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Chapter 1. Heterocycles

1.1: Heterocyclic compounds.

Heterocyclic compounds are an important class ofjamic chemical compounds
characterized by the presence at least of one alewiher than carbon in their ring
molecules! The presence of the heteroatom gives to the hatelio compounds special
physical and chemical properties that are ofteteqdistinct from those of their all-carbon-
ring analogs. The most common heterocycles areethasing five- or six- membered rings
and containing heteroatoms of nitrogen (N), oxy(@)) or sulfur (S). The best known of the
simple heterocyclic compounds are pyridine, pyrridean, and thiophene.
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Figure 1.1: Five - membered rings.
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Figure 1.2: Six - membered rings.
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Starting from the simple systems with one heterpate possible to obtain the benzo-

analogues.
S
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/ y Z / HN_ N
N N N
H H
INDOLIZINE INDOLE ISOINDOLE 3H-INDOLE INDOLINE
(/ /C oi Q oi Q
o) 7 o]
BENZOFURAN ISOBENZOFURAN 1,3-DIIDROBENZOFURAN ISOCHROMEN
SONNOCINGE
NS
AN N NX ZN
4H-QUINOLIZINE QUINOLINE ISOQUINOLINE QUINUCLIDINE
H o)
CLOD oo “ L
2 1J O
N
N N S H
ACRIDINE PHENAZINE PHENOTHIAZINE PHENOXAZINE

H
N
NH \>
N
H NH
CARBAZOLE 3-BENZAZEPINE 1,4-BENZODIAZEPINE

Figure 1.3: Fused-heterocycles

Heterocycles are ubiquitous structural featuresaturally occurring and/or biologically
active chemical compounds. Many pharmaceutical ystsdare mimics of natural products
with biological activity, which include often hetaycles”!

Heterocyclic chemistry is an inexhaustible resowtaovel compounds. Almost unlimited

combinations of carbon, hydrogen, and heteroatoars e designed, making available
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compounds with the most diverse physical, chemasad, biological properties. Heterocycles
provide the main source of new aromatic compotifds.

In this work we have synthesized a large numbéretérocyclic systems such as quinolines,
furans, pyrroles, isocromenes, di-hydrobenzofurgmsrolinones, isoquinolines. Most of
then present a large number of biological and phaeutical properties.

An exhaustive description of all the heterocycled their biological properties is out of our

scope. We present here a selection of heterocsfelictures.
1.2: Quinoline systems.

Compounds containing quinoline motif are most wdeded as antimalarials, antibacterials,
antifungals and anticancer agefits’ Additionally, quinoline derivatives find use ineth

synthesis of fungicides, virucides, biocides, ai@d, rubber chemicals and flavoring agents.
They are also used as polymers, catalysts, corrashobitors, preservatives, and as solvent
for resins and terpenes. Furthermore, these conggotind applications in chemistry of

transition metal catalyst for uniform polymerizatiand luminescence chemistry. Quinoline
derivatives also act as antifoaming agent in ref@se Owing to such significance, the

synthesis of substituted quinolines has been a&subf great focus in organic chemistry.

Quinoline-containing antimalarial drugs, such akquine, quinine and mefloquine, are
mainstays of chemotherapy against malaria (Figute The molecular basis of the action of
these drugs is not completely understood, but #reythought to interfere with hemoglobin
digestion in the blood stages of the malaria ptessiife cycle. The parasite degrades
hemoglobin, in an acidic food vacuole, producirgefheme and reactive oxygen species as

toxic by-products?!
J\/\/ N H N
HN W
0 D
~ ~
cl N N" > CFs

A B

Figure 1.4: Antimalarial quinolines, chloroquine And mefloquine (B).
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2-Substituted quinoline alkaloids (Figure 1.5) ased to treat cutaneous leishmaniasis. The
activities of 2-substituted quinoline alkaloids &ngh other strains causing cutaneous
leishmaniasis or visceral leishmaniasis was dematest with oral treatments of mice

susceptible to Leishmania spp’

OCH,

X

~
N o

A
7
N

Figure 1.5: Chimanines.

Tacrine and Physostigmine represent “reversibletichalinesterase agents employed

clinically, both containg in a heterocyclic systamd Tacrina a quinoline ring (Figure 1.6).

HaG
NH
o:<
NH, 0o
D QZQ
HaCN
~
N CHj

Figure 1.6: Tacrine (A) and Physostigmine (B).

Dibucaine is a local anesthetics (Figure 1.7), ey present in the structure a hydrophobic
(aromatic) moiety, a linker region and a substiduaenine (hydrophilic region§!
CeHs—Q
NG
HN—\_ I\i

Figure 1.7: Dibucaine.
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FR 173657 (Figure 1.8, A), the first effective neppde kininf, receptor antagonist, has
been tested in four preparations from differentcgse (human, pig, rabbit, and guinea pig).
The new compound shows high apparent affinity far four, receptors, with pA2 values
ranging from 8.2 to 9.4. FR 173657 is a selecfiiveeceptor antagonist that does not interact
with human, pig, or rabbit B1 receptdtd.

FR190997, a novel bradykinin B2 agonist, expresseger action than bradykinin in paw

edema formation and hypotensive response (Fig8eB) ¥

N AN =
=
=
N~ “CHs; N~ “CHg
o o}
0
cl cl NHAC
o) y /| Cl Clo e
H
LR AN J_
T N AN

@)
A: FR173657 B: FR190997

Iz

Figure 1.8: FR173657 antagonist B2 (A), FR1909§@rast B2 (B).

TMC-207 is a diarylquinone discovered by Andrieskein 2005 (Figure 1.9, A). TMC-207
acts by targeting subunit c of the ATP synthaskl afiberculosisleading to inhibition of the
proton pump activity of the ATP synthase. Thus, toenpound targets bacillary energy
metabolism.

HIV/AIDS remains a formidable disease with million$ individuals inflicted worldwide.
Although treatment regimens have improved considgradrug resistance brought on by
viral mutation continues to erode their effectivenelntense research efforts are currently
underway in search of new and improved therafies.

Novel quinoline derivatives present HIV-1 Tat—TARtdaraction inhibitors. CS3 revealed
mild inhibitory activity and antiviral potency (Fige 1.9, Bf**
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/
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A: TMC20 B: CS3

Figure 1.9: Structures of TMC20 (A) and CS3(B).

Over the last two decades, poly(quinoline)s (Figudd®) have become the subject of intense
research as electroluminescent materials, for eleorganic light-emitting diodes (OLEDS),
thanks to their superior physical properties suglhigh electron mobility, photoluminescent

efficiency, and stability*

Figure 1.10: Poly(quinoline) monomer.

1.3 Furan systems.

Furans represent an important class of heterocgoligpounds as they are prevalent in many
biologically active natural products, as well asmauous pharmacologically interesting
compounds$t¥

The aromatic furan ring is found in a wide rangeandma chemicals, especially those
produced by the Maillard reaction. They includehblmw odour materials such as furfural
(A) and high impact materials such as 2-methylft8ahiol (B)!** Among the most
important are the hydroxyfuranones especially 4rtwyg2,5-dimethyl-furan-3(2)-one (C),
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which is a material of unusual reactivity (Figurelll). This compound is the major

contributor to the flavor of coffee, wine and aiety of fruits such as strawberry.

SH (O] OH
O O L XL
@) o o) o O
H
A B C D
Figure 1.11: Aromatic furan rings.

The anti-inflammatory effect against carrageeniduced paw edema of acetylenic furans
(Figure 1.12, A) was higher than the classical-aritammatory containing acetylsalicylic
acid (ASA)®! Carrageenin-induced inflammation is mediated byasiety of agents,

including vasoactive amines, bradykinin and aramhiiclacid metabolites.

Figure 1.12: Furan systems.

N\
o
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o] NH
O N _oH I:[
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ﬁ'\‘ \ ) e
HzCO Ny N\)
\N( CH,N(CHa),
HsCO 2 D: Ranitidine.
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o\\/_< //_(1@,0 02N O —N\N%
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(o —; o \\«
E: Nifurtimox. O
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E: Calixfurans.
G: Roseophilin.

Furosemide are one of drugs in diuretic inhibiiaigt of the N&-K*-2CI' symporter in the
thick ascending limb of the loop of Hence; thisusture present furan moiety (Figure 1.12,
B)_[9]

Prazosin is the prototypical-selective antagonist. Interestingly, the drug adsa relatively
potent inhibitor of cyclic nucleotide phosphodieases, and it originally was synthesized for
this purpose. It is in the family of piperazinyligazolines (Figure 1.12, C).

Ranitidine is a histamineteceptor antagonist that inhibits stomach acidipetion (Figure
1.12, D). The H receptor antagonists inhibit acid production byersibly competing with
histamine for binding to Hreceptors on the basolateral membrane of padeti!®

A variety of nitrofurans (Figure 1.12, E) and nitniddazole analogs are effective in
experimental infections with American trypanosonsasaused byT.cruzi Of these,
nifurtimox and benzimidazole are currently usedichlly to treat the disease.

Nitrofurantoin is a synthetic nitrofuran that isedsfor the prevention and treatment of
infections of the urinary tract (Figure 1.12,'#).

Roseophilin is a unique and extraordinary structsoéated from Streptomyces griseoviridis
which displays significant antitumour activity (Big 1.12, G}

Calixpyrroles have attracted a lot of attention sase of their applications in designing
receptors and molecular devices and for their diidato porphyrins. In addition to the
potential capability of calixfurans as receptor emiles (Figure 1.12, H), the furan rings in
their framework have high chemical lability, whielmables them to be used as a building
block in organic synthesl¥’
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1.4 lodo-compounds.

ldoxuridine (5-iodo-2’-deoxyuridine, Figure 1.13) # an iodinated thymidine analog that
inhibit the in vitro replication of various DNA viruses, including herpiruses and
poxviruses?!

Amiodarone exerts a multiplicity of pharmacologiefflects (Figure 1.13, B), none of which
is clearly linked to its arrhythmia-suppressingpeuies. It is a structural analog of thyroid
hormoné?! it is anti-arrhythmic drug, highly lipophilic, i§ concentrated in many tissues and

it is eliminated extremely slowly.

(0]
|
| NH
HO /&
oN O
OH
A B

Figure 1.13: Idoxuridine (A) and Amiodarone (B)

1.5 Pyrrole systems.

Pyrrole (H-pyrrole, azole) is a five-member heterocyclic compd and it is a
biochemically important material which is found heme, chlorophylle and many alkaloid
structures.

It is also used in electric/electronic applicatitmezause of the high electroconductivity of its
polymer (polypyrrole).

Many naturally occurring pigments, vitamins, andilziotics are heterocyclic compounds, as
are most hallucinogens. Modern society is dependansynthetic heterocycles for use as
drugs, pesticides, dyes, and plastics.

Phthalocyanine is an intensely blue-green coloumedrocyclic compound that is widely
used in dyeing (Figure 1.14). Phthalocyanines fawordination complexes with most
elements of the periodic table. These complexeslaeintensely colored and also are used

as dyes or pigments. The porphyrin ring is presentonly in the various heme enzyme and
10
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heme proteins but also in the chlorophylls of grptamt cell. Porphyrins are derivatives of
the parent tetrapyrrole compound porphyn. Protdpgip contains four methyl groups, two
vinyl groups, and two propionic acid groups. Sipcetoporphyrins contain three different
kinds of substituent groups, they may exist ineéft isomeric forms depending on the
sequence of substitution in the eight availables sttiain positions. Among these, many
possible forms, protoporphyrin IX (Figure 1.14, By, the most abundant. It is found in
hemoglobin, myoglobin, and most of the cytochronf®toporphyrin forms quadridentate

chelate complexes with metal ions such as iron, mesigm, zinc, nickel, cobalt, and

copper:®
HC
N
) HaC cH
3
NH N= D ek
N
\ N a
>>:N HNj<< HOOC )
\ =
N
CHs
HoOC
A B

Figure 1.14: Phthalocyanine (A) and Photoporphy(#).

The lamellarins and related pyrrole-derived all@go(lukianols, polycitrins, polycitones,
storniamides, didemnimides, ningalins, and purpeydfigure 1.15) have shown a diverse
range of bioactivities such as cytotoxicity anditamor activity, reversal of multidrug
resistance (MDR), HIV-1 integrase inhibition, amtiiic activity, human aldose reductase (h-

ALR?) inhibition, cell division inhibition, immunowdulation, antioxidant activit§? !

11
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SN \ =
0 o
HO OH

OH

Figure 1.15: Lamellarins derivatives.

Many pyrroles were synthesized by us as pyrromiathalogues (Figure 1.16, A). These
compounds, showing both antibacterial and antifugévities, have been tested against
wild-type MTB and drug-resistant clinical isolatess well as toward M. avium and other
atypical mycobacteria. It was discovered that #8f{lorophenyl)-2-methyl-3-(4-
methylpiperazin-1-yl)methyl-H-pyrrole (BM212, Figure 1.16, B) is a compound imew
class of antimycobacterial pyrrole derivatives wifotent in vitro activity against

mycobacteria and with low cytotoxicit§# 22

cl N N—
/

. /] \ . @

Cl
/ ° (P

Cl

Iz

A B C
Figure 1.16: Pyrrolnitrin (A), BM212 (B) and FAUGB8 (C).

Receptor binding studies and the measurement cardimge D4 ligand efficacy indicated
analogous binding modes for the general compoundliés of type A and B. The most
interesting activity profile was discovered for tdynylpyrrole FAUC 356 (Figure 1.16, C)
exerting selective D4 recognition and substantggnd efficacy (66 %), which might be of

interest for the treatment of attention deficit &saxctivity disorders (ADHDY-!

12
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Recently, 2,3,5-triaryl-di-pyrrole and 2,4,5-triaryl-imidazole derivatives (Figure 1.17)
have been reported to possess significant hepatcose lowering properties by acting as
inhibitors of glucagon receptor. Among them, thenpounds A and B were found highly
potent and selective glucagon receptor antagomstgarious cell based assays. Though
2,3,5-triaryl-H-pyrrole has been explored for their antihyperghyme activity, but little
efforts have been made to exploit the therapeutiemial of 3,4,5-triaryl-H-pyrroles as

antihyperglycemic agents”

BuO
OBu

N

/an

Y

H
N~

cl
A B

Figure 1.17: 2,3,5-Triaryl-1H-pyrrole (A) and 2,4tBaryl-1H-imidazole derivatives (B).

The combination of the 2-phenylpyrrole side chaithwhe tertiary amine containing moiety
of fluanisone resulted in compound showed in Figl/®E8, A, which scored a high oral
activity in apomorphine-induced climbing behaviardaconditioned avoidance responding
(CAR) tests, and exhibited selectivity towards dujpre D2 receptors over-adrenoceptors,
making it the prototype of a new class of sodiuhejpendent dopamine antagonists having a

low propensity to induce acute extrapyramidal siffects!*®

VPA-985 (lixivaptan) is a selective Vasopressin Ry2receptor antagonist (Figure 1.18,

B)_[9]
oF
L, ;
OCHs @%\ /LD\ O CHy
F
B

13
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Figure 1.18: 2-Phenylpyrrole derivatives (A) andA/B85 (lixivaptan B).

Insecticides are agents of chemical or biologicadin that control insects. Control may
result from killing the insect or otherwise prevagtit from engaging in behaviors deemed
destructive. Insecticides may be natural or marmaread are applied to target pests in a
myriad of formulations and delivery systems.

)

Cl 0]

)

N
| ) CFs
NC
Br

Figure 1.19: Insecticide compoud: Chlorfenapyr.

Chlorfenapyr (Alert®, Pirate®) is the first and gnhember of pyrrole chemical group, as
both a contact and stomach insecticide-miticidgfe 1.19). Chlorfenapyr is an "uncoupler”
or inhibitor of oxidative phosphorylation, prevergi the formation of the crucial energy

molecule adenosine triphosphate (AT#).

1.6. Pyrrolin-4-one systems.

Food dyes, natural or synthetic, are used as cg@gents in processed foods. This class of
compounds is also constituted by an heterocycktesy containing pyrazole and pyrrolinone
derivatives (Figure 1.20). Because food dyes aesseld as food additives, they are

manufactured to a higher standard than some indugyes.

? H
NaO5S l N l
” SOzNa
o]

FD&C Blue 2

Figure 1.20: Food dye.
14
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Tetrapyrrolinone somatostatin (SRIF) mimetics (Feyd.21), based on a heterochiral (d,I-
mixed) pyrrolinone scaffold, were designed, synttexy and evaluated for biological

activity. Binding affinities at two somatostatinceptor subtypes (hsst) 4 and 5 reveal
micromolar activity, demonstrating that tdgd-mixed pyrrolinone scaffold can be employed

to generate functional mimetics of peptpiaurns!?”!

Figure 1.21: Tetrapyrrolinone somatostatin mimetics

Mimetics based on pyrrolinones have shown potenhakthe development of enzyme
inhibitors of proteolytic enzymes, including HIVgtotease (Figure 1.21), renin, and matrix
metalloproteases, ligand for the class Il majotdusmpatability complex (MHC) protein
HLA-DR1 and as a generic technology for the comsion of mimetics of many peptide

systemg?”!

Figure 1.22:HIV-1 protease inhibitor

In the pyrrolinone system, the amide backbone earfianged” to replace the central amide
group with a 5-membered pyrrolinone ring systemgyFe 1.22). This transformation
preserves the positioning of the side chain grougsh the peptide while preventing the
enzymatic degradation that would destroy normaltidep before they could reach their

target receptors.

15
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1.7: Isoquinoline systems.

Papaverine and some of its derivatives are knowextobit interesting biological activities,
such as muscle relaxation, hepatoxicity, and anéina activity, the modification of

papaverine has been attractive in organic synttiEgisre 1.23, A).

MeO

A OH CHg O CHs
MeO =N SN N
OMe = CHy = CHs
O e OH CO,CH3 O  CO,CHs
A B c

Figure 1.23: Papaverine (A) and isoquinolines 3fmaxyl esters (B-C).

Cytotoxic activity of isoquinolines 3-carboxyl estdFigure 1.23, B-C) displayed significant
in vitro activity on normal human MRC-5 lung fibroblastsdahuman AGS gastric
adenocarcinoma cell lines, HL-60 leukemia cellsMES-1 squamous lung cancer cells, and

J82 bladder carcinoma celfé!,

1.8: Isochromene systems.

Substituted furano-, benzofurano-, pyrano-, andolmcbumarins and their isostructural
analogs are present in plant, microorganism, anmdarsources and manifest a wide range of
pharmacological activities, including antitumorahtibacterial, and antiviral (anti-HIV-1)
properties (Figure 1.24). Acetylcholinesterase bitbry activities potentially interesting for
the treatment of neurodegenerative diseases sucdkizasimer’s disease have been also
reported?”!

Figure 1.24: 6H,11H-[2]Benzopyrano-[4,3-c][1]benzp@n-11-ones
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1.9: Conclusion.

This initial chapter has reported some exampleBetérocyclic systems commonly used in

life such as drugs.
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Chapter 2

Cyclization reactions in Green context.
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2.1: Introduction.

The sustainable chemistry consists in the developrokalternatives methods of chemical
processes. Catalysis, alternative solvents and ateonomy are key areas for the

development of versatile strategies in organiclsssis.

2.2: The platinum group metal catalysts.

The platinum group metal catalysts that includedghecious metals Gold, Iridium, Osmium,
Palladium, Platinum, Rhodium, Ruthenium and Silaad all transition metals are widely
used in chemical processes for reactions rangiom fhomogeneous and heterogeneous
catalysis, gas phases oxidation through selectvgpdéwer generation. Although platinum
group metals are more expensive in initial coshthase metal catalysts, they often prove to
be more reactive and selective and require lessreaeaction conditions. In addition, the
spent catalyst can be recovered and the precioted rprocessed into fresh catalyst.

The key properties for a good catalyst are:

v High activity: for fast reaction rate and a shagction time to maximize production
throughput.

v' High selectivity: to maximize the yield; eliminatby-products and reduced
purification costs.

v High recycle capability: to rapidly separate theagt and the final product, ensuring

maximum production rates.

Homogeneous catalyst is an area of increasing itapoe within the chemical industry.
Recent advances in process technologies, partigularregard to product purification,
catalyst separation and recycling, are changing@odcs in favour of homogeneous versus

heterogeneous catalysis routes for many chemicals.
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2.2.1: Homogeneous catalysis.

Homogeneous catalysis provides an excellent chaicere highly specific reactions are
desired.
By definition, a catalytic reaction in which theaotants and the catalyst are present together
in a single phase is homogeneous catalysis. Honeogsncatalysis commonly refers to
catalytic reactions where all components are irlithed phase.
A homogeneous-catalyzed reaction contains theysatad the same phase as at least of the
reactants. Almost invariably the catalyst is digedl in a liquid phase. For the platinum
group metal catalyzed reactions the advantages diomogeneous system over a
heterogonous one are:

v Better utilization of metal — all of the catalytinetal is equally available to the

reactants

v Exploitation of different metal oxidation stategldigands

<

Kinetic rather than mass transfer control of reactiates

v' Easy exotherm removal — no localized overheating

2.2.2: Heterogeneous catalysis.

The major factors effecting the properties of eelwmgeneous catalyst are the selection of the
most appropriate support material and the locatibthe metal on and/or within the pore

structure of the support.

2.3: Separation of catalyst from reaction mixture.

A key consideration for homogeneous catalyst userproduct/catalyst separation with
subsequent product work up and catalysts recycling.
All common separation techniques have been employedl-scale commercial operation as

well as on the laboratory scale. These include:

v' Distillation, usually under reduce pressure;
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v Liquid-liquid solvent extraction, particularly irpplication where the spent catalyst is
rendered soluble in water;

v Crystallization of the product by addition of a gpétating solvent such as diethyl
ether or a hydrocarbon such as hexane;

v" Flash chromatography on neutral alumina or silied, gising various solvents,
including acetone, hexane, ethyl acetate and nasgtof these. The spent catalyst is
retained on the column while the desired produssesa through

v Adsorption followed by filtration using ion exchangolymers to selectively remove
the spent catalyst;

v' Selectively precipitating the catalyst and removinfrom the reaction medium by
filtration. The desired product is then further ipad by vacuum distillation or

recrystallization.

To be reused, a catalyst has to be rendered schgfli®, so further processing is essential.
Such systems can be quite complex, but the chemnaaformations that are made possible
with homogeneous catalyst may justify this extracgssing.

In some cases, the platinum group metal homogeneatasyst is so active that there is no

economic need to recover the metal values.

2.4: Platinum and Gold catalysts.

Complexes and salts derived from late transitiotataePt and Au (gold (lll) and cationic
gold (1)) have shown an exceptional ability to paigna variety of organic transformations of
unsaturated precursors. These processes resulttfrerpeculiar Lewis acid properties of
these metals: the alkynophilic character of thesf¢ metals and ther-acid activation of
unsaturated groups promotes the intra- or interoutde attack of a nucleophile.

The pioneering efforts in this area in the earl@d® utilized simple metal salts, such as
halides (PtGl and AuC}) due to their apparent insensitivity under aquecwsditions and
ability to successfully promote a diversity of dyetic transformations, but a decade later,
Au(l) cationic species have proven to be superalysts for both carbon-carbon and carbon-

heteroatom bond formations. Because the activapoocess invokes electrophilicity
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enhancement, a move toward cationic metal templateish may be stabilized by a suitable
spectator ligand, results in increased activity.

These catalysts allow us to overcome additionablpras associated with other metal
complexes that also promote the same transforngtismch as Hg salts, since they are
considered essentially nontoxic. Furthermore, tmybine high affinity to the system with
the advantages of a kinetically labile carbon-mbktaid that can be readily cleaved under the
reaction conditions, thus ensuring efficient tureov

These reactions provide an atom-economical entiy fanctionalized cyclic and acyclic
scaffolds useful for the synthesis of natural and-natural products under mild conditions
with excellent chemoselectivity and high synthetificiency. Consequently, during the last
years an explosive increase of interest in Au ancbRlysis has taken place, thus becoming
an extremely dynamic and innovative field of casedyesearch.

Examples of the myriad of reaction types involvitignsition metal catalyz€% 3% that
comprise this class of chemical transformationgpaesented in this chapter.

2.5: Synthetically approach for the preparation ofheterocyclic rings.

Chemical methods that enable the concise, seleetivk efficient de novo synthesis of
nitrogen or oxygen heterocycles empower the sdiermmunity to gain access to known
biologically active small molecules as well as pdevan opportunity to create as yet
unknown compounds with potential biological acyyitvhich may be discovered through
medicinal chemistry studies.

The important methods for synthesizing heterocyatimpounds can be classified under five
headings. Three are ways of forming new heterocyefigs from precursors containing
either no rings (acyclic precursors) or one feweg than the desired product; one is a way
of obtaining a heterocyclic ring from another hetsrclic ring or from a carbocyclic ring;
and one involves the modification of substituentsa existing heterocyclic ring.

In the formation of rings from acyclic precursdise key step is frequently the formation of a
carbon-heteroatom linkage (C-Z, in which Z représem atom of nitrogen, oxygen, sulfur,
or a more unusual element). The actual ring clgsureyclization, however, may involve the

formation of a carbon-carbon bond. In any caseg farmation reactions are divided into
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three general categories according to whether yhkzation reaction occurs primarily as a
result of nucleophilic or electrophilic attack or Wway of a cyclic transition state.

Different synthesis can be applied:

1) Nucleophilic ring closure.

2) Electrophilic ring closure.

3) Ring closure by way of cyclic transition states.

4) Conversion of one heterocyclic ring into another

5) Madification of an existing ring.

2.6: Synthesis of aromatic heterocycles from acyclisubstrates by metal-

catalyzed cycloisomerization reactions.

Cycloisomerization reaction is a series of transfions that occur with complete atom

economy minimize utilization of raw material andbguce no waste and thus represent an
upper limit of synthetic efficiency. Transition taécatalyzed cycloisomerizations represent
a major class of atom economical reactions.

Every year is possible to observed several sigmfi@advances in the field of heterocyclic

chemistry, with particular highlights including ssal new approaches to nitrogen, oxygen
compounds and their derivatives. Several papers r@awkws have described these

transformations using golt?>® platinum or palladiuf® as catalysts.

Au(l) and Au(lll) complexes have increasingly baesed as catalysts in a variety of organic
transformations, and the majority of such transfations draw on the propensity of gold ions
to activate alkynes toward nucleophilic addition.

A large number of reviews described the potengiaftgold®” in C—C bond formatiok®: 3

using also homogeneous catalysis by §8ldnd cycloadditiof'!

Hashmi and co-workers have reported that aromatierbcycles can be obtained from
secondary enyne alcohols by an intramolecular lateoxylation followed by a double bond
isomerization (Scheme 2.4%: ¥ The initial hydroalkoxylation product is believén be the

exocyclic olefin, as indicated by the isolation safch a compound in the reaction of the
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corresponding tertiary enyne alcohols. In the tattse, the double bond geometry indicates
that the Sexotrig cyclization is an anti-oxyauration step.

4 3 R* R®
R R 4 3
AUCl3, CHaCly, 1t or N AUCI3, CHoClp, 1t or
= R2 —( g2 / A\ ,
N0 N1 AUCI(PPha)/AGOTS, THF, 1t /7 A AuCI(PPh3)/AOTS, THF, rt o” 'R
5
5 R
R 13n rLH RS 1-4h, R=H
83-97% ’
12-92%

RZ = Ph, subst. benzene

R® = alkyl, Ph

R = alkyl, Ph, TMS

R®= alkyl, Ph, subst. benzene

Scheme 2.1: Intramolecular hydroalkoxylation ofasetary enyne alcohols.

The oxidation state of gold influences the catalyiroperties. This can be explain from a
synthesis of halofurans by the cyclization of bratfenylketones (Schemes 2.2) However, in
processes where such a discrepancy in reactiviigtimpparent, some ambiguity can remain

as to the actual nature of the active spé¢i&’

Br Br

AUC|3
CsHi7 / * /@\
(o) O C5Hl7 Br (@] C5Hl7
95% 5% proportion
Br
[AUCI(PEt3)]
CsHi7 /@\
C5Hl7 C5Hl7
<1 99% proportion

Scheme 2.2: Cyclization of bromoallenylketones.

Ortho-alkynylanilines are known to be suitable s¢rdies for gold-catalyzed indole
syntheses. However, Li et al. showed that, in tihesegnce of a terminal alkyne, the
intermolecular hydroamination occurs first. Theutesg Schiff bases can then cyclize onto

the pendant alkyne. Indole does not undergo hydirestion with terminal alkyne in a
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control experiment. AuGlefficiently catalyzes this reaction with neat dude, although
addition of AgOTf gives higher yields under mildemditions (Scheme 2.8¢

Rl
= ,  5%AUCly 15% AgOT mR
; =R N

NH, neat, r.t. 2\&0
R

25-82%

Scheme 2.3: Gold-catalyzed indole syntheses.

Pyridines serve as nucleophiles for intramolecudaditions. Gevorgyan's laboratory
screened a plethora of metals, and most, includmid (I) and gold (lll), are competent
catalysts for this reactidff! The mechanism involves a cascade reaction viadsaation to

a gold-vinylidene, followed by a hydride shift (®che 2.4).

OAc OAc
3% Aul _
X —
| X DCM, r.t. SN
N Ph
Ph
95%

Scheme 2.4: Intramolecular additions of nitroggmgbld (1).

Toste et al. exploited that a variation of Schnédtction can carried out using gold(l) where
a nucleophile with a latent leaving group attacbad add intramolecularly to an unactivated
alkyne!*’" 81 At this point, rather than proto-deauration, gbitkbonds electron density to
the substrate, expellingoNThe most effective combination for the synthedipyrroles was
the dinuclear bisphosphine (dppm}@l, activated by AgSbHScheme 2.5).

L RL H
R N3 N
2.5% (DPPM)/(AuSbFg), | R3
2 /
R 2
MG% DCM, 35T R

MG

41-93%
MG = H, OTBS, CH,CH,Br

Scheme 2.5: Synthesis of pyrroles by dinucleahloisphine (dppm)(AuSk); as catalyst.
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Hashmi et al. published work on the formation ofamalesvia N-propargylcarboxamide
cyclization”® He was able to trap the methylene dihydrooxazoterinediate at lower
temperatures. Isolated yields from room temperagxamples were typically excellent
(>95%) (Scheme 2.6).

/:}FLP 5%AuCI3 %()\ /()\Ph

DCM, 25T
95%

Scheme 2.6: Formation of oxazoles via N-propargcaamide cyclization.

Larock and co-workers have used conjugated alkgmgnes as substrates that undergo
tandem intramolecular carbonyl addition/intermolacunucleophilic attack to generate
highly substituted furans (Scheme 2.7 "R Notably, a variety of different nucleophiles add
successfully, including alcohols, -diketones, im3$pland even arenes. Schmalz et al. later
showed that substituting the olefin with cycloprmpaleads to ring-expansion products

(Scheme 2.7, B! Yields are quite good with a range of alcohols anthe heterocycles

R
o] R
_— 1% AuCls, NuH 07N\
/ —_— =
DCM, r.t.
Nu

52-90%

acting as nucleophiles.

Ph

Ph
(0]
0 // \\
1% Ph3PAuUOTf
+ MeOH
DCM, r.t.
OMe

91%

Scheme 2.7: Synthesis of furans by intramolecw@esanyl addition/intermolecular
nucleophilic attack.
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Gold-catalyzed cycloisomerization reaction of alyaziridines can give 2,5-disubstituted
pyrroles in high yields®® Davies and Martin have reported that, in some s;aaeyl-
substitutedN-tosyl alkynyl aziridinesunderwent a gold-catalyzed ring expansion to afford
2,5-substituted or 2,4-substituted pyrrole produ@sheme 2.8, A Interestingly, the
reaction pathway was determined by the counteriotine gold catalyst. The formation of
2,5-substituted pyrroleproceeds with PBAUOTs as the catalyst whilst a novel reaction
pathway is accessed on changing the catalyst systePPRAUOTf and leads to 2,4-
substituted pyrroles. Recently, the same authgrerred an efficient and synthesis of 2,5-

substituted pyrrolesby gold catalyzed ring expansion of alkynyl azimes (Scheme 2.8,

B).[54]
PPh3AuOTSs / \
CICH,CH,ClI o
_— N
|
Ts Ts
| 0,
N 98%
e
Ph  ppPhsAuOTS
CH,Cl,
’ /\
[I\| Ph
Ts

65%

ll:’hth

R2
N R2 PPhzAuCl 5 mol% \
AgOTf 5 mol% /
B) Rl \ 1 3
AN
3

R N R
|
R 50C, THF Phth
R! = CO,R, COPh 39-97%
R? = alkyl, H
RS = Ar, alkyl

Phth = phthalimidoyl
Scheme 2.8: Gold-catalyzed cycloisomerization readaif alkynyl aziridines.

Wegner and co-workerd have reported a heterogeneous gold-catalyzed nsy&ie the
domino cyclization oxidative coupling of 2-alkynghenols for the formation of 3,3-
bisbenzofurans (Scheme 2.9). This method providesss to this novel structural theme in

two steps starting from commercially available croats.
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O
O Ph
OH HAUCl, 10 mo% 7/
N PhiOAD: ELO, 1t ph—’ O

Ph @)

37%
Scheme 2.9: Domino cyclization oxidative couplipgbld-catalyzed system.

Gold-catalyzed reactions of ortho-alkyrifdsulfonylanilines produced the corresponding 3-
sulfonylindoles in good to high yields (Scheme 2.MNakamura and co-workers synthesized
3-mesyl-1-methyl-2-propylindole, 3-mesyl-1-methyl2-phenylindole, and 3-mesyl-1-
methylindole  from  N-mesylN-methyl-2-(1-pentynyl)aniline, N-mesylN-methyl-2-
(phenylethynyl)aniline, and 2-ethyni-mesylN-ethylaniline in moderate to high yield with
AuBr; as the catalyst®!

Ph Ms

Z
10 mol% AuBr
& N—ph
_Ms N
’I\l toluene, 80C \
Me Me

Scheme 2.10: Gold-catalyzed reactions of orthoralkil-sulfonylanilines.

Belmont and co-workers have reported a tandem psosEacetalization-cycloisomerization
reactions of 1-a|kynyl-2-carbony|quino|in@. The reactions were carried out using Au(l) or

Ag()P® as catalysts to obtain furoquinoline and pyranodiirie derivatives (Scheme 2.11).

1 3
OR3 R™ OR
R [Ag]5mo|% O
/ / R2
R30H, rt
solvent
Furoquinoline Pyranoquinoline
93-100% 88-100%

Scheme 2.11: Synthesis of furoquinolines and pypanolines.
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Toste and co-workers have reported the applicatioheterogeneous catalysts to known
homogeneous catalytic reactions through the desigrsynthesis of electrophilic platinum
nanoparticle§” Cyclization reactions were carried out using eitB&P- or dendrimer-
encapsulated nanoparticules results in good tollerteyields of nitrogen- and oxygen-
containing heterocycles throughkbond activation by electrophilic Pt (Scheme 2.12).

These nanoparticles are selectively oxidized by higpervalent iodine species PHICI
Furthermore, a size and capping agent study revaht Pt PAMAM dendrimer capped
nanoparticles demonstrate superior activity anglialability compared with larger, polymer-
capped analogues.

oH [PY o
Ph
N Ar (1 atm), toluene /
N o 100<; 15h
A: > 99%
B: 98%
C: 97%
H /COzMe

N
~CO,Me [Pt] N
Ph
Ar (1 atm), toluene /

% 100%C; 15h
Ph

A: 96%
B: 95%
C:99%

A: 2.9 nm Pt/PVP/SBA-15 (2.5 mol%), PhICl, (7.5 mol%)
B: Ptyo/G40H/SBA-15 (4 mol%), PhICl, (12 mol%) 98%
C: PtCl, (5 mol%) (2 h)

Scheme 2.12: Cyclization reactions using Pt nantiglas.

The use of propargylic precursors with oxyge oragien heteroatom, and alkyne substituents
can give to 2,3-functionalized indoles and notaBlglkoxyindoles (Scheme 2.13), which
relies on the use of PtGdr proton catalysis. The most intriguing aspedhas process is that
the tuning of substituents on the nitrogen atomwali as reaction conditions, notably

temperature, allows an easy and versatile acoessyriad of indole substraté.
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OMe

PtCl
2 N

I //;

Toluene

80T, 3h \\
| 91%

PtCl,

Me -
Toluene N
rt, 12h Me N\

| 60%

/" /}
72

Scheme 2.13: Synthesis of 2,3-functionalized isdole

Sarpong and co-workers have reported the synthekisndolizine, pyrrolone, and
indolizinone heterocycles by Pt (Il)-catalyzed oysbmerization (Scheme 2.14, a). The
access of these systems can by involve by direclizegion or tandem cyclization/1,2-
migration of pyridine propargylic alcohols and detives®”

Key step of synthesis of 3B-furanone is also heterocyclization followed bg2-iigration
(Scheme 2.14, b). It is hypothesized that coordinadf the alkyne moiety of propargylic
alcohol to a suitable transition-metal catalystuices the intramolecular attack of the
carbonyl group. The intermediate oxonium ion thiggers a 1,2-alkyl migration analogous
to a formal a ketol rearrangement, and subsequendration affords 3()-furanone and
regenerates the cataly¥.

N Pt(I) N = =
—— or
a || \ X . N/ SN/
~ u
Bu Bu
R=H, R1=Piv R= Ph, R'=H
(@]
(e} OH_ Ph
b) 4 PtCl, \
Prn P
P 0] Ph
nPr Toluene, 80C m

51%

Scheme 2.14: Heterocycles synthesis by Pt (I)kzed cycloisomerization.
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Xu and co-workers have reported the synthesis phth@[1,2-b]furan (Scheme 2.15) by
tandem catalysis induces a cycloisomerization déngl ketone, followed by a 76
electrocyclization-type reaction of carbene intediate. The metal carbene proved to be an
effective intermediate in ther&lectrocyclization-type reaction. Reactions weaseried out
with allenyl ketone with 10 mol % of Ptdh toluene at 80 °¢?!

N PtCl, A

R*— T . g

% Toluene, 80C =

Rl
54-76%

Scheme 2.15: Cycloisomerization of allenyl ketone.
Gabriele and co-workers have described the cyalmsization of Z)-2-en-4-yn-1-ols, 4)-2

en-4-yne-1-thiols, 4)-(2-en-4-ynyl)amines, 2-alkynylbenzyl alcohols give substituted
furans, thiophenes and pyrrolé8 by Pdb/KI-catalyzed reactions (Scheme 2.16).

RZ RS RZ RS
PdI,/KI
1 [\
R
VH AN DMA R Ny \
4 25-100C R
1-48h 58-90%
Y =0, S, NR

Scheme 2.16: PgKIl-catalyzed reactions.

Gevorgyan and co-workers have developed differesdasn of cascade cycloisomerizations
of alkynyl ketones and imines proceeding via vasidypes of migration of acyloxy,
phosphatyloxy, and tosyloxy groups to give multstithted furans and indolizines in good
to high yields (Scheme 2.17). This set of methogiel® allows for the efficient synthesis of
tri- and tetrasubstituted furans amdfused heterocycld&” Cycloisomerization reaction

takes place using silver, copper and gold as cstaly
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OFEt
OFEt /
EtQ ~ o=p—OEt o:P\/OEt
eto—F=0 \ o
o) R? CuCl H o)
a) —= —
Rl O DMA, 110-130C Rl R2 RN Vg
o
EtQ OFEt EtO\P/OEt
— OEt -0
~-P=0 O% 4
EtO ! . y L o}
, C— X
b) = ( ) \ N
Rl N DMA, 110-130C Rl ANG=
NN R

Scheme 2.17: Cycloisomerizations of alkynyl ket@mel imines.

The transition metal-catalyzed enyne cycloisoméopais among the most important
strategies for the synthesis of functionalized icydtructures. The significance of this
process stems from the rapid increase in structanalplexity starting with relatively simple

acyclic subunits containing ene and yne fragme8théme 2.18§> Among a range of

transition metal complexes capable of catalyzingnencycloisomerizations, gold and
platinum complexes are particularly powerful asytlage capable of delivering a diverse
array of cyclic products that are produced undeiddngonditions, with excellent

chemoselectivity and high synthetic efficied&y/%

Activation of alkynes was obtained by Pt transitioretal species toward nucleophilic
attack’™
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/TR
X R? R R
3 4
Ry \—gi , \
R, R3 A: 16enyne

H P
SIS ﬂ?“gﬁy

Ry Ry

G F E D
Figure 2.18: Cycloisomerization of 1,6-enynes.

With gold and platinum catalysts, cycloisomerizatiof 1,6-enynes often leads to skeletal
rearrangement. Migration of a 1,2- and 1,3-alkylelefragment is very interesting in

mechanistic and synthetic aspects. In such prosefise olefin double bond of the enyne
substrate is cleaved and migrated to the alkyrisocdf*®

The cycloisomerizations of 1,5-enynes can be plapgdgold- and platinum-catalysis. This

catalytic process displays a wide alkyne scopefammdshes a range of highly functionalized
1,4- and 1,3-cyclohexadien@5.™

2.7: Carbonylation reaction.

An oxidative carbonylation is a process in whichbca monoxide is inserted into an organic
substrate under the action of a metal undergoingdaction of its oxidation state, the
reduction Pd(Il)— Pd(0) is the most common ca&&.In order to achieve a catalytic
reaction, some way must be provided to reconverintbtal in its original oxidation state. In
other words, an external oxidant is needed to abostoichiometric process to become a

catalytic one.
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Figure 2.1 represent a typical device, autoclawe,chrried out the carbonylation reaction

under high pressure of mixture of carbon monoxiutk ar.

Figure 2.1: Autoclave.

The metal reoxidation process has always been armepblem in oxidative carbonylation,
in relation to which a large number of patents hiagen issued. Either organic or inorganic
oxidants, such as benzoquinone (BQ) or copper id@phave been used as reoxidizing
agents. Direct reoxidation with,@s also possible, and has proven particularlyctiffe in
the case of Pd(G)> PdL* reconversion.

Different substrates (alkenes, dienes, allenesynalk ketones, ketenes, aromatic
hydrocarbons, aliphatic hydrocarbons, alcohols,nplse amines) leading to a variety of
carbonyl compounds are interested by oxidativeararation.

In particular Pdi-based systems had shown the ability to promoferdifit kind of oxidative
carbonylations under mild conditions to afford impat carbonyl derivatives with high
selectivity and efficienc{”

Alkynes bearing a nucleophilic group in suitablesigion for cyclization are excellent
substrates for different kinds of oxidative carblatipn reactions leading to functionalized
heterocyclic derivatives. Both oxidative cyclocamplation (with incorporation of CO into
the cycle) and oxidative cyclization—carbonylatipmithout incorporation of CO ino the

cycle) are possible (Scheme 2.19). All these reastare catalyzed by Pd(ll) species.

34



Chapter 2. Cyclization in Green context

(0]
— R 0 1 OR!?
C_ +CO+RIOH+(12)0, _d2cat OR \
YH -HZO (\— or R
Y R

exo-dig endo-dig
Pdl» @)
L <Pd' co /_2/ RIOH /_2;
CYH Mg ( — > ( — ( exo-dig
HI Y R Y R -[Pd(0) +HI]

Pdlz Pd
co 1OH to
C (Y Pdoy+HT CY Sneerds

2HI+(1/2) O  ——p Iy + HpO
Pd(0) +1, — Pdly

Scheme 2.19: Cyclization—alkoxycarbonylation reacti

In Scheme 2.19 are presented the general mechafisyclization—alkoxycarbonylation
involving by exo or endo intramolecular nuclophilattack by YH to the triple bond
coordinated to Pd(ll) followed by CO insertion ametleophilic displacement by NuH.

Very efficient mechanism of reoxidation of Pd(Ohieh involves oxidation of HI by ©to

I, followed by oxidative addition of the latter td(®).
2.8: lodocyclization.

Halocyclization is a reaction whereby the intrancalar nucleophilic group attacks the
carbon-carbon double or triple bond activated lctebphilic halogenating reagent to give
cyclic compounds. lodine is a highly polarizable lecale that behaves as electrophilic
iodine (I in the presence of a suitable Lewis basa; suemaskene or an alkyrg!

The outcome of this cyclization strategy which ha&en exploited in recent years for the
synthesis of furans, pyrroles and quinolinones thiett analogues is rationalized in terms of
the rules previously developed by Baldwin for potidg the relative ease of organic ring-

forming reactions
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We herein focus attention on iodine—mediated cgtlin reactions involving O- or N-
containing group as an intramolecular nucleophile.

A mild, metal-free, environmently benign and atontoromic protocol for the
straightforward annulation of five- and six-memigkrdneterocyclic rings or they
benzoderivatives is still of high demand. The etgghilic cyclization of heteroatomic
nucleophiles, such as oxygen, nitrogen, and suMith, alkynes has proven to be an effective
method for the synthesis of heterocyclic compounds.

Several reviews and paper have described the usediofe in organic chemistf§y! and

herein we report some examples.

Larock and coworkers have reported the synthesisvasfous hydroxyl-containing 3-
iodofurans readily prepared by a two-step appraaeblving the Sonogashira coupling of 2-
iodo-2-alken-1-ones with terminal alkynes followleg electrophilic cyclization by-lin the
presence of diols. These hydroxyl-containing 3-fadans, in ethylene glycol, by palladium-
catalyzed protocol can give for intermolecular calkoxylation or intramolecular
cyclocarbonylation the corresponding ester-contgirfurans or the corresponding lactone-

containing furans (Scheme 2.28).

R3 intermulecular R o _R?
. HO(CHZ)nOH carboalkoxylation \ /
cat Pd/Cu R 2
4
NaHCO4 R CO2R
CH3CN, rt O(CHg)nOH

O(CHz)nOH

intramulecular
cyclocarbonylation

o R3

Scheme 2.20: Synthesis of furan esters and lactpneglocyclization and palladium-

catalyzed carboalkoxylation or cyclocarbonylation.
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Knight and co-workers have reported iodolactonaei of 2-(alkynyl)phenylacetic acids
(Scheme 2.21). Exposure of 2-alkynylphenylacetitisatco excess iodine in acetonitrile
containing anhydrous potassium carbonate deliveosl gields, either of the corresponding
isochroman-3-ones or benzo[d]oxepin{2jdones, depending upon the alkyne substituent:
when this is alkyl, the former éxo products dominate, otherwise theefido products are

formed largely or, more often, exclusivéi§).

I2/K2CO3 OE[/g
COH  CH4CN, 20C

Scheme 2.21: lodolactonizations of 2-(alkynyl)plecstic acids.

Orena and co-workers have reported that 3-alkokyoep-4-propenyl-2,2-dimethyl-1,3-
oxazolidines underwent highly regio- and stereasiie iodocyclization on treatment with
iodine orN-iodosuccinimide (NIS) in dichloromethane or chforo, to give, in moderate to
low vyield, the bicyclic compounds (Scheme 2.22),ichhwere isolated by column

chromatograph§®

OR

o= A\~ L Y
e 2= )O\)Ni(o N
CH,Cly HaC”

R=tBu, Bu | |

major

Scheme 2.22: Stereoselective iodocyclization ofdigccompounds.

Kaur and co-workers have reported the iodine mediattramolecular cyclizations of 2-allyl
derivatives of glycolic, mandelic and lactic acii®vide furan-2(bl)-one derivatives with

OH and CHI moieties placed syn to each other as the majgh@ronly product (Scheme
2.23)0
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1
RO, R Ho X 1 Ho R Y y
> I,/NaHCO 2 € M
HOOC/\(\ _1p/NaHCO5 . i—y_
AT o JiH I o —=H |

CH3CN o (@) 7.
RI=H, Me, Ph

Scheme 2.23: Synthesis of furan-2(5H)-one dereativ

Kirsch and co-workers have presentes the syntluésisiodo-3-furanones starting from 2-
alkynyl-2-silyloxy carbonyl compounds combining atérocyclization with a 1,2-alkyl shift
by electrophilic cyclization directly induced bM-iodosuccinimide or AuGl catalyzed

tandem reaction in the presence of NIS (Scheme 24

3
NIS, CH,Cly, 23T R
0 P RS or
) = O™\ |
RT AuCl3 Rl
R® OSiOMe  \ys, cH,Cl,, 23T R? o

Scheme 2.24: Electrophilic cyclization induced by#8bsuccinimide or gold.

Arcadi and co-workers have proposed thenBledig-iodocyclization ofo-alkynylphenols
with iodine in the presence of NaHg@t room temperature for produce functionalised 2-
substituted-3-iodobenzoffurans (Scheme 2.25). These synthetic intermesliatere used
for the preparation of 2,3-disubstituted bemofrans via palladium-catalysed reactidifs.

/ l 1
I,/NaHCO4 ©j$\ cat Pd(0)
OH CH3CN, rt

Scheme 2.25: 5-Endo-dig-iodocyclization of o-alkyhgnols.

Michelet and co-workers have reporte@ridodiastereoselective process by NIS-promoted
iodocarbocyclization reaction of various functiomatl 1,5-enynes (Scheme 2.26) The
cyclizations are conducted in the presence of IgRive of N-iodosuccinimide in
dichloromethane at room temperature. The reactmmitons are compatible with several

functional groups and lead to iodo-functionalizedbocycled®
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3
R? R! 4 tr2
>>:<_ NIS R R
R3 -
=——Ar CH,Cl, Ar
R4 1, 0.5-26h '
14-98%

Scheme 2.26: lodocarbocyclization reaction of Ihjres.

Wada and co-workers have reported the synthesi5Setlihydroisoxazoles and isoxazoles
using iodocyclization of N-alkoxycarbonyl O-propglig hydroxylamines using respectively

bis(2,4,6- collidine)iodonium(l) hexafluorophospédt(coll),PF] and combination of NIS/
BF;OEt (Scheme 2.27"

Cbz CO,R?
RE N, l(col)zPFs HN\O NIS, BFs0Et;  RL__N.
0
-
\S\_< rR—— —
| R2 CHyCly, rt R2 CH,Cl,, 0C | R2
R3=Bn R3= i-Pr

Scheme 2.27: Synthesis of isoxazoles derivativesibgyclization.

Larock and co-workers have presented the syntégislyheterocyclic compounds obtained

by sequential palladium-catalyzed Sonogashira @ogpfollowed by iodocyclization using
I, or ICI (Scheme 2.28§"

H R? .
| A) cat Pd/Cu XX cycle of A and B

— | R

xMe

Rl B) I R3—

x1=x?=x3= 0, S, NMe, CO,
R?=R3=R*= H, functional groups

2,3
R1=TMs,ph, €% A
| — R34
BNF

Scheme 2.28: Synthesis of polyheterocyclic commound

39



Chapter 2. Cyclization in Green context

The iodocyclization of  2-(1-alkynyl)benzylic alcdso or  2-(1-alkynyl)-3-
(hydroxymethyl)pyridines could be afford to dihydm@benzofurans, isochromene or
pyranopyridine$? The regiochemical outcome of the reaction strorgpends on the
substitution pattern of the starting material. Btgular, the Sexodig cyclization mode,
leading to dihydroisobenzofurans, is observed m ¢hse of substrates bearing a tertiary
alcoholic group, owing to the gem-dialkyl effecthile the 6endaedig cyclization mode,
leading to isochromene or pyranopyridines, is theally preferred pathway in the case of

substrates bearing a primary or secondary alcogotiap (Scheme 2.29).
R?2 R3 RZ R®
R o I2/base I2/base
= CH5CN CH3CN
| 6-endo-dig 5-exo-dig
X=CH, N R=H, OMe, NO, R'= alkyl, aryl, thienyl R?=R%=H, alkyl

Scheme 2.29: lodocyclization of 2-(1-alkynyl)berzlcohols or 2-(1-alkynyl)-3-
(hydroxymethyl)pyridines.

Substituted H-isochromenes, isobenzofurans, and pyranopyridiceas be prepared by
allowing o-(1-alkynyl)arenecarboxaldehydes and ketones tct ngidh I, ICI, NIS, Br, NBS,
p-O.NCgH,SCI, or PhSeBr and various alcohols or carbon-basedeophiles at room

temperatur&”
Y
Nu_ )Y
o 1,/KoCO
12Ny 22
AN CHCl ZNp
R
|
Y=H, Me
R=alkyl, aryl

Nu= MeOH, EtOH, PhNH,, PhOH, etc.

Scheme 2.30: Syntheses of isochromenes by iodatiar.
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The synthesis of coumestan, coumestrol, plicadimrocoumestan analogues was prepared
by Sonogashira cross-coupling, iodocyclization, &uicatalyzed lactonization using an

acetoxy group as the nucleophile (Scheme 2°%1).

o)
| AcO o)
O O - O
K,CO3, DMF Y

60-80C
Y=0, S, NMe
Scheme 2.31: Synthesis of coumestan analogues.
Methyl sulfone-containing 3-iodobenijfhiophenes, are readily prepared by iodocyclizatio
and oxidation methodologies from readily availableynes (Scheme 2.32). From these
intermediates by  palladium-catalyzed Suzuki-Miyaura Sonogashira, Heck,

carboalkoxylation, and aminocarbonylation reactiovere prepared a library of various

methyl sulfone-substituted benbithiophened®™!

/
1
R2 SMe CH2C|2 n Rr2

Scheme 2.32: Synthesis of methyl sulfone-sulestibgnzo[b]thiophenes.

Kim and Kim have proposed that tertiary propargyédtcohol was converted to the

corresponding 2-iodoindolizinonga a sequential iodocyclization/1,2-shift (sche2r@3)!®!

Q Ho_ R' Rl O
X R! X a) lp, CH,Cly, rt =
| | L———rR || X p
= =N R b) Cs,CO3, MeOH, reflux Xy ~N
-78C )
R

Scheme 2.33: Synthesis of 2-iodoindolizinones.
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2.9: Green chemistry.

The Green chemistry or sustainable chemistry ctmansthe development of alternatives
methods of chemical processes designed to reduaglimmate negative environmental
impacts. The use of these chemicals and the relgtieduction may involve reduced waste
products, non-toxic components, and improved @fficy and selectivity. Green chemistry is
a new point of view, an effective approach to pwd prevention because it applies

innovative scientific solutions to real-world eramimental situations.

The principle of Green chemistry can be appliedséwveral domains such as organic and

inorganic chemistry, analytical and physical chermiand also biochemistry.

Paul Anastas and John C. Warner developed 12 pliscof Green chemistry, which help to

explain what the definition means in practi&€The principles are present below:

1) Prevention

It is better to prevent waste than to treat orrchga waste after it has been created.

2. Atom Economy
Synthetic methods should be designed to maximiénttorporation of all materials

used in the process into the final product.

3. Less Hazardous Chemical Syntheses
Wherever practicable, synthetic methods shoulddsggded to use and generate

substances that possess little or no toxicity tmdmu health and the environment.

4. Designing Safer Chemicals
Chemical products should be designed to effect thesired function while

minimizing their toxicity.

5. Safer Solvents and Auxiliaries
The use of auxiliary substances (e.g., solvenfgragion agents, etc.) should be made

unnecessary wherever possible and innocuous wieeh us

42



Chapter 2. Cyclization in Green context

6. Design for Energy Efficiency
Energy requirements of chemical processes shoutddagnized for their
environmental and economic impacts and should Ioémeed. If possible, synthetic

methods should be conducted at ambient temperatar@ressure.

7. Use of Renewable Feedstocks
A raw material or feedstock should be renewableerathan depleting whenever

technically and economically practicable.

8. Reduce Derivatives
Unnecessary derivatization (use of blocking groppstection/ deprotection,
temporary modification of physical/chemical pro@gsshould be minimized or
avoided if possible, because such steps requiné@ual reagents and can generate

waste.

9. Catalysis
Catalytic reagents (as selective as possible)ugrer®r to stoichiometric reagents.

10. Design for Degradation
Chemical products should be designed so that arttleof their function they break
down into innocuous degradation products and dgardist in the environment.

11.Real-time analysis for Pollution Prevention
Analytical methodologies need to be further devetbfo allow for real-time, in-
process monitoring and control prior to the forratof hazardous substances.

12.Inherently Safer Chemistry for Accident Prevention
Substances and the form of a substance used ienaicdl process should be chosen
to minimize the potential for chemical accidentgluding releases, explosions, and

fires.

One of the key areas of Green Chemistry is theiedition of solvents in chemical processes

or the replacement of hazardous solvents with enaientally benign solvents.
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Most of the common organic solvents which have besed for organic synthesis include
benzene, chloroform, toluene, carbon tetrachloeide Most of these are volatile (VOC) and
have undesirable properties like toxicity or beimgmful to the environment or may be
obtained from non renewable petroleum sources. d¥sider alternative solvents for organic
reaction watel’® supercritical carbon dioxide” glycerol!*° jonic liquid$*®Y, polyethylene
glycol and its solution§%% 1%

2.10: lonic Liquids.

lonic Liquids (ILs) are considered as alternatit@wolatile organic solvents (VOCSs). A lot
of paper and reviews are published in the last yetrevidence the use of ILs as solvent for
organic reactiof&? 104-112]

The ILs could be accelerate some catalytic reaciimrease selectivity, to be effective to
stabilize the catalytic species and to be also @slyst, able to recycle the system
catalyst/solvent.

Normally IL consist of nitrogen-containing orgargations and inorganic anions. Common
organic cations such asN-alkylpyridinium and 1-alkyl-methylimidazoliufi!**¢
tetraalkylammonium, tetraalkylphosphoniunN-alkylpyridinium, 1,3-dialkylimidazolium
and trialkylsulfonium cations are combined with ng@anic anions such as ‘CNO;, PR,
BF,, bis(trifluoromethanesulfonyl)imide (G80,),N° and trifluoromethanesulfonate
(CRSQy) (Figure 2.2).

The choice of cations and anions can lead to alatgnber of ionic liquids that provide
considerable flexibility in the selection of the shcsuitable pair for a specific chemical
application.
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R3 o
[\ I
1 R R R* Me 4%
R @NYN R | X T
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@N PFe
imidazolium Flel tosylate
imidazofiu hexafluorophosphate
pyridinium o O
\\S/N\F//
(@) ! FsC”0 I
© A O 0 0CFs
1/N\ 2 3/5\ BF4 i (tri
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_ tetrafluoroborate sulfonyl)imide
pyrrolidinium sulfonium
2 R2
R
| R © I
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R halide
ammonium phosphonium methanesulfonate
Cations Anions

Figure 2.2: Structures of lonic liquids.

In the past several years, there has been growtegest in ionic liquids for their potential in
different chemical processEd! for example synthetic reactions, separations and
extractiond!*® and electrochemical, nanotechnological, bioteabgiohl, and engineering

processe&!

lonic liquids (ILs) are ionic compounds that possasmelting temperature below 100°C.
Their physical and chemical properties are attvadior various applications. Several organic
materials that are now classified as ionic ligume described as far back as the mid-19th
century. The search for new and different ILs hexbs tb the progressive development and
application of three generations of ILs: 1) Theu®®f the first generation was mainly on
their unique intrinsic physical and chemical prdjgs; such as density, viscosity,
conductivity, solubility, and high thermal and cheah stability. 2) The second generation of
ILs offered the potential to tune some of thesespaf and chemical properties, allowing the
formation of "task-specific ionic liquids" which dave application as lubricants, energetic
materials (in the case of selective separation artlaction processes), and as more

environmentally friendly reaction solvents, amonttpens. 3) The third and most recent
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generation of ILs involve active pharmaceuticalredients, which are being used to produce
ILs with biological activity!**"

The most important physical property of ionic lidsiis that their vapour pressure is
negligibly small at room temperature. As a resiahic liquids are odorless. They do not
evaporate, even when exposed to vacuum, and madsenf do not combust, even when
exposed to an open flame. The fact that ionic tiguare non-volatile and non-flammable
makes them safer and more environmentally benidgvests than the traditional volatile
organic solvent&®® Other properties of ionic liquids are inherensgits in the liquid state
and include wide liquid temperature range allowagellent kinetic control in reactions,
good thermal stability, high ionic conductivity amide electrochemical window resulting in
high electrochemical stability of ionic liquids agst oxidation or reduction reactiofg
Furthermore, ionic liquids are good solvents fathbarganic and inorganic materials,

polar and non-polar, which makes them suitable datalysis. It is possible to tune the
physical and chemical properties of ionic liquids Varying the nature of the anions and
cations. Some physico-chemical properties of idigciids have beneficial impacts on
catalysis, for examples: very low vapour pressuren-flammable, low melting point,
reasonable thermal stability, large working liquidnge of temperature, good ionic
conductivity. ILs can be combined with electrocheamhi processes and microwave
irradiation!*??

lonic liquids have the potential to be polar yetaklg coordinating toward transition metal
complexes; they may enhance reaction rates inv@leationic electrophilic intermediates.
One of most important characteristic of Il are theyclability that is one of the reasons why
ionic liquids (ILs) are attracting the attention af growing number of scientists and

engineer$!

During the last decade, ionic liquids were alsonfibdo be suitable solvents for chemical
reactions, because they combine excellent thermalchemical stabilities with good and

tunable solubilities and catalytic. Earlier, iofiguids were developed by electrochemists for
use as low temperature water-free electrolytesicléquids are also good media for bio-

catalyzed reaction&*!

Especially the use of ionic liquids as solventstfansition metal catalysis is at the centre of

interest. Transition metal catalysts dissolve wellthe ionic liquid, while many organic
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reactants and products have a very low solubihtyonic liquids. Examples of transition
metal catalyzed reactions in ionic liquids are logdmations, hydroformylatiofs™
oxidations!*!! ' cross-coupling reactiof€® polymerization reaction?”! Diels-alder

reactions;*® **lasymmetric synthesi§**** heterocyclic chemistriy>* **
2.11: Poly(ethylene glycol)s.

Poly(ethylene glycol) (PEG), otherwise known asyfmtyethylene) or poly(ethylene oxide)
(PEO), is a synthetic polyether that is readilyilade in a range of molecular weights.
Materials with M, <100,000 are usually called PEGs, while higher emalar weight
polymers are classified as PEOs. These polymeramaghiphilic and soluble in water as
well as in many organic solvents (e.g., methylehrale, ethanol, toluene, acetone, and
chloroform). Low molecular weight (M<1,000) PEGs are viscous and colorless liquids,
while higher molecular weight PEGs are waxy, wikiddds with melting points proportional

to their molecular weights to an upper limit of abd5-50 °Ct%®!

Polyethylene

0 H e
n R

Glycol
EFEG

Figure 2.3: Poly(ethylene) glycols.

PEG has been found to be nontoxic and is approyetlebFDA for use as excipients or as a
carrier in different pharmaceutical formulationgodis, and cosmetiés!” Polyethylene
glycols (PEGs) are neutral, water soluble polympossessing an impressive array of
biomedical and biotechnical applicatidhi! Most PEGs with M >1,000 are rapidly
removed from the body unaltered with clearancesraeersely proportional to polymer
molecular weight** This property, combined with the availability oE8s with a wide
range of end-functions, contributes to the wide oB®EGs in biomedical research: drug

delivery, tissue engineering scaffolds, surfacenflenalization, and many other applications.
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This section lists PEG and PEO polymers classifigdend-group functions. The methyl-
terminated PEGs are classified as Homobifuncti®tsbs.

The abbreviation (PEG) is termed in combinatiorhvatnumeric suffix which indicates the
average molecular weights. One common feature & Bppears to be the water-soluble. It
is soluble also in many organic solvents includangmatic hydrocarbons (not aliphatics).
PEGs are used to make emulsifying agents and @etistgand as plasticizers, humectants,
and water-soluble textile lubricants, antidustimggrat in agricultural formulations, cleaners,
detergents and soaps, mold release agent anddnbiicfabricating elastomers, plasticizer to
increase lubricity and to impart a humectant priypierceramic mass, adhesives and binders.
softener and antistatic agent for textiles.

Poly(ethylene glycol) is used in a variety of phaosuticals and in medications as a solvent,
dispensing agent, ointment and suppository basehjcle, and tablet excipient and

biodegradable hydrogél&” and consequently in drug delivet{: 142

PEGs form complexes with metal cations. This progerns demonstrate by application of
PEGs as “phase transfert agents”. In this apptioatine polymer transfer a salt from solid
phase or aqueous phase to organic phase by comgplexcoordinating with the metal cation
and assisting its partition into the organic phaBee corresponding anion maintains the
neutral charge and the anion becames much moréveedecause it is poorly solvated or
“naked”.

Poly(ethylene)glycols are well known to have simi#ructures to crown ethers in which
oxygens lie at the point of the crown. PEGs sholecsieity in metal binding, apparently

because the PEGs adopt helical conformation wititiea of preferred sizeld®®

PEG and its aqueous solution are considered asaitee solvent systef
Different transformation are carried out using Reghe solvent such as the synthesia-of
diazop-hydroxy ester§*¥ synthesis of p-amino carbonyl compounds via Mannich

reaction’**4!

polyoxometalate catalyzed aerobic oxidaffdrl, Pd/C-catalyzed cyanation of
aryl halides, **®! synthesis of quinoxaliné¥”’ chemoselective deprotection of 1,1-
diacetate§*® Suzuki cross-coupling reacti®i®*** synthesis of aryl thiocyanats?
synthesis of N-(quinoline-3-ylmethylene)benzohydrazide derivasité® access to

benzo[4,5]imidazo[1,2]pyrimidines™®* microwave-mediated transformations of 2-butene-
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1,4-diones and 2-butyne-1,4-diones to furan derieaf'>® copper-catalyzed C—S coupling
of thiols with aryl iodide$**® microwave-assisted Friedlander synthesis of polsttuited
quinolines®” microwave-assisted extraction of flavone and coimapmpounds from
medicinal plants**® Sonogashira-type couplings¥ hydrogenation of various functional
group$® and benzeng®Y cycloadditiond!®* % Pd(OAcYDABCO-catalyzed cross-
coupling™®¥ Michael additions!*®® Baylis—Hillman reaction!*®® synthesis of dibenb[f]-
1,4-oxazepiné&®”

One of important property of PEG is the recyclapitif the catalytic system. Different work
reported this special use of this cheap solvenexample a recyclable catalyst constituted by
PEG-embedded KBrfor multicomponent coupling reactiéfi®’ Lamaty and co-workers

have widely demonstrated this characteristic of fisiecial polymef'9-1"!

2.12: Microwave-assisted chemistry.

A significant number of publications on microwawssistett’* 1’ organic transformations
during the past 25 years describe this non-cldskieating technology as being “green”,
assuming that microwave dielectric heating is nerergy efficient than classical conductive
heat transfer methods. Conventional methods ofnacgsynthesis are orders of magnitude
too slow to satisfy the demand for generation ahstompounds.

Microwaves are a portion of the electromagneticcspen with frequencies in the range of
300 MHz to 300 GHz. The corresponding wavelengthbese frequencies are 1 m to 1 mm.
The most commonly used frequency is 2.45 GHz. Téwgrek of interaction of microwaves
with a dielectric medium is related to the matésialielectric constant and dielectric loss. It
was found that microwave irradiation plays a caitioole in the formation of the products,

temperature also found to be important in the react

(b)

Microwave Thermal
in situ wall
heating heating
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Figure 2.4: Microwave heating.

Figure 2.4 show that the heat is transferred dyrenito the reaction using mixture
microwave in-situ heating. With classic heating tieat energy must be transferred via the
vessel wall.

Microwave chemistry is based on two main principlédee dipolar mechanism and the
electrical conductor mechanism. The dipolar med@ranoccurs when, under a very high
frequency electric field, a polar molecule attentpt$ollow the field in the same alignment.
When this happens, the molecules release enoudhddave the reaction forward. In the
second mechanism, the irradiated sample is anrieictonductor and the charge carriers,
ions and electrons, move through the material utigerinfluence of the electric field and
lead to polarization within the sample. These irducurrents and any electrical resistance
will heat the sampl€’®!

The main advantages of microwave-assisted reactmrey conventional methods in
synthesis are: (a) the kinetics of the reactionraeeased by one to two orders of magnitude,
(b) novel phases are formed, (c) the initial hepisrapid, which can lead to energy savings,
(d) selective formation of one phase over anotlfitencccurse) the successful combination
of metal catalysis under air and with water as ey f) the use of milder and less toxic
reagents at high temperature, g) the possibilitesintegrate efficient synthesis with
nonchromatographic purifications. One possible tiypsis for these microwave-induced
effects is the generation of localized high tempees at the reaction sites to enhance
reaction rates in an analogous manner to that thsdnic waves, where both high
temperatures and pressures have been reported deactions.

Microwave (MW)-assisted chemistry techniques isrdaically reducing chemical waste and
reaction times in several organic syntheses anchiclaétransformations.

Some review$’ " *® have reported the use of microwave heating inrocgeeactions. Some
paper have described the formation of heterocylmjemicrowave-assisted synthé¥d and

carbonyl chemistr{}&!
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Copper-catalyzed heterocyclization of 1-(2-aminoaryl)-3-yn-
1-olsin ionic liquids: a recyclable catalytic system for the

synthesis of substituted quinolines.



Chapter 3: Quinolines

3.1: Introduction.

In the contest of the synthesis of heterocyclic poamds we turned our attention to quinoline
structures. The pharmaceutical interest for theswatives requires the development of new
sustainable synthetic strategies. For this reasenare testing the possibility to synthesize
substituted quinolines by copper-catalyzed cyclmisozation in alternative solvent using
ionic liquids.

lonic liquids (ILs) are now a well-established &lasf non-conventional reaction medid;

105, 110 \which present several useful characteristics: thaey stable, non-flammable, non-
volatile, recyclable, and in several cases may gwemote organic reactiong&nother
attractive fact of these solvents is related to pbesibility to easily separate the products
from the reaction mixture (by simple extraction ggdures) and, in catalytic reactions, to
recycle the solvent - catalytic system several $iftfé

3.2: Bibliographic section.

Recently the synthesis of quinolines was widelycdbed in different reviews!!> 8¢

Several papers report the synthesis of quinolinés and we are presenting some examples.

Palimkar et al. have synthesized biologically axtiguinolines and fused polycyclic
quinolines using [Hbim][BE ionic liquid as the reaction medium (Scheme 3This
reaction does not require any additional acid aebzatalyst, since the ionic liquid itself acts

as a promoter for this reactiffi”’

O o . R!
R [Hbim][BF,4] 2
Rl + RS —_— R X R
5 100<C, 3-6h _
NH, R N~ "R3
90-98%

IS\
[Hbim][BF,] = \/\/NNH .
BF,

Scheme 3.1: Synthesis of quinolines using usingiHBF 4] as solvent and catalyst.
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Sarma and Prajapati have developed an improved ochefor the synthesis of 2,4-
disubstituted quinolines via Meyer—Schuster regyeament of 2-aminoaryl ketones and
phenylacetylenes in the presence of zinc trifluetmanesulfonate in 1-hexyl-3-
methylimidazoliun hexafluorophosphate [Hmim]gPEScheme 3.2

o) Ar

R\'\ Ar L [Hmim][PFg] R\,\ N
. + H——Ph ——— T
7 NH, Zn(OTf), N7 ph
2-2.5h

90-98%

. @)\

[Hmim][PFg] = \/\/\/NN\

NS o

PFe

Scheme 3.2%ynthesis of 2,4-disubstituted quinolines via Me$ehuster

rearrangement in IL.

Wang and co-workers have found a method for thetheges ofN-arylquinoline-3-
carbonitrile derivativesN-arylindeno [1,2b]quinolin-9,11(64,10H)-dione derivatives, and
N-tolylquinoline-2,5(H,6H)-dione derivatives by the three component reasticof
arylaldehyde, 3-arylamino-5,5-dimethylcyclohex-2ea, and active methylene compounds

(Scheme 3.3). Meanwhile, [Bmim][BF could be reused for several rounds without
significant loss of activity*°!

Q o Ar

[Bmim][BF,] CN
ArCHO + + CH,(CN), |
HsC . HsC
3 NHAT 90T, 4-7h 3 N NH,

H-C H,C |
3 3 Ar

93-98%
Scheme 3.3: Synthesis of N-arylquinoline-3-carlobaitlerivatives in IL.

Cacchi and co-workers have present the hydroaoylatf alkynes can be successfully
conducted in 1-butyl-3-methylimidazolium tetrafloborate ([Bmim][BE]) in the presence

of the [E,E,E)-1,6,11-trisp-toluenesulfonyl)-1,6,11-triazacyclopentadeca-38,1
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triene]Pd(0) complex (Scheme 3.4). The catalytiddesolution can be recycled for reuse in
subsequent reaction runs. The procedure has bepliedapo the preparation of 3-

arylquinolines through a domino hydroarylation/iyation proces&®”

OEt
Ar

=~ ToEt A
Pd(0)L, HCOOH, Et;N XN X
+ Arl +
. — —
N N

NHAcC [Bmlm][BF4]. 60C

H

L= Ts— N\/\/\

7% 89%

Scheme 3.4: Synthesis of quinolines by hydroaoylaif alkynes in ionic liquids.

Dabiri and co-workers have presented a one-pot egoe for the synthesis of 2-
styrylquinolines that utilize a Friedlander reantipromoted by 1-methyl imidazolium
trifluoroacetate [Hmim][TFA], followed by a cleannd rapid [Hmim][TFA]-mediated

Knoevenagel condensation to afford the correspapstiyrylquinoline (Scheme 3.5§™

o) Ph
« 1) [Hmim][TFA], 2h, 80C (R
R\)J\
+ ch, DATCHO A
NH, N Ar
78-87%

Scheme 3.5: Synthesis of styrylquinolines in IL.

Resa and co-workers have reported the synthegjginblines derivatives by a condensation
reaction involving ano-aminoaryl ketones witha-methylene ketones via the tandem
addition/annulation reaction. The strategy used ith@c liquid of 1-butylimidazolium

tetrafluoroborate [Hbim][BE as a solvent with methanol as co-solvent at reemperature
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under ultrasound irradiation (Scheme 3'8J. The use of ionic liquid and ultrasound was
effective at room temperature, without the requeatrof any added catalyst.

o o} R?
[Hbim][BF 4]
R 2
©\AR1 S
+ MeOH, )))), rt
R? - —
NH, 10-35 min N R3
65-93%
R=H, Cl, NO,
R!= CHg, Ph

Scheme 3.6: Reaction o-aminoaryl ketones with dyyteste ketones in [Hbim][BF.

Wang and co-workers have reported that Lewis acahe liquid choline chloride 2 Zngl
was an excellent solvent and efficient catalysttha synthesis of quinolines via Friedlander

annulation under mild conditions (Scheme &%).

O o Ph
RY Choline chloride - 2 ZnCl R: R2
7@\*% e : >
~
NH, R? 80T N~ RS
. o _\N@ ©
Choline chloride = / ~"0oH | C

Scheme 3.7: Friedlander synthesis of quinolinesgithe Lewis acidic IL.

Sardarian and Ghassamipour have reported the symtloé quinolines and polycyclic
quinolines via Friedlander condensation of 2-amiyld@tones witha-methylene ketones
using dodecylphosphonic acid (DPA) as a recyclahtalyst in pure water and in solvent-
free procedures (Scheme 3.8). The easy preparafi@PA (which is also commercially
available), along with the simple experimental paare, and the ease of recovery and reuse
of this novel catalyst, makes these methods sinapl& convenient for the synthesis of

quinolines and their derivativ&s:!
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o) Ph O
o fe) DPA 0.1 mol
Ph )J\/U\ N OEt
+ OEt 140 min, H,0 P
NH, N~ “CHs
85%
o) R
DPA 0.1 mol 2
R - o) R SN R
+ Rg& H,0 or neat, 90C _
NH, n2 39-162 min N~ RS
50-98%
R=H, Cl
R= CHs, Ph

O
/\/\/\/\/\/\ //
DPA = P.

Scheme 3.8: Synthesis of poly-substituted quielny DPA catalysis.

DeShong and co-workers have presented the reduatfosecondary and tertiarp-

nitrophenyl propargyl alcohols followed by acidagzed Meyer-Schuster rearrangement to
give 2-substituted and 2,4-disubstituted quinolirespectively (Scheme 3.9). Tertiary
propargyl alcohols gave excellent yields of thengline derivatives, but they were slightly

reduced when secondary propargyl alcohol derivativere utilized**®

HO._R! R
@\ ZNn/ACOH or Fe/HCl @l\)j
NO, R N
34-95%

R= alkyl, alkenyl, aryl, heteroaryl
R= H, CH,

Scheme 3.9: Synthesis of 2-alkyl and 2-aryl quimaslibyreductive cyclization.

Recently, Gabriele et co-workers have reported th&R-aminoaryl)-2-yn-1-ols, easily
obtained by the Grignard reaction between the gpj@@ alkynylmagnesium bromide and
2-aminoaryl ketones, can undergo to a selectivedCird-catalyzed 6-endo-dig dehydrative

heterocyclization to give substituted quinolinesgimod yield$'®® The cyclizations were
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carried out in MeOH or 1,2-dimethoxyethane (DME)laes reaction solvent at 100°C in the
presence of Cugk2 mol %) or PdX (2 mol %) together with an excess of KX (X= Clah
the catalyst (Scheme 3.10).

) , HO_R ,
R R® 1) R*—=MmgBr | R R
) 9 XX, | CuCl; or PdX; 2 mol % N
R =
NH> 2) H* NH; MeOH or DME N~ TR?
1 1 1
R R 100C R

crude product

Scheme 3.10: Synthesis of substituted quinolinesfiyyer or palladium-catalyzed

cycloisomerization.

3.3: Results and discussion.

However, the reactivity of the system using ionquids, as alternative solvents, was also
tested in the cycloisomerization reaction of 1-(@k#oaryl)-2-yn-1-ols catalyzed by copper.
Copper is an especially attractive transition magalse in reaction processes due to its low
cost and relatively low toxicity.

The substrates2-5 were obtained by reaction of commercially ava#abP’-
aminoacetophenone and alkynylmagnesium bromiderynT¢HF at 50° for 1h under N
(Scheme 3.11).

0
HO. _CH HO. _Ph
D R—=——MgBr 3
THF, 50C, 1h X . or A -
NH; 2) H* NH, NH,
éfgﬁb 2R =Bu 7:R = Bu
: 3R =Ph 8:R = Ph
4R =t-Bu
5R=TMS

Scheme 3.11: Addition of alkynylmagnesium bronad&-aminoacetophenorieor

2’-aminobenzophenort
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Similar substrates, such a& and 8 were synthesized in the same fashion using the
commercially available 2’-aminobenzophenone and/rajllmagnesium bromide (Scheme
3.11).

The commercially available compoun@snd10 were nitrated using HN§reduced to give

the corresponding keto-amino compounds8 and 14 followed by addition of
alkynylmagnesium bromide (Scheme 3.12).

1) Bu—= MgBr R HO.__CHj3
CHs  HNO; CHs _Sn/Hel_ N
Bu
r, 54h reﬂux 4h 2) H+ NH;

9R=H,R!'=0CH; 11R=H,R"=OCH;, 13R=H, R = OCH,4 15R =H, R = OCH;,4
10R=CI,R'=H 12R=Cl,R'=H 14R=CIL,R'=H 16R=CI,R'=H

Scheme 3.12: Reduction followed by addition ofrglkgagnesium bromide to substituted 2’-

nitroacetophenone.

All the products were unstable and they were usiaowt purification in the following step

of cycloisomerization.

3.4: Cyclohydratation reaction of 2-(2-aminophenyl)ct-3-yn-2-ol 2 in ILs.

The first part of this work focuses on the posgipito perform the cycloisomerization
reaction of 2-(2-aminophenyl) oct-3-yn-2-3| optimizing the reaction conditions, choosing

the appropriate IL and verifying the possibilityrexycle the catalytic system.
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The first experiment was carried out using 2-(2+fephenyl) oct-3-yn-2-02 as the substrate
and [Bmim][BF] (1-butyl-3-methylimidazolium tetrafluoroborate) s a the solvent.
[Bmim][BF,4] was synthesized by anion exchange starting fidmim][CI] (Scheme 3.13),
the solvent presents special properties for orgaeactions and the literature describes
interesting reactions carried out if*t!

/sﬁ/\/\ /\®/\/\
~
i N| S + NaBF, —— N N S + NaCl
\% Cl 80T, 8h — BF4

Scheme 3.13: Synthesis of [Bmim]BF

The cycloisomerization reaction @fwas carried out in the presence of 2 mol % of G|

at 100°C for 15h. At the end of reaction it wasgiole to identify the formation of expected
product 2-butyl-4-methylquinolind7 but the conversion of substralewas not complete
(Scheme 3.14). The result of this preliminary reecsuggests the possibility to obtain the
corresponding product using IL as solvent and geppalt as a catalyst.

CHa
HO.__CHs cucl, ©\)j
L~
NH, Bu [Bmim][BF,] N/ BU
2 17

100%, 5h

Scheme 3.14: Copper-catalyzed cycloisomerizatid(@ aminophenyl) oct-3-yn-2-alin
[Bmim][BF 4.

To increase the conversion of starting materialsewiended the reaction time: after 15h
substrate was completely converted in quinoliti& which was easily recovered by a simple
extraction using diethyl ether. The solvent for teetraction was chosen in order to
completely dissolve the reaction product, but ued mix with the IL. Then, after the
extraction, the IL contains the catalyst and itlddae also recycled. However the extraction
was a little bit cumbersome, and only after 4 timashing, the compourid was completely

extracted from the IL phase, as demonstrated byaGaDysis.
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However, even if the solubility of IL in ED is very low, traces of IL were contaminating the
crude productl7 that was recovered in a satisfying yield (71%}pmafh chromatographic

purification.

3.5: Recycle of [Bmim][BR]/catalyst.

We could also demonstrate that the IL/catalyst nmexrecovered from this first run could be
further used.

All residual traces of diethyl ether were removeader vacuum, the [Bmim][Bf was
charged with new substrate and the reaction mixiiar® heated up in the same conditions as
before. After 15h, the expected quinolia€ is the only product present in the reaction
mixture. Extraction and purification afforded coropd 17 in a comparable yield as the first
run (74%). The active catalytic species is stillegant in the IL phase and the

cycloisomerization reaction can be performed foesa further runs.

The reactivity of this system, [Bmim][BFCuCl,, was tested in 6 runs, and in all cases only
the expected produd was formed in good yield (69 % - 74 %) (Tablerirgl).

Table 3.1: Synthesis of 2-butyl, 4-methyl quinolidieising [Bmim][BFR]/CuCl, system.

CHs

N )
NH, U [BTg@£3F4] N Bu
2 17
Yield
Entry Time °C Mol (%) (%)?
(h) CuCh Runl Run2 Run3 Run4 Run5 Run6 Run?7
1 15 100 2 71 74 70 69 70 71 70
2 24 100 1 76 70 71 69 68 72 68

a) isolated yields.
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In order to optimize the experiment the quantitycafalyst was reduced from 2 mol % to 1
mol %. The reaction mixture, composed by [Bmim]|BEuCl, and the substrate was heated
up for 15h at 100°C. In this case too, it was pgmesio observe the quantitative conversion of
the substrat@ and the formation of expected prod@@tin 66% of yield and a by-produt8

in 7% yield (Table 3.2)H NMR and GC-MS allowed to identify the by-produas the
enynic derivativel8 obtained after dehydration of the alcoholic fuoctof the substrate. This

trend was also verified in the following four retigg experiments (Table 3.2, run 2-5).

Table 3.2: Synthesis of 2-butyl, 4-methyl quinolidieising [Bmim][BFR]/CuCl, system.

CHs
HO.__CHs cuc
AR OO, s
N lo0T ten N e O
2 17 18
Yield

Time °C Mol (%) Product (%)?
(h) CuCh Runl Run2 Run3 Run4 Runb5
15 100 1 17 66 65 63 64 66
15 100 1 18 7 5 5 5 4

a) isolated yields.

We decided to keep low the catalytic loading extegdhe reaction time to 24 h. In the first
experiment it was observed the formation of qumIL7 as the only product with an
increased yield (76 %) with respect to the sameti@ausing 2 mol % of Cug(Table 3.1,
entry 1-2). Recycling was also possible in thisecis six runs and the yields were constant
(68 — 72 %, Table 3.1, entry 2). In conclusionasgible to affirm that expected product was
formed in good yields, no loss of activity was alved for the catalytic system constituted by
[Bmim][BF4)/CuClL, combination. The best conditions for the reactisre 24 h at 100°C

with 1 mol% of catalyst.
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However, the formation of compoud@® is not so unpleasant, if we consider it in the @i a
possible intermediate during the formation of qlim®17. To test our hypothesis, the pure
intermediate 18, isolated by column chromatography, reacted in tbptimized
cycloisomerization conditions affording the targetnpoundl? in high isolated yield (95 %)
as it was confirmed by NMR and GC analysis (Schartg).

CHj
CuCl, 1 mol % N
A ) | 95 %
Bu BmimBF, _
NH; 100, 15h N" Bu
18 17

Scheme 3.15: Copper-catalyzed cycloisomerizati@nghic derivativd8 in [Bmim][BF,].

3.6: Hypothetical mechanism of copper-catalyzed -cl@somerization

reaction.

The plausible reaction mechanism for the formatdmuinolines derivatives starting from
acyclic susbtrates can involve the coordinatiowagper (II) species on the triple bond (A),
followed by a6-endo-dignucleophilic attack of the amino group on the\attd triple bond
(Scheme 3.16). The intermediate B can undergo fiferent pathways: protonolysis, (path
a), or to loose one water molecule (path b) leadmgC and D respectively. The final
compoundl? is then obtained through pathway a’ or b’.

However, if the substrate looses water before tpper coordination step on the triple bond

occurs, product8is formed.
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HO CHj cucl, HO CHs HO_ CHs HO_ CHs
CuClz  -HCl CuCl e
X X | ud |
NH,  OU NHp O N~ “Bu 2 N~ “Bu
H H
2 A B C
-H0 -H,O path b -H,Q path b’
CH
3 path a' CHs
CuCl
\\ N HCI AN
Bu = 'CUC'Z ~
NH, N Bu N~ “Bu
18 D 17
Aromatization Aromatization
CUC|2
CuCl
\ -
\ - .
Bu N~ “Bu -CuCly N~ “Bu
NH, H H
E F G

Scheme 3.16: Plausible reaction mechanism for tmersion of 2-(2-aminophenyl)oct-3-yn-
2-ol 2 and 2-(1-methylenehept-2-ynyl)anilih@ into 2-butyl-4-methylquinoling?.

3.7: Cycloisomerization reaction of substrate 2 iwlifferent ILs.

In order to explore the reactivity of the cataly$igstem as a function of the solvent, we run
the reactions in different ILs, studying the infhoe of different anions in imidazolium

solvents (Figure 3.1).

= /=N
— ) — o — —
A N R = ol N e " e
Figure 3.1: Some ILs.
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1-Chlorobutane was added to a mixture of l-methglole in toluene to afford the
corresponding [Bmim][CI] (Scheme 3.17, a).

[Bmim][PFs] was synthesized by anion exchange starting fBmmim][Cl] (Scheme 3.17, b).
[Bmim][NTf 2] was prepared starting from [Bmim][CI] followed lagldition of 1.1 molar ratio
of Li(Tf,N) (Scheme 3.17, &

/=N Toluene /\Cltj)/\@/\

a) —N + N N Cl
- 1) 0T, 15 min, rt N
2) 110C, 2h
3) -20<, 24h

@,
/=N O + KPF 80T, 8h N o +KCl
b) —N (o] 6 - - N\% PE
— 6

S)
¢ —N Cl 4 Li(TEN) —_— |\ © + LiCl

I CH /=N
d) HNKN + FC—S—0" % —— —\ S) .
\% I ice bath = oT

Scheme 3.17: Synthesis of ILs.

1-Butylimidazole was reacted directly with methyfltoromethanesulfonate in an ice bath,
forming [Bmim][OTf] (Scheme 3.17, dj*®

The next IL used was 1-butyl-3-methylimidazoliuns(tiifluoromethyl-sulfonyl) imide or
[Bmim][NTf,]. The mixture of substrat® IL and catalyst was heated at 100°C. After 2&h o
reaction the productl7 was recovered in 65% of yield. The results obtingith
[Bmim][BF,4] are better in comparison with the results obtadinsing [Bmin][NT%] (Table
3.3 entry 1). The product was obtained with a yraldging from 49% to 65%. This suggests
that the nature of anions is important for the pesg of the reaction, maybe for the

interaction with metal.
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With methanesulfonate [OTf] as anion, the catalgystem was inferior reactive and the
quinolinel7 was obtained in moderate yields (40-58%) (Talde éntry 2).
In any case, with [Bmim][NTH and [Bmim][OTf] as solvent it was possible to yele the

catalytic system several times obtaining the foromadf expected produdi7.

Table 3.3: Copper-catalyzed cycloisomerization teacin [Bmim][NT%] and [Bmim][OTf].

CHs

HO._ _CHs cuch, '\

X

Bu [Bmim][X] =
NH 100, 24h N* Bu

2 17

X= NTf, or OTf
Yield 17
Entry IL (%)?

Runl Run2 Run3 Run4 Run5Run6 Run7
1 [BmIim][NTfy] 65 62 61 61 55 50 49

2 [Bmim][OTf] 51 48 54 53 58 56 55

a) isolated yields. All reactions were carried au100°C, for 24h, using 1 mol % of CyCl

Then, we explored the effect of the ionic liquids/zimg chlorine or hexafluorophosphate as
counter-ions. However, with organic counter-iorig tycloisomerization reaction was less
efficient after the second run.

In [Bmim][PFe] quinoline 17 was obtained in good yield in the first two rumespectively
82% and 76%), while starting from the third rure flormation of enynic derivativé8 was
observed (Table 3.4, entry 1, run 3).

With [Bmim][CI] quinoline 17 was obtained in lower yield since the first rundan all cases,
together with the enynic compoud®. These results may be explained by high density an
viscosity of [Bmim][CI] (Table 3.4, entry 2).
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Table 3.4 Copper-catalyzed cycloisomerization reacin [Bmim][PFs] and [Bmim][CI].

CHs

HO.__CHj cucl, \
AN + X
Bu  [Bmim][X] = Bu
NH 100, 24h N" Bu NH;
2 17 18
X= PFg,Cl

Yield

IL Product (%)?

Entry

Run Run Run Run Run Run Run
1 2 3 4 5 6 7

1 [Bmim][PRj 17 82 76 67 59 60 56 48
18 o o 6 10 11 11 18
2  [Bmim][C] 17 48 40 38 42 43

18 17 16 15 18 20

a) isolated yields. All reactions were carried aut00°C, for 24h, using 1 mol % of CuCl

In conclusion after the screening of ILs used we a#firm that the best results (yields,
selectivity and recycling) were obtained using [B1}iBF,].

3.8: Heterocyclization of different 1-(2-aminoaryl}3-yn-1-ols in
[Bmim][BF 4].

The optimized conditions were extended to varioubssates bearing alkyl or phenyl

substituents on the triple bond, at the benzylgitmm and on the phenyl ring (Scheme 3.18).
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(6] R!

RZ 1) R—=—MgB r2_ 19 R! 2
R1 = _Mgbr \@\ CuCl,l1or2mol% R X
R .
NH, 2) H* NH, [Bmim][BF,] N
crude product 100
3 R=t-Bu, R'=CHj, R?>=H 19 R= t-Bu, R'=CHs, R>=H
7 R= Bu, R'=Ph, R?>=H 20 R= Bu, R'=Ph, R?=H
8 R= Ph, R'=Ph, R?=H 21 R= Ph, R1=Ph, R%=H
14 R= Bu, R'=CHjg, R?>=ClI 22 R= Bu, R'=CH3, R?>=Cl

Scheme 3.18: General synthesis of substituted kju&so

Exclusive formation of quinoline was observed vatibstrate8, 7, 8, 1§ Table 3.5).

The products were obtained in good yield, in patic 2-butyl-4-phenyl quinolind.8 (83-
75%, Table 3.5, entry 2).

The presence of electron withdrawing group (CBubstratel 6 did not influence the reaction
(entry 4).

In the case of 2-(2-aminophenyl)-4-trimethylsyldntt3-yn-2-o0l5 the TMS group was lost
in the course of the process to produce the casrebpg mono-substituted quinolir#3 in
satisfying yield (58-61%) (entry 5). The presenteo electron donating group (OgHnN
substratel5 did not influence the process when it was cargatdwith 2 mol % of CuGl

(entry 6).
Table 3.5 General copper- catalyzed cycloisomenpateaction.

3
, HO__R3 R
AN . CuCly1or2mol % | N
NH, & Z
2 [Bmim][BF] N~ R*
R1 R

100C

crude product

67



Chapter 3: Quinolines

Time Mol Yield

(hy % . a
Entry CuCh Quinoline (%)

Run Run Run Run Run Run Run
1 2 3 4 5 6 7

CHs
X
1 24 1 » 70 68 62 60 63 61 61
N t-Bu
19
Ph
X
2 15 1 » 81 81 75 83 79 76 75
N Bu
20
Ph
X
3 24 2 » 60 58 57 55 51 50 52
N Ph
21
CHg
Cl x
4 24 1 | 71 69 66 65 66 65 65
N Bu
22
CHj;
5 24 2 N 61 59 60 58 60 61 61
N/
23
CHs
X
6 24 2 | 73 66 68 66 65 66 66
N Bu
OCHgz
25

a) Isolated yields. All reactions were carried aut00°C in [Bmim][BFR].
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With substratés and 15, the molar ratio of CuGlwas important. When 1 mol % of catalyst
was used, already in the first run the enynic @gnes24 or 26 (Scheme 3.19) were formed.
The reaction is selective towards the formationde$ired products 2 mol % of CyCls

catalyst were used in [Bmim][BF

1
HO_ _R! R
CuCl, 1 mol %
% 2 0 | ~N A
R . P * R
NH, [Bmim][BF4] N R NH,
Rz 24h,100C R, R,
crude product
5 R= TMS, R'=CHj, R?=H 23 R=H, R'=CHj, R?>=H 57% 24 R=TMS, R?>=H 18%
15 R= Bu, R'=CHj3, R>=0OCHj,4 25 R= Bu, R'=CHg, R?>=OCH; 46% 26 R= Bu, R>=OCH; 9%

Scheme 3.19: Cycloisomerization reaction of substfaand15 using 1 mol % of Cu@l

3.9: Conclusion.

In conclusion, we have shown that the Cu€talyzed heterocyclodehydration of 1-(2-
aminoaryl)-2-yn-1-ols may efficiently take place [Bmim][BF,4], as the reaction medium.
However, the use of the ionic liquid has allowedréaycle the solvent—catalytic system
several times, without appreciable loss of activitizis method proved to be very general for
the synthesis of a set of quinoline derivativea good yield.

The present recyclable catalytic method for syngheksubstituted quinolines thus represents
a simple and convenient approach for the produafanvery interesting class of heterocyclic

compounds.
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Experimental section.

3.10: General conditions.

Melting points were determined with a Reichert Thevar apparatus and are uncorrected.
NMR and °C NMR spectra were recorded at 25°C on a Bruker DRance 300
spectrometer in CDglsolutions at 300 MHz and 75 MHz, respectively, hwile,Si as
internal standard. Chemical shify @nd coupling constants (J) are given in ppm ania,
respectively. IR spectra were taken with a JascéRF4200 spectrometer. Mass spectra were
obtained using a Shimadzu QP-2010 GC-MS apparatug0aeV ionization voltage.
Microanalyses were carried out with a Carlo Erbant#ntal Analyzer Mod. 1106. All
reactions were analyzed by TLC on silica gel 604~26d by GLC using a Shimadzu GC-
2010 gas chromatograph and capillary columns wotiirpethylsilicone 5% phenylsilicone as
the stationary phase (HP-5). Column chromatograpdey performed on silica gel 60 (Merck,
70-230 mesh).

3.11: Preparation of ionic liquids.

3.11.1: Preparation of [Bmim][NTf;] and [Bmim][OTf].

lonic liquids [Bmim][NT£]**! and [Bmim][OTf[*'® were prepared according to literature

procedures.
3.11.2: Preparation of [Bmim][Cl].

A mixture of 1-methylimidazole (40 mL, 41.2 g, 56#nol) and toluene (50 mL) maintained
at 0°C under nitrogen was stirred for 10 min. 1aZbibutane (58 mL, 51.4 g, 555 mmol) was
quickly added at 0°C and the resulting mixture wigerously stirred for 15 min at the same
temperature. The solution was allowed to warm upotom temperature and then heated at
110°C for 24 h with stirring. After cooling to rootamperature, the mixture was refrigerated

(-20°C) and allowed to stand for 24 h. After thind, two phases separated; toluene was
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removed by decantation, while the residue was takernwith MeCN. The solvent was
removed under vacuum and MeCN (ca. 30 mL) and Téd 80 mL) were added. The
resulting mixture was cooled with the aid of an-weater bath, to give, on standing,
[Bmim][CIl] as a whitish solid. The mixture was thawoled at -20°C overnight. After
decantation and removal of the solvent, the residagewashed with cold THF and eventually
dried in vacuo to give pure [Bmim][CI] as a whitisblid, which was stored at -20°C under

nitrogen.

3.11.3: Preparation of [Bmim][BF].

NaBF; (5.7 g, 51.9 mmol) was added to 9.0 g (51.8 mmb|Bmim][CI] maintained at 80°C
under vigorous stirring. The mixture was allowedsto at 80°C for 8 h and then at room
temperature for 15 h. GBI, (ca. 30 mL) was added with stirring, and the solutwas
cooled to -20°C and allowed to stand at this tewujpee overnight. The precipitate (NaCl)
was removed by filtration, and the solvent was readounder vacuum to give pure

[Bmim][BF,4], which was stored under nitrogen at room tempeeat9.3 g, 80%).

3.11.4: Preparation of [Bmim][PFg).

KPFs (9.5 g, 51.6 mmol) was added to 9.0 g (51.8 mmab[Bmim][CI] maintained at 80°C
under vigorous stirring. The mixture was allowedsto at 80°C for 8 h and then at room
temperature for 15 h. GBI, (ca. 30 mL) was added with stirring, and the solutwas
cooled to -20°C and allowed to stand at this terupee overnight. The precipitate (KCl) was
removed by filtration, and the solvent was remowuader vacuum to give pure [Bmim][E]F

which was stored under nitrogen at room temperdiks3 g, 81%).

3.12: Preparation of substrates.

2-Aminoacetophenong and 2-aminobenzophenoBevere commercially available (Aldrich,
Fluka) and were used as received.

To a suspension of Mg turnings (700.0 mg, 28.8 mnmolanhydrous THF (2.0 mL),
maintained under nitrogen and under reflux, waseddgdure EtBr (0.5 mL) to start the
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formation of the Grignard reagent. The remainingnide was added dropwise (ca. 20 min)
in THF solution (1.5 mL of EtBr in 15.0 mL of THEgtal amount of EtBr added: 2.92 g, 26.8
mmol). The mixture was then allowed to reflux fatd@ional 20 min. After cooling, the
solution of EtMgBr thus obtained was transferrediemnitrogen to a dropping funnel and
was added dropwise to a solution of the 1-alkyr@82nmol) in anhydrous THF (7.0 mL) at
0°C with stirring. After additional stirring at 0°€@r 15 min, the mixture was allowed to
warm up to room temperature, maintained at 50°Q@fbr and then used as such for the next
step. 2-Aminoacetophenorieor 2-aminobenzophenorie (8.9 mmol) was dissolved under
nitrogen in anhydrous THF (7.0 mL) and then addedpwdise to the solution of the
alkynylmagnesium bromide in THF (prepared as dbsdriabove) at 50°C under nitrogen.
After stirring at 50°C for 1 h (compoundy 15, 16) 2 h (compounds3, 4, 5) or 3 h
(compound¥ and8) the mixture was cooled to room temperature.

Saturated NECI was added with stirring to achieve a weakly mcioH. After additional
stirring at room temperature for 15 min, AcOEt (8. mL) was added and phases were
separated. The aqueous phase was extracted witBtABB0 mL), and the collected organic
layers were washed with brine to neutral pH andnmadly dried over NgB5O,. After
filtration, the solvent was evaporated and crudedpcts were diluted with ED and
transferred into a volumetric flask (50 mL).

2-(2-Aminophenyl)oct-3-yn-2-ol (2)

HO.__CHj

X
NH Yellow oil, 1.16 g, 60% based dn

IR (film): v = 3451 (m), 3365 (s), 2957 (s), 2932 (8R71 (m), 2240 (vw), 1614 (s), 1493
(m), 1455 (m), 1368 (w), 1307 (m), 1237 (m), 1189, (L092 (m), 1053 (m), 905 (w), 751 (S)
cm™.
'H NMR (300 MHz):6 (ppm) = 7.48 (ddJ = 7.8, 1.5, 1 H), 7.07 (ddd,= 7.8, 7.4, 1.5, 1 H),
6.73 (dddJ=17.8,7.4,1.3, 1 H), 6.63 (dd= 7.8, 1.3, 1 H), 4.37 (s, br, 2 H), 2.26J& 7.0,
2 H), 1.82 (s, 3 H), 1.58-1.34 (m, 4 H), 0.91J)(t 7.2, 3 H) (Note: the —OH signal was too
broad to be detected).
13C NMR (75 MHz):6 (ppm) = 144.3, 128.7, 126.4, 118.3, 117.8, 853%4,870.3, 30.7, 28.8,

22.0, 18.4, 13.6.
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GC-MS: m/z= 217 (44) [M+], 202 (15), 199 (18), 184 (19), 1(R), 170 (53), 158 (20), 157
(97), 156 (66), 155 (22), 154 (21), 144 (25), 123)( 130 (38), 129 (28), 128 (30), 120 (100),
118 (10), 117 (11), 115 (12), 92 (23), 77 (12)(89).

Nitration of 3-methoxyacetophenofdo give 2-nitro-3-methoxyacetophenahike

To concd. HNQ@ (12 mL) maintained at 0-5°C was quickly added 3horyacetophenon@
(2.0 g, 13.3 mmol) with stirring. After additionstirring at 0-5 °C for 5 min., the mixture was
allowed to warm up to room temperature ant themestiat room temperature for 54 h. Ice
followed by EtO (10 mL) was added. Phases were separated anagtlemus phase was
extracted with BO (3 x 10 mL). The collected organic layers wereshesl with water and
then dried over MgS§ The solvent was evaporated and the residue Wwas tg with EtOH.
Crystallization at -20°C followed by filtration affded, after drying, 2-nitro-3

methoxyacetophenoriel (778.0 mg, 30%).
o)

cho\(:f‘\cm
NO2  Colorless solid.

Mp 128-129 °C (Iif!*® 128-129 °C).

IR (KBr): v = 1689 (m), 1580 (w), 1545 (s), 1458 (79 (m), 1313 (m), 1291 (s), 1048

(m), 977 (m), 864 (m), 789 (m), 614 (w) ¢m

'H NMR (500 MHz):6 (ppm) = 7.55 (ddJ = 8.2, 7.7, 1 H), 7.41 (dd,= 7.7, 1.1, 1 H), 7.29

(dd,J=8.2, 1.1, 1 H), 3.92 (s, 3 H), 2.58 (s, 3 H).

13C NMR (126 MHz):6 (ppm) = 195.7, 151.4, 131.4, 120.9, 117.0, 5633).2

GC-MS: m/z= 195 (17) [M+], 180 (80), 153 (24), 119 (14), @5), 93 (12), 91 (16), 78 (35),

77 (30), 76 (100), 75 (20), 74 (17), 67 (10), 68)(2

Reduction of 2-nitro-3-methoxyacetophenohk to give 2-amino-3-methoxyacetophenone
13

The method of Robbins was employ&d. A mixture of the 2-nitro-3-methoxyacetophenone
11 (2.22 g, 11.4 mmol), Sn powder (3.81 g, 32.1 mmait)d concd. HCI (8.8 mL) was
allowed to reflux for 4 h with stirring. After caaolg to 0°C, NaOH (pellets) was added to

basic pH. BEO (15 mL) was added and phases were separatedadueous phase was
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extracted with BEO (2 x 15 mL) and the collected organic layers wdrtied over MgSQ
After filtration, the solvent was evaporated toega brown-yellow solid, which was purified
by column chromatography (Si0 7:3 hexane-AcOEt) to give 2-amino-3-

methoxyacetophenorie3 (1.41g, 75%).
o)

cho\©5‘\CH3
NHz  pale yellow solid.

Mp: 59-61 °C (lit*°? 60.5 - 61.5°C).

IR (KBr): v = 3476 (s), 3348 (s), 1636 (s), 1545 ()53 (m), 1440 (w), 1362 (w), 1280 (w),

1243 (m), 1223 (m), 1042 (w), 967 (w), 736 (w)tm

'H NMR (500 MHz):6 (ppm) = 7.31 (ddJ = 8.2, 1.1, 1 H), 6.82 (dd,= 7.7, 1.1, 1 H), 6.59

(s, br, 2 H), 6.55 (ddl = 8.2, 7.7, 1 H), 3.84 (s, 3 H), 2.55 (s, 3 H).

13C NMR (126 MHz):6 (ppm) = 200.7, 147.2, 141.6, 123.3, 117.5, 11418, 55.7, 28.1

GC-MS: m/z= 165 (88) [M+], 150 (100), 122 (37), 107 (14), 1@2), 79 (14), 78 (14), 77

(17), 65 (19).

Nitration of 3-chloroacetophenod® to give 5-chloro-2-nitroacetophenoh2

The method of Robbins was employ&d To concd. HN@ (8 mL) maintained at 0°C was
added in portions with stirring concd,$0, (8 x 1.25 mL). After additional stirring at 0°C
for 45 min., 3-chloroacetopheno® (8.0 g, 52.0 mmol) was added very slowly at 0°@hwi
vigorous stirring. After additional stirring forl2 at O °C, ice was added followed by AcOEt
(15 mL). Phases were separated and the agueous plaasextracted with ACOEt (2 x 15
mL). The collected organic layers were evaporated Bt20 (15 mL) was added to the
residue. The orange precipitate was recovered bgrdation and then crystallized 2 times
from MeOH at ca. -18 °C. The crude 5-chloro-2-rattetophenoné&2 (3.1 g) thus obtained
was then used as such for the next step.

Reduction of 5-chloro-2-nitroacetophendtto give 2-amino-5-chloroacetophendie

The method of Robbins was employ&d. A mixture of the 5-chloro-2-nitroacetophenat
obtained above, Sn powder (5.36 g, 45.2 mmol), @oHCI (12.5 mL) was allowed to reflux

for 4 h with stirring. After cooling to 0°C, NaOHhpéllets) was added to basic pH,@&t(20
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mL) was added and phases were separated. The aqplease was extracted with,@t(2 x
20 mL) and the collected organic layers were daeer MgSQ. After filtration, the solvent
was evaporated to give a brown-yellow solid, whics purified by column chromatography

(SiO,, 8:2 hexane-AcOEt) to give 3.97 g, 45% based chléro-2-nitroacetophenorie.
o)

NH,
cl Pale yellow solid.

Mp: 63-64 °C (lit!*°Y! 65-66 °C).

IR (KBr): v = 3457 (s), 3324 (s), 1654 (s), 1617 (§77 (M), 1544 (m), 1474 (m), 1362 (w),
1231 (m), 1160 (w), 958 (W), 824 (w), 628 (W) ¢m

'H NMR (500 MHz):6 (ppm) = 7.62 (dJ = 2.7, 1 H), 7.16 (dd] = 8.8, 2.7, 1 H), 6.57 (d]
=8.8, 1 H), 6.30 (s, br, 2 H), 2.53 (s, 3 H).

GC-MS: m/z= 171 (29) [M + 2], 169 (84) [M+], 156 (33), 154 (100), 128 (1126 (38), 99
(20), 90 (18), 65 (13).

3.13: General procedure for the synthesis of quinmies in ionic liquids.

6.2 mL of the solution of 1-(2-aminoaryl)-3-yn-1sdformally deriving from 1.10 mmol df,

6, 13and 14) were transferred under nitrogen to a Schlenkkflamntaining the ionic liquid
(5.0 mL) and CuGl (1.5 mg, 1.1 x 18 mmol, or 3.0 mg, 2.2 x 10-2 mmol). Bt was
removed under vacuum, and the resulting mixture lveaded at 100°C for 15 h or 24 h. After
cooling, the product was extracted with@&t6 x 4 mL), and the residue (still containing the
catalyst dissolved in the ionic liquid) was usedsash for the next recycle. The collected
ethereal phases were concentrated and the produfieg by column chromatography (S5O
hexane/AcOEt from 99:1 to 95:5) to give pure quimes.

3.14: Recycling procedure.

To the residue obtained as described above, stillaining the catalyst dissolved in the ionic
liquid, were added 6.2 mL of the ethereal soluttontaining crude. E© was removed under

vacuum, and then the same procedure described a@s/ollowed.
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3.15: Conversion of 2-(1-methylenehept-2-ynyl)aniie 18 into 2-butyl-4-
methylquinoline 17.

A solution of purel8 (297.0 mg, 1.49 mmol) in ED (3.0 mL) was transferred under nitrogen
to a Schlenk flask containing [Bmim][BF(6.8 mL) and CuGl (2.0 mg, 1.5x1@ mmol).
Et,O was removed under vacuum, and the resulting mexttas heated at 100°C for 15 h.
After cooling, the product was extracted with@&t(6x4 mL). The collected ethereal phases
were concentrated, and the residue was purifieccddymn chromatography (S095:5
hexane/AcOEt) to give 281.7 mg of quinolibe(95%).

3.16: Characterization of quinolines.

2-Butyl-4-methylquinoline (17).
CHs

X
=
N

IR (film): v = 2955 (m), 2929 (s), 2869 (m), 1604, (p61 (w), 1465 (m), 1379 (w), 1259
(w), 1123 (w), 861 (W), 758 (m) cf

'H NMR (300 MHz, CDC}): 6 (ppm) = 8.05 (dddj = 8.5, 1.3, 0.7, 1 H), 7.94-7.89 (m, 1 H),
7.65 (dddJ=8.5, 7.0, 1.5, 1 H), 7.47 (dddi= 8.3, 7.0, 1.3, 1 H), 7.12 (4= 1.0, 1 H), 2.96-
2.88 (m, 2 H), 2.65 (d] = 1.0, 3 H), 1.84-1.72 (m, 2 H), 1.51-1.37 (m, 2 6196 (tJ=7.3, 3
H).

3C NMR (75 MHz, CDCh):  (ppm) = 162.8, 147.7, 144.2, 129.3, 129.0, 12625.4,
123.6, 122.1, 39.0, 32.2, 22.8, 18.7, 14.0.

GC-MS: m/z= 199 (1) [M], 184 (13), 171 (6), 170 (29), 158 (23), 157 (10156 (9), 116
(7), 115 (12).

Anal. calcd for C14H17N (199.29): C, 84.37; H, 8.60 7.03; found C, 84.41; H, 8.59; N,
7.00.

Bu Yellow oil.

76



Chapter 3: Quinolines
2-(1-Methylenehept-2-ynyl)aniline (18)

X

NHp Pale yellow oil.
IR (film): 3462 (m, br), 3375 (m, br), 2957 (m), 29@1), 2871 (w), 2220 (w), 1618 (s), 1494
(m), 1455 (m), 1308 (m), 904 (m), 748 (s)'tm
'H NMR (300 MHz, CDCY): é (ppm) 7.17 (ddJ = 7.8, 1.6 Hz, 1H), 7.12—7.05 (m, 1H), 6.72
(td,J= 7.5, 1.2 Hz, 1H), 6.65 (dd,= 7.7, 1.2 Hz, 1H), 5.67 (d,= 2.0 Hz, 1H), 5.56 (d] =
2.0 Hz, 1H), 4.15 (s, br, 1H), 2.34 §t= 7.1 Hz, 2H), 1.60-1.34 (m, 4H), 0.91Jt= 7.3 Hz,
3H).
13C NMR (75 MHz, CDC}): 6 (ppm) 143.7, 129.7, 129.4, 128.9, 125.2, 124.8,3,1116.0,
92.1,79.9, 30.7, 22.1, 19.1, 13.6.
MS (70 eV, El):m/z(%): 199 (64) [M], 184 (9), 170 (35), 157 (100), 156 (85), 155 (AH4
(40), 144 (16), 130 (38), 129 (43), 128 (44), 120)( 115 (20), 89 (13), 77 (28).
Anal. Calcd for C14H17N (199.29): C, 84.37; H, §.80) 7.03. Found: C, 84.45; H, 8.56; N,
7.01.

2-tert-Butyl-4-methylquinoline (19)

| X
/ -
N” “t-Bu Yellow oil.

IR (film): v = 2956 (s), 2917 (m), 2863 (m), 1602 (p57 (m), 1506 (m), 1448 (m), 1363
(w), 1153 (m), 1107 (m), 932 (w), 863 (w), 757 ¢a)™.

'H NMR (300 MHz, CDC)): § (ppm) 8.06 (dddJ = 8.4, 1.3, 0.7, 1 H), 7.93-7.86 (m, 1 H),
7.63 (dddJ=8.4,6.9, 1.5, 1 H), 7.46 (dddi= 8.2, 6.9, 1.3, 1 H), 7.33 (4= 0.8, 1 H), 2.66
(d,J=0.8, 3 H), 1.45 (s, 9 H).

13C NMR (75 MHz, CDCH): 6 (ppm) 168.9, 147.3, 143.6, 129.9, 128.7, 126.5,3,2123.3,
118.8, 37.9, 30.1, 18.9.

GC-MS: m/z= 199 (36) [M], 198 (30), 184 (100), 185 (15), 168 (9), 157 (443 (19), 115
(13).

Anal. calcd for C14H17N (199.29): C, 84.37; H, 8.60 7.03; found C, 84.33; H, 8.62; N,
7.05.
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2-Butyl-4-phenylquinoline (20).
Ph

m
L.
N

IR (film): v = 2956 (s), 2929 (m), 2871 (w), 1593,(8557 (m), 1490 (m), 1444 (m), 1408
(m), 1179 (m), 1029 (m), 881 (m), 766 (s), 702cfs)".

'H NMR (300 MHz, CDCY): 6 (ppm) 8.12 (ddd) = 8.4, 1.2, 0.6, 1 H), 7.86 (ddd= 8.4,
1.4, 0.6, 1 H), 7.66 (ddd,= 8.4, 6.9, 1.4, 1 H), 7.51-7.44 (m, 5 H), 7.40dd#i= 8.4, 6.9,
1.2, 1 H), 7.23 (s, 1 H), 3.04-2.96 (m, 2 H), 1897 (m, 2 H), 1.53-1.39 (m, 2 H), 0.96.t,
=7.3,3H).

13C NMR (75 MHz, CDC}): ¢ (ppm) = 162.6, 148.5, 148.4, 138.3, 129.5, 12928.5,
128.3, 125.7, 125.6, 125.3, 121.6, 39.1, 32.2,,2A4D.

GC-MS: m/z= 261 (< 0.5) [M], 232 (15), 220 (19), 219 (100), 218 (9), 217 (7).

Anal. calcd for C19H19N (261.36): C, 87.31; H, 7.88 5.36; found C, 87.39; H, 7.31; N,
5.30.

Bu Yellow oil.

2,4-Diphenylquinoline (21).
Ph

N “Ph Yellow solid.
Mp 107-108 °C, lif?*? 105-106 °C.
IR (KBr): v = 3054 (m), 1590 (s), 1546 (m), 1489 (}#45 (m), 1407 (m), 1358 (m), 1231
(m), 1074 (m), 1031 (m), 890 (m), 770 (s), 702cts)".
'H NMR (300 MHz, CDC}): é (ppm) 8.24 (ddd) = 8.5, 1.1, 0.6, 1 H), 8.20-8.14 (m, 2H),
7.89-7.84 (m, 1 H), 7.78 (s, 1 H), 7.68 (dde; 8.5, 6.9, 1.5, 1 H), 7.54-7.38 (m, 9 H).
13C NMR (75 MHz, CDC}): 6 (ppm) 156.8, 149.2, 148.8, 139.6, 138.4, 130.19.342
129.49, 129.3, 128.8, 128.6, 128.4, 127.6, 12&@3,8] 125.6, 119.3.
GC-MS: m/z= 281 (76) [M], 280 (100), 278 (7), 202 (16), 176 (6), 139 (10).
Anal. calcd for C21H15N (281.35): C, 89.65; H, 5.8 4.98; found C, 89.71; H, 5.35; N,
4.94.
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2-Butyl-6-chloro-4-methylquinoline (22)

CHg
C'Kf\l
»
N

IR (film): v = 2960 (m), 2928 (w), 2535 (w), 1604 (n437 (w), 1384 (s), 1262 (m), 1088
(s), 1024 (s), 877 (w), 802 (s) (m) ém

'H NMR (300 MHz, CDCY): ¢ (ppm) 8.13 (dJ = 9.0, 1 H), 7.95 (dJ = 2.2, 1 H), 7.67 (dd]

= 9.0, 2.2, 1 H), 7.28 (g1 = 0.9, 1 H), 3.06-2.98 (m, 2 H), 2.70 @= 0.9, 3 H), 1.87-1.73
(m, 2 H), 1.44 (sextupled,= 7.4, 2 H), 0.96 (t) = 7.4, 3 H).

13C NMR (75 MHz, CDCH): 6 (ppm) 162.6, 146.5, 143.7, 132.5, 131.1, 129.7,7,2123.0,
122.9, 37.6, 31.8, 22.6, 18.8, 13.8.

GC-MS: m/z= 235 (<0.5) [M + 2], 233 (2) [M], 232 (3), 218 (15), 206 (11), 204 (32), 193
(59), 192 (26), 191 (100), 156 (9), 155 (9), 154)(1141 (12), 140 (14), 128 (8), 127 (8), 115
(8), 75 (5).

Anal. calcd for C14H16CIN (233.74): C, 71.94; H, 6.90; CI, 5. N, 5.99; found C, 71.85;
H, 6.92; CI, 15.18; N, 6.05.

Bu Yellow oil.

4-Methylquinoline (23).
CHs

N
Z
N

IR (film): v = 1596 (m), 1580 (m), 1524 (s), 1452, ($310 (m), 1251 (m), 841 (m), 757 (S)
cmt.
'H NMR (300 MHz, CDC})): 6 (ppm) 8.74 (d,J = 4.3, 1 H), 8.14-8.06 (m, 1 H), 7.92 (dtk
8.3, 1.4, 1 H), 7.66 (ddd,= 8.4, 6.9, 1.4, 1 H), 7.50 (ddd= 8.3, 6.9, 1.0, 1 H), 7.14 (d=
4.3, 1 H), 2.62 (s, 3 H).

13C NMR (75 MHz, CDCH): 6 (ppm) 150.0, 147.8, 144.3, 129.9, 129.1, 128.8,2,2123.8,
121.8, 18.6.

GC-MS: m/z= 143 (100) [M], 142 (33), 117 (9), 116 (15), 115 (39), 89 (10).

Anal. calcd. for C10H9N (143.19): C, 83.88; H, 6.84 9.78; found C, 83.75; H, 6.36; N,
9.89.

Yellow oil.
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2-(1-Methylene-3-trimethylsilanylprop-2-ynyl)aniline (24)

©\)\
NH TMS

2 Pale yellow oil.
IR (film): v = 3466 (m, br), 3378 (m, br), 2960 (2144 (m), 1620 (s), 1495 (m), 1455 (m),
1250 (s), 957 (m), 842 (vs), 759 (m)tm
'H NMR (300MHz, CDC4): 6 (ppm) 7.16 (distorted ddd}, = 7.5, 1.6, 0.3 Hz, 1H), 7.09
(distorted dddJ = 8.0, 7.5, 1.6 Hz, 1H), 6.72 (td= 7.5, 1.1 Hz, 1H), 6.64 (distorted ddds
8.0, 1.1, 0.3 Hz, 1H), 5.79 (d,= 1.8 Hz, 1H), 5.67 (d] = 1.8 Hz, 1H), 4.17 (s, br, 2H), 0.20
(s, 9H).
13C NMR (75MHz, CDC): 6 (ppm) 144.2, 129.8, 129.7, 129.5, 126.8, 124.8,71,1116.4,
104.3, 96.3, 0.2.
MS (70 eV, EI): m/z (%): 215 (100) [N, 200 (97), 198 (33), 184 (44), 174 (16), 170 (15)
160 (56), 100 (14).
Anal. Calcd. for C13H17NSi (215.37): C, 72.50; KRG, N, 6.50. Found: C, 72.64; H, 7.99;
N, 4.47.

2-Butyl-8-methoxy-4-methylquinoline (25)
CHg

X

=
N Bu

OCHs Yellow oll.
IR (film): 2954 (s), 2927 (s), 2858 (m), 1606 (m), 25@n), 1508 (m), 1465 (s), 1442 (w),
1407 (w), 1260 (s), 1150 (m), 1046 (m), 747 (m)'cm
'H NMR (500 MHz, CDCJ): 6 (ppm) 7.48 (ddJ = 8.4, 1.1, 1 H), 7.37 (dd,= 8.4, 7.7, 1 H),
7.16 (s, 1 H), 7.00 (dd,= 7.7, 1.1, 1 H), 4.04 (s, 3 H), 3.01-2.97 (m, 2 M1 (s, 3H), 1.83-
1.75 (m, 2 H), 1.45 (sextuplet= 7.5, 2 H), 0.96 (tJ= 7.5, 3 H).
13C NMR (126 MHz, CDCY): 6 (ppm) 161.7, 155.4, 144.0, 139.6, 127.9, 125.3,5,2115.5,
107.4,56.0, 39.2, 32.3, 22.9, 19.2, 14.0.
GC-MS: m/z= 229 (12) [M], 228 (29), 200 (29), 188 (18), 187 (100), 185)(1F2 (39),
170 (24), 169 (23), 157 (11), 115 (11).
Anal. calcd for C15H19NO (229.32): C, 78.56; H,8.8l, 6.11; found C, 78.66; H, 8.33; N,
6.09.
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2-Methoxy-6-(1-methylenehept-2-ynyl)aniline (26)

A
Bu

NH,
OMe Pale yellow oil

IR (film): 3471 (m, br), 3378 (m, br), 2957 (s), 2933, 2864 (w), 2231 (w), 1614 (m), 1562

(m), 1475 (s), 1287 (m), 1211 (m), 1048 (mytm

'H NMR (300 MHz, CDC}): ¢ (ppm) 6.84 (distorted dd,= 7.3, 1.6 Hz, 1H), 6.78-6.65 (m,

1H), 5.68 (distorted d] = 2.0 Hz, 1H), 5.59 (distorted d,= 2.0 Hz, 1H), 4.36 (s, br, 2H),

3.85 (s, 3H), 2.35 (1 = 7.1 Hz, 3H), 1.60-1.35 (m, 4H), 0.91Jt 7.3 Hz, 3H).

13C NMR (75MHz, CDC}): ¢ (ppm) 147.1, 133.9, 129.5, 124.9, 124.2, 121.%,2,1109.6,

92.0, 79.9,55.7, 30.7, 22.1, 19.1, 13.6.

MS (70 eV, El):m/z (%): 229 (100) [M], 214 (14), 200 (19), 187 (51), 186 (40), 172 (54)

171 (27), 170 (27), 154 (25), 144 (17), 127 (135 22).

Anal. Calcd for C15H19NO (229.32): C, 78.56; H,8.8, 6.11. Found: C, 78.65; H, 8.33;

N, 6.10.
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Chapter 4: 1,3-dihydroisobenzofurans and isochrogsen

4.1: Introduction.

We have been interested in the synthesis of isoohme and 1,3-dihydroisobenzofurans
starting from 2-alkynylbenzyl alcohols. The intrdewular nucleophilic attack of the —OH
group to the triple bond can giveexedig and 6endadig cyclization route. The preference
towards the %exodig cyclization mode (leading to 1,3-dihydroisobefurans) or the @&ndo

dig cyclization mode (leading to isochromenes) édrout to be dependent on the substitution

pattern of the substrate as well as reaction ciomdit

R? 2 3 2 3
RS R° R R° R
o 5-exo-dig OH 6-endo-dig (:ijo\
|
R
\ 1 % 1
R R
B® AP

In the search for efficient methods for the selecpreparation of five- or six-membered ring
we have tested a metal-catalyzed or base mediat®isymerization reaction under

microwave irradiation in alternatives solvents.

4.2: Bibliographic section.

Various methods are known for the preparation ofochsomenes and 1,3-
dihydroisobenzofurans in basic conditions or inspree of different metal, such as Au, Ir,

Pd, and Ln using 2-alkynylbenzyl alcohols as a sates.

Weingarten and Padwa in 1995 reported the app&-@mdo-dig cyclization revealing an
unusual acid-catalyzed rearrangement of the ihitibrmed 1,3-dihydroisobenzofurans
derivative. Under basic conditions, the hydroxyhdtionality of 2-alkynylbenzyl alcohol

underwent smooth cyclization with the unactivatedt@enic group. The mode of cyclization
seemed to be greatly influenced by the nature efstibstituent in the ortho-position of the
aromatic ring. It appeared that the 6-endo cydbratof these benzylic alcohols was
dependent on the presence of an electron-withdgavgroup in the ortho-positidf?

Treatment of 2-(phenylethynylphenyl)methanol witaHNin THF followed by an aqueous
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acid workup produced only theexadig product in quantitative yield (Method A, Schem
4.1).

The same group reported that alkynyl-substitutedhsls with NaH-THF (aprotic) instead of
KOH-MeOH (protic) did not change the product distition (Method B, Scheme 4.9).

OH Base

% \
Ph
Ph

Method A: NaH/THF, acid work up, 99%

Method B: KOH/MeOH/H,0, reflux, 6h, 95%

Scheme 4.1: Intramolecular addition of 2-alkynytbdralcoholunder basic conditions.

Wu and co-workers have reported the cyclization 2{substituted ethynyl)benzyl
alcohols®® These compounds were prepared by Sonogashiralipatiacatalyzed coupling
reaction of 2-iodobenzyl alcohol with alkynes. Tieawith sodium methoxide in refluxing

methanol gave the 5-exo products in all cases (8elk2).

©\AOH fpo=—g MOl OH Na MeoH o
I

n-BuNH, R reflux, 16h \
Et,O R R
R = phenyl 80%-82% 63%-80%
pyridinyl
pyrazinyl

Scheme 4.2Mlethanolysis of 2-(substituted ethynyl)benzyl abt®h

Wu and co-workers have also reported the pallad@)rcatalyzed cascade addition/oxidation
reaction of 2-alkynylbenzaldehydes with aryl iodiden MeOH, affording in a one-step
synthesis of stereoisomerical methyl 2-(2,2-distiistd-vinyl)benzoates together with the
monosubstituted methylene-3-methoxy-3-hydroisobmao (Scheme 4.3). The 2-
alkynylbenzaldehyde was obtained by oxidation ds@sstituted ethynyl)benzyl alcohols
with pyridinium chlorochromate (PC&f!
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OH Pd(PPh3)4/Cul
(:C + p—==pp OEPha/CUl
I n- BUNH2 CH2C|2
Et,0

Ph 25T

(@]
Pd(PPh
Ho A ( 3)a
K>,CO3/MeOH
% Ph o

50% 16%

Scheme 4.3: Reactions of 2-alkynylbenzaldehydasawit iodides in methanol.

Sakamoto and co-workers have reported the cyadzateactions promoted by tetna-
butylammonium fluoride (TBAF¥°® The tetrabutylammonium cation and fluoride anica a
essential for the efficient cyclization reactionh& the benzyl alcohol which have either a
hydrogen or aromatic ring on the triple bond wesated with TBAF, the products always
aimed a five-membered ring é&xcdig cyclization, Scheme 4.4). For a smaller aljsdup a
mixture of six-membered ring (@rdoedig) and five-membered rings €xodig) was

produced. The compound having bulky alkyl groupyogdive six-membered ring @ado

dig).
Ph
// TBAF
OH THF reflux, 2h

80%

Scheme 4.4: Cyclization reactions of 2-alkynylbkalophols promoted by TBAF.

Mata and co-workel®” have tested the consecutive Sonogashira/cyclicoajikbxylation
reactions betweern-hydroxyaryl halides and phenylacetylene to digectfford 1,3-
dihydroisobenzofurans by a set of three differertONPd-pyridine complexes where NHC
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was 1,2,4-trimethyltriazolyldiylidene, 1,3-dimethyidazolylidene and 1,4-
dimethyltriazolylidene (Scheme 4.5).

Catalyst N/
OH Cs,CO3 NN .
* H—=—=—pn o 2, /(@)\Pd:
I DMSO \ PBd; ’l\‘ Py
80, 1h y ¢l cl
Ph
catalyst

99%

Scheme 4.5: Synthesis of 1,3-dihydroisobenzofuramMNHC-Pd-pyridine complexes.

Hashmi and co-workers have reported then@edig cyclization to give isochromene
derivatives starting from 2-alkynylbenzyl alcohaising gold-catalyzed ring closufé® In
this work when AuG was used as catalyst, significant decompositiothefsubstrate was
observed together with its low conversion. In casity the Au (I) catalyst led to good
conversion and good yields when the substituenthentriple bond was sterically shielding
(Scheme 4.6). Also an unprecedented dimerizatiaakynylbenzyl alcohols was obtained
with both the gold (I) and the gold (lll) catalyst.

Ph
7.5 mol % AuCls ©§(
0

Conv = 40%
Yield = 36%

Ph
5 mol% [(MeSsPAU),ClIBF, ©§(
0

Yield = 75%

Ph

=
OH
Ph
Z
OH

Scheme 4.6: Gold-catalyzed conversion of 2-alkymapl alcohol to 1H-isochromenes.

In 2011 Gong and co-workers have reported the astnorHenry reaction followed by gold-
catalyzed cycloisomerization sequences (Schemeé?®7They have presented the copper
(IN-catalyzed asymmetric Henry reaction of o-alijpenzaldehydes with subsequent gold

(I)-catalyzed cycloisomerization to synthesize cgity active H-isochromenes and 1,3-
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dihydroisobenzofurans in good overall yields withod to excellent enantioselectivities (up
to 98%). A correlation between the regioselectiaityl electronic nature of the substrates was
studied and they suppose, in accord to the litezahat the substrates with electrodonating
groups at the alkynyl moiety preferred &i6dadig cyclization to generateHtisochromenes

as main products (up to >30:1) while the ones valéctron-withdrawing groups were
inclined to undergo ®xodig cyclization to form 1,3-dihydroisobenzofurgug to 1:5).

o)
X 5 mol% of NO2 2 mol % of
H _L1Cu(OAS), Ph3PAu(OTf)
R Et,0 or THF TfOH, CH,Cl,
R
Qﬁ

Scheme 4.7: Asymmetric Henry reaction/gold-catalyzeloisomerization sequences.

Crabtree and co-worker have reported a novel dasydrido iridium-(l1l) catalysts for the
intramolecular hydroalkoxylation and hydroaminat@frortho-substituted aryl alkynes, using
a variety of tethered nucleophil¥! When regioselectivity is an issue, highly selezté

endadig cyclization is observed (Scheme 4.8).

Mechanistic experiments indicate that the readilaly proceeds via electrophilic activation
of the alkyne toward nucleophilic attack, followey direct protonolysis of the resulting Ir-C
bond.
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Ph
Cat N
OH (@]
CHCl3, 85T, 2h

cat

PPh
/o\l|/03_%

I

I H

PPhs

Scheme 4.8: Intramolecular alkyne hydroalkoxylatatalyzed by iridium hydrides.

Marks and co-workers have reported that lanthaardenic complexes of the general type
Ln[N(SiMe3);]s (Ln) La, Sm, Y, Lu) serve as effective precatayfst the rapid, exoselective,
and highly regioselective intramolecular hydroaldaxion/cyclization of primary and

secondary alkynyl alcohols to yield the correspogdixocyclic enol ethef&:!

Conversions are highly selective with products ingsly different from those generally

produced by conventional transition metal catalyStheme 4.9).

= |
Ln[N(SIME3)2]3 o
OH

95%

Scheme 4.9: Intramolecular cyclization of alkynglohols using lanthanide catalysts.

Gabriele and co-workers have reported the synthesfs (2)-1-alkylidene-1,3-
dihydroisobenzofurans andHlisochromenes by palladium-catalyzed cycloisoméonaof
readily available 2-alkynylbenzyl alcohols undeutnal conditions (Scheme 4.10). Reactions
were carried out at 80-100°C in the presence odlyat amounts (1-2%) of P4dlin

conjunction with 2 equiv. of Kl for 1.5-24 h.
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Table 4.1: Synthesis of (Z)-1-alkylidene-1,3-dioygbbenzofurans and 1H-isochromenes by
palladium-catalyzed cycloisomerization.

RZ RS RZ RS R? R3
OH PdIL/KI (:ijo\ . o
—_—
Za |
A . R \
R Rl
A8 B®

Entry R R? R’ Cat. Solv °C  Time A° B®

® ) (%)
1 Bu H H Pdi/KI Dioxane 80 3 63 0
2 Bu Et Et Pd/KI Dioxane 80 8 73 15
3 Bu Et Et Pd/KI MeOH 80 2 77 0
4 Bu H Bu PdI/KI Dioxane 80 2 74 0
5 Ph H H PdVKI Dioxane 90 2 40 15
6 Ph H H Pd/KI DMA 80 10 9 49

7 Ph H Bu Pd¥/KI Dioxane 100 15 40 27

8 Ph H Bu PdiKI DMA 80 6 4 70
9 Ph Et Et PdIKI MeOH 80 2 0 89
10 H H H Pdi/KI CHsCN 80 2 0 0

a) isolated yield.
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R2

R3 R2 R3 R2 R3
o 5-exo-dig OH 6-endo-dig o)
e S —_—
\ X = R
1 NN
R R
B® A®

Scheme 4.10: Palladium-catalyzed cycloisomerizatia?ralkynylbenzyl alcohols.

The preference towards the e%edig cyclization mode (leading to 1,3-
dihydroisobenzofurans) or thee®dadig cyclization mode (leading to isochromeneshéar
out to be dependent on the substitution pattethesubstrate as well as reaction conditions.
In several cases, by properly adjusting the reaatmnditions, the same substrate could be
selectively converted into either the dihydroisatidaoran or the H-isochromene
derivative®®? The results of this study were reported in Tablé. 4'he Pd-catalyzed
methodology reported can be successfully appliedutostrates bearing in the triple bond

alkyl or aryl group.

4.3: Results and discussion.

In order to increase yields and selectivity we twwur interest to the synthesis of 1,3-
dihydroisobenzofurans and isochromenes under mayevirradiation using 2-alkynylbenzyl

alcohols as substrates.

The first 2-alkynylbenzyl alcohol tested was 2-(pylethynylphenyl)methand obtained by

Sonogashira coupling between 2-iodobenzyl alcdranid phenylacetylene (Scheme 4.11).

OH Pd(PPhg),/Cul
+ H——ph
| EtN, rt, 1h

1 2

OH
A
Ph

Scheme 4.11: Synthesis of 2-(phenylethynylpheetyiamol?2.
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Recently, liquid polymers or low melting polymersavie emerged as alternative green
reaction media with unique properties. PEGs haeental stability, are non-volatile, and

completly non-halogenated, commercially availabkesily degradable and with low toxicity.

Poly (ethylene glycol)s are amphipathic polymersaitile in common organic solvents and
in water, immiscible with a number of organic salise such as di-ethyl ether and
cyclohexane and able to dissolve common organidsahd metals.

PEGs with low molecular weight (less than 800 Daltare liquid at room temperature and
PEGs with high molecular weight (more than 800 @3ltare solids, which melt at moderate
temperature and can be used as solvent. Underwageoirradiation PEG is rapidly heated to

high temperature, enhancing molecular interaction.

Several works developed in our laboratory have sholae use of PEGs as solvent in

particular in cross-coupling reactions.

Lamaty and co-workers have reported a mild, simgole efficient microwave-enhanced
copper-catalyzed protocol for N-arylation using yethylene glycol) (PE&o) as a
solvent??®! Indole and benzimidazole have been N-arylatetiénpresence of cuprous oxide,
cesium carbonate, and Pk, under microwave activation, without the additionm
supplementary ligands (Scheme 4.12). Simple traatimeprecipitation in BEO and filtration
provided the expected product after evaporation r@edvery of the catalytic system as a
precipitate. The recovery and one successful restigee catalytic system is also described.

N
\> X
CUZO/ C52003
N
H o+ | A PEG3400 ©f\>
/F \
R 7.
\
—

MW, 150%C, 1h
R

S
IZ_

R=H, CN, NO,, OCHg, CHz
Scheme 4.12: N-arylation of indole and benzimitazoPEG under MW irradiation.

A catalytic system composed of copper salt, patassicarbonate, and appropriate

poly(ethylene glycol) (PEG) liquid or solid with mecular weight around 300-3400, was
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developed to perform a Sonogashira arylation underowave activatioff** In the presence

of copper (I) iodide, various substituted dipheoglglenes could be synthesized (Scheme

4.13).
10 mol% Cul —/\ R
-
H; @ e A

13-92%
R= H, CN, NOZ, OCH3, CH3

Scheme 4.13: Synthesis of diphenylacetylenes@urieer MW activation.

The Heck reaction of alkylated 2-(trimethylsilyhanesulfonyl (SES)-protected-
aminoesters provides benzazepines in good yieldse(Be 4.14). Good selectivity towards
cyclization was obtained when the reaction wasqgoeréd in PEGug as the solvent under

microwave activation. Cleavage of the SES grouph WiE provides the corresponding free
benzazepin&’®

R? R2
Pd(OAc)2
SES—N  Br PEE?SO%MW SES—N @FHZE?\I y
R>_<02Me R'  co,Me R'  co,Me
37-98% 98-100%

Scheme 4.14: Synthesis of benzazepines in PE® M\derradiation.

Heck arylation under microwave activation was depetl using a catalytic system

constituted by copper salt, potassium carbonateP&@400>"> Copper iodide gave the best

results in a short reaction time only 30 min andows substitutedert-butyl cinnamates
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could be synthesized (Scheme 4.15). Better resdts usually obtained after recycling the
catalyst/solvent system.

10 mol % Cul

ArX + /\Cozt-Bu Ar\/\Cozt-Bu

K,CO3, PEG

MW 2-100%

Scheme 4.15: Heck reaction in PEG under MW irradrat

4.4: Pd-catalyzed cycloisomerization of 2-(phenyleynylphenyl)methanol 2
in PEGs.

To study the reactivity of palladium as catalyst tteaction was investigated using both
classical solvent or non conventional media: ioligeids, liquid and solid poly(ethylene
glycol) PEGs.

The exploratory tests were carried out using diexand [Bmim][BR] as solvent, under

microwave irradiation. In each case the cyclizatied not take place at all.

Initial experiments were carried out using Pdi conjunction with Kl as catalyst under

microwave irradiation.

When liquid PEG in particular PEg was tested, after 3 h of reaction it was possible

detect the formation of two isome3sand4. The product was recovered after extraction with
diethyl ether. The ratio of the two isomers wasat@led on the molar ratio of catalyst. In fact
with 1 mol % of Pdl equimolar quantity 0B and4 was observed (Table 4.2, entry 1), with 5

mol % the prevalent formation dfwas detected (Table 4.2, entry 2).
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Table 4.2:Palladium-catalyzed cycloisomerization of 2-(phettyynylphenyl)methana@l

A

OH

[Pd] catalyst

_—

Ph

MW, 400 W

©i;o\
/ "
Ph

Ph

Entry Catalyst Additive Solvent °C Time Conv. Product Product
(eq.) (eq.) (hy 22 3 42

1 Pdb Kl PEGyw 150 3 100 12 16
0.01 0.02

2 Pdb Kl PEGyw 150 3 100 18 40
0.05 0.1

3 Pdb KI PEGaoo 150 3 100 0 0
0.01 0.02

4 Pdb Kl PEGapo 150 2 100 5 7
0.05 0.1

5 Pd(OAc) - PEGaw 150 2 0 0 0
0.05

6 Pd(OAc) Kl PEGao 150 3 80 4 6
0.05 0.1

a) Calculated byH NMR using CHBr as an internal standard. All the reactions wergeazh

out using 300 mg of PE{mo 0.25 mL of PEGy, microwave-assisted reactions were

performer with a Biotage Initiatdf 2.0, microwave vial 0.5-2 mL, initial power 400W.
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The demonstrated ability of PEfgp in cross-coupling reaction drove us to use it
preferentially in this set of experiments. The teacmixture composed by substrate, JA€l
and PEGyoowas heated up under microwave irradiation. Whesngerature above 45°C was
reached, PEG melts and becomes the solvent ofioeadthe mixture was cooled down,
dissolved in a small quantity of dichloromethanel grecipitate in diethyl ether. After
filtration, two fractions were obtained: the prae@ape and the liquor (Figure 4.1). The
precipitate constituted by PEG and catalysts aeditfuor, the organic phase would contain

the expected product.

Filtration

Precipitation
> .

|

Figure 4.1: Microwave irradiation followed by pripaation-filtration of catalytic system
meta'-PEQ4oo

However, in these conditions, the reaction didtaké place at all or only traces of produgts
and 4 were observed (Table 4.2, entries 3-6), suggeshiagthe catalytic system made of

PdL/KI/PEGs400is not suitable for this transformation.
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4.5: Cu-catalyzed cycloisomerization of 2-(phenylaynylphenyl)methanol 2
in PEGs.

A second approach explored the copper-catalyzedbispmerization of 2-alkynylbenzyl
alcohol2. Copper is an attractive transition metal to useeaction process due to its low cost

and relatively low toxicity.
Table 4.3: Copper-catalyzed cycloisomerization-gb2enylethynylphenyl)metharil
OH [Cu] catalyst m + [e)
AN MW, 400 W Zpn \

Ph Ph
2 3 4

Entry Catalyst Additive Solvent °C Time Conv. Product Product

2a 3a 4a
1 CuCb PEGsoe 150 4h 30 12 2
2H,0
2 CuC} 1,10- PEGsp 130 4h 0 0 0
2H,0 phenantroline
3 CuChb  N,N-dimethyl- PEGgso 130 4h 0 0 0
2H,O  ethylendiamine
4 Cul PEGs0o 220 30 10 0 5
min
5 Cul KoCOs PEGas 220 30 100 0 38
min

a) Calculated byH NMR using CHBr as an internal standard. All the reactions wergeazh
out using 300 mg of PE{m, microwave-assisted reactions were performer aviiotage
Initiator™ 2.0, microwave vial 0.5-2 mL, initial power 400W.
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Very disappointing results were obtained. With Gu€H,O only traces of product3 and4
were detected after 4 h of reaction (Table 4.3yehjr When copper ligands such as 1,10-
phenantroline oMN,N-dimethyl-ethylendiamine were added, the reacti@s wot improved
(Table 4.3, entries 2-3).

When the reaction was catalyzed by Cul isoheras the major product formed (Table 4.3,

entries 4-5) but the results were still poor.

4.6: Au-catalyzed cycloisomerization of 2-(phenyléynylphenyl)methanol 2
in PEGs.

In an alternative, the gold-catalyzed cycloisormadian was explored. As previously detailed
in chapter 2 gold catalysis has emerged in the dasade as catalysts for reactions that
proceed through-activation of carbon—carbon multiple bonds. Fas tkason we have tested
the reaction by using gold (I) and gold (Ill) casé in alternative solvent such as PEG.

When the reaction was carried out in the presenb® ig oxidation state +1 as catalyst the
conversion of the substrazwas not complete and only traces of product wertedaed
(Table 4.4, entry 1). A complete conversion of $tdte 1 was possible if additives such as
silver species were used (Table 4.4, entries ZFBg¢se additives create a cationic species
more electrophilic that allowed a more efficientiaation of substrate. Two additives were
tested: silver hexafluoroantimoniate or silverlatié. Better results in comparison with the
other catalytic systems tested were observed.dh ease produ@® and4 were obtained but

the regioselectivity betweenéxodig and 6endadig mode was very poor.
The reactions catalyzed by gold in oxidation sté&@@ave some interesting information.

When reaction was carried out using Ag@k catalyst in CKCN, partial conversion of
substrate and the formation of 1,3-dihydroisobemzofs3 in low yield was detected (Table
4.4 entry 4). The change of solvent, R&fdnduces the formation of mixture & and4
(Table 4.4, entry 5). In order to optimize the teac conditions, the additives silver
hexafluoroantimoniate and silver triflate was addidb when Au (l11l) was the catalyst. When
liquid PEG was used such as REfGMe, a mixture o8 and4 was reported (Table 4.4, entry

8). When solid PEG was used, P& and PEGydOMe), in every case the éadoedig
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nucleophilic attack was favoured but the yield odquct3 was poor (Table 4.4, entries 6-7,

9-11).

Table 4.4: Gold-catalyzed cycloisomerization ¢pBenylethynylphenyl)metharil

OH [Au] catalyst 0 e}
Zph
A MW, 400 W P \
Ph Ph
2 3
Entry Catalyst  Additive Solvent Time Conv Product Product
(eq.) (eq.) (h) 2 3 4
1 AuCI(PPh) PEGao0o0 1 20 Trace Trace
0.02
2 AuCI(PPR)  AgOTf PEG4o00 1 100 37 55
0.02
0.02
3 AuCI(PPh)  AgSbk PEGa00 1 100 23 26
4°  AuCl;0.075 CHsCN 24 60 26 0
5 AuClg PEGo 2 50 24 19
0.075
6 AuClg AgOTf PEGs400 1 100 30 0
0.075 0.225
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7 AuCls AgSbFg PEGao0 1 100 39 0
0.075 0.225

8 AuCls AgSbF; PEGsOMe 0.5 100 11 14
0.075 0.225

9 AuCl AgSbRs  PEGgodOMe), 1 100 21 0
0.075 0.225

10 AuCk AgSbR,  PEGodOMe), 245 100 41 0
0.05 0.15

11 AuCk AgSbR,  PEGodOMe) 4.15 100 46 0
0.02 0.06

a) Calculated byH NMR using CHBIr; as an internal standard. b) Reaction was cartiéd o
at room temperature. All the reactions were caroiidusing 300 mg of PELgor
PEGoodOMe), 0.25 mL of PEGyg, at 50°C under microwave-assisted irradiationgreréd
with a Biotage Initiatof 2.0, microwave vial 0.5-2 mL, initial power 400W.

4.7: Pt-catalyzed cycloisomerization of 2-(phenylaynylphenyl)methanol 2
in PEGs.

In order to verify the possibility to shift the setivity of cycloisomerization process we
turned to investigate an other metal transitiore €hoice of platinum (Il) catalyst seemed to
us coherent being the platinum salts known for gleetrophilic activation of alkenes and
alkynesi®® ' We performed an evaluation of the activity of jslam di-chloride as catalyst

in PEG under microwave activation.
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Table 4.5 Platinum-catalyzed cycloisomerizatio2-gphenylethynylphenyl)metharil

=
A MW, 400 W Ph \
Ph Ph
2
Entry Catalyst Solvent °C Time Conv. Product Product
(eq.) 28 3 42
1 PtCh PEGso 150 30min 100 38 0
0.05
2 PtCh PEGso 150 1h 100 45 0
0.05
3 PtCh PEGo 100 1h 100 39 37
0.05
4 PtCh PEGo 50 1h 100 42 36
0.05
5 PtCh PEGs:0OMe 150 5min 100 36 19
0.05
6 PtCh PEG400 150 2h 100 48 0
0.05
7 PtCh PEGs400 150 30min 100 51 13
0.05
8 PtCh PEGuaoo 150 30min 100 68 15
0.02
9 PtCh PEGuaoo 120 30min 100 37 15
0.02

100



Chapter 4: 1,3-dihydroisobenzofurans and isochrogsen

10 PtCh PEGu00 150 30min 100 51 23
0.01

11 PtC} PEGuo0 150 15min 90 40 18
0.01

12 PtCh PEGaaoo 150 15min 100 52 22
0.02

13 PtCh  PEGodOMe) 150 1h 100 57 0
0.02

14 PtC}  PEGoodOMe), 80 30min 100 61 26
0.02

15 PtC}  PEGodOMe)y 150 10min 100 71 18
0.05

a) Calculated byH NMR using CHBr;, as an internal standard. All the reactions wergezh
out using 300 mg of PELmoor PEGooOMe), 0.25 mL of PEGg, microwave-assisted
reactions were performer with a Biotage Initi&tb2.0, microwave vial 0.5-2 mL, initial

power 400W.

Since the fist experiment, it was possible to affthat the cycloisomerization was influenced
by the temperature. When the reaction was carngdnoPEGgo at 150°C only formation of
1,3-dihydroisobenzofurand was observed (Table 4.5, entries 1-2). At 100°G@iC the
mixture of 3 and 4 was recovered highlighting that the temperatureaisundamental
parameter (Table 4.5, entries 3-4) to take intmantand a careful control of it, would be the

key for achieving complete selectivity.

The catalytic system constituted by Rt@hd PEG proved to be very reactive towards 2-
alkynylbenzyl alcohoR. In these cases, the yield of prod&®&nd4 was good in comparison

with the results obtain using palladium, copper gold as catalysts.
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Interestingly PEG@ooOMe), as solvent gives the best results (Table 4.5jesni4-15). The
1,3-dihydroisobenzofuraBwas recovered in 71% of NMR vyield.

The curves of temperature, under microwave heahmyvn that, when the temperature of
150°C was reached very fast (less 2.5 min.), tleedBdig cyclization is favoured (Figure
4.2, A corresponding reaction Table 4.5, entryW¥hen the temperature was reached slowly
(more 4 min.) a mixture of the two isomeB and 4 was observed (Figure 4.2, B

corresponding reaction Table 4.5, entry 8).

200 200
250 250
200 200

T T
| | | |

5':' ] SOP[ L]

0 10 20 a0 40 50 E0 0 10 20 20 40 50 £0

Figure 4.2: Profiles of temperature reachedRiyGzoo(A) and PEGago (B).
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4.8: Base-mediated cycloisomerization of 2-(phenyle/nylphenyl)methanol
2 in PEGs.

In order to switch the reactivity of the system #ods a Sexcdig nuclephilic attack, we
screened different carbonate bases using PEGse(%ah)l

Table 4.6 Base-catalyzed cycloisomerization 2-(gleghynylphenyl)methanal

OH Base o + @)
_— /
Ph

A MW, 400 W \
Ph Ph
2 3 4
Entry Base Solvent °C Time Conv. Product Product
(min) 22 3? 42
1 KoCOs PEGuaoo 220 30 100 0 56
2 KoCOs PEGuaoo 150 30 30 0 19
3 CsCOs PEGs0OMe 180 7 100 0 85
4 CsCOs PEGuaoo 150 10 100 0 90
5 CsCO; PEGodOMe), 150 10 100 12 63
6 NaHCQ PEGs®OMe 180 7 90 0 0

a) Calculated byH NMR using CHBIr;, as an internal standard. All the reactions wergezh
out using 300 mg of PEfmoor PEGoodOMe),,0.25 mL of PEGs(OMe),, 1.5 eq of base,
microwave-assisted reactions were performer wBiogage Initiatof" 2.0, microwave vial

0.5-2 mL, initial power 400W.

The cycloisomerization reaction carried out at kigtemperature (around 180°C-220°C)

gives satisfactory results using®0O; in PEGaoo (Table 4.6, entry 1). The best result was
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reported using GEO; in PEGs0OMe or PEGyq, Isochromened was obtained in 85% or
90% vyield in a short time (Table 4.6, entries 3M)xture of 3 and4 was observed using
PEGoodOMe), (Table 4.6, entry 5). With NaHGOn PEGsOMe the reaction did not work
at all (Table 4.6, entry 6).

4.9: Cycloisomerization reaction of 1-alkynylbenzylalcohols 8 and 9

bearing a secondary alcoholic group in PEGs.

We have turned our interest to others substié&sesd9 that present a butyl group in benzylic

position and butyl or phenyl group in the end & thple bond.

Substrates8 and9 were prepared in two steps, Sonogashira coupbagtion followed by

addition of a butyl substituent on the aldehydecfiom (Scheme 4.16).

Bu
Q Pd(OAC),/PPhs
cul H 1) Buli, 0T, 2h OH
H + H——FR ——M  » : |
2) H,0, HC
Br Et3N, 80<C, 5h k k
R R
S 6 R=Ph 8 R=Ph
7 R=Bu 9 R=BU

Scheme 4.16: Synthesis of 1-(2-phenylethynylpheegtan-3-oB and 3-(2-hex-1-
ynylphenyl) pentan-3-@&.
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Table 4.7: Cycloisomerization reaction of 1-(2-phethynylphenyl) pentan-3-8lin PEG

under Mw irradiation.

Bu Bu Bu
o [ca Qii . o
A MW, 400 W 7 en \
Ph Ph
8 10 11
Entry Catalyst Base Solvent °C Time Conv. Product Product
(eq.) (eq.) (min) 8 107 112
1 AuCh - PEGodOMe), 150 10 100 32 63
0.05
2 PtCh - PEGodOMe), 150 10 100 32 45
0.05
3 - CsCO;s PEG;OMe 180 7 100 0 71
15

a) Calculated byH NMR using CHBr as an internal standard. All the reactions wergeazh
out using 300 mg PEGy(Ome} 0.25 mL of PEGs@OMe, microwave-assisted reactions
were performer with a Biotage Initiafdf 2.0, microwave vial 0.5-2 mL, initial power 400W.

A mixture of two isomerd0 and11 was obtained using gold and platinum as cata(y&ble
4.7, entries 1-2). The selective formation of igoohenell was possible when no catalyst
was added, but using only a basic medium ByCQCs in liquid PGsOMe (Table 4.7, entry

3). These results are in agreement to what prelyioeported in the literaturé®®
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Different catalysts were tested for the cycloisamaion reaction of 3-(2-hex-1-ynylphenyl)
pentan-3-00. PdL/KI/PEGsz400 System proved to be suitable for the obtaintiopraiduct12

selectively but in a moderate vyield.

Table 4.8: Cycloisomerization reaction of 3-(2-Heynylphenyl) pentan-3-@8in PEG

under Mw irradiation.

Bu Bu Bu
o [cat] Qii : o
X MW, 400 W " \
Bu Bu
9 12 13
Entry Catalyst Additive Solvent °C Time Conv. Product Product
(eq.) (eq.) (h) 92 12 13
1 Pdb Kl PEGaoo 130 2 100 40 0
0.02 0.04
2 CuCp PEGuoo 180 2 80 32 0
0.05
3 AuCl PEGo 50 2 80 14 0
0.02
4 PtCh PEGuaoo 50 1 100 30 95
0.02
5 PtCh PEGw(OMe), 80 0.5 100 64 0
0.02

a) Calculated byH NMR using CHBr as an internal standard. All the reactions wergeazh
out using 300 mg of PE{moor PEGooOMe), 0.25 mL of PEGy, microwave-assisted
reactions were performer with a Biotage Initidtb2.0, microwave vial 0.5-2 mL, initial

power 400W.
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Using copper and gold as catalysts, we observegadhtel conversion of the substr&dout
the exclusively formation of correspondingi-isochromenel2 in poor yields (Table 4.8,

entries 2-3).

With PtCh, productl2 could be obtained selectively with a good yiel@l{le 4.8, entry 5)
when protected PEG was used. It is important tatpoit the effect of the temperature. At

lower reaction temperature was preferred the preasmmh formation of isomet3.

4.10: Conclusion.

In conclusion, we have demonstrate that the cymioésization of 2-alkynylbenzyl alcohols

2, 8 and9 to (£)-1-alkylidene-1,3-dihydroisobenzofurans (through-exodig mechanism)
and/or H-isochromenes (through aefidedig mechanism) can be achieved using PEG as
solvent. By experimental results we can affirm tthegt process is depending on substitution
on the triple bond, the nature of solvent, the terafure. The @ndodig cycloisomerization
tends to be favoured when gold (lll) or platinuni) @re used as the catalysts. In basic

conditions, the ®xodig cyclization becomes the favoured process.

The study of reactivity of substituted 2-alkynylaghalcohols is ongoing in our laboratory

using Pt or Au catalysis in poly(ethylene glycahder microwave irradiation.

Experimental section.

4.11: General conditions.
'H NMR and**C NMR spectra were recorded at 300 MHz and 75 Megpectively, with

Me4Si as internal standard. Chemical shifts anglwog constantsJ) are given in ppmd

and in Hz, respectively. Mass spectra were obtaaté&® eV on a GC-MS apparatus.
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4.12: Preparation of substrates.

Coupling between (2-iodophenyl)methanol and phemefidene.

To a stirred solution of (2-iodophenyl)methanol.QL§, 42.7 mmol) in anhydrous &t (420

mL) were added 3.46 mmol of Pd(RRh 6.83 mmol of Cul and 52.0 mmol of
phenylacetylene. The mixture was stirred for 1 hraam temperature. Then a saturated
solution of NHCI was added followed by CBIl,. Phases were separated, the aqueous layer
was extracted with CiLl,, and the combined organic layers were dried ovgE®. After
removal of the solvent by rotary evaporation, tihmede product was purified by column
chromatography on silica gel (7:3 hexane/AcOEtlofeed by repeated crystallization from

hexane.

Coupling between 2-bromobenzaldehydand alkynes followed by addition of BulLi

To a stirred solution of 2-bromobenzaldehydgl 0.0 g, 54.0 mmol) in anhydrous;Et(164
mL) were added Pd(OAg£)108 mg, 0.48 mmol), PRK{218 mg, 0.83 mmol), Cul (16 mg,
0.084 mmol), phenylacetylene or 1-hexyne (80.0 mnAdter being stirred at 80°C for 5 h,
the mixture was cooled, filtered and concentraWdter was added to the residue followed
by EtO. Phases were separated and the aqueous layextrasted with BEO. The combined
organic layers were washed several times wi® ldnd eventually dried over MggQAfter
removal of the solvent by rotary evaporation, tihede product was purified by column
chromatography on silica gel using as eluent 9xahe/AcOEt (9.4 g of compour@l(84%

of yield); 8.6 g of compound (85% of yield)).

To a stirred solution of the aldehy@er 7(45 mmol) in anhydrous THF (450 mL) was added
dropwise at 0°C 18.0 mL of a 2 M solution of Buhipentane (36 mmol). After being stirred
at 0°C for 2 h, the mixture was quenched with icder and then with a 10% solution of HCI
to neutral pH. Phases were separated, and the agUager extracted with gED. The
combined organic layers were washed wit®Hnd brine, and then dried over MgS@®&fter

removal of the solvent by rotary evaporation, timede product was purified by column
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chromatography on silica gel using as eluent 8xahe/AcOEt.7 was a pale yellow oil (6.6
g, 60% with respect to starting aldehyde) éndas a yellow oil (7.1 g, 60% with respect to
starting aldehyde).

4.13: General procedure for cycloisomerization reamon.

A typical experimental procedure for the heterosatlon of 2-alkynylbenzyl alcohols is
described. To a mixture of metal catalyst (5% on 24td solid PEG (300 mg) were added to
substrate (0.13 mmol). The resulting mixture was heated lgrowave irradiation at 150°C
(initial power 400 W) for 30 min.

The reaction mixture was solubilized in &, (1.5 or 2.0 mL) and precipitated in,Bt (200
mL). After 3h at -18°C, filtration of PEG /catalyand evaporation of ether afforded the
products3 and4 (measured byH NMR using CHBr; as an internal standard).

4.14: Characterization of substrates and products.

2-(Phenylethynylphenyl)methanol (2)
OH
A
Ph Pale yellow solid, 71%, m.p.: 67-68°C.
'H NMR (CDCk): 6 (ppm) 7.56-7.52 (3H, m), 7.49 (1H, #= 7.4 Hz), 7.40-7.34 (4H, m),
7.31 (1H, ddJ = 1.4, 7.7 Hz), 4.93 (2H, s).
MS m/e= 208.

3-Phenyl-1H-isochromene (3)

DO
/Ph

'H NMR (CDCL): 6 (ppm) 5.23 (2 H, s), 6.46 (1 H, s), 7.00-7.75 (9.
3C NMR (CDCk, 75 MHz) 6 (ppm) 69.0, 101.1, 123.4, 123.7, 125.0, 126.4,0,2828.2,
128.3, 128.8, 132.0, 134.3, 154.1.

MS m/e 208 (M+, 100).
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(2)-1-Benzylidene-1,3-dihydroisobenzofuran (4)

O

\
Ph M.p: 51-54°C

'H NMR (CDCk): 6 (ppm) 7.74 (2H, dJ = 7.3 Hz), 7.59 (1H, m), 7.40-7.30 (5H, m), 7.14
(1H, t,J = 7.3 Hz), 5.96 (1H, s), 5.53 (1H, ).
MS m/e 208.

1-(2-Phenylethynylphenyl)pentan-1-ol (8)

Bu

OH
A
Ph Yellow oil.

'H NMR (CDCk): 6 (ppm) 7.53-7.45 (4H, m), 7.36-7.27 (4H, m), 7.181(td,J = 7.6, 1.5
Hz), 5.21 (1H, ddJ = 7.8, 5.4 Hz), 1.91-1.68 (2H, m), 1.56-1.24 (4}, 0.86 (3H, tJ = 7.1
Hz).
3C NMR (CDCL): 6 (ppm) 147.0, 132.1, 131.4, 128.7, 128.4, 126.%.4,2123.2, 120.5,
94.1, 87.3,72.2,38.1, 28.1, 22.6, 14.1.
MS m/e264 (17, M+), 221 (21), 208 (21), 207 (100), 129)( 178 (65), 176 (13), 152 (9).

1-(2-Hex-1-ynylphenyl)pentan-1-ol (9)

Bu

OH
X
Bu Pale yellow oil.
'H NMR (CDCH): 6 (ppm) 7.45-7.40 (1H, m), 7.35 (1H, db= 7.3, 1.5 Hz), 7.25 (1H, td,
= 7.3, 1.5 Hz), 7.14 (1H, td,= 7.3, 1.5 Hz), 5.08 (1H, dd,= 7.3, 5.4 Hz), 2.43 (2H, §,=
6.8 Hz), 1.85-1.25 (10H, m), 0.95 (3H,)t= 7.3 Hz), 0.89 (3H, t] = 6.8 Hz).
13C NMR (CDCE): § (ppm) 146.8, 132.2, 127.9, 126.7, 125.3, 121.43,98.5, 72.4, 37.9,
30.9, 28.2, 22.6, 22.1, 19.2, 14.1, 13.6.
MS m/e244 (5, M), 188 (16), 187 (100), 145 (16), 141 (13), 131)(129 (11), 128 (11),
117 (25), 115 (27), 91 (10).
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1-Butyl-3-phenyl-1H-isochromene (10)
Bu

@ﬁ
_— .
Ph Yellow oil.

'H NMR (CDCk): 6 (ppm) 7.78-7.71 (2H, m), 7.44-7.26 (3H, m), 7.261(td,J = 7.3, 1.5
Hz), 7.14 (1H, tdJ = 7.3, 1.5 Hz), 7.06 (1H, distorted diiz 7.3, 1.5 Hz, 1H), 7.03-6.98
(1H, m), 6.39 (1H, s), 5.23 (1H, dd,= 8.8, 4.4 Hz), 2.15-1.99 (1H, m), 1.84-1.70 (%h),
1.70-1.27 (4H, m), 0.91 (3H,1,= 7.3 Hz).

3C NMR (CDCL): ¢ (ppm) 151.6, 134.7, 131.7, 131.0, 128.6, 128.3,.7,2126.3, 125.0,
123.84, 123.78, 100.3, 78.2, 33.5, 27.6, 22.5,.14.1

MS m/e264 (15, M), 208 (16), 207 (100), 178 (22).

(2)-1-Benzylidene-3-butyl-1,3-dihydroisobenzofuran (1)
Bu

O

\

Ph Yellow oil.
'H NMR (CDCk): 6 (ppm) 7.78-7.72 (2H, m), 7.53-7.47 (1H, m), 7.3837(4H, m),7.22-
7.16 (1H, m), 7.16-7.09 (1H, m), 5.88 (1H, s), 5(6BI, dd,J = 7.8, 3.9 Hz), 2.03-1.89 (1H,
m), 1.82-1.67 (1H, m), 1.57-1.29 (4H, m), 0.90 (8H,= 7.3 Hz).
13C NMR (CDCL): ¢ (ppm) 155.5, 142.7, 136.7, 135.0, 128.6, 128.8.1,2127.7, 125.1,
121.2,119.9, 95.7, 86.1, 35.7, 27.1, 22.6, 14.0.
MS m/e 264 (100).

1,3-Dibutyl-1H-isochromene (12)
Bu

0
= .
Bu Pale yellow oil.

'H NMR (CDCk): § (ppm) 7.13 (1H, td) = 7.3, 1.5 Hz), 7.06 (1H, td,= 7.3, 1.5 Hz), 6.92
(1H, dd,J = 7.3, 1.5 Hz), 6.88 (1H, dd,= 7.3, 1.5 Hz), 5.55 (1H, s, br), 5.04 (1H, dds
8.8, 4.9 Hz), 2.17 (2H, td,= 7.6, 1.0 Hz), 2.05-1.91 (1H, m), 1.73-1.27 (9h}, 0.92 (3H, t,
J=7.3Hz),0.91 (3H, § = 7.1 Hz).
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13C NMR (CDCLk): ¢ (ppm) 156.4, 131.2, 130.8, 127.6, 125.4, 123.8,8,29.9, 77.9, 33.8,
33.7,29.1, 27.5, 22.6, 22.3, 14.0, 13.9.
MS m/e244 (M).
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Chapter 5: Furans and Pyrroles

5.1: Introduction.

The development of routes that allow the facileeagdy of substituted furans and pyrroles
under mild conditions from simple readily availalskarting materials remains an important
objective. A platinum and gold salts are a highbwprful catalysts for the intramolecular
cyclization of 3-alkyne-1,2-diols and the 1-amin@Ryn-2-ols in solid PEG under
microwave activation. PEG is inexpensive, easyandte, thermally stable, non-toxic, and
recyclable in various organic transformations. Timesv method offers advantages over the
known methods for the production of a wider rangesubstituted furans and pyrroles in
excellent yields and the ready availability of thebstrates, for the possibility to recover
products after the simple precipitation- filtratiomethod. Also the recyclability of catalytic
system metal-PEG was tested and very interestiagltsewere obtained. Unprecedented
results were reported for platinum catalyzed cyduoierization in PEG.

In second part we report, for the first time, tbdacyclization reaction of 3-alkyne-1,2-diols
and the 1-amino-3-alkyn-2-ols in PEG under microgvavadiation. lodocycloisomerization
reaction offers the possibility to afford the capending iodo-derivatives. Also new

reactivity was also presented.

5.2: Bibliographic section.

The cycloisomerization reaction of 3-yne-1,2-ditds give the corresponding furans was
previously reported under C® Ag 217219 ay 220222 Ry 12231 \g 224 2281 oy P2 catalysis.

In particular, mild and efficient reaction condit®have been recently developed under Au—
Ag co-catalysis.

Also the cycloisomerization reaction dfl-substituted 1-amino-3-yn-2-ols to give the
corresponding pyrroles was previously reported ¢ouo under palladiurfi>” gold 220222
silver/??® and coppét*® #**\catalysis.

In the next pages, we are presenting examples tl+o&talyzed cycloisomerization reaction

using 3-yne-1,2-diols and 1-amino-3-yn-2-ols asdhlestrates.
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Gabriele and co-workers have described the gaéthlyzed synthesis of substituted furans
and pyrroles by ®ndodig heterocyclodehydration of 3-yne-1,2-diols aéoc- orN-tosyl-
1-amino-3-yn-2-0l$*®! Reactions were carried out in MeOH at 80-100°C fef4 h
affording the corresponding heterocyclic derivagivie 53—99% isolated yields (Scheme 5.1).

OH R2

R2
j%R:s CUC|2 cat. n
Rl
YH MeOH Rl 3

80-100C, 1-24h

- 0,
Ry= H, alkyl 53-99%

R,=H, alkynyl, aryl
Rs= alkyl, aryl
Y=0, NR, R=BocorTs

Scheme 5.1: Synthesis of furans and pyrroles byeragatalysis.

Knight and co-workef&"" ?**have improved an efficient furans and pyrrolestisgsis using
heterogeneous catalysis. A wide variety of 3-alk§rzdiols have been found to undergo
exceptionally clean Bndadig cyclisations followed by dehydration at amhiéemperature
to give the corresponding furans in essentiallyngjtetive yields when exposed to 10% w/w
silver(l) nitrate absorbed on silica gel. Also adwirange of 3-alkynyl-hydroxyalkanamine
derivatives undergo Bndadig cyclisations when exposed to silver nitratpparted on silica
gel. Subsequenin situ dehydration of the resulting and sometimes iselabydroxy-
dihydropyrroles leads to pyrroles in essentiallpmfitative yields using this recoverable and
reusable heterogeneous catal§ft.

The 5endadig cyclisations of the anti-ynyl-B-hydroxy-w-amino esters give the hydroxy-
dihydropyrroles and subsequently the related pgsiolfollowed by elimination. The
cycloisomerization can be performed without supgbrtatalyst using copper (1), palladium
(I and mercury (ll) salts. The reactions wereriea out in 1:1 BEO-pyridine in sealed tubes
at 90 °C (Scheme 5.57%
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R? OH R2
=—R3  10% w/w AgNO3.SiO, cat. n
R
YH CH,Cl,, 20T, 3-16h R “v7 RS
Y= 0, NTs

Scheme 5.2: Synthesis of furans and pyrroles grdileterogeneous catalysis.

Silver catalysis was used for the functionalizatidrfurad®® under homogenous conditions
(Scheme 5.3).

Hexane O

TIPSO, L OH cat. AgNO3 /d
TIPSO

OH
87%

Scheme 5.3: Synthesis of furan by silver catalysis.

Akai and co-workers present the intramoleculariezgtions of the 3-alkyne-1,2-diols and the
1-amino-3-alkyn-2-ols with a low catalyst loadir@d5- 0.5 mol %) of AuCI(PRhAgNTTf,

or AuCI(PPR)-AgOTf proceeded at room temperature to provideaaety of substituted
furans and pyrroles in excellent yields (85-98%dsg This method is also fully applicable
to the conversion of several dozen grams of thetsatle using only 0.05 mol % each of the
Au and Ag catalyst$>”

oH AUCI(PPhg)-AgNTf, (0.05 - 0.5 mol %)

R2 or
A_zl%w AUCI(PPha)- AgOTF (0.1 - 0.5 mol%) n
R 1 3

YH toluene, rt

85 -98%
Y= 0, NBoc, NTs

Scheme 5.4: Synthesis of furans and pyrroles losgjlver catalysis.

The same group in 2011 has reported the reusablewable immobilized-cationic gold (1)
catalysts for environmentally benign bond-formingactions. Polystyrene-immobilized
cationic gold catalysts were synthesized for thst fiime and found to be highly effective

catalysts for the bond-forming reactions via thévation of the C-C triple bonds. The
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immobilized gold-catalyst was easily and quantilii recovered from the reaction mixture
and reused at least seven times while maintaimagptiginal catalytic activity. Furthermore,
a flow reactor containing gold-catalyst was devetbpfor a larger scale continuous

production’??!

Aponick and co-workers have reported the gold-gatal dehydrative cyclizations of readily
available, heteroatom-substituted propargylic abt®hto obtain furans, pyrroles, and
thiophenes. The reactions are rapid, high-yieldamgl procedurally simple, giving essentially
pure aromatic heterocycles in minutes under opaskftonditions with catalyst loadings as

low as 0.05 mol %22

oH AU[P(t-Bu),(0-biphenyl)]CI- R?
R2 3 AgOTf (2 mol%)
‘_?I%R or o\
R Rl v R3
YH 0.05 to 2 mol % AuCl
open flask conditions 87 -999
- 0
Y=0 NR. S THF, 0C

Scheme 5.5: Synthesis of furans and pyrroles gjbler catalysis.

Ruthenium-catalyzed intramolecular cyclization of-bi8yne-1,2-diols affords the
corresponding substituted furans in good to higidg. This catalytic reaction is proposed to
proceed via ruthenium-allenylidene complexes asik&ymediate&?® This method is valid
for terminal alkynes to the triple bond in the dulte (Scheme 5.6).

OH

2 R?
R — 4 5 mol % of [Ru] catalyst
10 mol % NHBF
R : * /m

1
OH EtOH, 40C, 12h R (0}

G

Cp\ /S\ /Cp
/Ru;Ru\ = cat
cl” g cl
I
CHs

Scheme 5.6: Synthesis of furans by ruthenium asaly
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McDonald and co-workers have reported that molybderpentacarbonyl together with
trimethylamine promotes the cyclization of 1-alkdsels to the isomeric 2,3-dihydrofurans
(Scheme 5.7if?4 22!

TBSO OH

N> wacosmn [N o

O

HO H
58%

Scheme 5.7: Synthesis of furans by molybdenunysegal

Pyrrole derivatives are prepared in high yieldsthwy catalytic action of a Pd (ll) salt on 1-

amino-3-alkyn-2-ols which are obtained from conjeggoned??”

A procedure is described for the synthesis of feifsom 3-alkyn-1,2-diols or 2-methoxy-3-
alkyn-1-ols by palladium catalyzed intramoleculddi@ion of alcoholic moiety to acetylene
linkage followed by elimination of water or methandhe intermediary 3-furylpalladiums

can be trapped with allyl halides affording 3-dliyans in good yield€>®!

Classical approaches to substituted furans involtrexd cyclocondensation of dicarbonyl
compounds or equivalents, or the substitution oéssting furan ring. Alternative route for
the synthesis of furan and pyrrole rings used ariisgy materials alkynyl epoxidé&s? 232
alkynylaziridines®® 33 allened?? 23423815 |kyned?3 24 sequential reactiod&™! amino acid
derivatived?*? unsaturated acetylenic ketod®d (2)-2-En-4-yn-1-ols or Z)-(2-En-4-

d244299) gvnyl diols®)  enyne-1,6-diol€!  propargylic  alcohol€52

fp54-258]

ynyl)amine
methatesié®® and different reviews described these transfoona

Here we present just some representative examptbhese reactions.

Hashmi and co-workers have reported the gold @H)oride catalyzed isomerization of
alkynyl epoxides to furans under mild conditiéfié. The alkynyl epoxides were obtained by
Sonogashira coupling to affording the 1,3-enyndlevieed by epoxidation of the latter with

MCPBA leading to the alkynyloxiranes. The last ovess added to a catalytic amount of

AuCls in acetonitrile at room temperature to give theesponding furans (Scheme 5.8).
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Rl
1 1 0
R R 5 mol % AuClz
CPBA — 2
\ — R2 m PR _ / \
// [e) CH3CN, 1t 0 R2

Scheme 5.8somerization of alkynyl epoxides.

The same group also reported the gold-catalyzectiogathat combines both C-O and C-C
bond formation and allows the selective cross dagptycloisomerization/dimerization of
terminal allenyl ketones andg-unsatured ketones (Scheme 5'9).

2 1
R 2

R W 1mol% AuCl; R /N R

R . o .

o © CH3CN R

o]
Scheme 5.9: Cross-dimerization with Michael accepto

Uemura and co-workers have reported a sequengatios system by using heterobimetallic
catalysts to give the corresponding tri- and tetrbstituted furans and pyrroles in moderate to
high yields with complete regioselectivity from tiheaction of propargylic alcohols with
ketones in the presence of a catalytic amount dh lathenium catalyst complex and
PtCh.[24

R

R\/ [Cp*RUCI(m-SMe),RuCp*Cl]
- T R
H

and PtCl, o

Scheme 5.10: Synthesis furans and pyrroles frompgugylic alcohols and ketones.

One example described the synthesis pyrroles in.P8@Nagarapu and co-workers have
reported the synthesis of polysubstituted pyrrotgivéitives by treatment of phenacyl
bromides, an amine, and dialkyl acetylenedicartaieylusing PEG as a reaction medium
(Scheme 5.11).

Oy_OR, o)
0 OR;

PEG400
1
R)J\/Br +ORNH, o+ ! N or,

60T, 10h R” N
o’ TOR; R, O

Scheme 5.11: Synthesis of pyrroles in PEG.
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5.3: Results and discussions.

5.3.1: Metal catalyzed-cycloisomerization reactionf alkynyldiols.

During the course of our studies we turned ourr@sieon platinum and gold catalysis using
an alternative solvent such as PEG.

Various alkynyldiols bearing a proton, aromatic afidyl function at the end of the acetylene
functionality, were readily prepared via alkynytatiof a-hydroxy carbonyl compound such

asa-hydroxyacetond, a-hydroxyacetophenorand §)-a-hydroxypropionic acid ethyl ester

3 (Scheme 5.11, a, b, c).

0O o 1 Ph
Li———R — 1
oL o) —=—
a) Ph -78, THF
OH
1 1
2: R'= Ph, 85%
3: R1= Bu, 90%
4: R'= Pentyl, 70%
5: R= Cpr, 92%
6: R'= TMS, 76%
7:R=H, 74%
0 o H3C
Li—=———~"h _
b) HOQJ\ HO —Ph
CH3 78T, THF
OH
8 9: 85%
Rl
0 4
Li———=r! O/ Rl
c) HO OEt
-78C, THF HsC
CHs3 OH
10 11: R'= Ph, 73%

12: R= Bu, 80%

Scheme 5.12: Synthesis of diol derivatives.
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The first experiment was carried out using a mitaf poly(ethylene glycol), PE&nsOH,
gold salts in oxidation state +3 (AufLhand the substra(Scheme 5.13).

Ph Ph
HO \> ——Ph  catalyst (2 mol %) Z@\
OH PEG3400, MW (@) Ph
2 13

Scheme 5.13: Cycloisomerization reactior2 @i PEG.

The reaction mixture composed by subst@teatalyst and PE{o was heated up under
microwave irradiation. When the temperature abo%éC4was reached, PEG melts and
becomes the solvent of reaction. The mixture wadecbdown, dissolved in a small quantity
of dichloromethane and precipitate in diethyl ethafter filtration, two fractions were
obtained: the precipitate and the liquor. The poigaie is constituted by PEG and catalyst
while the liquor, the organic phase, contains tkigeeted product.

After 60 minutes at 50°C the expected furhB is present in the reaction mixture and
recovered in 53% of yield (Table 5.1, entry 1).sThist experiment has confirmed our initial
hypothesis that cycloisomerization reaction camcdreied out in solid PEG under microwave

activation.

In order to increase the yield a silver species added: AgOTf and AgSkFwere tested
separately and in the same conditions of the feattion, but no significant modification in
terms of yield was obtained (Table 5.1, entries).2¥8e tried to decrease the reaction time
from 60 to 30 minutes. Excellent results were agtie(Table 5.1, entry 4).
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Table 5.1: Screening of the conditions for cydmerization.

Ph Ph
Ho?%Ph catalyst (2 mol %) m\
OH PEG3400, MW o
) 13

Entry Catalyst Additive T (°C) Time Cooling Conversion Yield®

(mol %)  (mol %) (min) (%) (%)
1 AuCl 50 60 100 53
2 AuCls AgOTf 50 60 100 52
3 AuClk  AgSbk 50 60 100 52
4 AuCls 50 30 100 85
5 AuCl 50 30 On 100 79
6 AuCl 50 15 80 60
7 AuCI(PPh) 50 60 30 5
8 AuCI(PPh)  AgOTf 50 60 100 50
9 AuCI(PPh)  AgSbF; 50 60 100 54
10  AuCI(PPh) AgSbR 50 15 100 81
11  AuCI(PPh) AgSbR 50 15 On 100 98
12° AgOTf 50 60 50 6
13° AgSbR 50 60 46 5
14 PtCh 50 15 On 0 0
15 PtC} 50 30 On 15 15
16 PtC} 80 15 100 70
17 PtCh 80 30 100 80
18 PtCh 80 30 On 100 83

a) determined byH NMR using CHBr, as internal standard.
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In the case of gold (I) it is necessary to use dditave such as silver species for a complete
conversion of substrate. These additives creatatianic species more electrophilic that
allowed a more efficient activation of substratbeTbest results were obtained using gold (1)
and silver hexafluoroantimoniate (AgSpFOnN the contrary when the gold (I) or silver
compounds alone were used, only traces of protiBiend different signals of degradation of
substrate were observed (Table 5.1, entries 6-Be d@ombination of AuCI(PRh with
AgSbFs presents a highly powerful catalyst for the intrégoalar cyclization (Table 5.1,
entry 10). The third catalyst tested was RtGVNe have tried the reaction at the same
temperature used for the gold catalyst but in ¢thaise only substrat or low conversion of
the diol2 was observed (Table 5.1, entries 14-15). Full eosien of substrat2 was reached
after 30 minutes at 80°C (Table 5.1, entry 17).

There, each experiment involving AsCAUCI(PPh)/AgSbFs and PtC)} was repeated heating
up the sample with the technique of simultaneowdirmg. In principle, it allows higher levels
of MW energy to be introduced into a reaction whitaintaing the mixture at a particular
temperature by passing a stream of compressedaeiitive reaction vessel. Effectively, better
results in comparison with classical microwave imgatvere obtained using AuCI(PEh
AgSbF; as catalyst (Table 5.1, entry 11 and 16). Thikedehce could be possibly attributed
to the fact that the rate of decomposition of sigrtmaterial is lower when using
simultaneous cooling.

Ideal conditions to carry out the cycloisomerizatreaction of substrate 2 were: 80°C for 30
min using 2 mol% of PtGl For gold (1) and gold (lIl), the reaction was read out at 50°C
for 15 or 30 min respectively. All reactions reguB00-350 mg of PE£z, 400W of initial

power with technique of simultaneous cooling.

The optimized conditions were applicable to variallg/nyl diols bearing aromatic or alkyl
substituents at the end of the acetylene functitynalvith this method it was possible to
obtain di- or tri- substituted furans in good ocetfent yields (Table 5.2). It is important to
note that in the case of Auhs catalyst, all the reactions were carried olB08C for 15

minutes.
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Table 5.2: Synthesis of substituted furans byimplat and gold-catalyzed cycloisomerization

in PEGaoo
Entry Furans PtGI AuCls AuCI(PPh)/AgSbks
Yield %) Yield (%) Yield (%)
Ph
1 U 86 93 89
(@) Bu

Ph

2 ZT)\/D 75 81 90
P

~I

(@)
h

3 U\V 90 100 95

U 70 80 94

14
\
15
(@]
16
Hs
18
/\
O
19
/A
(@]
20

C
4
(@) Ph
Ph
N\
5 95 93 95
Ph
Bu
A\
6 86 93 96
Bu

a) determined byH NMR using CHBr, as internal standard.
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We turned our attention on alkynyl diols bearingo@ton at the end of the acetylene
functionality. The substratg was prepared by addition of corresponding orgémaln
compound toa-hydroxyacetophenong followed by deprotection of TMS group (Scheme
5.14).

o Pho @0 Ph
\)J\ Li———TMS HO?TTMS (Bu)sN F HO — H
HO _—
Ph -78<T, THF
OH THF oH
1 6 7

Scheme 5.14: Synthesis of substrate

Having optimized the reaction conditions for thatkesis of furans, we tested the reactivity
to substrate/ in PEG under microwave irradiation. With these dibons we can see the
partial conversion of the substrate with the troalytic systems constituted by platinum and
gold (Table 5.3, entries 1, 4 and 7).

We extended the reaction time at 60 minutes at 3@y gold (I)/silver (I) as catalyst but no
complete conversion of diolé was reached (Table 5.3, entry 2). With 5 mol %catialyst
only the expected product was recovered (82%, TaBleentry 3).

The ideal molar ratio between catalyst and sules{g&amol %) was tested also with gold (l11)
as catalyst. The full conversion was achieved &feminutes at 50°C (81%, Table 5.3, entry
6).

Using platinum (1) as catalyst longer reactiongsn60 minutes, were needed and in this case
the product was obtained in 60 % yield (Table Briry 10).
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Table 5.3:Screening of the conditions for cycloisomerizabbsubstrater.

Ph Ph
HO?%H Catalyst m\
- >
H

OH PEG3400, MW o
: cooling ON .
Entry Catalyst Time °C Conversiofi Yield? (%)

(mol %) (min) (%) of 7 of 17
1 AUCI(PPh)/AgSbF (2) 15 50 40 25
2 AUCI(PPh)/AgSbF; (2) 60 50 60 40
3 AUCI(PPh)/AgSDbFs (5) 60 50 100 82
4 AUCk (2) 15 50 40 21
5 AuCl; (5) 60 50 100 65
6 AuCl; (5) 30 50 100 81
7 PtCh (2) 30 80 50 19
8 PtCh (2) 30 100 88 33
9 PtCh (5) 30 70 100 50
10 PtCh (5) 60 70 100 60

a) determined byH NMR using CHBIr; as internal standard.

Only using ruthenium and gold as catalyst, theamwlecular cyclization of the less reactive
terminal alkynes was achieved to give the corredponfuran. This goal was also achieved
using our system metal/PEG. In every cases theuptodas recovered after the simple
precipitation-filtration in good yield.

The method described was general for the syntloésigbstituted furans.
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5.3.2: Metal -catalyzed-cycloisomerization reaction of N-protected

aminoalcools.

The good results obtained for the constructiorucdris were generalized for the synthesis of
nitrogen heterocycles such as pyrroles. Nagrotected aminoalcool is the substrate for the
reaction, and it was prepared from various amimsacsuch as alanine, leucine and
phenylalanine, having the amine function protedigc Boc group. Then, the methylic ester

was reduced in alcohol by reaction of Grignard esagScheme 5.15).

R2
1 Boc,0 1 s R2
R NaHCO3 R R?—==—MgBr R I Z
y N)ﬁ(OMe — . HN)\[(OMe
ocC
2 ! Dioxane/H,0 I NH,4Cl BocHN  OH
21 R'=iBu

22 R1=iBu, 95% 25 R'= iBu, R%= Ph, 57%
23 R1=CHj 26 R'= iBu, R?= Bu, 53%
24 Rl=benzyl 27 R'= CHz, R?= Ph, 36%

28 R1=benzyl, R?= Ph, 40%
29 R'= benzyl, R?= Bu, 35%

Scheme 5.15: Synthesis of alkynyl aminoalcohols.

UsingN-protected aminoalcoo®5-29 as the substrates the cycloisomerization reacticne
tested using the PEgoas solvent under microwave irradiation. The @pomding pyrroles
30-34were obtained in good to excellent yields after shmple precipitation-filtration step of

reaction mixture using platinum or gold as the lyata (Table 5.4).

Table 5.4: Synthesis of substituted pyrroles btimlan and gold-catalyzed

cycloisomerization in PE£ao

R2
R2
| | cat. 2 mol % \\
R2
1
) Z PEGs3400, MW /
BocHN OH RSN OR?
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Entry Pyrroles PtGl
Yield (%)

AUC|3
Yield (%)

AUCI(PPh)/AgSbFs

Yield (%)

Ph
A\
/\

N Ph
Boc
30
Bu

AN
/ \

N Bu
Boc

31
Ph

A\
B

N Ph
Boc

32
Ph

A
/ \

N Ph
Ph Boc

33
Bu

AN
/ \

N Bu
Ph Boc

34

67

74

80

72

78

85

94

85

94

88

76

71

84

85

65

a) determined byH NMR using CHBr, as internal standard.
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5.4: Comparison between microwaves and classicaldténg conditions.

In order to verify the effective efficiency of mawave heating we have tested some reactions
using classical heating conditions.

Table 5.5: Reactions with classical heating cohs.

R: R
HO/?%RZ Pt or Au m\
R R2

R X PEG3400 X
classical heating
3 X= OH, R=H, R'=Ph, R?= Bu 14X=0, R=H, R'=Ph, R’= Bu
26 X=NHBoc, R=iBu, R'= CCPh, R?= Ph 30 X=NBoc, R= iBu, R'= CCPh, R= Ph
Yield of
_ _ product
Entry Substrate  Catalyst Time °C Conversiofi
. (%) (%)
(min)
1 3 PtCh 30 80 100 81
2 3 Au()/Ag(l) 15 50 84 80
3 3 AuCls 15 50 2 -
4 26 PtCh 30 80 17 15
5 26 PtCh 120 80 100 79

a) determined byH NMR using CHBr, as internal standard. b) degradation.

In the first experiment, we have tried the cyclomgization reaction of substradeat 80°C.
After 30 minutes, we have observed the full coneeref the substrate and the formation of
expected product4 in 81% of yield (Table 5.5, entry 1).

When cycloisomerization was carried out at 50°@, rémction mixture was not homogenous.
Using cationic gold (I) the partial conversion obstrate3 was observed. In the case of gold
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(1) as catalyst’H NMR analysis showed different signals of degrimta¢Table 5.5, entry 2-
3). For substrat26, the full conversion was reached after 2 h at 80&ble 5.5, entry 5).
The microwave technique was the method of choicadme PEG absorbes of microwaves

and ensure rapid melting of the polymer duringreeection.

5.5: Recycling tests.

The previous works developed in the laboratory sttbwhe possibility to recycle the
precipitate constituted by PEG and the catdty3t'’® *”*ITo explore here this possibility, the
precipitate was charged with new substrate ancedeatder MW irradiation.

We have tried the cycloisomerization reaction vdifierent molecular weight and modified
PEG.

In Table 5.6 entry 1 it is shown the recycling afatytic system Pt/PE{msOH. The results
for the second run are very good and suggest thsilplity to further recycle the catalytic

system. Indeed it is possible to reuse the catadystem 3 times without loss of activity.

Table 5.6: Recycling experiments of PEGs- Pt system

Ph Ph
HO?%BU PtClp m\
B
oH MW, 400W o u
3 14
Yield of 14
Entry PEG (%)?

Runl Run?2 Run3 Run 4 Run 5 Run 6

1 PEGuoo 86 91 82 92 28 17
2 PEGuoo 99 88 94 59

Filtered
3 PEGodOMe), 90 79 77 52

a) determined byH NMR using CHBr, as internal standard. b) 64% of conversion; c) 54%

of conversion.
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The same substraBwas tested using Pk&go filtered before its use to eliminate small sized
PEGs. This means that the commercially availabl&®jzOH was dissolved in small
amount of CHCIl, and precipitate in ED. After filtration, the precipitate was used foiet
first run of cyclisomerization reaction. This op@va was carried out in order to remove PEG
with low molecular weight that can make some imerhces during reaction. In entry 2 it is
possible to see that the catalytic system was deRisienes without loss of activity.
PEGoodOMe), was also tested (Table 5.6, entry 3). The yielgoroiduct14 was lower in
comparison with reaction carried out with Pzggand the catalytic system was reused for 2
times without loss of activity.

The utilization of inexpensive PEGs together witplainum salt, the efficiency in recycling
and higher catalytic efficiency makes this systemae suitable and preferred one over the

existing catalytic systems.

We have also studied the possibility to recycle ¢dalytic system constituted by PEG and
gold (I) with the method described before. The tnalts was added to the precipitate obtained
in the first cycle of reaction and the crude waatéé again under microwave irradiation. In
this case it was possible to recycle the catalgyistem one time without loss of activity
(Scheme 5.16).

oh Ph
\\ Ph \\
// AUCI(PPh3)/AgSbFg m
HO  OH PEG3400, MW o~ "Ph
11 19
Run 1= 95%
Run 2= 81%

Run 3= 10% (conv 20%)

Scheme 5.16: Recycling experiments of PEG-Gokd/éilem.
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With the catalytic system constituted by gold (lit)is possible to perform one cycle of
reaction (Scheme 5.17).

Ph

/ \

HG  OH PEG3400, MW 0

ph A AuClg

5 16

Run 1= 100%
Run 2= 97%
Run 3= 66% (conv 66%)

Scheme 5.17: Recycling experiments of PEG- gojd¢istem.

5.6: Hypothetical mechanism of cycloisomerizationgaction.

According to the literatuf€® we suppose that the triple bond of the substratedinates the
platinum to help the intermoleculareg®dadig nucleophilic attack of hydroxyl group on the
triple bond. The intermediate | can be involvedwo pathways: in the first one (path a) there
is a protonolysis of carbon-platinum bond followleg dehydration with formation of the
expected product. In the second pathway (path é)ritermediate is involved in the loss of
one molecule of water, followed by protonolysisiwibrmation of product and liberation of

catalytic species Pt 2+.
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Bu

+Pte* “pt2*

HO OH
P +
OH
Ph 2 Pt
ne] \ —
H (0) Bu

I o
Ph Pt"
M * H+
H™ ™o “Bu

Ph

]\ + Pt2*
(e Bu

HO OH

\ path a

\ + Pt

Scheme 5.18: The plausible mechanism for the fasmat heterocyclic derivatives.

5.7: Analysis section.

To study deeper the catalytic system, in orderrndeustand the mechanism and to find the
reason for the loss of activity of the catalyticstgyn constituted by metal and P&§g we
have used different analytical techniques suched, TCP-MS, MALDI and XPS.
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5.7.1: TEM analysis.

We have analyzed by transmission electron microsd@EM) a mixture of Pt/PEgagg,
AU(l)/PEGzago or Au(lll)/PEGsa00 and we have observed the distribution and the sfze
nanoparticles (NPs) (Figure 5.1). The experimenm&dults showed the formation of
nanoparticles of platinum or gold supported andibtad by PEG40cOH (Figure 5.1). From
TEM images it was possible to determine that tke sif platinum nanoparticles was around
5-7 nm.

B!

Figure 5.1: TEM imagines: NPs obtained from Bt(\),
AuCk (B) and AuCI(PP¥)/ AgSbk (C).

PEG chain prevents aggregation of metal nanopestieihich are stabilized and suitable for
catalysis. However, deactivation of catalyst wakaiserved in PEG media in the absence of
any other ligands probably because of leachingethif® Problem of leachird&f" is due to
the loss of metal from the polymer matrix.
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5.7.2: ICP-MS.

In order to determine the quantity of leaching, greduct obtained after precipitation-
filtration was analyzed by ICP-MS.

Inductively coupled plasma mass spectrometry (IC®-M a type of mass spectrometry that
is highly sensitive and capable to determine a @aoigmetals and several non-metals at

concentrations below one part pefdQpart per trillion).

Table 5.7: Results of ICP-MS

Entry Metal Run 1 Run 2 Run3 Run4
1 Pt (ppm) 4900 2100 - 460
22 Au (ppm) 130 90 - -

3 Au (ppm) 140 ; ) ]
4 Ag (ppm) 80 : - :
5° Sb (ppm) 80 - - -

a) calculated from AuGlJ b) calculated from AuCI(PB)) (-) not performed.

For the PtCl as catalyst, leaching of metal occurs as showrhbyanalysis of furari4
obtained by Pt-catalyzed cycloisomerization (Tahl@, entry 1). After the first run, 4900
ppm of Pt were present in the product. In the séaon the quantity of platinum was 2100
ppm (0.21%), and in the fourth run 460 ppm. Thisangethat the leaching of metal is
important and can reduce the efficacy of catalgiistem, explaining why only for 4 runs
could be performed.

When gold was the catalyst low degree of leachiag wbserved. The sample obtained after
the first and the second run were presenting atdyaof gold (111) of 130 ppm and 90 ppm
respectively (Table 5.7, entry 2). Almost the sajuantity of gold was present in the filtrate
after the first run, when the reaction was catalyby AuCI(PPB)/AgSbFs system. The
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sample was also contaminated by 80 ppm of Ag an(l'8ble 5.7, entries 4-5). In this case,

this limited loss cannot explain the failure of tleeycling process.

5.7.3: XPS analysis.

PEGyoo Obtained after filtration and precipitation wasalanalyzed using XPS technique
(Figure 5.2).

X-ray photoelectron spectroscopy (XPS) is a quainig spectroscopic technique that
measures the elemental composition, empirical ftapahemical state and electronic state of
the elements that exist within a material.

Photo Emitted Electrons (= 1.5 kV) P
escape only from the very top surface R ! —
(70 - 1104) of the sampie AN ~

Electron Energy Analyzer (C-1.5kV)
measusas kielic anergy of slectrong)

(coeents the electons)

AN
Electron 'é ) ™. FEfectron Detector
=,
~_ @

Efectron

Si0; 1/ 5i°
Sarmple

Sampies are usually solid bacause XPS Si(2p) XPS signals
requires uftra-high vacuum (<107 torr) from a Silicon Wafer

Figure 5.2: Mechanism and picture of XPS instrutmen

The sample is irradiated with mono-energetic X-ragssing photoelectrons to be emitted
from the sample surface. An electron energy analgeéermines the binding energy of the
photoelectrons. From the binding energy and intgredia photoelectron peak, the elemental
identity, chemical state, and quantity of an elenaga determined. The information that XPS
provides about surface layers or thin film struetuis of value in many industrial applications
including: polymer surface modification, catalystgyrrosion, adhesion, semiconductor and
dielectric materials.

We decide to analyse the catalytic system PREG00 by XPS, in order to detect the nature
of the catalytic entity in the sample. We first gmad a sample of Pt@PEGuqo prior to its

use in the reaction (Figure 5.4, A). We could aonfithat only Pt (Il) was present in the
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sample, as demonstrated by the binding energytpi8.85 eV (Figure 5.3, A) corresponding
to Pt 4f7/2 species, as reported in the literdfifte.

The mixture PtGIPEGyoo was then submitted to the first run of the cyaaigrization
reaction and the precipitate obtained after workmag analyzed again.

To our surprise, the binding energy pics associtaid®t (II) were detected together to another
platinum species, that could be attributed beirdipim at the elementar state Pt (0). More
particularly, Pt (ll) displays a binding energy &@.15 eV (curve A), while Pt (0) has a
binding energy at 71.76 eV (curve B).

Pt4f7 A

Pt (Il)
Pt4f5 A
~

Figure 5.3.A: Platinum (1) before reaction.

Pt4f7 A

Pt (0)

Pt4f5 A

8 8 84 83 82 81 8 79 78 77 76 75 74 73 72 71 70 69 68 67 66 65 64 63 62

nnnnnnnnnnnn
ositon = Pt 1, X2 0900 8 0§ 845 ym

Figure 5.3.B: Platinum after first run of reaction

If it is true from the mechanism previously desedbthat at the end of the reaction the
platinum (ll) is regenerated in the end of reactiBoheme 5.19), the formation of Pt (0) can

be possible only if a secondary reaction occurs. khown in the literature that when a noble
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metal is added to ethylene glycol, a poly-ols gystéhe metal is reduced to its metallic
oxidation staté?®?2®We suppose that the formation of Pt (0) is medidtg poly(ethylene)

glycol.

PEG-OH

R3
R;SZ/ MW
HO  OH

Pt(Il) Pt (0)

RZ
I
R Yo~ "R®
RED (0)4

Scheme 5.19: Catalytic cycle.

p-Benzoquinone
PhI(OAc),

PhICI,

In fact Au, Pt, Pd, Ru and Ir nanoparticles withnarrow size distribution have been
synthesized by chemical reduction of their corresting metal species in ethylene gly&6t!
The electrooxidation of ethylene glycol (EG) giveedarge variety of incomplete oxidation
products such as glycolaldehyde, glyoxal, glycati, glyoxylic acid and oxalic actef®’
However, the analysis of PEG recovered after readty MALDI analysis should have been

shown the presence of oxidation products, but tumh@tely they could not be detected!
5.8: Oxidizing agents.
In order to increase the efficiency of the catalystem, it is of peculiar importance to re-

oxidate Pt (0) to Pt (Il). The compounds used fadation of Pt catalyst inside our system are

138



Chapter 5: Furans and Pyrroles

organic oxidant such as p-benzoquinone and hypwabdine species. The choice is also

due to environemental concerns, avoiding the uagyhmetal as oxydants.

5.8.1: Hypervalent iodine reagents.

lodine is large-sized halogen element, easily jmadte and low in electronegativity. It forms
hypervalent organoiodanes beyond the octet thepredudily extending its valence.

The representativi®-organoiodanes are iodosylbenzene (polymer), (thag®do)benzene,
(dichloroiodo)benzene, [bis(trifluoroacetoxy)iodetizene, [hydroxy(tosyloxy)iodo]benzene
(Koser reagent)p-iodosylbenzoic acid (Figure 5.4). They have bedtely used as oxidants
for active methylene groups, double and triple spm@dcoholic and phenolic hydroxyl groups,

sulphur and amino compounid®’”

AcO—I—OAc Cl—I—ClI ROCO—I—OCOR HO—I—Ts 10
(Diacetoxyiodo)benzene Willgerodt's R=CHj PIDA Koser's lodosobenzene
reagent R=CF3 PIFA reagent

Figure 5.4: Representative hypervalent iodine ({{dagents.

The catalytic utilization of hypervalent iodine geats, largely in consideration of economical
and environmental viewpoints, is a most attracstrategy due to their unique features as
extremely useful oxidants, with mild, safe, andiesmentally friendly characteristi¢&®!
Hypervalent iodine is as very mild oxidants for tbenversion of alcohols to carbonyl
compounds, which tolerates various functionalities highly complex molecules.
Hypervalent iodine compounds can improve the folmmadf carbon—carbon bonds in phenol
coupling reactiort€®® or as precursors in the synthesis of benzyne.

In addition, these reagents can form a range oboreheteroatom bonds, inducing
rearrangements or fragmentations and consequeatlyactivate carbon-hydrogen bonds.
They are also potentially interesting reagents tfeg development of completely new

synthetic transformatiort®’” 2’!'and known to oxidate palladium and platinum speéié
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5.8.2: Quinone compounds.

Quinone-hydroquinone redox systems have been stediensively over many decad&d!
Quinones comprise a redox reaction of classical emdent importance to organic and
biological chemistry, and represent one of the stidend most basic redox procesé€s.

Moreoverp-benzoquinone was also recognized as an oxidatiidometallic platinunff.’>!

Pt4f Scan
700;

Pt (0)

Pt4f5 A

600]

Pt (I1)

500]

Counts /s

400

0
86 8 84 8 8 81 80 79 78 77 76 75 74 73 72 71 70 69 68 67 66 65 64 63 62

Binding Energy (eV)
Positon = Pt1, X = -6909.5 . Y =845 pm

Figure 5.5.A: Before treatment with PhjGls oxidant.

Pt4f Scan
1000

Pt (I1)

800 Pt (O)

500

400 /
Pt4f5

87 86 8 84 83 8 8 8 79 78 77 76 75 74 73 72 71 70 69 68 67 66 65 64 63

Binding Energy (e
Position = Pt 1, X 2 1556 i ¥ <301 um

300

Figure 5.5.B: After treatment with Phl£As oxidant.
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In order to check if it was possible to re-oxidRe(0) to Pt (Il) using one of these oxidants,
the catalytic system PIEZIPEG,qo issued after the first run and presenting Pt @ces was
recovered and used in a second run with subs&aféis time however the reaction was
carried out in the presence of Phl@k the oxidant. The precipitate obtained afterséeond
run was analyzed again. As Figure 5.5 B, shownpthéation of Pt (0) to Pt (Il) took place
because the binding energy pic of Pt4f7/2 for P{f@yure 5.5, A] at 71.60 eV is extremely
reduced with respect to curve associate to P[Hi¢ure 5.5, B] at 73.15 eV.

5.9: Recycling with oxidant.

The results obtained using the different types»>aflant are showed in the Table 5.8. In all
case 3 mol % of oxidant with respect to the catalys used.

In the presence gf-benzoquinone as the oxidant the catalytic systeaidcbe recycled 4
times without any loss of activities (entry 2), Vehwith PhI(OAc) it was possible to perform

only two cycles (entry 3).

In the case of gold (I) catalyst (entries 4-5) andthe presence op-benzoquinone or
Phl(OAc), the product was obtained with good vyield onlyfinst reaction and was not
possible to recycle the catalytic system. Less eraging results were obtained with PhICI
(entry 6) as oxidant. The analysis of liquor showdterent signals of degradetion and the

yield of product is lower.

The reactions catalyzed by gold (lll) were alsolesgx in the presence of the three different
oxidants (entries 7-9p-Benzoquinone displayed the best results in terhixoth yields and
recycling efficiency (4 times).

However, in the case of gold-catalyzed reactioms,failure of recycling can be explained if

we consider that its high oxidation poteritidl does not allow its re-oxidation.
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Table 5.8: Recycling experiments of Pdemetals system with oxidants.

Ph Ph
HO?%BU [cat ] m\
- MW, 400W o~ Bu
3 14

Entry Cat Oxidant Runl Run2 Run3 Run4 Run5 Run6
1 PtChb p-benzoquinone 80 90 87 98 89 40
(53)
2 PtCh PhI(OAc) 64 69 75 38
(40)
PtChb PhICh 55 80 63 63 62 40
Au(PPR)SbFRs p-benzoquinone 84 28 - - -
(30)
5 Au(PPR)SbFs PhI(OAc) 57 27 - - -
(40)
6 Au(PPh)SbR PhICL 24 30 - - -
7 AuClz p-benzoquinone 83 89 89 87 92 18
(22)
8 AuChk PhI(OAc) 65 90 41
(60)
9 AuCl PhICh 95 64 50 59
(77)

Yield and conversion determined by NMR using CHBr, as internal standard. In
parenthesis was reported conversion of substratedi@ons of reaction: 2 mol % of PtCb
mol % of oxidant, at 80°C to 30 min; 2 mol % of BUAg(l) or Au(lll), 6 mol % of oxidant,
at 50°C to 15 min. Cooling, 400 W.
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5.10: Conclusion.

In summary, we have described a novel catalytitegysnade of PEG and a transition metal
(Pt or Au) for the cycloisomerization of alkynylais and amino alcohols. The cyclization is
very effective with all substrates and catalystbe Theterocycles thus obtained can be
efficiently separated from the reaction mixture dyprecipitation/filtration technique and
obtained with a high purity without the use of aification by column chromatography.
Furthermore the catalytic system can be used agafarther experiments and its activity
improved by oxidative modifications conditions ugia catalytic amount of an oxidant such

as benzoquinone.

Experimental section.

5.11: General remarks.

All commercially available compounds (Aldrich, FlukChem) were used as received. The
solvent used were purified by distillation over tthging agent. Chemical shifts)(of *H
NMR and**C NMR spectra are reported in ppm relative to resligolvent signals (CHEIn
CDCls: 6 = 7.27 ppm fofH and CDC}: 6 = 77 ppm forC. J- values are given in HzH and
3C NMR was registered on Bruker Avance DPX 200 MBmyker AC-300 MHz, Bruker
400 MHz. Microwave-assisted reactions were performéh a Biotage Initiatof™ 2.0.
Instrument. Temperature was measured with an IRaseyn the surface of the reaction vial.
LC-MS: HPLC Waters Alliance 2695 (UV Waters 248&)Jumn Onyx Gg, 25mn x 4.6 mn,
flow 3 ml/min (H,0-0.1% HCQH (A)/CH3CN 0.1% HCQH (B)) gradient O to 100% in 2.5
min. HRMS analysis: Q-Tof (Waters, 2001) with EXPS analysis was performed with a
ESCALAB 250 Thermo Electron, monochromatic sour¢&&(1486.6 eV), Cls at 286.4 eV.

PhICL was prepared according to the method reporteleititeraturd®’”
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5.12: Preparation of alkynyldiols.

A solution of alkyne (19.23 mmol of 1-hexyne, phiaggtylene, cyclopropylacetylene,
ethynyltrimethylsilane) in anhydrous THF (3 mL) wadded dropwise under nitrogen to a
stirred, cooled (-40°C) mixture of BuLi (12.1 mL af 1.6 M solution in hexanes, 19.35
mmol) in anhydrous THF (9 mL) and anhydrous hexd@emL). To the resulting mixture,
maintained at -40°C, was added, with stirring, ltsan of LiBr (0.68 g, 7.8 mmol) in THF
(3 mL). After 0.5 h, the corresponding hydroxyketdii.34 mmol ofi-hydroxyacetophenone
1 or a-hydroxyacetone8), diluted in anhydrous THF (3 mL), was slowly addender
nitrogen at the same temperature. The resultingumaxvas stirred for additional 2 h and then
allowed to warm up to room temperature. After qunemg with a saturated solution of NE,
the mixture was extracted with EX (x3). The combined organic layers were washett wit
water and then dried over Mga@\fter filtration, the solvent was evaporated twiain crude

that was purified by column chromatography on aitiel.

2,4-Diphenyl-but-3-yne-1,2-diol (2)

Ph
HO ——Ph

OH Yellow solid, yield 85 %, CAS number: 58294-83-Qprmi02-104°C.
'H NMR (CDCh, 300 MHz):6 (ppm) 7.72-7.68 (m, 2H), 7.53-7.50 (m, 2H), 7.4807(m,
6H), 3.87 (d, 1HJ = 11.2 Hz), 3.75 (d, 1Hl = 11.2 Hz), 3.48 (s, 1H), 2.59 (s, 1H).
13C NMR (CDCl, 75 MHz):6 (ppm) 140.8, 131.9, 128.8, 128.4, 128.4, 128.5,94,2122.1,
89.3, 86.6, 74.2, 72.
ESIMS m/z221.1 (M+H-H0O)", 261.1 (M+Na)
HMRS (ESI) calcd. for C16H130 (fH-H,0)" : 221.0964, found: 221.0966.
IR v: 3264, 2225, 1486, 1399, 1365, 1247, 1067, 10d¥

2-Phenyl-oct-3-yne-1,2-diol (3)

Ph
HO ——Bu

OH Yield 90%, yellow oil, CAS number: 63591-04-8.
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'H NMR (CDCh, 300 MHz):6 (ppm) 7.68-7.62 (m, 2H), 7.46-7.30 (m, 3H), 3.@71H, 11
Hz), 3.68 (d, 1H,) = 11 Hz), 2.34 (t, 2H) = 7.0 Hz), 1.59-1.37 (m, 4H), 0.96 (t, 3H= 7.0
Hz).

13C NMR (CDClk, 75 MHz):é (ppm) 141.3, 128.2, 128.0, 125.9, 87.7, 80.5,, 78283, 30.7,
22.0, 18.5, 13.6.

ESIMS m/z219.2 (M+HY, 241.3 (M+Na), 201.2 (M+H-HO)"

HMRS (ESI) calcd. for C14H170 (M+H-®)" : 201.1274, found: 201.1279

IR v: 3392, 2961, 2931, 2869, 2235, 1448, 1068, 687 c

2-Phenyl-non-3-yne-1,2-diol (4)

Ph
HO —

OH Yield: 70%, pale yellow oil.

'H NMR (CDCh, 200 MHz):6 (ppm) 7.58-7.53 (m, 2H), 7.35-7.19 (m, 3H), 3.6B@B(m,
2H), 2.96 (s, 1H), 2.23 (t, 2H,= 7.0 Hz), 1.55-1.47 (m, 2H), 1.36-1.19 (m, 4HBA(t, 3H,
J=7.0 Hz).
13C NMR (CDCk, MHz): § (ppm) 141.2, 128.3, 128.1, 125.9, 87.9, 80.4, 78323, 31.1,
28.3,22.2,18.8, 14.0
ESIMS m/z233.3 (M+HY, 215.3 (M+H-HO)"
HMRS (ESI) calcd. for C15H190 (M+H-®)" : 215.1446, found: 215.1436
IR v: 3392, 2957, 2930, 2239, 1746, 1448, 1068, 687 c

4-Cyclopropyl-2-phenyl-but-3-yne-1,2-diol (5)

Ph
HO —

OH Yield: 92 %, white solid
M.p. 60-64°C.
'H NMR (CDCk, 300 MHz):6 (ppm) 7.56-7.49 (m, 2H), 7.33-7.21 (m, 3H), 3.6483(m,
2H), 3.04 (s, 1H), 2.26 (s, 1H), 1.31-1.21 (m, 1BB0-0.59 (m, 4H).
13C NMR (CDCh, 75 MHz):6 (ppm) 141.2, 128.3, 128.0, 125.8, 90.7, 75.6, 78232, 8.5,
8.4, -0.50.
ESIMS m/z225.2 (M+Naj, 185.2 (M+H-BHO)"

HMRS (ESI) calcd. for C13H130 (M+H-#D)": 185.0959, found: 185.0966.
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IR v: 3373, 2930, 2880, 2232, 1601, 1404, 1351510968, 1034, 929, 889 ¢m

2-Phenyl-4-trimethylsilanyl-but-3-yne-1,2-diol (6)

Ph
HO ——TMS

OH Yield: 76 %, yellow solid
IR v: 3422, 3258, 2955, 2250, 1684, 1600, 1403012817, 836, 694 cth

2-Phenyl-but-3-yne-1,2-diol (7)

Tetrabutylammonium fluoride (4.3 mL of a 1.0 M dubdm in THF, 4.3 mmol) was added
dropwise to a stirred solution of the foregoinglailed alkynes (4.3 mmol) in THF ( 20 mL).
After 20 min, during which time the colour of thelwion change from yellow to brown, the
bulk of the THF was evaporated and the residuentalein ether and water (1:1 20 ml). The
resulting layers were separated and the aqueoas éayracted with diethyl ether (3x 20 mL).
The combined organic solution were dried, filteegnl evaporated to leave a dark oil, which

was purified by column chromatography.
Ph
HO ——H
OH Yield: 74 %, white solid.
IR v: 3329, 3272, 2997, 2919, 2116, 1489, 1438212211, 1083, 1071, 1040, 942, 919, 757

cmt

2-Methyl-4-phenyl-but-3-yne-1,2-diol (9)
HaC
HO =—Ph
OH Yield 85 %, pale yellow solid, CAS number : 39517-8 m.p. 95-98°C;
'H NMR (CDCI3, 300 MHz)s (ppm) 7.47-7.43 (m, 2H), 7.37-7.28 (m, 3H), 3.80%H,J =
11.0 Hz), 3.62 (d, 1H] = 11.0 Hz), 2.96 (s, 1H), 2.42 (s, 1H), 1.57 (4).3
13C NMR (CDCl;, 75 MHz):6 (ppm) 131.8, 128.6, 128.3, 122.2, 90.4, 84.5,, /6070, 25.4.
ESIMS m/z177.1 (M+H)
HMRS (ESI) calcd. for C11H110 (M+H-#D)": 159.0823, found: 159.0810.
IR v: 3392, 2977, 2930, 2235, 1598, 1574, 1490, 12884, 1048, 761 cth
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5-phenyl-3-phenylethynyl-pent-4-yne-2,3-diol (11)
Ph

H3C
OH Yield 73%, yellow solid, m.p. 105-107, CAS numb&09290-18-4

A solution of phenylacetylene or 1-hexyne (51.0 fjnmoanhydrous THF (8 mL) was added
dropwise under nitrogen to a stirred, cooled (—7}8%xture of BuLi (34 mL of a 1.6 M
solution in hexanes, 54.4 mmol) in anhydrous THE L) and anhydrous hexane (34 ml).
To the resulting mixture, maintained at — 78°C, wdded, with stirring, a solution of LiBr
(2.13 g, 24.5 mmol) in THF (7 mL). After 0.5 I§{a-hydroxypropionic acid ethyl estdo,
2.01 g, 17 mmol), diluted in anhydrous THF (5 mLasaslowly added under nitrogen at the
same temperature. The resulting mixture was stiimecdditional 2 h, and then allowed to
warm up to room temperature. After quenching witlsaaurated solution of Ni&I, the
mixture was extracted with g2 (x 3). The combined organic layers were washetd water
and then dried oven MgSQAfter filtration and evaporation of the solvetite crude products
11 and12 were purified by column chromatography.

'H NMR (CDCl, 300 MHz):6 (ppm) 7.51-7.48 (m, 4H), 7.37-7.31 (m, 6H), 4,82%H,J =
6.2 Hz), 3.47 (s, 1H), 2.68 (s, 1H), 1.55 (d, 34, 6.2 HZz) .

3C NMR (CDCk, MHz): 6 ( ppm) 132.0, 131.9, 129.0, 128.9, 128.3, 12823.4, 121.7,
87.0, 85.9, 85.6, 85.1, 74.5, 68.8, 17.8.

ESIMS m/z277.2 (M+HY, 299.2 (M+Na), 269.2 (M+H-HO)", 575.1 (2M+Na)

HMRS (ESI) calcd. for C19H150 (M+H-#D)": 259.1128, found: 259.1123.

IR v: 3372, 3202, 2988, 2903, 2225, 1598, 1488, 11686 cnT

3-Hex-1-ynyl-non-4-yne-2,3-diol (12)
Bu

H3C
OH Yield 80%, pale oil yellow, CAS number: 371158-44-

'H NMR (CDCk, 300 MHz):6 (ppm) 3.82 (g, 1HJ = 6.2 Hz), 2.92 (s, 1H), 2.35 (d, 18i=
5.4 Hz), 2.28-2.21 (m, 4H), 1.57-1.47 (m, 4H), 11488 (m, 4H), 1.35 (d, 3H] = 6.2Hz),

0.91 (t, 3H,J = 7.7 Hz), 0.91(t, 3H] = 7.3 Hz).
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13C NMR (CDCh, 75 MHz):6 (ppm) 86.1, 85.6, 78.9, 77.7, 74.4, 68.0, 30.54,322.0, 21.9,
18.4, 18.4, 17.5, 13.6.

ESIMS m/z237.2 (M+HY, 219.3 (M+H-HO)"

HMRS (ESI) calcd. for C15H230 (M+H-4®)" : 219.1746, found: 219.1749.

IR v: 3392, 2961, 2932, 2873, 2239, 1456, 1361, 11009, 889 cm

5.13: Preparation of alkynyl aminoalcohols.

2-tert-Butoxycarbonylamino-4-methyl-pentanoic acidmethyl ester (22)

OMe
BocHN

o Yield 95 %, colorless oil, CAS number: 69805-63-6
The methyl esther hydrochloride L-Leucig@# (4.0 g, 22.1 mmol) was added to solution of
NaHCQ; (4.43 g, 52.8 mmol) in water (50 mL). Under shigj was added dropwise to
solution of (Boc)O (5.23 g, 24 mmol) in dioxane (50 mL). The reattwas carried out at
room temperature for 12h. The mixture was evapdratel the water layer was extracted with
ether (x3). The combined organic layers were doeer MgSQ. After filtration, the solvent
was evaporated to obtain prod@et
'H NMR (CDCl, 300 MHz):6 (ppm) 4.91 (d, 1H)J = 7.8 Hz), 4.31-4.30 (m, 1H), 3.72 (s,
3H), 1.71-1.47 (m, 3H), 1.43 (s, 9H), 0.93 (d, I+ 6.4 Hz), 0.95 (d, 3H] = 6.4 Hz). 0.94
(d, 3H,J = 6.4 Hz).
13C NMR (CDCk, 75 MHz):6 (ppm) 174.0, 155.4, 79.8, 52.1, 52.0, 41.8, 28438, 22.8,
21.9.
ESIMS m/z246.3 (M+HY, 268.2 (M+H+Na), 146.1 (M+H-Boc), 491.3 (2M+H)
HMRS (ESI) calcd. for C12H24N0O4 (M+H) 246.1704, found: 246.1705
IR v: 3372, 2957, 2873, 1810, 1749, 1712, 1504, 18669, 1118, 1047 cth

To a suspension of Mg turnings (600 mg, 24.86 mniol)anhydrous THF (3.0 mL),

maintained under nitrogen and under reflux, waseddgdure EtBr (0.5 mL) to start the
formation of the Grignard reagent. The remainingnide was added dropwise (ca. 20 min)
in THF solution (1.35 mL of EtBr in 12.0 mL of THEgtal amount of EtBr added: 1.85 mL,

24.86 mmol). The mixture was then allowed to refioxadditional 20 min. After cooling, the
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solution of EtMgBr thus obtained was transferrediemnitrogen to a dropping funnel and
was added dropwise to a solution of the 1-hexyn@ ifZ_, 24.86 mmol) in anhydrous THF
(7.0 mL) at 0 °C with stirring. After additionalistng at O °C for 15 min, the mixture was
allowed to warm up to room temperature, maintaiaed5 °C for 2 h, and then used as such
for the next stepN-Boc-Leucine-OMe22 or N-Boc-Phenylalanine-OM@4 (5.1 mmol) was
dissolved under nitrogen in anhydrous THF (7.0 gl then added dropwise to the solution
of the 1-hexynylmagnesium bromide in THF (prepaasddescribed above) at 25 °C under
nitrogen. After stirring at 35 °C over night, théxtare was cooled to room temperature. After
guenching with a saturated solution of ) the mixture was extracted with ACOEt. The
combined organic layers were washed with brinethed dried over MgSg After filtration,
the solvent was evaporated to obtain crude prodatter filtration, the solvent was
evaporated and the crude produgfsand 29 were purified by column chromatography on

silica gel.

(2-Hex-1-ynyl-2-hydroxy-1-isobutyl-oct-3-ynyl)-cartamic acid tert-butyl ester (25)
Bu

|| Bu
Z

BocHN OH Yield 57%, 1.1 g, oil pale yellow

'H NMR (CDCl, 300 MHz):d (ppm) 4.62 (d, 1HJ = 10Hz), 3.9 (t, 1HJ = 10.5 Hz), 3.10
(s, 1H), 2.26-2.18 (m, 4H), 1.74-1.68 (m, 2H), 1(469H), 1.55-1.35 (m, 8H+1H), 0.97-0.89
(m, 12H).

3%C NMR (CDCk, 75 MHz): 5 (ppm) 156.6, 79.6, 78.6, 67.7, 58.2, 40.1, 30(64,328.3,
25.0, 23.8, 22.0, 21.5, 18.4, 13.6.

ESIMS m/z378.4 (M+HY, 360.4 (M+H-HO)", 755.6 (2M+HJ, 777.5 (2M+Na+H)

HMRS (ESI) calcd. for C23H38NO2 (M+H48)": 360.2916, found: 360.2903

IR v: 3440, 2956, 2934, 2869, 2235, 1698, 1502, 13867, 1162, 1025, 876 ¢m

(1-Benzyl-2-hex-1-ynyl-2-hydroxy-oct-3-ynyl)-carbant acid tert-butyl ester (29)
Bu

Ph ||¢Bu

BocHN OH Yield 35%, solid white, m.p. 65-66°C
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'H NMR (CDCl, 300 MHz):6 (ppm) 7.36-7.18 (m, 5H), 4.72 (d, 1Bi= 9.9 Hz), 4.17 (q,
1H, J = 7.0 Hz), 3.44 (m, 1H), 2.72 (m, 1H), 2.24-2.88 @H), 2.08 (s, 1H), 1.44-1.56 (m,
8H), 1.34 (s, 9H), 0.96 (t, 3H,= 7.0 Hz), 0.94 (t, 3H] = 7.0 Hz).

13C NMR (CDCh, 75 MHz): & (ppm) 156.2, 138.2, 129.2, 128.1, 126.3, 85.67,767.3,
61.0, 37.1, 30.5, 30.4, 28.2, 22.0, 22.0, 18.4.13.

ESIMS m/z412 (M+H)', 434.4 (M+Na)+, 394.3 (M+H-pD)"

HMRS (ESI) calcd. for C26H36NO2 (M+H-®D)" : 394.2758, found: 394.2746

IR v: 3382, 3318, 2934, 2869, 2228, 1663, 1601, 1%280, 1355, 1254, 1159, 1063, 1063

cmt,

A solution ofN-Boc-Leucine-OMe22, N-Boc-Phenylalanine-OM24 (5.1 mmol) in 7 mL of
THF was added dropwise to solution of phenylethymggnesium bromide (20 mL, 1.0 M
solution in tetrahydrofuran) at 25°C under nitrogéfter stirring at 35 °C over night, the
mixture was cooled to room temperature. After qherg with a saturated solution of IYél,
the mixture was extracted with AcOEt (x3). The cameld organic layers were washed with
brine and then dried over MgaQAfter filtration, the solvent was evaporated tmaon crude.

After filtration, the solvent was evaporated ane thude product®6 and28 were purified.

(2-Hydroxy-1-isobutyl-4-phenyl-2-phenylethynyl-but3-ynyl)-carbamic acid tert-butyl
ester (26)
Ph

Il Ph
=

BocHN OH Yield 53%, yellow solid, m.p. 74-76°C

'H NMR (CDCl, 300 MHz):8 (ppm) 7.52-7.48 (m, 4H), 7.35-7.30 (m, 6H), 4.81H,J =
9.8 Hz), 4.18 (t, 1H) = 9.9 Hz), 3.63 (s, 1H), 1.88-1.59 (m, 3H), 1.459H), 1.03 (t, 3HJ =
6.3 Hz), 1.01 (t, 3HJ) = 6.3 Hz).

13C NMR (CDCl, 75 MHz):6 (ppm) 156.8, 132.0, 131.9, 128.8, 128.8, 128.8,2,2122.0,
86.9, 80.0, 68.7, 58.4, 40.1, 28.3, 23.8, 21.6.

ESIMS m/z400.2 (M+H-H0)", 835.5 (2M+H]J, 300.3 (M-HO-Boc)'

HMRS (ESI) calcd. for C27H30NO2 (M+H-8)" : 400.2276, found: 400.2277.

IR v: 3383, 2985, 2935, 2230, 1663, 1527, 1489, 13883, 1156, 752 cih
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(1-Benzyl-2-hydroxy-4-phenyl-2-phenylethynyl-but-3ynyl)-carbamic  acid tert-butyl
ester (28)
Ph

Ph ||4Ph

BocHN OH Yield 40%, solid white, m.p. 133-135°C.

'H NMR (CDClk, 300 MHz):6 (ppm) 7.45-7.40 (m, 4H), 7.28-7.13 (m, 11H), 4@91H,J
= 10.1 Hz), 4.33 (t, 1H] = 9.6 Hz), 3.91 (s, 1H), 3.49 (d, 1Bi= 14.4), 2.8 (t, 1H) = 14.0
Hz), 1.24 (s, 9H).

13C NMR (CDCl, 75 MHz):6 (ppm) 156.4, 137.9, 132.0, 129.2, 129.0, 128.8,4,2128.3,
128.3, 126.4, 121.9, 87.0, 85.1, 80.1, 68.2, &710, 28.2.

ESIMS m/z451.2 (M+HY, 434.2 (M+H-HO)", 474.2 (M+Na)

HMRS (ESI) calcd. for C30H28NO2 (M+H-4®)" : 434.2116, found: 434.2120.

IR v:3384, 3028, 2988, 2934, 2225, 1663, 1527, 14884, 1253, 1157, 1061, 915, 862tm

(2-Hydroxy-1-methyl-4-phenyl-2-phenylethynyl-but-3ynyl)-carbamic acid tert-butyl
ester (27)
Ph

Il Ph
=

BocHN OH Yield 36%, solid pale yellow, m.p. 107-110°C.

To a suspension of Mg turnings (470 mg, 19.6 mniol)anhydrous THF (3.0 mL),
maintained under nitrogen and under reflux, waseddgdure EtBr (0.5 mL) to start the
formation of the Grignard reagent. The remainingnide was added dropwise (ca. 20 min)
in THF solution (1.0 mL of EtBr in 12.0 mL of THRotal amount of EtBr added: 1.5 mL,
19.6 mmol). The mixture was then allowed to reflax additional 20 min. After cooling, the
solution of EtMgBr thus obtained was transferrediemnitrogen to a dropping funnel and
was added dropwise to a solution of the phenyléeety(2.0 g, 19.6 mmol) in anhydrous
THF (7.0 mL) at 0 °C with stirring. After additiohstirring at 0 °C for 15 min, the mixture
was allowed to warm up to room temperature, maiethiat 25 °C for 2 h, and then used as
such for the next stepl-Boc-alanine-OMe&2 (1.0 g, 4.9 mmol) was dissolved under nitrogen
in anhydrous THF (7.0 mL) and then added dropwise the solution of the
phenylethynylmagnesium bromide in THF (prepareddascribed above) at 25 °C under
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nitrogen. After stirring at 35 °C over night, théxtare was cooled to room temperature. After
guenching with a saturated solution of M the mixture was extracted with ACOEt. The
combined organic layers were washed with brinetaed dried over MgS© After filtration,
the solvent was evaporated to obtain cradeAfter filtration, the solvent was evaporated and
the crude produ@7 was purified by column chromatography on silica ge

'H NMR (CDCl, 300 MHz):6 (ppm) 7.51-7.48 (m, 4H), 7.34-7.27 (m, 6H), 4.84%H,J =
8.8 Hz), 4.27 (m, 1H), 3.97 (s, 1H), 1.48 (d, 3H 6.8 Hz), 1.46 (s, 9H).

3C NMR (CDCl;, 75 MHz):6 (ppm) 156.4, 132.0, 131.9, 128.8, 128.8, 128.8,2,2122,0,
86.7, 84,8, 84.6, 80.2, 68.6, 55.7, 28.4, 17.1.

ESIMS m/z378.4 (M+HY, 360.4 (M+H-HO)", 755.6 (2M+H]J, 777.5 (2M+Na+H)

HMRS (ESI) calcd. for C24H24NO2 (M+H-®)" : 358.1811, found: 358.1807.

IR v: 3384, 2988, 2934, 2228, 1662, 1527, 1489, 13283, 1157, 1016 cf

5.14: Procedure for heterocyclization.

Procedure for the Pt-catalyzed heterocyclisation

A typical experimental procedure for the heterosatlon of 1,2-diols is described. To a
mixture of PtC} (0.7 mg, 0.0026 mmol) and PEfyOH (300 mg) were added to substrate
(28.3 mg, 0.13 mmol). The resulting mixture wastbéaby microwave irradiation at 80°C
(initial power 400W and cooling ON) for 30 min.

The reaction mixture was solubilized in g, (1.5 or 2.0mL) and precipitated in,Ex (150
mL). After 3h at -18°C, filtration of PE£xsOH/catalyst and evaporation of ether afforded
pure 2-Butyl-4-phenyl-fural4)in 86 % of yield (measured Bl NMR using CHBr, as an
internal standard).

Procedure for the AuCk-catalyzed heterocyclisation

A typical experimental procedure for the heterosatlon of 1,2-diols is described. To a
mixture of AuCj (0.0026 mmol) and PE&sOH (300 mg) were added to substraté28.3
mg, 0.13 mmol). The resulting mixture was heatedrtigrowave irradiation at 50°C (initial
power 400W and cooling ON) for 15 min.

The reaction mixture was solubilized in &, (1.5 or 2.0 mL) and precipitated in,Bt (150
mL). After 3h at -18°C, filtration of PE£asOH/catalyst and evaporation of ether afforded
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pure 2-butyl-4-phenyl-furail4)in 93 % of yield (measured B NMR using CHBr, as an
internal standard).

Procedure for the AuCI(PPhs)/AgSbFs-catalyzed heterocyclisation

A typical experimental procedure for the heterosatlon of 1,2-diols is described. To a
mixture of AuCI(PPB) (1.3 mg, 0.0026 mmol) and AgSHK0.9 mg, 0.0026 mmol) and PEG
3400-OH (300 mg) were added subst@i{@8.3 mg, 0.13 mmol). The resulting mixture was
heated by microwave irradiation at 50°C (initialmy 400 W and cooling ON) for 15 min.
The reaction mixture was solubilized in &b (1.5 or 2.0mL) and precipitated in ,Ex
(150mL). After 3h at -18°C, filtration of PEfsOH/catalyst and evaporation of ether
afforded pure 2-butyl-4-phenyl-furab4) in 89 % of yield (measured byH NMR using

CH,Br; as an internal standard).

5.15: Procedure for to recycle catalytic system.

A typical experimental procedure for the recyclehe catalytic system constituted by metal

and PEG is described. The substraté28.3 mg, 0.13 mmol) was added to the precipitate
PEGsodmetal obtained after the precipitation-filtratiomhe mixture was heated under

microwave irradiation to give pure product 2-butyphenyl-furan(14) in 91% of vyield

(measured byH NMR using CHBI. as an internal standard).

Procedure for to recycle catalytic system using aoxidant.

A typical experimental procedure for the recycldéhe catalytic system constituted by metal
and PEG using as oxidant is described. The subsrét8.3 mg, 0.13 mmol) was added to
the precipitate PEfzdMetal, obtained after the precipitation-filtratiomnd an oxidant
(respectively PhIGI or PhI(OAc) or p-Benzoquinone 0.0078 mmol). The mixture was

heated under microwave irradiation to give the pm@-butyl-4-phenyl-furarfl4).
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5.16: Characterization of products.

2,4-Diphenyl-furan (13)

.,

o

Yellow solid, m.p 104-106°C, CAS number: 5369-55-1

'H NMR (CDCk, 300 MHz):6 (ppm) 7.78-7.72 (m, 3H), 7.43-7.40 (m, 2H), 7.3877(m,
6H), 6.99 (s, 1H)

3C NMR (CDCl;, 75 MHz):6 (ppm) 154.9, 137.9, 132.4, 130.7, 128.8, 128.8,4,2127.6,
127.1, 125.8, 123.9, 104.0.

ESIMS m/z221.1 (M+HY

HMRS (ESI) calcd. for C16H130 (M+H) 221.0961, found: 221.0966

IR v: 3055, 3035, 1608, 1537, 1486, 1453, 1146, 943,cm’

2-Butyl-4-phenyl-furan (14)
Ph

BN

O Buyellow oil. CAS number: 63591-11-7.

'H NMR (CDCl, 300 MHz):6 (ppm) 7.51 (s,1H), 7.40-7.37 (m, 2H), 7.27-7.25 @Hl),
7.18-7.13 (m, 1H), 6.23 (s, 1H), 2.58 (t, 2Hz= 7.7 Hz), 1.61-1.54 (m, 2H), 1.34-1.27 (m,
2H), 0.87 (t, 3H,) = 7.3 H2).
3%C NMR (CDCl, 75 MHz):6 (ppm) 157.8, 136.6, 133.0, 128.8, 127.6, 127.6,7,2125.7,
104.0, 30.1, 27.9, 22.3, 13.9.
ESIMS m/z201.1 (M+H)
HMRS (ESI) calcd. for C14H170 (M+H]) 201.1253, found: 201.1279
IR v: 2957, 2930, 2863, 1770, 1601, 1551, 1449, 1928, 739 cri

2-Pentyl-4-phenyl-furan (15)
Ph

/ \
O Oil yellow, CAS number: 250586-24-4.
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'H NMR (CDCh, 300 MHz):d (ppm) 7.51 (s, 1H), 7.37-7-40 (m, 2H), 7.25-7.80 @H),
7.13-7.18 (m, 1H), 6.23 (s, 1H), 2.56 (t, 2H= 7.5 Hz), 1.58-1.63 (m, 2H), 1.27-1.30 (m,
4H), 0.83 (t, 3H,) = 7 MHz).

3C NMR (CDClL, 75 MHz):6 (ppm) 157.8, 136.5, 132.9, 128.7, 126.1, 126.5,7,2104.0,
31.4, 28.1, 27.6, 22.4, 14.0.

ESIMS m/z215.1 (M+H}

IR v: 2950, 2927, 2859, 1770, 1601, 1547, 1449, 18689, 926, 746 cih

2-Cyclopropyl-4-phenyl-furan (16)
Ph

s
@)
White solid m.p 64-66°C

'H NMR (CDCk, 300 MHz):6 (ppm) 7.45-7.12 (m, 5H+1H), 6.19 (s, 1H), 1.889L (M,
1H), 0.85-0.83 (m, 4H).

3C NMR (CDCl, 75 MHz):6 (ppm) 158.5, 136.2, 132.8, 128.7, 127.0, 126.5,6,2102.7,
8.8, 6.6.

ESIMS m/z185.3 (M+HY)

HMRS (ESI) calcd. for C13H130 (M+H) 185.0970, found: 185.0966

IR v: 3058, 3011, 2920, 1760, 1601, 1550, 1449, 1328, 802 crit

4-phenyl-furan (17)
Ph
T
0" H Yyellow oil, CAS number: 13679-41-9

IR v: 2922, 2857, 1753, 1600, 1496, 1448, 124791089, 755, 693 cih

4-Methyl-2-phenyl-furan (18)
CH3
BN
O Phyellow oil, CAS number: 39517-83-4.
'H NMR (CDCk, 300 MHz):6 (ppm) 7.57-7.54 (m, 2H), 7.29-7.26 (m, 2H), 7.1837(m,
2H), 6.45 (s, 1H), 1.98 (s, 3H).
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13C NMR (CDCl, 75 MHz): 5 (ppm) 153.8, 138.9, 131.1, 128.6, 127.1, 123.6,0,2107.7,
9.9.
IR v: 2930, 2873, 1770, 1598, 1446, 1099, 914" cm

2-Methyl-5-phenyl-3-phenylethynyl-furan (19)
Ph

N\

/A
0" Ph vellow solid, m.p. 65-68°C.

'H NMR (CDCh, 300 MHz):6 (ppm) 7.57-7.54 (m, 2H), 7.45-7.42 (m, 2H), 7.3357(m,
5H), 7.20-7.14 (m, 1H), 6.59 (s, 1H), 2.43 (s, 3H).

13C NMR (CDCl, 75 MHz): 5 (ppm) 155.9, 151.9, 131.4, 130.3, 128.7, 128.8,0,2127.4,
123.6, 123.5, 107.6, 105.3, 92.1, 81.6, 13.0.

ESIMS m/z259.2 (M+HY

IR v: 3059, 2928, 2213, 1598, 1488, 1236, 926, 751 cm

5-Butyl-3-hex-1-ynyl-2-methyl-furan (20)
Bu

A
/ \
O BU Qjl yellow, CAS number: 958230-87-0
'H NMR (CDCl, 300 MHZz):6 (ppm) 5.88 (s, 1H), 2.49 (t, 2H,= 6.9 Hz), 2.36 (t, 2H] =
7.5 Hz), 2.30 (s, 3H), 1.60-1.32 (m, 8H), 0.98¢, J = 7.2 Hz), 0.93 (t, 3H] = 7.3 Hz)
13C NMR (CDCL, 75 MHz):6 (ppm) 154.0, 153.4, 107.6, 103.6, 92.0, 72.8,,3300, 27.5,
22.1,22.0,19.2, 13.8, 13.6, 12.5.
ESIMS m/z219.3 (M+HY, 437.3 (2M+H]J
IR v: 2961, 2930, 2866, 1776, 1581, 1463, 1365, 193@, 798 crit
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2-1sobutyl-5-phenyl-3-phenylethynyl-pyrrole-1-carbocylic acid tert-butyl ester (30)
Ph

N\
B

N~ "Ph
Boc
Oil yellow

'H NMR (CDCk, 300 MHz):6 7.42-7.40 (m, 2H), 7.27-7.16 (m, 8H), 6.18 (s, 1B5 (d,
2H,J=7.1 Hz), 2.01-1.88 (m, 1H), 1.13 (s, 9H), 0.653H,J = 6.6 Hz), 0.95 (d, 3H] = 6.6
Hz).
13C NMR (CDCl, 75 MHz):6 149.6, 140.7, 134.5, 134.3, 131.2, 128.3, 1283,9, 127.0,
124.1, 113.7, 106.6, 91.1, 84.5, 84.10, 35.8, 2072, 22.6.
ESIMS m/z 400.2 (M+HJ, 300.1 (M+H-Boc), 799.4 (2M+H}
HMRS (ESI) calcd. for C27H30NO2 (M+H) 400.2271, found: 400.2277

IR v: 2956, 2930, 2869, 2212, 1741, 1601, 1480, 13298, 1153, 1133, 846, 753 ¢m

5-Butyl-3-hex-1-ynyl-2-isobutyl-pyrrole-1-carboxylic acid tert-butyl ester (31)
Bu

N\
B

N Bu
Boc
Oil pale yellow

'H NMR (CDCl, 300 MHz):d (ppm) 5.87 (s, 1H), 2.79 (2H,= 7.2 Hz), 2.72 (t, 2H) = 7.7
Hz), 2.39 (t, 2HJ = 6.8 Hz), 1.87-1.82 (m, 1H), 1.60 (s, 9H), 1.683L(m, 8H), 0.97-0.89
(m, 12H)
3%C NMR (CDCk, 75 MHz): 6 (ppm) 150.0, 137.9, 135.3, 111.3, 107.1, 91.36,835.3,
36.3, 31.1, 29.4, 29.0, 27.9, 22.3, 21.9, 19.2),1143.6.
ESIMS m/z360.4 (M+H), 304.3 (M+H-{-Bu))*, 719.7 (2M+H}
HMRS (ESI) calcd. for C23H38NO2 (M+H) 360.2895, found: 360.2903
IR v = 2956, 2927, 2873, 1738, 1533, 1463, 1318, 11630, 850 cm
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2-Methyl-5-phenyl-3-phenylethynyl-pyrrole-1-carboxylic acid tert-butyl ester (32)
Ph

A
/ \

N Ph

Boc  OQil pale yellow
'H NMR (CDCl, 300 MHz):6 (ppm) 7.44-7.41 (m, 2H), 7.25-7.17 (m, 8H), 6.%6 1H),
2.53 (s, 3H), 1.18 (s, 9H).
13C NMR (CDCl, 75 MHz):6 (ppm) 149.6, 137.0, 134.6, 134.3, 131.3, 128.8,3,2127.9,
127.7,127.1, 123.9, 114.1, 106.0, 91.4, 84.1, 8B, 14.1
ESIMS m/z358.2 (M+HY, 258.2 (M+H-Boc)
HMRS (ESI) calcd. for C24H24N0O2 (M+H) 358.1801, found: 358.1807
IR v: 2981, 2920, 2849, 2212, 1741, 1482, 1369, 18287, 1153, 1132 cMh

2-Benzyl-5-phenyl-3-phenylethynyl-pyrrole-1-carboxyic acid tert-butyl ester (33)
Ph
N\
/ \

N Ph
Ph Boc  Qil yellow

'H NMR (CDCl;, 300 MHz):6 (ppm) 7.41-7.38 (m, 2H), 7.21-7.06 (m, 13H), 6(841H),
4.39 (s, 2H), 0.94 (s, 9H).

13C NMR (CDCl, 75 MHz):6 (ppm) 149.3, 139.6, 138.7, 134.8, 134.2, 131.8,5,2128.4,
128.3, 127.9, 127.8, 127.2, 126.1, 123.9, 113.8,11®1.3, 84.2, 83.9, 32.5, 26.9.

ESIMS m/z 434.2 (M+HY}, 334.3 (M+H-Boc}, 867.4 (2M+H]

HMRS (ESI) calcd. for C30H28NO2 (M+H) 434.2097, found: 434.2120.

IR v = 3031, 2981, 2212, 1742, 1598, 1454, 1480, 18230, 1152, 1129, 689 €m

2-Benzyl-5-butyl-3-hex-1-ynyl-pyrrole-1-carboxylicacid tert-butyl ester (34)
Bu
A\
/ \

N Bu
Ph  Boc  Qjl yellow pale.
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'H NMR (CDCL, 300 MHz):6 (ppm) 7.18-7.13 (m, 2H), 7.08-6.98 (m, 3H), 5.83 1H),
4.26 (s, 1H), 2.65 (t, 2H, = 7.0 Hz), 2.28 (t, 2H] = 7.0 Hz), 1.54-1.28 (m, 8H), 1.24 (s, 9H),
0.84 (t, 3HJ = 7.3 Hz), 0.81 (t, 3H] = 7.3 Hz).

13C NMR (CDCl;, 75 MHz):6 (ppm) 149.6, 140.5, 135.9, 135.6, 128.1, 127.8,7,2111.4,
107.8, 91.8, 83.8, 74.7, 33.1, 31.1, 28.8, 27.5%,22.0, 19.3, 14.0, 13.6.

ESIMS m/z394.3 (M+HY, 338.2 (M+H#t-Bu)’, 787.5 (2M+H)

HMRS (ESI) calcd. for C26H36N0O2 (M+H) 394.2742, found: 394.2746

IR v: 2957, 2931, 2866, 2219, 1740, 1537, 1372, 18227 cnt
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Chapter 6: From UNCAs to Pyrrolin-4-ones

6.1: Introduction.

In this chapter, we present the original use othamee N-protected carboxyanhydrides of
amino acids (UNCAs) as building blocks. In firsttemipt we tested the addition of
organometallics compound to the UNCAs. The ringnipg gave in only one step, by
controlling temperature and stoichiometry, the picicbf mono addition: the chiratamino-

ynone. This versatile route yields to a family bése derivatives with different substituents

on the alkyne moiety.

0 o)
R
\/Z< RI——1Li R PtCl,/K,CO3 b\
—_— >
/N«o THF, 4h NHBOC\\ R PEGq400 MW RO R
Boc -60<T, -78T 3400,M Boc
© 60-94% 70,30 min 88-99%

We report also unprecedent results regarding thelroatalyzed cycloisomerization reaction
of a-amino-ynones into pyrrolin-4-ones using PEG asesal under microwave irradiation.
These heterocyclic structures may have a pharmgicalointerest may be inserted as non-

peptide peptidomimetic scaffold.

6.2: Bibliographic section.

UNCAs (urethandN-protected carboxyanhydrides of amino acids) reprea unique class of
stable, isolable and preactivated amino acid devies (Figure 6.1

o R

RZ\O)J\N/'Y

0
)/«—o
3

Figure 6.1: Urethane N-protected carboxyanhydridéamino acids.

The history of these activated acid anhydridegesdavhen Leuchs in 1906 reported the first
synthesis of amino acidN-carboxyanhydrides (NCAs) followed by polymerizatidor

obtaining poly amino acid&’”
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One of the major problem in the use of NCAs foreotbroposes was the polymerization. The
solution came with the introduction of urethaNeprotected carboxyanhydrides of amino
acids (UNCAs)?8%

The urethane carboxyanhydrides of amino acid (NG#se)readily prepared by using either
direct phosgenation (Scheme 6.1, pathway a), thehseprocedure (Scheme 6.1, pathway b),
or phosgenation of bis-trimethylsilyl amino aci@&keme 6.1, pathway &}

The formation of urethan®&-protected carboxyanhydrides of amino acids (UNCAg)
protection of amino function was achieved by thedemsation of acylating reagents (acyl
halides, chloroformates, anhydrides, etc.) with @A aprotic solvents such as THF, EtOAc,
or CHCI; in the presence of N-methylmorpholine (NMM), a ddbat does not readily

promote polymerization or ring-open of the NCAsi&me 6.1§°%2

O
THF 1-2 h
HoN + )J\ —_—

c” cl e
o o
Pathway a
HNJ\o . Q NMM Rl\OJ\NJ\
S O 1 NMM.HCI
R? O Cl The RZH

RS O R O

OR2 RS protection UNCASs
Bzl )]\ OH +soCl, —  » NCAs
[ THF 1
H o R™=Fm, Bz, t-Bu
Pathway b
COCly, THF Pathway ¢
1-2h
(e} H o
H-N THF
2 %OH +2 TMSCI + 2 TEA - > TMS/N%J\OTMS + 2 TEA HCI
R2 R3 1-2h R2 R3

Scheme 6.1: Three methods for the synthesisaaiino acid N-carboxyanhydrides followed
by N-protection for obtaining a urethane protectedmino acid N-carboxyanhydride.

UNCAs, crystalline solid, are very reactive and taninvolved in a wide array of chemical
processes such as organic synthesis and peptidesthe

In this part we will examine different applications the use of urethane protectedmino
acid N-carboxyanhydrides.

UNCAs can be used for the synthesis of peptideslution, on solid support and without use
of organic solvents by mechanical activatfSt.
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The peptide synthesis in solution was carried @imgi THF, DMF, toluene, DMA, NMP,
acetonitrile, DMSO, glacial acetic acid and relatiixtures of these solvert&?

Boc, R!

1 1 1
N 2 2 0™>o"~0 Boc N R
+ RZ NMM N R® 1)H; N N
Y HoN — » B2 N
070”0 O THF Rg H 0O H o rR H O
1 2) Pd/C
"coupling 1" "deprotection and coupling 2"

Scheme 6.2: One-pot synthesis of a tripeptide dysle of Z-protected amino acid N-
carboxyanhydride.

The protected tripeptides are formed in consecutieps: the coupling the UNCAs via an
aminoacid; one-pot deprotection of the dipeptidéoteed by coupling (coupling 2) with a
new UNCA, without need to remove by-products, instnecases, the deprotecting reagents
(Scheme 6.2).

New strategies were developed in order to avoidugeeof solvents in the peptide synthesis.
Lamaty and co-workers have improved the synthebidieptides or tripeptides using a
solvent free approach realized by mechanical aotiwaball milling conditions) (Scheme

6.3)12%% The method showed the versatility of UNCAs in tielaship with an eco-sustainable

chemistry.
Rl o R? (0]
H Q?\ NaHCO3 bG HJ}\
N oot CIH .HoN _ orRE T SN - OR® +CO, +NaCl
PG 22 ball-milling H § R
© 1h, 30Hz

PG= Boc, Fmoc

Scheme 6.3: Synthesis of dipeptides under solkemtbnditions.
UNCAs are used as the synthons for the asymmaetnthesis of a large number afaryl

amino acids (Scheme 6.4). The synthesis involvedymamic kinetic resolution of racemic
a-aryl UNCAs catalyzed by modified cinchona alkal(BHQD),AQN).!?8> 28€l
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R O
0 o)
_N_ O . 1
PG \[r (DHQD),AQN (0.2 eq) R]z,,‘ O/\/ Pd(PPhz)4 (0.1 eq) RY,
I OH
N Et,0, 4A M.hS. NHPG Morpholine, THF NHPG
23T, 0.5-2 23T, 10 min
N-"0H 89-92% e.e.

86-95% yield

Scheme 6.4: Kinetic resolution of racemic UNCAs.

Extensive studies on the reactivity of UNCAs wesvaloped by Martinez and coworkers.

These studies point out the superb reactivity ofdAN and their usefulness in the synthesis
of aminoacid derivatives.

In particular they have described the versatilifytltese derivatives to access to various

compounds such gsamino alcohols, statine precursd¥g;-dicarbonyl amino acids etc.

A convenient and attractive one-pot synthesispedmino alcohols by chemoselective

reduction of UNCAs with sodium borohydride was nepd in 1995%"!

The UNCASs can be reduced with sodium borohydride, 2adimethoxyethane in the presence
of water (Scheme 6.5). The formationMprotected3-amino alcohols is of much interest in

organic chemistry because these families are theikiermediates for the synthesis of

inhibitors of proteases and enkephalins.

, O
R H
NaBH4, Hzo 2/N

o) R Y\OH

N
2’ j< DME, 1t Rl
o)

R1= amino acid side chains
R2: Boc, Fmoc, Z

Scheme 6.5: Synthesis of N-protegteamino-alcohols by reduction of UNCAs by sodium
borohydride.

Statine and3-hydroxy y-amino acids have been used for the preparatiomlobitors of
aspartyl proteases such as renin, a key enzynhe irehin-angiotensin system, and HIV.
By reaction of Meldrum’s acid on the correspondifgCAs in the presence of tertiary amine

it was possible to obtain the adduct A that canlyeag cyclized to give the corresponding
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tetramic acids (Scheme 6.6). By sequential redodiind hydrolysis of tetramic acids statine

analogues from UNCAs were obtaiff&d.

Rl\,/[<o O;/If R
Meldrum's Acid AcOEt 1N NaOH
_NaBHs __acetone RZHNJ\:/\COOH

Z/N\\< TTHR, TEA T
R CH,Cl,
AcOH 2N HCl

dioxane 70°C
adduct A tetramic statine
acids analogues

OH

R= amino acid side chains
R?= Boc, Fmoc, Z

Scheme 6.6: Synthesis of statine analogues fromA3NC

The key step of the synthesis is the diasterose¢eotduction of tetramic acids, in fact only
the syn configuration offf-hydroxyy-amino acids (statine anologues) are recognizetam
interaction with the enzymes.

An other use of UNCAs is the synthesis of vicinétarbonyl compound$®” known as
potential inhibitors of serine proteases or stgrtimaterials for the synthesis of isoquinoline
alkaloids, eudistomins, vicamine-related alkalomsbacephams and imidazoles.

The condensation of UNCAs with triphenylphosphoti@@nes by Wittig reaction, give the
corresponding keto phosphorane. These intermediategive, by oxidation with oxone or

Phl(OAcY), the vicinal tricarbonyl compounds (Scheme 6.7).

1

1 o 1
R ph3p R PPhs R O
o) \—coox ) ox []] 2 OX
N R“HN —  » R°HN
RZ/ \S) X= Et, Bzl, t-Bu o) o) o) e}

R1= amino acid side chains
R?= Boc, Z

Scheme 6.7: Synthesis of vicinal tricarbonyl conmaisufrom UNCAS

a-Keto ester and-keto amide derivatives are inhibitors of protewmlynzymes such as serine

and cysteine proteases when these analogues areeths peptide sequences.
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The synthesis of precursorswketo esters is accomplished by reaction betweeGABNand
cyanomethyltriphenylphosphonium chloride, followég¢ ozonolysis in the presence of

nucleophiles (Scheme 6.85%

R o CN R PPhg R O
+
\— "Cl Phap—" 03
_N__O GPHN CN GPHN OMe
GP™ Y DCM, DIEA, rt 5 CH,Cl,/MeOH u
o

Scheme 6.8: Synthesisfamino«u-keto-esters from UNCAs..

Pyrrolidine-2,4-diones are considered as new angidoderivatives and can be useful as
bioactive entities, for the introduction of biologlly active moieties into pseudo-peptides and
peptoids. They are also considered as heterocymlidding blocks for combinatorial
chemistry?®” The formation of N-urethane protected-3,5-dialBy&mino pyrrolidine-2,4-
diones as racemicis/trans mixtures could be obtained using UNCAs in the gneg of a

base in aprotic medium (Scheme 6.9).

H R O o} S
R, & O _ 5 R R > +CO
< osu o Boc, H | o, PN H ?
N. O — B _N_O|* O | N NB - NBoc
- 0oC ocC
Boc \[O( \[O( )]/ \BOC O%\O o - (o)

Scheme 6.9: Proposed mechanism of formation fopligine-diones from UNCAs.

In the presence of the lithium enolate of ethyltatein THF at - 78°C, UNCAs led to the

correspondingN-protectedy-aminof-keto-ester derivatives (Scheme 6.28.

R‘ 0 e R/OE.t =
f—/( OLi R /'\[m(oa
Rl/N\[( © THF, -78C ﬂ
o)
Rl:BzI, Boc

50-70%

Scheme 6.10: Synthesis of N-protegte@mminof-keto-esters from UNCAS
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The condensation of the lithium enolate is compatath various protecting group used in
peptide synthesis such &st-butyloxycarbonyl (Boc) and benzyloxycarbonyl (Zbgp.

The first study on the reactivity of UNCAs with Gmiard reagents was reported in 168%.
The addition of the UNCA to the Grignard reageit e a mixture of products identified as
N-protected amino acid\-Acyl amino acidsp-aminoketones, alcohol compounds and ester

derivatives when reaction was carried out at 0°C.

Rl\‘)(z R1 Rl Rl R1 Rl
CH3MgX RS OH OR® OH
P — R2HN)\H/OH + RZHN)\H/ + RN + RPHN * RHN
R2’ j< o o) )\ o) o) RS R®
o) 07 \R3

Acid Ketone N-Acyl Ester Alcohol
R?= Boc, Bzl A: 29% A: 4% A: 16% A: 40% A: 13%
X = Br. Cl B: 11% B: 3% B: 58% B: 19% B: 3%

Method A: addition of UNCA on RMgX in THF at 0C
Method B: addition of RMgX on the UNCA in THF at 0°C

Scheme 6.11: Reaction of UNCAs with organomagnesiumpounds.

The inverse addition (addition of the Grignard m@gto the UNCA) also led to a mixture,
but the major product was tieprotectedN-acyl amino acid (Scheme 6.11). When lithium
enolates were used the corresponding keto derestwere obtained in good vyield (50-
70%)[2%0

B-Amino-a-hydroxyacid moiety or norstatine derivatives coblel used to be inserted into
peptides known to be potent inhibitors of aminojugses. Furthermore, norstatine-related
compounds have been reported to be HIV proteaseremd inhibitors. One method to

prepare B-aminoe-hydroxyacid started from urethandl-protected carboxyanhydrides

(UNCAS); the key step of this reaction is the ddasbselective reduction of aramino-

ynone, leading to the corresponding propargylioladt with syndiastereoselectivity (Scheme
6.12)12%
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e I|30c NaBH, I|30c 1) dihydropyran, ||30C
Rﬁ/( H—=—MgBr H NH __H cociy7H0 H NH M PPTS CHCl, 1 NH
o R>\H/ R>\g/ R)ycozH
BOC/ \«O THF, -60T o MeOH, -78C OH 2) NalOy4, RuCls, OH
CH3CN/CCly, Hp0
R=Me, i-Pr, i-Bu, Bz 3) HzO"

Scheme 6.12: Alternative route to prepare norstifrom UNCAs

To confirm the supposeslyn diastereoselectivity of the reduction leading he (%5 39)-
norstatines, the propargylic alcohol was conveingéalthe corresponding oxazoline derivative
(Scheme 6.13).

'T%OC Boc ><
HA NH H SN o
>‘\>/ s H'Y P
H3C ~,
H®" “OH 1 s RN\
H

Scheme 6.13: Conversion of the propargylic alcaim the corresponding oxazoline

derivative.

The relative configuration of oxazoline derivatiwas assigned on the basis of thleNMR
coupling constant between*tnd H. The mixture of stereoisomers was quantified kg th

distinguishable signals.

6.3: Results and discussion.

We became interested in the formationaedmino-ynone derivatives that can cyclize in a
metal-transition catalyzed reaction to give thaegponding pyrrolin-4-ones.

Only one method is described for the synthesig-amino-ynone compound: after activation
as Weinreb amide (from commercially available aragids) the addition of various lithium

acetylides gives the-amino-ynones in good yields (Scheme 64%)2%4
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H
l) /N\O/ y HCI

o TBTU, DIEA o
Rl\’)J\OH DMF, 1t, 1h Rl\')l\

NHPG 2) RP———1Li NHPG R
PlG=_Boc, Cbz, Ac 58-89%
R™=iPr, H, Me, Bn, sec-Bu,

indol-3-ylmethyl

Scheme 6.14: Synthesis of thamino-ynones via Weinreb amide formation.

In the only example of addition of Grignard reagentUNCASs reported (Scheme 6.15) the
Grignard reagent was prepared starting from terimaleynes, and after addition to the

UNCAs, CQwas the only by-product.
We thought of to extending the use of this reactisimg different alkynes bearing also

phenyl or alkyl groups on the triple bond.
We hypothesized that it was possible to obtain memdition of various Grignard acetylide to

UNCA to give the correspondingamino-ynones by controlling the temperature.

0 0
1 1
R R
\%ko + R®——MgBr — ﬁ)\ + €Oz
BocN—§ NHBoc R2
0

Scheme 6.15: General hypothesis of addition obuariGrignard acetylide to UNCAs.

The commercially available UNCA used in this stwadgre Boc-Phe-NCAL, Boc-Ala-NCA
2, Boc-Val-NCA3 and Boc-Gly-NCA4 (Figure 6.2).

Ph
H3C
o
0
BocNLfo BocN)\fO BOCNL BOC}:\O/?
}‘O }‘O O%O 0
o) o)
1 2 3 4
Figure 6.2: Boc-Phe-NCA, Boc-Ala-NCA2, Boc-Val-NCA3 and Boc-Gly-NCAL.

Before the reaction the purity of UNCAs was deterdi by'H NMR, the commercial

batches are sometimes contaminated by the presémtice correspondindyl-protected amino
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acid, obtained after ring opening of UNCAs. In arde remove this by-product, the solid
mixture was solubilized in AcOEt and washed oneetimith a satured solution of NaHGO
The organic phase was dried with MgS#d the solvent was removed under vacuo.

In a first experiment purified Boc-Phe-NCA was treated with an equimolar amount of
commercially available phenylethynylmagnesium bigni(Scheme 6.16). To a stirred
solution of Grignard reagent kept at -60°C, UNCA=svadded. The presence of the desired
product5 was detected by HPLC after 4h along with some gopducts. The yield ofi-
amino-ynone5 was very low (only 11%, Table 6.1, entry 1) afpanrification by column
chromatography. This preliminary experiment conédmthat a-amino-ynone derivatives
could be obtained using this method.

Ph O Ph O
)k -60C
\ O + Ph—=——MgBr S/t\ + CO2
\
BocN THF, 4h NHBoc Ph
0
1 5:11%

Scheme 6.16: Addition of Boc-Phe-NC# phenylethynylmagnesium bromide.

In a second attempt we changed the nature of UN@&sng alanine derivative (Scheme
6.17).

o) o)
HaC 60T HzC
3 \AO + Ph—==—MgBr 3 ‘ \\ + CO»
BocN\ﬁ THF, 4h NHBoc  “Ph
o)
) 6: 7%

Scheme 6.17: Addition of Boc-Ala-N@Ao phenylethynylmagnesium bromide.
A slight excess (1.1 equivalent) of the Boc-Ala-N€Avas added to the Grignard reagent at -

60°C confirming the complete conversion of startingterial after 4h, but the yield remained
poor (only 7%, Table 6.1, entry 2).
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Table 6.1: Addition of Boc-Phe-NClAor Boc-Ala-NCA2
to phenylethynylmagnesium bromide.

O
Rl\% 1 i
-60C R
0 + R>—=——MgBr \')\ + CO2
/NT< THF, 4h 2
Boc

NHBoc R
o)
) Yield
Entry R R M °C  Product
(%)
1 CH,Ph Ph MgBr -60 5 11
2 Me Ph MgBr  -60 6 7

a) isolated yield.

To increase the yield and to obtain only the modditeon, we decided to change the nature
of the organometallic compound and to use a maetire organolithium reagent.
Boc-Ala-NCA 2 was added to 1.5 equivalent of phenylethynyl Uithiat -50°C (Scheme
6.18). The organolithium was freshly prepared ia tbaction. In this case the prodGavas
obtained with a good purity albeit in low yield @5 Table 2, entry 1).

o)
chﬂ Q
-50C  HsC
0 + Ph—=——Li 3\H\'C02
/NW< THF, 4h
o)

Boc NHBoc Ph
2 6: 35%

Scheme 6.18: Addition of Boc-Ala-N@Ao phenylethynyllithium.

However, the result was encouraging and the organoh componds became the reagent of
choice. An other important parameter of this resctivas to determine the enantiomeric
excess of expected product. By chiral HPLC it wassfble detect the two enantioners ®f
(Table 6.2, entry 1). This result suggests a fdaejamerization of substrat2 during the

reaction.
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Table 6.2: Addition of UNCAs to alkynyl organolithm.

Rl
ﬁ/(o 2 — g % Rl\%\
+ R — i
X
BOC/N THF 4h NHBoc  R2
o]
5 Yield e.e.
Entry R R °C  Product )
(%) (%)
1 Me Ph -50 6 35 65
2 Me Bu -78 7 95 94
3 Me Cyclopropyl -78 8 80 90
4 i-Pr Ph -50 9 71 81
5 i-Pr Ph -60 9 62 97
6 i-Pr Bu -78 10 81 96
7 i-Pr Cyclopropyl -60 11 94 100
8 CH,Ph Ph -78 5 60 10
9 CH,Ph Bu -78 12 61 20
10 CHPh Cyclopropyl -78 13 64 18
/
11 CHPh N\ -78 14 46 95

a) isolated yield; b) e.e. determining by chiralltdP

Variously substituted lithium acetylides bearingaagl or alkyl group (Table 6.2, entries 2-
11) were tested.

Temperature and concentration of solvent were itapbrfactors for the control of the
enantiomeric excess. When the reaction of additioh Boc-Val-NCA 3 to
phenylethynyllithium to was carried out at -50°@jreerization occured faster (Table 6.2,
entries 4 and 5). Better results were achieved @yying out the reaction at lower
temperatures, between -60°C at -78°C.

a-Amino-ynonesb, 7-13 were obtained exclusively in good to excellentdsg60% - 95%)
while the analysis by chiral HPLC showed a modeeatsion of the enantiomeric excess for
the Boc-Ala-NCA derivatives (Table 6.2, entries )1-3Minimal decrease of the
stereochemical purity for Boc-Val-NCA derivativesasvobserved (Table 6.2, entries 5-7)
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while no epimerization occurred for compoufhdl presenting a cyclopropyl group on the
triple bond.

Contrasting results were obtained in the case ditiad of Boc-Phe-NCAL to organolithium
reagent. For the-amino-ynones, 12, 13 the yields of product was around 60 % but the
enantiomeric excess for these derivatives was legry(Table 6.2, entry 8-10).

The only exception in this series was molecidewith 95% ofe.e (Table 6.2, entry 11).
Maybe the presence of a nitrogen on the phenyl cargproduce different interaction in the
transition state.

In general, the decrease of stereochemical puoiiydcbe explained by a faster epimerization
when an aromatic group was present in the sidenatfaihe amino acid derivative™ In all
cases, the loss of enantiomeric excess could blaiegd by a direct enolization mechanism
during the reaction of addition of UNCAs to orgadtiobm compounds.

When Boc-Gly-NCA was the substrate, the reactios m@ complete after 4 h. By LC-MS it
was possible to observe that the formation of etgube-amino-ynonel5 together with the

corresponding amino alcohbb, as a consequence of a double addition (ScherBg 6.1

Ph
o) o o /)
f( h—— - €0, H\ &
0 + Ph—=——1i
N\\< | " THF an N N

+
Boc/ \ 78C NHBoc Ph NHBoc Ph

4 15 16
Scheme 6.19: Addition of alkynyl organolithium tcB>5ly-NCA4.

The method for the synthesis afamino-ynone5-15 requires the use of commercially
available UNCAs. Expected products were obtaingdrabne reaction step, addition of
UNCAs to organolithium reagent and the purificatwwas carried out by a simple column
chromatography on silica gel.

Thesea-aminoynones would be used as the substratesdaythithesis of pyrrolin-4-ones by

metal-catalyzed cycloisomerization reaction.
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6.4: Pharmacological interest and alternative syntbsis of pyrrolin-4-one

derivatives.

Pyrrolin-4-one derivatives are an important clagsfunctionalized nitrogen-containing

heterocycles along with useful biological actiwstiend widely used as key building block for
the development of anticancer, antithrombotic, amtimicrobial agents. Pyrrolinone

mimetics present the peptide pharmacophore on al palypyrrolinone backbone.

Smith and Hirschmann pioneed the studies of 3Jetinpolypyrrolinone scaffold, have

shown that in the pyrrolinone system, the amidekbawge is “rearranged” to replace the
6-299]

central amide group with a 5-membered pyrrolindng system (Scheme 6.26

O (e}
. H R ~\\H H R P\H
’ S N>Y 3 N)Y%? —
R H H 0] R H H 0

Peptide B-Strand Conformation Nitrogen Displaced Pyrrolinones

Scheme 6.20A potential non-peptide peptidomimetic scaffold.

This transformation preserves the positioning efsltde chain of the peptide while preventing
the enzymatic degradation that would destroy nonpegitides before they could reach their
target receptors. The ring systems are highly comdtionally constrained, and the internal
hydrogen bonding eliminates sites for solvation. &lthese features improve the potential
for highly selective biological activity, metabobtability, and bioavailability.

Mimetics based on pyrrolinones have shown potentialthe development of enzyme
inhibitors for example HIV protease and renin, MHi@ajor histocompatibility complex)
Class Il DR1 inhibitors, and MMP (Matrix metallopetnases) inhibitors.

Extensive research has generated many proceduréefeynthesis of pyrrolin-4-ones.
Pyrrolinones derivatives are synthesized by theti@a betweenN,N'-dicyclohexylethane-
1,2-diylidenediamine and N,N'-diarylethane-1,2-diylidenediamines with

diphenylcyclopropenone through a formal [2 + 3]logddition reaction (Scheme 6.2139’
301]
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R 0 Ph O Ph O
=N EtOH ) H )y
+ . - o NHR
\N Ph N Ph
| |
é Ph Ph R NR R H

Scheme 6.21: Formal [2 + 3] cycloaddition reactiohcyclopropenones with imine
derivatives

Moreover nucleophiles such as alcohols, thiocyauics, thiols, or acetylacetone reacted

with immonium salts (Scheme 6.22) to yield 5-subgid -2-pyrrolin-4-one§%?
0 Ph

1
Ph NR \2_&\
3
R \
j>:o + Rz)]\Rs —_— oW Ph
Ph R ]
R

RY, R? = alkyl, aryl
R®=RO, RN, RS, Me,S(O)N

Scheme 6.22: 5-Substituted -2-pyrrolin-4-one.

Wasserman and co-workers reported a series ofigaacusing tricarbonyl derivatives.
Application of tricarbonyl chemistry in synthesss illustrated by the formation of various
natural products or their precursors including flisag beta-lactams, indole alkaloids,
marine metabolites, enzyme inhibitors containingphatketo amides, and bioactive

depsipeptides incorporating hydrated tricarbonyisuf*!

The reactions of aryl and hetero vicinal tricardodgrivatives with aldehyde Schiff bases
lead to pyrrolinone derivatives by benzylic acithted rearrangements, driven, most
probably, by iminium ion intermediates (Scheme 6£23°* It was also we reported that the
acetylenic tricarbonyl serves as a polyelectropmleddition reactions of primary amines

substituted with nucleophilic groups (Scheme 682313

175



Chapter 6: From UNCAs to Pyrrolin-4-ones

—N
ButO,C
A Ar OoBu ¥ —pPh — \

O H,0 Ar

Ph

(0]

o o N
2 OH
B) P 0J< + N—ph — /

H O HO
(0]

Ph

Scheme 6.23: Reaction of vicinal tricarbonyls veittamines (A) or amines (B).

The same group reported that the intramoleculafatibn of substituted 3-hydroxpyrrole-2-
carboxylates (Scheme 6.24) lead to fused ring systdound in the pyrrolizidine,
indolizidine, and related pyrrolidine alkaloit&”

OH 0
NaH
/' \_coeu —» [ COztBu
N jx N
k(CHZ)n C
Han

Scheme 6.24: Intramolecular alkylation of subs#itLi8-hydroxpyrrole-2-carboxylates

An alternative access route to substituted pyrrétones consisted of a [phenyliodin(lll) bis-

(trifluoroacetate)] PIFA-mediated oxidative cyclimm (Scheme 6.255"

(0]
(0] . 0
R
/fJ\Rl PIFAITFA / CHs
HsC NHR2 CHyCly, rt H3C N R!

58-77%

Scheme 6.25. PIFA-mediated oxidative cyclization.
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Bunnelle and co-workers have hypothesized thaatgrpropargylic alcohol substrates could
provide a platform for heterocyclizations involviagl,2-shift to give substituted pyrrolin-4-
ones (Scheme 6.26f% This is the only example reported in the literatthat uses platinum

di-chloride as catalyst for the synthesis of thadsevatives.

O
HO et
BU—— PtCl, 10 mol % ] Et
/Bl Toluene, 100C Bu N Rt
\ HN\
HN—Tos Tos

71%

Scheme 6.26: 1,2-Shift heterocyclizations for givastituted pyrrolin-4-ones.

An other system involves an intramolecular cycl@atof N-vinylic amidines to yield 4-

pyrrolin-3-ones (Scheme 6.2

)'\fz NR?
Y A Xxylene _
N “CHg NH
MeO -MeOH
o o \ o
O COyMe
OMe

Scheme 6.27: Intramolecular cyclization of N-viogmidine.

The first example of use ofamino-ynone was reported in 1994 by Overhand agchtf*
the antifungal agent (+)-preussin was synthesinefive steps front-Boc-(S)-phenylalanine
(Scheme 6.28). The key step involved bgrisiadig process Hg (I1)-mediated ring closure of
a-amino-ynone. This strategy required a stoichiolm@mount of mercuric acetate to achieve
the ring closure.

Pho O 1) Hg(OAC), Ph D
CH3NO
% 3NO7 - ) X
NHBoc CgoH1g 2) NaCl BocHN
CoHig
X=H or HgClI
Yield = 80%

Scheme 6.28: Hg (I1)-mediated ring closure of atraznynone.

To find an other example on the usexnedmino-ynones, it was necessary to wait for thekwor

of Gouault and co-workers in 2068 They reported the gold-catalyzed cyclization of
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various a-amino-ynone derivatives to afford the correspogduyrrolin-4-onesThe use of
gold (lll) oxide as catalyst allows a moderate dtak stereocontrol during the cyclization.
(Scheme 6.29).

O

(0]
R Au,03 10 mol % RL
AN - /
GPN
R2

NHPG Rz THF, 60T, 1.5h

e.e. 50-99%
yields: 85-95%

Scheme 6.29: Gold (Ill) oxide catalyzed cyclizatbwariousa-amino-ynones.

6.5: Cycloisomerization reaction of a-amino-ynones in PEG under

microwave activation.

We considered to test the cycloisomerization reactif thea-amino-ynone9 using PEG as
solvent. As previously detailed (c.f. Chapter 4p)yP(ethylene glycol) or PEG is a good
solvent for this reaction under microwave irradiati

According to the experimental conditions for thecloyjsomerization reaction of diols and
aminoalcohols described in Chapter 4 the firstlgatdested was platinum di-chloride.

Very interesting results were obtained reportedable 6.3. Independently on the quantity of
catalyst (1 mol % or 5 mol %) produt? was recovered pure after the precipitation-filtnat

in excellent yield 99% and 95% respectively (Tahl®& entries 1-2). However, the analysis of
the chiral purity showed an epimerization, the plymr4-onel7 was obtained with only 36 %
of e.e

The next experiment was carried out in the absefocsatalyst in order to test a possible
spontaneous cyclization. The reaction mixture weeatdd up under microwave irradiation for
1 h. The analysis of mixture showed exclusively pinesence of the substrate (Table 6.3,

entry 3).
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Table 6.3: Screening of catalysts in the cycloistwagon reaction otx-amino-ynoné.
o)

0
[cat.] \
%Ph PEG3400, MW ;E\;OC Ph
9:81% e.e. 17
Entry Catalyst PEG °C Time Corfy  Yield® e.e”
(mol %) (%) (%) (%)
1 PtCh (1) PEGua00 80 30 100 99 36
2 PtC} (5) PEGuao00 80 30 100 95 35
3 £ PEGao00 80 60 0 0 0
4 CuO (5) PEGuoo 80 30 0 0 0
5 CuCh(5) PEGao 80 30 90 75 14
6 Pdb(2) PEGso 80 30 31 30 ¢
7 PtCh(5)  PEGugo 60 30 100 84 63

AgSbK; (10)
a) determined byH NMR using CHBr; as internal standard b)e determined by chiral
HPLC. c) reaction was carried out in the absenamtilyst. d) not calculated.

Two different copper catalysts were also testegipeo (II) oxide and copper di-chloride.
When copper (Il) oxide as catalyst was used, tlstsate was recovered unreacted (Table
6.3, entry 4). In the case of copper di-chloridenfation of expected product was observed
but the conversion of substrate was not compleadIl€T6.3 entry 5).

Palladium catalysts were also explored (Table érfry 6). In comparison with the other
catalysts, the reaction catalyzed by palladiunodirie, was slower.

Platinum di-chloride together with an additive d¥er species, silver hexafluoroantimoniate,

produce a cationic platinum Pt(SpHEquation 6.1).

PtChL + 2 AgSbk - Pt(Sbk), + 2AgCI

Equation 6.1: Complex of cationic platinum.

This cationic species is more electrophilic, allogvia more efficient activation of the
substrate. Full conversion was reached after 30utesnat 60°C (Table 6.3, entry 7).
Interesting the analysis of enatiomeric excess skow lower rate of epimerizatior.¢
63%).
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The epimerization that occurred during the cycloisazation could be attributed to the keto-
enol equilibrium favoured by the presence of HQ¢ased during the reaction leading to a
hydroxypyrrole (Scheme 6.30)

(@) HO (@)
VL — D, —_
Boc Boc Boc

Scheme 6.30: Keto-enol equilibrium of pyrrolin#ed?.

The use of cation platinum, Pt(SF gave good results however, a better alternaggéem
need to be found, in order to prevent the use afhenetals, requiring special technique of
purification.

The use of a base could be effective to neutralme acidic conditions diminishing the
epimerization extent. We start to testGO; as base. When the base alone was used, the
cyclization did not take place (Table 6.4 entry Ehtries 2-4 of are show different results
obtained using 1 mol % of PtCand 15% of KCO;. In these set of reactions, it was possible
to observe that the conversion of substeateas not complete. The reaction was very slowly

and suggesting that the base could inhibit thdytatactivity of metal.

Table 6.4: Screening of time and temperature fatagomerization.

o o)
*H\ PtCl, / Base \
NHBocs pnh  ECs400 MW Noc o
9: 81% 17
Entry Catalyst Base °C Time Conv. Yield e.e
(mol %) (mol %) (min) (%)? (%)? (%)°
1 - K>,COs (15) 80 60 0 0 n.d.
2 PtCh (1) K.COs (15) 80 30 60 40 62
3 PtCh (1) K>COs (15) 80 60 74 38 n.d.
4 PtCh (1) K.COs (15) 60 60 50 30 67
5 PtCh (5) K>COs (10) 80 30 100 70 72
6 PtCh (5) K.COs (10) 70 30 100 80 (80) 77
7 PtCh (5) K>,COs (10) 70 30 100 95 (94) 90

a) determined byH NMR using CHBr; as internal standard b)e determined by chiral
HPLC. c) e.e. of substrafewas 97%. In parenthesis isolated yield.
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Entries 5 and 6 of Table 6.4 show the effect ofgerature on the epimerization extent. A
difference in the increase of enantiomeric exceas abserved. When reaction was carried
out at 70°C for 30 min the desired produét was obtained in good yield and excellent
enantiomeric excess (77%). In this case, the emaetic excess of starting material was
81%. To validate this optimized reaction condititime same substrag but with a higher
enantiomeric excess (97%) was tested (Table 6td; én

We tried to explore the reaction in the presenceditdérent bases. When cesium carbonate
and triethylamine (Table 6.5, entries 3-4) weredugbe reaction time was longer. Full
conversion of substra®was complete only after 6Qin. However, the enantiomeric excess

of productl7 decreased (47-58 % respectively).

Table 6.5: Screening of different bases in RGitalyzed cycloisomerization reaction

of a-amino-ynoné.

e 0
%)J\ PtCI, 5 mol % / Base 10 mol % \
N
N 70, PEG 3400, MW N O Ph

NHBoc Ph

Boc
9: 81% 17
Entry Catalyst Base Time Yield e.e

(min) (%) (%)°
1 PtCh K>,COs3 30 80 (80) 77
2 PtCh NaHCQ 30 87 60
3 PtCh CsCOs 60 81 47
4 PtCh EN 60 83 58
5 PtCh t-BUOK 60 54 18

a) determined byH NMR using CHBr, as internal standard b)e determined by chiral
HPLC. In parenthesis isolated yield.

With potassiumtert-butoxide a decrease of both enantiomeric excedsysid of product
(Table 6.5, entry 5) were observed. The presenca stfong base can inhibit the catalytic
system and destroy the product.

Under the optimized conditions, theehdodig intramolecular cyclization was successfully
achieved using 5 mol % P#CI10 mol % of KCOs as the base, PE&go as solvent, for 30
minutes at 70°C under microwave activation withiratial microwave power of 400W. The

yield of 17 was very good in each case and the crude prodastrecovered pure after a
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simple precipitation-filtration of PEG without neeaf purification by column

chromatography.

The optimal conditions were used to cycliaeamino-ynones bearing aromatic or alkyl

functions on the acetylenic moietigxcellent yields of product were obtained in alkes,

(between 80% to 98%), highlighting the general moédtbf Pt-catalyzed cycloisomerization

reaction in PEG undenicrowave activation (Figure 6.3).

(@] @) (@]
\ \ \
N Ph N Bu N
Boc Boc Boc
17 18 19

94%, e.e. 90% 94%, e.e. 94% 98%, e.e. 95%
(@] O @)
,2}% ,2}&, X
Boc Boc Boc
20 21 22
90%, e.e. 48% 90%, e.e.26 % 97%, e.e. 72%
o) (0]
\ \
N N
Ph  Boc Ph  Boc N~
23 24 \
90%, e.e. 12% 84%, e.e. 57%

Figure 6.3: Pt-catalyzed cycloisomerizatiorsedmino-y-none derivatives under microwave

irradiation in PEGg400 Isolated yield.

In the case of valine-based starting materials,réaetion of cycloisomerization gave very

excellent results in term of yield 94% for compourt 94% and 98% for compounds and

19. Minimal epimerization occurred during reaction.

In the case of alanine-based starting materiadscyicloisomerization gave excellent results in

term of yield but with loss of enantiomeric exceShkiral purity was degraded in the case of

phenylalanine-based starting material.
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Alanine and phenylalanine derivatives present alerate to strong propensity toward

epimerization at the-carbon’®!

6.6: Recycle of catalytic system PE£zdPtCl./K ,CO:s.

The possibility to recycle the catalytic system stgnted by PEG,odPtCL/K,CO; was tested
(Figure 6.4).

Figure 6.4: PEGyqo after filtration.

The precipitate recovered after the precipitatittnation work up was used again in another
reaction. The catalytic system was charged with rebstrate and heated up under
microwave irradiation. The activity of the catatylystem was effective for 1 or 2 runs. For a
total conversion of substrate the reaction time adgisted at each run of the recycling.

Independent of reaction time in every case no epnaon reaction occurred during the
recycling (Table 6.6).
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Table 6.6: Results for the recycling of the catalgystem.

0 o
*H\ PLCl, 5 mol % / KoCOx3 10 mol % n
NV
N 70C, PEG 3409, MW RZ N ORY

NHBoc RL

A B

ConvA e.eA YieldB e.eB

Entry Run  Time b b
(%) (%) (%)° (%)
1 0 | 30 100 81 80 77
2 \2& I 45 100 81 80 80
N Ph
3 Boc 60 84 81 d n.d.
17
4 0 | 30 100 9% 94 94
5 \2_& I 45 100 9 94 94
N Bu 96
6 Boc 60 0 0 n.d
18
7 0 | 30 100 100 94 95
8 )\ I 45 100 100 96 95
9 Boc m 60 100 100 08 95
19
10 \Y; 75 100 100 0 n.d

a) Isolated yield bg.e determined by chiral HPLC analysis. c) calculdigdH NMR using
CH,Br; as an internal standard. d) product not isolated.

6.7: Conclusion.

In conclusion, we propose herein an original artdraative route to the preparation of
amino-ynone derivatives by direct addition of comcraly available UNCAs to
organolithium compounds. The unprecedented Ptyzadl5endadig cycloisomerization of
these intermediate using Pkg as an alternative and ecofriendly solvent underowave

irradiation provided a new route to the synthesispgrrolin-4-ones. After a simple
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precipitation-filtration the pure product was reecd with good to excellent yields and the
catalytic system Pt@K,COs/PEG,00 could be also recovered and reused.

Experimental section

6.8: General remarks.

Commercially available compounds (Aldrich, Flukaheth, ISOCHEM) were used as
received. Boc-Phe-NCA, Boc-Ala-NCA 2 and Boc-Gly-NCA3 resp. was diluted in AcCOEt
and washed with a saturated solution of NaH@®remove traces of corresponding acid
derivative. The solvents were purified by distiba over a drying agent. Chemical shif®$ (
of 'H NMR and**C NMR spectra are reported in ppm relative to resicdsolvent signals
(CHCl3 in CDCk: 6 = 7.27 ppm for'H and CDC}: § = 77 ppm forC. J- values are given in
Hz. *H and**C NMR was registered on Bruker Avance-300 MHz, Brukvance 400 MHz.
Microwave-assisted reactions were performer witiBiatage Initiatof™ 2.0. Instrument.
Temperature was measured with an IR sensor onutiace of the reaction vial. LC-MS
analysis were performed with HPLC Waters Alliané®2 (UV Waters 2489), column Onyx
Cis, 25 mn x 4.6 mn, flow 3 ml/min @#D-0.1% HCQH (A)/CHsCN 0.1% HCGH (B))
gradient 0 to 100% in 2.5 min. HRMS analysis weeefgrmed on a Q-Tof (Waters, 2001)
with ESI. Chiral HPLC analysis was performed witecBman Coulter System Gold 126
Solvent Module and Beckman Coulter System Gold Ré&ctor. Column: Chiralpak AD-H
0.46 cm x 25 cm, Chiralcel OD-H 0.46 cm x 25 cmir@hHPLC phase inverse: Chiralcel
OD-RH 0.46 cm x 25 cm.a]® measurement were performed on a Perkin EImeruimstnt
Polarimeter, model 341 Polarimeter, OROT 589 nm,°C20[10 mg/mL], solv:
dichloromethane.

Boc-Phe-NCA (1)

Ph
BocN/(‘fo
o}
o CAS Registry Number: [142955-51-9]
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'H NMR (CDClk, 400 MHz):6 (ppm) 7.37-7.34 (m, 3H), 7.13-7.10 (m, 2H), 4.68,(1H,J
= 2.6, 5.8 Hz), 3.57 (dd, 1H,= 5.8, 14.2 Hz), 3.36 (dd, 1H= 2.6, 14.2 Hz), 1.66 (s, 9H)
13C NMR (CDCl;, 100 MHz):5 (ppm) 165.8, 147.7, 145.8, 132.3, 129.5, 129.2,3,285.1,
60.8, 35.3, 28.0.

ESIMS m/z 292.0 (M+HY, 314.1 (M+Na), 236.0 (M+H- t-Bu), 605.3 (2M+Na).

Boc-Ala-NCA (2)
HsC

BocN
o]
o CAS Registry Number: [125814-30-4]

'H NMR (CDCl, 400 MHz):6 (ppm) 4.67 (q, 1HJ = 6.9 Hz), 1.69 (d, 3H] = 6.9 Hz).
13C NMR (CDCk, 100 MHz): (ppm) 166.7, 147.4, 146.2, 86.0, 55.8, 27.9, 16.9.

Boc-Val-NCA (3)

Boc;t]i;ﬁ;o

o
o CAS Registry Number: [141468-55-5]

'H NMR (CDCl, 400 MHz):6 (ppm) 4.56 (d, 1H) = 3.5 Hz), 2.63-2.47 (m, 1H) 1.58 (s,
9H), 1.20 (d, 3HJ = 7.1 Hz), 0.99 (d, 3H] = 6.9 Hz).

13C NMR (CDClk, 100 MHz):5 (ppm) 164.8, 147.6, 146.6, 86.0, 64.6, 30.0, 27793, 15.7;
ESIMS m/z 266.1 (M+Nay}, 188.2 (M+H-t-Buj, 509.2 (2M+Na).

Boc-Gly-NCA (4)

Boc:g:j\7§10

O

o) CAS Registry Number: [142955-50-8]

'H NMR (CDCl, 400 MHz):6 (ppm) 4.49 (s, 2H), 1.57 (s, 9H)

13C NMR (CDCl;, 100 MHz):6 (ppm) 162.5, 147.3, 146.2, 86.3, 48.3, 27.9.
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6.9: Synthesis ofx-amino-ynones.

(1-Benzyl-2-o0x0-4-phenyl-but-3-ynyl)-carbamic acidert-butyl ester (5)
o)

Ph N SN

NHBoc Ph Yellow solid, m.p. 90-94°C, e.e. 10 %.
A solution of phenylacetylene (264 mg, 2.58 mmal)anhydrous THF (6 mL) was added
dropwise to a stirred, to solution of BuLi (1.6 rof.a 1.6 M solution in hexanes, 2.58 mmol)
in anhydrous THF at -78°C. To the resulting mixturaintained at -78°C, was added, with
stirring, a solution of LiBr (159 g, 1.82 mmol) ifHF (3 mL). After 0.5 h, Boc-Phe-NCA
(500 mg, 1.72 mg), diluted in anhydrous THF, waswv} added under nitrogen at the same
temperature. The resulting mixture was stirredafdditional 4h and then allowed to warm up
to room temperature. After quenching with a saadatolution of NHCI, the mixture was
extracted with ethyl acetate. The combined orgéayers were washed with brine and then
dried over MgSQ@ After filtration, the solvent was evaporated totaon crude5 that was
purified by column chromatography on silica gell(8yclehexane-AcOEt) to afford 351 mg
(60 %) of the title compound.
'H NMR (CDCh, 400 MHz):6 (ppm) 7.60 (d, 2HJ = 7.5 Hz), 7.52-7.50 (m, 1H), 7.43 (t,
2H,J = 7.6 Hz), 7.33- 7.23 (m, 6H), 5.15 (d, 1H+ 7.4 Hz), 4.82 (dd, 1H] = 6.1, 13 Hz),
3.34 Hz (dd, 1HJ) = 5.8, 14.0 Hz), 3.29 (dd, 1H= 5.8, 14.0 Hz), 1.45 (s, 9H).
3C NMR (CDCl, 100 MHz):6 (ppm) 186.1, 155.2, 135.8, 133.4, 131.3, 129.7,8,298.7,
127.2,119.7, 95.0, 86.6, 80.2, 62.2, 37.6, 28.5.
ESIMS m/z 350.2 (M+HJ, 372.3 (M+Naj, 294.2 (M+H-t-Buj, 250.2 (M+H-Boc), 699.4
(2M+H)".
HMRS (ESI) calcd. For C22H24N03 (M+H)350.1756, found: 350.1748.
HPLC chiralpak AD-H, i-propanol/ hexane = 2/98, flowtgd .0 ml/ minA 214 nm, hajor =
21.267 min, hinor = 17.867 min.

(1-Methyl-2-ox0-4-phenyl-but-3-ynyl)-carbamic acidtert-butyl ester (6).
o}
HaCa_ S
NHBoc Ph CAS Registry Number:[1169845-20-8]; pale yellowigom.p. 65-67°C;
it 64-66°C. e.e. 65 %] = +0.005° (10 mg/mL ChCly).
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A solution of phenylacetylene (705 mg, 6.9 mmol)aimhydrous THF (3 mL) was added
dropwise to a stirred, to solution of BuLi (4.3 mELa 1.6 M solution in hexanes, 6.9 mmol)
in anhydrous THF (5 mL) at -40°C. To the resultmixture, maintained at -40°C, was added,
with stirring, a solution of LiBr (426 g, 4.9 mmal) THF (3 ml). After 0.5 h, Boc-Ala-NCA
(1.00 g, 4.65 mmol), diluted in anhydrous THF (3)mivas slowly added under nitrogen at
the same temperature. The resulting mixture wasdtfor additional 4h and then allowed to
warm up to room temperature. After quenching witlsaaurated solution of NJ&I, the
mixture was extracted with ethyl acetate. The comtbiorganic layers were washed with
brine and then dried over MggQAfter filtration, the solvent was evaporated tuian crude

6 that was purified by column chromatography oncailgel (9:1 cyclehexane-AcOEt) to
afford 385 mg, (35%) of the title compound.

'H NMR (CDCl, 300 MHz):6 (ppm) 7.61-7.59 (m, 2H), 7.49-7.38 (m, 3H), 5.84%H,J =
5.7 Hz), 4.57-4.52 (m, 1H), 1.51 (d, 3H), 1.469).

13C NMR (CDChk, 75 MHz): 6 (ppm) 187.1, 155.1, 133.1, 131.0, 128.6, 119.53,985.8,
79.9, 56.9, 28.3, 17.8.

ESIMS m/z 274.2 (M+HY, 296.2 (M+Na), 218.2 (M+H-t-Buj, 174.0 (M+H-Boc), 569.2
(2M+ Na)'.

HMRS (ESI) calcd. For C16H20NO3 (M+H)274.1443, found: 274.1442.

HPLC chiralpak AD-H, i-propanol/ hexane = 2/98, flowad.0 ml/ mink 214 nm, ajor =
23.683 min, hinor = 22.050 min.

(1-Methyl-2-oxo-oct-3-ynyl)-carbamic acid tert-butyl ester (2c)
o}
HaCa_
A , g
NHBoc Bu Pale oil, e.e. 94%p]" = +0.026° (10 mg/mL C}Cly)
A solution of hexyne (254 mg, 3.09 mmol) in anhydyoTHF was added dropwise to a
stirred, to solution of BuLi (1.9 mL of a 1.6 M stibn in hexanes, 3.09 mmol) in anhydrous
THF at -78°C. To the resulting mixture, maintained-78°C, was added, with stirring, a
solution of LiBr (190 g, 2.18 mmol) in THF (3 mLAfter 0.5 h, Boc-Ala-NCA (500 mg, 2.32
mmol), diluted in anhydrous THF, was slowly addeder nitrogen at the same temperature.
The resulting mixture was stirred for additional dhd then allowed to warm up to room
temperature. After quenching with a saturated smiubf NH,Cl, the mixture was extracted

with ethyl acetate. The combined organic layerseweashed with brine and then dried over
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MgSQ,. After filtration, the solvent was evaporated tiain pure product to afford 560 mg
(95 %) of the title compound.

'H NMR (CDCk, 400 MHz):6 (ppm) 5.20 (d, 1HJ = 7.5 Hz), 4.42-4.35 (m, 1H), 2.40 (t,
2H,J = 6.8 Hz), 1.62-1.40 (m, 4H), 1.45 (s, 9H), 0.838H,J = 7.1 Hz)

13C NMR (CDCl, 100 MHz):6 (ppm) 187.1, 155.0, 98.3, 79.8, 78.8, 57.0, 29863,228.0,
22.0,17.9, 13.5.

ESIMS m/z254.1 (M+HY, 276.2 (M+Naj, 198.1 (M+H-t-Buj, 154.1 (M+H-Boc), 529.3
(2M+Na)'.

HMRS (ESI) calcd. For C14H24N03 (M+H)254.1756, found: 254.1756.

HPLC chiralpak AD-H, i-propanol/ hexane = 2/98, flowtgd .0 ml/ minA 214 nm, hajor =
13.017 min, finor = 11.65 min.

(4-Cyclopropyl-1-methyl-2-oxo-but-3-ynyl)-carbamicacid tert-butyl ester (8)
o)
HaCa_

NHBoc
Pale yellow solid, m.p. 62-65°C, e.e. 90 ¥°[= + 0.016° (10 mg/mL

CH.Cl,).

A solution of cyclopropylacetylene (160 mg, 2.42 aimn anhydrous THF (1.5 mL) was
added dropwise to a stirred, to solution of BuLb(inL of a 1.6 M solution in hexanes, 2.42
mmol) in anhydrous THF at -78°C. To the resultingtore, maintained at -78°C, was added,
with stirring, a solution of LiBr (171 mg, 1.97 mihan THF (1.5 mL). After 0.5h, Boc-Ala-
NCA (400 mg, 1.86 mmol), diluted in anhydrous THE5( mL), was slowly added under
nitrogen at the same temperature. The resultingum@was stirred for additional 4h and then
allowed to warm up to room temperature. After qunemg with a saturated solution of NE,
the mixture was extracted with ethyl acetate. Tomlwned organic layers were washed with
brine and then dried over MggQAfter filtration, the solvent was evaporated tatan the
pure producs to afford 401 mg, (80 %).

'H NMR (CDCl;, 400 MHz):6 (ppm) 5.18 (d, 1HJ = 5.5 Hz), 4.35 (t, 1H] = 7.2 Hz), 1.44
(s, 9H), 1.44 (m, 1H), 1.39 (d, 38l= 6.0 Hz), 1.05-0.98 (m, 2H), 0.97-0.91 (m, 2H)

13C NMR (CDClL, 100 MHz):6 (ppm) 186.8, 155.0, 102.6, 79.8, 74.6, 56.8, 28739, 10.0,
-0.15.
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ESIMS m/z 238.1 (M+HY, 260.1 (M+Naj, 182.1 (M+H-t-Buj, 138.1 (M+H-Boc), 475.2
(2M+H)", 497.1 (2M+Na).

HMRS (ESI) calcd. For C13H20NO3 (M+HP38.1445, found: 238.1443.

HPLC chiralpak AD-H, i-propanol/ hexane = 2/98, flowad.0 ml/ mink 214 nm, ajor =
8.783 min, finor = 9.383 min.

(1-1sopropyl-2-oxo0-4-phenyl-but-3-ynyl)-carbamic ad tert-butyl ester (9)
* o)

I‘\IH80§ Ph CAS Registry Number: [1169845-48-0], pale yellowidgom.p. 102-
105°C, lif?**. 100-102°C, e.e. 81 %g]f = + 0.030°; e.e. 97%p]" = + 0.035°[10 mg/mL
CH.Cly).

A solution of phenylacetylene (315 mg, 3.09 mmal)anhydrous THF (5 mL) was added
dropwise to a stirred, to solution of BuLi (1.9 rof.a 1.6 M solution in hexanes, 3.09 mmol)
in anhydrous THF at -60° C. To the resulting migtunaintained at -60° C, was added, with
stirring, a solution of LiBr (190 g, 2.18 mmol) iHF. After 0.5 h, Boc-Val-NCA (500 mg,
2.06 mg), diluted in anhydrous THF, was slowly atidender nitrogen at the same
temperature. The resulting mixture was stirredaidditional 4h and then allowed to warm up
to room temperature. After quenching with a saadatolution of NHCI, the mixture was
extracted with ethyl acetate. The combined orgéayers were washed with brine and then
dried over MgSQ@ After filtration, the solvent was evaporated totaon crude9 that was

purified by column chromatography on silica gell(8yclehexane-AcOEt) to afford 384 mg
(62 %).

A solution of phenylacetylene (819 mg, 8.02 mmolanhydrous THF was added dropwise to
a stirred, to solution of BuLi (5 mL of a 1.6 M atibn in hexanes, 8.02 mmol) in anhydrous
THF at -60° C. To the resulting mixture, maintairead-60° C, was added, with stirring, a
solution of LiBr (557 g, 6.4 mmol) in THF. After®h, Boc-Val-NCA (1500 mg, 6.17 mg),
diluted in anhydrous THF, was slowly added und#érogen at the same temperature. The
resulting mixture was stirred for additional 4h atieen allowed to warm up to room
temperature. After quenching with a saturated smiudf NH,Cl, the mixture was extracted
with ethyl acetate. The combined organic layerseweashed with brine and then dried over

MgSQ,. After filtration, the solvent was evaporated totaon crude9 that was purified by
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column chromatography on silica gel (9:1 cyclehexAgOEt) to afford 1.33 g (71 %) of the
title compound.

'H NMR (CDCh, 300 MHz):6 (ppm) 7.59-7.59 (m, 2H), 7.49-7.45 (m, 1H), 7.4377(m,
2H), 5.17 (d, 1HJ = 8.9 Hz), 4.51 (dd, 1H] = 3.5, 8.9 Hz), 2.53-2.46 (m, 1H), 1.45 (s, 9H),
1.08 (d, 3HJ = 6.8 Hz), 0.89 (d, 3H] = 6.8 Hz).

13C NMR (CDChk, 75 MHz): 6 (ppm) 187.0, 155.8, 133.1, 130.1, 128.6, 119.61,986.7,
79.8, 65.9, 30.5, 28.3, 19.7, 16.7.

ESIMS m/z302.2 (M+HY, 324.0 (M+Na), 246.1(M+H-t-BuJ, 202.1 (M+H-Boc).

HMRS (ESI) calcd. For C18H24NO3 (M+H)302.1756, found: 302.1751.

HPLC chiralpak AD-H, i-propanol/ hexane = 2/98, flowtgd .0 ml/ minA 214 nm, hajor =
19.95 min, hinor = 17.533 min.

(1-1sopropyl-2-oxo0-oct-3-ynyl)-carbamic acid tert-lutyl ester (10)
* o)

NﬁBochu Pale oil, e.e. 96 %q]" = + 0.060° (10 mg/mL C}CLy).
A solution of hexyne (254 mg, 3.09 mmol) in anhydyroTHF was added dropwise to a
stirred, to solution of BuLi (1.9 mL of a 1.6 M stibn in hexanes, 3.09 mmol) in anhydrous
THF at -78°C. To the resulting mixture, maintained-78°C, was added, with stirring, a
solution of LiBr (190 g, 2.18 mmol) in THF (3 mLAfter 0.5 h, Boc-Val-NCA (500 mg, 2.06
mmol), diluted in anhydrous THF (3 mL), was slovdgded under nitrogen at the same
temperature. The resulting mixture was stirredaidditional 4h and then allowed to warm up
to room temperature. After quenching with a saadatolution of NHCI, the mixture was
extracted with ethyl acetate. The combined orgéayers were washed with brine and then
dried over MgSQ@ After filtration, the solvent was evaporated tataon crudelO that was
purified by column chromatography on silica gell(8yclehexane-AcOEt) to afford 472 mg
(81 %).
'H NMR (CDCl, 400 MHz):6 (ppm) 5.08 (d, 1HJ = 8.6 Hz), 4.35 (dd, 1H] = 3.6, 8.6 Hz),
2.39 (t, 2H,J = 7.0 Hz), 1.60-1.53 (m, 2H), 1.47-1.38 (m, 2H}3L(s, 9H), 1.02 (d, 3H] =
6.9 Hz), 0.92 (t, 3H) = 7.3 Hz), 0.81 (d, 3H] = 6.9 Hz)
3C NMR (CDCh, 100 MHz):d (ppm) 187.0, 155.7, 97.7, 79.7, 79.6, 65.8, 30946,228.2,
21.9,19.7,18.7, 16.5, 13.4.
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ESIMS m/z282.2 (M+HY, 304.2 (M+Na), 226.2 (M+H-t-Bu), 182.2 (M+H-Boc), 563.3
(2M+H)", 585.2 (2M+ Na).

HMRS (ESI) calcd. for C16H28NO3 (M+F1)282.2069, found: 282.2060.

HPLC chiralpak AD-H, i-propanol/ hexane = 2/98, flowad.0 ml/ mink 214 nm, ajor =
11.55 min, finor = 9.383 min.

(4-Cyclopropyl-1-isopropyl-2-oxo-but-3-ynyl)-carbamnic acid tert-butyl ester (11)
o)
N X
NHBoc

White solid, m.p. 40-45°C, e.e. 100%]q = + 0.050° (10 mg/mL
CH.CIy).
A solution of cyclopropylacetylene (284 mg, 4.3 nimm anhydrous THF was added
dropwise to a stirred, to a solution of BuLi (2.Z wf a 1.6 M solution in hexanes, 4.3 mmol)
in anhydrous THF at -60°C. To the resulting mixturaintained at -60°C, was added, with
stirring, a solution of LiBr (304 mg, 3.49 mmol) TTHF (3 mL). After 0.5 h, Boc-Val-NCA
(800 mg, 3.29 mmol), diluted in anhydrous THF, veéswly added under nitrogen at the
same temperature. The resulting mixture was stifoedadditional 4h and then allowed to
warm up to room temperature. After quenching witlsadurated solution of NJ&I, the
mixture was extracted with ethyl acetate. The comtiorganic layers were washed with
brine and then dried over MggQAfter filtration, the solvent was evaporated twan crude
11 that was purified by column chromatography oncailgel (9:1 cyclehexane-AcOEt) to
afford 816 mg (94 %).
'H NMR (CDCl, 400 MHz):6 (ppm) 5.06 (d, 1HJ = 8.5 Hz), 4.31 (dd, 1H] = 3.7, 8.9 Hz),
2.38-2.32 (m, 1H), 1.48-1.35 (m, 1H), 1.49 (' s, 9HYO (d, 3HJ = 6.9 Hz), 0.98-0.90 (m,
4H), 0.80 (d, 3H,J = 6.9 Hz).
13C NMR (CDClk, 100 MHz):5 (ppm) 186.7, 155.7, 102.3, 79.6, 75.4, 65.6, 30842, 26.8,
19.6, 16.5, 9.9, 0.18.
ESIMS m/z266.2 (M+H), 288.2 (M+Na), 210.1 (M+H-t-Buj, 166.1 (M+H-Boc), 531.3
(2M+H)", 553.3 (2M+Na).
HMRS (ESI) calcd. For C15H24N03 (M+H)266.1756, found: 266.1750.
HPLC chiralpak AD-H, i-propanol/ hexane = 2/98, flowgd.0 ml/ minA 214 nm, t = 18.65

min.
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(1-Benzyl-2-ox0-oct-3-ynyl)-carbamic acid tert-buty ester (12)
o)

PR N SN

NHBoc Bu White solid; m.p. 30-32°C; e.e. 20 %.
A solution of hexyne (254 mg, 3.09 mmol) in anhydyoTHF was added dropwise to a
stirred, to a solution of BuLi (1.9 mL of a 1.6 Mlgtion in hexanes, 3.09 mmol) in
anhydrous THF at -78°C. To the resulting mixtureggimtained at -78°C, was added, with
stirring, a solution of LiBr (190 g, 2.18 mmol) ifHF (3 mL). After 0.5 h, Boc-Phe-NCA
(600 mg, 2.06 mmol), diluted in anhydrous THF (3)mkas slowly added under nitrogen at
the same temperature. The resulting mixture wasdtfor additional 4h and then allowed to
warm up to room temperature. After quenching witlsadurated solution of NJ&I, the
mixture was extracted with ethyl acetate. The comtbiorganic layers were washed with
brine and then dried over MggQAfter filtration, the solvent was evaporated twian crude
12 that was purified by column chromatography oncailgel (9:1 cyclehexane-AcOEt) to
afford 421 mg (61 %).
'H NMR (CDCk, 300 MHz):6 (ppm) 7.24-7.16 (m, 3H), 7.13-7.05 (m, 2H), 4.88%H,J =
7.4 Hz), 4.58 (m, 1H), 3.18 (dd, 181= 5.8, 14 Hz), 3.08 (dd, 1H,= 5.8, 14.0 Hz), 2.33 (t,
2H,J = 6.9 Hz), 1.50-1.42 (m, 2H), 1.40-1.28 (m, 2HRA4L(s, 9H), 0.86 (t, 3H] = 7.3 Hz).
13C NMR (CDChk, 75 MHz): 6 (ppm) 185.9, 155.0, 135.8, 129.5, 128.5, 127.07,989.9,
65.2, 62.0, 37.4, 29.6, 28.3, 22.0, 18.8, 13.5.
ESIMS m/z 330.2 (M+HY, 274.2 (M+H-t-Bu}, 230.2 (M+H-Boc), 659.4 (2M+HJ.
HMRS (ESI) calcd. For C20H28NO3 (M+H)330.2069, found: 330.2059.
HPLC chiralpak AD-H, i-propanol/ hexane = 2/98, flowtegd .0 ml/ minA 214 nm, hajor =
30.017 min, tinor = 19.2 min.

(1-Benzyl-4-cyclopropyl-2-oxo-but-3-ynyl)-carbamicacid tert-butyl ester (13)
0
Ph™ N [

NHBoc
White solid; m.p. 88-90°C; e.e. 18 %.

A solution of cyclopropylacetylene (147 mg, 2.24 aimn anhydrous THF (1.5 mL) was
added dropwise to a stirred, to solution of BuLé4(inL of a 1.6 M solution in hexanes, 2.24

mmol) in anhydrous THF at -78°C . To the resultmixture, maintained at -78°C, was
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added, with stirring, a solution of LiBr (158 mg82 mmol) in THF (1.5 mL). After 0.5 h,
Boc-Phe-NCA (500 mg, 1.72 mmol), diluted in anhydrd@ HF (2.5 mL), was slowly added
under nitrogen at the same temperature. The reguftixture was stirred for additional 4h
and then allowed to warm up to room temperaturéerAfjuenching with a saturated solution
of NH4CI, the mixture was extracted with ethyl acetatke Tombined organic layers were
washed with brine and then dried over MgS#A¥ter filtration, the solvent was evaporated to
obtain crudel3 that was purified by column chromatography orcailgel (9:1 cyclehexane-
AcOEt) to afford 343 mg (64 %).

'H NMR (CDCk, 400 MHz):6 (ppm) 7.32-7.24 (m, 3H), 7.19-7.16 (m, 2H), 5.65%H,J =
7.6 Hz), 4.63 (dd, 1H] = 6.0, 13.7 Hz), 3.21 (dd, 1d=5.9, 14.0 Hz), 3.16 (dd, 1H,=5.9,
14.0 Hz), 1.46-1.39 (m, 1H), 1.42 (s, 9H), 1.0580(&, 2H), 0.97-0.90 (m, 2H).

13C NMR (CDCl;, 100 MHz):5 (ppm) 185.6, 155.1, 135.8, 129.5, 128.5, 127.0,1,0M.9,
75.2,61.8, 37.5, 28.3, 10.1, 10.0, -0.10.

ESIMS m/z 314.1 (M+HY, 336.1 (M+Naj, 258.1 (M+H-t-Buj, 214.1 (M+H-Boc), 627.2
(2M+H)", 649.1 (2M+Na).

HMRS (ESI) calcd. For C19H24NO3 (M+H)314.1756, found: 314.1761.

HPLC chiralpak AD-H, i-propanol/ hexane = 2/98, flowtgd .0 ml/ minA 214 nm, hajor =
21.383 min, tinor = 15.467 min.

Tert-butyl 5-(4-(dimethylamino)phenyl)-3-oxo-1-pherylpent-4-yn-2-ylcarbamate (14)
0
PR
NHBoc

N/
| Yellow solid; m.p. 132-134°C;o]° = -0.102° (10 mg/mL

CH.Cl,).

A solution of 4-ethynyN,N-dimethylaniline (313 mg, 2.16 mmol) in anhydroudH (1.5
mL) was added dropwise to a stirred,to solutiorBati (1.4 mL of a 1.6 M solution in
hexanes, 2.16 mmol) in anhydrous THF at -78°C. Reresulting mixture, maintained at -
78°C, was added, with stirring, a solution of Li@53 mg, 1.76 mmol) in THF (1.5 mL).
After 0.5 h, Boc-Phe-NCA (485 mg, 1.66 mmol), dédtin anhydrous THF (2.5 mL), was
slowly added under nitrogen at the same temperallre resulting mixture was stirred for
additional 4h and then allowed to warm up to ro@mpgerature. After quenching with a
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saturated solution of NU&I, the mixture was extracted with ethyl acetathe Tcombined
organic layers were washed with brine and thenddoeer MgSQ. After filtration, the
solvent was evaporated to obtain crilghat was purified by column chromatography on
silica gel (8:2 cyclehexane-AcOEt) to afford 299 Mg %).

'H NMR (CDCk, 400 MHz):6 (ppm) 7.48 (d, 2H) = 8.9 Hz), 7.31-7.24 (m, 5H), 6.67 (d,
2H,J = 9.0 Hz), 5.22 (d, 1H] = 7.8 Hz), 4.82 (dd, 1H] = 5.9, 13.5 Hz), 3.34 (dd, 1H,=
5.9, 14.0 Hz), 3.28 (dd, 1H, 5.7, 14.0 Hz), 3.164), 1.46 (s, 9H).

13C NMR (CDCh, 100 MHz):6 (ppm) 185.5, 155.2, 152.1, 136.2, 135.5, 129.8,6,287.0,
111.6, 105.0, 99.9, 87.6, 79.9, 61.9, 40.1, 378%.2

ESIMS m/z 393.1 (M+HY, 337.1 (M+H#-Bu)’, 293.1 (M+H-Boc).

HMRS (ESI) calcd. For C24H29N203 (M+H)393.2178, found: 393.2183.

HPLC chiralpak AD-H, i-propanol/ hexane = 10/90, floate 1.0 ml/ mink 214 nm, fajor =
29.483 min, tinor = 27.000 min.

6.10: Typical procedure for the PtCh-catalyzed heterocyclisation ofa-

amino-ynones.

A typical experimental procedure for the heteroisatlon ofa-amino-ynones is described.

A mixture of PtC} (1.3 mg, 0.005 mmol), #CO; (1.4 mg, 0.01 mmol), PE£m, (400 mg) and
substrate® (0.1 mmol) were placed in a microwave reactor. fdgilting mixture was heated
under microwave irradiation at 70°C (initial powkXOW) for 30 min.

The reaction mixture was solubilized in &, (2.0 mL) and precipitated in £ (250 mL).
After 3h at -18°C, filtration of catalytic systenl?EGyodcatalyst/base) and evaporation of
ether afforded pure produt?.

6.11: Typical procedure for to recycle catalytic sgtem.

A typical experimental procedure for the recyclioigthe catalytic system is described. The
substrated (0.1 mmol) was added to the precipitate Ri@Vietal/base obtained from first
experiment after the precipitation-filtration (TabK). The mixture was heated under
microwave irradiation to give pure produkT yield evaluated byH NMR using CHBI, as

an internal standard).
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6.12: Characterization of products.

2-Isopropyl-3-0xo0-5-phenyl-2,3-dihydro-pyrrole-1-caboxylic acid tert-butyl ester (17)
o)

\
Boc  CAS Registry Number: [1169845-39-9], Yellow solit,p. 65-68°C, I{t°*.

70-72°C e.e. 90 %.

'H NMR (CDCl, 400 MHz):6 (ppm) 7.36-7.34 (m, 5H), 5.53 (s, 1H), 4.11 (d, I+ 3.5
Hz), 2.54 (septuplet, 1H,= 3.5 Hz), 1.16 (s, 9H), 1.10 (d, 3Bl= 7.0 Hz), 0.95 (d, 3H] =
7.0 Hz).

13C NMR (CDCh, 100 MHz):6 (ppm) 201.1, 172.9, 150.3, 133.1, 130.2, 128.0,0,2713.6,
82.6, 71.5,32.1, 27.6,17.2, 17.1.

ESIMS m/z302.1 (M+HY, 246.1 (M+H-t-Buj, 603.3 (2M+H].

HMRS (ESI) calcd. For C18H24NO3 (M+H)302.1756, found: 302.1748.

HPLC chiralpak AD-H, i-propanol/ hexane = 2/98, flowad.0 ml/ mink 214 nm, ajor =
9.333 min, finor = 8.417 min.

5-Butyl-2-isopropyl-3-oxo-2,3-dihydro-pyrrole-1-caoxylic acid tert-butyl ester (18)

e

N
Boc Yellow aoil, e.e. 94%.

'H NMR (CDCl, 400 MHz):6 (ppm) 5.30 (s, 1H), 3.92 (d, 1H,= 3.4 Hz), 3.02-2.70 (m,
2H), 2.52-2.36 (m, 1H), 1.62-1.34 (m, 4H), 1.4991), 1.12 (d, 3HJ = 7.1 Hz), 0.92 (t, 3H,
J=7.0Hz), 0.79 (d, 3HI = 7.0 Hz).

13C NMR (CDCl, 100 MHz): 6 (ppm) 200.5, 177.0, 149.4, 110.1, 82.6, 70.2, 33006,
29.7,28.0, 22.4,17.3, 15.9, 13.7.

ESIMS m/z282.2 (M+HY), 304.2 (M+Na), 226.2 (M+H-t-Bu), 563.3 (2M+Na).

HMRS (ESI) calcd. For C16H28NO3 (M+H)282.2069, found: 282.2063.

HPLC chiralpak AD-H, i-propanol/ hexane = 2/98, flowad.0 ml/ mink 214 nm, ajor =
6.833 min, finor = 4.817 min.
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5-Cyclopropyl-2-isopropyl-3-oxo-2,3-dihydro-pyrrole-1-carboxylic acid tert-butyl ester
(19)

me

Boc Yellow solid, m.p. 70-72°C, e.e. 95%.
'H NMR (CDCl, 400 MHz):5 (ppm) 5.01 (s, 1H), 3.98 (d, 1H,= 3.1 Hz), 2.74-2.65 (m,
1H), 2.52-2.42 (m, 1H), 1.53 (s, 9H), 1.17-1.13 @hl), 1.14 (d, 3H,) = 7.0 Hz), 0.84-0.75
(m, 2H), 0.81 (d, 3HJ) = 7.0 Hz).
13%C NMR (CDCl, 100 MHz): 6 (ppm) 200.3, 179.7, 149.9, 105.0, 82.7, 70.8, 3282,
17.5,16.1,11.4, 11.3, 11.2.
ESIMS m/z 266.2 (M+HY, 210.2 (M+H-t-Bu}, 531.4 (2M+H].
HMRS (ESI) calcd. For C15H24N03 (M+H)266.1756, found: 266.1761.
HPLC chiralpak AD-H, i-propanol/ hexane = 2/98, flowtgd .0 ml/ minA 214 nm, hajor =
12.6 min, finor = 9.083 min.

2-Methyl-3-0x0-5-phenyl-2,3-dihydro-pyrrole-1-carboylic acid tert-butyl ester (20)

ﬂ

Boc  CAS Registry Number: [1169845-42-4], Yellow solid,p. 80-85°C, I{t°¥. 90-
92°C, e.e. 48 %.
'H NMR (CDCl, 400 MHz):6 (ppm) 7.46-7.41 (m, 5H), 5.58 (s, 1H), 4.24 (q, I+ 7.1
Hz), 1.61 (d, 3HJ = 7.1 Hz), 1.29 (s, 9H).
3C NMR (CDCl, 100 MHz):6 (ppm) 201.0, 172.1, 149.7, 132.8, 130.2, 127.9,4,211.2,
82.8, 63.6, 27.8, 17.6.
ESIMS m/z274.2 (M+HY, 296.1 (M+Na), 218 (M+H-t-Buy, 174.2 (M+H-Boc).
HMRS (ESI) calcd. For C16H20NO3 (M+H)274.1443, found: 274.1431.
HPLC chiralpak AD-H, i-propanol/ hexane = 2/98, flowtgd.0 ml/ minA 214 nm, hajor =
11.483 min, hinor = 10.917 min.
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5-Butyl-2-methyl-3-ox0-2,3-dihydro-pyrrole-1-carboxlic acid tert-butyl ester (21)
o)

Pyt
N~ TBu
Boc  Yellow oil, e.e. 26%.
'H NMR (CDCl, 400 MHz):6 (ppm) 5.38 (s, 1H), 4.01 (q, 1H,= 7.0 Hz), 2.91 (m, 2H),
1.60-1.39 (m, 4H), 1.49 (s, 9H), 1.44 (d, 3H; 7.0 Hz), 0.95 (t, 3H] = 7.0 Hz).
3C NMR (CDClk, 100 MHz):5 (ppm) 201.1, 176.7, 107.9, 82.7, 62.7, 30.9, 28852, 22.4,
17.3, 13.8.
ESIMS m/z254.1 (M+HY, 276.1 (M+Naj, 198.1 (M+H-t-Buj, 507.2 (2M+H].
HMRS (ESI) calcd. For C14H24NO3 (M+H)254.1756, found: 254.1759.
HPLC chiralcel OD-H, i-propanol/ hexane = 2/98, flowerd.0 ml/ minA 214 nm, hajor =
7.767 min, finor = 7.050 min.

5-Cyclopropyl-2-methyl-3-oxo-2,3-dihydro-pyrrole-1carboxylic acid tert-butyl ester
(22)

L

goc VYeIIow oil, e.e. 72%.
'H NMR (CDCl, 400 MHz):d (ppm) 5.02 (s, 1H), 4.02 (g, 1H,= 7.0 Hz), 2.83-2.74 (m,
1H), 1.54 (s, 9 Hz), 1.45 (d, 3d= 7.0 Hz), 1.21-1.16 (m, 2H), 0.87-0.82 (m, 2H).
13C NMR (CDCl, 100 MHz): 5 (ppm) 200.6, 179.4, 149.6, 102.4, 82.8, 63.2, 28723,
11.9,11.5,11.1.
ESIMS m/z238.1 (M+HY, 260.2 (M+Na), 182.1 (M+H-t-Bu).
HMRS (ESI) calcd. For C13H20NO3 (M+H)238.1443, found: 238.1442.
HPLC chiralcel OD-H, i-propanol/ hexane = 2/98, flowead.0 ml/ minX 214 nm, hajor =
10.183 min, finor = 9.083 min.

2-Benzyl-5-cyclopropyl-3-oxo0-2,3-dihydro-pyrrole-1earboxylic acid tert-butyl ester (23)
0

Ph Boc Yellow oil, e.e. =12 %.
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'H NMR (CDCk, 400 MHz):6 (ppm) 7.19- 7.17 (m, 3H), 7.07- 7.03 (m, 2H), 4(841H),
4.3 (dd, 1HJ = 2.6, 6.1 Hz), 3.44 (dd, 1H,= 6.1, 13.4 Hz), 3.24 (dd, 1H,= 2.6, 13.4 Hz),
2.48-2.42 (m, 1H), 1.61 (s, 9H), 1.02-0.93 (m, 16(90-0.83 (m, 1H), 0.62-0.59 (m, 1H),
0.11-0.09 (m, 1H).

3C NMR (CDCh, 100 MHz):6 (ppm) 199.8, 179.9, 149.5, 134.5, 129.7, 127.9,8,285.3,
82.9, 67.1, 36.8, 28.3, 11.2, 10.8, 9.8.

ESIMS m/z 314.1 (M+HY, 336.0 (M+Naj, 258.1(M+H-t-Buj, 627.2 (2M+HJ, 649.2
(2M+Na)'.

HMRS (ESI) calcd. for CL9H24NO3 (M+F1)314.1756, found: 314.1762.

HPLC chiralcel OD-RH, CECN-0.01% TFA/ HO-0.01% TFA = 60/40, flow rate 1.0 ml/
min, A 214 nm, hajor = 22.717 MiN, inor = 20.5 min.

2-Benzyl-5-(4-dimethylamino-phenyl)-3-oxo-2,3-dihyb-pyrrole-1-carboxylic acid tert-
butyl ester (24)
0

\

N
Ph Boc -

T Orange oil; e.e. 57 %.

'H NMR (CDCk, 300 MHz):d (ppm) 7.20-7.16 (m, 5H), 7.02 (d, 2Bi= 8.9 Hz), 6.58 (d,
2H,J = 8.9 Hz), 5.35 (s, 1H), 4.42 (dd, 18z 2.8, 6.9 Hz), 3.54 (dd, 1H,= 6.3, 13.3 Hz),
3.35 (dd, 1H,) = 2.8, 13.3 Hz), 2.98 (s, 6H), 1.43 (s, 9H).

13C NMR (CDCl, 75 MHz):6 (ppm) 199.2, 174.0, 151.9, 150.2, 135.1, 129.9,0,2R6.8,
118.9, 111.1, 110.5, 82.5, 67.6, 40.1, 37.5, 28.0.

ESIMS m/z393.2 (M+HY, 337.1 (M+H-t-Buj.

HMRS (ESI) calcd. for C24H29N203 (M+H)393.2178, found: 393.2168.

HPLC chiralpak AD-H, i-propanol/ hexane = 10/90, floate 1.0 ml/ minA 214 nm, hajor =

9.8 min, tyinor = 8.62 min.
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Chapter 7: lodo-derivatives

7.1: Introduction.

lodocyclization is a reaction whereby the intrancalar nucleophilic group attacks the
carbon-carbon double or triple bond activated ctebphilic halogenating reagent to give
cyclic compounds.

After having studied the platinum or gold cycloisenmation reaction in PEG, we turned our
attention to the possibility to perform an electiibp iodo-mediated cyclization of alkynyl

diols, alkynyl amino alcohols andaminoynones.

2
>_R2/ |,/NaHCO3 R !
PE(334oo

10 min, MW
X= OH, NHBoc
Rl o (@) (@] |
RZ——1Li 1 I,/NaHCO
0 R 2 3 \
BocN THF, 4h, -78<C AN 1 )
NHBoc  “R? R N" R
(@] Boc

To the best of our knowledge no examples of theéhggis ofa-iodopyrrolinone by direct
iodocyclization have been reported.

The introduction of one atom of iodine in the artimang system can be exploited to further
functionalize the molecule by a palladium-catalyzdss-coupling reactions, for example
Heck, Sonogashira, Suzuki reaction.

7.2: Bibliographic section.

The iodocyclization of alkynyl diols or alkynyl ano alcohols in classical solvents has been
already reported in the literature.

Knight and co-workers presented theertdedig cyclisation of 3-alkyne-1,2-diols using
iodine as the electrophile, to smoothly afford teerespondingp-iodofurang:® 3! The
reaction was carried out in acetonitrile ({LHN) at room temperature using molecular iodine
with NaHCQ; as a base (Scheme 7.1).
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gL O RY
%—: R I,/NaHCO4
R2 ]\
OH CH4CN, 20C R?7 o~ "R

Scheme 7.1: Synthesisfiodofurans.

The synthesis of various iodopyrroles has also liEstribed by the same authors starting
from the 3-hydroxy-2-sulfonylamino-4-alkynes witim &xcess of iodine and,&Os;. The
reaction was carried out at room temperature fa6 2+ (Scheme 7.2). The first step of the
reaction involves the formation of the intermedidtgdroxyl-dihydropyrrole$®*? The
corresponding iodopyrroles were obtained aftervatibn of the alcohol function towards

dehydration using MsCl in basic medium.

gL FH _ Rl R
. 7‘— 12/K2CO3 /\Z_ﬁ\ MsCIL EtsN 7\
NHTs CH3CN, 20C CH,Cl,, 20T R2 'II\'IS R
2-16h
R=H, alkynyl 65-91%
Rl= alkyl, aryl

R®= CO,Et, Ph, Me

Scheme 7.2: Synthesis of iodopyrroles.

Chen and coworkers described the synthesis of-Bj8itbstituted furans by iodocyclization
(Scheme 7.3) starting from the (Z)-enyns acetai#is mvolecular iodine in dichloromethane
(CH.CI,) at room temperature. The substrate could be mddairom (Z)B-haloenol acetates

by palladium/copper-catalyzed cross-coupling wittmtinal alkyne$*!

1 H

CHZCIz

OAC
R2

Scheme 7.3: lodocyclization of (Z)haloenol acetates.

Hammond and co-workers developed the synthesisAgh-isubstituted 3-fluorofurans via a

sequential iodocyclization and cross-coupling gefmdifluorohomopropargyl alcohol&'”
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The iodocyclization carried out with bnd ICI, respectively, produced the corresponding
fluorinated iodofuran analogues (Scheme 7.4). iseem can be functionalized by palladium

cross-coupling reaction to afford the correspondingro compound.

F
/ RZ F
F F R (0) R! 2
R—— " ICI, base Pd(0), R2B(OH), 7\
I F R 1

(0] R

Scheme 7.4: Synthesis of fluorinated iodofuran Gmats.

Yoshida and co-workers reported the electrophijiclizations ofN-substituted propargylic
aziridines. Disubstituted 3-iodopyrroles were swsthed by reacting propargylic aziridines
with iodine at 100°C using NaHGGas a base (Scheme 7.5). WherbBla®syl-substituted
substrates required a platinum catalyst to pronibie reaction, the iodine-promoted
cycloisomerization proceeds smoothly whelN-benzyl-substituted substrates are
employed?*®

Ts

| Ts

{NE PtCl, R N Rl
R i
%\Rl I/CH3CN/H,0 U
|

Bn

| BN

N |

/ \ I,/NaHCO3 R
R o
%\Rl Dioxane, 100C U

Scheme 7.5: lodocyclizations of N-substituted prgyée aziridines.

Concerning the synthesis efiodopyrrolinone, to the best of our knowledge waraples of

this reaction by direct iodocyclization have beeparted.
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The existence of-iodopyrrolinone was previously mentioned by Himsann and co-

workers?®?! however, the synthesis was not illustrated buy theed the compound as a
starting material for cross-coupling reactions,hsas Suzuki and Stille. However, we could
find the description of the synthesis of thh@odopyrrolinones and the conditons for the

coupling reactions (Scheme 7.6).

o) I o R
Pd- catalyst f
RZII,, \ - . RZ//,, §
1 N 3 1 N
R R R*M R R

M=Sn, B, etc...

Scheme 7.6: Pd-catalyzed functionalization of @ateal pyrrolinones.

Two examples of indirect methods of iodination weeported. McNab and co-workers
reported that pyrrolinones react readily with Newgnosuccinimides under standard
‘electrophilic' conditions (20 °C, methanol) to githe stable crystalline 4-chloro-, 4-bromo-
and 4-iodo-derivatives in 91, 88 and 76% yieldpeesively (Scheme 7.7). Electrophilic
bromination can also be carried out by moleculanbne (in methanol), but these conditions

give a 1:1 mixture of product and starting matekaf 3"

(@) (0]
H3Cb NIS H3C7\ \g

Hc MeOH HsC
i-Pr i-Pr

Scheme 7.7Reaction of pyrrolinones with halogen-electrophiles

7.3: Results and discussion.

7.3.1: lodocyclization reaction of alkynyl diols oralkynyl amino alcohols.

We turn our interest towards the iodocyclizatioacteon of alkynyl diols or alkynyl amino
alcohols in alternative solvent, in particular PEG{eme 7.8), using the substrates prepared
previously (cf. Chapter 5).
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RS R2 |
R;_RZ/ I,/NaHCO3 rﬁ\
E—— ]\
HX OH PE(-.;3400: Rl X R3
10 min, MW

1 X=NBoc, R'=iBu, R>= CCPh,R®=Ph 6
2 X= NBoc, R'= benzyl, R?>= CCPh, R3= Ph 7
3 X=OH, R'=CH3, R?>=ccPh,R®=Ph 8
4 X=OH, R'=H, R?= Ph, R%= Ph 9
5 X= OH, R'= H, R%= Ph, R3= Cpr 10

Scheme 7.8: Substrates using for iodocyclizatiactren.

The first reaction was carried out using 3 equivedef molecular iodine,] 3 equivalents of
NaHCQ; and 300 mg of PE£z0 The mixture was heated under microwave activaoris
min at 50°C (Table 7.11 entry 1). The reaction omgtwas cooled down, dissolved in a small
amount of CHCI, and precipitated in ED. The product was recovered after a precipitation-
filtration work-up. The organic phase was washethve satured solution of thiosulphate
(Nax$,03) to neutralize the excess of iodine (Equation.7.1)

I, + 2(S09)% > (S0 + 21

Equation 7.1: Neutralization of.|

The filtrate was analyzed B} NMR, which confirmed the positive outcome of tleaction
with a 44% yield.

In the search for a more effective conditions, té&ction time was reduced to ten minutes,
however the yield was not improved (42%, entry\®¢ also tried to work in more diluted
conditions by increasing the quantity of solverd aeducing the amount &f and NaHCQ(2
equivalents), and the reaction mixture was irradiadt 50°C under microwave irradiation to
afford the expected product in 81% vyield (entryt3wever, if the reaction was stopped after
five minutes, the yield was decreased (69% entry 4)
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Table 7.1: lodocyclization df, screening of time and molar ratio efdnd base.

Ph
Ph
S
| | _ Ph I,/Base ) { HO
+
7 P.EGs4oo. N~ Ph ?
BocHN  OH Microwave Boc
1 6
Entry PEGso  Substrate P NaHCG Time Yield (%)*
(eq.) (min)
(mg) (eq.) (eq.)
1 300 1 3 3 15 44
2 300 1 3 3 10 42
3 350 1 2 2 10 81
4 350 1 2 2 5 69

a) Yield was determined b{H NMR using CHBr. as internal standard. All the reactions

were carried out at 50°C under microwave irradratio

In all cases the formation of dihydroiodopyrroleaaby-prodcut was not detected. With the
method in the hands, the iodocyclization reacticas vextended to others diols and amino
alcohols. If product§-9 were obtained in satisfying yields (63- 67%), thbstrates gave

poor results, may be for his instability in thesaditions (37%, entry 5).
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Table 7.2: Synthesis of substituted iodofuransiaddpyrroles.

3

2
Rl R2 " I,/NaHCO; R !
Z
PEG Iﬁ\ ; MO
3400 1
X OH wmnmy ROX R
X= OH, NHBoc
Entry X R R R® Product °C Yield®
(%)
1 NHBoc i-butyl -CCPh Ph 6 50 81
2 NHBoc benzyl -CCPh Ph 7 55 67
3 OH Ch -CCPh Ph 8 50 66
4 OH H Ph Ph 9 55 63
5 OH H Ph cyclopropyl 10 55 37

a) Yield was determined By NMR using CHBr, as internal standard.

To our surprise, with thé&-protected aminoalcohdll bearing butyl group onto the triple
bond, the iodocyclization afforded a mixture of tdifferent products identified respectively
as the expected iodocyclizéd® and one of its derivativé3 in which the triple bond was
diiodinated (Scheme 7.9).

Bu
Bu BU
I Ny
Bu I,/Base I
- Py SR
PEG3400, N Bu N~ Bu
BocHN  OH Microwave L Boc ph  Boc
11 12: 59% 13: 39%

Scheme 7.9: lodocyclization bf in PEG.
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Several examples describing the double additiolvdifie or halogen to alkyne was reported
in the literature. For example, Langle and co-wosldeveloped a selectiome-potprocedure
for the production oE-dihalo-substituted,f-unsaturated alkenoic acids and derivatives from

the corresponding,p-unsaturated alkynoic acids (Scheme 7'36).

o Cl (Br)O

ICl or IBr
/J\R R]_)\HJ\OH

Et,0 |

Rl

Scheme 7.10: Synthesis of 2,3-dihaloalk-2-enoidsagnd derivatives

Ji and co-workers reported that 1,4-butyne-diogndinobut-2-yn-1-ol, and pent-2-yne-1,5-
diol derivatives could react with different elegiholes (b, 1Br, and ICI) at room temperature
and both halogen atoms generated from electrophitee used effectively (Scheme 7.11).
Highly substituted dihalogenated dihydrofurans,ydioepyrroles, and dihydrok2-pyrans

bearing alkyl, vinyl, aryl, and heteroaryl moietizan be prepar€d® 2% by iodocyclization.

Hz X [
T /OH3 IX —

R 7 \5 R ~R?

R R CH2C|2, rt RI Z /R3

X=1, Br, Cl
R=R'=R?=R3=alkyl, vinyl, aryl

Scheme 7.11: Synthesis of dihalogenated dihydro$uihydropyrroles.

In order to improve the selectivity of reaction Wwave tested different conditions and the
results are summarized in Table 7.3. lodopyrrd2snd13 were prepared throughendo

trig iodocyclization of the correspondingy-protected amino alcoholl with iodine (2
equivalents) in the presence or in the absence lzdsa. The nature of the solvent plays a
peculiar role: when PE&GydOMe), was used, the global yield was decreased (entgnd)
product13 was the major one. The reaction proved to be cet®iyl selective towards the
formation of productL2, when KCO; was the base, even if the yield was low (entry 3).

The selectivity is completely reversed if the reactis carried out without a base and the

productl3 could be obtained in good yield and in a shoret(@ntry 4).
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Table 7.3: Optimization iodocyclization of substra1.

Bu
B Bu |
) \\ | — |
B 1,/B
.Uy N
PEGs400, N~ TBu N~ Bu
BocHN  OH Microwave b Boc bn  Boc
11 12 13
Entry PEG Base (eq.) °C Time (min) Yiél(6)12 Yield® (%) 13
2 PEGodOMe), NaHCQ:(2) 55 10 18 42
3 PEGuoo K,CO:(2) 55 10 45 0
4 PEGa00 - 55 10 0 71

a) Yields were determined bt NMR using CHBr, as internal standard. All the reactions

were carried out using 350 mg of Pf&gg initial power 400W.
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7.3.2: lodocyclization reaction ofa-amino-ynones.

After the study of platinum cycloisomerization réan in PEG we turned our attention
towards the possibility to perform an electrophibiclo-mediated cyclization reaction af

aminoynones (Scheme 7.12) preparated previouglyQloapter 6).

RL o , _ o o) [

5 Re———1Li R I,/NaHCO3 \
BocN THF, 4h, -78T \\ L )
W< NHBoc  “R? R N~ R

(@] Boc
14 R=ipr, R?= Ph 22
15 R=ipr, R?= Bu 23
16 Rl= ipr, R’= Cpr 24
17 R=CH3 R>=Ph 25
18 R!=CH3 R>=Bu 26
19 R'=CHs R>=Cpr 27
20 R'= Ph, R?= Ph 28
21 Rl=pPh R’>=Cpr 29

Scheme 7.12:i-Amino-ynones using for iodocyclization reaction.

In view of the scarcity of literature reports oretlodocyclization ofu-amino-ynones, we
report herein our results. We first studied theee of PEG as the reaction solvent for the
iodocyclization, using 2 equivalents gfdnd sodium carbonate. The mixture was heated up
under microwave activation for 10 min at 50°C. Tieaction mixture was cooled down,
dissolved in a small amount of @El, and precipitate in E©. The product was recovered
after precipitation-filtration. The organic phaseasvwashed with a satured solution of
thiosulphate (Nz5,03) to neutralize the excess of iodine. The analgsithe filtrate shows
partial conversion of the substrate, but the exgegroduct22 was obtained in a moderate
yield (34%, Table 7.7 entry 1). When the reactionet was extended to 15 minutes, the
quantity of iodine increased (3 equivalents) andase used (entry 2), substrate was

completely converted and the product was obtainégb9o yield (entry 2).
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Table 7.4: lodocyclization af-amino-ynones in PE&uo

o)
RL I,/NaHCO4 \
X PEG3400 MW R1” N7 CR?
NHBoc R? 3400 Boc

NaHCQ; Time ConversioA Yield®

Entry R! R>  Product I,(eq.) (eq.) (min) ) (%)
1 i-pr Ph 22 2 2 10 70 34
2 i-pr Ph 22 3 3 15 100 65
3 i-pr Bu 23 3 3 15 100 80
4 ipr  Ccpr 24 3 3 15 100 64
5 CHs Bu 26 3 3 15 60 29

a) Yield was determined By NMR using CHBr, as internal standard.

Different substrates were tested. A good result whtined when the iodocyclization
reaction was carried out using substrde(80% of yield, entry 3). In the same conditions
substrat& was not reactive (entry 4).

The method proved not to be general, for this nedlse iodocyclization reaction was studied
in the classic solvents. We tried two common sdlversed in iodocyclization reaction such
as CHCN and CHCI, at room temperature. Using acetonitrile full carsuen of substraté7
was reached after 2h affording 67% of correspondamgduct 25 (Table 7.4) With
dichloromethane, total conversion was reached @fieninutes. The analysis of crude shows
many signals of degradation and decomposition ettpected produc25 was recovered in

only 32 % of yield.
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Table 7.5: lodocyclization df7 in classical solvents.

o o) |
ch\Hj\ I,/NaHCO3 M
\ —_—
N rt HsC” N Ph
NHBoc  “Ph 3 Boc
Entry Solvent °C Time (min) Yield (%)
1 CHCN Rt 120 67
2 CH,Cl, Rt 75 32

a) Yield was determined By NMR using CHBr, as internal standard.

Consequently we have preferred to usesCH as solvent for the iodocyclization reaction.
The optimized conditions (2 h at rt, entry 1) wapplied to various-aminoynones bearing
an aromatic or alkyl group at the end of the aeetylfunctionality. Excellent results were

obtained in all cases (Table 7.6).

Table 7.6: lodocyclization ef~aminoynones in C¥CN.

o o)
R I,/NaHCO3 M
\H\ 2

NHBoc g2 CHaCN.Tt R Noc
Entry R R Product Time (h) Isolated
Yield (%)
1 i-Pr Ph 25 2 74
2 i-Pr Ph 25 1 98
3 i-Pr Bu 26 2 96
4 i-Pr Cpr 27 1 95
5 CHs Bu 29 2 76
6 CHs Cpr 30 2 98
7 Benzyl Ph 31 2 99
8 Benzyl Cpr 32 2 98
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3 Equivalents of iodine in acetonitrile (§EN) were found to promote iodocyclization if
amino-ynones to afford thfeiodo pyrrolinones.
The enantiomeric excess was also verified by cHHBLC. Less epimerization occured

during the reaction (Figure 7.1).

(@) | @] | (@] I
Ymph Ymﬁ*u %
Boc Boc Boc
14: e.e. 81% 15: e.e. 96% 16: e.e. 100%
22: e.e. 76% 23:e.e. 93% 24: e.e. 99%

0] I

o | o | o |
N~ "Bu N N~ "Ph N
Ph

Boc Boc Ph Boc Boc

18: e.e. 94% 19: e.e. 90% 20: e.e. 10% 21: e.e. 18%
26:e.e. 78% 27:e.e. 84% 28 e.e. 6% 29: e.e. 16%

Figure 7.1: Study of loss of enantiomeric excessdi-pyrrolinones.

Subsequent functionalization of the resulting hatgcles by palladium-catalyzed coupling

reactions led to a number of interesting five- sitlted skeletons.

We have test Suzuki cross-coupling in PEG. In dmneary experiment we carried out the
reaction in PEG, using 5 mol % of Pd(OAg) 3 equivalents of N&O; as base, and 1
equivalent of phenyl boronic acid. The reaction \waated under microwave activation for
2,5 h at 100°C. ByH NMR analysis it was possible to observe the etgueproduct in 60%
of yield.

o | O Ph
Pd(OAC),
\ + Ph—B(OH), NaHCO3 \
_ >
N~ Ph
N, Ph PEGa3400, MW Boc

60%

Scheme 7.13: Suzuki cross-coupling in PEG.
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Buchwald-Hartwig amination reaction was also tesfidte reaction was carried out in PEG,
using 2 mol% of Pd(OAg)and BINAP as ligand3.5 equivalents of ¥CO; and 1.2
equivalent of benzylamine. After 30 min. at 100°tBe presence of the product was detected
but a complex reaction mixture was obtained. Piekmy results suggest the possibility to

obtain the expected product but the yield was poor.

O, HN—
o) | NH, Pd(OAC), / K,CO3 Ph
{ . ( BINAP \
N Bu Ph 100, PEG 3400 Eloc B
Boc
MW

22%

Scheme 7.18Buchwald-Hartwig amination reaction PEG.

7.4: Conclusion.

The iodocyclization reaction of alkynyl diols anifyanyl amino alcohols was presented. The
iodopyrroles and iodofurans were obtained in sheaction time (10 min), in a satisfying
yield, using an alternative solvent (PEG) underrov@ve activation. It was also possible to
put in evidence the formation of unprecedented aamg13, issued of the addition of three
atoms of iodine, iodination if-position of ring system and di-iodination of thigple bond.
Direct coupling reactions to perform new carborboar bond formation involving
organolithium, organocopper, organozinc, organobdin metal-catalyzed cross-coupling

reactions, are tested for further derivatization.

Also the iodocyclization reaction ef-amino-ynones, preparated previolusly from UNCAs,
was tested. It was also possible to put in evidéimeainprecedent formation of iodo-pyrrolin-
4-ones in mild condition. Excellent yields (74-99%gre obtained and less epimerization
occured during the reaction. Suzuki cross-coupding Buchwald-Hartwig amination reaction
were tested in PE{xo under microwave activation. Preliminary resultyeh@onfirmed the

presence of expected products.
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Experimental section

7.5: General remarks.

The solvents were purified by distillation overrgidg agent. Chemical shifts$)(of 'H NMR
and *C NMR spectra are reported in ppm relative to nesicsolvent signals (CHgIlin
CDCls: § = 7.27 ppm fortH and CDC}: 6 = 77 ppm for*C. J- values are given in Hz'H
and ®*C NMR was registered on Bruker Avance-300 MHz, Bruldvance 400 MHz.
Microwave-assisted reactions were performer witiBiatage Initiatof™ 2.0. Instrument.
Temperature was measured with an IR sensor onutiace of the reaction vial. LC-MS
analysis were performed with HPLC Waters Alliané®2 (UV Waters 2489), column Onyx
Cis 25 mn x 4.6 mn, flow 3 ml/min (#D-0.1% HCQH (A)/CH3CN 0.1% HCGH (B))
gradient 0 to 100% in 2.5 min. HRMS analysis weeefgomed on a Q-Tof (Waters, 2001)
with ESI. Chiral HPLC analysis was performed witecBman Coulter System Gold 126
Solvent Module and Beckman Coulter System Gold Ré&-ctor. Column: Chiralpak AD-H
0.46 cm x 25 cm, Chiralcel OD-H 0.46 cm x 25 cmir@hHPLC phase inverse: Chiralcel
OD-RH 0.46 cm x 25 cm.

7.6: Typical procedure of iodocyclization in PEG.

A typical experimental procedure for the iodocyatisn is described.

A mixture of b (25 mg, 0.1 mmol), NaHC£(8.4 mg, 0.1 mmol), PE{x, (350 mg) and
substratel (0.05 mmol) were placed in a microwave reactor. Tégulting mixture was
heated under microwave irradiation at 50°C (inipiaver 400W) for 10 min.

The reaction mixture was solubilized in &, (2.0 mL) and precipitated in £ (250 mL).
After 3h at -18°C, by precipitation-filtration woilkp the organic phase was washed with a
satured solution of thiosulphate (#$205) to neutralize the excess of iodine and the pro@uc

was recovered.

7.7: Typical procedure of iodocyclization in CHCN.

A typical experimental procedure for the iodocyatisn is described. In a stirred solution of
substratel4 (0.1 mmol), NaHC®(25.2 mg, 0.3 mmol) and 0.5 mL of @EN was added;|

(76.2 mg) and 0.5 mL of GEN. After 2h at r.t, the organic phase was evapdrainder
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vacuo. The crude was dissolved in AcOEt and washtda satured solution of thiosulphate
(N&S;03) to neutralize the excess of iodine and the prodRevas recovered.

7.8: Characterization of products.

lodo-pyrrole (6)

Ph

S
B

N Ph
Boc

Yellow oil

'H NMR (CDCl, 300 MHz):6 (ppm) 7.58-7.55 (m, 2H), 7.43-7.31 (m, 8H), 3.602H, J =
7.1 Hz), 2.03 (septuplet, 1H), 1.18 (s, 9H), 1.843H, J = 6.6 Hz), 1.02 (d, 3H, J = 6.6 Hz).
13C NMR (CDCl, 75 MHz):6 (ppm) 148.6, 140.3, 134.8, 134.3, 128.26, 12728,8, 112.7,
93.6, 84.5, 84.4, 75.1, 36.3, 29.7, 27.0, 22.6.

HMRS (ESI) calcd. for C27H29NO2I (M+H) 526.1243, found: 526.1245.

lodopyrrolin-4-one (22)
0 |

W\
N~ ~Ph
Boc yellow oil, e.e. 76%

'H NMR (CDCk, 400 MHz):6 (ppm) 7.49-7.40 (m, 5H), 4.35 (d, 1H,= 3.5 Hz), 2.60
(septuplet, 1HJ = 3.5 Hz), 1.18 (d, 3H] = 7.0 Hz), 1.16 (s, 9H), 0.95 (d, 38= 7.0 Hz)

3C NMR (CDCl;, 100 MHz):8 (ppm) 197.0, 171.2, 149.3, 133.6, 130.0, 128.1,8,283.1,
80.72, 69.8, 32.2, 27.5, 17.1, 16.8.

HMRS (ESI) calcd. for CL8H23NO3I (M+F1) 428.0723, found: 428.0714.

ESIMS m/z427.9 (M+HY, 449.9 (M+NaJ, 371.9 (M+HtBu)*, 327.9 (M+H-Boc).
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lodopyrrolin-4-one (23)
o} |

L
N Bu
Boc e.e. 93%

'H NMR (CDCls, 400 MHz):6 (ppm) 4.16 (d, 1HJ = 3.4 Hz), 3.24-3.17 (m, 1H), 3.00-2.96
(m, 1H), 2.45-2.39 (m, 1H), 1.67-1.44 (m, 4H), 1(479H), 1.15 (d, 3H] = 7.1 Hz), 0.96 (t,
3H,J=7.0 Hz), 0.76 (d, 3H] = 7.0 Hz).

13C NMR (CDCk, 100 MHz):6 (ppm) 196.0, 175.7, 148.5, 83.4, 77.2; 69.6, 32132, 30.1,
28.1,22.9,17.4,15.9, 13.9.

HMRS (ESI) calcd. for C16H27NO3I (M+H) 408.1036, found: 408.1030.

ESIMS m/z408.0(M+HY), 429.2 (M+Na), 352.0 (M+H#-Bu)*, 837.1 (2M+Na).

lodopyrrolin-4-one (24)
0 |

\
N
Boc e.e. 99%

'H NMR (CDCl, 400 MHz):6 (ppm) 4.13 (d, 1HJ = 3.1 Hz), 2.45-2.39 (m, 1H), 2.28-2.21
(m, 1H), 1.51 (s, 9H), 1.33-1.1 (m, 4H), 1.03 (H, 3 = 7.0 Hz), 0.74 (d, 3H] = 7.0 Hz)

13C NMR (CDCl, 100 MHz):6 (ppm) 197.2, 173.8, 149.3, 83.1, 77.4, 69.6, 3485, 17.2,
16.2, 13.9, 10.6, 9.5.

HMRS (ESI) calcd. for C15H23NO3I (M+FF) 392.0723, found: 392.0721.

ESIMS m/z 392.0 (M+HJ, 414.0 (M+Naj, 336.0 (M+H¢-Bu)".

lodopyrrolin-4-one (25)
o) [

L3

H3C N Ph
Boc e.e. 64%

'H NMR (CDCl, 400 MHz):6 (ppm) 7.49-7.47 (m, 3H), 7.39-7.36 (m, 2H), 4.41%H,J =
7.04 Hz), 1.64 (d, 3H] = 7.04 Hz), 1.20 (s, 9H).

13C NMR (CDClL, 100 MHz):5 (ppm) 197.3, 170.8, 148.7, 133.3, 130.0, 128.1,8,283.3,
78.0, 61.8, 27.6, 17.8.
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ESIMS m/z 400.0(M+HY, 422.1 (M+Na)j, 344.1 (M+H#-Bu)", 300.0 (M+H-Boc), 821.1
(2M+Na)'.
HMRS (ESI) calcd. For C16H19NO3I (M+F)400.0410, found: 400.0407.

lodopyrrolin-4-one (26)
0 |

P
N Bu
Boc e.e. 78%
'H NMR (CDCl, 400 MHz):6 (ppm) 4.20 (g, 1HJ = 7.0 Hz), 3.16-3.03 (m, 2H), 1.68-1.44
(m, 4H), 1.49 (s, 9H), 1.44 (d, 381= 7.0 Hz), 0.98 (t, 3H] = 7.0 Hz)
3C NMR (CDCl, 100 MHz):5 (ppm) 196.7, 175.3, 148.3, 83.5, 76.8, 76.0, 6329), 29.8,
28.1,22.8,17.8, 13.9.
HMRS (ESI) calcd. For C14H23NO3I (M+F1)380.0723, found: 380.0731.

lodopyrrolin-4-one (27)
0 |

\

N
Boc e.e. 84%

'H NMR (CDCh, 400 MHz):8 (ppm) 4.12 (g, 1HJ = 7.0 Hz), 2.32-2.24 (m, 1H), 1.47 (s, 9
Hz), 1.45 (d, 3HJ = 7.0 Hz), 1.18-1.10 (m, 4H).

13C NMR (CDClL, 100 MHz):5 (ppm) 197.6, 172.9, 148.9, 83.2, 73.9, 61.6, 28728, 13.4,
10.3, 9.9.

HMRS (ESI) calcd. for CL13H19NO3I (M+F}) 364.0410, found: 364.0407

lodopyrrolin-4-one (28)
0 |

\

N
Ph Boc e.e. 16%

'H NMR (CDCk, 400 MHz):6 (ppm) 7.27- 7.16 (m, 3H), 6.96-6.93 (m, 2H), 4(dd, 1H,J
= 2.6, 6.1 Hz), 3.42 (dd, 1H,= 6.1, 13.4 Hz), 3.28 (dd, 1H,= 2.6, 13.4 Hz), 1.91-1.81 (m,
1H), 1.59 (s, 9H), 0.99-0.88 (m, 1H), 0.90-0.83 (iH), 0.45-0.38 (m, 1H), 0.21-0.17 (m,
1H).

218



Chapter 7: lodo-derivatives

HMRS (ESI) calcd. for C19H23NO3I (M+H)440.0723, found: 440.0715.
ESIMS m/z440.0 (M+HY, 462.1 (M+Na), 383.9 (M+H¢t-Bu)", 901.0 (2M+Na).

lodopyrrolin-4-one (29)
0 |

\

N~ Ph
Ph Boc e.e. 6%

'H NMR (CDClk, 300 MHz):6 (ppm) 7.28-7.18 (m, 7H), 7.04-7.00 (m, 2H), 4.86,(1H,J
= 2.8, 6.9 Hz), 3.55 (dd, 1H,= 6.3, 13.3 Hz), 3.39 (dd, 1H= 2.8, 13.3 Hz), 1.11 (s, 9H).
13C NMR (CDCl;, 75 MHz):6 (ppm) 196.6, 172.1, 148.6, 134.1, 133.3, 129.7,1,2R7.9,
127.3, 83.1, 80.1, 65.5, 37.6, 27.6.

HMRS (ESI) calcd. For C22H23NO3I (M+FR)476.0723, found: 476.0719.

ESIMS m/z475.9 (M+HY, 497.9 (M+Naj, 419.9 (M+Ht-Bu)*, 375.9 (M+H-Boc), 973.0
(2M+Na)'.
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Chapter 8: Isoquinolines

8.1: Introduction.

The syntheses catalyzed by Rdased systems promote different kind of oxidative
carbonylations under mild conditions to afford impat carbonyl derivatives with high
selectivity and efficiency.

Isoquinoline carboxylic derivatives are importaainily of heterocycle derivatives endowed
with biological activities.

Due to the importance of isoquinoline derivativesorganic chemistry, the progress of new
synthetic approaches with various reaction conalitiemains an active research area.

In particular, the developments towards the onp-sy@mthesis of synthesis of isoquinoline-4-

carboxylic esters starting from (2-alkynyl)benzgidtamines are described.

R3 R3 CO,R
7z gz 2 3
R® t-BuNH, R? = Pdip/kl R xR
R, .
Co,0 N
1 molecular 1 =N » O2 1 =
R CHO  gieves 4A t-Bu  ROH R

8.2: Bibliographic section.

Different approaches for the synthesis of isoquimeotarboxylic derivatives are described in
the literature using direct or indirect carbonyatimethods and we are presenting some

examples.

Palladium-catalyzed alkoxycarbonylation of heterdicyhalides such as pyridine, pyrimidine

and isoquinolines, leads to the synthesis of heyetiz esters (Scheme 843"
Br CO,Et

PACI,(PPhs),
N X
CO, Et3N, 100, 6h
N N

Scheme 8.1: Palladium catalyzed alkoxycarbonylatibaryl bromides.
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A method for the Pd-catalyzed carbonylation of amgbmides has been developed using
Xantphos as the Iigaﬁ%ﬁzl This method is effective for the direct synthesfsWeinreb
amides, 1° and 2° benzamides, and methyl estens fih@ corresponding aryl bromides at

atmospheric pressure (Scheme 8.2).

Br COoMe
Pd(OAc),, Xantphos
AN X
_N CO, MeOH, Et3N, _N
70C, 24h

Scheme 8.2: Synthesis of isoquinolines methytsegte Pd-catalyzed alkoxycarbonylation.

Isoquinoline-3-carboxylates constitute a wide speot of compounds attracting much
interest, due to their various biological actiwstieLiu and co-workers have reported the
synthesis of isoquinoline-3-carboxylate framewdrkotigh formylation of 2’ position oN-
acetyl-(3'-hydroxy-4’-methoxy-5-methyl)phenylalare methyl ester by Duff reaction
(Scheme 8.3}

@)

v
O" 1) HMTA/TFA/reflux AN o~

HN
o m/ 2) satured NaHCO3/EtOAC ™ =N
o)

(0]
OH OH

Scheme 8.3: Synthesis of isoquinoline-3-carbogytaimework by Duff reaction.
Larock and co-worker have reported the synthesiaromatic heterocycles via palladium-
catalyzed annulation of internal alkyrd&4! This strategy allows the access to a wide variety

of heterocycles, including 1,2-dihydroisoquinoline®enzofurans, benzopyrans, and
iIsocoumarins (Scheme 8.4).
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(j\A NHAc ) Pd(OAc),, PPhy e
+ Ph—==—CO,Et 0
| P 80%

LiCl, KOAc, Ph
DMF, 100, 2h COE
MeOQ OMe MeO_ OMe
OH Pd(OAc),, PPhg ¢}
+ Ph—=—=—CO,Et _ 61%
| LiCl, Na,CO3 Ph
DMF, 80T, 8h COEt

Scheme 8.4: Synthesis of isoquinolines and isauhmes via palladium-catalyzed annulation

of internal alkynes.

Shin and co-workers have reported that under Ag@itf Brgnsted acid co catalysialkyl
o-alkynylbenzaldoxime derivatives undergo a cycl@aat induced N-O cleavage to produce
isoquinolines with the simultaneous oxidatiorOsélkyl groupt?®!

This redox-based method provides a general acoesslivierse isoquinoline derived
heterocycles that are simple, efficient, and tele various functional groups from readily

available and hydrolytically stable oxime precuss(@cheme 8.5).

X _OR ®/O R
N™ " AgOTf (10%) SNTY XN
N H | ——
X DCE, 70T, 3h Ph Zpn
Ph Ag

R = H,CHC=CHPh
HoCHC=CH,

HC(H3C)HC=CH,
CHyPh

Scheme 8.5: Isoquinoline synthesis via redox reastof O-alkyl oximes.

Larock and co-workers have reported an efficiemttlsstic approach for the carbonylative
cyclization ofN-tert-butyl-2-(1-alkynyl)benzaldimines and aryl halidesthe corresponding

3-substituted 4-aroylisoquinolines in the preseat€0O and a palladium catalyst (Scheme
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8.6). Synthetically, the methodology provides agerand convenient route to isoquinolines
containing an aryl, alkyl, or vinylic group at CaBd an aroyl group at C-4 of the isoquinoline
ring. The reaction is believed to proceed via @ation of the alkyne containing a proximate
nucleophilic center promoted by an acylpalladiumptex2®!

X tBu NN
N cat Pd(PPhg), _
+ ArX R
% CO, base

R Ar @)

Scheme 8.6ynthesis of 3-substituted 4-aroylisoquinolines.

The same group have also reported, the palladidatyzad synthesis of 3,4-disubstituted

isoquinolines from readily availabl&l-tert-butyl-2-(1-alkynyl)arylaldimines and various
organic halides (Scheme 8%’ 328!

X ~tBu A
N cat Pd(0) N
+ RIX ————— = 1
% base R

R R

Scheme 8.7Synthesis of 3,4-disubstituted isoquinolines.

A wide variety of substituted isoquinolines, tetydibisoquinolines, 5,6-
dihydrobenzjlisoquinolines, pyrimidines, and pyridine heterdegchave been prepared in
good to excellent yields via annulation of interaaktylenes with theert-butylimines ofo-
iodobenzaldehydes and 3-halo-2-alkenals in theepras of a palladium catalyst. The best
results were obtained by employing 5 mol % of Pd¢pAan excess of the alkyne, 1 equiv of
N&COs; as a base, and 10 mol % of RRh DMF as the solvent (Scheme 8.8). This

annulation methodology is particularly effectiver faryl- or alkenyl-substituted alkyn&é%

330]
NS /tBU
(;E\N h Pd(OAC) PPhs oA
+ Ph———CO,Et 0
| _ 99%

NaCOg, Ph
DMF, 100C, 5h

COEt
Scheme 8.8: Synthesis of isoquinolines by thediaha-catalyzed annulation of internal

alkynes.
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Cheng and co-workers have reported that a wideerarigsubstituted isoquinolines were
synthesized via a highly efficient nickel-catalyzadnulation of the tert-butyl imines of 2-
iodobenzaldehydes and various alkynes (SchemeTh@)examination of the regiochemistry
of isoquinolines synthesized indicates that theeet@o different alkyne insertion pathways

for the catalytic reactions with asymmetric alky#ie.

X tBu
N Ni Br (dppe) SN SN
+ Ph——=——CO,Et _
%
| CH3CN, Zn, 80C Ph CO5Et

COzEt Ph

86% 4%

Scheme 8.MNi-catalyzed annulation reactions.

In the laboratory, different studies in the fieldcarbonylation reactions were developed.

Gabriele and co-workers have found that,Pidl conjunction with an excess of iodide anions,
constitutes an exceptionally efficient, selectivel aersatile catalyst for promoting a variety
of oxidative carbonylation processes, leading t@anant acyclic as well as heterocyclic

carbonyl compoundé® &' Here some just recent examples are described.

The synthesis of benzofuran-2-acetic esters sgaftom 1-(2-allyloxyphenyl)-2-yn-1-ols by
sequential Pd (0)-catalyzed deallylation Pd (Iijabzed carbonylative heterocyclization was
reported (sequential homobimetallic catalysis). Ttamsformation takes place in classical

solvent®® and in IL*%¥ as reaction medium (Scheme 8.10).

R OH 1
R2 R

% PdIy/KI/PPhg/H,0  R2 CO,Me
+2CO + 2 MeOH D
. o R CO (30 atm) NS
H 100C, 24h R °© R

R2 Pdl,/KI/PPhg/H,0 R!

R +2CO + 2MeOH
R3 - CO (30 atm) N -COMe
H 100, 24h R® O R

Scheme 8.10: Sequential homobimetallic catalysis.
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The synthesis of 2-benzofuran-2-ylacetamides wae ahdertaken, starting from readily
available 1-(2-allyloxyaryl)-2-yn-1-ols, amines, canCO (Scheme 8.11). Carbonylation
reactions are carried out under relatively milddibans and in the presence of a Polased
catalytic systen?>*

Rl OH 1
R2 R
N PdI,/KI/PPhy/MeOH R2 CONR'RS
+2CO + 2 R*RONH A\ 4n5
R3 o R CO (30 atm) , A NRR
100, 15h R o R
| 60-87%

Scheme 8.11: Synthesis of 2-benzofuran-2-ylacetsnig sequential homobimetallic

catalysis.

Synthesis of 3-[(alkoxycarbonyl)methyllJcoumarinsarihg from readily available 2-(1-
hydroxyprop-2-ynyl)phenols, based on palladiumdygatd dicarbonylation process was
reported (Scheme 8.1ZReactions were carried out in the presence of ydatadmounts of
PdkL in conjunction with an excess of KI in MeOH as #w@vent at room temperature and
under 90 atm of CO, to give coumarin derivativegand to high yield5>®!

1
, Rl OH , R
R R
N Pdl,/KI ~ CO;Me
\ 2
OH CO, MeOH o) @)
R3 R3

62-87%
Scheme 8.12: Synthesis of coumarine derivativéxbgarbonylation reaction.

1-(2-Aminoaryl)-2-yn-1-ols were subjected to canpative conditions in the presence of the
Pdb-K| catalytic systent*®! Under oxidative conditions 1-(2-aminoaryl)-2-yrols-bearing a
primary amino group were selectively converted igtonoline-3-carboxylic esters in fair to
good yields ensuing from @adadig cyclization followed by dehydration and oxidet
methoxycarbonylation. Under nonoxidative conditiods(2-aminoaryl)-2-yn-1-ols bearing

either a primary or secondary amino group and gubet with a bulky group on the triple
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bond were converted into indol-2-acetic estersividey from 5-exodig cyclization followed
by dehydrating methoxycarbonylation (Scheme 8.13).

R:
2
N COzMe PdI2/KI Pdl,/KI R Xy CO2Me
N co MeOH co 02 MeOH NT R4
R R =H, alkyl

R3

-709
42-70% 45-70%

Scheme 8.13Palladium-catalyzed carbonylation of 1-(2-aminod®tyn-1-ols.

The synthesis of furan-3-carboxylic esters wasemtesl, based on palladium-catalyzed direct
oxidative carbonylation of readily available 3-ybhg@-diols (Scheme 8.14). The process,
corresponding to a sequential combination betweg®rdcedig heterocyclodehydration step
and an oxidative alkoxycarbonylation stage, is lgat by Pd in conjunction with an

excess of KI under relatively mild conditiofid”

1
R RL CO,R?
HO?%R Pdl,/KI M
R

OH CO, R%OH ©

56-72%
R =Rl= H, alkyl, aryl
R? = alkyl

Scheme 8.14Palladium-catalyzed oxidative heterocyclodehydma@dkoxycarbonylation

of 3-yne-1,2-diols.

1,3-Dihydroisobenzofurans containing an (alkoxyoagd)methylene chain and 4-
(alkoxycarbonyl)benzajpyrans have been easily obtained by dicatalysed oxidative
cyclization/alkoxycarbonylation of readily availabl2-alkynylbenzyl alcohols (Scheme
8.15)k%!

1 R
R
4 COzR COzR

Pd cat / Rl

+CO +ROH +1/2 (0y) A

OH o *
-H,0 e}
2 3 3
R R R2 R R2 RS

Scheme 8.15: Oxidative carbonylation of 2-alkyamgltyl alcohols.
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8.3: Results and discussion.

In this work we have tested the possibility to abtesoquinoline-4-carboxylic esters by
readily availabletert-butyl-(2-alkynylbenzylidene)amines (Scheme 8.18) a direct Pgt
catalyzed oxidative heterocyclization-alkoxycarblatign 3

The hypothesis of Pglatalyzed heterocyclization-alkoxycarbonylatiorogessedor the
synthesis of isoquinoline-4-carboxylic esters carekplained by different studies in the field

of carbonylation reactions developed in the labwgaand detailed before.

P RS P RS CO,R
2 2 2 3
_—
N CO, Oy N
Rl CHO molecular 1 N\ su oH Rl

sieves 4A

Scheme 8.16: Synthesis of isoquinoline-4-carboxgiers by Pdicatalyzed oxidative
heterocyclization-alkoxycarbonylation.

The substrated0-14 were prepared in two steps reaction: Sonogashitgling reaction

followed by condensation o¢rt-butylamine (Scheme 8.17).

R® R®
H Z
RZDiBr PdCl,(PPhg), R? Z t-BUNH, R2 Z
ol Tcanen oeeur
Cul, NEt3 molecular N
R? CHO 3 R? CHO sieves 4A R t-Bu
R t, 15h
1- p2— 3_—
1R'=R?=H 5 Rl= R%= H, R%= Bu, 85% 10R=R’=H,R’=Bu
2 R'=NO,, R=H 6 Rl= R2= H, R3= CH,OTHP, 85% 11 Rlz R2= H,;? = CHSZOTHP
3 R!=H, R?= CH,4 7 Rl= NO,, R%= H, R= Bu, 52% 12 R1= NOZ,ZR =H, R3: Bu
4 R'= OCHg, R?=H 8 R= H, R2= CH; R®= Bu, 98% 13 Rlz H, R%= czHa R ZSBu
9 R1= OCHjs, R%= H, R%= Bu, 73% 14 R*= OCH3, R*= H, R*= Bu

Scheme 8.17: Preparation of (2-alkynylbenzylidgag}butyl)-amine<0-14.
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2-Bromo-4-nitrobenzaldehyd&7 was not commercially available, for this reasoheottwo
steps were required (Scheme 8.18) for its synth2dgsomo-4-nitrobenzoyl bromide6 was
obtained by reaction with 2-bromo-4-nitrotoluers (commercially available), N-
bromosuccimide and benzoyl peroxide. The compo@6dwas transformed inl7 by

formylation reaction usingexamethylenetetramine.

NBS

N Br  benzoyl O2N Br (CH2)6N4 O,N Br
\©: pero><|de
cH CHCI3 CHO

3 CcCly reﬂux 10h
reflux, 7h
16: 96% 17: 26%
PdCI,(PPhj),
Cul
NEt,
Bu / Bu
O,N 7 O,N Z
t-BuNH,
~N
CHO molecular “t-Bu
sieves 4A
18: 74% 19

Scheme 8.18: Preparation of 2-nitro-tert-butylH{@x-1-ynylbenzylidene)amiaie.

Owing to their instability to hydrolysis, theert-butyl-(2-alkynylbenzylidene)amines0-14
and19 were directly used, without further purificatioor the second step.

The first test was carried out usibgrt-butyl-(2-hex-1-ynylbenzylidene)amink0, obtained
by the condensation of 2-(2-hex-1-ynyl)benzaldehydath tert-butylamine (Scheme 8.19).

_ Bu _ Bu COyMe
7 LBUNH, 4 PdI,/KI B
molecular AN CO, 0, N
CHO sieves 4A t-Bu MeOH
5 10 20

Scheme 8.19: Synthesis of tert-butyl-(2-hex-1-ywm#Aplidene)amin&0.
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The hypothetical reaction mechanism of Adlkcatalyzed oxidative carbonylation conditions
can in principle involves: (a) an intramoleculae®daedig nucleophilic attack of the imine
nitrogen to the triple bond coordinated to Pd (tb, give the ionic intermediaté (b)
elimination of thet-butyl carbocation to give the (4-isoquinolinyl)lgaium complexl ; (c)
alkoxycarbonylation of the latter to give the dediisoquinoline-4-carboxylic ester (Scheme
8.20).

I,Pd
1
\/ R

, P Pdl, ,
Ro ol o ¢l
RS 2N~ By R3 2N-ig

u

u

t.Bu(-B e — % + H(-B
or

t-Bu® + ROH —> t-BuOR +H®

Pdl
R? R!
A
O
RS Z 7 tB
P
e
-l \-t-BﬁB
Pdl
Rszl CO, ROH RZle
R3 2N -[Pd0)+HI] g3 2N
[

Pd(0) + 2 HI + (1/2) O, —> Pdl; + H,0

Scheme 8.20Possible formation of isoquinoline-4-carboxylicexdby Pdp-catalyzed

oxidative carbonylation.

The oxidative carbonylation df0 was initially carried out using MeOH as the solvend the
nucleophile (Scheme 8.21). The concentration oksate was 0.2 mM. The autoclave was
charged with a mixture of carbon monoxide (CO) amd!:1 to a total amount of 20 atm.
These conditions (16 atm of CO together with 5 attal of air, considering that the
autoclave was loaded under 1 atm of air) corresportd 76.2% of CO in air and were
outside the explosion limits for CO in air (ca. 6% at 18—-20 °C and atmospheric pressure,
14.8-71.4% at 100 °C and atmospheric pressurehidtier total pressure, the range of
flammability decreases: for example, at 20 atm2MdC the limits are ca. 19% and 66%%.

The catalytic system is a combination of 2 mol %db in conjunction with an excess of Ki

(KI : Pdl, molar ratio = 1/10). The mixture was heated upQaC. After 4h the GLC analysis
showed the partial conversion B and the presence of desired carbonylated isoquna20
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in 10 % GLC vyield based on startia@ (Table 8.1, entry 1). The formation 2, although in
low yield, confirmed the possibility to realize tbarbonylation reaction.
Also in the reaction mixture was observed small am@f by-product identified in methyl 2-

butyl-1-methoxy-1H-isochromene-4-carboxylat&d (Scheme 8.21).

Z Pdl,/KI Bu X B
e A
N CO, 0, * o)
Z StBu cryoH N
OCHg
10 20 21

Scheme 8.21: Formation of isoquinolines methyréend isochromenes methyl es?ér

by carbonylation reaction.

Formation of21 can be due to water attack to the imino groufGyffollowed by 6endodig
O-cyclization, HI-promoted elimination dert-butylamine to give the oxonium catidh ,
MeOH attack tdll and methoxycarbonylation (Scheme 8.22).

IL,Pd
Bu Bu 2 \/ Bu Pdi
Z o Z b, = X Bu
—_— —
— — - . +HI
N OH OH O
t-Bu
N N NS
10 H™ StBu H t-Bu H t-Bu
CO,CH3 Pdi Pdl
Bu Bu B
X CO, 2 CH5OH X o X
&0, 2CM0n
o)
o - [Pd (0)+2Hi] Z% - tBuNH, Ole
I ®
OCH I ~
3 H™ 1 > t-Bu
21 H

Pd(0) + 2HI + (1/2) O —— Pdly + H,0

Scheme 8.22: Plausible mechanism for the formaifasochromenl.
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In the case of particularly water-sensible oxidatoarbonylation processes, a dehydrating
agent has proven to be necessary to achieve abteptalytic efficiencies and/or product
yields. Several systems have been envisaged tanalienwater, such as acetals, enol ethers,

orthoformates, et¢?

In order to remove water and improve the initi@ulg the next experiments were carried out
in presence of trimethyl orthoformate HC(OMaps mild dehydrating agent. In presence of
water methyl formate was formed, simply removedrfriie reaction mixture under vacuum,
(b.p. 32°C) and methanol.

When reaction was carried out using HC(OMa$ solvent only traces of product were
observed (4% of yield) and the unidentified produdtie to the substrate instability in these
conditions (Table 8,1, entry 5).

Different proportions between MeOH and dehydrataggnt were studied, in particular the

volume ratio 1:2, 1:3, 1:4 (Table 8.1, entries 2iA)these series the best result, in terms of
selectivity of formation of isoquinoline was obsedvusing 1 part of solvent and 3 parts of
trimethyl orthoformate (entry 3).

An increase of the temperature from 80°C to 100f@vipes a total conversion of substrate
15 after 8h and formation of isoquinoline-4-carbogyéister and isochromene-4-carboxylic
ester (entry 7). Increase of pressure from 20 atdOtatm (32/8 = CO/air) reduces the yield
of product20 (entry 8). A decrease of molar ratio PdIKI produces also a decrease of

activity of catalytic system (entry 9).
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Table 8.1: Reactions of (tert-butyl)[2-(hex-1-ytwdhzylidene]amin&0 with CO, Q, and
MeOH in the presence of the R#I catalytic system.

Z > Z B Pdly/KI COZCHB?J TZC:Z
O 2 Ol e O™ O
5 10 20 21

Entry Solvent °C Conversion Yield Yield
of 108 of 207 of 212

1 MeOH 80 40 10 6
2 MeOH/HC(OMej (1:2, viv) 80 74 30 5
3 MeOH/HC(OMe) (1:3, V/v) 80 59 31 3
4 MeOH/HC(OMe) (1:4, V/Iv) 80 70 21 3
5 HC(OMe), 80 43 4 0
6 MeOH/MeC(OMe) (1:2, viv) 80 58 20 3
7 MeOH/HC(OMe} (1:2, viv) 100 100 43 18
8° MeOH/HC(OMe} (1:2, vIV) 80 92 23 10
o° MeOH/HC(OMe} (1:2, viv) 80 88 24 7

a) Yields and conversion determinated by GLC. kg féaction was carried out under 40 atm
(at 25 °C) of a 4:1 mixture CO/air. ¢) The reactwwas carried out with a PdKI/5 molar
ratio of 1:5:50. All reactions were carried outlwé substrate concentration of 0.2 mmobof
per mL of solvent (1 mmol scale basedXror 4 h in the presence of Bdind KI (Pdy/Kl/5
molar ratio = 1:10:50) under 20 atm (at 25 °C) df A mixture of CO/air.

The substrate conversion reached 100 % after 8th,isolated yields 020 and21 (based on
startingb) in 58 % and 8 %, respectively (Table 8.2, enlryThe process is also effective in
EtOH, even though it was necessary to work at ID@f 15 h in order to achieve complete

substrate conversion (Table 8.2, entry 2).
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The reaction was very efficient when the substitugnthe triple bond was an alkyl group
(Scheme 8.23).

RS CO,R CO,R
= 2 3 2 3
R? = Pdl/KI R R R R
—_—
N CO, 0, _N + e}
Rl = “t-Bu ROH Rl Rl
OR

10 R!= R%= H, R3= Bu 20 R=Me, R'= R>= H,R%*= Bu 21 R= Me, R1= R2%= H, R%= Bu
11 R= NO,, R%= H, R3= Bu 22 R= Et, R'= R?= H, R%= Bu 23 R= Et, R'= R%= H, R%= Bu
12 R1= H, R%= CHg, R3=Bu 24 R= Me, R'= NO,, R?= H, R®= Bu
13 R1= OCH3, R%= H, R3= Bu 25 R= Me, R'= H, R?= CH3 R%= Bu
14 R'= R?= H, R®= CH,OTHP 26 R= Me, R'= OCH3, R%= H, R= Bu
19 R!= H, R?= NO,, R3= Bu 27 R= Me, R'= H, R?= NO,, R®= Bu

28 R= Me, R'= R?= H, R%= CH,OTHP

Scheme 8.23: General Pd-catalyzed oxidative caylation of (2-alkynyl)benzylideneamine

derivatives.

Interestingly with substratekl-14 and 19 the process turned out to be selective toward the
formation of isoquinoline®4-28 since no formation of carbonylated isochromeredwy

products was observed (Table 8.2, entries 3-8).

Table 8.2: Synthesis of isoquinoline-3-carboxgbters by PdIKI-catalyzed oxidative
heterocyclization/alkoxycarbonylation of (2-alkygthzylidene)(tert-butyl)amines.

P R3 CO,R
R? = Pdl,/KI R R
R MNeau o R N
Entry Time Mol (%) Product Isolated
(h) PdhL yield (%)
CO,CHjs
1 8 2 X B 58
A\
20
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a) Isolated yield. all reactions were carried dlB8@&°C in a 1:3 mixture (v/v) of
ROH/HC(OR} with a substrate concentration of 0.2 mmol of Ak of solvent in the
presence of Pdiand Kl (Pd¥/KI molar ratio = 1:10) under 20 atm (at 25 °C)aod:1 mixture
of CO/air.

8.4: Conclusion.

In summary, we have reported a versatile approadbotjuinoline-4-carboxylic esters based
on Pd}-catalyzed oxidative carbonylation of readily aable (2-alkynyl)benzylideneamine
derivatives, carried out in alcoholic media at & 2C and under 20-80 atm (at 25 °C) of a
4:1 mixture of CO-air. In particular, isoquinolinederiving from N-cyclization, were
selectively obtained starting frotart-butyl-(2-alk-1-ynylbenzylidene)amines and workiimg

the presence of a dehydrating agent, such as aRig(O
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Experimental Section

8.5: General consideration.

Solvents and chemicals were of reagent grade amd wsed without further purification. All
reactions were analyzed by TLC (silica gel 6&4F or by GLC [capillary columns with
polymethylsilicone + 5% phenylsilicone as the stadiry phase (HP-5)]. Column chromatography
was performed on silica gel 60 (70-230 mesh). Erapm refers to the removal of solvent under
reduced pressure. Melting points are uncorrectécand**C NMR spectra were recorded at 25 °C
with a Bruker DPX Avance 300 spectrometer in CDGt3utions at 300 MHz and 75 MHz,
respectively, with Me4Si as internal standard. Cieainshifts ¢) and coupling constantg)(are
given in ppm and in Hz, respectively. IR spectraraveecorded with a JASCO FTIR 4200
spectrometer. GC-MS data were obtained with a SlEm&P-2010 GC-MS apparatus operating
at 70 eV ionization voltage. Microanalyses wereaiedrout with a Carlo Erba Elemental Analyzer
Model 1106.

8.6: Preparation of starting materials and characterizaton

2-Bromo-5-nitrobenzaldehyde (2)

To a stirred, cooled (5-10 °C) mixture of fuming BN(4.5 mL) and concentratedh,&0, (34 mL),
was added dropwise 2-bromobenzaldehyde 1 (10.04d, snmol). The resulting mixture was
warmed to room temperature with stirring and themrpd into ice/water. Crude 2-bromo-5-
nitrobenzaldehyde 2 was recovered by extractingdipeeous phases with,Bt (3 x 50 mL),
washing the combined organic phases with watel uaetitrality, and drying the organic phases
with MgSQ,. After filtration and evaporation of the solvefitge residue was purified by column

chromatography (Si§ hexane/acetone, 95:5).

/@Br
O,N

2 CHO Colorless solid, 37%
IR (KBr): v = 1685 (s), 1606 (w), 1536 (m), 1384 (s), 1352, (1188 (w), 1039 (m), 915 (W), 846
(w), 817 (w), 737 (m) crh.
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'H NMR (300 MHz, CDC}): 6 (ppm)= 10.39 (s, 1 H), 8.72 (d,= 2.8 Hz, 1 H), 8.30 (dd] = 8.7,
2.8 Hz, 1H), 7.91 (d) = 8.7 Hz, 1 H).

13C NMR (75 MHz, CDC}): § (ppm)= 189.4, 147.7, 135.3, 134.4, 133.0, 128.8, 124.7.

GC-MS: m/z (%) = 231 (22) [M + 2], 230 (25) [M + 1], 229 (28) [M], 215 (4), 199 (5), 183 (7),
157 (12), 145 (7), 119 (8), 103 (12), 76 (37), I6Q), 63 (11).

Anal. calcd for C7TH4BrNO3 (230.02): calcd. C 36.561.75, Br 34.74, N 6.09; found C 36.51, H
1.76, Br 34.78, N 6.07.

2-Bromo-4-nitrobenzyl bromide (16)

To a stirred, heated (80°C) solution of 2-bromoHdetoluene (10.0 g, 46.3 mmol) ang-
bromosuccinimide (8.24 g, 46.2 mmol) in anhydroasbon tetrachloride (12 mL) was added,
under nitrogen, benzoyl peroxide (168 mg, 0.69 mmahd the resulting mixture was heated to
reflux for 7 h. After cooling to room temperatutbe mixture was diluted with KD, water was
added, and the phases were separated. The aquemmrswas extracted with £, and the
combined organic phases were dried with MgSA&ter filtration and evaporation of the solvent,

the residue was purified by column chromatogra|8i@{ hexane/AcOEt, 7:3).

e
B Yellow solid, 96 % of yield.

M.p. 63-65 °C.

IR (KBr): v = 1523 (s), 1384 (m), 1346 (s), 1116 (m), 1037, 896 (m), 808 (m), 715 (m) ch

'H NMR (300 MHz, CDC}): 6 (ppm) = 8.44 (dJ = 2.3 Hz, 1 H), 8.17 (dd] = 8.5, 2.3 Hz, 1 H),
7.66 (dJ=18.5Hz, 1 H), 4.62 (s, 2 H).

13C NMR (75 MHz, CDC}): 6 = 147.9, 144.0, 131.7, 128.4, 124.6, 122.9, 31.1.

GC-MS: m/z (%) = 295 (14) [M + 2], 293 (8) [MT, 249 (1), 216 (87), 214 (86), 186 (8), 170 (11),
168 (11), 143 (2), 117 (3), 105 (54), 89 (100)(32), 63 (69).

Anal. calcd for C7TH5Br2NO2 (294.93): calcd. C 28.6111.71, Br 54.19, N 4.75; found C 28.55, H
1.71, Br 54.13, N 4.76.

2-Bromo-4-nitrobenzaldehyde (17)

The 2-bromo-4-nitrobenzyl bromidd6 thus obtained was added to a stirred solution of
hexamethylenetetramine (9.3 g, 66.6 mmol) in GHB65 mL). The mixture was heated to reflux
for 15 h and then cooled to room temperature taiptate the ammonium salt, which was

238



Chapter 8: Isoquinolines

recovered by filtration and washed with cold Et2Gter drying, the salt was suspended in agqueous
acetic acid (60% v/v; 100 mL), and the resulting<tomie was heated to reflux for 1.5 h. After
cooling, the solution was added to 3 n aqueous @0 mL) and extracted with £ (3 x 100
mL). The combined organic layers were washed witheband dried with MgS© After filtration

and evaporation of the solvent, the crude prodwag purified by column chromatography (SO
hexane/AcOEt, 95:5).

02N \@Br

CHO Yellow solid, 26 % of yield.

M.p. 98-99 °C

IR (KBr): v =1689 (m), 1596 (m), 1526 (m), 1384 (s), 1350, (11P7 (m), 1038 (w), 911 (w), 812
(m), 740 (m) cnt.

'H NMR (300 MHz, CDCI3): (ppm)= 10.44 (dJ = 0.9 Hz, 1 H), 8.54 (d] = 2.4 Hz, 1 H, 3-H),
8.28 (dddJ=8.5, 2.1, 0.9 Hz, 1 H), 8.09 (distortedld; 8.5 Hz, 1 H).

3¢ NMR (75 MHz, CDCI3):6 (ppm)= 190.0, 150.9, 137.3, 130.8, 129.1, 126.8, 122.8.
GC-MS: m/z = 231 (28) [M + 2], 230 (35) [M + 1], 229 (37) [M], 215 (3), 183 (7), 181 (8), 157
(9), 155 (12), 149 (12), 119 (5), 103 (19), 76 (4B (100), 74 (53).

Anal. calcd for C7H4BrNO3 (230.02): calcd. C 36.6b1.75, Br 34.74, N 6.09; found C 36.59, H
1.75, Br 34.70, N 6.08.

Preparation of 2-Alkynylbenzaldehydes 5-9, 18.

To a stirred solution of the 2-bromobenzaldehydevdgve (8.06 mmol); 2-bromobenzaldehyile
2-bromo-5-nitrobenzaldehyde 2, 2-bromo-4-methylbenzaldehyde 3, 2-bromo-5-
methoxybenzaldehydé or 2-bromo-4-nitrobenzaldehyder in NEt (30 mL), were added under
nitrogen, the 1-alkyne (9.67 mmol; 1-hexyne, 2-fpBeynyl)tetrahydropyran, phenylacetylene,
0.161 mmol of PdG(PPh), and 0.081 mmol of Cul in this order. The reactiomture was stirred
under nitrogen at 50 °C for 4 h. After cooling, taution was filtered, and the solid was washed

several times with diethyl ether.

2-(Hex-1-ynyl)-5-nitrobenzaldehyde (7)
Purified by column chromatography on silica gelx@ee/acetone, 95:5).
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Bu

Q\/
O,N CHO

M.p. 39-41 °C.
IR (KBr): v = 2216 (w), 1696 (s), 1600 (m), 1516 (s), 1384 1847 (s), 1181 (w), 917 (w), 844
(m), 745 (m) crit.

'H NMR (300 MHz, CDC}): 6 (ppm)= 10.53 (s, 1 H), 8.70 (distorted &= 2.4 Hz, 1 H), 8.35 (dd,
J=8.5, 2.4 Hz, 1H),7.67 (d,=8.5Hz, 1 H), 2.56 (] = 7.1 Hz, 2 H), 1.72-1.44 (m, 4 H), 0.98 (t,
J=7.1Hz, 3H).

3C NMR (75 MHz, CDC}): ¢ (ppm) = 189.8, 146.9, 136.7, 134.5, 133.5, 127.5, 122034,
75.5, 30.3, 22.1, 19.6, 13.6.

GC-MS: m/z (%) = 231 (4) [M], 213 (6), 202 (18), 190 (23), 189 (100), 167 (1H6 (18), 143
(24), 128 (22), 115 (67), 102 (22), 89 (21), 77)(TS (19), 63 (22).

Anal. calcd for C13H13NO3 (231.25): calcd. C 67.625.67, N 6.06; found C 67.56, H 5.68, N
6.04.

Yellow solid. 52 % of yield.

2-(Hex-1-ynyl)-4-nitrobenzaldehyde (17)
Purified by column chromatography on silica gelx@mee/AcOEt, 95:5).

Bu

CHO  Yellow oil. 74% of yield.

IR (film): v = 2227 (w), 1703 (s), 1610 (w), 1533 (s), 1467, (¥886 (m), 1350 (s), 1183 (m), 904
(w), 812 (m), 741 (m) cih

'H NMR (300 MHz, CDC})): ¢ (ppm)= 10.58 (dJ = 0.9 Hz, 1 H), 8.34 (d] = 2.1 Hz, 1 H), 8.18
(distorted ddd,) = 8.5, 2.1, 0.9 Hz, 1H), 8.04 (distortedJds 8.5 Hz, 1 H), 2.54 (t) = 7.0 Hz, 2
H), 1.72-1.44 (m, 4 H), 0.98 @,= 7.2 Hz, 3 H).

3C NMR (75 MHz, CDC}): § (ppm)= 190.4, 150.6, 139.4, 129.1, 128.39, 128.36, 12104.5,
74.8, 30.3, 22.1, 19.4, 13.6.

GC-MS: m/z (%) = 231 (5) [M], 216 (6), 202 (18), 190 (24), 189 (100), 172 (1&H9 (20), 156
(24), 143 (40), 131 (19), 128 (29), 115 (85), 109)( 89 (37), 77 (19), 75 (25), 63 (36).

Anal. calcd for C13H13NO3 (231.25): calcd. C 67.625.67, N 6.06; found C 67.48, H 5.67, N
6.08.
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Preparation of Crude (2-Alkynylbenzylidene)tert-butyl)-amines 10-14, 19.

A mixture of aldehyde (1.58 mmol of 2-(hex-1-yn¥nzaldehyded, 2-[3-(tetrahydropyran-2-
yloxy)-prop-1-ynyllbenzaldehyde6, 2-(hex-1-ynyl)-5-nitrobenzaldehyder, 2-(hex-1-ynyl)-4-
methylbenzaldehyde 8, 2-(hex-1-ynyl)-5-methoxybenzaldehyde 9, 2-(hex-1-ynyl)-4-
nitrobenzaldehydés8, tert-butylamine (4.74 mmol) and water (40Q0), was stirred at room temp.
under nitrogen for 15 h. The excesst-butylamine was removed under reduced pressure, the
water (5 mL) was added, and the resulting mixtuees wxtracted with ED (3 x 10 mL). The
combined organic layers were dried with MgS®fter filtration and evaporation of the solvetite
crudetert-butylimines 10-14, 19 were used for the carbomytateaction.

8.7: General procedure for carbonylation reaction.

A 250 mL stainless steel autoclave was chargetiarptesence of air with RdKI and crude (2-
alkynylbenzylidene}ért-butyl)amine (1.58 mmol) dissolved in 8 mL of a 3nixture of HC(OR)

and anhydrous ROH (R = Me or Et). The autoclave semed and, while stirring, the autoclave
was pressurized with CO (16 atm) and air (up tat2d). After stirring at 80 or 100 °C for 15 h, the
autoclave was cooled, degassed and opened. Thensallas evaporated, and the products were

purified by column chromatography on silica gel.

8.8: Characterization of products.

Methyl 3-butylisoquinoline-4-carboxylate (20)

CO,CHg

\Bu

2N Yellow oil.

IR (film): v = 2952 (m), 2931 (m), 1735 (s), 1622 (m), 1576, (897 (m), 1435 (m), 1379 (m),
1278 (m), 1229 (s), 1139 (m), 1037 (m), 869 (W), {i®) cm™.

'H NMR (300 MHz, CDCY): 6 (ppm) 9.25 (s, 1H), 7.96 (dd,= 8.1, 1.2, 1H), 7.81 (distorted dH,

=8.5, 1.2, 1H), 7.71 (distorted ddblz 8.5, 6.9, 1.2, 1H), 7.57 (distorted ddd; 8.1, 8.9, 1.2, 1H),

4.06 (s, 3H), 2.99-2.89 (m, 2H), 1.86-1.74 (m, 2H%9-1.35 (m, 2H), 0.95 (3,= 7.3, 3H).
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13C NMR (75 MHz, CDC): § (ppm) 169.1, 153.6, 153.5, 133.2, 131.4, 127.8,9,2126.4, 123.8,
122.9, 52.4, 36.2, 32.3, 22.7, 13.9.

GC-MS: m/z243 (1) [M], 228 (22), 214 (17), 201 (100), 186 (65), 184 (B8 (17), 167 (13),
154 (15), 143 (81), 129 (19), 128 (15), 127 (185 {36), 101 (9), 89 (10), 77 (11).

Anal. calcd for GsHi7NO, (243.30): C 74.05, H 7.04, N 5.76; found C 741837.05, N 5.74.

Methyl 3-butyl-1-methoxy-1H-isochromene-4-carboxylate (21)

CO,CHg

\Bu

(6]

OCHz  Yellow oll.
IR (film): v 1715 (s), 1609 (m), 1492 (w), 1434 (m), 1381 (B37 (m), 1210 (m), 1121 (w), 1085
(w), 1039 (s), 967 (m), cth
'H NMR (300 MHz, CDC}): 6 (ppm) 7.60 (ddJ = 8.1, 1.2, 1H), 7.36 (distorted ddHz= 8.1, 7.1,
1.8, 1H), 7.30-7.23 (m, 1 H), 7.21 (distorted dd;, 7.4, 1.8, 1H), 5.92 (s, 1H), 3.99 (s, 3H), 356
3H), 2.74-2.52 (m, 2H), 1.74-1.61 (m, 2H), 1.4841(B, 2H), 0.94 (t) = 7.3, 3H).
3C NMR (75 MHz, CDCh): 6 (ppm) 167.8, 161.3, 129.4, 127.9, 126.5, 126.5,68,2123.5, 107.6,
99.9, 55.5, 51.4, 32.8, 30.0, 22.5, 13.8.
GC-MS: m/z276 (31) [MT, 245 (100), 244 (30), 229 (3), 219 (11), 215 (B3 (7), 185 (8), 174
(10), 171 (15), 167 (13), 161 (17), 145 (13), 14B8)( 133 (14), 131 (11), 129 (13), 128 (11), 115
(26), 103 (17), 89 (26), 77 (11).
Anal. calcd for GgH2004 (276.33): C 69.54, H 7.30; found C 69.50; H, 7.33.

Ethyl 3-butylisoquinoline-4-carboxylate (22)

CO,Et

\Bu

=N Yellow oil.

IR (film): v 2958 (m), 2929 (m), 1725 (s), 1622 (w), 1577 (1497 (w), 1466 (m), 1378 (m), 1280
(m), 1226 (s), 1139 (m), 1037 (m), 867 (w), 757 (m)™.

'H NMR (300 MHz, CDCY): 6 (ppm) 9.24 (s, 1 H), 7.99-7.93 (m, 1 H), 7.87-7(80Q 1H), 7.71
(distorted ddd,) = 8.5, 6.9, 1.6, 1H), 7.58 (distorted ddds 8.1, 6.9, 1.2, 1H), 4.55 (d,= 7.3,
2H), 3.00-2.90 (m, 2H), 1.87-1.75 (m, 2H), 1.506L(&, 2H), 1.47 (tJ = 7.3, 3H), 0.96 (t) = 7.3,

3H).
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13C NMR (75 MHz, CDCY): § (ppm) 168.7, 153.5, 153.2, 133.2, 131.3, 127.8,8,2126.4, 123.7,
123.2, 61.7, 36.3, 32.3, 22.8, 14.3, 14.0.

GC-MS: m/z257 (1) [M], 228 (13), 215 (11), 200 (8), 186 (51), 184 (2HS (13), 154 (21), 143
(100), 130 (19), 115 (34), 102 (16), 89 (11), 78)(T6 (10), 63 (19).

Anal. calcd for GeHioNO, (257.33): C 74.68, H 7.44, N 5.44; found C 741837.45, N 5.44.

Ethyl 3-butyl-1-ethoxy-1H-isochromene-4-carboxylate (23)

CO,Et

\Bu

(0]

oet  Yellow oll.
IR (film): v 1711 (s), 1607 (m), 1493 (w), 1378 (m), 1331 (®220 (m), 1125 (m), 1084 (m), 1038
(s), 967 (m), 754 (m) cm
'H NMR (300 MHz, CDC}): 6 (ppm) 7.65 (ddJ = 8.1, 1.2, 1H), 7.34 (distorted ddHz 8.1, 6.5,
1.8, 1H), 7.28-7.22 (m, 1 H), 7.19 (distorted dd; 7.7, 1.8, 1 H), 6.01 (s, 1H), 4.35 (= 7.3,
2H), 4.03-3.91 (m, 1H), 3.83-3.70 (m, 1H), 2.742(@, 1H), 2.61-2.49 (m, 1H), 1.73-1.58 (m,
2H), 1.47-1.33 (m, 2H), 1.37 ,= 7.3, 3H), 1.24 (1) = 7.3, 3H), 0.94 (t) = 7.3, 3H).
13C NMR (75 MHz, CDCh): 6 (ppm) 167.4, 161.1, 129.2, 127.9, 126.5, 126.5,5,2123.4, 107.6,
98.3, 63.9, 60.6, 32.9, 30.0, 22.5, 15.1, 14.3.13.
GC-MS: m/z304 (21) [MT, 259 (100), 258 (44), 229 (68), 213 (8), 201 (B8 (9), 173 (25), 171
(15), 147 (14), 145 (11), 131 (11), 118 (15), 119)( 91 (18), 89 (20), 77 (11).
Anal. calcd for GgH2404 (304.38): C 71.03, H 7.95; found C 71.10; H, 7.96.

Methyl 3-butyl-7-nitroisoquinoline-4-carboxylate (24)

CO,CH3
Bu

X
OaN “M Vellow solid .
M.p. 55-56°C.

IR (KBr): v 1724 (s), 1625 (m), 1534 (m), 1384 (s), 1347 1823 (m), 1091 (w), 1032 (w), 840
(m), 731 (w) crm™.

'H NMR (300 MHz, CDCJ): 6 (ppm) 9.44 (s, 1 H), 8.92 (d,= 2.3, 1 H), 8.46 (ddJ = 9.2, 2.3,
1H), 8.00 (dJ = 9.2, 1H), 4.10 (s, 3H), 3.05-2.95 (m, 2H), 11885 (m, 2H), 1.51-1.36 (m, 2H),
0.96 (t,J = 7.3, 3H).
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13C NMR (75 MHz, CDCH4): J (ppm) 168.0, 158.0, 155.1, 145.8, 135.8, 126.5,0,2124.5, 124.4,
123.0, 52.9, 36.6, 32.1, 22.7, 13.9.

GC-MS: m/z 288 (absent) [M] 273 (20), 259 (14), 246 (100), 231 (58), 229 (2A3 (14), 199
(10), 188 (50), 185 (22), 167 (10), 142 (17), 128)( 115 (15), 101 (6), 91 (6).

Anal. calcd for GsH16N20O,4 (288.30): C 62.49, H 5.59, N 9.72; found C 62H405.58, N 9.75.

Methyl 3-butyl-6-methylisoquinoline-4-carboxylate @5)

CO,CHj

H3C B Bu

2N Yellow oil.
IR (film): v 1728 (s), 1628 (), 1497 (w), 1437 (m), 1232 (147 (w), 1036 (M), 805 (m) ¢h
1H NMR (300 MHz, CDCY): 6 (ppm) 9.17 (s, 1 H), 7.85 (d,= 8.5, 1H), 7.57-7.53 (m, 1H), 7.41
(dd,J = 8.5, 1.6, 1 H), 4.06 (s, 3H), 2.96-2.87 (m, 2BiK4 (s, 3H), 1.85-1.71 (m, 2H), 1.49-1.34
(m, 2H), 0.94 (] = 7.3, 3H).
13C NMR (75 MHz, CDCY): 6 (ppm) 169.4, 153.4, 153.1, 142.0, 133.4, 129.2,1,2124.9, 122.6,
122.4,52.4, 36.3, 32.3, 22.7, 22.4, 13.9.
GC-MS: miz257 (1) [M[, 256 (2), 242 (21), 228 (16), 226 (11), 215 (1Q@P (66), 198 (50), 182
(14), 157 (90), 142 (13), 129 (13), 128 (13), 118)( 102 (4), 89 (3), 77 (8).
Anal. calcd for GgH1gNO, (257.33): C 74.68, H 7.44, N 5.44; found C 741827.42, N 5.45.

Methyl 3-butyl-7-methoxyisoquinoline-4-carboxylate(26)

CO,CHj

Oﬁm
N
HaCO =

M.p. 65-67°C.
IR (KBr): v 1727 (s), 1579 (m), 1501 (m), 1385 (w), 1221 {461 (w), 1135 (w), 1028 (m), 833
(m), 746 (s) c-

'H NMR (300 MHz, CDC)): § (ppm) 9.15 (s, 1 H), 7.73 (d,= 8.9, 1H), 7.36 (dd] = 8.9, 2.4,
1H), 7.21 (distorted d] = 2.4, 1H), 4.04 (s, 3H), 3.94 (s, 1H), 2.96-2(88 2 H), 1.85-1.72 (m, 2
H), 1.49-1.35 (m, 2 H), 0.95 @,= 7.3, 3 H).

3C NMR (75 MHz, CDC}): 6 (ppm) 169.3, 158.1, 152.1, 151.6, 128.8, 127.8,58,2124.4, 122.8,
105.0, 55.5, 52.4, 36.1, 32.4, 22.7, 13.9.

Yellow solid.
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GC-MS: m/z273 (5) [M], 258 (16), 244 (12), 231 (100), 216 (56), 214 (4498 (6), 187 (6), 173
(74), 158 (15), 141 (6), 130 (11), 128 (11), 116)(102 (6), 89 (5), 77 (5).
Anal. calcd for GeH19NO3 (273.33): C 70.31, H 7.01, N 5.12; found C 70897.03, N 5.10.

Methyl 3-butyl-6-nitroisoquinoline-4-carboxylate (27)

CO,CHs

O,N B

N Yellow solid
M.p. 68-71°C.
IR (KBr): v 1725 (s), 1585 (m), 1535 (s), 1384 (m), 1348 1889 (m), 1092 (w), 1033 (w), 842
(m) cm™.
'H NMR (300 MHz, CDC}): 6 (ppm) 9.41 (s, 1 H), 8.81-8.78 (m, 1 H), 8.35 (@&, 9.1, 2.1, 1H),
8.16 (distorted dJ = 9.1, 1 H), 4.13 (s, 3H), 3.07-2.97 (m, 2H), 21995 (m, 2H), 1.52-1.36 (m,
2H), 0.96 (tJ = 7.3, 3H).
13C NMR (75 MHz, CDC)): 6 (ppm) 167.8, 156.4, 153.7, 149.0, 132.7, 129.9,7,2123.8, 120.7,
120.5, 53.0, 36.4, 32.1, 22.7, 13.9.
GC-MS: m/z= 288 (absent) [M] 273 (20), 259 (13), 246 (100), 231 (62), 229 (€43 (15), 199
(11), 188 (39), 185 (17), 158 (10), 142 (17), 128)( 115 (16), 114 (16), 101 (8), 88 (6), 77 (9).
Anal. calcd for GsH16N20,4 (288.30): C 62.49, H 5.59, N 9.72; found C 62/825.57, N 9.73.

Methyl 3-(tetrahydropyran-2-yloxymethyl)-isoquinoli ne-4-carboxylate (28)

CO,CHj

@i\(CHZOTHP
N Yellow oil

IR (film): v 2948 (m), 1730 (s), 1685 (m), 1576 (w), 1437 (1863 (M), 1221 (s), 1121 (m), 1065
(m), 1033 (m), 975 (w), 905 (W), 755 (m) tm

'H NMR (300 MHz, CDCY): 6 (ppm) 9.26 (s, 1 H), 7.90 (d, k= 7.9, 1H), 7.85 (distorted dd=
8.5, 0.9, 1H), 7.66 (distorted ddd, J = 8.5, 7.6, 1H), 7.54 (distorted ddd,= 7.9, 7.0, 0.9, 1H),
5.03 (distorted d = 12.9, 1H), 4.83 (distorted d,= 12.9, 1 H), 4.63 (t) = 3.2, 1H), 4.04 (s, 3H),
3.86-3.72 (m, 1H), 3.50-3.40 (m, 1H), 1.65-1.36 Gir).

13C NMR (75 MHz, CDCY): § (ppm) 168.4, 153.4, 149.6, 133.3, 131.5, 127.9,6,2127.4, 124.0,
123.7, 98.2, 69.2, 62.0, 52.5, 30.3, 25.4, 19.1.
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GC-MS: m/z301 (2) [M], 270 (1), 244 (6), 216 (10), 201 (100), 200 (986 (52), 170 (15), 157
(14), 156 (18), 143 (58), 142 (26), 128 (23), 125)( 101 (7), 85 (37).
Anal. calcd for GH19NO4 (301.34): C 67.76, H 6.36, N 4.65; found C 67H06.35, N 4.64.
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Catalysis, alternative solvents and atom econonpresent key areas for the sustainable
development of versatile strategies in organic ey

The objectives of this research project, develapecbllaboration between University of Calabria
and University of Montpellier in the context of atatelle of thesis, were to found new synthetic

methodology strategies for the preparatiolNeobr O- heterocycles.

We have developed a copper-catalyzed cycloisontemzaeaction for the synthesis of quinolines
in [BMIM][BF 4] ionic liquid (IL). The possibility to recycle theatalytic system, constituted by

Cu/IL was also tested.

We have performed extensive screening experimentstie cycloisomerization reaction of
alkynylbenzyl alcohols using palladium, copper,cgahd platinum as catalyst, or a base in order to
obtain 5excdig or 6endadig cyclization route. Depending on the mechanisimucleophilic
attack of the OH group, it was possible to obt@rl(-alkylidene-1,3-dihydroisobenzofurans and/or
1H-isochromenes.

A successfully synthesis of furans and pyrroles \makieved by platinum or gold-catalyzed
cycloisomerization reaction of diols dkprotected aminoalcohols in Poly(ethylene glyc&EG)

under microwave irradiation. The heterocyclic sysevere recovered after a simple precipitation-
filtration work-up. The same substrates are usedhi® iodo-mediated cyclization reactions in PEG

under microwave activation to obtain the corresjpagf-iodofuran ang-iodopyrrole derivatives.

A general method for the preparation of substituteinino-ynones by addition of organolithium
reagents td\-protected carboxyanhydrides of amino acids (UNCiasf§lescribed. Monoaddition
was achieved selectively with good to excellentdgg60-94%). Chiral purity was preserved in
most cases. The platinum-catalyzedriglodig cycloisomerization of theseamino-ynones under
microwave irradiation using PEG as solvent provideel corresponding pure pyrrolin-4-ones in
excellent yields (80% - 99%) and retention of ermmaiectivity after a straightforward
precipitation-filtration procedure for isolation @npurification. Unprecedented iodo-mediated
cyclization reaction was carried out usingamino-ynones. The correspondifigodopyrrolin-4-

ones were obtained in excellent yield and chiraitpwas preserved.
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A versatile approach to isoquinoline-4-carboxylistees based on Petatalyzed oxidative
carbonylation of readily available (2-alkynyl)behdgneamine derivatives, carried out in alcoholic
media at 80-100 °C and under 20-80 atm (at 25 f@)41 mixture of CO-air was reported.
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Abstract

Catalysis, alternative solvents and atom econonpresent key areas for the sustainable
development of versatile strategies in organic déeeyn Fused heterocycles, such as substituted
qguinolines by a cycloisomerization reaction usingeyclable catalytic system copper/ionic liquids
and isoquinoline-4-carboxylic esters based on,-Pafialyzed oxidative carbonylation were
prepared. A selective &xodig or 6endadig cyclization route to obtain 1,3-dihydroisobefrans
and/or 1H-isochromenes was tested by metal transitcycloisomerization reaction of
alkynylbenzyl alcohols in PEG. Five membered rirggenocycles such as furans, pyrroles and
pyrrolin-4-ones were successfully obtained by a ehowlatinum or gold-catalyzed
cycloisomerization reaction of diols, aminoalcoholsa-amino-ynones in poly(ethylene glycol)
(PEG) under microwave irradiation. The heterocyslystems were recovered pure after a simple
precipitation-filtration work-up. The catalytic sgsns were studied by using the TEM and XPS
techniques. The chirakamino-ynone substrates were prepared by an oligiathod starting from
N-protected carboxyanhydrides of amino acids (UNCAd$so unprecedented results are reported

in the area of iodocyclization to obtain chiral a@yrrolin-ones.

Key words: Heterocycles, platinum, gold, cycloisomerizationgrowave, poly(ethylene glycol),

ionic liquids, UNCAs, oxidative carbonylation, iodalization, TEM , XPS.



Résumé

La catalyse, les solvants alternatifs et I'éconondiatome font partie des clés pour le
développement de nouvelles stratégies durables ydéhése. Des hétérocycles comme les
guinoléines substituées, par réaction de cycloissatén catalysée par le cuivre en utilisant les
liquides ioniques, et les isoquinoléines carborg/ldmar réaction de carbonylation oxydante
catalysée par le palladium dans le méthanol onsyténhetiseés. La formation sélective de 1,3-
dihydroisobenzofuranes et/olH4sochroménes a été tentée par réaction de cyoh@ssation
catalysée par différent métaux de transition. Latlsyse d’hétérocycles a cing chainons, par
exemple furanes, pyrroles et pyrrolin-4-ones a m@iée au point par nouvelle réaction de
cycloisomérisation catalysée par de sels de platind’or en utilisant des diols, des amino alcools
ou desa-amino-ynones dans le PEG sous activation micre@entes produits sont récupérés pur
aprés une simple étape de précipitation-filtratibas a-amino-ynones chiral sont synthétisée a
partir deN-protégé carboxyanhydrides des aminoacides (UNQOAs. réaction de iodocyclisation

a été aussi développée pour obtenir de nouvehaststes hétérocycliques.

Mots clés Hétérocycles, platine, or, cycloisomérisation,cmiondes, poly(éthylene glycol),

liquides ionic, UNCAs, carbonylation oxydante, iggiolisation, TEM, XPS.



Resoconto

La catalisi, l'uso di solventi alternativi e I'ewomia di atomi rappresentano tre punti chiave per |
sviluppo di nuove strategie sintetiche in chimicagamica. Attraverso la reazione di
cicloisomerizzazione catalizzata dal rame sonce stétenute chinoline sostituite usando i liquidi
ionici come solvente, altresi isochinoline carbatel sono state sintetizzate mediante reazione di
carbonilazione ossidativa catalizzata dal palladel metanolo. E’ stata inoltre valutata la
possibilita di ottenere selettivamente la formaeiah derivati 1,3-diidroisobenzofuranici éH4
isocromenici attraverso la reazione di cicloisommarione catalizzata da metalli di transizione in
PEG. La sintesi di furani, pirroli e pirrolin-4-oéistata largamente studiata. | substrati, comig dio
ammino alcoli edn-ammino-inoni sono stati ciclizzati mediante reaedi cicloisomerizzazione
catalizzata da sali di platino e d’'oro usando EHG@come solvente alternativo sotto attivazione
microonde. | prodotti sono recuperati puri dopo semplice tappa di precipitazione-filtrazione. Gli
a-ammino-inoni chirali sono stati sintetizzati gartio dagli UNCAs, N-protetti carbossianidridi
degli aminoacidi. Infine la reazione di iodocicktione ha portato alla sintesi di nuove strutture

eterocicliche.

Parole chiavi Eterocicli, platino, oro, cicloisomerizzazionmicroonde, poli (etilene glicole),

liquidi ionici, UNCAs, carbonilazione oosidativadociclizzazione, TEM, XPS.
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