 (m), 617 (m). Anal. calcd. for Co4H1sNO (333.4):
C 86.46, H 4.54, N 4.20. Found: C 86.35, H4.75, N 4.11.
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4.2.17 1-(Cinnolin-4-yl)-3-phenylprop-2-yn-1-one (5q)

C17H10N20
258.27

134 mg (0.52 mmol, 26 % yield) as a yellow solid. Mp 131 °C. "H-NMR (CDCls,
300 MHz): 6 7.41-7.60 (m, 3 H), 7.70-7.79 (m, 2 H), 7.91-8.01 (m, 2 H), 8.63-8.74 (m,
1 H), 9.01-9.10 (m, 1 H), 10.04 (s, 1 H). "®*C-NMR (CDCl;, 75 MHz): & 87.9 (Cquat),
95.6 (Cquat), 119.5 (Cquat), 121.9 (Cquat), 125.1 (CH), 126.0 (Cquat), 129.3 (CH), 131.1
(CH), 131.5 (CH), 132.1 (CH), 133.9 (CH), 134.6 (CH), 145.5 (CH), 152.1 (Cquat),
178.4 (Cquat). El + MS (m/z (%)): 259 (7), 258 (M*, 39), 230 (M-CO)*, 2), 202 (12),
130 (10), 129 (CoHsO*, 100), 101 (10), 75 (11). IR (ATR): ¥ 3057 (w) cm™, 2201 (m),
1632 (m), 1522 (w), 1497 (w), 1443 (w), 1377 (w), 1302 (m), 1182 (w), 1163 (m),
1115 (m), 1061 (m), 980 (w), 930 (w), 777 (s), 750 (s), 685 (s), 633 (m). Anal. calcd.
for C47H1oN20 (258.3): C 79.06, H 3.90, N 10.85. Found: C 78.92, H 4.00, N 10.83.
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4.218 1-(1-Methyl-1H-indol-2-yl)-3-phenylprop-2-yn-1-one (5r)

O

N %Ph
N

C18H13NO
259.30

190 mg (0.73 mmol, 37 % yield) as a yellow solid. Mp 97 °C. "H-NMR (CDCls,
300 MHz): 8 4.13 (s, 3 H), 7.12-7.24 (m, 1 H), 7.32-7.56 (m, 5 H), 7.60-7.83 (m, 4 H).
3C-NMR (CDCls, 75 MHz): & 32.5 (CH3), 88.3 (Cquat), 90.0 (Cquat), 110.8 (CH), 116.8
(CH), 120.8 (Cquat), 121.4 (CH), 123.7 (CH), 126.3 (Cquat), 127.2 (CH), 129.0 (CH),
130.9 (CH), 133.3 (CH), 136.5 (Cquat), 141.4 (Cquat), 170.0 (Cqua)- El + MS (m/z (%)):
260 (19), 259 (M*, 100), 258 (47), 231 ((M-CO)*, 19), 230 (79), 201 (11), 182 (17),
154 (20), 143 (18), 142 (18), 130 (6), 129 (CgHs0", 28), 128 (14), 116 (14), 115 (M-
CoHs0-CH3)*, 41), 102 (10), 101 (CgHs", 11), 89 (16). IR (ATR): ¥ 2197 (m) cm™,
1603 (s), 1506 (m), 1466 (m), 1423 (m), 1395 (m), 1273 (m), 1186 (m), 1146 (w),
1128 (s), 1096 (w), 1028 (m), 1015 (m), 993 (s), 818 (w), 756 (s), 737 (s), 685 (s),
644 (m). Anal. calcd. for C1gH13NO (259.3): C 83.37, H 5.05, N 5.40. Found: C 83.38,
H 5.28, N 5.30.
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4.2.19 1-(1-Methyl-1H-pyrazol-5-yl)-3-phenylprop-2-yn-1-one (5s)

O

(S X
N’N\ Ph
C13H10N20
210.23

168 mg (0.80 mmol, 40 % yield) as a pale yellow solid. Mp 107 °C. "H-NMR (CDCls,
300 MHz): & 4.21 (s, 3 H), 7.13 (d, J = 2.1 Hz, 1 H), 7.36-7.55 (m, 4 H), 7.60-7.68 (m,
2 H). "®C-NMR (CDCls, 75 MHz): & 40.5 (CH3), 87.7 (Cquat), 91.8 (Cquat), 115.2 (CH),
120.1 (Cquat), 129.1 (CH), 131.4 (CH), 133.4 (CH), 138.3 (CH), 139.9 (Cquat), 167.4
(Cquat)- El + MS (m/z (%)): 211 (3), 210 (M*, 25), 209 (47), 182 ((M-CO)", 6), 181 (8),
154 (23), 130 (3), 129 (CgHs0*, 25). IR (ATR): ¥ 2199 (m) cm™, 1643 (s), 1503 (m),
1489 (w), 1462 (m), 1441 (m), 1422 (m), 1395 (w), 1314 (m), 1296 (m), 1269 (m),
1209 (m), 1157 (w), 1069 (m), 1024 (w), 982 (s), 926 (m), 806 (m), 791 (m), 762 (s),
745 (3), 719 (m), 689 (s), 637 (m). Anal. calcd. for C3H10N2O (210.2): C 74.27,
H 4.79, N 13.33. Found: C 74.00, H 4.94, N 13.33.

Data reported in the literature: M. S. Shvartsberg, G. Fedenok, Russ. Chem. Bull.
1991, 39, 1906-1910.

Mp. 76.5-77.5 °C, Anal. calcd.: C 74.06, H 4.61, N 13.44. Found: C 74.27, H 4.79, N
13.44. "H NMR: § 4.08 (s, 3H, CHs), 6.73 (d, 1H, C*H), 7.59 (d, 1H, C®H), 7.53-7.57
and 8.12-8.22 (m, 5H, Ph).
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4.2.20 1-(1-Methyl-1H-indazol-3-yl)-3-phenylprop-2-yn-1-one (5t)

O

] AN
N-N Ph
/

C17H12N20
260.29

325 mg (1.25 mmol, 62 % vyield) as a pale brown solid. Mp 83 °C. 'H-NMR (CDCls,
300 MHz): 6 4.22 (s, 3 H), 7.32-7.52 (m, 6 H), 7.70-7.78 (m, 2 H), 8.40 (dt, J =
8.1 Hz, J = 1.0 Hz, 1 H). ®*C-NMR (CDCl;, 75 MHz): & 37.0 (CH3), 88.1 (Cquat), 92.1
(Cquat), 109.8 (CH), 120.9 (Cquat), 122.9 (CH), 123.4 (Cquat), 124.4 (CH), 127.6 (CH),
128.9 (CH), 130.9 (CH), 133.5 (CH), 141.6 (Cquat), 143.2 (Cquat), 172.6 (Cquat)-
El + MS (m/z (%)): 261 (18), 260 (M*, 90), 233 ((M-CO+H)*, 14), 232 ((M-CO)", 82),
231 (48), 130 (11), 129 (CgHs0O", 100), 116 (C7H4N2", 22), 101 (CgHs", 15), 94 (17),
93 (29), 77 (10), 75 (18). IR (ATR): ¥ 2195 (w) cm™, 1607 (m), 1474 (m), 1443 (w),
1423 (m), 1391 (m), 1304 (m), 1275 (w), 1242 (m), 1150 (m), 1084 (s), 1042 (m),
1005 (w), 961 (m), 799 (m), 777 (s), 746 (s), 691 (s), 644 (m), 629 (s). Anal. calcd. for
C17H12N20 (260.3): C 78.44, H 4.65, N 10.76. Found: C 78.22, H 4.56, N 10.88.
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4.2.21 1-Ethyl-7-methyl-3-(3-phenylprop-2-ynoyl)-1,4-dihydro-1,8-naphthyridin-

4-one (5u)
O O
= NV
S G
N NK
C20H16N202
316.35

117 mg (0.37 mmol, 18 % yield) as a yellow-brown solid. Mp 169 °C. 'H-NMR
(CDCls, 300 MHz): 6 1.52 (t, J = 7.2 Hz, 3 H), 2.67 (s, 3 H), 4.52 (q, J = 7.2 Hz, 2 H),
7.29 (s, 1 H), 7.34-7.48 (m, 3 H), 7.70-7.81 (m, 2 H), 8.66-8.72 (m, 1 H), 8.72-8.75
(m, 1 H). *C-NMR (CDCls, 75 MHz): § 15.6 (CHs), 25.7 (CHs), 47.3 (CH), 90.0
(Cquat), 94.2 (Cquat), 119.8 (Cquat), 121.3 (Cquat), 121.9 (CH), 122.5 (Cquat), 128.8 (CH),
130.8 (CH), 133.7 (CH), 137.2 (CH), 149.1 (CH), 163.3 (Cquat), 174.3 (Cquat), 175.4
(Cquat). El + MS (m/z (%)): 317 (23), 316 (M", 100), 315 (5), 288 ((M-CO)", 25), 287
(19), 273 ((M-CO-CHj3)", 22), 261 (11), 260 (57), 259 (21), 245 (16), 232 (15), 231
(11), 144 (14), 129 (CgHs0*, 14). IR (ATR): ¥ 2193 (m) cm™, 1641 (s), 1614 (m),
1591 (s), 1568 (m), 1531 (s), 1489 (m), 1439 (s), 1369 (m), 1337 (s), 1300 (m), 1263
(m), 1252 (m), 1221 (m), 1173 (s), 1157 (m), 1115 (s), 1061 (s), 1042 (s), 997 (m),
930 (m), 791 (s), 770 (s), 748 (s), 691 (s), 656 (s), 619 (m). Anal. calcd. for
C20H1sN20, (316.4): C 75.93, H 5.10, N 8.86. Found: C 75.82, H 5.31, N 8.64.
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4.2.22 2-(3-Phenylprop-2-ynoyl)-4H-chromen-4-one (5v)

O

I X
Ph

O
C18H1003
274.27

470 mg (1.06 mmol, 53 % vyield) as a yellow solid. Mp 153 °C. 'H-NMR (CDCls,
300 MHz): 6 7.34 (s, 1 H), 7.42-7.59 (m, 4 H), 7.62-7.81 (m, 4 H), 8.22 (dd, J =
8.0 Hz, J = 1.7 Hz, 1 H). ®C-NMR (CDCl3, 75 MHz): 5 81.1 (Cquat), 97.0 (Cquat), 116.1
(CH), 119.2 (Cquat), 119.3 (CH), 125.0 (Cquat), 126.2 (CH), 126.5 (CH), 129.3 (CH),
132.3 (CH), 133.9 (CH), 135.5 (CH), 156.1 (Cquat), 156.8 (Cquat), 171.2 (Cquat), 179.1
(Cquat). EI + MS (m/z (%)): 276 (2), 275 (4), 274 (M", 15), 246 ((M-CO)", 10), 130 (9),
129 (CoHs0*, 100), 75 (7). IR (ATR): ¥ 2922 (w) cm™, 2851 (w), 2193 (m), 1641 (s),
1614 (m), 1570 (w), 1462 (m), 1443 (w), 1396 (m), 1335 (w), 1308 (m), 1271 (m),
1219 (w), 1180 (w), 1121 (s), 1049 (s), 997 (m), 961 (w), 930 (w), 856 (m), 777 (m),
752 (s), 685 (s), 671 (m). Anal. calcd. for C1gH1003 (274.3): C 78.82, H 3.67. Found:
C 78.71, H 3.76.
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5 Preparation of 2-acylpyrazoles 7

5.1 General procedure

0 ') O Ph
1) (COCI), 2) [Cul] =Z
R R _
= ph
0 o) 2a O
1 3

J 3) BocHN-NH,

0 o)
Ph Ph
R S N
HN=N MeOH N-N
Boc
7 6

2.00 mmol of glyoxylic acid 1 in dry 1,4-dioxane (10 mL) were placed under argon
atmosphere in a dry screw-cap Schlenk vessel with septum and degassed with
argon. Then, oxalyl chloride (0.18 mL, 2.00 mmol, 1.00 equiv.) was added dropwise
to the reaction mixture at room temperature (water bath). The mixture was stirred for
4 h at 50 °C in a preheated oil bath and was allowed to come to room temperature.
Cul (20 mg, 0.10 mmol, 5 mol %), phenylacetylene (2a) (0.23 mL, 2.00 mmol, 1.00
equiv.), and dry triethylamine (0.84 mL, 6.00 mmol, 3.00 equivs.) were successively
added to the mixture and stirring at room temperature was continued for 24 h.
Afterwards, tert-butyl carbazate (267 mg, 2.00 mmol, 1.00 equiv.) and 2 mL of 2-
methoxyethanol were added. This mixture was stirred for 24 h at 100 °C (preheated
oil bath). After complete conversion (product monitored by TLC) water (10 mL) was
added and the mixture was extracted with dichloromethane (4 x 10 mL, monitored by
TLC). The combined organic layers were dried with anhydrous sodium sulfate and
the desiccant was removed by filtration. After removal of the solvents in vacuum the
residue was adsorbed on Celite® and purified chromatographically on silica gel with
petroleum ether (boiling range 40-60 °C)/ethyl acetate to give the N-Boc protected
acylpyrazoles 6 as pale brown solids which were used as obtained in the subsequent

step.
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For deprotection the N-Boc protected acylpyrazoles 6 were dissolved in methanol

(0.2 M), 2.5 equivs. of potassium carbonate were added, and the mixture was stirred

for 2 h at 50 °C (preheated oil bath). After complete deprotection (monitored by TLC)

the mixture was adsorbed on Celite® and chromatographed on silica gel with

dichloromethane (DCM)/methanol/aqueous ammonia to give 2-acylpyrazoles 7.

The experimental details for the synthesis of the 2-acylpyrazoles 7 are given in

Table 4.

Table 4. Experimental details for the synthesis of 2-acylpyrazoles 7.

Glyoxylic acid
Entry 1
(2.00 mmol)

2-Acylpyrazole 7

(isolated yield)

Chromatographic purification

1 Phenylglyoxylic
acid (Merck)
1a
306 mg

2  Mesiylglyoxylic
acid (ABCR)
1b
388 mg

o}

7a
201 mg
(0.81 mmol)
41 %

0]

~

HN-N
7b
232 mg
(0.80 mmol)
41 %

Ph

DCM/methanol/agueous ammonia =
100:1:1

DCM/methanol/agueous ammonia =
100:1:1




5. Preparation of 2-acylpyrazoles 7

47-

Table 4 (Continuation).

Entry Glyoxylic acid 2-Acylpyrazole 7

Chromatographic purification

1 (isolated yield)
(2.00 mmol)
3 2-Thiophenyl > on DCM/methanol/aqueous ammonia =
4
glyoxylic acid QT 100:1:1%
S
(Alpha Aesar)
7c
1c
256 mg
319 mg
(1.08 mmol)
54 %

[a] Additionally purified by dissolving in hydrogen chloride solution in ethanol (1.25 M, Fluka).



5. Preparation of 2-acylpyrazoles 7 -48-

5.2 Spectroscopic data of compounds 7a-c

5.21 5-Benzoyl-3-phenyl-1H-pyrazole (7a)

O
z ; Ph
HN—N
C16H12N20
248.28

201 mg (0.81 mmol, 41 % yield) as a colorless solid. Mp 167-170 °C. "H-NMR
(DMSO-ds, 200 MHz, 100 °C): 6 6.71-6.81 (m, 1 H), 6.85-7.25 (m, 6 H), 7.33-7.44 (m,
2 H), 7.52-7.88 (m, 2 H), 13.2 (brs, NH). El + MS (m/z (%)): 249 (19), 248 (M*, 100),
247 (3), 220 (11), 219 (13), 191 (10), 171 ((M-CeHs)", 14), 149 (10), 114 (13), 105
(C7Hs0*, 58), 77 (CsHs", 50), 71 (13), 57 (12). IR (KBr): ¥ 3223 (m) cm™, 1719 (w),
1636 (s), 1573 (m), 1492 (w), 1466 (m), 1397 (m), 1277 (m), 1257 (m), 1183 (m),
1065 (w), 1025 (w), 960 (w), 901 (m), 831 (m), 798 (m), 764 (m), 729 (s), 686 (M),
512 (w). Anal. calcd. for C4gH12N2O (248.3): C 77.40, H 4.87, N 11.28. Found:
C 77.20, H 5.04, N 11.06.

Data reported in the literature: S. Ito, A. Kakehi, K. Okada, Heterocycles 1999, 517,
2949-2960.

Mp 174-175 °C. 'H NMR (CDCls): & 14.01 (bs, NH), multipletts near 7-8 ppm due to
aromatic protons are omitted. IR (KBr): ¥ 3221 cm™ (NH), 1636 (C=0), 1397, 1256
(pyrazole ring). Anal. calcd.: C 77.40, H 4.87, N 11.28. Found: C 77.31, H 4.84,
N 11.44.
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5.2.2 3-Phenyl-5-[(2,4,6-trimethylphenyl)carbonyl]-1H-pyrazole (7b)

O

Ph
)

HN—N

C19H1sN20
290.36

232 mg (0.80 mmol, 41 % yield) as a colorless solid. Mp 71 °C. 'H-NMR (DMSO-ds,
200 MHz, 100 °C): 56 1.65 (s, 6 H), 1.85 (s, 3 H), 6.47 (s, 2 H), 6.54 (s, 1 H), 6.80-7.12
(m, 3 H), 7.27-7.41 (m, 2 H), 13.2 (brs, NH). EI + MS (m/z (%)): 291 (19), 290 (M,
100), 289 (30), 273 (21), 262 ((M-CO)", 23), 261 (24), 247 (14), 187 (17), 172 (17),
158 (22), 157 (15), 147 (C1oH110", 20), 146 (24), 145 (12), 144 (26), 119 (CeH11",
26), 117 (18), 116 (15), 115 (24), 104 (16), 103 (13), 91 (36), 77 (CeHs", 25), 43 (14).
IR (KBr): ¥ 1661 (m) cm™, 1611 (w), 1462 (m), 1429 (m), 1398 (m), 1375 (m), 1273
(w), 1242 (m), 1177 (m), 1142 (w), 1061 (w), 1032 (w), 1016 (w), 961 (w), 953 (w),
883 (s), 849 (m), 829 (m), 762 (s), 739 (m), 691 (s), 627 (m). Anal. calcd. for
C19H1gN20 (290.4): C 78.59, H 6.25, N 9.65. Found: C 78.53, H 6.44, N 9.41.
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5.2.3 3-Phenyl-5-[(thiophen-2-yl)carbonyl]-1H-pyrazole (7c)

C14H10NZOS
254 .31

256 mg (1.08 mmol, 54 % vyield) as a colorless solid. Mp 187 °C. "H-NMR (DMSO-ds,
200 MHz, 100 °C): 4 6.63-6.87 (m, 2 H), 6.87-7.06 (m, 3 H), 7.27-7.42 (m, 2 H), 7.42-
7.58 (m, 1 H), 7.91 (brs, 1 H), 13.30 (brs, 1 H). El + MS (m/z (%)): 256 (6), 255 (17),
254 (M*, 100), 253 (8), 226 ((M-CO)*, 7), 225 (6), 171 (15), 123 (11), 115 (13), 114
(49), 113 (10), 111 (CsH30S", 90), 83 (C4H3S™, 12), 77 (CeHs", 10). IR (ATR): ¥ 3204
(w) cm™, 2980 (w), 2361 (w), 1603 (m), 1516 (w), 1472 (w), 1396 (w), 1258 (w), 1192
(w), 1155 (w), 997 (w), 961 (w), 914 (w), 858 (w), 820 (s), 772 (m), 756 (s), 716 (s),
680 (s), 673 (m), 642 (w), 617 (w). Anal. calcd. for C14H1oN2OS (254.3): C 66.12,
H 3.96, N 11.02. Found: C 65.89, H 4.13, N 11.27.
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6 Preparation of 2-phenylaminopyrimidines 8

6.1 General procedure

0 0
1) (COCI), 2)[PdiCull
A neoon | e &

4 5

? @(
NH X HN03
@fNH

A
AL

8

2.00 mmol of carboxylic acid 1 in dry 1,4-dioxane (10 mL) were placed under argon
atmosphere in a dry screw-cap Schlenk vessel with septum and degassed with
argon. Then, oxalyl chloride (0.18 mL, 2.00 mmol, 1.00 equiv.) was added dropwise
to the reaction mixture at room temperature (water bath). The mixture was stirred for
4 h at 50 °C in a preheated oil bath and was allowed to come to room temperature.
PdCI»(PPh3)2 (28 mg, 0.04 mmol, 2 mol %), Cul (15 mg, 0.08 mmol, 4 mol %),
trimethylsilylacetylene (ABCR) (2f) (0.27 mL, 2.00 mmol, 1.00 equiv.), and dry
triethylamine (0.84 mL, 6.00 mmol, 3.00 equivs.) were successively added to the
mixture and stirring at room temperature was continued for 1 h. Afterwards,
1-(2-methylphenyl)guanidinium nitrate!® (424 mg, 2.00 mmol, 1.00 equiv.), potassium
carbonate (698 mg, 5.00 mmol, 2.50 equivs.), and 2 mL of 2-methoxyethanol were
added. This mixture was stirred for 24 h at 120 °C (preheated oil bath). After
complete conversion the residue was adsorbed on Celite® and purified
chromatographically on silica gel with dichloromethane/methanol/aqueous ammonia

to give 2-phenylaminopyrimidines 8 as analytically pure compounds.
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[a] 1-(2-Methylphenyl)guanidinium nitrate was prepared according to the literature
procedure: F. X. Tavares, J. A. Boucheron, S. H. Dickerson, R. J. Griffin, F.
Preugschat, S. A. Thomson, T. Y. Wang, H.-Q. Zhou, J. Med. Chem. 2004, 47, 4716-
4730.

The experimental details for the synthesis of 2-phenylaminopyrimidines 8 are given in
Table 5.



6. Preparation of 2-phenylaminopyrimidines 8

-53-

Table 5. Experimental details for the synthesis of 2-phenylaminopyrimidines 8.

Carboxylic acid

2-Phenylamino-

Entry 4 pyrimidine 8 Chromatographic purification
(2.00 mmol) (isolated yield)
1 3-Pyridyl @\/ DCM/methanol/aqueous ammonia =
carboxylic acid H 100:1:1
sodium salt N"N
(ABCR) W
4al°! N
296 mg 8a
279 mg
(1.06 mmol)
53 %!
2 2,6-Dichloro- @ DCM/methanol/aqueous ammonia =
isonicotinic H 100:1:1
acid (ABCR) o N \/N
4h 1 :
396 mg &
8b
282 mg
(0.85 mmol)
41 %

[a] 2.00 equivs. of triethylamine in the 2" reaction step
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6.2 Spectroscopic data of compounds 8a-b

6.2.1  N-(2-Methylphenyl)-4-(pyridin-3-yl)pyrimidin-2-amine (8a)

L,

oy

\ /

»
N
C16H1aN4
262.31

279 mg (1.06 mmol, 53 % yield) as an orange solid. Mp 84 °C. "H-NMR (CDCls,
300 MHz): 6 2.36 (s, 3 H), 7.01-7.12 (m, 2 H), 7.14 (d, J = 5.2 Hz, 1 H), 7.20-7.32 (m,
2 H), 7.36-7.44 (m, 1 H), 8.07 (d, J = 8.1 Hz, 1 H), 8.29-8.37 (m, 1 H), 8.49 (d, J =
5.2 Hz, 1 H), 8.67-8.74 (m, 1 H), 9.23-9.29 (m, 1 H). ®C-NMR (CDCls, 75 MHz):
5 18.5 (CH3), 108.4 (CH), 122.3 (CH), 124.0 (CH), 124.2 (CH), 127.0 (CH), 129.2
(Cquat), 130.9 (CH), 133.0 (Cquat), 134.8 (CH), 137.6 (Cquat), 148.9 (CH), 151.8 (CH),
159.5 (CH), 161.2 (Cquat), 162.9 (Cquat). El + MS (m/z (%)): 263 (12), 262 (M", 66),
261 (49), 248 (18), 247 ((M-CH3-H)*, 100), 246 (21), 130 (11). IR (ATR): ¥ 1591 (m)
cm™, 1557 (s), 1530 (m), 1483 (m), 1445 (s), 1373 (m), 1333 (m), 1319 (m), 1287
(m), 1240 (m), 1196 (m), 1140 (w), 1120 (w), 1107 (w), 1080 (w), 1024 (m), 989 (w),
935 (w), 853 (w), 791 (s), 748 (s), 718 (s), 702 (s), 642 (s), 613 (m). Anal. calcd. for
C16H14N4 (262.3): C 73.26, H 5.38, N 21.36. Found: C 73.19, H 5.60, N 21.16.

Data reported in the literature: M. G. Bursavich, S. Lombardi, A. M. Gilbert, Org. Lett.
2005, 7, 4113-4116.

"H NMR (400 MHz, DMSO-dg) 5 ppm 2.26 (s, 3 H), 7.19-7.26 (m, 2 H), 7.41 (d, J=5.2
Hz, 1 H), 7.52-7.57 (m, 2 H), 8.38-8.42 (m, 1 H), 8.50 (d, J=5.0 Hz, 1 H), 8.70 (dd,
J=4.8,1.8 Hz, 1 H), 8.94 (s, 1 H), 9.25 (dd, J=2.3, 0.7 Hz, 1 H). MS (ESI) m/z 263.1.
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6.2.2 4-(2,6-Dichloropyridin-4-yl)-N-(2-methylphenyl)pyrimidin-2-amine (8b)

L,

9

Cl =

Z
N\ 7/

Cl
C16H12CI2N4
331.20

282 mg (0.85 mmol, 43 % yield) as a yellow solid. Mp 155 °C. "H-NMR (DMSO-ds,
300 MHz): § 2.25 (s, 3 H), 7.05-7.15 (m, 1 H), 7.15-7.30 (m, 2 H), 7.45-7.60 (m, 2 H),
8.13 (s, 2 H), 8.59 (m, 1 H), 9.12 (s, 1 H). "®*C-NMR (DMSO, 75 MHz): & 18.1 (CHs),
108.3 (CH), 120.7 (CH), 124.8 (CH), 125.2 (CH), 125.9 (CH), 130.3 (CH), 132.5
(Cquat), 137.5 (Cquat), 150.2 (Cquat), 150.5 (Cquat), 158.5 (Cquat), 160.4 (CH), 161.2
(Cquat)- El + MS (m/z (%)): 333 (M(*’CIP’CI)-H)*, 12), 332 (M(*’CI*°Cl)*, 39), 331
(MC'CPP°CI)-H)*, 37), 330 (M(*°CP°Cl)*, 61), 329 ((M(**CI*°Cl)-H)*, 45), 319
(MC’CPPCI)-CHa)*, 11), 318 ((M(’CIP’CI)-CH3-H)*, 14), 317 ((M(*’CI*°CI)-CHa)*, 64),
316 ((M(*’CI*°CI)-CHs-H)*, 33), 315 ((M(**CI**Cl)-CH3)*, 100), 314 ((M(**CI*°Cl)-CHa-
H)*, 24), 165 (10), 164 (11), 132 (14), 130 (10), 129 (15), 116 (16), 106 (C;HgN*, 17),
104 (12), 91 (C/H;*, 16), 89 (12), 77 (CeHs", 17), 65 (CsHs', 13), 43 (13). IR (ATR):
¥ 2920 (w) cm™, 1601 (w), 1570 (w), 1528 (w), 1487 (w), 1452 (s), 1400 (m), 1373
(m), 1354 (m), 1321 (w), 1285 (w), 1271 (w), 1252 (m), 1238 (m), 1196 (w), 1171 (m),
1146 (s), 1111 (w), 1049 (w), 1020 (w), 874 (m), 793 (s), 741 (s), 714 (m), 689 (m),
652 (m), 615 (w). Anal. calcd. for C1gH12CLN, (331.2): C 58.02, H 3.65, N 16.92.
Found: C 57.80, H 3.77, N 16.75.
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7 'H- and *C-NMR Spectra of compounds 3a-g
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'H-NMR (500 MHz) of 3a (30 mg) in CDCls at 295 K (5 in ppm). *Impurities from
residual solvents.
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"H-NMR (500 MHz) of 3¢ (30 mg) in CDCl; at 296 K (5 in ppm).
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'H-NMR (300 MHz) of 3d (30 mg) in CDCl; at 294 K (5 in ppm). *Impurities from

residual solvents.
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residual solvents.
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8 'H- and ">C-NMR Spectra of compounds 5a-u
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3C-DEPT 135-NMR (125 MHz) of 5b (30 mg) in CDCls at 299 K (5 in ppm).
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3C-DEPT 135-NMR (75 MHz) of 5¢ (30 mg) in CDCl5 at 298 K (5 in ppm).



8. 1H- and 13C-NMR Spectra of compounds 5a-u -76-

BHRR IAH &R ]
0 O 0 0 NN ~
e B Y
[e]
(TS
P X
N |
Z
N
CDCl;

OO o

T T T T T T T
9.5 9.0 85 80 7.5 7.0 6.5 6.0 55

T T T T T T T T T
5.0 4.5 4.0 35 3.0 25 2.0 15 1.0 0.5 0.0
f1 (ppm)
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residual solvents.
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residual solvents.
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3C-DEPT 135-NMR (75 MHz) of 5f (30 mg) in CDCl; at 298 K (5 in ppm).
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'H-NMR (300 MHz) of 5g (30 mg) in CDCl; at 298 K (& in ppm). *Impurities from

residual solvents.
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3C-DEPT 135-NMR (75 MHz) of 5g (30 mg) in CDCl; at 298 K (5 in ppm).
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'H-NMR (300 MHz) of 5h (30 mg) in CDCl; at 298 K (5 in ppm). *Impurities from

residual solvents.
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3C-DEPT 135-NMR (75 MHz) of 5h (30 mg) in CDCl; at 298 K (5 in ppm).
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"H-NMR (300 MHz) of 5i (30 mg) in CDCl; at 298 K (5 in ppm).
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'H-NMR (500 MHz) of 5j (30 mg) in CDCls at 298 K (5 in ppm). *Impurities from

residual solvents.
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3C-DEPT 135-NMR (125 MHz) of 5 (30 mg) in CDCl5 at 298 K (5 in ppm).
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'H-NMR (300 MHz) of 5m (30 mg) in CDCl; at 298 K (& in ppm). *Impurities from

residual solvents.
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'H-NMR (300 MHz) of 5n (30 mg) in CDCl; at 295 K (5 in ppm). *Impurities from

residual solvents.



8. 1H- and 13C-NMR Spectra of compounds 5a-u

o < o ©0 2O N = QO

o S o S MOAN O N R QY

N A < M MmMANA N ") 6 NN

5 23 g 233335 o ® NNKN

N \ [l \ \
|
|
—— " " "
o I oy
T T T T T T T T T T T T T T T T T T
180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

3C-NMR (75 MHz) of 5n (30 mg) in CDCl3 at 295 K (& in ppm).

)} © vowvoaaNdN
o S MMEO PR ®
E ™M MMM MmAN NN

170 160 150 140 130 120 110 100 90
f1 (ppm)

3C-DEPT 135-NMR (75 MHz) of 5n (30 mg) in CDCl; at 296 K (5 in ppm).
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3C-DEPT 135-NMR (75 MHz) of 5p (30 mg) in CDCl; at 298 K (5 in ppm).
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'H-NMR (300 MHz) of 5q (30 mg) in CDCl; at 298 K (5 in ppm). *Impurities from

residual solvents.
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3C-DEPT 135-NMR (75 MHz) of 5q (30 mg) in CDCl; at 298 K (5 in ppm).
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'H-NMR (300 MHz) of 5r (30 mg) in CDCl; at 298 K (& in ppm). *Impurities from

residual solvents.
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3C-DEPT 135-NMR (75 MHz) of 5r (30 mg) in CDCl; at 298 K (8 in ppm).
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"H-NMR (300 MHz) of 5s (30 mg) in CDCl; at 298 K (5 in ppm).
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Sonogashira coupling and the catalytic Glaser coupling are
both catalyzed by the Pd—Cu complex couple and can be con-
catenated to a consecutive sequentially Pd/Cu-catalyzed
process in a one-pot fashion, and air oxygen serves as the
only oxidant in the second step. In a pseudo-four-component
synthesis, a broad variety of symmetrically substituted 1,4-
bis(hetero)aryl-1,3-butadiynes are obtained in good to excel-

lent yields. Interestingly, the presence of iodide ions has been
found to be advantageous over other halides to trigger the
Pd/Cu-catalyzed Glaser step, and Pd and Cu species, as well
as triethylamine as a base, are prerequisite for both cou-
plings, which proceed with higher efficiency if performed in
a one-pot sequence.

Introduction

1,4-Disubstituted 1,3-butadiynes are recurring building
blocks in natural products and analogues,[! molecular elec-
tronic devices,”! or optical materials®®! and serve as interme-
diates in the synthesis of a variety of heterocycles.'! Tradi-
tionally, copper(I)- or copper(Il)-catalyzed Glaser,™! Eglin-
ton,[® or Hayl coupling reactions and their numerous
modifications® utilizing terminal alkynes as substrates are
applied for the synthesis of symmetrical 1,3-diynes. Even
more efficient transformations rely on catalytic systems
consisting of combined palladium(0) or palladium(II) and
copper(I) sources.’] Recently, a ligand-, palladium-, amine-
and even oxidant-free procedure, which uses copper nano-
particles as a catalyst, has been reported.[®3l Despite numer-
ous efficient strategies developed for Glaser-type acetylene
dimerizations,!% the major drawback of utilizing terminal
alkynes as substrates is their sensitivity towards polymeriza-
tion and their occasionally tedious purification. Moreover,
some of the terminal alkynes proved to be quite unstable,
which limits their shelf life and complicates their synthesis.
Therefore, a synthetic route that avoids the isolation of
these compounds would be highly desirable.

In the past years some methodologies for the preparation
of 1,3-butadiynes starting from alkynyltrifluoroborates,!!2]
alkynylboronates,[''® or alkynylsilanes!!'! !¢l have been
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published. Although these transformations avoid the use of
free terminal alkynes, they still require the application of
sophisticated organoboron or organosilicon substrates.

A reliable, quick and general approach to generate ter-
minal alkynes starting from easily available (hetero)aryl ha-
lides employs the Pd/Cu-cocatalyzed Sonogashira—Hagi-
hara cross coupling, followed by subsequent deprotec-
tion.['?] Since this catalytic system matches with the condi-
tions of the Glaser-type couplings mentioned above,! the
development of a sequentially catalyzed route for the syn-
thesis of 1,4-disubstituted 1,3-butadiynes utilizing the same
catalyst couple for alkynylation and oxidative coupling lies
at hand (Scheme 1). The isolation of intermediate terminal
alkynes becomes dispensable. To the best of our knowledge,
this obvious and straightforward concept has never been
realized.

(hetero)aryl—I Pd'/Cu
==—SiMej (hetero)aryl—=—=—=—=—"hetero)ary!
MesSi—=— Sonogashira—
|—(hetero)aryl Glafneg i:qDU:tnce

Scheme 1. Concept of a Sonogashira—Glaser coupling sequence.

Concatenating the Sonogashira and the Glaser coupling
reactions into a one-pot sequence is especially advan-
tageous from an economical point of view but also because
of practical considerations. Herein, we report a sequence of
a Pd/Cu-cocatalyzed Sonogashira coupling of iodo arenes
with trimethylsilylacetylene (TMSA), followed by in-situ
cleavage of the silyl protective group and subsequent Gla-
ser-type homocoupling of the generated terminal alkynes

Eur. J. Org. Chem. 2011, 238-242
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to form symmetrical 1,4-disubstituted 1,3-butadiynes under
aerobic conditions in a one-pot fashion. This resulting se-
quence represents another unique showcase for sequentially
Pd/Cu-catalyzed processes.[!3]

Results and Discussion

At the outset of our investigations, we reacted iodo-
benzene (la) with TMSA (1.5equiv.) under standard
Sonogashira conditions [PdCl,(PPhjs),, Cul, and NEt; as a
base]l'4l to form trimethyl(phenylethynyl)silane in a smooth
reaction within 1 h at ambient temperature. After the reac-
tion vessel was opened, potassium fluoride and methanol
were added to cleave the TMS protective group. Simulta-
neously, upon subjecting to aerobic atmosphere and further
stirring at room temperature, the Glaser-type coupling pro-
ceeded smoothly. The desired 1,4-diphenylbuta-1,3-diyne
(2a) was isolated in 81% yield [Equation (1)].

2 mol-% PdCI,(PPhg),
4 mol-% Cul, TMSA (1.5 equiv)

NEt, (2.0 equiv), THF, r.t, 1h
Ph—I

Ph—=
2a (81 %)

=—Ph (1)
then: KF (2.0 equiv), MeOH
air,r.t., 17 h (1)
To gain insight into the mode of action of the catalytic
system in the final Glaser coupling step, we subjected com-
mercially available phenylacetylene to different combina-
tions of precatalysts and additives used for the entire se-
quence to form the diyne 2a in a single step [Equation (2),
Table 1].

precatalysts
additives _
Ph—= Ph———=—Ph (2)
THF/MeOH
air, r.t., overnight 2a (2)

Table 1. Influence of precatalysts and additives in the Glaser-type
coupling step.[?l

Entry Conditions Time [h]  Yield of 2a [%]®!
1 no additives 24 58
2 no PdCl,(PPhs),, no additives 25 8
3 no Cul, no additives 25 36
4 1.0 equiv. KF 26 82
5 1.0 equiv. NH,Cl1 26 86
6 1.0 equiv. NaBr 26 92
7 1.0 equiv. Nal 26 95
8 1.0 equiv. Nal, no NEt; 26 5
9 1.0 equiv. Nal, no Cul 26 41
10 1.0 equiv. Nal, no PdCL,(PPhs), 26 7

[a] All reactions were carried out on a 2-mmol scale with 2 mol-%
PdCl,(PPhs),, 4 mol-% Cul, and NEt; (1.0 equiv.) in a mixture of
THF (5mL) and methanol (5mL). The mixture was stirred at
room temperature for the indicated time. The conditions were var-
ied or adjusted by additives as indicated. [b] Yield of isolated and
purified compound 2a.

Whilst use of Cu! iodide as a single catalyst gave only
very low amounts of the desired compound 2a (Entry 2),
application of the palladium precatalyst led to the forma-
tion of an increased amount of diyne 2a (Entry 3). Upon

Eur. J. Org. Chem. 2011, 238-242
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combination of both precatalysts, a slight increase in the
isolated yield of product 2a could be observed (Entry 1).
Another experiment, which uses 2 mol-% PdCl,(PPhs),,
4 mol-% Cul, and 1.5 equiv. KF starting from commercially
available trimethyl(phenylethynyl)silane, gave 55% of diyne
2a within 28 h of reaction time. This implies that no fluoro-
silanate complexes are involved in the transmetalation step.
Surprisingly, the yields of the Glaser coupling step alone
were much lower than those from the complete sequence,
which additionally includes Sonogashira and deprotection
steps. Bearing in mind that the apparent difference between
the conditions applied in the sequence and in the separated
Glaser coupling step is the generation of 1 equiv. trieth-
ylammonium iodide in the Sonogashira coupling step, we
scrutinized the influence of halide anions on the Glaser
coupling step. Thus, upon addition of 1.0 equiv. potassium
fluoride, the yield of the isolated diyne 2a increased dramat-
ically relative to the yield obtained without additives (En-
tries 1 and 4). Furthermore, the yield continuously in-
creased from fluoride (82%) through chloride (86%) and
bromide (92%) to iodide (95%) (Entries 4-7). To the best
of our knowledge, the effect of halide anions on the Glaser
coupling has neither been observed nor investigated. Al-
though the reason for this behavior is not clear at this stage,
the high yield obtained by the addition of iodide may ex-
plain the high efficiency of the developed sequence, since
ammonium iodide generated in the Sonogashira step could
promote the Glaser coupling step. Moreover, this prelimi-
nary investigation shows that the catalytic system
PdCl,(PPhs),/Cul/NEt; is essential for both Sonogashira
and Glaser coupling reactions to proceed efficiently, since
the absence of one of these components diminishes the yield
dramatically (Entries 8-10). These findings clearly emphas-
ize the benefits of combining Sonogashira and Glaser cou-
plings into a one-pot sequence.

The presented sequence is preparatively strikingly simple
and utilizes commercially available and stable reagents and
precatalysts without fancy ligands or additives. The use of
air as an oxidant additionally supports the sustainable as-
pect of the method (Scheme 2). With these mild conditions
for the sequence in hand, the substrate scope was examined
and a novel pseudo-four-component synthesis of symmetri-
cal 1,3-butadiynes 2 was established (Figure 1). All reac-
tions were carried out on a 2-mmol scale with respect to
(hetero)aryl iodide 1. The structures of compounds 2 were
unambiguously supported by combustion analysis, NMR
spectroscopy, and mass spectrometry.

(hetero)aryl—I
1

2 mol-% PdCly(PPhs),
4 mol-% Cul, TMSA (1.5 equiv)
NEt3 (2.0 equiv), THF
rt.or50°C,1-9h

then:
KF (2.0 equiv), MeOH
air, r.t., overnight

(hetero)aryl (hetero)aryl
2 (26 examples, 51-93%)

Scheme 2. Optimized Sonogashira-Glaser coupling sequence for
the synthesis of 1,4-bis(hetero)aryl-1,3-butadiynes 2.
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O==0

a (81 %) b (73 %)

e (89 %) f (71 %)

HH

j (81 %)

NHBoc BocHN

2y (71%)

Figure 1. Synthesized diynes 2 (isolated yields). Me = methyl, Boc =

The substituent pattern of the obtained 1,4-bis(hetero)-
aryl-1,3-butadiynes 2 (Figure 1) clearly supports that the
precursor (hetero)aryl halides 1 can be electroneutral, elec-
tron rich, as well as electron poor. Substituents in the ortho-,
meta- and para position, as well as the higher-substituted
trimethoxyphenyl group or the dimethyluracil derivative,
are tolerated. Overall, a large variety of functional groups
in the (hetero)aryl iodides 1, such as halides, nitro, cyano,
ester, amide, carbamate, urea, and, even unprotected hy-
droxy and amino groups, can be carried through the se-
quence without difficulties. The functional group tolerance
and the possibility to react different types of electronically
diverse six- and five-membered heterocyclic iodides are re-
markable for such a simple sequence. In most cases, the
isolated target compounds 2 are stable crystalline solids that
can be conveniently purified by column chromatography or
recrystallization. The crude reaction mixtures obtained by

(hetero)aryl—1 (hetero)aryl——
1 ) 3
& Sonogashira -
cycle
TMS
H*NEtsI~ (hetero)aryl——
NEts 4

MeOHOMe MeO O

2c (68 %) d (51 %)

g (56 %) h (74 %)

H

k (88 %)

- — \ /7
p (61 %)
A
— — N\
-
2t (85 %)
A\ — 7N
| = |
L -
\ /
Bn Bn

Et 2z(51%) Et

tert-butoxycarbonyl, Bn = benzyl, Et = ethyl.

the described sequence showed no notable amounts of by-
products in the TLC in nearly all examples mentioned
above. Thus, isolation of the desired 1,3-butadyines 2
turned out to be remarkably quick and easy. It should be
noted that the reaction times (see Supporting Information,
Table S2) are not optimized and might be considerably
shorter than indicated. The yields of the isolated diynes 2
are fair to excellent regardless of the electronic nature or
substituent pattern of the applied iodides. The whole se-
quence is performed at ambient temperature. Indeed, many
applications in medicinal chemistry and material science
can be envisioned.

By considering the results obtained from our preliminary
studies (vide supra), the mechanistic rationale of this Sono-
gashira—Glaser coupling sequence can be outlined as fol-
lows (Scheme 3). In the Sonogashira cycle, driven by the
catalytic Pd%/Cu' pair, the cross-coupling of (hetero)aryl io-

TMS

(hetero)aryl (hetero)aryl

1/2()2+2H+

HyO

Scheme 3. Mechanistic sketch of the consecutive one-pot Sonogashira—Glaser coupling sequence.
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dide 1 and TMSA furnishes the TMS-protected (hetero)aryl
alkyne 3, which is deprotected with fluoride to give the cor-
responding terminal alkyne 4. Alkyne 4 (2 equiv.) now en-
ters the Glaser cycle, which is triggered by the catalytic Pd"/
Cu! pair. Cu' ions are involved in transmetalation to Pd',
and thus a dialkynyl Pd" complex is generated, which fur-
nishes the desired 1,3-butadiyne 2 upon reductive elimi-
nation. Moreover, Cu' is readily oxidized to Cu'’ by atmo-
spheric oxygen. In analogy to the Wacker oxidation,['>] an
intercepting Cu'/Cu'" cycle fueled by oxygen is ultimately
responsible for reoxidizing Pd® back to Pd™. Interestingly,
the same mechanism that leads to the unwanted by-product
of the Sonogashira coupling in the initial activation step!!®
now becomes the modus operandi to form the desired di-
ynes 2.

Conclusions

In conclusion, we have disclosed a general, efficient and
economical sequentially Pd/Cu-catalyzed one-pot reaction
for transforming (hetero)aryl iodides into symmetrical 1,4-
disubstituted 1,3-butadiynes. The commercially available or
easily accessible starting materials,['” the wide range of tol-
erated functional groups, and the simplicity of the described
sequence render it a practical method for routine applica-
tions. Methodological extension to aryl bromides and chlo-
rides as substrates and studies taking advantage of the ver-
satility of 1,3-butadiynes in a variety of catalytic and non-
catalytic conversions are currently under investigation.

Experimental Section

Synthesis of 2m: A mixture of methyl 2-iodobenzoate (1m) (535 mg,
2.00 mmol), PdCly(PPhs), (28 mg, 0.04 mmol, 2 mol-%) and Cul
(16 mg, 0.08 mmol, 4 mol-%) was dissolved in dry degassed THF
(5.00 mL) in a screw-cap Schlenk vessel with septum. After ad-
dition of TMSA (0.43mL, 3.00 mmol) and dry triethylamine
(0.55 mL, 4.00 mmol), the solution was stirred at room temperature
(water bath) for 1 h until complete conversion (monitored by TLC).
KF (236 mg, 4.00 mmol) and methanol (5.00 mL) were then added,
and the reaction mixture was stirred in air (the reaction vessel was
opened) for 22 h. After completion of the reaction, as indicated by
TLC, the mixture was filtered and adsorbed on Celite®, and after
removal of the solvents in vacuo, the residue was purified by col-
umn chromatography on silica gel by using petroleum ether (boil-
ing range 40-60 °C)/ethyl acetate = 10:1 (R; = 0.15) to give, after
drying in vacuo, 1,4-bis(2-methylbenzoyl)buta-1,3-diyne (2m)
(296 mg; 93%) as a yellow oil. Upon suspension in n-pentane, son-
ication in ultrasound bath, filtration and drying in vacuo, an ana-
Iytically pure yellow solid was obtained. M.p. 59-60 °C. '"H NMR
(500 MHz, CDCl,): 6 = 3.97 (s, 6 H), 7.40-7.44 (m, 2 H), 7.48—
7.52 (m, 2 H), 7.65-7.69 (m, 2 H), 7.97-8.00 (m, 2 H) ppm. 13C
NMR (125 MHz, CDCls): ¢ = 52.4 (CH3), 78.9 (Cgua0), 81.5 (Cquar)s
122.5 (Cquar), 128.8 (CH), 130.6 (CH), 131.8 (CH), 132.7 (Cquar)s
135.2 (CH), 166.1 (Cqua0) ppm. EI-MS (70 eV): m/z () = 318
[M]* (46), 303 [M — CH3]* (32), 285 (61), 275 (25), 272 (28), 259
[M — C,H30,]* (74), 258 (34), 257 (40), 204 (28), 202 [Ci¢H o]*
(49), 200 [C sHg]™ (25), 189 (35), 188 (31), 187 (60), 176 (41), 144
(100), 133 (25), 127 (32), 114 (37), 105 (27), 101 (35), 100 (51), 88
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(48), 87 (35). CyoH 404 (318.3): C 75.46, H 4.43; found C 75.22, H
4.70.

Supporting Information (see footnote on the first page of this arti-
cle): Experimental procedures and spectroscopic data for the com-
pounds prepared are presented.
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1. General Considerations

All cross coupling reactions were carried out in oven-dried Schlenk glassware using
septa and syringes under nitrogen or argon atmosphere. THF was dried using MBraun
system MB-SPS-800, and triethylamine was refluxed under argon over ketyl sodium,
distilled and stored in a Schlenk flask over potassium hydroxide pellets under argon
atmosphere.

tert-Butyl 3-iodo-1H-indole-1-carboxylate (1u)t! and tert-butyl 4-iodo-2-(4-methoxy-
phenyl)-1H-pyrrole-1-carboxylate (1v)®, 1-benzyl-5-iodo-1H-imidazole (1x)®! and 2-
ethyl-3-iodo-5-(thiophen-2-yl)furan (1z)*! were prepared according to the literature
procedures. Commercial grade reagents were used as supplied without further
purification and were purchased from Sigma-Aldrich Chemie GmbH, Fluka AG, ABCR
GmBH & Co. KG, Alfa Aesar GmbH & Co. KG, Riedel-de Haén, EGA-Chemie-
Gesellschaft, and Merck Serono KGaA. Trimethylsilylacetylene (TMSA) and potassium
fluoride were obtained from Merck Serono KGaA.

The purification of products was performed on silica gel 60 (0.015-0.040 mm) from
Merck Serono KGaA Darmstadt using flash technique and under pressure of 2 bar. The
crude mixtures were adsorbed on Celite® 545 (0.02-0.10 mm) from Merck Serono KGaA
Darmstadt before chromatographic purification.

The reaction progress was monitored qualitatively using TLC Silica gel 60 Fys4 5 X 7.5
cm aluminium sheets obtained by Merck Serono KGaA Darmstadt. The spots were

detected with UV light at 254 nm and using aqueous potassium permanganate solution.



'H, 3C, and 135-DEPT NMR spectra were recorded on Bruker DRX 500 spectrometer.
CDCl3; and DMSO-dgs were used as deuterated solvents. TMS was used as reference (o
= 0.0) or the resonances of the solvents were locked as internal standards (CDCls: 'H &

7.24, °C 5 77.2; DMSO-ds: 'H 6 2.50, *C & 39.5). The multiplicities of signals were
abbreviated as follows: s: singlet; d: doublet; t: triplet; dd: doublet of doublets, ddd:
doublet of doublets of doublets, dt: doublet of triplets, td: triplet of doublets, q: quartet, m:
multiplet and br: broad signal. The type of carbon atoms was determined on the basis of
135-DEPT NMR spectra. EI mass spectra were measured on Finnigan MAT 8200
spectrometer. IR spectra were obtained on Bruker Vector 22 FT-IR. The solids were
measured as KBr pellets and oils as films on KBr plates. The intensity of signals is
abbreviated as follows: s (strong), m (medium) and w (weak). The melting points
(uncorrected) were measured on Reichert-Jung Thermovar. Combustion analyses were
carried out on Perkin Elmer Series |l Analyser 2400 in the microanalytical laboratory of
Institut fr Pharmazeutische und Medizinische Chemie der Heinrich-Heine-Universitat

Dusseldorf.



2. Preparation of Starting Materials

2.1. Preparation of tert-butyl 4-iodo-2-(4-methoxyphenyl)-1H-pyrrole-1-carboxylate
(1V)[2]

H
\
N—Boc
— |
) [
MeO—<: :}—4 > MeO I_I%
Cl ocC
llH I n

1v

PdCIy(PPhs), (425 mg, 0.60 mmol, 2 mol %) and Cul (233 mg, 1.20 mmol, 4 mol %)
were placed under argon atmosphere in a screw-cap vessel, which was then dried with
a heat gun and cooled to the room temperature (water bath). Then, 150 mL of dry THF
were added and the mixture was degassed with argon. Dry triethylamine (4.16 mL, 30.0
mmol), 4-methoxybenzoyl chloride (5.28 g, 30.0 mmol), and tert-butyl prop-2-
ynylcarbamate (4.66 g, 30.0 mmol) were successively added to the mixture which was
stirred at room temperature for 1 h (monitored by TLC). Then, sodium iodide (22.7 g,
150 mmol), toluene-4-sulfonic acid monohydrate (11.6 g, 60.0 mmol) and 30 ml of tert-
butanol were successively added to the mixture which was stirred at room temperature
for 1 h (monitored by TLC). The reaction mixture was diluted with 300 mL brine, the
phases were separated and the aqueous phase was extracted with dichloromethane (3
x 150 mL). The combined organic layers were dried with anhydrous sodium sulfate. After
removal of the solvents in vacuo the residue was absorbed onto Celite® and
chromatographed on silica gel with petrolether (boiling range 40-60 °C)/ethyl acetate
(PE-EE = 100:1) to give 9.23 g (23.1 mmol, 77 % yield) of the desired product (1v) as a

colorless solid.

“Three-component synthesis of N-Boc-4-iodopyrroles and sequential one-pot
alkynylation“ E. Merkul, C. Boersch, W. Frank, T. J. J. Muller, Org. Lett. 2009, 11, 2269-
2272.



2.2. Preparation of 2-ethyl-3-iodo-5-(thiophen-2-yl)furan (1z)!

OTHP

:—& |

S Cl
"HI" S

Y
-
Q

1z

PdCIy(PPhs)2 (142 mg, 0.20 mmol, 2 mol %) and Cul (78 mg, 0.40 mmol, 4 mol %) were
placed under argon atmosphere in a screw-cap vessel, which was then dried with a heat
gun and cooled to the room temperature (water bath). Then, 50 mL of dry THF were
added and the mixture was degassed with argon. Dry triethylamine (1.39 mL, 10.0
mmol), thiophene-2-carbonyl chloride (1.50 g, 10.0 mmol), and tetrahydro-2-(pent-1-yn-
3-yloxy)-2H-pyran (4.66 g, 10.0 mmol) were successively added to the mixture which
was stirred at room temperature for 2 h (monitored by TLC). Then, sodium iodide (7.57
g, 50.0 mmol), toluene-4-sulfonic acid monohydrate (2.14 g, 11.0 mmol) and 30 ml of
methanol were successively added to the mixture which was stirred at room temperature
for 2 h (monitored by TLC). After removal of the solvents in vacuo the residue was
absorbed onto Celite® and chromatographed on silica gel with petrolether (boiling range
40-60 °C)/ethyl acetate (PE-EE = 10:1) to give 2.72 g (8.93 mmol, 89 % yield) of the

desired product (1z) as an orange oil.

‘A novel one-pot three-component synthesis of 3-halofurans and sequential Suzuki
coupling® A. S. Karpov, E. Merkul, T. Oeser, T. J. J. Miller, Chem. Commun. 2005,
2581-2583.

“One-pot three-component synthesis of 3-halofurans and 3-chloro-4-iodofurans” A. S.
Karpov, E. Merkul, T. Oeser, T. J. J. Mlller, Eur. J. Org. Chem. 2006, 2991-3000.



3. Sonogashira-Glaser Coupling Sequence

3.1. General Procedure

TMSA KF
(Het)Aryl—I ~———— > [ (Het)Aryl———TMS —> (Het)Aryl———"—=——(Het)Aryl
air

1 2

A mixture of (hetero)aryl iodide 1 (2.00 mmol), PdCI,(PPhs), (28 mg, 0.04 mmol, 2 mol
%) and Cul (16 mg, 0.08 mmol, 4 mol %) was dissolved in degassed THF (5.00-10.0
mL) in a dry screw-cap Schlenk vessel with septum. After addition of
trimethylsilylacetylene (0.43 mL, 3.00 mmol) and dry triethylamine (0.55 mL, 4.00 mmol)
the solution was stirred at room temperature (water bath) until the complete conversion
(monitored by TLC). Then, KF (236 mg, 4.00 mmol) and methanol (5.00 mL) were added
subsequently and the reaction mixture was stirred under air atmosphere (the reaction
vessel was opened) overnight at room temperature (water bath) or 50 °C (for
compounds 2v, 2w, 2x and 2z in a preheated oil bath). After completion of the reaction,
as indicated by TLC, the mixture was filtered (for compounds purified
chromatographically; scarcely soluble 2s was transferred directly into a flask and
adsorbed onto Celite® for chromatographic purification) or diluted with THF and filtered
through neutral aluminium oxide (for compounds purified by recrystallisation). After
removal of the solvents in vacuo the residue was either absorbed onto Celite® and
purified by column chromatography on silica gel using petrolether (boiling range 40-60
°C)/ethyl acetate or it was purified by recrystallisation from the appropriate solvent to

give the analytically pure diynes 2.

The experimental details are depicted in Table 1.



Table 1. Experimental details for the synthesis of diynes 2.

Entry (Hetero)Aryl Diyne 2 Chromatographic
iodide 1 (isolated yield %) purification
Ry (eluent)
or recrystallisation
(solvent)
1 412 mg Pale yellow solid PE (eluent)
(2.00 mmol) 157 mg Rf (PE) : 0.44
1-lodo- (0.78 mmol, 78 %)
benzene - Recrystallisation
(Merck) Q - O from n-pentane
1a 2a
Pale brown needles 'PrOH/H,0
163 mg (solvents)

(0.81 mmol, 81 %)

2a
2 468 mg Yellow crystals 'PrOH (solvent)
(2.00 mmol) 191 mg
1-lodo-4- (0.73 mmol, 73 %)
methoxy- . - .
benzene e O - O o
(Merck) 2b
1b
3 600 mg Pale yellow solid DCM (eluent)
(2.00 mmol) 259 mg R (DCM) : 0.24
5-lodo-1,2,3- (0.68 mmol, 68 %)
trimethoxy- MeQ OMe
benzene o e OMe
(Alfa Aesar) ! Q O g
1c MeO 9 OMe
c
4 477 mg Colorless solid EE (solvent)
(2.00 mmol) 137 mg
1-lodo-4- (0.51 mmol, 51 %)
chloro- -
benzene ° Q - O °
(ABCR) 2d
1d
5 444 mg Colorless crystals PE (eluent)
(2.00 mmol) 212 mg Rf(PE) : 0.50
1-Fluoro-4- (0.89 mmol, 89 %)
iodobenzene -
(ABCR) ] Q T O "
1e 2e

[a] The yield refers to 1.00 mmol of (hetero)aryl iodide 1.



Table 1 (continuation). Experimental details for the synthesis of diynes 2.

Entry (Hetero)Aryl

Diyne 2

Chromatographic

iodide 1 (isolated yield %) purification
Ry (eluent)
or recrystallisation
(solvent)

6 544 mg Colorless solid PE (eluent)
(2.00 mmol) 241 mg R¢(PE) : 0.64
1-(Trifluoro- (0.71 mmol, 71 %)

methyl)-4- _
iodobenzene e O - O o
(Alfa Aesar) 2f
1f
7 458 mg Pale brown crystals EE (solvent)
(2.00 mmol) 141 mg
4-lodo- (0.56 mmol, 56 %)
benzonitrile -
(ABCR) Ne Q S O o
1g 2g

8 502 mg Blue solid PE-EE = 5:1

(2.00 mmol) 211 mg Rf(PE-EE =5:1):
1-(4-lodo- (0.74 mmol, 74 %) 0.23
phenyl)- Q o 0
ethanone Q S O
(Alfa Aesar) 2h
1h
9 477 mg Pale yellow crystals PE (eluent)
(2.00 mmol) 183 mg Rf(PE) : 0.61
1-lodo-3- (0.67 mmol, 67 %)
chloro- cl c
benzene N —
(ABCR) Q T O
1i 2i

10 449 mg Pale beige solid DCM-MeOH-NH3; =

(2.00 mmol) 189 mg 100:1:1 - 100:2:1
3-lodophenol (0.81 mmol, 81 %) - 100:3:1 =
(Alfa Aesar) HO oH 100:4:1 - 100:5:1
’ -G

2j

[a] The yield refers to 1.00 mmol of (hetero)aryl iodide 1.

10



Table 1 (continuation). Experimental details for the synthesis of diynes 2.

Entry (Hetero)Aryl Diyne 2 Chromatographic
iodide 1 (isolated yield %) purification
Ry (eluent)
or recrystallisation
(solvent)
11 447 mg Pale yellow solid™ PE-EE =2:1 - 1:1
(2.00 mmol) 204 mg Rf (PE-EE = 2:1) :
3-lodo- (0.88 mmol, 88 %) 0.14
benzenamine HoN NH
(Merck) I — Suspended in 1.25
1k Q S O M HCI in EtOH™
2k (Fluka)
12 498 mg Yellow solid DCM (solvent)
(2.00 mmol) 150 mg
1-lodo-2- (0.51 mmol, 51 %)
nitrobenzene NO, O2N
ABCR -
ik == == W
13 535 mg Yellow solid PE-EE = 10:1
(2.00 mmol) 296 mg Rf (PE-EE = 10:1) :
Methyl 2- (0.93 mmol, 93 %) 0.16
iodobenzoate < P
(ABCR) OMe MeO
==
2m
14 658 mg Yellow solid PE-EE = 20:1
(2.00 mmol) 387 mg Rf (PE-EE = 20:1) :
tert-Butyl 2- (0.90 mmol, 90 %) 0.32
iodophenyl- NHBoc BocHN
carbamate e
(Aldrich) O - O
1n 2n
15 519 mg Yellow solid PE (eluent)
(2.00 mmol) 235 mg Rf(PE) : 0.21
1-lodo- (0.78 mmol, 78 %)
naphthalene
(Alfa Aesar)
10

[a] The yield refers to 1.00 mmol of (hetero)aryl iodide 1.

[b] The solid was unstable as a free base. It was characterized as the corresponding dihydrochloride.
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Table 1 (continuation). Experimental details for the synthesis of diynes 2.

Entry (Hetero)Aryl Diyne 2 Chromatographic
iodide 1 (isolated yield %) purification
Ry (eluent)
or recrystallisation
(solvent)
16 410 mg Colorless solid PE-EE =11
(2.00 mmol) 124 mg R¢ (PE-EE = 1:1) :
2- (0.61 mmol, 61 %) 0.38
lodopyridine </ N\: . :N—>
(ABCR) —/ = 7
1p 2p
17 410 mg Colorless solid PE-EE = 1:1
(2.00 mmol) 148 mg R¢ (PE-EE = 1:1) :
3- (0.72 mmol, 72 %) 0.31
lodopyridine N . N
(EGA) —/ — = 7
1q 2q
18 410 mg Colorless solid DCM-MeOH-NH3; =
(2.00 mmol) 139 mg 100:2:1
4- (0.68 mmol, 68 %) Rf(PE-EE = 1:1) :
lodopyridine N AN 0.18
(ABCR) D— C\ Y
1r 2r
19 537 mg Yellow solid DCM-MeOH-NH; =
(2.00 mmol) 170 mg 100:1:1
5-lodo-1,3- (0.52 mmol, 52 %)
dimethyl- \ P R J
pyrimidine- I
2.4(1H,3H)- = )= =A
dione / \
(5-lodo-1,3- 2s
dimethyl-
uracil)
(Aldrich)
1s
20 496 mg Brown solid PE-EE = 3:1
(2.00 mmol) 238 mg Rf (PE-EE = 2:1):
5-lodo-1H- (0.85 mmol, 85 %) 0.20
indole = =
ABCR) A == )™

2t

[a] The yield refers to 1.00 mmol of (hetero)aryl iodide 1.
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Table 1 (continuation). Experimental details for the synthesis of diynes 2.

Entry  (Hetero)Aryl Diyne 2 Chromatographic
iodide 1 (isolated yield %) purification
Rr (eluent)
or recrystallisation
(solvent)

21 686 mg Pale yellow solid PE-EE = 50:1
(2.00 mmol) 315 mg Rf (PE-EE = 50:1)
tert-Butyl 3- (0.66 mmol, 66 %) :0.15

iodo-1H-indole- O Q
1-carboxylate™ Crystallisation in
1u NS R R n-pentane
Boc’ Boc
2u

22 798 mg Pale yellow solid PE-EE = 10:1
(2.00 mmol) 341 mg Rf (PE-EE = 10:1)
tert-Butyl 4- (0.58 mmol, 58 %) :0.15

iodo-2-(4-
methoxy-
phenyl)-1H-
pyrr0|e_1 . Boc Boc
carboxylate!” 2v
1v

23 568 mg Yellow solid PE-EE = 3:1
(2.00 mmol) 244 mg Rf (PE-EE = 3:1) :
1-Benzyl-4- (0.67 mmol, 67 %) 0.30

iodo-1H- llﬂi>%<ihll
pyrazole ©\/N / \ Nv©
(Aldrich) 2w

1w

[a] The yield refers to 1.00 mmol of (hetero)aryl iodide 1.
[b] B. Witulski, N. Buschmann, U. BergstralRer, Tetrahedron 2000, 56, 8473-8480.
[c] E. Merkul, C. Boersch, W. Frank, T. J. J. Mlller, Org. Lett. 2009, 11, 2269-2272.



Table 1 (continuation). Experimental details for the synthesis of diynes 2.

Entry  (Hetero)Aryl

Diyne 2

Chromatographic

iodide 1 (isolated yield %) purification
Rr (eluent)
or recrystallisation
(solvent)
24 568 mg Colorless solid! DCM-MeOH-NH3
(2.00 mmol) 183 mg =100:1:1
1-Benzyl-5- (0.51 mmol, 51 %)
iodo-1H- Ny = — /N Suspended in
imidazole™ Ly - 1.25 M HCl in
1x EtOH
(Fluka)
2x
25 420 mg Pale brown solid PE (eluent)
(2.00 mmol) 151 mg Rf(PE) : 0.48
2- (0.71 mmol, 71 %)
lodothiophene N = — 7
(Aldrich) S S
1y 2y
26 608 mg Yellow solid PE [ PE-EE =
(2.00 mmol) 204 mg 100:1
2-Ethyl-3-iodo- (0.51 mmol, 51 %) Rf(PE) : 0.17
5-(thiophen-2-
yl)furan!®
1z

[a] The yield refers to 1.00 mmol of (hetero)aryl iodide 1.

[b] 1x was obtained along with isomeric 1-benzyl-4-iodo-1H-imidazole as a separable mixture from 4(5)-
iodo-1H-imidazole according to a procedure described for the synthesis of 1-benzyl 4-iodo-1H-pyrazole
from 4-iodo-1H-pyrazole: W. Holzer, |. Pécher, J. Het. Chem. 1995, 32, 189-194. For a similar procedure
and characterisation of both isomers, see: C. J. Lovely, H. Du, R. Sivappa, M. R. Bhandari, Y. He, H. V. R.
Dias, J. Org. Chem. 2007, 72, 3741-3749.

[c] The compound was characterized as its dihydrochloride salt.

[d] A. S. Karpov, E. Merkul, T. Oeser, T. J. J. Miller, Chem. Commun. 2005, 2581-2583; A. S. Karpov, E.
Merkul, T. Oeser, T. J. J. Mllller, Eur. J. Org. Chem. 2006, 2991-3000.
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Table 2. Reaction times®! in the synthesis of diynes 2.

Diyne 2  Sonogashira  Deprotection/ | Diyne 2 Sonogashira  Deprotection/
coupling step Glaser coupling step Glaser
coupling step coupling step
2a 1h 18 h 20 1h 16 h
1h 17 h
2b 3h 16 h 2p 3h 16 h
2c 1h 18 h 2q 3h 16 h
2d 2h 17 h 2r 3h 16 h
2e 2h 17 h 2s 1h 15h
2f 2h 17 h 2t 1h 27 h
2g 2h 17 h 2u 1.5h 73 h
2h 1h 19 h 2v 2h 25 hi°!
2i 2h 17 h 2w 1h 22 h!
2j 1h 16 h 2x 9h 16 h°!
2k 1h 24 h 2y 2h 17 h
2| 2h 17 h 2z 1h 52 ht*!
2m 1h 22 h
2n 1h 24 h

[a] The reaction times for both steps are not optimized. The actual reaction times might be much shorter
than indicated.

[b] The deprotection-Glaser coupling step was performed at 50 °C.
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3.2 Spectroscopic Data of Compounds 2a-2aa

3.2.1. 1,4-Diphenylbuta-1,3-diyne (2a)

C1sH10
202.25

157 mg (0.78 mmol, 78 % yield) as a pale yellow solid. Mp 82-85 °C (n-pentane). 'H
NMR (CDCls, 500 MHz): §7.28-7.40 (m, 6 H), 7.46-7.56 (m, 4 H). ®*C NMR (CDCls, 125
MHz): 6§ 74.1 (Cquat), 81.8 (Cquat), 122.0 (Cquat), 128.7 (CH), 129.4 (CH), 132.7 (CH). EIl +
MS (m/z (%)): 203 (17), 202 (M", 100), 201 ((M-H)", 11), 200 (23), 101 (CgHs", 19), 88
(13). IR (KBr): ¥ 3049 (w) cm™, 2148 (w), 1655 (w), 1638 (w), 1483 (w), 1439 (w), 1067
(w), 1024 (w), 915 (w), 755 (s), 685 (s), 524 (m). Anal. calcd for CygHqo (202.3) : C
95.02, H 4.98. Found: C 94.96, H 5.10.

Alternatively, the product can be isolated by crystallisation from 'PrOH/H,O as pale
brown needles (163 mg; 0.81 mmol, 81 % yield). Mp 84-86 °C ('PrOH/H.0).

Product from the studies concerning the influence of halide anions upon the Glaser

coupling step (Table 1 in manuscript) was obtained as a colorless solid. Mp 83-86 °C.

Data reported in the literature: S.-N. Chen, W.-Y. Wu, F.-Y. Tsai, Green Chem. 20009,
11, 269-274.

White solid. Mp 86-87 °C. "H NMR (CDCls, 200 MHz): 57.31-7.35 (m, 6 H), 7.53 (d, J =
7.3 Hz, 4 H). ®C NMR (CDCls, 50 MHz): §73.9, 81.0, 121.8, 128.4, 129.1, 132.5.
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3.2.2. 1,4-Bis(4-methoxyphenyl)buta-1,3-diyne (2b)

MeO /_\ — @OMe

C18H1402
262.30

191 mg (0.73 mmol, 73 % yield) as yellow crystals. Mp 142 °C ('PrOH). "H NMR (CDCls,
500 MHz): 53.80 (s, 6 H), 7.80-7.87 (m, 4 H), 7.41-7.47 (m, 4 H). *C NMR (CDCls, 125
MHz): 6 55.6 (CHs), 73.2 (Cquat), 81.4 (Cquat), 114.3 (Cquat), 114.4 (CH), 134.3 (CH),
160.4 (Cquat). El + MS (m/z (%)): 263 (19), 262 (M*, 100), 248 (10), 247 ((M-CH3)", 51),
219 (13), 176 (16), 149 (12), 131 (23), 111 (14), 109 (13), 99 (10), 97 (20), 95 (14), 85
(18), 83 (17), 81 (13), 71 (25), 69 (15), 57 (27), 55 (14), 43 (12). IR (KBr): v 3003 (w)
cm™, 2975 (w), 2936 (w), 2841 (w), 2138 (w), 1599 (s), 1561 (w), 1504 (s), 1461 (m),
1439 (w), 1294 (s), 1256 (s), 1182 (w), 1168 (s), 1108 (w), 1028 (m), 842 (m), 821 (m),
691 (w), 538 (w). Anal. calcd for C1gH1402 (262.3) : C 82.42, H 5.38. Found: C 82.58, H
5.57.

Data reported in the literature: S.-N. Chen, W.-Y. Wu, F.-Y. Tsai, Green Chem. 20009,
11, 269-274.

White solid. Mp 141-142 °C. "H NMR (CDCls, 200 MHz): §3.82 (s, 6 H), 6.85 (d, J = 8.7

Hz, 4 H), 7.46 (d, J = 8.7 Hz, 4 H). *C NMR (CDCls, 50 MHz): §55.3, 73.0, 81.2, 113.9,
114.1, 134.0, 160.2.
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3.2.3. 1,4-Bis(3,4,5-trimethoxyphenyl)buta-1,3-diyne (2c)

MeQO OMe
MeO / \ —— \ / OMe
MeO OMe
C22H2206
382.41

259 mg (0.68 mmol, 68 % yield) as a pale yellow solid. Mp 199-201 °C. "H NMR (CDCls,
500 MHz): 5 3.86 (s, 12 H), 3.87 (s, 6 H), 6.76 (s, 4 H). *C NMR (CDCls, 125 MHz): &
56.1 (CHg3), 61.0 (CHa), 73.0 (Cquat), 81.6 (Cquat), 109.6 (CH), 116.5 (Cquat), 139.8 (Cquat),
153.0 (Cquat). EI + MS (m/z (%)): 382 (M", 5), 279 (7), 167 (34), 150 (12), 149 (CgHs03",
100), 113 (11), 95 (10), 94 (98), 84 (12), 83 (14), 71 (27), 70 (17), 69 (11), 57 (28), 55
(15), 43 (14). IR (KBr): ¥ 3014 (w) cm™, 2941 (w), 2838 (w), 2143 (w), 1573 (s), 1504
(s), 1464 (m), 1436 (w), 1410 (s), 1331 (s), 1236 (s), 1186 (w), 1128 (s), 993 (s), 963
(w), 887 (m), 821 (m), 774 (w), 739 (w), 675 (w), 624 (w), 564 (w), 526 (w). Anal. calcd
for Co2H2206 (382.4) : C 69.10, H 5.80. Found: C 68.96, H 5.73.

18



3.2.4. 1,4-Bis(4-chlorophenyl)buta-1,3-diyne (2d)

o— Y=—=-+ )o

C16HsCl2
271.14

137 mg (0.51 mmol, 51 % yield) as a colorless solid. Mp 253 °C (dec., ethyl acetate). El
+ MS (m/z (%)): 274 (M(P’CIFCly*, 11), 272 (M(P’CIP°CI)*, 64), 270 (M(**CI*°Cl)*, 100),
236 (14), 200 (26), 71 (23). IR (KBr): ¥ 1890 (w) cm™, 1639 (w), 1587 (w), 1544 (w),
1509 (w), 1485 (s), 1466 (m), 1396 (m), 1095 (s), 1013 (m), 823 (s), 592 (w), 521 (m).
Anal. calcd for C1HgCl, (271.1) : C 70.88, H 2.97. Found: C 71.09, H 2.85.

After being dried, the substance was found to be insoluble in the usual deuterated

solvents. No NMR spectra could be obtained.

Data reported in the literature: W. Yin, C. He, M. Chen, H. Zhang, A. Lei, Org. Lett.
2009, 71, 709-712.

'"H NMR (CDCls, 300 MHz): 6§7.32 (d, J = 8.1 Hz, 4 H), 7.46 (d, J = 8.1 Hz, 4 H). Very
insoluble in common organic solvents.
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3.2.5. 1,4-Bis(4-fluorophenyl)buta-1,3-diyne (2e)

CieHsF2
238.23

212 mg (0.89 mmol, 89 % vyield) as colorless crystals. Mp 187-188 °C. "H NMR (CDCls,
500 MHz): 6 7.00-7.06 (m, 4 H), 7.46-7.52 (m, 4 H). *C NMR (CDCls, 125 MHz): 5§ 73.7
(Cquat), 80.6 (Cquat), 116.1 (d, J = 22.2 Hz, CH), 118.0 (d, J = 3.6 Hz, Cquat), 134.8 (d, J =
8.6 Hz, CH), 163.3 (d, J = 251.7 Hz, Cquat). El + MS (m/z (%)): 239 (26), 238 (M", 100),
236 (17), 119 (22). IR (KBr): v 2143 (w) cm™, 1888 (w), 1639 (w), 1596 (s), 1502 (s),
1404 (w), 1275 (w), 1228 (s), 1159 (s), 1094 (m), 1013 (w), 829 (s), 697 (m), 525 (s).
Anal. calcd for C1gHgF2 (238.2) : C 80.67, H 3.38. Found: C 80.53, H 3.61.

Data reported in the literature: S.-N. Chen, W.-Y. Wu, F.-Y. Tsai, Green Chem. 2009,
11, 269-274.

White solid. Mp 187-189 °C. "H NMR (CDCl3, 200 MHz): §7.04 (dd, J = 8.6 Hz, J = 8.6
Hz, 4 H), 7.51 (dd, J = 8.6 Hz, J = 2.2 Hz, 4 H). >°C NMR (CDCls, 50 MHz): §73.6, 80.4,
115.9 (d, J = 22.2 Hz), 117.9 (d, J = 3.8 Hz), 134.5 (d, J = 8.4 Hz), 163.0 (d, J = 250.3
Hz).
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3.2.6. 1,4-Bis(4-(trifluoromethyl)phenyl)buta-1,3-diyne (2f)

CigHsFe
338.25

241 mg (0.71 mmol, 71 % yield) as a colorless solid. Mp 163 °C. '"H NMR (CDCls, 500
MHz): & 7.56-7.66 (m, 8 H). ®*C NMR (CDCl;, 125 MHz): & 75.8 (Cquat), 81.2 (Cquat),
123.9 (q, J = 272.3 Hz, Cquat), 125.4-125.5 (m, Cquat), 125.7 (q, J = 3.7 Hz, CH), 131.3 (q,
J = 32.9 Hz, Cquat), 133.0 (CH). EI + MS (m/z (%)): 339 (19), 338 (M", 100), 319 (14),
143 (12), 119 (12). IR (KBr): ¥ 2219 (w) cm™, 1925 (w), 1802 (w), 1611 (m), 1561 (w),
1408 (m), 1318 (s), 1234 (w), 1177 (s), 1134 (s), 1107 (s), 1065 (s), 1015 (m), 841 (s),
734 (m), 596 (m), 551 (w), 522 (w). Anal. calcd for C4gHgFs (338.3) : C 63.92, H 2.38.
Found: C 63.70, H 2.56.

Data reported in the literature: J.-H. Li, Y. Liang, X.-D. Zhang, Tetrahedron 2005, 61,
1903-1907.

White solid. Mp 166-168 °C. 'H NMR (CDCl3, 400 MHz): §7.62 (d, J = 8.4 Hz, 4 H), 7.65

(d, J = 8.4 Hz, 4 H). *C NMR (CDCls, 100 MHz): & 75.6, 81.0, 122.3, 125.0, 125.2,
125.4, 125.5, 130.9, 131.2, 132.8. MS (m/z (%)): 338 (M", 100).
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3.2.7. 1,4-Bis(4-cyanophenyl)buta-1,3-diyne (2g)

C1gHgN2
252.27

141 mg (0.56 mmol, 56 % vyield) as pale brown crystals. Mp 292 °C (dec., ethyl acetate).
El + MS (m/z (%)): 253 (20), 252 (M*, 100). IR (KBr): ¥ 3092 (w) cm™, 2227 (s), 1689
(w), 1599 (w), 1546 (w), 1493 (m), 1404 (m), 1269 (w), 1172 (w), 1104 (w), 1014 (w),
840 (s), 826 (s), 652 (w), 553 (s). Anal. calcd for C1gHgN, (252.3) : C 85.70, H 3.20, N
11.10. Found: C 85.64, H 3.28, N 11.15.

After being dried, the substance was found to be insoluble in the usual deuterated

solvents. No NMR spectra could be obtained.

Data reported in the literature: V. Kumar, A. Chipeleme, K. Chibale, Eur. J. Org. Chem.
2008, 1, 43-46.

Light brown solid. Mp 183-185 °C. "H NMR (CDCls, 300 MHz): 5 7.48-7.51 (d, J = 8.6
Hz, 4 H), 7.60-7.63 (d, J = 8.8 Hz, 4 H). "*C NMR (CDCls, 100 MHz): 5§74.6, 76.9, 112.3,
115.7, 127.0, 131.8, 133.0. MS (m/z (%)): 252 (M"). Anal. calcd for C1gHsNa (252.3) : C
85.70, H 3.20, N 11.10. Found: C 85.89, H 2.98, N 11.13.
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3.2.8. 1,4-Bis(4-acetylphenyl)buta-1,3-diyne (2h)

C20H1402
286.32

211 mg (0.74 mmol, 74 % yield) as a blue solid. Mp 172-174 °C. El + MS (m/z (%)): 287
(14), 286 (M*, 64), 272 (21), 271 ((M-CHs)*, 100), 243 ((M-C,HsO)*, 11), 228 ((M-
C3HsO)", 24), 200 ((M-C4HsO2)*, 23), 199 (10), 149 (12), 128 (CeH4O", 26), 114 (15),
100 (12), 94 (11), 43 (C.H30", 15). IR (KBr): v 1668 (s) cm™, 1598 (m), 1402 (w), 1364
(w), 1285 (w), 1264 (m), 1180 (w), 962 (w), 835 (m), 652 (w), 595 (w). Anal. calcd for
CaoH1402 (286.3) : C 83.90, H 4.93. Found: C 84.03, H 4.66.

After being dried, the substance was found to be insoluble in the usual deuterated

solvents. No NMR spectra could be obtained.

Data reported in the literature: S.-N. Chen, W.-Y. Wu, F.-Y. Tsai, Green Chem. 2009,
11, 269-274.

Blue solid. Mp 178-180 °C. "H NMR (CDCl3, 200 MHz): §2.62 (s, 6 H), 7.62 (d, J = 8.3

Hz, 4 H), 7.94 (d, J = 8.3 Hz, 4 H). *C NMR (CDCls, 50 MHz): §26.6, 76.5, 81.9, 126.1,
128.2, 132.6, 137.0, 196.8. HRMS calcd for CooH1405, 286.0994; found, 286.0998.
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3.2.9. 1,4-Bis(3-chlorophenyl)buta-1,3-diyne (2i)

Cl Cl

/_\::\/

C16HsCl2
271.14

183 mg (0.67 mmol, 67 % vyield) as pale yellow crystals. Mp 73 °C. "H NMR (CDCls, 500
MHz): §7.19-7.24 (m, 2 H), 7.29-7.33 (m, 2 H), 7.34-7.38 (m, 2 H), 7.44-7.47 (m, 2 H).
3C NMR (CDCl3, 125 MHz): 6 74.9 (Cquat), 80.8 (Cquat), 123.5 (Cquar), 129.9 (CH), 130.9
(CH), 132.5 (CH), 134.6 (Cquar). El + MS (m/z (%)): 274 (M(*’CI¥'CI)*, 10), 273 (11), 272
(MC’CIP°Cl)*, 66), 271 (17), 270 (M(*CI*°CI)*, 100), 243 (24), 217 (16), 200 (38), 199
(11), 135 (14), 100 (17), 99 (12), 85 (12), 71 (13). IR (KBr): v 1584 (m) cm™, 1557 (m),
1471 (m), 1454 (m), 1402 (m), 1202 (w), 1165 (w), 1094 (m), 1077 (m), 907 (w), 890 (s),
854 (m), 793 (s), 683 (s), 523 (w). Anal. calcd for C4gHsCl, (271.1) : C 70.88, H 2.97.
Found: C 70.84, H 2.95.

Data reported in the literature: K. Kamata, S. Yamaguchi, M. Kotani, K. Yamaguchi, N.
Mizuno, Angew. Chem. Int. Ed. 2008, 47, 2407-2410.

"H NMR (CDCls, 270 MHz): §7.18-7.26 (m, 2 H), 7.28-7.36 (m, 4 H), 7.44-7.46 (m, 2 H).

3C NMR (CDCls, 67.8 MHz): §75.2, 81.0, 123.7, 130.2, 131.1, 132.7, 134.8. El + MS
(M/z (%)): 274 (11), 273 (12), 272 (64), 271 (M*, 18), 270 (100), 200 (31).
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3.2.10. 3-(4-(3-Hydroxyphenyl)buta-1,3-diynyl)phenol (2j)

HO OH

C16H1002
234.25

189 mg (0.81 mmol, 81 % vyield) as a pale beige solid. Mp 200 °C. 'H NMR (DMSO-d,
500 MHz): 66.90 (dd, J = 8.2 Hz, J = 1.9 Hz, 2 H), 6.94-6.96 (m, 2 H), 7.02-7.05 (m, 2
H), 7.24 (t, J = 7.9 Hz, 2 H), 9.86 (s, 2 H, OH). *C NMR (DMSO-ds, 125 MHz): 5 72.9
(Cquat), 81.8 (Cquat), 117.6 (CH), 118.5 (CH), 121.2 (Cquat), 123.2 (CH), 130.1 (CH), 157.4
(Cquat). EI + MS (m/z (%)): 235 (17), 234 (M*, 100), 176 (13), 149 (11), 117 (CgHs0", 9).
IR (KBr): ¥ 3224 (s) cm™, 1603 (w), 1590 (s), 1448 (s), 1364 (w), 1308 (w), 1262 (m),
1244 (m), 1149 (m), 1081 (w), 997 (w), 932 (m), 856 (m), 785 (s), 721 (w), 680 (s), 563
(w), 527 (w). Anal. calcd for C16H1002 (234.3) : C 82.04, H 4.30. Found: C 82.15, H 4.33.
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3.2.11. 3-(4-(3-Aminophenyl)buta-1,3-diynyl)benzenamine dihydrochloride (2k)

"CI*"H3N NH5*CI

o0

C16H14Cl2N2
305.20

204 mg (0.88 mmol, 88 % yield) as a pale brown solid (free base). For characterisation,
it was suspended in 1.25 M HCI in EtOH, stirred at the room temperature, filtered and
washed with n-pentane. Pale brown solid. Mp 150-155 °C. El + MS (m/z (%)): 233 (19),
232 ((M-2 HCI)*, 100), 116 (CgHgN*, 11). IR (KBr): ¥ 3054 (m) cm™, 2878 (s), 2551 (m),
1590 (w), 1561 (m), 1516 (m), 1481 (w), 1440 (w), 1098 (w), 1074 (w), 998 (w), 917 (w),
889 (w), 795 (s), 681 (s), 531 (m). Anal. calcd for C1sH14CI2N2 (305.2) : C 62.97, H 4.62,
N 9.18. Found: C 62.79, H 4.59, N 9.13.

The dihydrochloride was found to be insoluble in the usual deuterated solvents. No NMR

spectra could be obtained.

Data reported in the literature for the free base: L. Yin, J. Liebscher, Synthesis 2005,
131-135.

Grey-green solid. Mp 124-125 °C. "H NMR (CDCls, 300 MHz): § 3.70 (br s, 4 H), 6.69
(m,2H),6.81((t J=19Hz, 2H),6.93(dt, J=75Hz, J=12Hz, 2H), 711 (t,J=7.9
Hz, 2 H). ">*C NMR (CDCls, 75 MHz): & 73.4, 81.7, 116.3, 118.4, 122.4, 123.0, 129.4,
146.3. Anal. calcd for CigH12N, (232.3) : C 82.73, H 5.21, N 12.06. Found: C 82.84, H
5.40, N 12.01.
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3.2.12. 1,4-Bis(2-nitrophenyl)buta-1,3-diyne (21)

NO, O,N

/_\::\/

C16HsgN204
292.25

150 mg (0.51 mmol, 51 % yield) as a yellow solid. Mp 204 °C. '"H NMR (CDCls, 500
MHz): 67.53 (t, J=7.8Hz,2H),7.63(t, J=7.6 Hz, 2H), 7.76 (d, J=7.7 Hz, 2 H), 8.13
(d, J = 8.2 Hz, 2 H). ®C NMR (CDCl3, 125 MHz): 6 79.4 (Cquat), 81.1 (Cquat), 100.2
(Cquat), 117.5 (Cquat), 125.3 (CH), 130.1 (CH), 133.4 (CH), 136.2 (CH). MALDI MS (m/z
(%)): 292.4 (M*). IR (KBr): ¥ 3105 (w) cm™, 2850 (w), 1836 (w), 1602 (m), 1564 (m),
1518 (s), 1474 (m), 1437 (m), 1381 (w), 1340 (s), 1301 (m), 1254 (m), 1207 (w), 1143
(m), 1080 (m), 991 (w), 957 (w), 858 (s), 781 (s), 739 (s), 687 (s), 660 (s). Anal. calcd for
C16HsN204 (292.3) : C 65.76, H 2.76, N 9.59. Found: C 65.61, H 2.88, N 9.36.

Data reported in the literature: V. Kumar, A. Chipeleme, K. Chibale, Eur. J. Org. Chem.
2008, 1, 43-46.

Dark brown solid. Mp 204-205 °C. 'H NMR (CDCls, 300 MHz): & 7.19-7.54 (m, 2 H),
7.59-7.63 (dt, J = 7.7 Hz, J = 1.3 Hz, 2 H), 7.39-7.76 (dd, J = 7.7 Hz, J = 1.5 Hz, 2 H),
8.10-8.13 (dd, J = 8.2 Hz, J = 1.2 Hz, 2 H). MS (m/z (%)): 292 (M*). Anal. calcd for
C16HsN2O4 (292.3) : C 65.76, H 2.76, N 9.59. Found: C 65.55, H 2.65, N 9.03.
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3.2.13. 1,4-Bis(2-methylbenzoyl)buta-1,3-diyne (2m)

(@) (0]
OMe MeO
7 N\ — — /
_/ — N\ /
C20H1404
318.32

296 mg (0.93 mmol, 93 % yield) as a yellow oil. Suspending in n-pentane, sonication in
ultrasound bath, filtration and drying gave a yellow solid. Mp 59-60 °C. '"H NMR (CDCls,
500 MHz): 6 3.97 (s, 6 H), 7.40-7.44 (m, 2 H), 7.48-7.52 (m, 2 H), 7.65-7.69 (m, 2 H),
7.97-8.00 (m, 2 H). ®C NMR (CDCl3, 125 MHz): & 52.4 (CH3), 78.9 (Cquat), 81.5 (Cquat),
122.5 (Cquat), 128.8 (CH), 130.6 (CH), 131.8 (CH), 132.7 (Cquat), 135.2 (CH), 166.1
(Cquat). El + MS (m/z (%)): 318 (M*, 46), 303 ((M-CHs;)*, 32), 285 (61), 275 (25), 272
(28), 259 ((M-CyH30,)", 74), 258 (34), 257 (40), 204 (28), 202 (CieH1o", 49), 200
(C1eHs™, 25), 189 (35), 188 (31), 187 (60), 176 (41), 144 (100), 133 (25), 127 (32), 114
(37), 105 (27), 101 (35), 100 (51), 88 (48), 87 (35). IR (KBr): ¥ 3011 (w) cm™, 2961 (w),
1715 (s), 1593 (w), 1562 (w), 1479 (w), 1442 (m), 1426 (w), 1294 (s), 1251 (m), 1185
(w), 1124 (m), 1088 (w), 1044 (w), 956 (w), 839 (w), 798 (w), 774 (w), 751 (s), 696 (m),
656 (w), 573 (w), 539 (w). Anal. calcd for C2oH1404 (318.3) : C 75.46, H 4.43. Found: C
75.22, H4.70.
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3.2.14. 1,4-Bis(2-tert-butyl carbamoylphenyl)buta-1,3-diyne (2n)

NHBoc BocHN

o Sl

CosH28N204
432.51

387 mg (0.90 mmol, 90 % vyield) as a yellow solid (purification by suspending in n-
pentane and sonication in ultrasound bath). Mp 134 °C. '"H NMR (CDCls, 500 MHz): &
1.56 (s, 18 H), 6.98 (td, J=7.6 Hz, J = 0.9 Hz, 2 H), 7.20 (s, 2 H, NH), 7.33-7.38 (m, 2
H), 7.48 (dd, J = 7.6 Hz, J = 1.3 Hz, 2 H), 8.17 (d, J = 8.5 Hz, 2 H). ">*C NMR (CDCl3,
125 MHz): 6 28.3 (CH3), 78.9 (Cquat), 79.7 (Cquat), 81.2 (Cquat), 109.4 (Cquat), 118.0 (CH),
122.3 (CH), 130.9 (CH), 133.2 (CH), 141.1 (Cquat), 152.3 (Cquat). EI + MS (m/z (%)): 432
(M*, 1), 332 ((M-CsHg02)", 5), 302 (17), 285 (10), 284 (50), 276 (23), 259 (12), 258 (42),
233 (16), 232 ((M-C1oH1504)", 92), 231 ((M-C1oH1904)", 100), 230 ((M-C1oH2004)", 16),
229 (51), 228 (12), 204 (38), 203 (14), 201 (12), 146 (12), 102 (13), 101 (11), 89 (14), 88
(14), 59 (27), 57 (C4Ho", 50), 56 (13), 44 (CO,", 12), 41 (25). IR (KBr): v 3408 (w) cm™,
2979 (w), 2933 (w), 2146 (w), 1735 (s), 1578 (m), 1516 (s), 1446 (m), 1393 (w), 1368
(w), 1305 (m), 1280 (w), 1232 (m), 1155 (s), 1051 (w), 1024 (w), 945 (w), 899 (w), 836
(w), 754 (m), 578 (w), 550 (w). Anal. calcd for CysH2sN204 (432.5) : C 72.20, H 6.53, N
6.48. Found: C 72.18, H 6.69, N 6.48.
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3.2.15. 1,4-Di(naphthalen-1-yl)buta-1,3-diyne (20)

CosHis
302.37

235 mg (0.78 mmol, 78 % vyield) as a yellow solid. Mp 175-177 °C. "H NMR (CDCls, 500
MHz): 67.43-7.48 (m, 2 H), 7.52-7.57 (m, 2 H), 7.60-7.65 (m, 2 H), 7.81-7.84 (m, 2 H),
7.85-7.90 (m, 4 H), 8.42 (d, J = 8.5 Hz, 2 H). "®*C NMR (CDCls, 125 MHz): 6 78.7 (Cquat),
81.0 (Cquat), 119.5 (Cquat), 125.2 (CH), 126.1 (CH), 126.7 (CH), 127.2 (CH), 128.5 (CH),
129.8 (CH), 132.1 (CH), 133.1 (Cquat), 133.9 (Cquat)- El + MS (m/z (%)): 303 (19), 302
(M*, 74), 300 (30), 167 (28), 151 (C12H7", 17), 150 (32), 149 (100), 94 (21), 71 (19), 70
(13), 57 (15). IR (KBr): ¥ 3055 (w) cm™, 2137 (w), 1812 (w), 1638 (w), 1584 (w), 1504
(w), 1390 (m), 1332 (w), 1267 (w), 1155 (w), 1012 (w), 905 (w), 862 (w), 796 (s), 769 (s),
694 (w), 561 (w). Anal. calcd for Cy4H44 (302.4) : C 95.33, H 4.67. Found: C 95.22, H
4.44.

Data reported in the literature: S.-N. Chen, W.-Y. Wu, F.-Y. Tsai, Green Chem. 20009,
11, 269-274.

Yellow solid. Mp 177-180 °C. '"H NMR (CDCl3, 200 MHz): & 7.43-7.68 (m, 6 H), 7.82-

7.92 (m, 6 H), 8.44 (d, J = 8.0 Hz, 2 H). "*C NMR (CDCls, 50 MHz): 578.7, 81.0, 119.5,
125.2,126.1, 126.7, 127.2, 128.4, 129.7, 132.0, 133.1, 133.9.
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3.2.16. 2-(4-(Pyridin-2-yl)buta-1,3-diynyl)pyridine (2p)

C14HgN2
204.23

124 mg (0.61 mmol, 61 % vyield) as a colorless solid. Mp 119 °C. 'H NMR (CDCls, 500
MHz): §7.25-7.30 (m, 2 H), 7.53 (d, J = 7.8 Hz, 2 H), 7.67 (td, J = 7.7 Hz, J= 1.6 Hz, 2
H), 8.60 (d, J = 4.8 Hz, 2 H). ®*C NMR (CDCl;, 125 MHz): 5 73.4 (Cquat), 81.1 (Cquat),
124.0 (CH), 128.6 (CH), 136.4 (CH), 142.1 (Cquat), 150.6 (CH). EI + MS (m/z (%)): 205
(18), 204 (M*, 100), 203 ((M-H)*, 21), 177 (10), 176 (10), 151 (12). IR (KBr): ¥ 1655 (m)
cm™, 1638 (m), 1577 (m), 1561 (m), 1544 (w), 1459 (m), 1425 (m), 1240 (w), 1047 (w),
987 (w), 887 (W), 774 (s), 734 (m), 629 (w), 532 (w). Anal. calcd for C14HgN3 (204.2) : C
82.33, H 3.95, N 13.72. Found: C 82.35, H 3.94, N 13.50.

Data reported in the literature: S. Adimurthy, C. C. Malakar, U. Beifuss, J. Org. Chem.
2009, 74, 5648-5651.

Pale yellow crystalline solid. Mp 121-122 °C. '"H NMR (CDCl3): 58.63 (br d, J = 4.7 Hz, 2
H), 7.70 (dt, J = 1.7 Hz, 7.7 2 H), 7.56 (br dt, J = 1.0 Hz, 7.9 Hz, 2 H), 7.31 (ddd, J = 1.2
Hz, 4.8 Hz, 7.6 Hz, 2 H). *C NMR (CDCls): 6 150.3, 141.8, 136.2, 128.4, 123.8, 80.8,
73.3. MS (El, 70 eV): m/z (%): 204 (M+, 100), 176 (14), 152 (9), 99 (9), 50 (15). IR
(ATR): v = 1560 cm™, 1424, 1230, 990, 770, 733. Anal. calcd for C14HgN, (204.2) : C
82.33, H 3.95, N 13.72. Found: C 82.11, H 4.08, N 13.63.
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3.2.17. 3-(4-(Pyridin-3-yl)buta-1,3-diynyl)pyridine (2q)

N —N
D=

C14HgN2
204.23

148 mg (0.72 mmol, 72 % vyield) as a colorless solid. Mp 153 °C. '"H NMR (CDCls, 500
MHz): 67.28 (dd, J=7.9Hz, J=4.9Hz, 2H),7.80 (dt, J=7.9 Hz, J=1.8 Hz, 2 H), 8.58
(dd, J=4.9 Hz, J= 1.5 Hz, 2 H), 8.75 (d, J = 1.6 Hz, 2 H). ®*C NMR (CDCl3, 125 MHz): &
76.9 (Cquat), 79.3 (Cquat), 119.1 (Cquat), 123.3 (CH), 139.7 (CH), 149.6 (CH), 153.2 (CH).
El + MS (m/z (%)): 205 (17), 204 (M", 100), 203 ((M-H)", 12), 151 (17), 98 (12). IR (KBr):
¥ 3054 (w) cm™, 3006 (w), 2150 (w), 1638 (w), 1579 (m), 1560 (m), 1474 (m), 1413 (s),
1329 (m), 1189 (m), 1121 (w), 1065 (w), 1038 (m), 1022 (s), 957 (w), 804 (s), 699 (s),
626 (m), 515 (m). Anal. calcd for C14HgN, (204.2) : C 82.33, H 3.95, N 13.72. Found: C
82.11, H 3.66, N 13.46.

Data reported in the literature: F. Yang, X. Cui, Y.-n. Li, J. Zhang, G.-r. Ren, Y. Wu,
Tetrahedron 2007, 63, 1963-1969.

White solid. Mp 144-146 °C. "H NMR (CDCls, 400 MHz): §7.34 (t, J = 4.8 Hz, 2 H), 7.86

(d, J = 8.0 Hz, 2 H), 8.62 (d, J = 4.0 Hz, 2 H), 8.79 (s, 2 H). *C NMR (CDCls, 100 MHz):
579.1,119.1, 123.3, 139.9, 149.0, 152.7.
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3.2.18. 4-(4-(Pyridin-4-yl)buta-1,3-diynyl)pyridine (2r)

N NY==( \
—/ 7/
C14HgN2
204.23

139 mg (0.68 mmol, 68 % yield) as a colorless solid. Mp 206 °C. 'H NMR (CDCls, 500
MHz): §7.31 (dd, J = 4.5 Hz, J = 1.5 Hz, 4 H), 8.57 (dd, J = 4.5 Hz, J = 1.5 Hz, 4 H). °C
NMR (CDCls, 125 MHz): & 77.4 (Cquat), 80.4 (Cqua), 126.3 (CH), 129.6 (Cquar), 150.2
(CH). El + MS (m/z (%)): 205 (16), 204 (M*, 100), 203 ((M-H)*, 11), 177 (11), 151 (12).
IR (KBr): ¥ 3026 (w) cm™", 1671 (w), 1584 (s), 1538 (m), 1486 (w), 1398 (m), 1217 (w),
1062 (w), 987 (w), 815 (s), 778 (s), 671 (W), 542 (m), 513 (w). Anal. calcd for C14HgN2
(204.2) : C 82.33, H 3.95, N 13.72. Found: C 82.30, H 4.02, N 13.49.

Data reported in the literature: J. Gonzalo Rodriguez, R. Martin-Villamil, F. H. Cano, I.
Fonseca, J. Chem. Soc., Perkin Trans. 11997, 709-714.

Brown solid. Mp 198-201 °C. "H NMR (CDCl3, 200 MHz): § 7.41 (d, J = 7.2 Hz, 4 H),

8.67 (br s, 4 H). ®C NMR (CDCls, 200 MHz): §76.9, 79.9, 125.7, 128.9, 149.6. MS (m/z
(%)): 204 (M*, 100), 177 (13), 151 (14), 124 (6). IR (nujol): ¥ 1580 cm™, 980, 810.
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3.2.19. 5-(4-(1,2,3,4-Tetrahydro-1,3-dimethyl-2,4-dioxopyrimidin-5-yl)buta-1,3-
diynyl)-1,3-dimethylpyrimidine-2,4(1H,3H)-dione (2s)

\ P AN L/
N—/< >—N
O:<NJ/ ——— \\_N>:O
/ \
C16H14N4O4
326.31

170 mg (0.52 mmol, 52 % yield) as a yellow solid. Mp 319-321 °C. El + MS (m/z (%)):
327 (20), 326 (M", 100), 228 (58), 212 (11), 200 (34), 156 (19), 155 (11), 143 (18), 115
(22), 114 (14), 86 (13), 84 (13). IR (KBr): v 3061 (w) cm™, 2952 (w), 2152 (w), 1704 (s),
1655 (s), 1620 (m), 1451 (m), 1392 (w), 1343 (m), 1263 (w), 1177 (w), 1077 (m), 930
(w), 764 (w), 752 (m), 553 (w). Anal. calcd for C1gH14N4O4 (326.3) : C 58.89, H 4.32, N
17.17. Found: C 58.65, H 4.42, N 17.10.

The compound was not sufficiently soluble in DMSO-ds to obtain NMR spectra.
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3.2.20. 5-(4-(1H-Indol-5-yl)buta-1,3-diynyl)-1H-indole (2t)

C20H1202
280.32

238 mg (0.85 mmol, 85 % yield) as a yellow solid. Suspending in dichloromethane,
sonication in ultrasound bath, filtration and drying gave a brown solid. Mp 250 °C. 'H
NMR (DMSO-dg, 500 MHz): 66.48-6.51 (m, 2 H), 7.29 (dd, J = 8.2 Hz, J = 1.6 Hz, 2 H),
7.43-7.47 (m, 4 H), 7.85-7.86 (m, 2 H), 11.41 (s, 2 H, NH). *C NMR (DMSO-ds, 125
MHz): 6 71.8 (Cquat), 83.0 (Cquat), 101.5 (CH), 110.7 (Cquat), 112.0 (CH), 124.9 (CH),
125.1 (CH), 127.0 (CH), 127.5 (Cquat), 136.0 (Cquat)- ElI + MS (m/z (%)): 281 (22), 280
(M*, 100), 279 (10), 251 (6), 140 (C1oHeN", 20), 125 (10). IR (KBr): ¥ 3399 (s) cm™,
2146 (w), 1719 (w), 1655 (w), 1609 (w), 1561 (w), 1543 (w), 1509 (w), 1460 (m), 1412
(m), 1342 (w), 1310 (w), 1093 (w), 896 (w), 881 (w), 813 (m), 764 (w), 729 (m), 603 (m),
506 (m). Anal. calcd for CyoH1,0, (280.3) : C 85.69, H 4.31, N 9.99. Found: C 85.80, H
4.07, N 10.00.
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3.2.21. tert-Butyl 3-(4-(1-(tert-butoxycarbonyl)-1H-indol-3-yl)buta-1,3-diynyl)-1H-

indole-1-carboxylate (2u)
R N
Boc

C30H28N204
480.55

/N\//

315 mg (0.66 mmol, 66 % yield) as a yellow oil. Upon crystallisation in n-pentane, a pale
yellow solid was obtained. Mp 120-121 °C. "H NMR (CDCls, 500 MHz): 5 1.68 (s, 18 H),
7.30-7.35 (m, 2 H), 7.35-7.40 (m, 2 H), 7.73-7.76 (m, 2 H), 7.89 (s, 2 H), 8.15(d, J=7.9
Hz, 2 H). ®C NMR (CDCls, 125 MHz): §28.1 (CH3), 74.1 (Cquat), 77-4 (Cquat), 84.6 (Cquat),
102.1 (Cquat), 115.3 (CH), 120.2 (CH), 123.4 (CH), 125.4 (CH), 130.4 (Cquat), 131.1 (CH),
134.5 (Cquat), 148.8 (Cquat). El + MS (m/z (%)): 480 (M*, 2), 368 (C22H12N204", 10), 324
(C21H12N202", 7), 280 (CoH12N2", 40), 279 (10), 140 (C1oH;N", 10), 57 (C4Hy", 27), 56
(64), 55 (28), 44 (CO,*, 100), 43 (27), 42 (16), 41 (82). IR (KBr): v 3158 (w) cm™', 2974
(w), 2149 (w), 1724 (s), 1616 (w), 1544 (m), 1475 (m), 1453 (s), 1369 (s), 1305 (m),
1288 (m), 1260 (m), 1226 (s), 1156 (s), 1106 (m), 1087 (m), 1053 (m), 1014 (w), 938
(w), 857 (w), 810 (w), 744 (m), 613 (w), 579 (w), 503 (w). Anal. calcd for CzoH2sN204
(480.6) : C 74.98, H 5.87, N 5.83. Found: C 75.15, H 5.93, N 5.80.
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3.2.22. tert-Butyl 2-(4-methoxyphenyl)-4-(4-(2-(4-methoxyphenyl))-1-(tert-
butoxycarbonyl)-1H-pyrrol-3-yl)buta-1,3-diynyl)-1H-pyrrole-1-carboxylate (2v)

MeO OMe

C36H36N206
592.68

341 mg (0.58 mmol, 58 % vyield) as a pale yellow solid. Mp 143-145 °C. 'H NMR (CDCls,
500 MHz): 6 1.39 (s, 18 H), 3.82 (s, 6 H), 6.21 (d, J = 1.9 Hz, 2 H), 6.87-6.91 (m, 4 H),
7.23-7.26 (m, 4 H), 7.57 (d, J = 1.9 Hz, 2 H). *C NMR (CDCls, 125 MHz): § 27.6 (CHa),
55.2 (CHj3), 74.2 (Cquat), 75.2 (Cquat), 84.4 (Cquat), 105.5 (Cquat), 113.1 (CH), 116.3 (CH),
125.5 (Cquat), 127.5 (CH), 130.5 (CH), 135.1 (Cquat), 148.3 (Cquat), 159.3 (Cquat). El + MS
(m/z (%)): 592 (M", 0.2), 392 (C6H20N20,", 6), 310 (3), 197 (4), 57 (C4Hs", 14), 56 (77),
55 (31), 44 (CO,", 94), 41 (100). IR (KBr): ¥ 3147 (w) cm™, 2981 (w), 2836 (w), 2150
(w), 1742 (s), 1614 (w), 1571 (w), 1524 (w), 1488 (s), 1361 (s), 1331 (s), 1287 (m), 1249
(s), 1205 (w), 1177 (m), 1151 (s), 1108 (w), 1035 (w), 991 (w), 847 (m), 766 (w), 608
(w). Anal. calcd for C3sH3sN206 (592.7) : C 72.95, H 6.12, N 4.73. Found: C 72.70, H
6.05, N 4.75.
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3.2.23. 1-Benzyl-4-(4-(1-benzyl-1H-pyrazol-4-yl)buta-1,3-diynyl)-1H-pyrazole (2w)

O o=—=<_0

Cos4H1gN4
362.43

244 mg (0.67 mmol, 67 % yield) as a yellow solid. Mp 182-184 °C. 'H NMR (CDCl3, 500
MHz): §5.26 (s, 4 H), 7.19-7.23 (m, 4 H), 7.29-7.37 (m, 6 H), 7.53 (s, 2 H), 7.66 (s, 2 H).
3C NMR (CDCl3, 125 MHz): 5 56.3 (CH3), 72.5 (Cquat), 74.8 (Cquat), 102.4 (Cquat), 127.9
(CH), 128.4 (CH), 129.0 (CH), 133.3 (CH), 135.4 (Cquat), 143.1 (CH). El + MS (m/z (%)):
363 (14), 362 (M*, 47), 271 (M-C;H;)*, 5), 91 (C7H;*, 100), 65 (CsHs", 8). IR (KBr): v
3103 (w) cm™, 2147 (m), 1638 (w), 1536 (s), 1493 (w), 1451 (m), 1435 (m), 1373 (s),
1343 (m), 1200 (w), 1162 (m), 1076 (m), 1005 (m), 988 (m), 856 (s), 820 (w), 721 (s),
695 (m), 656 (w), 632 (m), 586 (w). Anal. calcd for Co4H1gN4 (362.4) : C 79.54, H 5.01, N
15.46. Found: C 79.40, H 4.94, N 15.27.
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3.2.24. 1-Benzyl-5-(4-(1-benzyl-1H-imidazol-5-yl)buta-1,3-diynyl)-1 H-imidazole
dihydrochloride (2x)

JHCI
==

N N

O

183 mg (0.51 mmol, 51 % yield) as a colorless solid (free base). For characterisation, it

C24H20CloN4
435.35

was suspended in 1.25 M HCI in EtOH, stirred at the room temperature, filtered and
washed with n-pentane. Colorless solid. Mp 160-162 °C. ElI + MS (m/z (%)): 362 ((M-2
HCI)", 4), 277 (14), 158 (C1oH1oN2", 44), 91 (C7H;", 100), 65 (CsHs", 8). IR (KBr): v 3445
(w) cm™, 3131 (m), 3088 (m), 3029 (w), 2974 (w), 2639 (w), 2332 (s), 1904 (m), 1638
(w), 1572 (w), 1497 (w), 1458 (w), 1437 (w), 1395 (w), 1377 (w), 1306 (s), 1262 (w),
1188 (m), 1098 (w), 971 (w), 898 (m), 866 (m), 819 (m), 727 (s), 695 (w), 625 (m), 520
(w). Anal. calcd for Ca4H20CI2N4 (435.4) : C 66.21, H 4.63, N 12.87. Found: C 65.95, H
4.61, N 12.85.

The dihydrochloride was found to be insoluble in the usual deuterated solvents. No NMR

spectra could be obtained.
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3.2.25. 2-(4-(Thiophen-2-yl)buta-1,3-diynyl)thiophene (2y)

C12HeS2
214.31

151 mg (0.71 mmol, 71 % vyield) as a pale brown solid. Mp 86-88 °C. '"H NMR (CDCls,
500 MHz): 66.98 (dd, J=5.1 Hz, J=3.7 Hz, 2 H), 7.31 (dd, J = 5.1 Hz, J= 1.1 Hz, 2 H),
7.33 (dd, J = 3.7 Hz, J = 1.1 Hz, 2 H). "®*C NMR (CDCl3, 125 MHz): & 76.8 (Cquat), 78.0
(Cquat), 122.1 (Cquat), 127.4 (CH), 129.1 (CH), 134.6 (CH). El + MS (m/z (%)): 216 (10),
215 (15), 214 (M*, 100), 170 (19). IR (KBr): v 3104 (w) cm™, 2140 (m), 1655 (w), 1544
(w), 1408 (m), 1368 (w), 1226 (m), 1208 (w), 1148 (m), 1130 (m), 1080 (w), 1038 (w),
836 (s), 711 (s), 569 (w), 508 (m). Anal. calcd for C12HgS, (214.3) : C 67.25, H 2.82.
Found: C 67.02, H 2.94.

Data reported in the literature: Y. Nishihara, K. Ikegashira, K. Hirabayashi, J.-i. Ando, A.
Mori, T. Hiyama, J. Org. Chem. 2000, 65, 1780-1787.

Light sensitive pale yellow solid. Mp 92-93 °C. "H NMR (CDCls, 200 MHz): §7.00 (dd, J
=51Hz,J=3.7Hz,2H),7.32(dd, J=5.1Hz, J=1.2Hz, 2 H), 7.34 (dd, J= 3.7 Hz, J
= 1.2 Hz, 2 H). ®*C NMR (CDCls, 50.3 MHz): 5§76.6, 77.8, 122.0, 127.2, 128.9, 134.4. IR
(neat): ¥ 3106 cm™, 2141, 1408, 714. Anal. calcd for C12HeS: (214.3) : C 67.25, H 2.82.
Found: C 67.12, H 2.69.
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3.2.26. 2-Ethyl-3-(4-(2-ethyl-5-(thiophen-2-yl)furan-3-yl)buta-1,3-diynyl)-5-
(thiophen-2-yl)furan (2z)

/| |\
S S

C24H1802S>
402.53

204 mg (0.51 mmol, 51 % yield) as a yellow solid. Mp 122 °C. '"H NMR (CDCls, 500
MHz): 61.32 (t, J=7.6 Hz, 6 H), 2.84 (q, J = 7.6 Hz, 4 H), 6.46 (s, 2 H), 7.01-7.04 (m, 2
H), 7.21-7.24 (m, 4 H). *C NMR (CDCls, 125 MHz): 5 12.4 (CHs), 21.1 (CHy), 73.7
(Cquat), 76.8 (Cquat), 103.3 (Cquat), 107.4 (CH), 122.9 (CH), 124.4 (CH), 127.6 (CH), 132.8
(Cquat), 147.3 (Cquat), 163.2 (Cquat). El + MS (m/z (%)): 404 (14), 403 (28), 402 (M", 100),
389 (12), 388 (25), 387 ((M-CHs)", 98), 201 (C42H100S", 12), 193 (18), 187 (19), 186
(C11HsOS", 66), 135 (20), 111 (43), 43 (11). IR (KBr): ¥ 2973 (w) cm™, 2933 (m), 2143
(w), 1655 (m), 1638 (m), 1561 (m), 1543 (w), 1509 (w), 1450 (w), 1422 (w), 1376 (w),
1251 (w), 1203 (m), 1114 (w), 1050 (s), 1037 (m), 996 (w), 895 (w), 849 (m), 819 (w),
785 (s), 689 (s), 635 (w), 579 (m). Anal. calcd for C24H150,S, (402.5) : C 71.61, H 4.51.
Found: C 71.65, H 4.46.
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4. 'H and *C NMR Spectra of Compounds 2a-2z
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The one-pot, three-component Sonogashira coupling-TMS-deprotection-CuAAC (“click”) sequence is
the key reaction for the rapid synthesis of triazolyl substituted N-Boc protected NH-heterocycles, such
as indole, indazole, 4-, 5-, 6-, and 7-azaindoles, 4,7-diazaindole, 7-deazapurines, pyrrole, pyrazole, and
imidazole. Subsequently, the protective group was readily removed to give the corresponding triazolyl
derivatives of these tremendously important NH-heterocycles. All compounds have been tested in a
broad panel of kinase assays. Several compounds, 8f, 8h, 8k, and 8l, have been shown to inhibit the
kinase PDK1, a target with high oncology relevance, and thus they are promising lead structures for the
development of more active derivatives. The X-ray structure analysis of compound 8f in complex with
PDK1 has revealed the detailed binding mode of the molecule in the kinase.

Introduction

Indoles represent one of the most prominent privileged structures!
because they are widespread in nature’ and pharmaceutically
relevant compounds.> Among them, indoles bearing 5- and 6-
membered heterocycles as substituents in the 3-position repre-
sent a conspicuously frequently occurring substitution pattern.
In particular, the heterocyclic ring found in natural products
or their bioactive analogues can be pyrimidine (meridianins,*
hyrtinadine A?®), tetrahydropyrimidine (aplicyanins®), piper-
azine and (dihydro)pyrazine (dragmacidins,” hamacanthins®),
oxazinone (oxazinins®’), oxadiazinone (alboinon'’), imida-
zole (nortopsentins,'! topsentins'?), imidazolone,'** oxazole
(diazonamides,” martefragin A, almazoles,"” pimprinine,'®
and labradorins®), thiazole (camalexins,®® BE-10988%"), imida-
zoline (spongotines,” discodermindoles,® trachycladindoles®),
oxazoline,”® maleimide (didemnimides®), isoquinolinequinone
(mensouramycin D?), B-carboline (eudistomin U, hyrtioerec-
tine A?), pyrrole (chromopyrrolic acid,* lynamicins®'), pyrroli-
none (violacein®), or another indole.*®* Besides indoles, their
aza analogues, i.e. indazole and azaindoles, apparently play an
increasingly important role as scaffolds for biologically active
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molecules.** In particular, 7-azaindoles are predestined to be
promising scaffolds for investigations as kinase inhibitors due to
their pronounced ability to bind to the hinge region of kinases.*
Again, heterocyclic substituents at the C-3 position are very
common. The most prominent examples are the marine natural
products variolins® and the simplified synthetic analogues of
variolin B, i.e. the meriolins*’ (Fig. 1).
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Fig.1 Biologically active (aza)indoles with 5- and 6-membered heterocy-
cles at C-3 (corresponds to C-5 in variolin B).

Recently, we reported a practical approach to indoles and
7-azaindoles substituted with azines via a one-pot Masuda
borylation-Suzuki coupling sequence.® Using this approach,
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concise total syntheses of meridianins A and G could be realized.
Previously, we synthesized some members of the meridianin family
and a 7-azaindole analogue of variolin B (later called meriolin
1),*” using a carbonylative Sonogashira coupling as a key step.*
In these compounds, as well as in variolin B, the key structural
feature responsible for the observed biological activity is the 2-
aminopyrimidine ring at C-3, even though meridianins, meriolins,
and variolins bind differently to the hinge region of kinases.*”*°
Notably, isomeridianins,* possessing the 2-aminopyrimidine moi-
ety at C-2, and variolin D, lacking a heterocycle substituent at C-5,
are not biologically active.

Surprisingly, triazolyl substituted indoles have hardly been
explored,* although the 1,2,3-triazole ring as an electron-poor
metabolically stable*® 5-membered heterocyclic substituent has
attracted considerable attention in bioconjugate chemistry, medic-
inal chemistry, and drug discovery.* In addition to its function
as a convenient linker,*® 1,4-disubstituted 1,2,3-triazole is a
peptidomimetic,* has a large dipole moment and is an H-acceptor
over N-2 and N-3 atoms. Here, we report a diversity-oriented
synthetic concept to access 3-triazolyl-substituted (aza)indole
scaffolds in a one-pot fashion. In addition, the potential of the title
compounds as kinase inhibitors**® and cytostatics is explored.

Results and discussion
The Sonogashira coupling—TMS-deprotection—-CuAAC sequence

The Sonogashira-Hagihara cross-coupling® is among the most
reliable C—C bond forming reactions and has become the method
of choice for the construction of internal alkynes from (het-
ero)aryl halides and terminal alkynes.*® Upon coupling halides
with trimethylsilylacetylene (TMSA), TMS-protected alkynes are
formed, which can be easily deprotected to give (hetero)aromatic
terminal alkynes.** The latter are perfectly suited for the copper(1)-
catalyzed azide-alkyne cycloaddition (CuAAC),*>> the most re-
markable Cu(1)-catalyzed process developed in the last decade. The
transformation belongs to click-type reactions,* which proceed
with a high degree of atom economy.* This process is also very
reliable, mild, general, and highly tolerant to diverse functional
groups. All these features render this reaction highly practical.>
In the past, many efforts have been made to develop one-
pot methodologies based upon the in situ generation of the
azide component,” the in situ utilization of TMS-acetylenes,*®
or the direct sequential Cu(1)-catalyzed C-H-bond arylation of
the obtained triazoles.® Surprisingly, only little attention has been
paid to the in situ construction of terminal alkynes.*

As a continuation of our program directed to develop new
one-pot multi-component reactions initiated by metal-catalyzed
cross-coupling as an entry for the synthesis of heterocycles®*
we envisioned the possibility of performing Sonogashira coupling
and CuAAC in a one-pot fashion. Coupling of N-Boc protected
3-iodo NH-heterocycles 1 with TMSA would furnish the inter-
mediate TMS-protected heterocyclic alkynes 3, which after in situ
deprotection would give terminal alkynes 4, the starting material
to accomplish CuAAC with an azide 5, resulting in another Cu(1)-
catalyzed reaction. It was hoped the strategy would give direct
access to triazoles 2 in the sense of sequential catalysis (Scheme 1).

Boc (tert-butoxycarbonyl) is one of the cheapest and most
frequently used nitrogen protective groups.® Either it can be
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Scheme 1 Synthetic concept for triazolyl N-Boc protected heterocycles
(X'=CH or N; R = alkyl or aryl, may be generated in situ).

easily introduced on the nitrogen atoms of 5-membered NH-
heterocycles® or it can be installed directly in the course of their
synthesis.®¢ If not further required, this group can be removed
easily and cleanly under various conditions.”” Previously, we have
demonstrated the enormous utility and versatility of 3-iodo N-Boc
protected indoles, 7-azaindoles, and pyrroles as easily accessible
synthetic building blocks,3#3%6¢

The Sonogashira coupling of iodo N-Boc NH-heterocycles®®
1 with TMSA proceeded smoothly under standard Sonogashira
conditions (PdCl,(PPh;),/Cul/NEt;).* The obtained TMS-
alkynes were not isolated but directly deprotected with TBAF
and subsequently reacted with one equivalent of the commercially
available and stable benzyl azide (5a) to furnish N-Boc 3-triazolyl
(aza)indoles 2a-1 and azoles 2m—o in a one-pot fashion (Scheme 2).
The yields were very similar for (aza)indoles and pyrrole regardless
of the number and position of nitrogen atoms.
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| 1.5 equivs TMSA N
A 2.0 equivs NEts, THF, rt, 1-23 h A
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RN then: 1.5 equivs TBAF, rt, 0.5 h SN

Boc then: 1.0 equiv BnN3 (5a) or PhN3 (5b) Boc

1an MeOH, rt, 24-119 h 284 (54-83%)

2m-o (30-64%)

Scheme 2 Sonogashira coupling-TMS-deprotection-CuAAC sequence
for the synthesis of N-Boc 3-triazolyl (aza)indoles 2a-1 and azoles 2m-o
(X=CH or N; R = Bn, Ph; R”= Me, OMe, O(CH,),0OMe, p-MeOC:H,).

No further addition of Cul was required in the CuAAC step.
The reaction progress can be conveniently monitored by TLC
and the steps cleanly proceed as “spot-to-spot” reactions without
noticeable amounts of byproducts. No Glaser-type homodimer-
ization products™ were detected because the CuAAC reaction was
performed under an argon atmosphere. It is worth mentioning
that the electron-withdrawing Boc protective group renders the
(aza)indolyl iodides 1 stable to storage,”* whereas the unprotected
iodides are frequently sensitive to light and temperature and
therefore inconvenient to handle.”> Moreover, the Sonogashira
coupling is greatly facilitated, or even becomes feasible, due to
the diminished electron density of these heterocycles.

For the synthesis of triazoles with different substituents on
the N-1 atom of the triazole moiety, the sequence was extended
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to a four-component reaction with N-Boc protected 3-iodo 7-
azaindole (1f) as a substrate. This sequence additionally includes
the in situ generation of the azide 5 via nucleophilic substitution
of a halide with caesium azide (Scheme 3). Hence, not only
electronically diverse benzyl substituents (2p and 2q), and even
o-phenylethyl substituents (2s), but also the homobenzyl group
can be introduced with a comparable yield (2r).

R
2 mol% PACIx(PPhs)z, 4 mol% Cul N~|r}1
| 1.5 equivs TMSA NN
2.0 equivs NEts, THF, rt, 1h
= | N\ = | N\
N \ then: 1.5 equivs TBAF, rt, 0.5 h N \
Boc then: 1.0 equiv CsNs, 1.0 equiv RHal Boc
1 MeOH, rt, 51111 h 2p-s (54-73%)

Scheme 3 Four-component Sonogashira coupling-TMS-deprotection—
Finkelstein-type reaction-CuAAC sequence for the synthesis of N-Boc
protected triazolyl 7-azaindoles 2p—s (R = alkyl; Hal = Br, Cl).

For 4- and 5-bromo 7-azaindoles (6a and 6b), which are
commercially available and stable compounds, a four-component
Boc-protection-Sonogashira coupling-TMS-deprotection—
CuAAC sequence was developed to give N-Boc protected 4- and
5-triazolyl azaindoles (7a and 7b) in very good yields (Scheme 4).
The Sonogashira coupling was performed at room temperature
using Fu’s catalytic system.”

1.5 equivs Boc,0O, 10 mol% DMAP
1,4-dioxane, rt, 15 min
then: 2 mol% PdCIy(PhCN),, 4 mol% [BusPH]BF4 Bn.. .N
SIS
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Brﬂ\/jj\B 2.0 equivs NEt3, MeOH, rt, 1-5 h L—Ié\ N
N N then: 1.5 equivs TBAF, rt, 0.5 h N/ N
H then: 1.0 equiv BnN3 (5a), MeOH, rt, 18 h-4 d Boc

6a (4-bromo)
6b (5-bromo)

7a (4-triazolyl) (83%)
7b (5-triazolyl) (99%)
Scheme 4 Boc-protection—Sonogashira coupling—-TMS-deprotection—

CuAAC sequence for the synthesis of N-Boc 4- and 5-triazolyl 7-azaindoles
7a and 7b.

The possibility to easily adopt the whole synthesis to a
specific substrate and a flexible incorporation of additional steps
into the sequence is an additional advantage of this one-pot
methodology.

The obtained N-Boc protected triazolyl NH-heterocycles 2 and
7 were readily deprotected under extremely mild conditions using
potassium carbonate in methanol at room temperature or slightly
above (Scheme 5). It should be mentioned that although the Boc
protective group could be removed after the completed sequence in
a one-pot fashion, we preferred to perform the Boc-deprotection
in a separate step to ensure the high purity of the final products 8
and 9 (as determined by HT-LC-MS analysis, the UV purity was
99.9-100% for all presented compounds). The content of Pd and
Cu in compound 8f was determined to be < 1 pg g (< 3 ppm)
and <2 ugg™ (<9 ppm), respectively. Thus, no additional removal
of these heavy metals is required.”

The scope of the presented methodology includes indole (8a)
and its bioisosters™ such as indazole (8b), all azaindoles (8c—i, 8p—
s, and 9), diazaindole (8j), deazapurines (8k-1), as well as pyrrole
(8m), pyrazole (8n), and imidazole (80) (Fig. 2).
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Scheme 5 Deprotection of N-Boc 3-triazolyl heterocycles 2 and 7
to 3-triazolyl NH-heterocycles 8 and 9 (X = CH or N; R = Me,
OMe, O(CH,),0OMe, p-MeOC¢H,; R” = Ph, homobenzyl, Bn, or benzyl
derivatives).
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Fig.2 Scope of the synthetic strategy towards triazolyl NH-heterocycles
8 and 9 (isolated yields over two steps).

The yields are fair to good and are very similar for all
indole analogues 8a-l. They are little affected by the position
and number of additional nitrogen atoms, which is not self-
evident (according to personal observations experienced with
other coupling reactions of these substrates) and emphasizes
the synthetic power gained from the combination of two very
general methods, Sonogashira coupling and CuAAC. Only the
azoles 8n and 8o gave poor yields due to the increased lability of
the Boc protective group in the corresponding starting materials.
Moreover, with rert-butyl 4-iodo-1 H-imidazole-1-carboxylate (1n)
the Sonogashira coupling proceeded very sluggishly and required
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15 d reaction time. The structures of the obtained triazoles 8
and 9 were unambiguously supported by NMR spectroscopy,
mass spectrometry, and combustion analysis, and later by an
X-ray structure analysis of compound 8f, cocrystallized with
kinase PDK1 (vide infra).

The sequences are very straightforward and preparatively
extremely simple to perform. Generally, all steps proceed at room
temperature, which is especially important if less stable azides
are to be used. However, they can even be generated in situ with
comparable efficiency. It should be noted that while these studies
were in progress two reports appeared in the literature which
described the same synthetic approach with simple aryl iodides.”™
However, we used this strategy to synthesize triazolyl NH-
heterocycles, which are more sophisticated chemical targets and
show promising biological activity, thus illustrating the synthetic
utility of this practical synthesis. Since a variety of diverse NH-
heterocycles, which are of paramount importance in many areas of
research, can be decorated with triazoles in a very straightforward
fashion, the sequence is quite general. Starting from these small
lead structures, more potent derivatives can be readily developed
using this synthetic approach.

Biological data

All compounds 8 and 9 were tested for inhibition of a broad panel
of kinases at the Division of Signal Transduction Therapy (DSTT)
at the University of Dundee, UK. The compounds were screened
against 95-121 kinases at a concentration of 1 uM. In addition, for
all compounds, ICs, values for the inhibition of the kinase PDK1,
a target of high relevance for oncology,” were determined. The
results for compounds that showed submicromolar activity on at
least one kinase are summarized in Table 1.

For the compounds described here, a hydrogen donor/acceptor
pattern of the 7-azaindole core that can interact with the hinge
region of kinases, is a prerequisite for kinase inhibitory activity. All
compounds in this table possess such a pattern whereas the great
majority of the inactive compounds 8a, 8c, 8d, 8¢, 8m, 8n, and
80, lack this peculiar structural feature. In particular, compounds
with a benzyltriazole group in the 3-position of a 7-azaindole-

Table 1 Biological data of selected compounds 8 and 9

Number of kinases with >50% inhibition

@ 1 uM/number of kinases tested 1C5[PDK1] (uM)

8 4/121 >10
8t 22/121 0.8
8g 10/120 5.2
8h  48/95 0.1
8i 2/120 2.3
8 11/95 49
8k 54/120 0.2
81 60/102 0.3
8p 15/95 1.8
8¢  3/121 >10
8r 17/121 >10
8s 11/120 1.1
9a  12/110 7.9
9%  4/110 >10

1C5): concentration inhibiting kinase activity or reducing cell proliferation
by 50%.

Table 2 Comparison of ICs, values of PDK 1 inhibition between isomeric
3-triazolyl 7-azaindole compounds 8f and 10, as well as 3-pyrazolyl 7-
azaindole 11

PDK1 inhibition/ICs, (WM)

Bq Bn Bn‘
N-N (}N N-N
I 1l |
NN N \
X X X
e Co o
N” N N"N N"N
H H H
8f 10 11
0.8 >10 2.6

like template turned out to be broad kinase inhibitors with 8h,
8k, and 8l having the broadest activity. In contrast, compounds
9a and 9b, which possess a benzyltriazole substituent at C-4 and
C-5 of the 7-azaindole, are much less active, thus emphasizing
the importance of C-3 substitution. Furthermore, substitution
at C-2 or a nitrogen atom in the para-position to N-7 of the 7-
azaindole seem to reduce the biological activity of compounds 8i
and 8j.

For determining whether the triazole unit is merely a linker
or possesses an additional function, an analogue of compound 8f
was prepared via the recently reported Masuda borylation—Suzuki
coupling sequence.®® This compound bears a pyrazole moiety
instead of a triazole. Interestingly, the triazole unit seems to be
important for the biological activity, since the pyrazole compound
11 was significantly less active with an ICs, value of 2.6 uM
for PDK1 compared with 0.8 uM for the triazole 8f. Therefore,
triazole does not simply seem to be a linker, as in many applications
of this heterocycle, but rather displays a pharmacophore character.
However, even more exciting was the observation that the isomeric
compound 10,” differing from 8f only in the permutation of
substituents on N-1 and C-4 of the triazole unit, showed no activity
on kinases, including PDK1 (Table 2).

X-ray structure of 8f in complex with PDK1

For further characterization of the binding mode, compound 8f
was soaked in crystals of the kinase domain of PDKI1. Broad
kinase activity of triazole derivatives is related to PDK1 activity
(Table 1), which suggests that the binding mode in this kinase may
be representative for several other kinases. The crystal structure
was solved at 1.7 A (Table 3) and reveals the detailed binding mode
of 8f within the ATP-binding site (Fig. 3).

Compound 8f shows two canonical hydrogen bonds to the hinge
region, an H-bond donor contact from azaindole N-1 to Ser160,
and an H-bond acceptor contact from azaindole N-7 to Alal62.
The triazole nitrogen atoms are also involved in hydrogen bonding
interactions: N-3 to the Thr222 side chain (which may explain the
lower activity of the pyrazole 11) and N-2 to a water molecule.
This water molecule is also in the H-bond distance to the catalytic
amino acids Lys111 and Asp223. The molecule binds in an overall
bent conformation with the benzyl group forming hydrophobic
interactions with the glycine-rich region (GC-loop). The reason for
the inactivity of compound 10, which is a bioisostere of compound
8f and differs only in the relative position of the substituents on N-1
and C-4 of the triazole unit and consequently in the dipole moment

5132 | Org. Biomol. Chem., 2011,9, 5129-5136

This journal is © The Royal Society of Chemistry 2011



Table 3 Crystallographic data of compound 8f

PDBID 3RCJ

Total number of reflections collected 110193
Number of unique reflections 33266

Space group i C2

Cell dimensions a, b, ¢ (A) 148.87, 44.39, 47.10
Cell dimensions a, 3, ¥ (°) 90, 101.01, 90
Rieree overall, highest resolution shell (%) 55.4,7.2

1/0 overall, highest resolution shell 20.58, 2.81
Completeness (%) 99.0
Redundancy . 3.31
Resolution range used in refinement (A) 70-1.7
Number of unique reflections used in refinement 33266

Riyior (%) 19.8

Riee (%) 21.7

Number of molecules per asymmetric unit 1

Number of ligands per asymmetric unit 1

Number of protein atoms 2278
Number of ligand atoms 21

Number of water molecules 162

_

Leu159 Glu130
Ser160 Lys111
hlnge f 3 T Thezz

o

X"‘L £ nepezs

Fig.3 X-ray structure of the complex of 8f with PDK 1 at 1.7 A resolution.
The 7-azaindole ring forms H-bonds to the hinge region (Serl60 &
Alal62); two of the triazole N-atoms form H-bonds to Thr222 and a
water molecule. The benzyl ring is oriented towards the GC-loop.

of the molecule, cannot be deduced from this X-ray structure and
still remains obscure.

Conclusions

A practical and preparatively simple one-pot three-component
Sonogashira coupling-TMS-deprotection-CuAAC sequence was
developed to synthetically access a variety of triazolyl NH-
heterocycles 8 and 9 in high purity and a very concise fashion. The
sequence works very reliably for substrates with nitrogen atoms
in different positions of various indole isosters, arising from the
robustness, the versatility, and the generality of both Sonogashira
coupling and CuAAC. The title compounds were tested for
inhibition of a broad panel of kinases to reveal their kinase
inhibitory activities. Compounds 8f, 8h, 8k, and 8] were found
to inhibit PDK1 kinase with IC, values below 1 uM. The X-ray
structure analysis of compound 8f in complex with PDK1 reveals
the importance of the benzyl substituent for the binding. The
phenyl and homobenzyl derivatives 8g and 8r were considerably
less active, indicating a suboptimal position of their aromatic
rings for favorable interaction towards the GC-loop compared

with the benzyl substituent in 8f. Since all synthesized compounds
are small molecules, more potent analogues can be envisioned by
derivatization, which can be achieved easily with the presented
method.

Experimental

Synthesis of 3-(1-benzyl-1H-1,2,3-triazol-4-yl)-
1H-pyrrolo|2,3-b]pyridine (8f)

(Compound 2f): PdCl,(PPh;), (71 mg, 0.10 mmol, 2 mol%)
and Cul (39 mg, 0.20 mmol, 4 mol%) were placed in a dry
screw-cap Schlenk vessel with a septum. Then, tert-butyl 3-iodo-
1 H-pyrrolo[2,3-b]pyridine-1-carboxylate (1f) (1.72 g, 5.00 mmol)
was added in 25 mL of dry tetrahydrofuran under an argon
atmosphere and the reaction mixture was degassed with argon.
After that, trimethylsilylacetylene (1.08 mL, 7.50 mmol, 1.50
equiv.) and dry triethylamine (1.39 mL, 10.0 mmol, 2.00 equiv.)
were added and the mixture was stirred at room temperature
(in a water bath) for 1 h until the complete consumption of
the starting material (monitored by TLC). Then, 1 M solution
of tetrabutylammonium fluoride in tetrahydrofuran (7.50 mL,
1.50 mmol, 1.50 equiv.) was added dropwise and the mixture
was stirred at room temperature for 0.5 h until the deprotection
was complete (monitored by TLC). After that, benzyl azide (5a)
(679 mg, 5.00 mmol, 1.00 equiv.) in 5 mL of dry methanol
was added and the mixture was stirred at room temperature for
40 h until the complete conversion to the product (monitored
by TLC). After removal of the solvents in vacuo the residue was
absorbed onto Celite® and purified chromatographically on silica
gel with petroleum ether (boiling range 40-60 °C)—ethyl acetate
PE-EtOAc = 2:1 (R, (PE-EtOAc = 2:1): 0.20) to give 1.56 g
(4.15 mmol, 83%) tert-butyl 3-(1-benzyl-1H-1,2,3-triazol-4-yl)-
1H-pyrrolo[2,3-b]pyridine-1-carboxylate (2f) as a yellow foam.
The obtained compound was deprotected without characteriza-
tion and further purification.

(Compound 8f): fert-Butyl 3-(1-benzyl-1H-1,2,3-triazol-4-yl)-
1 H-pyrrolo[2,3-b]pyridine-1-carboxylate (2f) (1.56 g, 4.15 mmol)
was placed in 21 mL of methanol. Then, potassium carbonate
(1.45 g, 10.4 mmol, 2.50 equiv.) was added and the mixture was
stirred at room temperature (in a water bath) for 1 h (monitored
by TLC). A precipitate formed after a few min. The mixture was
adsorbed on Celite® and purified chromatographically on silica
gel with dichloromethane-methanol-aqueous ammonia DCM-
MeOH-NH; = 100:1:1 — 100:2:1 — 100:3:1 (stepwise
gradient). After drying in vacuo overnight, 930 mg (3.38 mmol,
81%) of a pale yellow solid were obtained. The product was
additionally purified by suspension in dichloromethane, sonica-
tion in ultrasonic bath for 0.5 h, filtration and drying in vacuo at
70 °C overnight to obtain the analytically pure 3-(1-benzyl-1H-
1,2,3-triazol-4-yl)-1 H-pyrrolo[2,3-b]pyridine (8f) as a colorless
solid. UV purity (HT-LC-MS): 100%. M.p. 234-237 °C."H NMR
(DMSO-d,, 500 MHz): 6 (ppm) 5.66 (s,2 H), 7.17 (dd, J =7.9 Hz,
J=4.7Hz, 1 H), 7.32-7.43 (m, 5H), 7.92 (d, J=2.5Hz, 1 H), 8.29
(dd,J=4.7Hz,J=1.6 Hz, 1 H), 8.44 (dd, /=79 Hz, J=1.6 Hz,
1 H), 8.54 (s, 1 H), 11.9 (br, 1 H, NH). *C NMR (DMSO-d,,
125 MHz): 6 (ppm) 52.8 (CH,), 105.0 (Cy..), 115.9 (CH), 116.9
(Cqua)> 119.8 (CH), 123.2 (CH), 127.8 (CH), 128.1 (CH), 128.3
(CH), 128.7 (CH), 136.1 (Cg), 142.4 (Cga), 143.1 (CH), 148.5

This journal is © The Royal Society of Chemistry 2011

Org. Biomol. Chem., 2011, 9, 5129-5136 | 5133



(Cyua)- EI + MS (m/z (%)): 275 (M*, 100), 248 (13), 247 (74), 246
(87), 220 (11), 219 (35), 170 (15), 156 (24), 142 (10), 129 (17), 91
(C;H,%, 19), 44 (19). IR (KBr): ¥ 1584 (s) cm™, 1458 (m), 1420
(m), 1220 (m), 941 (m), 799 (m), 771 (s), 722 (s). Anal. calcd for
CisH3N5 (275.3): C 69.80, H 4.76, N 25.44. Found: C 69.71, H
5.02, N 25.44.

PDK1 biochemical kinase assay

The PDKI1 (3-phosphoinositide-dependent protein kinase-1)
assay was carried out in 384-well streptavidin-coated FlashPlates
(PerkinElmer). 3.4 nM His6-PDK1(A1-50), 400 nM biotinylated
PDKtide (Biotin-BA-BA-KTFCGTPEYLAPEVRREPRILS-
EEEQEMFRDFDYIADWC), and 4 uM ATP (spiked with
0.25 pCi *P-ATP per well) were incubated in a total volume
of 50 uL (50 mM TRIS, 10 mM magnesium acetate, 0.1%
mercaptoethanol, 0.02% Brij35, 0.1% bovine serum albumin,
pH 7.5) with or without test compound (7-10 concentrations) for
60 min at 30 °C. The reaction was stopped by the addition of 25 uL
200 mM EDTA. After 30 min at room temperature the liquid
was removed and each well washed three times with 100 uL 0.9%
sodium chloride solution. Nonspecific reaction was determined
in the presence of 100 nM staurosporine. Radioactivity was
measured in a Topcount (PerkinElmer). Results (IC;, values) were
calculated with e.g. AssayExplorer (Symyx).

DSTT Kkinase assays

The kinase assays” were carried out at room temperature.
Compounds were pre-incubated in the presence of the enzyme and
peptide/protein substrate for 5 min before initiation of the reaction
by adding ATP. Assays were incubated at room temperature before
termination by the addition of 5 uL. orthophosphoric acid. The
assay plates were then harvested onto P81 Unifilter Plates (wash
buffer was 50 mM orthophosphoric acid) and dried in air. The dry
Unifilter plates were then sealed on the addition of MicroScint
O and were counted in Packard Topcount NXT scintillation
counters.

Cocrystallization of compound 8f with PDK1 and X-ray structure
determination

Crystallization of PDK1 was performed as previously described®
and crystals were used for soaking with compound 8f. X-Ray
diffraction data were collected at the PXIII beamline equipped
with a Pilatus detector at the Paul Scherrer Institut in Villingen,
Switzerland. With the detector set at 270 mm, data were collected
in 720 contiguous 0.25° oscillation images at 1 A wavelength. The
data for compound 8f extends to 1.7 A resolution, has an Rieree
of 7.2% and 3.31-fold multiplicity. The structure was refined using
CNX (Accelrys Inc.) to an Ry, of 19.8%.
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1. General Considerations

All cross coupling reactions were carried out in oven-dried Schlenk glassware using
septa and syringes under nitrogen or argon atmosphere. THF and 1,4-dioxane were
dried using MBraun system MB-SPS-800, and triethylamine was refluxed under
argon atmosphere over ketyl sodium, distilled and stored in a Schlenk flask over
potassium hydroxide pellets under argon atmosphere. Dry methanol was purchased
from Sigma-Aldrich Chemie GmbH.

7-, 6-, and 5-Azaindoles were obtained commercially from Biosynth. 4-Azaindole, 4-
chloro-7-azaindole, and 4-chloro-deazapurine were synthesized in laboratories of
Merck Serono, Darmstadt. 4,7-Diazaindole and 2-methyl-7-azaindole were obtained
from Ark Pharm, Inc. 4(5)-lodo-1H-imidazole and tert-butyl 4-iodo-1H-pyrazole-1-
carboxylate (1m) were purchased from ABCR GmBH & Co. 4-Bromo-7-azaindole
(6a) and 5-bromo-7-azaindole (6b) were obtained from Sigma-Aldrich Chemie
GmbH.

Trimethylsilylacetylene was obtained from Sigma-Aldrich Chemie GmbH.
Tetrabutylammonium fluoride (1 M in THF) was obtained from Sigma-Aldrich Chemie
GmbH. Benzyl azide (5a) was obtained from ABCR GmBH & Co. Azidobenzene
solution (~ 0.5 M in tert-butylmethylether) was obtained from Sigma-Aldrich Chemie
GmbH. Cesium azide was obtained from Sigma-Aldrich Chemie GmbH.
Cp*RuCI(PPh3), was obtained from ABCR GmBH & Co.

Commercial grade reagents were used as supplied without further purification and
were purchased from Acros Organics, Sigma-Aldrich Chemie GmbH, Fluka AG,
ABCR GmBH & Co. KG, AppliChem, and Merck KGaA.

The purification of products was performed on silica gel 60 (0.015-0.040 mm) from
Merck KGaA using flash technique and under pressure of 2 bar. The crude mixtures
were adsorbed on Celite 545 (0.02-0.10 mm) from Merck KGaA before
chromatographic purification.

The reaction progress was monitored qualitatively using TLC Silica gel 60 F254 5 x 7.5
cm aluminium sheets obtained by Merck KGaA. The spots were detected with UV

light at 254 nm and using aqueous potassium permanganate solution.
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'H, C, and 135-DEPT NMR spectra were recorded on Bruker DRX 500
spectrometer. CDCIl; and DMSO-ds were used as deuterated solvents. TMS was
used as reference (o0 = 0.0) or the resonances of the solvents were locked as internal
standards (CDCls: 'H & 7.26, *C & 77.0; DMSO-ds: 'H & 2.50, *C & 39.4). The
multiplicities of signals were abbreviated as follows: s: singlet; d: doublet; t: triplet; dd:
doublet of doublets, q: quartet, m: multiplet and br: broad signal. The type of carbon
atoms was determined on the basis of 135-DEPT NMR spectra.

El mass spectra were measured on Finnigan MAT 8200 spectrometer. IR spectra
were obtained on Bruker Vector 22 FT-IR. The solids were measured as KBr pellets
and oils as films on KBr plates. The intensity of signals is abbreviated as follows: s
(strong), m (medium) and w (weak). The melting points (uncorrected) were measured
on Reichert-Jung Thermovar. Combustion analyses were carried out on Perkin Elmer
Series Il Analyser 2400 in the microanalytical laboratory of Institut fur
Pharmazeutische und Medizinische Chemie der Heinrich-Heine-Universitat
Dusseldorf. HT-LC-MS spectra were measured in the Molecule Analytics laboratory
of Central Analytical Services, Merck KGaA Darmstadt. The content of Pd and Cu in
the compound 8f was determined in the Element Analytics laboratory of Central

Analytical Services, Merck KGaA Darmstadt.
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2. Preparation of Starting Materials 1a-l and 1n

2.1. Preparation of N-Boc 3-iodo (aza)indoles 1a, 1d-k, and 1n (shown for tert-
butyl 3-iodo-1H-pyrrolo[2,3-b]pyridine-1-carboxylate (1)!"!

|
I Boc,O
~ ~ ~
N N N

\ \ \
H H Boc

Y

Y

A solution of iodine (25.7 g, 101 mmol, 1.01 equiv) in 180 mL of DMF was dropped to
the solution of 7-azaindole (12.1 g, 100 mmol) and potassium hydroxide (16.5 g, 250
mmol, 2.50 equiv) in 180 mL of DMF at room temperature and the mixture was stirred
for 45 min. The reaction mixture was then poured on 1 L ice water containing 1 %
ammonia and 0.2 % sodium disulfite. The precipitate was filtered, washed with ice
water and dried in vacuo to obtain 23.7 g (97.2 mmol, 97 % yield) of a yellow solid.

The obtained iodide was used without further purification in the next step. It was
suspended in 180 mL of dichloromethane, 4-dimethylaminopyridine (1.21 g, 9.72
mmol, 10 mol %) was added and di-tert-butyl dicarbonate (32.8 g, 146 mmol, 1.50
equiv), dissolved in 180 mL of dichloromethane, was added dropwise over 30 min.
The mixture was stirred for 30 min at room temperature, washed with 200 mL of 0.1
N HCI, and the aqueous phase was extracted with dichloromethane (2 x 100 mL).
The combined organic layers were dried with sodium sulphate, the solvents were
removed under reduced pressure and the residue was adsorbed onto Celite® and
purified chromatographically on silica gel with petroleum ether (boiling range 40-60
°C)/ethyl acetate (PE-EtOAc = 20:1, Ry (PE-EtOAc = 20:1): 0.14) to give 31.6 g (91.8
mmol, 94 % vyield; 92 % total yield over two steps) of tert-butyl 3-iodo-1H-pyrrolo[2,3-
b]lpyridine-1-carboxylate (1f) as an orange oil, which solidifies upon storage in

refrigerator.

Compounds 1a, 1d-e, 1g-k, and 1n were obtained analogously.

The experimental details are depicted in Table 1.
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2.2. Preparation of tert-butyl 3-iodo-1H-indazole-1-carboxylate (1b)

|2 BOCZO
o \ \
! / /
N\ N N
H

Y
z
Y
z

A solution of iodine (13.8 g, 54.3 mmol, 2.00 equiv) in 50 mL of DMF was dropped to
the solution of 1H-indazole (3.34 g, 27.1 mmol) and potassium hydroxide (5.70 g, 102
mmol, 3.76 equiv) in 50 mL of DMF at room temperature and the mixture was stirred
for 4 h. The reaction mixture was then poured onto 200 mL of saturated sodium silfite
solution and extracted with diethylether (2 x 50 mL). The combined organic layers
were washed with water and brine and dried with sodium sulphate. After the solvents
were removed under reduced pressure, 6.09 g (24.9 mmol, 92 % yield) of a yellow
solid were obtained.

The obtained iodide was used without further purification for the next step. 3-lodo-1H-
indazole (5.09 g, 20.9 mmol) was dissolved in 100 mL of dichloromethane, then
triethylamine (27.2 mL, 196 mmol, 9.39 equiv) and 4-dimethylaminopyridine (261 mg,
2.09 mmol, 10 mol %) were added, and di-tert-butyl dicarbonate (14.1 g, 62.6 mmol,
3.00 equiv), dissolved in 50 mL of dichloromethane, was slowly added dropwise. The
mixture was stirred for 4 h at room temperature, washed with saturated sodium sulfite
solution (3 x 20 mL), dried with sodium sulphate, and the solvents were removed
under reduced pressure. The residue was adsorbed onto Celite® and purified
chromatographically on basic Alox with petroleum ether (boiling range 40-60
°C)/ethyl acetate (PE-EtOAc = 20:1, Rs (PE-EtOAc = 20:1): 0.31) to give 6.26 g (18.2
mmol, 87 % yield; 80 % total yield over two steps) of tert-butyl 3-iodo-1H-indazole-1-

carboxylate (1b) as a pale yellow solid.
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2.3. Preparation of tert-butyl 3-iodo-1H-pyrrolo[3,2-b]pyridine-1-carboxylate

(10)[2]
| |
N ICI N Boc,O N
PH - [ - [
Z N Z =N Z~N
\ \ \
H H Boc
1c

4-Azaindole (11.8 g, 100 mmol) was dissolved in 200 mL of pyridine and the solution
was cooled with an ice bath. Then, 220 mL of a 0.5 M solution of iodomonochloride
(17.9 g, 110 mmol, 1.10 equiv) in dichloromethane was added over 5 min. After 15
min the cooling bath was removed, and after another 30 min the solution was diluted
with 2 L of ethyl acetate. The mixture was washed successively with 1 N HCL and 1
N NaOH, dried with sodium sulphate, and the solvents were removed in vacuo. The
residue was dried in vacuo to give 18.3 g (75.0 mmol, 75 %) of an orange solid.

The obtained iodide was used without further purification for the next step. 3-lodo-1H-
pyrrolo[3,2-b]pyridine (1.82 g, 7.45 mmol) was dissolved in 30 mL of
dichloromethane, then triethylamine (6.62 mL, 47.8 mmol, 6.41 equiv) and 4-
dimethylaminopyridine (91 mg, 0.75 mmol, 10 mol %) were added, and di-tert-butyl
dicarbonate (3.25 g, 14.9 mmol, 2.00 equiv), dissolved in 25 mL of dichloromethane,
was slowly added dropwise. The mixture was stirred for 4 h at room temperature,
washed with saturated sodium sulfite solution (2 x 20 mL), dried with sodium
sulphate, and the solvents were removed under reduced pressure. The residue was
adsorbed onto Celite® and purified chromatographically on neutral Alox with
petroleum ether (boiling range 40-60 °C)/ethyl acetate (PE-EtOAc = 5:1, Rr (PE-
EtOAc = 5:1): 0.41) to give 1.88 g (5.45 mmol, 73 % yield; 55 % total yield over two
steps) of tert-butyl 3-iodo-1H-pyrrolo[3,2-b]pyridine-1-carboxylate (1¢) as a colorless

solid.



Electronic Supplementary Material (ESI) for Organic and Biomolecular Chemistry

This journal is © The Royal Society of Chemistry 2011

Table 1. Experimental details for the synthesis of N-Boc 3-iodo (aza)indoles 1a-k and

N-Boc 4-iodo imidazole 1n.

Entry (Aza)Indole 3-lodo N-Boc 3-lodo Chromatographic
(aza)indole (aza)indole 1 purification (eluent)
(isolated yield %) Rr (eluent)
1 20.0g Yellow solid Brown oil PE-EtOAc = 50:1
(171 mmol) 328¢g 113 ¢ Rf (PE-EtOAC =
1H-Indole (135 mmol, (32.9 mmol, 80 %) 50:1): 0.38
(Acros) 79 %) Total yield: 63 %
|
For Boc- @:g
protection: N
10.0 g \Boc
(41.1 mmol) 1a
2 3.34 ¢ Yellow solid Colorless solid PE-EtOAc = 20:1
(27.1 mmol) 6.09 g 6.26 g Rf (PE-EtOAC =
1H-Indazole (24.9 mmol, (18.2 mmol, 87 %) 20:1): 0.31
(ABCR) 92 %) Total yield: 80 %
|
For Boc- N
protection: N
5.09¢ Boc
(20.9 mmol) 1b
3 11.8¢ Orange solid Colorless solid PE-EtOAc = 5:1
(100 mmol) 18.3 g 1.88¢g Rr (PE-EtOAC = 5:1):
1H- (75.0 mmol,  (5.45 mmol, 73 %) 0.41
Pyrrolo[3,2- 75 %) Total yield: 55 %
b]pyridine . '
(4-Azaindole) For Boc- | SN
(Biosynth) protection: N
1.82 g ‘Boc
(7.45 mmol) 1c

10
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Table 1 (continuation). Experimental details for the synthesis of N-Boc 3-iodo
(aza)indoles 1a-k and N-Boc 4-iodo imidazole 1n.

Entry Azaindole 3-lodo N-Boc 3-lodo Chromatographic
azaindole azaindole 1 purification (eluent)
(isolated yield %) R¢ (eluent)
4 1.00g Pale yellow Colorless solid PE-EtOAc = 2:1
(8.47 mmol) solid 1.85¢ Rf (PE-EtOAC = 2:1):
1H- 1.50¢g (5.36 mmol, 87 %) 0.37
Pyrrolo[3,2- (6.14 mmol, Total yield: 64 %
c]pyridine 73 %) !
(5-Azaindole) N
(Biosynth) L
Boc
1d
5 5.009 Yellow solid Pale yellow solid PE-EtOAc = 2:1
(42.3 mmol) 8.10¢g 7.52¢g Rf (PE-EtOAC = 2:1):
1H- (33.2mmol, (21.9 mmol, 75 %) 0.36
Pyrrolo[2,3- 78 %) Total yield: 59 %
C]pyridine :
(6-Azaindole) For Boc- Y
(Biosynth) protection: N N
7.11 g \Boc
(29.1 mmol) 1e
6 121g Yellow solid  Yellow-orange oil®  PE-EtOAc = 20:1
(100 mmol) 23.79 31649 Rf (PE-EtOAC =
1H- (97.2 mmol,  (91.8 mmol, 94 %) 20:1): 0.14
Pyrrolo[2,3- 97 %) Total yield: 92 %
b]pyridine '
(7-Azaindole) m
(ABCR) NF N

\
Boc

1f

[a] Solidifies upon storage in refrigerator.
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Table 1 (continuation). Experimental details for the synthesis of N-Boc 3-iodo
(aza)indoles 1a-k and N-Boc 4-iodo imidazole 1n.

Entry Azaindole 3-lodo N-Boc 3-lodo Chromatographic
azaindole azaindole 1 purification (eluent)
(isolated yield %) R¢ (eluent)

7 284 mg Yellow solid Colorless solid PE-EtOAc = 1:1
(1.92 mmol) 420 mg 428 mg Rf (PE-EtOAC = 1:1):
4-Methoxy- (1.53 mmol, (1.14 mmol, 82 %) 0.51

1H- 80 %) Total yield: 65 %
pyrrolo[2,3- oMe
b]pyridine® For Boc- S
protection: | A\
385 mg Boc
(1.40 mmol) 19

8 250 g Beige solid Yellow oil® PE-EtOAc = 20:1 -
(18.0 mmol) 4339 5.58 g 15:1
2-Methyl-1H-  (16.8 mmol,  (15.6 mmol, 95 %) Rr (PE-EtOAC =
pyrrolo[2,3- 93 %) Total yield: 88 % 15:1): 0.44

b]pyridine '
(Ark Pharm) For Boc- m
protection: N N
4.25 g hoc
(16.5 mmol) 1h
9 1.25¢ Yellow solid Pale yellow solid PE-EtOAc = 5:1
(10.0 mmol) 2009 253¢ Rr (PE-EtOAC = 5:1):
5H- (8.18 mmol,  (7.33 mmol, 92 %) 0.31
Pyrrolo[2,3- 82 %) Total yield: 75 %
blpyrazine N |
(4,7-Diaza- For Boc- E *‘T\g
indole) protection: NFN
(Ark Pharm) 1.96 g Boc
(7.99 mmol) 1i

[a] Preparation from 4-chloro-1H-pyrrolo[2,3-b]pyridine is described in S. Benoit, S. Gingras, N.
Soundararajan, PCT Int. Appl. 2003, WO 2003082289 A1 20031009. The beige solid was obtained in
78 % vyield.

[b] Solidifies upon storage in refrigerator.
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Table 1 (continuation). Experimental details for the synthesis of N-Boc 3-iodo
(aza)indoles 1a-k and N-Boc 4-iodo imidazole 1n.

Entry Azaindole 3-lodo N-Boc 3-lodo Chromatographic
azaindole azaindole 1 purification (eluent)
(isolated yield %) Rr (eluent)
10 611 mg Pale yellow Colorless solid PE-EtOAc = 5:1
(4.10 mmol) solid 1.12g Rr (PE-EtOAC =
4-Methoxy-7H- 897 mg (2.98 mmol, 91 %) 5:1): 0.38
pyrrolo[2,3- (3.26 mmol, Total yield: 73 %
d]pyrimidine® 80 %) OMe |
NI S N\
N/ N\Boc
1j
11 966 mg Pale yellow Pale yellow oil PE-EtOAc = 5:1 »
(5.00 mmol) solid 1.55¢ 4:1
4-(2- 1339 (3.70 mmol, 94 %) Rf(PE-EtOAc =
Methoxyethoxy)- (4.15 mmol, Total yield: 78 % 5:1): 0.22
7H-pyrrolo[2,3- 83 %) |
d]pyrimidine!™ O\L
For Boc- o
protection:
(3.95 mmol) NZ N
Boc
1k
12 20649 Yellow oil PE-EtOAc = 20:1
(10.0 mmol) 2719 R¢ (PE-EtOAC =
4(5)-lodo-1H- (9.23 mmol, 20:1): 0.16
imidazole 92 %)
(ABCR) '
NN
»
\BOC
1n

[a] Preparation from 4-chloro-7 H-pyrrolo[2,3-d]pyrimidine as described for 4-methoxy-7-azaindole in S.
Benoit, S. Gingras, N. Soundararajan, PCT Int. Appl. 2003, WO 2003082289 A1 20031009. The
colorless solid was obtained in 76 % yield.

[b] Preparation from 4-chloro-7H-pyrrolo[2,3-d]pyrimidine upon refluxing with 2.5 equivs of Cs,COj; in
2-methoxyethanol (¢ = 0.2 M) as a colorless solid in 85 % vyield.

[c] The isomer, tert-butyl 5-iodo-1H-imidazole-1-carboxylate, was obtained along with 1n as a yellow
solid in 4 % yield (123 mg, 0.42 mmol).
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2.4. Spectroscopic data of compounds 1a-k and 1n

2.4.1. tert-Butyl 3-iodo-1H-indole-1-carboxylate (1a)

C13H14INO,
343.16

11.3 g (32.9 mmol, 63 % vyield over two steps) as a pale brown oil. 'H NMR (CDCls,
500 MHz): 61.66 (s, 9 H), 7.28-7.32 (m, 1 H), 7.33-7.36 (m, 1 H), 7.36-7.40 (m, 1 H),
7.72 (s, 1 H), 8.12 (d, J = 7.3 Hz, 1 H). ®C NMR (CDCls, 125 MHz): § 28.1 (CHs),
65.4 (Cquat), 84.2 (Cquat), 115.0 (CH), 121.4 (CH), 123.3 (CH), 125.3 (CH), 130.0
(CH), 132.0 (Cquat), 134.8 (Cquat), 148.6 (Cquat). El + MS (m/z (%)): 343 (M*, 14), 287
((M-C4Hg+H)", 59), 270 ((M-C4HgO+H)", 6), 243 ((M-CsHgOo+H)", 79), 116 (CgHeN",
30), 115 (CgHsN™, 22), 88 (10), 57 (CsHg", 100), 41 (13). Anal. calcd for C13H14INO;
(343.2): C 45.50, H4.11, N 4.08. Found: C 45.24, H 4.30, N 3.89.

Data reported in the literature:
B. Witulski, N. Buschmann, U. Bergstral3er, Tefrahedron 2000, 56, 8473-8480.

Colorless solid (n-pentane). Mp 36-40 °C. 'H NMR (400 MHz): 6 1.68 (s, 9 H), 7.29-
7.43 (m, 3 H), 7.73 (s, 1 H), 8.13 (d, J = 8.1 Hz, 1 H). "*C NMR (100 MHz): §28.1 (q),
65.4 (s), 115.1 (d), 121.5 (d), 123.3 (d), 125.3 (d), 130.1 (d), 132.1 (s), 134.9 (s),
148.7 (s). El + MS (m/z (%)): 343 (M*, 69), 287 (100), 270 (13), 243 (98), 116 (28),
57 (98). Anal. calcd for C43H14INO2 (343.2): C 45.50, H 4.11, N 4.08. Found: C 45.37,
H 3.66, N 3.96.

T. A. Kelly, D. W. McNeil, J. M. Rose, E. David, C.-K. Shih, P. M. Grob, J. Med.
Chem. 1997, 40, 2430-2433.

"H NMR (CDCl3): 5§1.69 (s, 9 H), 7.20-7.41 (m, 3 H), 7.72 (s, 1 H), 8.15 (d, J = 5.0
Hz, 1 H).
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2.4.2. tert-Butyl 3-iodo-1H-indazole-1-carboxylate (1b)

C12H13IN202
344 .15

6.26 g (18.2 mmol, 80 % vyield over two steps) as a colorless solid. Mp 117 °C. 'H
NMR (CDCls, 500 MHz): §1.73 (s, 9 H), 7.34-7.39 (m, 1 H), 7.47-7.51 (m, 1 H), 7.56-
7.61 (m, 1 H), 8.11 (d, J = 8.5 Hz, 1 H). ®*C NMR (CDCls, 125 MHz): 5 28.1 (CHs),
85.4 (Cquat), 102.9 (Cquat), 114.5 (CH), 121.9 (CH), 124.1 (CH), 129.9 (CH), 130.1
(Cquat), 139.5 (Cquat), 148.3 (Cquat). El + MS (m/z (%)): 344 (M*, 21), 244 ((M-C4Hg+H-
COy)", 100), 117 (C7HsNy*, 13), 58 (11), 57 (C4He", 61), 43 (14). Anal. calcd for
C12H13IN2O; (344.2): C 41.88, H 3.81, N 8.14. Found: C 42.11, H 4.03, N 8.01.

Data reported in the literature:

J. Vazquez, S. K. De, L.-H. Chen, M. Riel-Mehan, A. Emdadi, J. Cellitti, J. L.
Stebbins, M. F. Rega, M. Pellecchia, J. Med. Chem. 2008, 51, 3460-3465.

"H NMR (CDCls, 300 MHz): 51.72 (s, 9 H), 7.37 (t, J = 8.1 Hz, 1 H), 7.49 (d, J = 8.1
Hz, 1 H), 7.58 (t, J = 7.5 Hz, 1 H), 8.11 (d, J = 8.7 Hz, 1 H). MS (m/z): 367 (M+Na)",
345 (M+H)", 310, 289, 244, 124, 74, 56. HRMS calcd for CioH14IN2O, (M+H):
345.0100. Found 345.0095.
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2.4.3. tert-Butyl 3-iodo-1H-pyrrolo[3,2-b]pyridine-1-carboxylate (1c)

I
N

e
Z =N
\
Boc

C12H13IN202
344 .15

1.88 g (5.45 mmol, 55 % yield over two steps) as a colorless solid. Mp 125 °C. 'H
NMR (CDCl3, 500 MHz): 6 1.68 (s, 9 H), 7.30 (dd, J = 8.5 Hz, J = 4.7 Hz, 1 H), 7.98
(s, 1 H), 8.4 (br, 1 H), 8.62 (dd, J = 4.7 Hz, J = 1.6 Hz, 1 H). *C NMR (CDCls, 125
MHz): 6 28.1 (CHs), 67.7 (Cquat), 85.2 (Cquat), 119.9 (CH), 122.6 (CH), 128.3 (Cquat),
132.8 (CH), 146.4 (CH), 147.9 (Cquat), 148.2 (Cquat). El + MS (m/z (%)): 344 (M", 33),
288 ((M-C4Hg+H)", 85), 244 ((M-C4Hg+H-CO,)*, 81), 57 (C4Hy", 100). Anal. calcd for
Ci12H13IN2O; (344.2): C 41.88, H 3.81, N 8.14. Found: C 42.04, H 4.06, N 8.04.
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2.4.4. tert-Butyl 3-iodo-1H-pyrrolo[3,2-c]pyridine-1-carboxylate (1d)

|
N7 ™ N\
|/ .
\
Boc
C12H13IN202
344 .15

1.85 g (5.36 mmol, 64 % yield over two steps) as a colorless solid. Mp 119 °C. 'H
NMR (CDCls, 500 MHz): §1.68 (s, 9 H), 7.73 (s, 1 H), 7.95 (br, 1 H), 8.54 (d, J = 5.7
Hz, 1 H), 8.71 (s, 1 H). *C NMR (CDCl3, 125 MHz): §28.0 (CH3), 62.1 (Cquat), 85.5
(Cquat), 109.5 (CH), 128.1 (Cquat), 130.8 (CH), 139.7 (Cquat), 144.5 (CH), 145.1 (CH),
148.0 (Cquat). El + MS (m/z (%)): 344 (M*, 11), 288 ((M-CsHg+H)*, 36), 244 ((M-
C4Hg+H-COy)", 65), 117 (C7HsNo", 15), 116 (C;H4N2", 7), 57 (C4Hg", 100), 41 (13).
Anal. calcd for C12H13IN2O; (344.2): C 41.88, H 3.81, N 8.14. Found: C 42.13, H 3.82,
N 8.13.

Data reported in the literature:

M. Lefoix, J.-P. Daillant, S. Routier, J.-Y. Mérour, |. Gillaizeau, G. Coudert, Synthesis
2005, 3581-3588.

White solid. Ry (PE-EtOAc = 6:4): 0.3. Mp 127-128 °C. 'H NMR (CDCls, 250 MHz): §
1.68 (s, 9 H, C(CH3)3), 7.73 (s, 1 H, H-2), 7.95 (dd, J = 5.7 Hz, J = 0.9 Hz, 1 H, H-6),
8.55 (d, J = 5.7 Hz, 1 H, H-7), 8.71 (d, J = 0.9 Hz, 1 H, H-4). >C NMR (CDCls, 62.5
MHz): 628.2 (C(CHj3)3), 62.2 (C-1), 85.7 (C(CHs3)3), 109.7 (CH-6), 128.3 (Cquat), 131.0
(CH-2), 139.8 (Cquat), 144.6 (CH-4), 145.1 (CH-7), 148.2 (t-BuOOC). El + MS (m/z
(%)): 345 (MH*, 92), 289 ((MH-t-Bu)*, 100), 245 ((MH-Boc)®, 29). IR (KBr): v 2982
cm™, 1746, 1168. HRMS (El) m/z calcd for CioHq3IN2O: 344.00218; found:
344.0021.
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2.4.5. tert-Butyl 3-iodo-1H-pyrrolo[2,3-c]pyridine-1-carboxylate (1e)

|
B
N_ = N

\BOC
C12H13IN202
344.15

7.52 g (21.9 mmol, 59 % yield over two steps) as a pale yellow solid. Mp 149-150 °C.
'"H NMR (CDCls, 500 MHz): 5 1.70 (s, 9 H), 7.38 (d, J = 5.4 Hz, 1 H), 7.90 (s, 1 H),
8.51 (d, J = 5.4 Hz, 1 H), 9.37 (s, 1 H). "®*C NMR (CDCls, 125 MHz): & 28.0 (CHs),
63.4 (Cquat), 85.9 (Cquat), 115.8 (CH), 131.8 (Cquat), 133.5 (CH), 136.8 (CH), 138.3
(Cquat), 141.8 (CH), 147.7 (Cquat). El + MS (m/z (%)): 344 (M*, 13), 288 ((M-C4Hg+H)",
27), 244 ((M-C4Ho+H-CO,)*, 100), 117 (C7HsN2", 22), 116 (C7H4N2*, 11), 90 (10), 57
(C4Ho", 100), 41 (13). Anal. calcd for C12H13IN20, (344.2): C 41.88, H 3.81, N 8.14.
Found: C 42.13, H 3.93, N 8.01.
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2.4.6. tert-Butyl 3-iodo-1H-pyrrolo[2,3-b]pyridine-1-carboxylate (1f)

|
fir%

N N
Boc

C12H13IN202
344 .15

31.6 g (91.8 mmol, 92 % vyield over two steps) as a yellow oil (solidified upon storage
in refrigerator). Mp 79 °C. "H NMR (CDCls, 500 MHz): § 1.66 (s, 9 H), 7.22 (dd, J =
79Hz, J=4.7Hz 1H),761(dd, J=79 Hz, J=1.6 Hz, 1 H), 7.78 (s, 1 H), 8.50
(dd, J = 4.7 Hz, J = 1.6 Hz, 1 H). ®C NMR (CDCl;, 125 MHz): &5 27.4 (CH3), 61.3
(Cquat), 83.8 (Cquat), 118.5 (CH), 124.3 (Cquar), 128.9 (CH), 129.9 (CH), 145.3 (CH),
146.0 (Cquat), 146.6 (Cquat). EI + MS (m/z (%)): 344 (M*, 4), 245 (8), 244 ((M-
CsHgOo+H)", 100), 117 (C7HsN,", 23), 116 (C7H4N,", 10), 90 (10), 57 (C4Hyg", 26).

Data reported in the literature:

T. A. Kelly, D. W. McNeil, J. M. Rose, E. David, C.-K. Shih, P. M. Grob, J. Med.
Chem. 1997, 40, 2430-2433.

"H NMR (CDCl3): §1.70 (s, 9 H), 7.28 (dd, J = 8.5 Hz, 1 H), 7.72 (dd, J = 8.1 Hz, 1
H), 7.80 (s, 1 H), 8.49 (dd, J = 5.1 Hz, 1 H).

19



Electronic Supplementary Material (ESI) for Organic and Biomolecular Chemistry
This journal is © The Royal Society of Chemistry 2011

2.4.7. tert-Butyl 3-iodo-4-methoxy-1H-pyrrolo[2,3-b]pyridine-1-carboxylate (1g)

C13H15IN203
37417

428 mg (1.14 mmol, 65 % yield over two steps) as a colorless solid. Mp 122 °C. 'H
NMR (CDClIs, 500 MHz): 61.65 (s, 9 H), 3.99 (s, 3 H), 6.67 (d, J = 5.7 Hz, 1 H), 7.63
(s, 1 H), 8.40 (d, J = 5.7 Hz, 1 H). ®*C NMR (CDCls, 125 MHz): & 28.0 (CH3), 54.6
(Cquat), 55.5 (CH3), 84.6 (Cquat), 101.0 (CH), 112.8 (Cquat), 129.7 (CH), 146.8 (Cquat),
147.8 (CH), 149.0 (Cquat), 160.1 (Cquat). El + MS (m/z (%)): 374 (M", 5), 301 ((M-
C4Hg0O)", 2), 274 ((M-CsHgO2+H)", 61), 273 ((M-CsHgO2)*, 13), 259 ((M-CsHgOo+H-
CHs)*, 9), 243 ((M-CsHgO,+H-OCHj3)", 2), 231 ((M-I-CH3)*, 8), 131 (C7H3N.0O", 15),
117 (C7HsN2*, 18), 116 (C7H4N2", 21), 77 (11), 57 (C4He", 100), 43 (CoH30%, 12), 41
(CoH3N™, 53), 39 (C3H3", 13). Anal. calcd for Cy3H15IN2O3 (374.2): C 41.73, H 4.04, N
7.49. Found: C 41.89, H 3.91, N 7.23.
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2.4.8. tert-Butyl 3-iodo-2-methyl-1H-pyrrolo[2,3-b]pyridine-1-carboxylate (1h)

|
-
ZZN

N \
Boc
C13H15IN202

358.17

5.58 g (15.6 mmol, 88 % vyield over two steps) as a yellow oil (solidified upon storage
in refrigerator). Mp 47 °C. 'H NMR (CDCls, 500 MHz): 5 1.69 (s, 9 H), 2.69 (s, 3 H),
7.21(dd, J=79Hz, J=4.7Hz, 1 H),7.61(dd, J=79Hz, J=1.9Hz, 1H), 843 (dd,
J=5.0Hz, J=1.6 Hz, 1 H). *C NMR (CDCls, 125 MHz): § 17.9 (CHs), 28.1 (CHs),
67.1 (Cquat), 84.8 (Cquat), 119.1 (CH), 124.4 (Cquat), 128.7 (CH), 138.3 (Cquat), 145.0
(CH), 148.1 (Cquat), 148.8 (Cquat). El + MS (m/z (%)): 358 (M", 19), 285 ((M-C4H,0)",
4), 258 ((M-CsHgO2+H)*, 100), 158 ((M-C4HgO-1)", 2), 131 (CgH7N2", 13), 57 (C4Hyo",
55), 41 (CoH3N", 11). Anal. calcd for Cy3H15IN2O2 (358.2): C 43.59, H 4.22, N 7.82.
Found: C 43.59, H 4.45, N 7.63.
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2.4.9. tert-Butyl 7-iodo-5H-pyrrolo[2,3-b]pyrazine-5-carboxylate (1i)

|
N
B8
N N
Boc
C11H12IN302
345.14

2.53 g (7.33 mmol, 75 % vyield over two steps) as a pale yellow solid. Mp 128 °C. 'H
NMR (CDCl3, 500 MHz): 6 1.69 (s, 9 H), 8.12 (s, 1 H), 8.46 (d, J = 2.5 Hz, 1 H), 8.60
(d, J = 2.5 Hz, 1 H). >°C NMR (CDCl;, 125 MHz): & 28.0 (CHs), 64.2 (Cquat), 85.8
(Cquat), 134.4 (CH), 139.8 (CH), 141.1 (Cquat), 141.3 (CH), 141.8 (Cquat), 146.4 (Cquat)-
El + MS (m/z (%)): 345 (M", 23), 245 ((M-CsHg+H-CO,)*, 100), 57 (C4Ho", 85), 41
(13). Anal. calcd for C11H12IN30; (345.1): C 38.28, H 3.50, N 12.17. Found: C 38.31,
H3.62, N 12.11.
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2.4.10. tert-Butyl 5-iodo-4-methoxy-7H-pyrrolo[2,3-d]pyrimidine-7-carboxylate
(1))

OMe |

N'k \: )
N N
Boc

C12H14IN303
375.16

1.12 g (2.98 mmol, 73 % yield over two steps) as a colorless solid. Mp 98-99 °C. 'H
NMR (CDCls, 500 MHz): 5 1.67 (s, 9 H), 4.15 (s, 3 H), 7.63 (s, 1 H), 8.65 (s, 1 H). "*C
NMR (CDCls, 125 MHz): 6 27.9 (CHgs), 53.9 (CHs), 54.9 (Cgquat), 85.6 (Cquat), 109.1
(Cquat), 129.4 (CH), 146.2 (Cquat), 152.4 (Cquat), 153.6 (CH), 163.1 (Cquat). EI + MS
(m/z (%)): 375 (M*, 7), 276 (9), 275 ((M-CsHoO2+H)", 100), 274 ((M-CsHgO2)", 15),
246 (10), 234 (10), 148 (C;HgN3O", 7), 118 (CeH4N3™, 8), 57 (C4Ho", 50). Anal. calcd
for C12H14IN3O3 (375.2): C 38.42, H 3.76, N 11.20. Found: C 38.46, H 3.85, N 11.32.
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2.4.11. tert-Butyl 4-(2-methoxyethoxy)-5-iodo-7H-pyrrolo[2,3-d]pyrimidine-7-
carboxylate (1k)

C14H18IN304
419.21

1.55 g (3.70 mmol, 78 % vyield over two steps) as a pale yellow oil. 'H NMR (CDCls,
500 MHz): 6 1.67 (s, 9 H), 3.49 (s, 3 H), 3.84-3.88 (m, 2 H), 4.67-4.71 (m, 2 H), 7.62
(s, 1 H), 8.62 (s, 1 H). ®C NMR (CDCl3, 125 MHz): §27.9 (CH3), 55.1 (Cquat), 59.3
(CH3), 66.0 (CH2), 70.4 (CH), 85.6 (Cquat), 109.0 (Cquat), 129.4 (CH), 146.2 (Cquat),
152.5 (Cquat), 153.5 (CH), 162.6 (Cquat). El + MS (m/z (%)): 419 (M*, 1), 319 ((M-
CsHoO2+H)", 3), 261 (CeH4IN3O", 6), 88 (13), 70 (13), 61 (16), 45 (C,HsO", 15), 43
(100). Anal. calcd for C14H+5IN3O4 (419.2): C 40.11, H 4.33, N 10.02. Found: C 40.41,
H 4.55, N 9.81.
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2.4.12. tert-Butyl 4-iodo-1H-imidazole-1-carboxylate (1n)

CgH11IN20O2
294.09

2.71 g (9.23 mmol, 92 % vyield) as a yellow oil. '"H NMR (CDCls, 500 MHz): & 1.62 (s,
9 H), 7.47 (d, J = 1.3 Hz, 1 H), 7.95 (d, J = 1.3 Hz, 1 H). "*C NMR (CDCl3, 125 MHz):
027.8 (CH3), 84.3 (Cquat), 86.5 (Cquat), 122.8 (CH), 138.1 (CH), 145.7 (Cquat). EI + MS
(m/z (%)): 295 (8), 294 (M", 62), 238 ((M-C4Ho+H)*, 12), 221 ((M-C4Hs0)", 28), 194
((M-CsHgO2+H)*, 64), 166 ((M-1+H)*, 18), 59 (10), 58 (19), 57 (C4Hy", 100), 41 (64).
Anal. calcd for CgH11IN2O, (294.1): C 32.67, H 3.77, N 9.53. Found: C 32.95, H 4.07,
N 9.35.
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2.5. Preparation of tert-butyl 4-iodo-2-(4-methoxy-phenyl)-1H-pyrrole-1-

carboxylate (11)*!
H
\
N—Boc
= |
o ]\
N
Me04©—< > MeO B
Cl ocC
n H |"
11

PdCI»(PPhs)2 (425 mg, 0.60 mmol, 2 mol %) and Cul (233 mg, 1.20 mmol, 4 mol %)
were placed under argon atmosphere in a dry screw-cap vessel. Then, 150 mL of dry
THF were added and the mixture was degassed with argon. Dry triethylamine (4.16
mL, 30.0 mmol, 1.00 equiv), 4-methoxybenzoyl chloride (5.28 g, 30.0 mmol), and tert-
butyl prop-2-ynylcarbamate (4.66 g, 30.0 mmol, 1.00 equiv) were successively added
to the mixture which was stirred at room temperature for 1 h (monitored by TLC).
Then, sodium iodide (22.7 g, 150 mmol, 5.00 equiv), toluene-4-sulfonic acid
monohydrate (11.6 g, 60.0 mmol, 2.00 equiv) and 30 ml of tert-butanol were
successively added to the mixture which was stirred at room temperature for 1 h
(monitored by TLC). The reaction mixture was diluted with 300 mL brine, the phases
were separated and the aqueous phase was extracted with dichloromethane (3 x 150
mL). The combined organic layers were dried with anhydrous sodium sulfate. After
removal of the solvents in vacuo the residue was absorbed onto Celite® and purified
chromatographically on silica gel with petroleum ether (boiling range 40-60 °C)/ethyl
acetate (PE-EtOAc = 100:1) to give 9.23 g (23.1 mmol, 77 % yield) of the desired
product (11) as a colorless solid.

26



Electronic Supplementary Material (ESI) for Organic and Biomolecular Chemistry
This journal is © The Royal Society of Chemistry 2011

tert-Butyl 4-iodo-2-(4-methoxyphenyl)-1H-pyrrole-1-carboxylate (11)

| A\

N
\
Boc

MeO
C16H18INO3
399.22

1.46 g (3.66 mmol, 73 % yield) as a colorless solid. Mp 71-72 °C. '"H NMR (CDCls,
500 MHz): 61.39 (s, 9 H), 3.82 (s, 3 H), 6.20 (d, J=1.9 Hz, 1 H), 6.88 (d, J = 8.8 Hz,
1 H), 7.24 (d, J= 8.8 Hz, 1 H), 7.39 (d, J = 1.9 Hz, 1 H). ®*C NMR (CDCls, 125 MHz):
0 27.6 (CH3), 55.3 (CHz3), 64.4 (Cquat), 84.2 (Cquat), 113.1 (CH), 120.3 (CH), 125.3
(Cquat), 126.7 (CH), 130.4 (CH), 136.5 (Cquat), 147.9 (Cquat), 159.3 (Cquat). EI + MS
(m/z (%)): 399 (M*, 3), 343 ((M-CsHo+H)", 11), 299 ((M-CsHgO2+H)*, 16), 298 ((M-
CsHg02)", 13), 171 ((M-CsHgO2-1)", 6), 156 (12), 128 (11), 57 (C4Hg", 100), 41 (34). IR
(KBr): ¥ 3145 (m) cm™, 2986 (m), 2934 (w), 2832 (w), 1734 (s), 1609 (m), 1576 (w),
1557 (w), 1511 (s), 1476 (m), 1460 (m), 1435 (w), 1370 (s), 1337 (s), 1293 (s), 1251
(s), 1180 (s), 1151 (s), 1108 (m), 1032 (s), 985 (m), 904 (m), 847 (s), 833 (m), 808
(s), 771 (m), 675 (w), 629 (w), 615 (w), 594 (m), 528 (w), 511 (w). Anal. calcd for
C16H18INO3 (399.2): C 48.14, H 4.54, N 3.51. Found: C 48.36, H 4.37, N 3.34.

27



Electronic Supplementary Material (ESI) for Organic and Biomolecular Chemistry
This journal is © The Royal Society of Chemistry 2011

3 Multicomponent Syntheses of Triazolyl Substituted N-Boc

protected NH-Heterocycles 2a-s

3.1. Three-component Sonogashira coupling | TMS-deprotection | CuAAC

sequence

3.1.1. General procedure for the preparation of compounds 2a-o

R
\
| y/ /i RN N\ _N
X TMSA 5 X
-~ X -
2 -~
0 N > TN = N T X
X\ = N/ ;!(I - /x X - 4
x~ N TBAF “xZ N X7 N
Boc Boc Boc
1 2
X =CH, N

PdCI>(PPhs)2 (14 mg, 0.02 mmol, 2 mol %) and Cul (8 mg, 0.04 mmol, 4 mol %) were
placed in a dry screw-cap Schlenk vessel with septum. Then, 1.00 mmol of N-Boc
iodo NH-heterocycle 1 was added in 5 mL of dry tetrahydrofuran under argon
atmosphere and the reaction mixture was degassed with argon. After that,
trimethylsilylacetylene (0.21 mL, 1.50 mmol, 1.50 equiv) and dry triethylamine (0.28
mL, 2.00 mmol, 2.00 equiv) were added and the mixture was stirred at room
temperature (water bath) until the complete consumption of the starting material
(monitored by TLC). Then, 1 M solution of tetrabutylammonium fluoride in
tetrahydrofuran (1.50 mL, 1.50 mmol, 1.50 equiv) was added dropwise and the
mixture was stirred at room temperature for 0.5 h until the deprotection was complete
(monitored by TLC). After that, benzyl azide (5a) (136 mg, 1.00 mmol, 1.00 equiv) in
1 mL of dry methanol* was added and the mixture was stirred at room temperature
until the complete conversion to the product (monitored by TLC). After removal of the
solvents in vacuo the residue was absorbed onto Celite® and purified

chromatographically on silica gel with petroleum ether (boiling range 40-60 °C)/ethyl

28



Electronic Supplementary Material (ESI) for Organic and Biomolecular Chemistry

This journal is © The Royal Society of Chemistry 2011

acetate to give the N-Boc protected triazoles 2. The obtained compounds were not

characterized but directly deprotected in the next step.

* For the synthesis of compound 2g 2 mL of phenyl azide solution (~ 0.5 M in TBME)
(5b) (1.00 mmol, 1.00 equiv) were added, followed by the addition of 1 mL of dry

methanol.

The experimental details are depicted in Table 1.

Table 1. Experimental details of the three-component Sonogashira-CuAAC sequence
for the synthesis of N-Boc protected (aza)indolyl triazoles 2a-b.

Entry N-Boc iodo NH- Reaction N-Boc protected Chromatographic
heterocycle 1 time®  (aza)indolyl triazole purification
1% step 2 (eluent)
2" step R¢ (eluent)
1 343 mg 1h Beige-yellow solid PE-EtOAc = 5:1
(1.00 mmol) 4d 280 mg
' (0.75 mmol, 75 %)
Bn
Cry \N
X CH
Boc N
1a
N
N
4
Boc
2a
2 688 mg 2h Pale beige solid PE-EtOAc = 5:1
(2.00 mmol) 24 h 538 mg Rf (PE-EtOAC =
| (1.43 mmol, 72 %) 5:1)=0.13
N Bn
4 b
Boc \ N
1b
\N
N/
4
Boc
2b

[a] The reaction times are not optimized and might be shorter than indicated.
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Table 1 (continuation). Experimental details of the three-component Sonogashira-
CuAAC sequence for the synthesis of N-Boc protected (aza)indolyl triazoles 2c-e.

Entry N-Boc iodo NH- Reaction N-Boc protected Chromatographic

heterocycle 1 time®  (aza)indolyl triazole purification
1% step 2 (eluent)
2" step
3 344 mg 1h Pale yellow solid PE-EtOAc = 3:1
(1.00 mmol) 3d 230 mg
N ' (0.61 mmol, 61 %)
= \ Bn\
Ay N
Boc N
1 N
c A
Z N
4
Boc
2c
4 344 mg 1h Colorless solid PE-EtOAc = 1:1
(1.00 mmol) 24 h 207 mg
' (0.55 mmol, 55 %)
NI N B
N N“‘ll'?l
}300 N\ _N
1d NN
| y
A
Boc
2d
5 344 mg 1h Pale yellow oil PE-EtOAc = 1:1
(1.00 mmol) 24 h 218 mg
' (0.58 mmol, 58 %)
| SN Bn
N ~N N“*nJ
\BOC \
1
e A
N ~N
}30C
2e

[a] The reaction times are not optimized and might be shorter than indicated.
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Table 1 (continuation). Experimental details of the three-component Sonogashira-
CuAAC sequence for the synthesis of N-Boc protected (aza)indolyl triazoles 2f-h.

Entry N-Boc iodo NH- Reaction N-Boc protected Chromatographic

heterocycle 1 time®  (aza)indolyl triazole purification
1% step 2 (eluent)
2" step R (eluent)
6 1.72 g 1h Yellow foam PE-EtOAc = 2:1
(5.00 mmol) 40 h 156 g Rr (PE-EtOAC =
' (4.15 mmol, 2:1): 0.20
DR 83 %)"!
N Bn
" \Boc \N""nl
1f \ N
Bh
N7 N
Boc
2f
7 344 mg 1h Yellow foam PE-EtOAc = 3:1
(1.00 mmol) 66 h 254 mg
' (0.70 mmol, 70 %)
I > N\ Ph
NZ N Nxﬂi
\BOC \ N
1f
Bh
N7 N
Boc
2g
8 374 mg 1h Pale yellow solid PE-EtOAc = 1:1
(1.00 mmol) 64 h 219 mg - 1:2
OMe (0.54 mmol, 54 %)
x Bn\
- N Ney
N\Boc OMe \ lhll
1g | S\
N N
‘BOC
2h

[a] The reaction times are not optimized and might be shorter than indicated.
[b] On a 1.00 mmol scale, 295 mg (0.79 mmol, 79 % yield) of a yellow foam were obtained.
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Table 1 (continuation). Experimental details of the three-component Sonogashira-
CuAAC sequence for the synthesis of N-Boc protected (aza)indolyl triazoles 2i-k.

Entry N-Boc iodo NH- Reaction N-Boc protected Chromatographic

heterocycle 1 time?®  (aza)indolyl triazole purification
1% step 2 (eluent)
2" step
9 716 mg 23 h Pale yellow solid PE-EtOAc = 3:1

(2.00 mmol) 119 h 462 mg
' (1.19 mmol, 59 %)

B
- »
N =N

N

boc \ N
1h

Dh

N
Boc

2i
10 345 mg 1h Colorless solid PE-EtOAc = 2:1

(1.00 mmol) 48 h 211 mg

| (0.56 mmol, 56 %)

N
)
e N ~N

N
" e \ A
1i N
i [ S
N N
\BOC
2j
11 375 mg 1h Yellow solid PE-EtOAc = 1:1
(1.00 mmol) 72 h 297 mg
OMe | (0.73 mmol, 73 %)
N7 ™% N\ Bn\
e N““Iril
" hee one N
1j X
(P
N TN
Boc
2k

[a] The reaction times are not optimized and might be shorter than indicated.
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Table 1 (continuation). Experimental details of the three-component Sonogashira-
CuAAC sequence for the synthesis of N-Boc protected (aza)indolyl triazole 21 and
pyrrolyl triazole 2m.

Entry N-Boc iodo NH- Reaction N-Boc protected Chromatographic

heterocycle 1 timel®! (aza)indolyl or purification
1% step pyrrolyl triazole 2 (eluent)
2" step
12 720 mg 1h Pale yellow foam PE-EtOAc = 1:1
(1.72 mmol) 87 h 341 mg
{IJ (0.97 mmol, 57 %)
I MeO Bn
N
o IO A\ E
O X
N
Z~N | A\
" boc I\N/ N\
1k Boc
2|
13 399 mg 2h Yellow oil PE-EtOAc = 3:1
(1.00 mmol) 115 h 224 mg
' (0.52 mmol, 52 %)
Bn
B ?
N ““N
o \ N
MeQO
1l B
N
!

MeO

[a] The reaction times are not optimized and might be shorter than indicated.
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Table 1 (continuation). Experimental details of the three-component Sonogashira-
CuAAC sequence for the synthesis of N-Boc protected azolyl triazoles 2n-o.

Entry N-Boc iodo NH- Reaction N-Boc protected Chromatographic
heterocycle 1 time!?! azolyl triazole 2 purification
1% step (eluent)
2" step
14 294 mg 3h Yellow-orange oil PE-EtOAc = 1:1
(1.00 mmol) 63 h 208 mg
tert-Butyl 4-iodo-1H- (0.64 mmol, 64 %)
pyrazole-1- Bn
carboxylate N
(ABCR) NN
|
\ B
N
NIHN Ix{Boc
Boc 2n
1m
15 294 mg 15d Yellow oil PE-EtOAc = 1:1
(1.00 mmol) 23 h 99 mg
' (0.30 mmol, 30 %)
Bn
boc A
1n
N
N
Ly
)
Boc
20

[a] The reaction times are not optimized and might be shorter than indicated.
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3.2. Four-component Sonogashira coupling [ TMS-deprotection [ | Azide-Halide

exchange (1 CuAAC sequence

3.2.1. General procedure for the preparation of compounds 2p-s

R
\
— — N""nl
| /) R \_N
TMSA Hal
N AN
= =
NT N TBAF N N CsN, NT N
Boc Boc Boc
1f 2p-s

PdCI»(PPhs)2 (14 mg, 0.02 mmol, 2 mol %) and Cul (8 mg, 0.04 mmol, 4 mol %) were
placed in a dry screw-cap Schlenk vessel with septum. Then, tert-butyl 3-iodo-1H-
pyrrolo[2,3-b]pyridine-1-carboxylate (1f) (344 mg, 1.00 mmol) was added in 5 mL of
dry tetrahydrofuran under argon atmosphere and the reaction mixture was degassed
with argon. After that, trimethylsilylacetylene (0.21 mL, 1.50 mmol, 1.50 equiv) and
dry triethylamine (0.28 mL, 2.00 mmol, 2.00 equiv) were added and the mixture was
stirred at room temperature (water bath) until the complete consumption of the
starting material (monitored by TLC). Then, 1 M solution of tetrabutylammonium
fluoride in tetrahydrofuran (1.50 mL, 1.50 mmol, 1.50 equiv) was added dropwise and
the mixture was stirred at room temperature for 0.5 h until the deprotection was
complete (monitored by TLC). After that, cesium azide (175 mg, 1.00 mmol, 1.00
equiv) and an organic halide (1.00 mmol, 1.00 equiv) in 1 mL of dry methanol were
added and the mixture was stirred at room temperature until the complete conversion
to the product (monitored by TLC). After removal of the solvents in vacuo the residue
was absorbed onto Celite® and purified chromatographically on silica gel with
petroleum ether (boiling range 40-60 °C)/ethyl acetate to give the N-Boc protected 7-
azaindolyl triazoles 2p-s. The obtained compounds were not characterized but used

as obtained in the subsequent deprotection step.
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The experimental details are depicted in Table 3.

Table 3. Experimental details of the four-component Sonogashira coupling — TMS-
deprotection — azide-halide exchange — CuAAC sequence for the synthesis of indolyl

triazoles 2p-s.

Entry N-Boc 3-iodo 7- Reaction N-Boc protected 7-  Chromatographic
azaindole 1f time?®  azaindolyl triazole 2 purification (eluent)
In situ generated 1% step
azide 5 2" step
1 688 mg 1h Pale yellow solid PE-EtOAc = 2:1
(2.00 mmol) 51h 444 mg
' (1.08 mmol, 54 %)
| SN cl
N/ N\Boc: AN
1f \ N
TN
350 mg (2.00 mmol) |
CsNs (Aldrich) NN
322 <:rlng (2.00 mmol) 2p
Cl
(Merck)
5¢c
2 344 mg 1h Yellow foam PE-EtOACc = 2:1
(1.00 mmol) 72 h 295 mg
1f (0.73 mmol, 73 %)

175 mg (1.00 mmol)
CSN3
163 mg (1.00 mmol)

Meoﬂ

Cl
(ABCR)
5d

MeO

[a] The reaction times are not optimized and might be shorter than indicated.
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Table 3. Experimental details of the three-component Sonogashira-CuAAC sequence
for the synthesis of indolyl triazoles 2p-s.

Entry N-Boc 3-iodo 7- Reaction N-Boc protected 7-  Chromatographic
azaindole 1 time®  azaindolyl triazole 2 purification (eluent)
In situ generated 1% step
azide 5 2" step
3 344 mg 1h Yellow oil PE-EtOAc = 2:1
(1.00 mmol) 111 h 269 mg
' (0.69 mmol, 69 %)
s Ph
| 10
" N\Boc: N~
1f \_N
~z
175 mg (1.00 mmol) Dh
CsNj3 (Aldrich) NN
189 mg (1.00 mmol) o
Br
(Merck)
5e
4 344 mg 1h Yellow oil PE-EtOAc = 2:1
(1.00 mmol) 64 h 250 mg
1f (0.64 mmol, 64 %)
Ph
175 mg (1.00 mmol) \{_N
CsNs (Aldrich) o
191 mg (1.00 mmol)
e
N7 N
Br Boc
(ABCR) 2s

5f

[a] The reaction times are not optimized and might be shorter than indicated.
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3.3. Four-component Boc-protection [1 Sonogashira coupling |1 TMS-
deprotection [ CUAAC sequence

3.3.1. General procedure for the preparation of compounds 7a-b

Br\ Boc,O Br\ TMSA \\\ AN
2 AN
O - 00 -| T
~ s
N7 N NT N TBAF N N
H Boc B Boc_
6a-b - -
N
Bn—pn~ ~N BnN,
\={_ 52
o -
N “{
Boc
7Ta-b
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1.00 mmol of a bromo-7-azaindole 6 was placed under argon atmosphere in a dry
screw-cap Schlenk vessel with septum. Then, di-tert-butyl dicarbonate (338 mg, 1.50
mmol, 1.50 equiv) in 1 mL of dry 1,4-dioxane and 4-dimethylaminopyridine (12 mg,
0.10 mmol, 10 mol %) were added under argon atmosphere and the reaction mixture
was stirred at room temperature (water bath) for 15 min until the complete
consumption of the starting material (evolution of a gas ceased, monitored by TLC).
After that, 1 mL of dry methanol was added and the mixture was degassed with
argon. Then, PdCIx(PhCN), (8 mg, 0.02 mmol, 2 mol %), [BusPHIBF, (12 mg, 0.04
mmol, 4 mol %), Cul (8 mg, 0.04 mmol, 4 mol %), trimethylsilylacetylene (0.21 mL,
1.50 mmol, 1.50 equiv), and dry triethylamine (0.28 mL, 2.00 mmol, 2.00 equiv) were
added subsequently and the mixture was stirred at room temperature until the
complete consumption of the starting material (monitored by TLC). Then, 1 M
solution of tetrabutylammonium fluoride in tetrahydrofuran (1.50 mL, 1.50 mmol, 1.50
equiv) was added dropwise and the mixture was stirred at room temperature for 0.5 h
until the deprotection was complete (monitored by TLC). After that, benzyl azide (5a)
(136 mg, 1.00 mmol, 1.00 equiv) in 1 mL of dry methanol was added and the mixture
was stirred at room temperature until the complete conversion to the product
(monitored by TLC). After removal of the solvents in vacuo the residue was absorbed
onto Celite® and purified chromatographically on silica gel with petroleum ether
(boiling range 40-60 °C)/ethyl acetate to give the N-Boc protected 7-azaindolyl
triazole 7. The obtained compound was not characterized but used as obtained in the

subsequent deprotection step.

The experimental details are depicted in Table 4.
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Table 4. Experimental details for the four-component Boc-protection — Sonogashira
coupling — TMS-deprotection — CuAAC sequence for the synthesis of N-Boc
protected 7-azaindolyl triazoles 7a-b.

Entry Bromo-7- Reaction N-Boc protected 7- Chromatographic
azaindole 6 timel®! azaindolyl triazole 7 purification
2" step!® (isolated yield %) (eluent)
3" step!®
1 205 mg 1h Yellow oil PE-EtOACc = 1:1
(1.00 mmol) 18 h 311 mg
B (0.83 mmol, 83 %)
~z Bn\
N7 N N
H
(4-Bromo-7- e
. | N
azaindole) PN
(Aldrich) N
6a 7a
2 203 mg 5h Yellow oil PE-EtOAc = 2:1
(1.00 mmol) 4d 373 mg
B X (0.99 mmol, 99 %)
§ N\H Bt = ~ A
(5-Bromo-7- | PN
azaindole) Boc
(Aldrich) 7b
6b

[a] The reaction times are not optimized and might be shorter than indicated.
[b] 2 step: Sonogashira coupling with TMSA.
[c] 3" step: CUAAC with benzyl azide (5a).
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4. Deprotection of N-Boc Protected Triazolyl NH-Heterocycles

4.1. General procedure for the preparation of compounds 8a-s and 9a-b

R, R'
\ \
N~y rxL._nJ
\ R N\ _N
X K,CO4/MeOH X
N RN
R X > R \/x
— o
\X N\ xx N\
Boc H
2a-s 8a-s
N N
Bn‘.____N/ :‘?N BI"‘I'--..N/ \'N
\.:;k K,CO4/MeOH \5&\
AN
D - Dy
N N\ N
Boc
7a-b 9a-b

N-Boc protected triazolyl heterocycle 2 or 7 was placed in methanol (c = 0.2 M).

Then, 2.50 equiv of potassium carbonate were added and the mixture was stirred at

room temperature (water bath) or 50 °C (for compounds 2a and 2i, preheated oll

bath) for 1 h* (monitored by TLC). Frequently, a precipitate was formed. The mixture

was adsorbed on Celite® and purified chromatographically on silica gel with

dichloromethane-methanol-aqueous ammonia. After drying in vacuo at 70 °C

overnight, analytically pure triazoles 8 or 9 were obtained. The products can be

further purified by suspension in dichloromethane and sonication in ultrasound bath

for 0.5-1 h, filtration and drying in vacuo at 70 °C overnight.

* 5 h for compound 2m.

The experimental details are given in Table 5, Table 6, and Table 7.
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Table 5. Experimental details for the deprotection of N-Boc (aza)indolyl triazoles 8a-

c.
Entry N-Boc protected (Aza)indolyl triazole 8 Chromatographic
(aza)indolyl triazole 2 (isolated yield %) purification (eluent)
UV purity
1 280 mg Pale yellow solid™ DCM-MeOH-NH; =
(0.75 mmol) 147 mg 100:1:1 > 100:2:1
il (0.54 mmol, 72 %) - 100:3:1 -
NN Total yield: 54 % 100:4:1
\ lrlq Bn\
N~ HT-LC-MS: 100 %
A\ NN
N
‘BOG \
2a N
H
8a
2 404 mg Colorless solid DCM-MeOH-NH3; =
(1.08 mmol) 264 mg 100:1:1
Bn (0.96 mmol, 89 %)
a Total yield: 64 % HT-LC-MS: 100 %™
N N Bn
\N"“N
N NN
N/
‘Boc \
2b &
H
8b
3 230 mg Colorless solid DCM-MeOH-NH3 =

(0.61 mmol)
Bn

137 mg
(0.50 mmol, 81 %)

100:1:1 = 100:2:1
- 100:3:1 »

!
\”‘*nl Total yield: 50 % 100:4:1 = 100:5:1
N Bn\
Ny { \N““ﬂ* HT-LC-MS: 100 %
L { . N
2c " | = ;
N
H
8c

[a] Deprotection was performed at 50 °C for 1 h.

[b] Additionally purified by suspension in DCM and sonication in ultrasound bath.
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Table § (continuation). Experimental details for the deprotection of N-Boc

(aza)indolyl triazoles 8d-f.

Entry N-Boc protected
(aza)indolyl triazole 2

(Aza)indolyl triazole 8

(isolated yield %)

Chromatographic
purification (eluent)
UV purity

4 149 mg
(0.40 mmol)
Bn

Colorless solid
95 mg

DCM-MeOH-NH; =
100:1:1 - 100:2:1

\ (0.35 mmol, 86 %) - 100:3:1 -
N“*“ Total yield: 48 % 100:4:1 - 100:5:1
\ N iy - 100:6:1 =
S o 100:7:1
N A HT-LC-MS: 100 %"
2d P~
\H
8d
5 149 mg Pale yellow solid DCM-MeOH-NH3 =
(0.40 mmol) 93 mg 100:1:1 = 100:2