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Summary

An hydrogenation method for the reduction of the easy accessible mese
octaalkylporphirinogen (calix[4]pyrrolehas previously beenreportedin our group This
fistandard methasl Iset@ dn unsatisfactory conversion to the saturated analogue,
calix[4]pyrrolidine (18% yield determined by GCGjowever using large excess of the catalyst
leads to total conversionin order tostudy the sequence dhe reduction reaan, the
replacement of one or several pyrrole ring(s) by furan ring(s) in the macrecyslpropsed

and studied. For this study access to the mixealix[n]furan[4-n]pyrrole analoguebad to

be developed. Some of these macrocycles mixing furan arrdlpyiingshave beemeported

in the literatureby French almost 60 years adbe yields reportedwere extremely lowNo

other method leading to the four isomarasdescribed in the literature amaly six studies
were reported on these producthie previously developed procedure was fudptimized
giving access to the fousomers by a selective rirgpening of calix[4]furan followed by a
ring-closing reaction to form the pyrrole rings. This optimized procedure led to sufficient
amouns of the ur isomers to study their hydrogenation under our previously developed
fistandard condition®. Hydrogenation of these isomers gave good to exceleits
compared to the hydrogenation of calix[4]pyrrole with an impressively high
diastereoselectivityComputational andNMR in solution conformational studies were carried
out to characterize the conformational equilibria of these fully saturated
calix[n]tetrahydrofuran[4n]pyrrolidinesas observed in solution and in the solid statea
preliminary studythe synthesis of a series of transition metal complexes using these
macrocycle was undertaken.
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Chapter 1. Introduction

1. Macrocycles present in Nature

Nature, during its evolution over billions of years, has created an incredible and seemingly
unending variety of different molecular structures. Chemists have since the very beginning of
their science &en interested in understanding and explaining the biological phenomena that
surround us based on a molecular description. In order to have a chance to understand what
nature has to offer, organic chemists developed a varigtyots for the isolationdetection

and structure characterization of important natural products involved mglual processes.

As extraction of molecules directly from natumsually starts frontomplex mixtures, the
developmentof chromatograpic techniques such as HPLC and G@lowed more rapid
isolation of pure compoudstarting from natural sourcelm parallel thedevelopment of
efficient techniques such as NMR and mass spectroscopy allowedethigication and
characterization of complaxnknownmolecules witra high degree ofcertainty.

Nature generates with ease both small active molecules, e.g. alkaloids, as large and much
more complex structures, e.g. DNA or large proteins, thanks to programmed biological
synthesis. One of the surprising features analyzing highiyeaoatural compounds and
pharmaceutical products is the presence of a macrocyclic unit in a large proportion of these
functionally important structures. Molecules aiuallyclassified as macrocycleghen their

central core containg cyclic framework btwelve or more atomd&he classification is based

on the ease or reversely the difficulty of access encountered by the synthetic chemist during
the first part of the 2Bcentury. Chemists classified cyclic structures as small rings, three and
four membeed rings, normal rings, five and six membered rings, medium sized rings, ring
sizes between seven and eleven and macrocycles equal or bigger then twelve membered rings.
For a long time macrocycleswere extremely challging to synthetize in laboratornAn
additional obstacle to the synthesis of the natural macrocycles was the number of
stereocenters contad in this class oftompounds. Chemisthad to develop powerful
methods @ make these macrocyclic molecules synthetically accessible. To our knowiedge

first examples of natural products with macrocyclic structures are muscone with one
stereocenter and civetone withZ-fouble bond (Figure 1). Both compounds revealed to be
difficult to synthesize. Muscone and civetone are two compounith strong @or used in
perfumery coming from glandular secretion of animals, the musk deer and the civet
respectively. Until the late ¥9century, natural musk was extensively used until economic
and ethical motiveked to the adoption of synthetic musk. Although snane was known for

a long time, only its first synthesis described by Leopold Ruzicka in*1®2fucidated and
secured the constitution. Nowadays, synthetic racemic mixture is on the market and chemists
work on efficient and scalable synthesis of the enantiopunefb
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b) a)
Figure 1. Structure of two macrocyclic musks.Muscone; b) Civetone

Macrocycles havéeen intensively explored by many synthetic groups as challenging goals
for total synthest§*? and in medicine in modern drug discovéty*® One of the largest
classes of macrocycles found MNature are the macrolides. These molecules amedin
medicineas natural products ahemicallymodified derivatives ofthe natural poductsare

sold as drugsThey typically contaira large macrocyclic lactone ring to which one or more
deoxy sugars may be attached. Usually, the lactone ring is composed f1%-14r 16
membered ringOne of thehigh pointsfor the use of this type aholeculescamewith the
discovery of erythromycin (Figur®) in the early 1950s, isolated from the bacteria
Saccharopolyspora erythraedhis macrocycle became the first macrolide antibiagplied

for the treatmentof a numberof bacterial infections, including upper and lower respisator
tract infections, soft tissudnfections and syphilis (especially for penicitafiergic
individuals). Due to frequent side effects such as abdominal sramgh gastrointestinal
intolerance, chemistdeveloped advanced macrolide antimicrobials by alteringbtsc
structure oferythromycin resulting in compounds with extended spectrum of activity and
tolerability. For example,beginning of the 1990¢he US Food and Drug Administration
(FDA) approved the use of clarithromycin (theOemethylerythromycin analogue) and
azithromycin, for clinical uses second generation of macrolifés The increased acid
stability of clarithromycin reduced gastrointestinal intolerdffée.
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Natural Macrolides Advanced Macrolides
18t generation 2"d generation

\N/CH3 Clarithromycin

i (6-O-methylerythromycin)
CHs R =CHj;
OCHs :
CH
0 OH o) OH

Azithromycin

OH

CHs

r/o
W HG

Spiramycin Midecamycin
Figure 2. Natural and advanced macrolides used as antibMtdified section in the™
generation compared to their predecesacgshown in red

Ketolides,structurally related to th&#4-membered macrolides, characterized by a keto group

at the G3 position (position shown in blue on erythromycin, Figurew®re developed to

include good antibacterial activity against Grpositive organisms which are resistant to

classical macrolides.

Several other macrocycles isolatédm natural sources such as pkrfungi, andmainly
from bacterial sourcepresendruglike physicochemical and pharmacokinetic properdied
offer popular targetfor developingnovel therapeutic derivatives, masgitably as anttumor
and antibioticslerivatives(Figure3).1*> 1
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Vancomycin (Antibiotic)
Soil bacterium Amycolatopsis orientalis

Sirolimus or rapamycin
(Prevent rejections in kidney transplantation)

Bacterium Streptomyces 0] >_(/\O
W

N N
P
N N O
Epothilone B (Anticancer) N N
Soil-dwelling myxobacterium
Sorangium cellulosum O SN N\ N
L%N W
72
et
o s

Telomestatin (Anticancer)
Bacteria Streptomyces anulatus

Geldanamycin (Antitumor, antibiotic) lo) OH O
Bacteria Streptomyces hygroscopicus

Figure 3. Selected natural macrocycles employed as therapeutic dgantsomycin is the
antibiotic of last resort in the case of resistant strains)

Macrocycles are not limited in their use as drugs. Indeed, some macrocyclic structures show
notable abilities to ioMinding. These macrocycles play the role of ionophoresbgrsibly

binding cationsthereby facilitating the transport of these cations through mendbran®
well-known macrocyclic ionophores found in nature are nonattia representative of the
macrotetrolide family, and valinomyéfl, a dodecadepsipeptide (Figure 4).

While both of them exhibit high cation selectivity for potassium ion over sodium or rubidium

ions, nonactin also possesses the highest selectivity for ammonium ions, which gave it the

ni ckname of fpahnomeoemi.unm aikadma nonactin as exan
coming from the tetrahydrofuran rings and the four carbonyl groups bind the potassium ion in
the center of a structur e wnimpolarmetnylegoepmdntl e s a
the methjene groups from the tetrahydrofuran rings point outside, building a hydrophobic
surface making the complex soluble in lipidic membraffés.
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Nonactin HN%O W
(@]

Valinomycin

Figure 4. Natural potassium selective ionophorimacrocycles technically used in ion
selective electrodes

2. APi gmenbs of |ife

Nature has achieved the stable binding of cations, mainly transition metals using another
family of macrocyclic ligand. Many important processes of life like the transport of electrons,
oxygen and photosynthesis depend on the presence of these metal complexes with
tetrapyrrolic macrocyclé$*® These metal complexes have beel
thereby indicating the fundamental roles played by these metal complexes (Fiffiiré 5).

The structural parerdf the tetrapyrrolic natural product family is therphin. Porphin is not
present in nature but several substituted posphialled porphyrig, are natural products.
Porphyrins are fully conjugated k6embered macrocycles containing four modified pyrrole
subunits connected to each other at tthpositions by four methine bridges (eoarbon
bridges formed by a €l unit). Several related hetesamtes are wetknown members of this
family: the reduction of one double bond leads to chlorins (represented by chlorophyll), of
two double bonds leads to bacteriocbfahylls while if one of the bridging carbons is
missing, creating a direct link betweeings A and D to the skeleton, the corrin system is
obtained. The corrin chromophore, a highly reduced version of this basic structure, is present
in vitamin B;,. Another highly reduced tetrapyrrolic product sharing the core of porphyrins
with a 16c-membered structure is Factor F430, aenayme which catalyzes one step in the
conversion of carbon dioxide to methane in methanogenic Archaea.
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5 O

Heme b Chlorophyll
O, transport/oxidation photos_ynthesis
porphyrin core chlorin core

U Factor F430

methanogenesis

hi
R = Me, OH. CN or corphin core

5'-deoxyadenosyl

~OH

Vitamin B, (Cobalamin)
isomerization/methyl transfer
corrin core

Figure5. The structures of four f pergrmeandths triviaf | i f ¢
name given to theineterocyclic basic system

Due to their particular electronic structure (relatively long extended or even pys&jstems)

all of these compounds strongly absorb visual light. For the natural products derived fro
chlorins and bacteriochlophylls the capacity to absorb visual light is a compulsory
precondition to function as chromopkserin photosynthesis. The scientific community
broadly explored the utility of these structures as photosensitizptsotodynamic detection
(PDD) and photodynamic therapy (PDT). In photodynamic therapy a photosensitizer is used
to elicit cancer cell death, when excited by light energy in presence of oxygen. The first
photosensitizer to gain regulatory approval for chhi®DT was Photofrin, a porphyrin
macrocycle (Figure 6). A second and a third generation of photosensitizers has been
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developed to overcome the disadvantages of skin sensitivity and weak absorption of light of
the first generation.

NaOOC COONa OH

OH

. HO
Photofrin
(n=1-9) Foscan (Temoporfin)

Zinc phthalocyanine (M =2Zn, R=H) Visudyne
Photosense (M = AIOH, R = SOy

Figure 6. Selection of welstudied photosensitizers

To quote just a few, Foscan, based on chlorin core (Figure 6), is approximately 100 times
more photoactive than photofrin but it is not selectarmughagainst cancer cells. Zinc
phthalocyanine CGP55847 and photoseps¢halocyanines derivatives, also entered clinical
trials against squamous cell carcinomas of the upper aerodigestive tract and malignancies
respectively With the ageing of populationspme diseases are becoming more prevalent
such as ageelated macular degeneration (ARMD), a disease of the retina causing significant
weakening of the visual capacities. Visudyne is a treatment in PDT to treat blood vessels
disorders in the eys and other ocular diseasesSeveral porphyrins, chlorins and
phthalocyanineserivatives are nowadays in different praskclinical trials3*!
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3. Calix[4]arenes and heterayclic calix[4]arenes macrocycles

In order to mimic the active site of enzymes, chemists intensively studied synthetic
macrocycles, capable to forWerner complexes and latdrostguest complexes using
artificially created cavities. The discovery and the studies of the calixarenes and then
heterocalixarenes represent pioneering work in the area of creating artificial biomimetic
enzymes.

Calix[4]arenes

In 1872, Adolf von Baeyer mixed phenols with formaldehyde in strong acidic solution
resulting in the formation of a resinous product, sutjggsa polymerization proce§§:>!
Beginning of the 1900s, Baekeland exploited this process and manufactured a hard moldable
early plastic under the name of Bakelff&®"! In the 1940s, Zinke and Ziegler first described

the formation of a cyclic tetramer usipgert-butylphenol and formaldehyde (Figure!®)*°!
Gutsche developed a procedure allowing large scale synthesis of these types of mfecules.
He recognized the calix shape of the cyclic tetramer and introducedrnteaf calix[n]arene:
Acal i xo from the Greek name of a chalice, A @
inserted between the two components to specify the number of aromatic rings incorporated
into the macrocycl&Y The presence of a bulky alkyl group in thera-position of thephenol

in conjunction with the presence of the phenoliddhding groups on the opposite site
blocked the conformation of the macrocycles into a dikeearrangement (seeh@pter 4 for

the different conformations of calix[4]ares@nd heterocyclic cali]arens).

OHHO

OHHOQO

Figure 7. Structure ofp-tert-butylcalix[4]arene and a Greek chalice

Certain derivatives are synthetized from differdgtp-substituted phenolic precursors or by

stepwise syntheses allowing forming na@ymmetrical calixarenes However, p-tert

butylphenol remains the best reactant. Larger calix[n]aneeee reported in the literature (n

= 5171 20). These compounds could be classified depending on the ease of closing the
macrocycle. Calix[nJaresg( n = 4, 6 and 8) are called fAmaj
represented in literature. The cyclic pentamer and heptamer are obtained with lower yields
and ar e named Ami nor cali xareneso and fina
cal i x &4 ®he eapacies of calixarenes to form non covalent, apolar host guest
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interactions has been used applying adequate derivatives as ionophores, sensors, ion selective
electrodes, enzyme mimetics anctatalysis.

Calix[4]pyrrole s

In 1886, von Baeyer and his group extended their systematic studies on condensation
reactions by mixing pyrrole and acetone in the presence of HCI. Von Baeyer called this
product facetonepyrrol eo. The produalline preci
form. The ease of the reaction and of the isolation are remarkable but the structure
characterization proofed to be tediotrsdeed, i took more than 40 years until Chelintlev

al. first proposed the correct structure in 19Eégure 8af*¥ Hans Fisber had given the

name U, G-octamethydporphyrinogen suggesting the close structural similarity of
compoundl to the porphyrins, morespeciallyto the uroporphyrinogen Il (Figure 8b), the

first macrocyclic intermediate in the biosynthetic pathwaldgme and as known today to all

other natural tetrapyrrolic macrocycles.

HO

Figure 8. a) meseoctamethylporphyrinogeh (calix[4]pyrrole); b) uroporphyrinogen lli

I n 1955, Rot hemun d -lifkage Betwéeghe pymotevimgsf* IttwhsenotU, U6
until 1996 that the Xay structure determination was presented by Sessler revealing the
alternating conformation of adjacent pyrmlim the solid staté?® In this 13-alternating
conformation the pyrrole rings opposite to each other were nearlygbdomiming a cavity
(Figure9). In the same paper, the-rdy structures of these macrocycles binding anions like
fluoride and chloride disclosed a significant change of conformation. In the complexes, all the
TNH were pointing towards the anion and theoanis takingup a position between the

pyrrole rings. The conformation adopted by these complexes is thdikerm®nformation
previously observed for calixarenes (Figuran@see Gapter 3.
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Figure 9. Calix[4]pyrrole 1: Conformation of the free ligand and influence of an anion

Based on this observed conformation induced by anion binding and the fachedhat
octamethylporphyrinogen were nbbna fideprecursors of porphyrins, Sessler proposed to
change the name of wracycle 1 to calix[4]pyrrole or meseoctamethylcalix[4]pyrrole

Although the termmeseoctaalkylporphyrinogen remains commonly used in the literature.
ACal i x[ 4] pyrroleso in the plural form inclu
independent of the type of the alkyl chains present imtbgoposition.

The pioneering work publi®d by Sessler in 1998*” on the anion binding properties of
calix[4]pyrroles stimulated an intense activitpn the use of this macrocycle as anion
transporters. In the same period, the use of calix[4]pyrroles as macrocyclic ligands was also
explored by Florianbut the synthesis of metal complexgmpearedo be difficult*®>* While
porphyrins and porphyrins deriwees formWerner complexes (transition metal complexes)
with great ease, the lone pairs of the four pyrrole rings of calix[4]pwaotenot available for
coordination as they are involved in the aromaticity of the heteroaromatic ring. The tetraanion
intermediate neeto be preparedsing four equivalents af-butyllithium before adding the
metal source in order to introduce the mettion into the macrocycle. This was in line with
observations made with uroporphyrinogen Il which does not form metal complexes at this
stage in the biosynthesis of heme. In contrast to porphyrin and their derivatives who are
widely used as catalysts rfovarious reactions, calix[4]pyrroles have mainly (almost
exclusivay) found applications as anigaceptors.

Calix[4]furan s

The oxygen version calix[4]furap also interested chemists. Its first synthesis was described
by Ackmanet alin 19552 The eaction conditions are similar to the conditions used for the
synthesis of calix[4]pyrrold. Howeverthe yields are generally lower. This can be attributed

to the increased solubility of the macrocycle, which leaves greater quantities of linear
condensatin products in the solution. The best conditions were reported by Chastrette using a
large excess of LiCIQto enhance the reaction and reach a 25% vyieldh template effect
(Scheme 1§34

10



Chapterl

@ 0] HCI, LiCIO,
N

EtOH, 78 °C

Schemel. Synthesis of calix[4]fura@ by Chastrette

In 1985 de Sousa Healy and Rest reported a study of the role of metal salts in the synthesis of
furanketone condensation claiming that the template effect is not the major effect influencing
the formaton of the tetramér® They support their assumption of an acidity effect on the
condensation as a direct consequence of the presdnttee different metal saltsThey
performed the reaction in the absence of salts by varying the amount of hydrochloric acid
added and managed to have 30% vyield of product of condensation. In the presence of
transition metal and alkalirearth metal saltggood yields situated between 12 and 38P6

the macrocycle€ were obtainedIn all cases, best yields were obtained using perchlorate as
the anion. Condensation of furan with other ketones to vary the alkyl chain mebe
position was also reported but leads to lower yields. Recently, new procedures were described
for the synthesis of sterically demanding calix[4]furans. &eel®® reported the cyclization

of arylalkenes to calix[4]furans with the aid of iodonium ion coming fidmdosuccinimide

(NIS) (Scheme 2a) and Banegji al’® used stannic chloride as Lewis acid (Scheme 2b).

1. n-BuLi, Et,0, 0 °C

a) // \\ 2. Ketones
R = -(CH2)6-, 42 %

O 3. cat. p-TsOH, reflux (CHy) 51 9
4. 10 mol% NIS, CH,Cl,, r.t. \2)7 °
mol% NIS, CHaCla, 1 nBu,  47%

R= CH37 78 %
b) // \\ Ketones, stannic chloride -(CHy)4-, 48 %

«(CHy)g- 72%
o) dry CH,Cly, Ny, 0 °C

Scheme2. Recent synthesis of calix[4]furans. a) ledeal; b) Banerijiet al

Calix[4]arenes and heterocyclic calix[4]aredeand?2 are easy to make but the synthesis of

larger macrocycles and the variability of the alkyl groups onntleeeposition has stayed

limited. Other syntheticmacrocyclic structures emergads fcompeti t orso all o
these limitations.

11
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4. Simple synthetc nitrogen- and oxygenrcontaining macrocycles

Synthetic macrocyclic chemistry has expanded phenomenally since the 1960s making a broad
catalogue of structures available. The goal of chemists in this field was to synthesize novel
and much simpler purely sthetic macrocycles varying systematically the compounds and
thereby adapting the structure to specific applications. Thetgaovelop these ligands was

to find a cheap route to synthesize in a modular way macrocyclic ligands alloals to

reach the followinggoald) Vary the size of the central A h
ligand to the metal which has to be incorpora®dVary and mix the donor atoms in the
macrocycle i n order to ext énNiature byentraslucinguct ur al

the same macrocycle both nitrogen and oxygen atoms. The known natural products contain
either only nitrogen or oxygen atoms but they are not mixing the donor aBynvary
systematically the flexibility of the structures exphgy the influence of substituents or types

of connectivity between the donor atoms on the stability and properties of the complexes.

In the synthesis of azaand oxamacrocycles metal ion template effects are often used to
facilitate their synthesis. Thauimber of studies of these macrocycles has grown constantly in
literature, especially since the Nofmize winning discovery of crowns etheseépagel6
Chapter 1. The thia and phosphanacrocycles have been less studied in litergbnobably

dueto difficulties in the synthetic procedul& With the presence of four (or more) donor
sites located in a macrocyclic structure, these ligands present high affinity for many metal
ions. Applications to such metal complexemnge from catalysis to medicift& The
coordination chemistry of such macrocyclic ligands has been widely reported in literature.
Several reviews described hundreds of different structures, ranging from the simplest, bare
macrocycle to more elaborated compouit¥! As it is impossible to summarize all the field

the discussion here will exclusively focus on the literature of aza andnazeocycles
containingtypically four heteroatomsThese structures are directly related to our project.

4.1. Synthetic polyazamacrocycles

In the 1930s, J. van Alphen worked on the synthesis of aliphatic polyamines and first
described the synthesis b#,8,11tetraazacyclotetradecai®& PAC name) known as cyclam

(Figure 12a}°*%4 The appeal of these nitrogenntaining ligands will only be wealed in the
1960s with the introduction of theici@n@Qurti s
synthesized by the mediated condensation of [Nifenyith acetone (Figure 100§

In 1960, Curtis knew that no primary amine remained in the compoundoldeed the metal
complex and suggested the formation of four isopropyl imino functions (Figure 10c). The
reaction was quickly extended to other amines, carbonyls, copper(ll) and the correct
structures where the acetone residues link the amine groupsnt@arfimneimine chelate rings

was elucidatef® "

12
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Figure 10. First synthetic azamacrocycle. a) Cyclam; b) Synthesis of the first Curtis ligand; c)
initially proposed structure.

Since then, a large member dher synthetic polyazamacrocycles liggclens, [16]aneN?

and then bigger polyazamacrocyctesre beemeported (Figurel1).**%% These structures er
the most studied and widely usedh€elr resemblance of the connectivity between the nitrogen
donor atomgo the naturaltetraazamacrocyce the porphyrins and the corrins, was certainly
critical for the increased interest in these classes of compodimgse nitrogen donor
macrocycles appear to complex well with transition metals and form more stable complexes
than the operchain polyamines containing the same number of amino grdtpsncrease of
the stability has been called macrocyclic effé¢tThe topological similarity ofcyclamand
[16]aneN to the inner rim of the porphinoid ligand system inspired chemist to shedsl
complexes of these payamacrocycles and theaimall derivativesin various applications as
example as contrast agents asscxidation and bleaching catalystscite just a fedW/? "

/\ -,
[NH HNj [NH HNj NH HN
NH HN NH HN <NH HN>
N
L k)
Cyclen Cyclam TMC [16]aneN4 Porphin

Figure 11. Classes of synthetically studied azamacrocycles close to porphin

To avoid the oxidative degradation of cyclam metal complexes by deprotonation of the amine,
azamacrocycles often contain tertiary amines. Nftetramethylcyclam (or TMCFigure 1),

readily synthesized by methylation of cyclam using formaldehyde anddaweid, has been
widely studied’®

Further generations of synthetic macrocycles containing nitrogen or both nitrogen and oxygen
atoms have typically used tertiary amines as donor ligand in order to avoid the stability
problem mentioned above.

1 JUPAC name1,4,7,10tetraazacyclododecane
2|UPAC nameil,5,9,13Tetraazacyclohexadecane

13
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4.2.Crown ethersand azacrown ethers
Crown ethers

In 1967, Pedeen published an investigation describing the synthesis of thirty three cyclic
polyethers of varying sizes from nine to sixty atoms including three to tveegigen atoms

in the ring (Figure 12Y" The use of the IUPAC nomenclature revealed to be difficult for
these cyclic structures:or convenience, Pedersgave a name to this class of molecules,
Aicrownod comp o shedassystemaiidrulests namebttieidifferent analotlies
main types of crown ethers are represented in Figir&He most common crown ethers are
cyclic oligomers of ethylene oxide with repeatif@H,CH,Oi units.

ALY TN
[O Oj C i7 [O Oj C[O O:©
= T Le Lo

Figure 12. Common crown ethers and the cation for which they have affinity-apgn4;
b) 15-crownb5; c) 18crown6; d) dibenzel8-crown-6

The t er mwad ained wexpiess theesemblancef the macrocycleomplexed to a
catonwi t h a crown si tt i ngennotonlyarepgrted tisesynthesis df e a d .
these compound$ie also described the capacity most crown ethes to form stable
complexes withdifferentmetalcations It is for this property thathis class of compundswas

studied and used &nophores and as phasansfer agents.

A phasetransfer agent, or phaseansfer catalyst, is according to IUPAC an agent allowing

the phenomenon of rate enhancement of a reaction between chemical species located in
differert phases (immiscible liquids or solid and liquid) by extraction of one of the reactants
across the interface into the other phase so that reaction can pffic€ationsare highly

soluble in polar solvents like water and methanol. When the cation is forming a complex with
the crown ether through the oxygen atoms, only the hydrophobic outside of the ring is
exposed and thereby migration through organic phases becomdseiossi

In term of metal coordination, oxygen donor containing macrocycles like crown ethers
strongly bind alkali and alkaline earth metal ions whereas nitrogen containing macrocycles
preferentially complex transition metals. A few metal ions such &saPlHg?* bind to both
oxygen and nitrogen containing macrocycles. The investigation of macrocycles containing
both oxygen and nitrogen atoms was the logical next step in coordination ché&fflistry.

® Nomenclature for crown ethers proposed by Pedersen: 1) the name of the external substituent (in case there is a
substituent); 2) the total number of atoms in the pol
4) the number of oxygen atorimsthe macrocycle.

14
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Azacrown ethers

In the simplified nomenclature used by the communégacrown ethers, or azacrown
macrocycles, are macrocycles containing both oxygen and nitrogen donor atoms. Two
nomenclatures can be used for these structures. The first is the crowmaetiestclature
proposed by Pedensén 1967 where the position of the nitrogen atom replacing the
oxygen atom is indicated. As an example of using this nomenclature, theertiBered
macrocycle (Figure 13a) is named tdi@zal8-crown6. The second nomelature was
proposed by Busét? The position of the nitrogen atts is not stated so three isomers could

be drawn for this molecule, named [18[ with this method.

AT

NH

L) oy e
bod NHL/O c:(:-/v =N Ej) j

Figure 13. Selection of some small azacrowracrocycls. a) 1,10diazal8-crown6; b) 1,7
diazal5-crownb5; c) 1,7-diazal?-crown4; d) 1,4diazal?-crown4; e) 3,4:9,1Dibenzc
1,12diaza5,8-dioxacyclotetradecane

The azacrown ethers have also been studied extensively and several structures have been
synthesized (Figure 18! As for the synthesis of the crown ethers, the influence of the
template effect was also studidor their synthesis. In the case of azacrown ethers the
template effect revealed to be less pronounced because the nitrogen donofoatueds

weaker complexes with alkali metal cations. Azacrown macrocycles revealed to possess
proprieties and thereby dod applications related to their analogues containing either
exclusively oxygen onitrogen donor aton&™

In order to increasthe thermodynamic strength of the complexation constants of some crown
ethers a subclass of these molecules was developed by Gokel: the lariat ethers (Fifflite 14a).
8l These molecules are crown ethers with flexible sidearms which could create an additional
interaction with the metal cations. For synthetic reasons, the sideatariat ethers coming

from azacrown ethers is often connected to the nitrogen atoms (Figure 14b and 14c).
Compound 1,1@iazal8-crown6 (Figure 13a) was an important starting material for the
synthesis of these lariat ethers.

* Nomenclature for crown ethers proposed by Busch: the size of the macrocycle is given in a bracket followed by
the number and types of heteroatoms.

15
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a) b)
R = -CH,OH, -CH,0-alkyl, -CH,O[CH,],0-alkyl

Figure 14. Examples of lariat ethers

4.3.Bridged azamacrocycles and cryptands

In order to induce topological constraints and enhance the complex stability, additional
bridges were added to form polycyclic multidentate strestio encapsulate metal ions in a
cagelike structure. This concept was designed by -Marie Lehn in 1969 with the synthesis

of cryptands (or cryptasg the three dimensional analogues of crown etf8rghe name

came from the laticryptame ani ng fAcavity, caveo. The main
1,10diaza4,7,13,16,21,2Aexaoxabicyclo[8.8.8]hexacosane (also called [2.2.2]cryprand

83 presented below (Figurésd). A huge effort has been dedicated to theh®sis of bridged

or strapped tetraazamacrocycles and the study of their metal complexes (Figifé*15c).

A A O
SO CY Lo
UES

(0]

Lo L

a) b)

Figure15.Br i dged or strapped macrocycles reporte
Examples of strapped tetraazamacrocyles

The synthetic strategies limited and directed the design of the structures syntHgsitezd.
complexations were observed using bridged macrocycles compared to thdinkedn
analogues but their synthesis was often difficult, thereby limiting the availability of these
interesting structures. The most famous compound of this class of teslgemains the
[2.2.2]cyptand.

The 1987 Nobel Prize i n Chemi strfor twiwar ded
development and the use of molecules with strudpeeific interactions of high
selectivitp 8 Their work led to dramatic advancement in coordination chemistry followed

by broader applications of the makicomplexes formed from these macrocyclic structures.

®> Nomenclature for cryptands: cryptands are assumed to be +miagalic compounds anditrogen is assumed
to be the bridgehead. The number of heteroatoms in each ethylenoxy chain is assigned in bracket.
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Nowadays several crown ethers, azacrown ethers and [2.2.2]cryptand are common reagents
commercially available from various suppliers.

5. Known hydrogenations of heterocyclic calix[4]arens

The two heterocyclic calix[4]areree calix[4]pyrrole 1 and calix[4]furan2 are easy to
synthesize in one stepa the procedure pioneered by von Baeyer. For this reason, the two
macrocycles were well studied contrary to the analogue calix[4]tiophsargaining fou
sulfur atoms which is more difficult to obtdf!

Although tetrapyrrole macrocycle is easy to synthesize its applicatiomsre limited The
synthetically easiest way to reduced macrocycles breaking the aromaticity is the exhaustive
hydrogenation of the corresponding heterocyclic calix[4]eae@®aly the transformation of

the calix[4]furan2 to the calix[4]tetrahydrofurad has been reported in the literature before

our studies on the hydrogenation of calix[4]pyrrole to the calix[4]pyrrolidnim 2009
(Figure 16.1°°

hydrogenation
—
1(X=N) 3(X=N)
2(X=0) 4 (X=0)
lone pairs on heteroatom lone pairs on heteroatom
not available available

Figure 16. Synthesis of reduced heterocyclic calix[4]aebg hydrogenation

5.1.Hydrogenation of calix[4]furan 2

The catalytic hydrogenation of the calix[4]furamvas mentioned by Chastrette in 1973 using
Raney nickel but no experimental data were giv@rThe hydrogenation was first fully
describedby Kobukeet al in 1976 using ruthenium on carbon as catalystigh H-
pressure and temperature (respectively 120 atm,adnd 190 °C for 6 h) wereeeded to
obtain the totally reduced macrocyadldn 73% vyield. Other groups were interested in this
transformation and procedures using Pd/C were reported by Ch&étraie by Wiegers and
Smith® The pressure repted for the reduction varied from 110 to 170 atm of hydrogen at
105 °C for yields of4 between 57 and 72%.dihg these conditions, de Soudaaly and
ResP®! were not able to carry out the reduction in ethanol. They only recovered starting
materiab. Changing to THF as solvent and Raney Ni as catalyst while maintaining similar
conditions of temperature ang-dressure they isolated asdparated a mixture consisting of
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38% of the fully reduced macrocycke and 18% of the half reduced intermedi&tey
successive recrystallization (Scheme 3).

H, (120 atm)
Raney Ni

THF, 125 °C

4 (38 %) 5 (18 %)
Scheme3. Catalytic hydrogenation of calix[4]furahaccording to Sousa Healy and Rest

These different conditions led to uncharacterized isomeric mixtures of calix[4]tetrahydrofuran
4 until van Beylenet al reported the isolation and separation of two isordarsind 4b
(Scheme %% The authors also reported the reaction under significamitter conditiongfor

the hydrogenation Rd/C, 1 atm of H, r.t.,, 48h) leading to the two isomera and4b in a

7020 ratia The remaining 10% correspoad to a mixture containingptherisomers and
partially reduced productéfter the isolation o#ta and4b in 49% and 14% respectivellgey
secured the stereostructure of the two isomers by obtaining crystals suitable Xeragn
structuredeterminationfor both compoundsThese two diastereoisomers are reminiscent of
simplified version of the natural productonactin presented in Figure 4 (with four
tetrahydrofuran rings) and crown ethers.

H, (1 atm)
Pd/C

EtOH, r.t.

4a (49 %) 4b (14 %)

Scheme 4. Catalytic hydrogenation of calix[4]furar2 and separation of the two
diastereoisomera and4b according to van Beylen

5.2.Hydrogenation of calix[4]pyrrole 1

To the best our knowledge only one report on the hydrogenation of calix[4]p¥rnale been

published in 1955 by Rothemund and G&$before our work on this transformation. tis

time, the authors wanted to confirm the structure of calix[4]pytadlea | | ed MfnHacet onerg
by von Bayer. Using harsh conditions, the goal was to degrade the starting material and
analyze the resulting dgments to justify the position of the linkage connecting the
neighboring pyrrole rings in the macrocycle. They proofed the position of the links in the 2

and 5 positions of the pyrrolengs since the fragments were exclusively substituted in these
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two pasitions (Scheme 5). In an investigation bkterocyclic calix[4]arereeas ligands,
Corsini mentioned the hydrogenation test of calix[4]pyrtbl@77 atm of H, 160 °C, 12 h,
Raney Ni). He only commented that the reaction had f&ifed.

v YR

H, (157 atm)

. 18.7 % 36.1 %
Ni pellet
dioxane, 240 °C
A L
H H
2.7 % 38 % + C14H24N2?

Schemeb5. Degradation of calix[4]pyrrolel under heterogeneous catalytic hydrogenation
reported by Rothemund and Gage

Since we were interested in the synthesis of the fully saturated calix[4]pyrroBdine

started to screen reduction conditions with the hope of finding an experimental procedure
which would allow the reduction of calix[4]pyrraeAfter a considerable screening effort
(catalysts, hydrogen pressure, temperature, solvent) we could report the first successful
hydrogenation of calix[4]pyrrol& to a small but reproducible amount of the totally reduced

macrocycle3 (Scheme 6% %!

H, (100 atm) H
10% Pd/C (34 mol%) 6a, 40% (23%)
AcOH, 100 °C, 24h
1

3, 18% (8%)

6b, 25% (2%)

Scheme6. Optimized catalytic hydrogenation of calix[4]pyrrdlegiving the macrocycle6a
i 6b and3.°®! GC yields are given; yields of isolated products are shown in parentheses
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To achieve the reduction of the four pyrrole rings of the calix[4]pyriolearsh conditions

were needed. Our optimized fAbesto conditions
compared to the substrate) as catalyst, 100 atm, 0A€DH, 100 °C, 24 h. A GC method

using n-eicosane as internal standard was developed to analyze the complex mixtures
obtained and calculate the GC yields of the different products of the transformEtie

totally reduced calix[4]pyrrolidin& was the minor product of the transformatio®@%l GC

yield) accompanied with the twhalf-reduced isomer6a and6b as major compounds (40%

and 25%, respectively) where the two pyrrole rings located oppositacto @her were

reduced while the two others did noace Higher hydrogen pressurelonger reaction time

did not lead to a better formation of macrocygle

As expected, our novéttraazamacrocyclg proved to be a good ligand allowing the smooth,
high-yielding synthesis of several transition metal complexes such'aNty Pd' and Mr'

(see Chapter 3}% In order to test potential applications of this type of complexes, the
catalytic epoxidation of alkenes was studied using thd' Momplex as catalyst with
reasonable to good yiel§!

6. Goals

The hydrogenation of calix[4]pyrrolé was only a half success considering the low yield of
isolated totally reduced calix[4]pyrrolidin@ Hydrogenations of pyrroles into heterocyclic
calix[4]arene structures seem to require more stringent conditions than the hydrogenations of
corresponding furan derivatives.

We decided to study the hydrogenations of the series of mixed calix[n]fungmjéole 7 i

10 (Figure 17). The following two reasons motivated our studié¥: Since furan rings
revealed to be hydrogenated more easily than the pyrrole rings, the hydrogenation of the
mixed macrocycles should allow a better conversion to the fully reduced analdguég.

2) The products of the hydrogenatidhi 14 are in therselves attractive ligands for studying

the capacities to complex metals and finally to study their potential catalytic adtiegping

the connectivity and the constitution of the heterocyclic calix[4]axenebut r emovi ng
system creates structuranalogues, whichwill allow studying the interplay of the
geometrical, stereoelectronic and electronic factorb e fAexocycl i co addit:
membered rings introduces conformational restrictions, keeping a degree of rotational
freedom not availabl to the aromatic porphyrins. These target compounds will allow the
experimentd) basedcomparison between the influences exercised by the topology and by

t h esystem on the physical chemical propertoésthe compoundson the complexation
behavior anan the catalytic activity of the macrocyclic metal complexes.
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Figure 17. Targeted calix[n]tetrahydfaran[4n]pyrrolidines 11 1 14 by catalytic
hydrogenation from their aromatic calix[4]furandpyrrole analogues 7 1 10
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Chapter 2

Chapter 2. Synthesis of calix[n]furan[4n]pyrrole s

1. Introduction

To be able to study the hydrogenation reaction leading to the calix[n]tetrahydrofuran[4
n]pyrrolidines11 i 14 we had to have an efficient synthetic access to the calix[n]furan[4
n]pyrroles7i 10. Only few publications were reported in the literaturelengynthesis of one
or several macrocycles tie type described by structuré$ 10. Three different approaches
for the synthesis of calix[n]furanf]pyrroles have been described in the literatd?&!%”
Among these procedures, one provided macrocygleslO while the two others afforded
exclusively calix[2]furan[2]pyrrol®. To the best of our knowledge, calix[1]furan[3]pyrrdle
was not reported irthe literature so far. The difficulty of theccess to the different
macrocycles may explain the lack of studies on their aamhcation binding compared to
the simple calix[4]pyrrolel and calix[4]furan2. Besides publications on the synthesis, only
six studies have been reported so far includireganior™™® and catiod®* binding abilities,

the synthesis of a cobatbmplex with molecul® as ligand®® the use of these macrocycles
as ionopbres in silver iorselective electrod€8%'% and recently a DFT study on
macrocycled to form hostguest type complexes with alkali and alkalgarth metal ion8°

Frenchet al reported in 1958 the first synthesecaliy[n]furan[4-n]pyrrole 81 107 They
proceeded by stepwise condensatiomof subst it ut ed Tfpositignlofcfmanb i n o |
or pyrrole ring (Scheme 7a). The overall yields observed for these transformations are
extremely low (17 4% for four steps depending on the final macrocyclé)e authors
specified that they did notisceed to obtain compourfdwith their methodMore than forty

years later Leeet al described the synthesis of calix[n]furan[n]pyrroles and
calix[n]thiophene[n]pyrroles (n = 2, 3,4) usingasimday nt het i ¢ strategy be
10 c ond beaweentfury ar thiophenytarbinol and oxa or thiaripyrromethane
(Scheme 7b¥%1% Compoundd wasreportedin a considerably improved 30% overall yield.

Their method required a cumbersome separation and purification prodedis@ate the

desired macrocycl@ from the other larger macrocycles. Moreover this metiene access to

only one member of the califaran[4-n]pyrrole family. The third procedure was reported

by Floriani et al again with the synthesis of only macrocy@&® It was based on the
substitution of furan by pyrrole rings in the calix[4]furanThe method consisted first in the
selective ringopening of calix[4]furar® to a tetraketone with theanstrans-configuration of

the two double bonds positioned one opjgot the other followed by the reduction of these
unsaturations described by LeGeffal (Scheme 7d}%! A PaatKnorr ring closing reaction

afforded the macrocycl@in around 60% oerall yield.
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a)
= /\ /' \ o
— T D=L -G -0
(X=N, 0) OH

8(X=N;Y=0)
9(X=0;Y=N)
10 (X=0;Y = 0)

o)

9

Scheme?. Synthesis of calix[n]furanfHh]pyrroles reported in the literature) First stepwise
synthesisoBi 10by Fr ench wusi ng a ;Bb)ZhesyntBesisdhasingaocy cl i
A3 + 10 macrocycl idaheisythesiso®peirhgdthg -Le&off
opening pocedure as applied by Floriani

The synthetic route described Byenchet al is the only one affording the synthesis of three

of the four possible aix[4]furan[4-n]pyrroles but the very poor yields observed in the
condensation reactions could not provide appropriate quantities for our studies. Although
macrocycled aroused interest and could be selectigsiythesized, no improved experimental
procedires were reported in the literature for the synthesis of the other three Jéadadg-
njpyrroles 7, 8 and10.

2. Our synthetic approach

An approach allowing the preparation of all four possible -calix[n]furafpgrrole
regioisomers? i 10 was developed inspired by the warkLeGoff et all*® and Kohnkeet

al. %1% ysing a sguence of transformations starting from the-fathn macrocyclic
structure2 (Scheme8). Our approach is based on a mono, bis or tris oxidative furan ring
opening reaction of calix[4]furaB allowing to obtain sufficient quantities of the selectively
opered macrocyclesfollowed by a reduction of the i€ double bond to form the
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corresponding l:icarbonyl compounds reported byGoff in his work on the oxidative
ring-opening of calix[4]furan and calix[6]furan

(o))
/S 9
=
Paal-Knorr Alkene Oxidative
ring closing reduction ring opening
7 2

Scheme8. The retrosynthetisequences for the synthesis of calix[4]furan]gyrroles taking
macrocycler as example

The controlled oxidation of calix[4]fura?2 using adequately chosen amounts noéta
chloroperbenzoic acid ntCPBA) has been reported to form- dand tri-ring-opened
macrocycleswith cis-configurated double bond$Scheme8). Alternatively, if bromine was
used as oxidative agenthe selective ringppening of two opposite furan rings of
calix[4]furan 2 leading toa compound with therangtrans-configuration of the two double
bonds hasalso been reportedy LeGoff and applied in the synthesis of macrocygléy
Floriani (Schemerc). The pyrrole ring(s) was (were) then formed using the TRawrr
condensation reactioafter the reduction of the double bondehis sequence has been
successfully applied for the synthesis of calix[n]furan[pyrroles (17 i 41% yield}*°® and
calix[5]pyrrole (1% yield)*°”!

Using this strategyhe starting matrial for all the mixed calix[n]furanfh]pyrroles7 i 10

was the calix[4]furan2. This approach should for the first time allow the synthesis of
calix[1]furan[3]pyrrole 7 (Scheme R The efficient alternative oxidationmethod using
bromine as oxidativeagent was chosen for an easy and selective access to
calix[2]furan[2]pyrrole 9 once the reaction conditions had been optimized. MH@PBA
based oxidative ringpening was chosen for the synthesishefthree othemacrocycles, 8

and 10. In contrast to the reaction with bromine, which yielded exclusively theirms
opened product, the oxidation with-CPBA did not show any appreciable selectivity. The
oxidation of the furan rings was fAqgohdadi 0 i nd
already been ring openedsingm-CPBA, we couldhereforenot avoid the formation of side
products due to ovesxidation or to incomplete oxidation. As we were forced to separate
these sideproducts by chromatographye recoveredhemandtheycould be used in parallel
syntheses of the correspondaternativecalix[n]furan[4-n]pyrrole analogues.
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9

Scheme9. The four calixp]furan[4-n]pyrroles 7 1 10 coming from calix[4]furan2 and the
oxidation process involved. a) userofCPBA as oxidative agent; b) selective oxidatioa
the bromine procedure

The work of LeGoff and Kohnke has been already cited by Jae Sang Kim as procedure for the
synthesis of macrocyclési 10 for their study as ionophores in silver isalective electrodes

but no experimental data could be folt?d. Surprisingly, macrocycl@ was not synthesized
whereas the ringransforming m#hod should allow its synthesis. The full optimization on the
synthesis of the four calix[furan[4-n]pyrroles will be reported.

3. First results (Thesis ofGuillaume Journot)™°®!

3.1. Synthesis of calix[2]furan[2]pyrroles 8 and 9

In our first studiesGuillaumeJournotconcentrated on a proof-principle approach, which
allowed us toprove the feasibility of the wholesequenceand give access to the aromatic
calix[n]furan[4-n]pyrroles for the further investigation on their ability to be hydrogenated.

The synthesis of calix[4]furan, our starting material for all the four isomers, was investigated
with the goalto obtainthe productin large scaleAn experimental procedure described by
Jurczaket all'® in 2000 reported toafford calix[4]furan with 70% yieldvas used The
authors reported the influence of the concentration of sulfuric acid on the vyields of
calix[4]furan. The condensation between furan andoaeein dioxaneisinga 90.5% solution

of sulfuric acid afforded calix[4liran in 35% yield in our case, after recrystallization of the
crude materialDespite a low yield the reaction is cheap, easy to manage in large scale and
sufficient amount of startqimaterial could be quickly and efficiently obtained.
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The oxidative ringopening of2 was carried out with 2.2 equivalemf m-CPBA in cold
CHCls. This reaction provided three different products: twoirdj-openedtetraketoned 5a
and16 and one trring-opened unsaturated hexaketdigScheme 10)Compound 15aand

16 were obtained as a mixture, after column chromatography in 45/55 ratio respectively and
60% combinedyield. Compound.7 has been isolated after column chromatography vt 2
yield. In their experimental part, Frenehal succeeded in isolating each product by column
chromatographyin his hand<GuillaumeJournotwasnot able to separate compoutfh and

16 following their conditions Neverthelesshe continual with the mixture in the aim to
separatehe two regioisomeri a later step. The mixture @baand16 was submitted to the
reduction of theJb-unsaturated ketones using zinc dust glattial acetic acid at 100C to
provide the mixture of compound 18 and 19 in 92% vyield after chromatography.
Unfortunately the separation by column chromatography of the regioisomers was still
impossible. When trying to perform the next step from the mixtureegidsomers,he
realized that only one of the two compoundempoundl9, was soluble in ethanol, the
solvent used for the reaction, even at 80 °C

m-CPBA
2.2 equiv.
+ +
CHCl,
0°C,1h
thenr.t., 2h
RMN: 45/55
15 16 o
a 60% Y, 17 (28%)
hd
Separation by precipitation |Zn (10 equiv.) Zn (10 equiv.)
(difference of solubility) |AcOH, 100 °C AcOH, 100 °C

00
. o o0
O
7 0]
=
18 (85%) 19 (72%) 20 (quant.)
AcONH, (20 equiv.) AcONH, AcONH,
EtOH/CHCI3 (1/1) (5 equiv.) (20 equiv.)
65°C, 24 h EtOH, r.t., 40 h EtOH, r.t.
9 (84%) 8 (91%), (60%*) 7

SchemelO. Summary of theynthesis of macrocycse? 1 9 coming from the same oxidation
reaction using 2.2 equiv. aCPBA. *: Yield of 8 obtained starting from hexaketope
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Thanks to this difference of solubilityhe separation othe regioisomersvas achievedy
successive washing with 8@ ethanol.Using this procedure hguccessfullyseparatedhe
reduced tetrakenes 18 and 19 from each other, isolating the two isomevgh respectively
85 and 72% vyield. The next step is the formation of pyrroles byKtaal reactionA special
effort optimizing the reactionconditionshad to be done, especially fibre reaction usind8
asstarting materialThe synthesis of calix[2]furan[2]pyrrowas carried out using 5 equiv.
of ammonium acetatAcONH,) as source of ammoniac in a mixture of EtOH/CHQI1) at
65 °C overnight.After reducing the solvent voluma the rotavapcompound wasfiltered
off in 84% yield (>99%, GC)The reduced tetraketori® smoothly reacts with ammonium
acetate, in ethanol at room temperattweafford after filtration the calix[2]furan[2]pyrrol&
with 91% yield

The reductiorof the three double bonds of the macrocycTeoy adding zinc dust in a warm
solution of17 in glacial acetic acid provides the hexaketd®in quantitative yield without
purification. In his thesis, thé?aalKnorr reaction on compoung0 provides, surprisingly,
only the unsaturated macrocy@en 60% yield.No traces of compoundhave been detected
in this reaction

3.2.Synthesis of calix[3]furan[1]pyrrole 10

This reaction has been done using 1.2 equim+&fPBA in chloroform at OC. This reaction
unfortunately affords also a nonnegligible amount of side products from the multiple
opening. The reduction of the double bond was performed directly after a simple workup of
the reactiormixture, without separating the desired productrf the side product§he two
consecutive steps afforded the macrocyZlein 28% overall yield after chromatography
(Scheme 11)The ring closing reaction to pyrrole was carried out \@anoothly at room
temperature givingalix[3]furan[1]pyrrolel0in 90% after a simple filtration, in a high purity.

1) m-CPBA
CHCI5,0°C,1h
thenrt., 2h ACONH,
2) Zn, AcOH EtOH, r.t., 40 h
100 °C
28%
2 over 2 steps 10 (90%)

Schemell Synthesis of macrocyctE)

4. What had to be improved

Once it was cleahatthe proposed retrosynthesis could be successéallyied oukeffortshad
to be focusean making the individual steps efficient and scalalldeed, in order to claim

28



Chapter 2

that our compounds could potentially become novel ligands or compounds of interest we must
propose an efficient, reproducible and scalable procedure whilglaselectivity as possible.

The treatment of calix[4]furan (700 mg scale) with 2.2 equivin@@PBA afforded the three
intermediated 5a, 16 and17 leading to the synthesis 8f 8 and7 respectively (Scheme 10).

This protocol was a good starting point but the reaction is complicated to implement on a
larger scale since we have to separate by chromatography three compounds with similar
structures. e quantity ofm-CPBA usedshould berelated tonumber of rings opened. The
synthesis of calix[1]furan[3]pyrrole7 should therefore start with the oxidation of
calix[4]furan with around three equivalents of the peracid. To achieve our goal we need to
obtain the formation of this calix[1]furan[@rrole 7 never observed so fain case of failure

we should be able to explain the reasons why this compound could not be obtained with this
method Since the addition of bromine could selectively open two furan rings located in front
of each other in # macrocycle, this method was obviously selected for the synthesis of
calix[2]furan[2]pyrrole9.

Obtaining the tetraketon&6 without the presence of its regioisonEsa seemedrom the
outset of our studies to be difficult. Even if the amounha@PBA is carefully adapted to the
required bisring opening, it seemed to be difficult to avoid the concomitant formation of a
significant quantity of hexaketorte/. An important goal of our studies was to improve the
purification of the mixture with therpne objective to isolate compouid®, the most difficult

to selectively synthesize. The formation of the diket®h&ith 28% yield over two steps on
500 mg scale without intermediate purificatioragswellnot optimal. These two steps should
also bemproved.

5. Optimization of the synthesis of calixp]furan[4 -n]pyrroles 771 10

Our observations on the first two stepisig-opening of calix[4]furar2 and reduction of the
unsaturated 1;diketone function)were similarto the results described by LeGSfP Our
work further includesprocedures on larger scaleempared to the previously reported
experimental procedures of LeGpthe synthesis of the mono ringpened diketon®2a
(Scheme 12c) and modifications in the purification sigphe treatment of calix[4]furag
with 2.2 equivalents ah-CPBA leading to the diing-opened compoursdl5aandl6.

5.1. Oxidation of calix[4]furan using m-CPBA

To optimize the reaction conditions, the crude mateoatsined from the reaction without
purificationwere analyzed by GC to determine t@imal amount ofm-CPBA tobe adced

The attribution of the GC pesko the structures of the intermediates isdzhon GEMS and

'H NMR data. The analysis of the crude materials of different reaction conditions are
compiled at the end of this chapter (Table The remaining percent were attributed to
uncharacterized products.
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The opening of three rings was bestiaghd adding at once a small excess of 3.1 equiv. of
m-CPBA to a saltion of the starting materid in chloroform at r.t. leading after 4.5 h of
stirring to the hexaketon®7 in satisfactory 60 63% yields after chromatography (Scheme
129. The GC analysis of the crude material showed a mixture containing compdwasd
major product 70%) with small amourgtof 21 (3%) and15a(13%) (Table 1, Btry 7). Since

still a residual amount of tetraketod®a was present, the use of 3.30 equiv.oafdative
agent was tried and led to a small diminutionl@f(64%) in the crude material (Table
Entry 8).

a)

m-CPBA
3.1 equiv.

CHCl,
rt,4.5h

m-CPBA
2.2 equiv.

CHCl3
0°C,1h
thenr.t.,2h

c)

m-CPBA

1.3 equiv.
+ 15a ¥ 16

(3%) (12%)

CHCl3
r.t., 40 min

22a (56%, cis)
22b (trans)

Scheme 120xidative ringsopening reactions of calix[4]furahusing varying amounts @i+
CPBA. a) Process optimized for obtaining prodii¢toy opening of three rings.) BProcess
optimized for the synthesis of the two4oisened product$5aand16. ¢) Using 1.1 equiv. of
m-CPBA the moneopened produ@?2a was obtained as major product

Obtairing selectivey the tetraketonel6 proofed to be challenging-he bestproportion of
compoundl6 was obtained when calix[4]furahwas treatedvith 2.2 equiv of m-CPBA in
cold chloroform for 1 h followed by stirring at r.t. for additional @ith the presence of 43%
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of intermediatel6 (Table 1,Entry 6). The use of 2.0 equivalents slightly decreased the
amount ofl6 formed (40% compared to 43%) and in the same time more of the-opened
compound22aremained in the crude material (18% comgohto 4%). At the same time, a
decreased of the more oxidized compoubSisand17 was de¢cted in the mixture (Table 1,
Entry 5).

The reaction conditions were not changed from our previous tests but the purification was
optimized to isolate essentiallpmpoundl6. The mobile phase reported by LeGoff for the
chromatography was CHEEtOAc (9/1). The TLC using this mobile phase is shown above
(Figure 18a). These conditions did not allow us to separate the two regioiskbaersd 16.

We have not been able to find a unique mobile phase allowing the separation of the three
components of the mixture. When chloroform or dichloromethane was the major component
of the mixture, the two tetraketond®a and 16 migrated with the same retemidactor
(Figure 18a and 18c) while when cyclohexane is the major solvent these two compounds
showed different retention values (Figuri@blcyclohexane/EtOAc (8/2)). In this condition,
intermediatel6 showed a higher Rvalue than the two others and cae isolated. The
chromatography was successfully applied on a scale up reaction (based on the transformation
of 3.0 g of calix[4]furan) to isolate first compouri® with a cyclohexane/EtOAc (9/1)
mixture. Once the tetraketone was isolated, the mobile phase was changef€tgEIBAC

(97/3) to successively isolate compouida and17.

This purification byflash chromatography on Sj@ffordedthe tetraketone$5a 16 and the
hexaketond 7 in respectively 3%, 3% and 10% yields (Scheni2b). Around 1.2 grams of
macrocyclel6 were isolated (reaction and purification were repeated three times).

Figure 18. TLC of compounddl5, 16 and 17 with different mobile phase. a) CHZEtOAcC
(9/1); b) Cyclohexane/EtOAc (8/2); c) GEI./EtOAc (97/3)
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The otherdelicate transformation was the selective synthesis of the dike2@ag&cheme
129. In order to avoid oveoxidation westarted with the wsof 1.1 equivalents ot CPBA

in chloroformat r.t. No further transformation was observed after 20 min with a proportion of
69% and 2% for22a and 22b, respectively. A significant amount of starting mategal
remainedn the mixture (18%) as well as product of cesrdation16 and15ain respectively
7% and 2% (Table 1,riEry 1). Using1.3 equivalents oim-CPBA, the reactiorwas finished
afteraround 40minutes. The GC of the crude showed a mixtfrenreacted starig material

2 (4%), diketone22a (73%), tetraketond 6 (15%) and traces of tetraketod® (6%) (Table 1,
Entry 2). After chromatography, 56% vyield of pui2a was obtained. In large scale
experimentg10 grams of calix[4]furar2) we obtained more than 5.70 grams of compound
22aand werecoveredsignificant amounts aftarting materia? (880 mg)andtetraketoned 6
and 15a (respectivelyl.32 gand 321 mg. Since the synthesis of tetraketoh® was not
sufficiently selective, its isolation as side product in this reaction was an added bonus.

In an effort to avoid oveoxidation, we tried to slowly add a solution ofCPBA in
chloroform instead of adding the entire reagent at once. A solutibA gor 1.25) equivalents

were added over 1 h at r.t. then the solution was stirred for 15 min before quenching the
reaction with an aqueous saturated solution of sodium bicarbonate. The composition of the
crude of these experiments did not change coetb#r the addition of solidCPBA in one

go (Table 1, Btries3 and 4, respectively

During chromatographic purification, a spot close to our mmpened compound®2a
appeared as function of the time needed for the purification. This compound wascbasine
mixture with22abut it was never isolated pure. After analysis, it revealed to be the result of
the isomerization of the unsaturated -diketone function fronmthe cis-isomer22a to the
transisomer 22b (Figure 19. The two isomers were easy to differentiate using our GC
method (1 min difference in the retention time between the two isomers) and a distinctly
different'H NMR, especially for the proton of the double bond with a chemical shift of 5.88
compared to 6.78br 22aand22b, respectively (Figure 19).

32



Chapter 2

g:mNN.—cohxoln-—coco G N h

- Hoo S aaaqad SRS ]

W0 W W0 W W W0 W W1 W Wn — o

|| —tt I
/5.88

M e NOSLRR58S
e coocaqaqaaaw
O o OO O LA LA A 1A I A
N7 N1 N
@
®
® L J
| |
| e .|
H 1
|| |'| o
A ||1
L mfl
[ | lII 1 M |I
M At K\_’I“' A,
P -
m ¥

Figure 19. 400-MHz *H NMR spectra of a mixture of isome28aand22b

The chromatographic sepdomt has to be performed quicklin order to avoidthis
isomerizationcatalyzed by the silica geThe use of a large column (diameter: 8 cm) allowed
an efficient and quick purification with the recovery of the products directly in Erlenmeyer
flasks. The identification of the product was facilitated due to the yellow color of the ring
opened productsSynthetically the contamination oP2a with its isomer22b was not a
problem because the double bond will be reduced in the next{SeEme 16c)Performing

the chromatographguickly we isolated compoun2abefore a significant isomerization had
occured and usually we obtained a 98/2 mixture in favor otikésomer22a

Starting from thecis-isomer22a some short tests were tried to fully isomerize the double
bond to thetransisomer22b. A solution of22ain CHClk was stirred with silica or with a
catalytic amount of hydrochloric acid but each time a mixture of the two isomers was
obtained. As compoun2lb did not have real interest for us we did not go any further.
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Equiv. of

Entr M-CPBA 2 223 22b 16 15a 17 21
1l 1.10 18% 22a69%,22b2% 7% 2% - -
2lal 1.30 4%  22a73%,22b2% 15% 6% - -
3l 1.10 13% 22a71%,22b1% 11% 4% - -
4ol 1.25 5% 22a73%,22b1% 13% 6% - -

5 2.00 1% 22a18% 40% 23% 8% -
6 2.20 - 22a4% 43% 33% 16% -
7 3.10 - - 1% 13% 70% 3%
8 3.30 - - 1% 13% 64% 6%

Table 1.GC analysis of crude matesabf the ringopening reaction using varying equiv. of
m-CPBA.[a] One pot addition oh-CPBA (1 h at 0 °C then 2 h at r.t.); [Bfopwise addition
of a solution ofn-CPBA in CHC} (1 h addition + 15 min stirring, r.t.)

5.2. Synthesis ofl5b via the bromine oxdation

For the synthesis of the tetraketatisb a transformation avoiding chromatography could be
developed following theprocedure reported in théeraturel’® Slowly addinga bromine
solution inglacial acetic acid over a 3 h period to a suspension of calix[4]f2rama glacial
acetic acid/water solution gave selectively tetrakettbie (Scheme 13). Soe 15b was not
soluble in the reaction mixture at r.t., filtration of the solid and washing the crude material
with methanol allowed the isolation abb in 657 70% vyieldas a yellow powderlt was
mentioned by LeGoff that acetic acid was trapped in alysf 15b. A recrystallization in

cold CHC} allowed the elimination of themall amountof solventpresent. A acetic acid

was the solvent for the next transformation no further purificatifotihe crude product was
necessary

Br, (2.5 equiv.) in AcOH
AcOH/H,0, r.t.

2 15b (65-70%)
Scheme B. Selective synthesis dbb with the bromine oxidation

A faster addition in less than 3 h or an increase of the amount of bromine diminished the yield
of 15b by forming side produc23 (Scheme 14)y the addition of bromine to one of the
double bonds ofl5b. Indeed both starting materidland tetraketon&5b are very slightly
soluble in the solvent mixture of the reaction. A slow addition was absolutely necessary to
favor the precipitation of compod 15b before an oveaddition of bromine on the product
could occur.
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White precipitate
slightly soluble in AcOH/H,O

Br2
AcOH/H,0

In solution

Too fast addition

15b in solution
slightly soluble

15b as yellow precipitate

Scheme 14Process to the formation of compouridh and23

5.3. Reduction of theunsaturated 1,4-diketone

For the reduction of the twaéransdouble bonds ofil5b a hot glacial acetic acid solution
containing the tetraketoribb was treated with excess of zinc d(Stheme 15)The yellow
solution became colorless in few seconds after the addition of the zinc dust. After treatment
and evaporation of the organic phase, and in accordance with the high solubilByirof
ethanol we had previously observélde crude material was wlaed with ethanol to obtain
reduced compounti8 in 95% yields. Starting from calix[4]fura® the reduction product8

was obtained in 62 67% vyields in two stepwithout chromatographic purification
Synthesizingl8 in one stepstarting form calix[4]fura 2 by heating the reaction mixture
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without workup after the bromine addition gave in our hands slightly lower overall yields
(50% yield on two stepgjithough Floriani reported 65% with this proc€8s

Zinc dust (14 equiv.)

AcOH, 100 °C

Scheme 5. Reduction ofLt5bwith the zinc/AcOH method

Tetraketonel8 could also be obtained by reduction of the previously synthesiized
configurated compount5a using the same method (zinc dust, hot AcOH) with similar results
(95% vyield).

The reduction of the double bonds of the macrocyt&sl7 and22ain grams scaleising

zinc in hot acetic acid led only to incomplete transformations and difficult purdicatbo

we moved towards protocols reported by LeGoff using hydrogenation for the reduction of
these intermediate€atalytic hydrogenation of compound$ and 17 in a Parr apparatus
under 45 bars of H using Pd/C as catalyst in EtOAc as solvent at r.t. led to full conversion.
After recrystallization in EtOH20 and19 were obtained in 70% and 78% vyield, respectively
(Scheme 16a and 16b). Hydrogenation2@fh under the same conditions led to a more
compicated mixture of product®r reasons, which were not explordthe major product of
this transformation was present in 60% by GC anali®easingly using the Lindlar catalyst
instead afforded the formation &fL as unique productvhich was identical wh the major
compound obtained with the reduction using Pd/Re crude solid was washed with EtOH to
obtain 21 in 95% vyield with 99% purity (Scheme 16c¢)his quantitative reduction was
efficiently realized on a 4.5 g scale.
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H, (4.0 bars)
10% Pd/C 0O

(0.025 equiv.) o]
@]
rt,4.5h
=
20 (70%)

b) H, (4.0 bars)
10% Pd/C
(0.025 equiv.)
EtOAc
rt,4.5h
c)

H, (4.0 bars)
Lindlar catalyst
(0.1 equiv.)

EtOAc
rt.,4h

22a 21 (95%)
Scheme 6. Synthesis 0971 21 by heterogeneous catalytic hydrogenation

The success of the hydrogenation reactions could be easily observed once the catalyst is
removed. Indeed the discoloration of the solution is a reliable indicator for the success of the
hydrogenation process. This simple color change was reliable foedhetion ofl15bto 18.

The same color change could be used for the transformation of the starting maéerals

and 22a which are yellow and which are after hydrogenation sfitamed to colorless
macrocycled 971 21.

5.4. Synthesis of calix[n]furan[4-n]pyrroles 71 10

The last step for the synthesis of calix[n]furan]pyrroles7 i 10 is the PaaKnorr reaction
starting with the corresponding ketorisi 21. We based our work on
(ACONH,, 1.5 equiv. per 1:diketone units in the macrocycle, EtOH, reflux,i§0t°® Purity

of the final compoundgi 10were determined by GC and NMR analysis.
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5.4.1. Synthesis of calix[2]furan[2]pyrrole 9

As compoundl8 was poorly soluble in ethanol, the reaction had therefore to be carried out in
a 1/Emixture of EtOH/CHC4. A large excess oACONH, acetate was reported iour
preliminary tests on this synthesis of compo@@0 equiv.) in contrast to the reaction
carried out at room temperature using its regioisomer comp®(8dheme 10). Ammonium
acetate was used as reactant to libematsitu ammoniac (NH) which reacts with the
saturated 14liketone function to form the pyrrole rings. As ammoniac is a gas and the
reaction was performed at reflux, it is likely we lost the reactant during the reaction despite
the presence of a condenser. Reaction carrieBabttenk tubes, a closed system, helped to
greatly reduce the amounts AEONH, used.Kinetic studes of the reaction showethat

using a slight excess of AcCONH4.5 equiv., Bble 2, Btries 2 and 4) allowed a faster
reaction compared to ttetandard coritions (3 equiv., &ble 2, Entried and 3). In this way

the reaction stopped after 24 h i satisfying 95% conversiondble 2, Entry 4) while a
lower 79% conversion was observed using only three equivalents of Ac(ldble 2, EBtry

3).

Entry Equivdent Eniic(trl]c)m Crude material analysis (GC)
1 3 17 9 (71%),int.® (29%)

2 4.5 17 9 (89%),int. (11%)

3 3 24 9 (79%),int. (21%)

4 4.5 24 9 (95%),int. (5%)

Table 2.Kinetic study of the synthesis f

Removing the solvent in the rotavap the calix[2]furan[2]pyrmletarted to precipitate
(Schemel?). After removing around 80% of thesolventthe crude reaction mixture was
obtained as a slurrfiltration and washing of the solid with EtOH ge& 9671 98% purity.

A quick filtratior/purification on SiQ gave pured in 84% yield. Calix[2]furan[2]pyrroled

could be selectively and efficiently synthesized (2 grams) in three steps in 54% overall yield
in only 27 3 days starting from calix[4]furak

AcONHj, (4.5 equiv.)

EtOH/CHCI3 (1/1)
70°C,24h

9 (84%)

Scheme Z. Synthesis of calix[2]furan[2]pyrrol@

® Reaction intermediate
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5.4.2. Synthesis of calix[n]furan[4-n]pyrroles7, 8 and 10

The triple PaaKnorr reaction on compound 20 leading to the formation of
calix[1]furan[3]pyrrole7 occurred smoothlat room temperature with the use of 6 equiv. of
AcONH,. Macrocycle7 precipitated in EtOH during the reaction. After a 40 h reaction,
filtration and washing of the white solid with EtOH, calix[1]furan[3]pyrréleras obtained in
51% vyield, 98% purityThe reaction was also carried out at 85fCa Schlenk tuheAfter a
reaction time of 40 h, the crude mixture was concentrated under vacuum leading to the
precipitation of7. Before removing all the solvent, the white solid was filtered and the crude
product vas obtained in 93% purity. Recrystallization in EtOH yielded 60% infexcellent
purity (Schemel8g. Longer reaction time than 40 h afforded the same 60% vyield. Following
the same process but by stopping the reaction after 24 h at 85 °C afforded clactacy
50% yield.

O O ACONH4
o) (6 equiv.)
(0]
EtOH
)@ 0O 85°C, 40 h
=
20 7 (60%)

AcONH,
(4.5 equiv.)

EtOH
85°C,24 h

8 (80%)

AcONH,
(1.5 equiv.)

EtOH
85°C,15h

10 (87%)

Scheme 8. Synthesis of calix[n]furanfh]pyrroles 7, 8 and10

Treating of the tetraketord as describedbr 20 at r.t. using 4.5 equiv. ?&AcONH, induced

the precipitation of the calix[2]furan[2]pyrrol@ in good yield(80%) and excellent purity
directly from the reaction mixturafter a 40 h reactiotime. The yield observed was slightly
different with the results obtained by Guillaume (80% yiedthpared to 91% previously
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described).No further purification wasieededto obtain calix[2]furan[2]pyrrole8 in pure

form. The reaction was carried out at 85 °C in a Schlenk tube. In these conditions, the same
maximum Yyield (80%) was obtained afft hof reaction Pure8 was obtained afterlfration

and washingf the white solid with EtOH{Schemel8h).

The same proceduiia a Schlenk tubeould be applied for the saturated diket@ie The
calix[3]furan[1]pyrrolel10 precipitated in excellent yield and in good purity also directly from
the reaction mixture. After 15 h reactiah 85 °C the reaction mixture was concentrated

the rotavap the precipitate was filtered and washed with EtOH. The crude
calix[3]furan[1]pyrole 10 was obtained in better than 99% purity. Recrystallization of the
crude white powderin dioxane gave big crystalsf 10 (P4, space group) in 87% vyield
(Schemel8q). The efficient synthesis of macrocyd®e allowed having more than two grams
of final product within three days of work. The overall yields of compouhidslO starting
from calix[4]furan2 were summarized inigure 20.

7 (25%) 8 (23%) 9 (56%) 10 (46%)

Figure 20. Overall yields for the synthesis of calix[n]furanfpyrroles 7 i 10 starting from
calix[4]furan2

6. Electrochemical properties

The characteristic and wuni que f esgstemrwhich o f
confers to them special physicochemical properties. Studying their photophysics,
photochemistry and ofiein parallel their electrochemistry has become a hallmark and at the
same time a routine procedure for the characterization of novel macrocyclic tetrapyrrolic
complexed!’®? and more recently for the free tetrapyrrolic macrocydféd!® our
optimized process afforded sufficient quantities of the four cafixfah[4-n]pyrroles7 i 10

to explore the characteristic physicochemical properties of this family of comgound

We recently staeid acollaboration withthe group ofProfessorKarl Kadish to systematically
investigatethe electrochemical behavior of thalx[n]furan[4-n]pyrroles family. The study
includes the parent compounds n = 0 (calix[4]pyrDlend n = 4 (calix[4]furar?) together

with the mixed nitrogen and oxygen containingixn]furan[4-n]pyrroles7 i 10. At this

point in time only preliminaryresults are available but future, more extensive studies are
planned. Cyclic voltammetry (CV) is widely used to determine the redox potentials of
electroactive compounds and it allows to characterize the (ebettemical reactions of the
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oxidized or thereduced speciést” In CV the voltage is swept between two set values. The
CV setup is a one compartment experiment where a working electrode and a reference
electrode are immersed into a solution containing the compound to be analyzed.

The reported results have bemilected byXiangyi (Florence) Ke, PhD student in the group
of Professor Kadish. We are obliged to Mrs. Ke and Professor Kadish for the collaboration
and for their careful experimental work and for sharing their results with us.

In order to successfully measu€V of organic compounds a solvent must be chosen, which
allows dissolving the studied compound in sufficient quantities and at the same time
dissolving the needed electrolyte. For organic compounds acetonitrile is therefore often the
preferred solvent, sing TBAP (tetrabutyl ammonium perchlorate) as electrolytea first
approach the Houston group studtbd oxidation of the six compounds 4 and7 to 10 by

cyclic voltammetry using acetonitrile (GEN), benzonitrile (GHsCN) and CHCI, as
solvents (Figure 21). The oxidation potentials of the six calix macrocycles as determined from
the cyclic voltammetry experiments are summarized in Table 3.

a) in CHyCN : b) in CH,Cl,
2 E 2
f — /" -~
1.40 ' 1.42
10 : 10
1 —
J : 1.22
1.18 9 i 9
= =
1.16
112

0.91 1 ' 1
0.79 “~ -
0.71 :

0.82

T m
H e
Increase of the number of nitrogen in the macrocycle

I T T T
1.6 1.2 0.8 0.4 0.0

Potential (V vs SCE)

1.6 12 08 0.4 0.0
Potential (V vs SCE)

Figure 21.Cyclic voltammetry of investigated compoubh® and7 1 10in CH;CN (left) and
in CH,Cl; (right), 0.1M TBAP.” Scan rate = 0.1 V/s

" SCE: $arated calomel actrode (reference electrode)
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Description and preliminary discussion on the results

As seen in Figure 21, both GEN and CHCI, solvents showed oxidatiaat the anode for all
the tested compounds. Calix[4]pyrrdleand calix[1]furan[3]pyrrole7 are characterized by a
reversible 1 oxidation in CHCI, at a halfwave potential (E) of respectively 0.87 and 0.88
V (Figure 21 and Table 3, Entries 5 and 6). Working insCM, a similar reversible 1
oxidation was observed for compouidE;» = 0.86 V, Table 3 Entry 11) wheret® cyclic
voltammogram of compountlshowed two successive irreversible oxidations at anodic peak
potentialEya = 0.71 and 0.82 V (Figure 21 and Table 3 Entry 12). The adwpounds3 i
10 and 2 showed, in both solvents, irreversibl& dxidation at anodic peak potentidt,g)
from respectively 1.08 to 1.42 V in GEI, (Figure 21 and Table 3, Entries 1 to 4). In.CH,
compound showed two successive irreversible oxidasi@t anodic peak potentl,= 1.09
and 1.16 V (Figure 21 and Table 3 Entry 3).

Entry Solvent Compound  Ep, Eip Epa Eip Epa Eir
(Ox)) (Ox1)) (Oxp) (Oxz) (Oxs) (Ox3)

1 CHXCl, 271 O0O00 1.42 1.72

2 107 NOOO 1.22 1.66°

3 917 NONO 1.09 1.16 142 1.39%
4 817 NNOO 1.08 1.72

5 77 NNNO 096 088 144 141

6 17 NNNN 092 087 130 125

7 CHCN 271 O0O0O0O 140 1.66°

8 107 NOOO 1.18 1.82

9 97 NONO 1.12 1.36¢ 1.33

10 81 NNOO 0.98 1.62 1.82

11 717 NNNO 091 086 140 1.3~

12 17 NNNN 0.71 082 079 114 117

Table 3.Redox potential (V vs SCE) of investigated calix compounds igGGHnd CHCN
containing 0.1 M TBAP. Scan rate = 0.1\/¥alues sent byiangyi Ke for which we do not
havevoltammograms in our possession

Cyclic voltammograms of the two parents calix[4]pyrrdl@end calix[4]furan2 in CH,CI,

showed distinct differencesompoundl with the four pyrrole rings shows a fully reversible

CV wave for the T oxidation (B, = 0.87 V) whereas the wave of calix[4]fur@nclearly
indicates an irreversible oxidation at anodic peak potegiaF 1.42 V. Thebehavior of the

mixed compounds can be empirically classified as being a function of the relative mafmber
furan rings present. The calix[1]furan[3]pyrrofeincorporating only one furan ring in the
macrocycle still showed a reversible cyclic voltammogram (Figure Zlfjetwo or more

furan rings are presentin the macrocycle, irreversible electron tramsprocesses were
observed. The electron transfer reaction seems to become increasingly irreversible as the
number of oxygen atoms in the macrocycle increased.

The reversibility observed in the cyclic voltammogram of calix[4]pyriblsuggested the
formation of a relatively stable radical cation after ti& dkidation (Figure 22a)the
electrochemically formation of a relatively stable radical cation from pyrrole is in accordance
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with the proposed mechanisms reported for the synthedis polypyrrole by
electropolymerization of pyrrolé'® Due to the irreversible oxidation of calix[4]furan the
radical cation formed may undergo a nucleophilic addition e.g. with trasestef present in

the solvent (Figure 22bThe product formed is more easily oxidizable than the starting furan
ring. The oxidation of calix[4]furar?2 in AcOH/H,O medium with bromine, peroxides or
peracids as oxidative agent proceeidsa similar sequence of steps (see f2g€hapter 2).

a)
-e M
/ \ - - ~ \ Stable radical cation
N D— No Reversible reaction
A H AR wdn H AR
1
b)
/\ -€ \
@)
2 b

\O Unstable radical cation
®© Irreversible reaction

Nu™ = H,0 in solvent

m = m
© ©

H,O

“ OH - g ~ OH OH-

easy to oxydize

Figure 22.Schematic scheme for the proposed mechanism of'tbzidation as observed in

the cyclic voltammetry experiments. In this simplified scheme one of thiehdarocycles in

the calix[4]heterocyclic macrocycles and its reaction during the oxidation process are
highlighted a) Oxidation of one pyrrole ring representative for the calix[4]pyriplb)
Oxidation of one furan ring representative for the calix[4]fuzan

To quantify the number of electrons used in the oxidation process the cyclic voltammograms
were also measured in the presence of 1.0 equiv. of ferrocene. This experiment with
calix[4]pyrrole 1 is reproduced in Figure 23 showing unequivocally that thexidation is a
reversible one electron oxidation.

The cyclic voltammetry analysis was performed until 1.6 V revealingthexitation (&, =
1.25 V, Figure 23 and Table 3, Entry 6). Cyalaltammograms of the other compounds in
the presence of ferrocene are shown in the annex {igdye
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-—
No Fc*/Fc

<
1 eq. Fc*/Fc

T T T T 1
1.6 1.2 0.8 0.4 0.0

Potential (V vs SCE)

Figure 23. Cyclic voltammetry ofL in CH,Cl,, with and without F@Fc, 0.1M TBAP. Scan
rate = 0.1V/s

The potential observed for thé' dxidation peak in ChCl, was plottedas afunction of the
number ofoxygen atoms prese(t number of furan ringsh the macrocycle (Figure 24). As
the two compound8 and9 both have two furan rings in the macrocycle and showed slightly
different peak potential at the anode (respectigly= 1.08 and 1.09 V), two different points
are plotted for the value of two furan rings. An empirical linear correlation could be
establshed between the number of furan rings contained in themalixocycle and the™1
oxidation with a correlation efficient of 0.945. Considering compourid&0 without the two
parents1l and 2, the points are almost perfectly aligned and the correlatmfficient

increases to 0.998.

1.6 4

—_
\S)

E,,, of 13 Oxidation
(]
o0

o
N

0.0

0 1 2 3 4 5
Number of Oxygen

Figure 24. Plots of f' oxidation peak potential vs the number of oxygen atoms contained in
each calix compound in GBl,, 0.1M TBAP.Scan rate = 0.1V/s.
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Further experiments are in progréssfully explore the properties of this type of compound
into electrochemical processes.

7. Conclusion

The analytical data of the macrocyck$ 10 reported in the literature were not complete.
Frenct?” reported in 1958 the melting points, the mass analysis and the percent N (partial
combustion analysis) contained in compou@d@d10. The melting point, the mass analysis
and the complete CHN combustion analysis was reported for comp@uftbriant®®
reported theH NMR and the IR spectrum of compouBdGuillaume Journot successfully
characterized the thrasnsaturated macrocyclési 10 fully by *H and**C NMR, IR and
HRMS spectroscopy as well as determining their melting pditessuccessfully gie single
monao-crystals ofmacrocycles3 and9, structures already reported in literature.

Thanks to an optimization work on this project, siyathesis of calix[1]furan[3]pyrrolé had

been achieved for the first time. The procedure was successfully optimized with a modest
25% overall yield over three steps starting from calix[4]fu@&nA single crystal of
macrocycle7 was successfully grown, as well as a crystal for compddraiready listed in
literature.The X-ray diffraction analyses dhese heterocyclic calix[4]aren& i 10 will be
presented and discussedhe corresponding chaptgrage63, Chapter 4.

Our optimized procedures allowed synthesizing sufficient quantities (from 600 mg to 2.2 g
per batch depending of the macrocycle) of the mixed compoatmdO. With these quantities

in hand we could explore the hydrogenation. As starting point of ourestuejported in the

next chapter (Chapter 3) we used the methods successfully applied for the synthesis of
calix[4]pyrrolidine 3.
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Chapter 3. Synthesis of -calix[n{etrahydrofuran[4 -
n]pyrrolidine s

1. Introduction

Before the studies published by our group only the hydrogenation of calix[4Rurad been
reported in the 1970s (see ChagterFirst uncharacterized mixtures were reported until van
Beylen et all®! described in 1985 the isolation and characterization of the two
calix[4]tetrahydrofuran diastereagomers 4a and 4b (Figure 25). Hydrogenation of
calix[4]furan 2 under mileer conditions Pd/C,1 bar of H, EtOH, r.t., 48 h)described by &n
Beylanyieldedthe two calix[4]tetrahydrofurada and4b (Scheme4) in a combined 70% (in

a 7020 ratiq respectively. Our group reported in 2089 and 2018% the hydrogenation of
calix[4]pyrrole 1 leading to two halfeduced distereocisomer8a and6b in 23% respectively
2% isolated yields The totally reduced calix[4]pyrrolidin@ was isolated as one single
diastereoisomer in an unsatisfactory yiel®%f (Scheme B %

3 4a

Figure 25. Reported isomers of totally reduced heterocyclic calix[4]arenes before our work
on calix[n]tetrahydrofuranfh]pyrrolidines

While mild conditions could be applied to hydrogenate calix[4]fitathe hydrogenation of
calix[4]pyrrole 1 giving the calix[4]pyrrolidine3 had been more recalcitranthe method
successfully applied to the hydrogenatiorl@mploys 10% Pd/C as catalyst, high hydrogen
pressure (100 bars of,H high temperatures (100 °C) using acetic acid as reaction medium.
These conditions have led to the success of the hydrogenation but8enl¢C yields (8%
isolated yield) of produc® were obtained.

These two macrocycles, calix[4]pyrroleand calix[4]furan2 respectively, showed dramatic
differences in their ease respectively their resistance towards hydrogenation: calix[&]furan

can easily be hydrogenated using a variety of diffemegthods, whereas calix[4]pyrroleis
Aresistingd against mo s t hydrogenation met hc
hydrogenation has been reported so far. However the hydrogenation reaction of both
compounds was highly diastereoselectivedeled, the fully reduced macrocycl@sand 4
possess eight st er e-pagpiton iofcthe beteroatams.sThe matinhum a t t
theoretical number of possible stereoisomers is therefore 256 but symmetry within the
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macrocycle considerably reduces the number
symmetry was first mentioned by van Beylen for the calix[4]tetrahydrofafah Only one
diastereoisomer of the fully saturated macrocycle for the hydrogenation of calix[4]pyrrole

and two diastereoisomers for the hydrogenatiocatik[4]furan2 were observed, isolated and
characterized.

2. Hydrogenation using our standard conditions (with Guillaume Journot)

Having developed an access to three isomers of the calix[n]fundioydroles, Guillaume
Journot tested the hydrogenation ofanwaycles8 i 10 (Figure 20)under his previously
developed conditionsvith the best amount of palladium catalystandard conditions: 100
bars of H, 0.3 equiv. of Pd/C, AcOH, 100 °C, 24 fihe threemacrocycles were completely
solubleat 90 °C inacetic acid This first investigation led to the synthesis, isolation and full
characterization of the corresponding calix[n]tetrahydrofurampgrrolidines 12 i 14 in
small quantities per batch of reaction (Figa®. Single crystals of the three macyoles
were grown for Xray analysis and will be presenteter (page’9, Chapter4).

12 13 14
21 mg (15%) 142 mg (70%) 62 mg (78%)
(purity: 80%) (Purity: 95%)

Figure 26. Calix[n]tetrahydrofuran[4n]pyrrolidines 121 14 and their quantities reported by
Guillaume Journot

With the development o& scalable access to tifeur different isomeric calix[n]furan[4
n]pyrroles 71 10theinvestigaion ontheir hydrogenatiomvas continued on larger scal@$e

GC yields obtained in the hydrogenation reaction were collected in Bablethe next
subchapgr fAscreening of the hydrogenation react
percent were attributed to uncharacterized produUdts. reduction®f calix[4]pyrrole 1 and
calix[4]furan 2 (Table 4, Entries 1 and 12) served as reference poiltsleed, in a parallel
project,the hydrognation of the calix[4]furar? carried out by Guillaume Journot and Dr.

Damien Thevenetunder our forcing conditionded without surprise to acomplete
transformationyielding 4a and 4b in an excellent96% GC yield with an almost49/45

proportion between the twaiasteressomers Table4, Entry 12).

Hydrogenation of7, the macrocycle containing three adjacent pyrrole rings, letiltas the
major compoundin 69% GC yield (Table 4, Entry 2) accompanied with four minor
compounds in 6:5:4:4 distribution (GC yields in.2dp more starting materidlwas detected
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in the GC analysis. Twoecrystallizationsdne crystallization of the crude material followed
by a second recrystallization of thesu#ting filtrate after its evaporation, products was left
crystallized in the fridge of calix[1]tetrahydrofuran[3]pyrrolidin€ll in EtOAc gave the
product in disappointing 35% yieldlue to losses>99% pure as very thin colorless needles
(Scheme 19)The replacement of only one pyrrole ring with a furan ring compared to
calix[4]pyrrole 1 completely changed the outcome of the hydrogenation reaction and
permitted a high conversion from compountb 11 when conversion from calix[4]pyrrole

to calix[4]pyrrolidine 3 stopped to 8% (Table4, Entry 1). We were pleased to observe that
the reaction did not stop at intermediates and continue towards the formation of the wanted
productll. The hydrogenation reaction was carried out with a maximum of 450 mgao$cale
starting material7 affording 164 mg (35%) of calix[1]tetrahydrofuran[3]pyrrolididd. A
single crystal of compountil was grown and its Xay structure in the solid was determined.

H, (100 bars)
10% Pd/C (0.3 equiv.)

AcOH, 100 °C, 24 h

GC yield: 69%

7 11
450 mg scale (164 mg, 35%)

Schemel9. Catalytic hydrogenation of calix[1]furan[3]pyrrol&s

The G, symmetric calix[2]furan[2]pyrrolé containing two contiguous pyrrole rings showed
a distinctively different behavior.As firstly observed by Guillaumethe catalytic
hydrogenation oB under the conditions, whichad been successful férwith three pyrrole
rings in the macrocyclesurprisinglyafforded a multitude of products. Five major products
weredetected byGC analysisWith a 3012:20:4:9 distribution, GC yield in %) accompanied
with several other minor peaks (around 2% eathg absence of the starting matefatas
also observed. The crude analysis of the reaction is presented in Eigtoenpared to the
crude analysis of the hydrogenation of its iso®érhe wanted & symmetric macrocyclé2
revealed to be the major product in up to 30% (TdbEntry 4). Recrystallization in EtOAc
and a silica gel chromatography affordedi n Guill aumeds
calix[2]tetrahydrofuran[2]pyrrolidinel2 in 15% yield, 80% pureScheme20). Our attempts

to have compound?2 in better puritywith additional crystallization or chromatographgve

all failed. With the low isolated yield and unsatisfied purity of macrocyi2e no further
hydrogenations were carried out in these reaction condi{itO0 bars of ).
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H, (100 bars)
10% Pd/C (0.3 equiv.)

AcOH, 100 °C, 24 h

GC yield: 30%

8 12
180 mg scale (21 mg, 15%)
(purity: 80%)

Scheme20. Catalytic hydrogenation of calix[2]furan[2]pyrrol8s

Hydrogenation of the B symmetriccalix[2]furan[2]pyrrole9 by Guillaumegave excellent
resuls with the formation of only one major product according to the GC analysis, in 83% GC
yield with no more starting materifl (Table4, Entry 5).Rectystallizationin EtOAc gaven

his handthe fully saturated calix[2]tetrahydrofuran[2]pyrrolidid& in 70% yield, %% pure
(Scheme2l). The reaction was scaled up to 1.0 g of starting material without any loss of
reactivity and yield (GC yield unchanged). A small decrease of the isolated amount of
macrocyclel3 was obtained in this condition after two recrils&tations (same procedure as
compoundLl). With the 1.0 g scale experiment, 668 mg (64%) of compddmdere isolated

from the 1.0 g crude material in 9899% purity as big needk. The GC analysis of the
mother liguor(100 mg)showed after these two crystallizations a mixture still containing 33%
of product13 but nothing precipitated with an additional crystallizati@nchromatography
should bring the remaining amount§.

H, (100 bars)
10% Pd/C (0.3 equiv.)

AcOH, 100 °C, 24 h

GC yield: 83%

9 13
200 mg scale (142 mg, 70%)
1.0 g scale (668 mg, 64%)
(Purity: 98%)

Scheme21. Catalytic hydrogenation of calix[2]furan[2]pyrro@e

Although macrocycle8 and 9 are two isomers containing both two pyrrole and two furan
rings, their hydrogenation with our conditions led to diametrically different resGi&s (
analysis of the crude nstals, Figure 27). The hydrogenation of compour8with two
adjacent pyrrole rings in the macrocycles resulted in a low yield of the desired totally
saturated macrocyclE2 (30%) accompanied with several other products while comp8und
with alternated pyrrole and furan rings could be fully reduced efficiently with the formation of
13in 83% and with excellent diastereoselectivity.
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FID1 A, (WILLIAMM\WM356-01.D)

12 (30%)

20%

12% 9%
12
4%

4 6 8 10 12 14 16 18 min

FID1 A, (WILLIAMMYWM312-01.D)

13

13

4 6 8 10 12 14 16 18 min

Figure 27. GC analysis of the crude materials obtained after hydrogenation of the two
calix[2]furan[2]pyrroles 8 and9. Hydrogenation 08 (above); hydrogenation & (below)

The calix[3]furan[1]pyrrolel0 was reduced smoothly to gieempoundl4. The GC analysis

of the crude reaction mixture indicated the formation of only one major product in 87% GC
yield with no more starting materidlO (Table4, Entry 8).After recrystallizatios in EtOAc,

62 mg of compound4 were isolated by Guillaume in 8% vyield with a purity >99%
(Scheme22). Since compoundlO could be efficiently obtained in good quantities, its
hydrogenation was carried out in up to 1.0 g scale experiments. On the large scale experiment
(1.0 g of starting materidl0), the same GC yield were observed (87%) with around 1.0 g of
crude material After two recrystallizations (same procedure as compoli)d a small
decrease was observed in the isolated yield (71%) and the oily resulting filtrate did not
crystallize.
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H, (100 bars)
10% Pd/C (0.3 equiv.)

AcOH, 100 °C, 24 h

GC yield: 87%

14

77 mg scale (62 mg, 78%)
1.0 g scale (736 mg, 71%)

Scheme22. Catalytic hydrogenation of calix[3]furan[1]pyrrol®

To summarize the hydrogenation of calix[n]furambyrroles7 1 10 using our method with a
pressure of 100 bars of hydrogen, three compounds of the four isomers could be smoothly
reduced to their fuyl saturated analogues with good to excellent GC yields. In all reactions,
the consumption of the starting materi@ls 10 was always complete under these conditions
and no intermediates were observed as nm@joduct. We can affirm that the replacement of

at least one pyrrole ring in the macrocycle with its oxygen counterpart, a furan ring,
considerably changed the reactivity and allowed the reduction of the macrocycle to proceed.

3. Screeningof the hydrogenation conditions

Using the harsh conditions developed for the hydrogenation of calix[4]pyfrcddl the

macrocycles/ i 10 could be successfully fully hydrogenatddhe hydrogenation of th€,,

symmetric ligand8 was the least satisfactory as the diastereoselectivity of tlieggavas
disappointingly low and thereby the isolated yield was comparatively Tawtestif the

hydrogenation of our products required the application of these harsh condit®nsyied
the H, pressureArbitrarily we tested the hydrogenation ustogwo considerably reducedH
pressure (50 bars and 15 bars) and analyzed the outagmimgour GGbased analytics.

Reducing the pressure to 50 bars for the hydrogenation dramatically decreased the
amount ofl1 detectedo 3% GC yield(Table4, Entry 3) and mostly led to the accumulation

of severother products. Only 12 mg of crude material were recovered on the 20 mg submitted
to the hydrogenation. The major product was detected in 39% &3 yield) and the others
were between 6% and 12%e¢petively 3% to 7% GC yield) in the crude with the absence of
starting material. In view of this result we renounced to test this transformation at lower
pressures. The hydrogenation behavior of compduftdree pyrrole rings compared to four
pyrrole rings)shows a close similarity with calix[4]pyrrote High hydrogenpressures (100

bars) are also requirgd reduce the three pyrrole rings of macrocycla order to form the
wanted product 1.
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Hy, 10% Pd/C

(0.3 equiv.)
AcOH, 100 °C
7-10

7(X=Y=N;Z=0)

8(X=N;Y=2=0)

9(Y=N;X=2Z=0)

10 (X=Y=2=0)
Entry Macrocyclé P. (bars) Eriicg;}(;n Yields (GC)P19
1 11 100 24 3(18%)
2 7 100 24 11 (69%)
3 7 50 24 11 (3%)
4 8 157 100 157 24  12(30%)
5 olfl 100 24 13(83%)
6 9 50 15 13 (75%)
7 9 15 15 13 (65%)
8 10" 100 24 14 (87%)
9 10 50 2 14 (94%)
10 10 15 2 14 (89%)
11 10 15 1 14 (69%)
12 2l 100 24 42 (49%),4b (45%)

Table 4. Catalytic hydrogenations of calix[n]furanffpyrroles 7 i 10 compared to
calix[4]furan 2 and calix[4]pyrrolel. [a] The reactions were performed in an autoclave in
acetic acid at 100 °C under variable pressure usg 30 mol% loading of 10% Pd/C.
Without any indications the reaction was performed o0.(6 mmol scale [b] Yields
calculated by GC analysis and mass of the crodeerial;[c] No more starting material was
detected in these experimen@sale of the reactions: [@].47 mmol scafé™: [e] 1.05 mmol
scale][f] 2.23 mmol scale

To test the hydrogenation of the 3ymmetric macrocycl® we lowered the BKpressure to

50 respectively 15 bars leading to full conversadrthe starting materialSignificantly the
product distribution changed: reduced amounts of the macrot$chere observed (at 100
bars: 83%,; at 50 bars: 75% and at 15 bars: 65%J aele4, Entries 5 to 7). Th@resencef
intermediate®r side productsenders the purification process more difficattd we did not

find conditions were the hydrogenation formed an intermediate as major product. Using 100
bars of H pressure was kept as oueferred conditions for the reduction of the macrocgcle
However the reaction could be stopped after 15 h giving the same results as the 24 h reaction.
For the complete reduction of compoufido obtain compound.3 the pressure could be
drastically redued to 15 bars of hydrogen with only a negligible reduction in the yield of the
totally reduced macrocycle. The hydrogenatior® shows a different behavior compared to

the hydrogenation of the all nitrogen containing calix[4]pyrfole
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Testing the milder hydrogenation conditions usit@ at lower pressure also led to full
conversion after only 2 h of reaction. Even under these much milder conditions (50 and 15
bars) the GC yield 014 were excellentand the values of conversions wereeasiglly the

same independently of the Hressurdrespectively 94% and 89%) (TalleEntry 9 and 10).
Reducing the reaction tinte 1 h at 15 baran uncomplete transformatiomas observedith

a reduced GC vyield of 69% (TableEntry 11) On larger sale experiment (500 mg 4, 20

mg/ml compared to 4 mg/ml for the screening experinmgetite hydrogenation occurred more
slowly and an unsatisfactory 18% GC yield was obtained after 2 h at 15 bars. Increasing the
pressure to 50 bars allowed retrievingextellent 93% GC vyield (70% isolated yield) after
only 2 h with the same scale of 500 argd a 20 mg/ml concentration

Hydrogenation oB carried out at 50 and 15 baesalized by Guillaumeave similar results

than the experiment performed at 100 barth wiformation of compound4 in around 30%
(Table4, Entry 4). These results were reproducible in my hands. In order to have a clue on the
structures of the other products formed in this reaction a GC/MS was performed on the crude
material of a hydrogeniah of calix[2]furan[2]pyrrole8 after 2 h at 50 bars (Figur28).
Besides the presence of starting mategial these conditions, the profile of the GC spectra
was similar to the one obtained with our GC method: macroc}21€17.098 min) was
obtained as major product with several other compounds. This indicates that the formation of
the wanted compountR occurred quickly.

GC/MS analysis of the crude material revealed that most of the other products could be
reactional intemediates, where part of the eight double bonds has been reduced: 15.58 min
(three reduced double bonds), 16.18 min, 17.60 min, 17.68 min and 18.46 min (six reduced
double bonds) and 15.85 min (seven reduced double bonds). The analysis also revealed the
possible presence of another diastereoisomer of the fully reduced comp@aind 6.58 min.

No assumption was attributed to the second major product of the reaction with a mass of
433.4 at 17.84 min. None of these compounds were isolated.
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Figure 28. GC/MS analysis of the crude materials obtained after a 2 h hydrogenation of

compound8 at 50 bars. The exact mass of the peaks were presented as well as the
hypothetical number of reduced double bonds on the eight double bonds is showed in
parentheses.

These results meant the hydrogenation of macro&elas easily accomplished at low, H
pressure (15 bars) but ansufficient diastereoselectivity to the formation of the fully
saturated macrocycled was observed.

4. Hydrogenation of models 24 and 25

To understand the observed reactivity sequence for the hydrogenation of pyrrole rings
depending on the type of neighboring heterocycle, namely either pyrrole or furan, we intended
to study the hydrogenation of the small mo@Asand?25 (Figure29).

\NHHN/ \NH O/

24 25
Figure 29. Half macrocycle model24 and25

The synthesis of compoun24 and its hydrogenation int@6 were already described by
Guillaume Journot and Anca Pordea in our groDpyrromethane24 was synthetized
according to the reported procedure (Sch@®d'%® 11912 condensation of pyrrole in the
presece of TFA yielded dipyrromethan24 in one step. The purification was carried out
using a Kugelrohr instead of the purification by column chromatography. The isolated yield
and the purity of the product were not diminished by this change in the purifipatoedure.
Compound24 was submitted to the reported hydrogenation under 65 bars of hydrogen in a
MeOH/AcOH (4/1) solvent mixture at r.t. The reaction stopped after the reduction of only one
pyrrole ring with forming compound®6 in an excellent 81% isdled yield. Standard

55



Chapter 3

conditions led to the reduction of the two pyrrole rings2dfwith the presence of two
diastereoisomers in a 50/50 ratio (GC/M®)e presence a Brgnsted acid was required for
the reduction of pyrrole rir{g) of compound24. While acetic acid needed to be the solvent of
the reaction for the hydrogenation of macrocydds 10, the use of acetic acid as additive
with methanol as solvent, applying a-ptessure of 65 baendperforming the reaction at r.t.
was sufficient for thesuccessful transformation to the hedfluced compoun@6 in 81%
yield.

H, (65 bars),
Acetone (1 equ|v) 10% Pd/C
Z/ \§ TFA (0.1 equiv.) M (0.043 equiv.)
N MeOH/ACOH
H rt., 15 min \ NH HN (@/1).rt, 20 h \ NH HN
(8 equiv.) 24 (60%) 26 (81%)

Scheme23. Synthesis o4 and its hydrogenation 6

We hypothesized that the difficult reduction of calix[4]pyrrdleame from the presence of
adjacent pyrrole rings in the macrocycle. To explain our resbsrvedn the hydrogenation

of the calix[n]furan[4n]pyrroles 77 10, we were interested to compalese resultsvith the
hydrogenation of the model compoulsicontaining both pyrrole and furan ringSgure29).

We suggested that the presence of only one pyrrole ring should led to the full reduction of
compound5 under the following conditions: 65 bars of, MleOH/AcOH (4/1) at r.t

Compound25 was synthesizeth two steps starting from furatWe did not optimize the
synthesis as we just needed the compof@Bdas starting materiain order to test its
hydrogenation with the previouslyeported conditions for the hydrogenation of
dipyrromethaneA4.

The ortho-lithiation of furan by slow addition afi-BuLi to a solution of furan in anhydrous

THF at -78 °C followed by the addition of anhydrous acetone afforded the
dimethylfurylcarbinol27 in 46% vyield (Scheme24). The condensation of intermedia2&

with pyrrole was proceed following the procedure described by Brown and EtérRyrrole

and hydrochloric acid were cold at 0 °C in ethanol and therethylfurylcarbinol27 was
addeddropwise After stirring 2 h at r.t., treatment of the reaction and purification by silica
gel chromatography compou2® was isolated in 16% yield as colorldesorescenil. This
colorless oil slowly turned dark orange after few days in the fridge although it wasrider
argon.Nevertheless, thtH NMR and the GC afkellowsl6¥%yieldi dnot
observed in the condensation reaction is similar to the result of Brown and French (20%) and
confirm the drawback of this method for the synthesisatik[n]furan[4-n]pyrroles.
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1. n-BuLi K/ \> (1.15 equiv.)

(1.2 equiv.), N ' '
f/ \E THF, -78 °C, 40 min ]\ H S =
o 2 Acetone 0 HCI37% (0.3 equiv) \ NH O/

(1.2 equiv.), OH EtOH, 0 °C

-78° 25 (169
78 °C (1 h)tor.t. 27 (46%) thenr.t,2h (16%)

Scheme24. Synthesis of compourb

With compound?25 in hand we could proceed to its hydrogenation. According to our
successful hydrogenation of calix[2]furan[2]pyrr@avith alternating pyrrole and furan rings

in the macrocycle weattended to go to the complete reduction of both heterocycles of
compound25.

Model compound®5 was hydrogenated usirggmilar conditions used for dipyrromethad
(Scheme25). GC analysis of the crude material showed the presence of a major product in
90% accompanied with two minor products (4% each)-MECanalysis revealed that the
major compound is the wanted product resulting of the full hydrogenati®dh &urification

on neutral alumina afforded compou2@lin a low 28% yield. Purification on neutral alumina
revealed to be unsatisfying to isolate compo2@d

H, (50 bars),

10% Pd/C
(0.043 equiv. )
MeOH/AcOH
(10/1), rt,,15h 28 (28%)

Scheme25. Catalytic hydrogenation &5

The saturatedproduct28 possessstwo stereocenterthereforefour isomers could be drawn
(Figure30).

H H

NH O
R, S

i X i
NH (@) NH (@)
R, R S, S

Figure 30. Possible isomers @&8. Blue arrows: enantiomers; red arrows: diastereoisomers

NMR analyss revealed the presence of two isomers in the isolated fraction in §0&Mm

This observation could be easily affirmed with the methyl signals ofHNMR (Figure31,
above) and more easily with tH&C NMR where all the signals are doubled (FigBte
below). Compound 28 is therefore present as a mixture of diastereocisomeric pairs of
enantiomers (a total of 4 stereoisomers).
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The hydrogenation of the model compouwtiicontaining one pyrrole and one furan ring led
to the totally reduced compou28 whereas the reduction of its analod4ewith two pyrrole
rings stopped to the reduction of only one pyrrole ring.

Our model studies allow us to formulate empirical rulessifying the ease or inversely the
difficults to the hydrogenation of the mixed calix[4]furanopyrroles. The empirical rule states,
that neighboring pyrrole rings lead to a situation which makes the hydrogenation to the totally
reduced macrocycle difficulThis rule is compatible with the difficulties observed to reduce
calix[4]pyrrole 1 and calix[2]furan[2]pyrroleB. It could also explain the efficient reduction of
calix[2]furan[2]pyrrole9 and calix[3]furan[1]pyrrolel0 (Figure32). The only one compound
which did not follow the predictions using these models is calix[1]furan[3]pyr7ole
Although macrocyclé/ possesses thramntiguous pyrrole rings this product was efficiently
reduced to calix[1]tetrahydrofuran[3]pyrrolididd with a satisfying 69% GC yield.

These models could afford hints on the hydrogenation of macrocycied0 but other
parameters we did not identify should occur in the reaction allowing either an excellent
diastereoselectivity as observed with a uniquesteireoisomer for the hydrogenation7o®
and10 or low diastereoselectivity to the full saturated compound observed in the reduction of

25 9 10

Figure 32. Predicted hydrogenation of pyrrole rings based on our modéRdsd arrows:
difficult reduction; blue arrows: easy reduction
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5. Conclusion

The hydrogenations of three of the four macrocyélésand even ofl0 proceeded smoothly

to give the totally reduced ligand4, 13 and14 respectivelywith good to excellent yield and

in an impressive diastereoselectivity. Although macrocy8laad9 contain both two furan
rings and two pyrrole rings, the different positioning of the heterocyclgse§pectively By
symmetric, induced significant défence for their reactivitylsomer 9 with alternating
pyrrole and furan rings underwent the hydrogenation smoothly and with good
diastereoselectivitywhereas isome8 with adjacent pyrrole respectively furan ringfsowed
facilities to be reduced regarde the pressure of hydrogen submitted but a low
diastereoselectivity (30% vyield) wabtained The low diastereoselectivity observed in this
transformation is so far not explained.

Hydrogenation of model&4 and 25 showed that the reduction of two neighboring pyrrole
rings was more complicated compared to risguction ofa pyrrole-furan analoguelndeed,
hydrogenation of mode&t4 with two pyrrole rings under 65 bars of Btopped to compound
26 with the reduction bone of the two pyrroles in 81% vyield. Hydrogenation of mdztel
with both furan and pyrrole rings lead to the full saturated comp28ima 70/30 mixture of
two isomersunder50 bars of H). Hydrogenation of calix[1]furan[3]pyrrol& went in the
same dection with the need of our standard conditions (100 bars,ptdibe reduced to
compoundll. Reduction of7 carried out at 50 bars of;ldramatically decreased the GC yield
to 3%.

Two different conformations in the solid state were obtained among the four
calix[n]tetrahydrofuran[4n]pyrrolidines11i 14. In order to understand and find the reason of
these two conformations related to the N/O ratio and position in the macrocycle, a
conformational study was realized.
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Chapter 4, Conformational study of the
calix[n]tetrahydrofuran[4 -n]pyrrolidine s117 14

1. Conformations of calix[4]arenesand heterocalix[4]arenes

1.1. Conformations of calix[4]arenes

The archetypical calix[4]arenes are composed of four phenols or phenol derivatives linked
together in the twoortho-o r t-positidbns by methylene groups (Chapter 1). These four
methylene groups are approximately located in a plane accdalihg data from the crystal

structure determination by-kKy diffraction. It is generally believed that therdy data are
representative for the average conformation of these compounds in solution. The presence of
methylene groups allows a relatively dreotation of the aromatic groups. Four possible
conformers can be formed, as has been recognized first by CoffiBrtihese four
confor mers wer e named Racl ot neeron,a t Bglatrami dad th do)o2n
Gutsche depending on the position of the four phenol groups respectively thenpokitie

alkyl substituents in thpara-position of thef OH (Figure33a).1*?%

\' /
OH OH OH HO

cone

flattened partial cone

R R

1,3-alternate 1,2-alternate

Figure 33. Conformation of calix[4]arenes. a)ha four conformational isomers of
calix[4]arenesb) flattened partial conformation tdtraO-substituted calix[4]arenes

For the calix[4]arenrecomposed of phenol rings, the cone conformation revealed to be the
most stable. The consensus rationale for the preponderance of this conformer is to invoke the
hydrogen bonding between the fa@H groups The other forms are however also present in
solution but in lower concentrations. Bulky alkyl substituents in ghe-position of the

phenol groups blocked the rotation and locked the conformation in the cone conformer in the
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solid state. The-tert-butylcalix[4]areng(Figure 7), thanost studied calix[4]areseavith four

bulky tert-butyl groups, was the first compound to show this cone conformation in the solid

state as reported in 1978 The name fAcalixo of this family
to this observationA slightly change in the conformation is observed wkeme are all of

the oxygen atoms of calix[4]arereare substitutedThis is mainly observed witketraO-
substitutedcompounds which crystallized in the partt@ine conformationThese structuse

are often referred as dAflattened partial con
33b) [42, 124]

1.2. Conformation of heterocalix[4]arenes
1.2.1. Aromatic heterocalix[4]arenes

Like calix[4]arenes, their heterocyclic analogues calix[4]pyrroles and calix[4]furans are
flexible molecules with the same conformational properties. They can adopt the same four
conformatons as the calix[4]arenes (Figusd). While the cone conformation usually is the
most stable conformation for calix[4]arenes, it was shown by Sestsiiby calculation and

in the solid state that the laBernate conformation is preferred for calix[4]pyrrdfés*?”]

This 1,3alternate structure ids® the conformation reported in literature in the solid state for
calix[4]furans with methyl or cyclohexyl group at thesepostion.*?¢12%! |n the presence of
anions, the neutral macrocyclicalix[4]pyrroles undergo a change of conformatidne to
hydrogen binding of its fouf NH protons with the anionhe macrocycles adopt a cone
conformation(Figure34) 1125 1301311

H HH H HH
Vinta s\ I \_\7/

cone partial cone
A’

A3
~
N

H = L
Vi s\
T — i
. .- NN

1,2-alternate 1,3-alternate

Figure 34. Scheme of the four conformational isomers of calix[4]pyrfoéand the change of
conformation in presence of anion sources as described by $€5skeégure taken from the
publication

We report in this thesis the optimized synthesis of calix[n]furafpgrroles 71 10. Suitable
crystals of these foucompoundswere grown for Xray analysis (Figure5). The four
structures crystallized in the same tetragonal d?4”4 space groups in the solid state with
the 1,3-alternate conformation as the all nitrogen all oxygencontaining analoguesand?2.
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We are the first to report crystal structures of macrocyclasd8. The structures obtained by
our group and the previously reported structurdheriterature are compiled in Tab%e

8 — tetragonal P4,

9 — tetragonal P4, 10 —tetragonal P4,

Figure 35. Molecular structures and space groups of calix[n]furarjpyrroles 7 7 10
obtained in our study. Top views (left); side views (right)

Macrocycles CSD Refcodes Space groups

VUSFIY!H P-1
17 NNNN  VUSFIY01*!  pg
VUSFIY0213  pyg

71 NNNO  Us P4,
81 NNOO Us P4,
] DUDHEP™ P4
917 NONO Us P,
i} MOWKEOQO!™ P4,
1071 NOOO 0 P4,

KADPOU™® P4
27 0000 KADPOUO01™** Pp-1
KADPOUO2*"  P-1

Table 5. Space groups of calix[n]furan{d]pyrroles. Blue: structures obtained in our group

The calix[4]pyrrolel and calix[4]furan2 both crystallized in two different space groups: the
triclinic P-1 and in the tetragonal P4pace groups. The reportedray structures specified
that compounds®® and 10 had crystallized in the tetragon&4, and P4 space group,

respectively. The space groups of the two new crystal structures obtained for macrocycles
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and 8 both belong to the Pdgroup. Compound® and 10 crystallized in our hands in the
enantiomeric space group of the one reported in the lireraMacrocycle9 reported to
crystallize in the Pdspace group” was crystallized in the B4pace group in our hand.
Similarly the macrocycldl0, whose crystals were reported belong to thespdce group®
crystallized in the Pdspace group (Table 5).

1.2.2. Saturated heterocalix[4]arenes

The two fully saturated heterocgi}arenes known in the literature are calix[4]pyrrolidie
and calix[4]tetrahydrofurada and4b obtained by the hydrogenation of calix[4]pyrrdl@nd
calix[4]furan2, respectively (Figurg6).

4a —triclinic P1 4b — monoclinic C2/c 4a 4b

3 —monoclinic P2,/c

Figure 36. Structural formula and molecular structures determined-bgyXdiffraction of: a)
Isomers4aand4b of calix[4]tetrahydrofuran; b) calix[4]pyrroliding

Isomers4a and 4b of calix[4]tetrahydrofuran were the first representative of this class of
compounds reported by van Beylen to adopt the usudaltefhate conformation crystallizing

in the triclinic R1 space grouf§® In our group, these two compounds were synthesized by
Guillaume Journot and diastereoisordér crystallized in hishand in the monoclinic C2/c
space group. This new crystal still adopt thedl{8rnate conformation (FiguB6a).

Calix[4]pyrrolidine 3 reported by our group was the first heterocalix[4]arene which did not
crystallize in one of the four conformations of the calix[4]asefsnily.®® Compound3
crystallized in the monoclinic R2 space group and adopted a unique gikgeconformation
(Figure36b).
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2. Introduction to conformational study and polymorphism

X-ray diffraction together with NMR are the two most important techniques for the
determination of the structure of organic compounds. Molecular connectivity information
together with conformational data in solutiomdae derived from NMR experiments. NMR
data, howeverareharder to interpret than-Kay data andhey are often stronglemperature

and concentration dependent.

With X-ray diffraction, one can determine with high certainty the structure of organic
compainds and even their chirality. Beyond molecular structuregyXcrystal structures also
provide a wealth of information on molecular conformations as well as intermolecular
interactions involving neighboring molecules in crystals. In solution, molecuéefree to
vibrate, translate, rotate and even change conformations. In the solid state, however, (and in
perfectly ordered crystals in particular), molecules can only vibrate. This restriction in entropy
is compensated by the favorable interactions tlwéonles have in crystals (enthalpy).

Polymorphism is the ability of certain compounds to crystallize in more than one crystal
structuré®®! This phenomenon is of partiulinterest to the pharmaceutical industry because
most drug are delivered as crystalline solid forfi¥§! The challeges with polymorphism are

that 1) the phenom@on remains unpredictable angltBat changes in polymorphic form may
have important effects on the properties of a materialekample, a change in polymorphic
form may impact materials properties such as stability, hygroscopicity, color, mechanical
properties, solubility or dissolution rate, some of which are keyioavailability>"!

Polymorphs can be very similar but they can also differ significantly in structural aspects such
as crystal symmeg, number of symmetrically independent molecules in the unit cell, the type
of interactions present in crystals and even their conformations. Polymorphs displaying
significant changes in their conformations may be referred toCasformational
Polymorphd™®®13? Conformational polymorphs are of particular interest to the scientific
community because they differ in properties more significantly than polymorphs and they
may also be much harder to realize expentally(compared to packing polymorphism when

the difference is a result of a crystal packinbhis is the case, for example, of compounds
that need to access higimergy conformers in solution in order to crystallize in their most
stable polymorphic fion.*4%!

There is a lack of understanding of how solution chemistry may affect rocational
preferences in solution and therefore alter the outcome of crystallizations. In this regard, we
present here a combination of computer simulations, crystallization experimendy, X
diffraction analysis together with solution NMR in order f9:determine conformational
preferences in the cafiXtetrahydrofuran[4n]pyrrolidines 111 14 synthesized in this thesis,

2) understand the ability of these compounds to crystallize in several polymorphic forms with
various conformations an8) understand the relationships between solution conformational
preferences with the crystallization outcomes.
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3. Methods

3.1. Shorthand nomenclature of the studied compounds

The saturated macrocycle$l i 14 synthesized in this thesis consist of cgljarene
derivatives containing all possible combinations of four saturated-niembefrings
containing eithepyrrolidines or tetrahydrofuraa For clarityand to avoidepresentingach

time the structures of compoundisi 14, we will usein this chaptethe abbreviatiorfi alixo

to refer to these compounds followed by four letters corresponding to the nature of the
heteroatoms in the rings in consecutive order. For exaroglig; OOOO 4a corresponds to

the all oxygen containing derivative, tloalix-NNNN 3 corresponds to the all nitrogen
containing derivative andalix-NONO 13 corresponds to the compounds with 50:50
pyrrolidine:tetrahydrofuran alternatgdigure 37). The molar fraction of oxygen @X or
nitrogen (%) is defined as the amount of oxygen/nitrogen atoms of the total of the four
heteroatoms present in the calix compound.

3 - calix-NNNN 11 - calix-NNNO 12 - calix-NNOO
Xny=1.0 XN =0.75 XN =0.50

13 - calix-NONO 14 - calix-NOOO 4a - calix-O000
XN =0.50 XNy =0.25 XN =0.0

Figure 37. Nomenclature of the calix[n]tetrahydrofuranppyrrolidines used in this chapter

3.2. Computational methods(calculations done by Prof. Aurora Cruz-Cabeza)

CSD searches A search of the Cambridge Structural Database (E8BfY! for crystal
structuresof calix-compounds returned two entries with CSD refcodes DIVVOT and
MUYWOT.

Stability of the various conformations in the gagphase Analysis of the conformations
found in the structures of DIVVOT and MUYWOT confirmed thiz calix-compounds may
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display two main conformers (Figur@d): 1) a bowtike conformer and?) a platelike
conformer (see below for more information). Based on these, structures of bowls as well as
plates were generated with aid of the opeftwareAvogadp™*®! for all the calixcompounds
synthesized in this thesis.

Figure 38. Bowl-like (above and platdike (below)conformatons found in the cal0OOOO
4aandcalix-NNNN 3

We note that in thbowl geometry, rings 1 and 3 (containing atomsaKkd X) are equivalent

and rings 2 and 4 (containing atomg afd X;) arealso equivalent. As we can see ilgire

38, rings 1 and 3 have the GI€H, atoms pointing inside the bowl. By contrast, rings 2 and 4
have the CRHCH, atoms pointing away from the center of the bowl. If we were to introduce a
nitrogen ring, then, it coulbe sitting in a ring pointing inwards or pointing outwards the bowl
center.We will refer to these configurations as N_#ri and N_ringOUT (Figure 39).
These two configurations can be easily interconverted by rotations of the all rings
simultaneouslyad they have different energies.

We also note that the position of the proton on the nitrogen atoms is not resolvednajth X
diffraction and so several swonformations of the bowls and the plates need to be
considered. Nitrogen atoms display pyramsition and so the proton can be located in two
configurations. We will refer to these configurations as-INH when the proton points
towards the center of the bowl/plate, and-BHJT, when the proton points away from the
center of the bowl/platéFigure 39). These two configurationéNH-IN and NHOUT) can

have significantly different energies and need to be computed separately. We note that these
configurations might interconvert via pyramidalisation of the nitrogen. As the nitrogen
content increases, soo&s the number of configurations that need to be considered for
simulations.

Molecular geometries for all bolplate conformations were generated with the considerations
of the configurations above. This resulted in a tot&@different moleculageometries.
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N_Ring-IN

N_Ring-OUT

Figure 39. Configurations N_Ring (IN and OUT) and NH (IN and OUT) considered for the
bowl conformation of calbB®NOOO 14

The molecular geometries were then geometry optimized in th@hgae using density
functional methods with van der Waaisrrections with the software GAUSSIANH$Y For

this, the B97d functiona*® was used together with the3a+G(dp) basis set. Geometries

were fully relaxed in the ggshase and molecular frequencies were calculated. Free energies
at 298 K were then computed from the vibrational analysis. Energies and free energies were
given as the difference between the confornmeten study and the most stable conformer for
each family of compounds.

'H NMR analysis. Temperature dependetit NMR analysis were recordagsing a Bruker
Avance 400 spectrometer operating at 400.13 MY énd 100.63 MHzfC). *H NMR
spectroscopghemical shifts are quoted in ppm relative to CRGE 7.26 ppm).

PIXEL calculations. PIXEL calculations were used to evaluate the energetics between
individual pyrrolidine and tetrahydrofuran rings at different distances. This was done in order
to undestand the relative changes in stabilities between plates and bowls. The PIXEL method
allows theevaluation of intermolecular interactions at a good accuracy and with a relatively
low computational cost. The method treats molecules as a grid of approyih@teloints
(pixels) grouped in super pixels where the electron density is derived from the wave function
of a QM calculation.
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Figure 40. Dimers of THF and pyrrolidine placed at 2.84 A

Geometry optimisations of tetrahydrofuran as well as pyrrolidine were performed at the
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B3LYP/6-31G(d,p) level of theory in the gabhase and using GAUSSIANO9. Electron
densities were then derived from those geometries at the NBRZI@,p) level of theorgnd

were used to derive the PIXEL grids. Rings were then oriented pointing the heteroatoms at
each other and the shortest distances found in the bowl conformations, which was 2.84 A
(Figure 40). The intermolecular interactions were then evaluated as theo§yixel pixel

interactions in the system with the program OPIX. The total PIXEL energy is given the sum
of the independent contributions to the intermolecular energy: coulombic, static polarisation,

dispersion and repulsion.

Crystal Structure Optimisations and Energies.Density Functional Theory with van der

Waals corrections (DF@) was used for crystal geometry relaxations of the crystal structures

presented in this chapter. Structural relaxations were performed allowingosdible
structural parameters to relax (unit cell parameters as well as atomic positions). The PBE

functional*® was used with PAW pseudopotentis'“® a n d

t he

Gri mmeods

corrections (d23*® as implemented in the VASP 5.3.3 cét¥8°® The Brillouin zone was
sampled usg the MonkhorsPack approximatidi?® and a variety of point grids.
Structural relaxations were halted when the calculated force on every atom was less than
0.003 eV/A. VASP energies are given per unit cell and so they were dividbé hymber of

molecules in the unit cell for normalization. Energies presented in the text are always given
relative to the most stable crystal structure.

3.3. Experimental methods

Microscopy. Images of thecalix-crystals were captured onZeiss Axioplan 2polarising

microscope with aid of the Linksy software for image editing.
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Melting point measurements.Melting points of thecalix-crystals vere measured with two
methods: 1 visually using a hestage plate linked to the 88 Axioplan 2 microscope ang 2

using a Buchi 510 melting instrument. For this, compounds were heated up € 2@0y

fast (10 °C/per minute) and then the heating rate was reduced to 2 °C/per minute until melting
was observed. On cooling to room temperature (via fast cooling), retrgiah
temperatures were noted.

Differential Scanning Calorimetry (DSC). DSC experiments were performed using a
Mettler Toledo DSC 30 instrument controlled by Mettler TC15. A start temperature of 30 °C
and a heating rate of°&/min were used up to anfil heating temperature of 280 °C. Between

2 and 4 mg of the solid sample was used for the DSC experiments.

4. Conformal aspects of the calix[n]tetrahydrofuran[4-n]pyrrolidine s111
14

4.1. Stabilities of bowls and plates

The energies calculations of both bowl and plate conformations forocadigkcompoundin

their different possible geometries were compiled in Table 6. Blue values represent the most
stable conformation of each macrocycle considering both bowl and plaesnBed values

are the lowest energy geometries calculated for the alternative less stable conformation (very
often one or several structures with the same conformation have lower calculated energies
than the lowest energy structure with the alternatimeformation).We notice that the most
stable conformefor all compounds is always aoWwl-like conformer except for thealix-

NNNN 3. As the content of nitrogen increases, the plate conformations become more stable
relative to the bowl ones.

The 57 geomteies were drawn and classified according to their growing calculated energy
(Figure 41). We can notice that in several cases the-@tE prefer to have theirNH
pointing in the macrocycle. This could be observe for ddNOO 12 (bowl-1), calixNONO

13 (bowl-1 and bowA3), calixNNNO 11 (bowl-1 and bowd4) and calixNNNN 3 (bowl-1

and bowd2). This could be explain by the fact of the charge of tid tried to point toward
another oxygen or nitrogen atom. The long distance did not allow a hydrogendbndl it
certainly promoted this type of geometries. Considering ¢4@OO0 14, the i NH of the
ringsOUT prefers to point outside the macrocycle (b@wompared to bowd).
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Cor(")E’NO)“”d Bowl-Models* RE RE+ZPE RFE  PlateModels RE RE+ZPE RFE
0000 Bowl-1  ---- 0.0 0.0 0.0 Platel --- 70.6 68.1 64.2
Bowl-1  i--- 0.0 0.0 0.0 Platel i--- 42.0 38.1 325
NOOO Bowl-2 -0-- 8.2 4.4 1.7 Plate2 o--- 58.9 54.4 53.8
(0.25) Bowl-3 o 11.1 87 6.1
Bowl-4 -i-- 18.8 17.3 13.2
Bowl-1  0O-i 0.0 0.0 0.0 Platel ii-- 26.3 24.7 239
NNOO Bowl-2 o-0 10.8 95 105 Plate2 io-- 31.0 314 31.1
(0.50) Bowl-3 i--i 11.3 13.1 139 Plate3® oo- - - -
Bowl-4 i--0 19.4 20.6 19.2
Bowl-1 -o0-i 0.0 0.0 0.0 Platel i-i- 22.0 170 7.4
Bowl-2 o0-0- 6.5 1.4 1.6 Plate2 i-0- 28.2 25,0 211
NONO Bowl-3  -i-i 9.8 7.0 5.6 Plate3 o0-0- 428 39.9 38.6
(0.50) Bowl-4 o-i- 133 11.0 89
Bowl-5 -0-0 14.3 11.9 5.6
Bowl-6 i-i- 19.4 20.4 18.1
Bowl-1 o-oi 0.0 0.0 0.0 Platel ioi- 5.7 7.7 6.1
Bowl-2 -ioo 0.6 34 4.5 Plate2 oii- 19.6 20.2 215
Bowl-3 o0-00 8.2 7.0 7.1 Plate3 iii- 19.8 20.6 18.9
Bowl-4  -ioi 51 82 104 Plate4 ioo- 18.9 215 228
Bowl-5 -oo00 12.2 121 131 Plate5 oio- 21.9 241 22.8
NNNO Bowl-6  o-ii 9.9 13.7 17.0 Plate6 o000 39.4 40.1 40.7
(0.75) Bowl-7 -0ii 10.3 155 16.8
Bowl-8 i-00 15.9 19.1 178
Bowl-9 -iii  18.2 209 22.0
Bowl-10 i-ii 17.6 23.4 25.6
Bowl-11 i-io 19.6 2511 233
Bowl-12 -oio 23.0 26.8 26.7
Bowl-1  oioi 7.8 6.1 54 Platel oioi 0.1 1.5 0.0
Bowl-2 oioo 8.5 9.2 125 Plate2 oiii 0.0 0.0 05
Bowl-3 oooo 17.3 134 151 Plate3 oo0ii 27.8 258 204
Bowl-4 iioo 16.5 18.0 195 Plate4 iiii 33.0 27.2 26.6
N(T.IEI);\I Bowl5 iioi  19.0 200 211 Plate5° oooi - . i
Bowl-6 ioii  21.6 257 28.1 Plate6® oooo - - -
Bowl-7 ooio 26.9 28.6 30.6
Bowl-8 ioio 24.2 29.7 31.2
Bowl-9 iiii  33.3 35.3 385

Table 6. Relative energies (RE), relative energies plus zero point energies (RE+ZPE) and
relative free energies (RFE, 298 K) for the models consid@&tezlenergies are always given
relative to the most stable model for eacmpound, usually the most stable bowl. Values are
given in kJ/mol.*Ring order: RirgN (1), RingOUT (2), RingIN (3), RingOUT (4); i =
NH-IN, o = NH-OUT; ®There geometries convergexla different one via amine inversion
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Calculations of the plate formg calix-NNOO 12 afforded the same energies for pidtéone

TNH-IN and oneéf NH-OUT) and plate3 (two T NH-OUT) (Table6 and Figure4l1). Geometry

plate3 with the twoi NH-OUT revealed to be unstable and automatically converged in the
plate2 configuration bymigration of ai NH in the macrocycle. This inversion of geometry

was also observed with calNNN 3 for which plate5 (threei NH-OUT) and plates (four
TNH-OUT) underwent the same inversion of geometry (Téldad Figuretl). Interestingly,

plate6 of calix-NNNO 11 with threei NH-OUT did not converge to another configuration but

a significant difference of energy was observed compared to the other plate geometries (> 17
kJ/mol Table6).

calix-O000 4a

Bowl-1

calix-NOOO 14

Plate-2
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calix-NNOO 12

Plate-2

W I—=z

Bowl-

calix-NONO 13
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calix-NNNO 11

Plate-3

.
AN

H
I
N

Plate-4 Plate-5 Plate-6
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calix-NNNN 3

Plate-4 Plate-5 Plate-6

Figure 41. The 57 possible geometries (bowl and plate) of eadmpounds3, 4aand11i 14

The most stablealculatedoow! and plate conformatiorere visualizedn Figure 42 together
with their relative free energies.
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Calix-O000  Calix-NOOO Calix-NNOO Calix-NONO Calix-NNNO  Calix-NNNN

64 kl/mol 33 kJ/mol 24 kJ/mol 7 kJ/mol 6 kJ/mol 0 kJ/mol

Figure 42. Geometries and relative free energies (298 K) for the most stable(@loate)
and platgbelow)conformations of the sigalix-derivatives

4.2.Why does the oxygen/nitrogen content affect the stability of the plate
conformation?

In order to understand what the effect of oxygen/nitrogen content in thecoatipounds

have on the stability of the plate dormers, we performed some PIXEL interaction energies

on dimers containing pyrrole and thetrahydrofuran (THF). The dimers were generated using
orientation and distances found in the plate conformers of the var@ixscompounds.

PIXEL interaction energgof these dimers are presented @bl 7. As it canbe seen from
Table 7, dimers of pyrrolidiné pyr robhindi mpegyrrol i dineéTHF are
values). The coulombic, polarization and dispersion interactions are all stabilizing with the
repul sion being also relatively important.
becomes unstable by 15 kJ/mol. Amagysis of the various terms of PIXEL enagireveal

that this is due to diavored coulombic interactions. Having two oxygen atoms in close
proximity is just disfavored. This would explain why as we increase the content of oxygen in
the heterocalix[4@rene molecules, the plate conformations became considerably less stable.
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Etotal EcouI Epol Edisp Erep

PyréP -4 30 13 -14 53
PyréT -6 29 11 -12 46
THFé THF 15 15 -3 -5 8

Table7.P1 XEL energies for the pyrrol iTHFréadHFyrr o
dimers as presented ingEre40.° Energies are given in kJ/mol

43.Summary of conformero6s stabilities

In summary, compoundgalix-O0O0O0 4a, calix-NOOO 14 and calix-NNOO 12 do clearly
prefer the bowl conformations to the plate conformations.cklix-NONO 13, calix-NNNO

11 andcalix-NNNN 3, the stabilities of the plates and bowls are all within 7 kJ/mol difference
(relative free energies, Tab®. For calix-NNNN 3, the plate is favored over the bowl
conformations.

We notel that adjacent rings are located closer to each other than opposite ringsafixthe
compounds. This can explain why ttaix-NNOO 12 andcalix-NONO 13 compounds have
very different conformatinal energies for the plate forms.

5. Crystallographic aspects othe calix-compounds

5.1. Previously known forms
The crystal structure of cahl®OOO (DIVVOT):

- Z6 =11, P

- Bowl conformation (as predicted)

- Main interaction is dimer type

- Predicted morphology ishunky crystals

The crystal structure of caiNNN (MUYWOT)

- Z6 =4, P2

- Plate conformation (as predicted)

- Main interaction is a-timension chain (continuous)
- Predicted morphology is needles

8 Energies cited inable7: Ecoul = coulombic interaction; Epol = polarization interaction; Edisp = dispersion
interaction; Erep = repulsion interaction

77



Chapter 4

(100)

(+100)

Figure 43. Predicted crystal morphologies (BFDH, upper) and dominant intermolecular
interaction (lower)observedn the crystal structures @hlix-OOOO 4a and calix-NNNN 3
(DIVVOT and MUYWOT, left and right respectively).

5.2. Crystal structures of the calix[n]tetrahydrofuran[4 -n]pyrrolidine s117 14

A set of crystallization experimentsas performed for all compounds until crystals large

enough for Xray diffraction were obtainedingle crystalsof calixx-NNOO 12, calixxNONO

13 and calixNOOO 14 were gown using ethyl acetate as solvebifficulties to grow a

crystal sufficient for an Xay diffraction analysisvere observed with caikINNO 11 using

ethyl acetateCrystak wereobtained as very thin and fragile needles and the structure could

not be déermined. A single crystal of caiXNNO 11 was successfully grown by slow
evaporation of dichloromethank the same time, crystallizations were tested in presence of
acid to crystallize a salt and s-posiiorrotthet he po
heteroatoms. A satif calixx-NNNO 11 with TFA as acid was obtained and is presented in the

annex (agel63d).

As previouslydescribedthe calix-NNNN 3 and calixOOOO 4a isosters were either present

in the solid state in thbowl-like or the platdike conformers (Figurd3). In Figure44, the
conformations observed in the crystals are summarized indication at the same time the
observed space group of the latticalb)cNNNO 11 and calix-NONO 13 crystallized in the
monoclinic PZ/c ascalix-NNNN 3 and present the same phitee conformation. The other

two derivatives, the calBNOO 12 and calixNOOO 14 belongto the triclinic R1 and
showed the bowlike conformation previously observed withlix-OOOO4a. The molecules

are totally disrdered therefore the differentiation between the oxygen and nitrogen atoms in
the crystal was not possible. The structures has been rdinédme Stoeckli and the
occupancy of each atom was fixed for each site depending of the macrocycleNSBIx

11: N 0.75, O 0.25; CalbhNNOO 12: N 0. 50, O 0.50Calix-NONO 13: N 0. 50, O 0.50;
Calix-NOOO14: N 0. 25, O 0.75).
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Intramolecular hydrogen bonds were detectedaiix-NNNO 11 and calix-NONO 13 but it
was not the case faalix-NNOO 12 andcalix-NOOO 14. The bowtlike conformation is not
Asuitableo for hydrogen bonding because the

Triclinic P-1

Monoclinic P2,/c ' Triclinic P-1

Figure 44. Molecular structures and space groupshaf calixcompoundsa) calixNNNO
11; b) calix-NNOO 12; c¢) calixNONO 13; d) calix-NOOO 14. N-H---O hydrogen bonds are
shown as blue dotted lines. Toews (left); side views (right)

Together with the two already knowtiray structureswe havehe collectionof six different
crystallinestructuresThe structures can beasisified in three main type$) Triclinic-(bowl),

2) Monoclinicl-(plate) and 3 Monoclinicll-(plate). This classification is possible because
some of thecalix-derivativesare isostructural Calix-OOOOQO 44, calixx-NNOO 12 and calix
NOOO 14 are isostructural andrystallized in thericlinic P-1 space group with similar cell
dimensions.Calix-NNNN 3, calixNNNO 11 and calixNONO 13 are isostructural and
crystallized in the monoclinic R2 space groupsvhere calixNNNN 3 crystallized in
different cell dimensions compared to calthNO 11 and calixNONO 13. A summary of
the crystal structures adopted by thesalix-compounds and their crystali@gphic
information is given in Ilgure45andTable8.
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Triclinic-Bowl Monoclinic-Plate-ll Monoclinic-Plate-I
0000, NOOO, NNOO NONO, NNNO NNNN

Figure 45. The three types of crystal structures found for the vagalis-compounds

e Monoclinic-II - Monoclinic-I-
Structure type Triclinic -bowl (plate) (plate)
X-Ray
Structure Code DIVVOT ) ) ) ) MUYWOT
Molecular O0O0OO0 NOOO NNOO NONO NNNO NNNN
Structure 4a 14 12 13 11 3
Conformation Bowl Bowl Bowl Plate Plate Plate
Space Group P-1 P-1 P-1 P2/c P2/c P2/c
a (A) 10.379 10.511 10.509 6.262 6.261 20.825
b (A) 11.028 11.047 11.084 17.128 17.128 6.331
c (A 12.882 12.894 12.699 25.187 25.187 21.050
U )( 80.0 80.0 80.3 90 90 90
b )( 70.2 69.7 69.8 104.3 104.3 108.3
2 )( 71.8 71.8 71.3 90 90 90
T (K) 300 300 173 173 200 173
R-factor (%) 7.2 4.7 7.1 10.9 4.2 9.9

Table 8. Summary of crystallographic information for the previously known forms
(DIVVOT, MUYWOT) and the new crystabfms discovered in this thesis

5.3. Microscopic morphologiesof the calix-compounds

Images of the crystallites grown for each oé ttalix-compounds are given inigure 46
except for thecalix-OOO0O4a, which was not resynthesized in this thesis.

Compounds having the plate conformatiam$he crystalglisplay needles of slightly different
aspect ratiogFigure 46). By contrast, crystals of compounds having the bowl conformers
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appear as chunky prim§he stacking of plateformed by the calibderivatives in their plate
conformation gives rise ttavorable continuous interactidiigure 43). Due to this stacking
interaction crystal growth is clearly favored the directionof the stackstesulting in needle
morphologies. Theacking of the calixderivatives present in thdmowl conformationshows
dimers as shown inigure 43. Dimer formationis presumably a fagivent. As the dimers are
satisfying, packingf those dimers into the crysthas not a particular directional benefit in
any specific directionAs a consequence, crystal grovides a good chance e similar in all
directions resulting in chunky crystals.

Bowls

Plates

Figure 46. Images of the growth crystalsder the polarized microscope

5.4.Behavior of the compounds upon heating and melting

Melting points of thesénitial set of crystals wergecorded and are summarized iable 9.
Together with the melting experimer(apillary and micro hestage melting pointsDSC
measurements weresal recorded.

These crystals showed a strange behavior upon mefing unexpected special behavior
madethe actual measumeentof the melting point€omplicated with both method$he heat
fluxed measured bpSC did not show any endothermic evémt adl compoundsThe DSC
showed no event at all at the transition temperature measured Wediiag was completely
undetectable via this techniqueo heat flux during the heating (experiment repeated twice).
We then useda hotstage microscope and a BudiO instrumentto observe the changes
during heating of our compound¥he melting points recorded by both methods difiler
(Table9).

For the melting point determination using the -btatge under the microscopeewsed
unpolarizedight as well as crospolarized light.Both visual detections gave the same results
and no special behaviaould be detected using polarized light. We observed transitions
between the crystals as it is at room temperature and completegm€&hia observation is
illustrated in kgure 47 with calixx-NNNO 11. A pre-melting or sintering phenomena,
consisting of the only melting of the shape of the crystals, was observed before the real
melting point of the middle of the primitive cell (on a mordess wide range of temperature

81



Chapter 4

depending of the compound). This ynelting may vary depending of tlehosen crystal to
observe under microscope and could make the distinction of the melting point difficult. Once
the melting point was observed, the heat was stopped and the resulting liquids were cooled to
r.t. Recrystallization fronthe melting were someties observed with one or both techniques
(Table 9). Pictures taken from the melting at different temperatures using the microscope
were shown in the annexdgel69).

Moreover, he discrepancy of melting temperatures between thethge microscope andeth

Buchi instrument as well as the big ranges of melting @tix-NNNN 3 24571 269 °C)
suggests that perhaps various events may be taking place. The samples turned brown in
various cases. Hence, there is the possibility of melting and decompositiorriraccur
simultaneously. Further investigation is needed to understand the behavior of these materials
upon heating.

Melting le;til:tg Recrystallization
Compound Conformation Morphology Point (°C) =C) (°C)
Microscope Buchi Buchi/(microscope)
O0004a Bowl - - - -
NOOO14 Bowl Prisms 246 227-229 223(183)
NNOO 12 Bowl Prisms 238-239 - -/(167)
NONO 13 Plate Needles 242 227-228 120-
NNNO 11! Plate Needles 249255  238-240 No recryst.
NNNN 3°! Plate Needles 245-269 278 255-

Table 9. Summary of melting points for the crystals obtained in this stiialy.This
compound is only pure to 80%, which could affect the real melting point. Only the
microscope melting point was measured but we expect this number not to be very accurate
due to thempurities.[b] calix-NNNO 11 andcalix-NNNN 3 compounds became brown upon
heating so it is possible that they start decompodiegdy before the melting point

Figure 47. Photos of two crystals of caidNNO 11 taken under the microscope at three
temperatures: 190 °C (no changes with r.t.), 240 °Gr{eking was observed) and 255 °C
(melting point)

82



Chapter 4

5.5.1s polymorphism and conformational polymorphism possible for these
compounds?

All the studiedcalix-compounds3, 4a and 11 7 14 are similar. The only difference is the
isosteric replacememtf the heteroatoms which can be either NMOs reasonable to assume
thatthis family of compoundsnay adopt similar crystal structurdse to similar packing of

the isosteric mlecular units The three compounds presenting tilewl conformation
crystallized in three isostructural triclinic forms. The three remaining compounds crystallized
in the plate conformationsThe observedspace groups of the crystals @& monoclinic
forms (Figure45).

In order to do a first theoretical evaluation as to whether polymorphism (and conformational
polymorphism in particular) is possible fthmis class ofcompounds, all siof the calix
compounds were optimizedto the three knowrattice types experimentally observetihe
relative energes o ach compound fAsgue e zypedwere icatctlated t h e
The results are expressed for each compaealadive tothe energy value calculated for the
bowl conformation inserted into theiclinic lattice (= reference valueA summary of the
conformational free energies and relative lattice energies for all the compounds is given in
Table 10. Green values indicate the experimental observations whilst yellow values indicate
thepossibleoccurrence opolymorphs.

According to the predictia calix-NOOO 14 and calix-NNNN 3 should be capable to
crystallize indifferentlattice dructuresas the lattice energy might compensate the difference
in energy between the two conformations (see €4dOO 14 in Table 10).Calix-NOOO 14
showed identical relative lattice enerfyy the monoclinicll-(plate conformationcompared

to the reference vatucalculated for the insertion of the bowl conformation in to the triclinic
lattice (O kj/mol, Table10). Based on the calculation thi®smpoundshould be able to show
polymorphism. These calculations also revealedlgttite observed focalix-NNNN 3 was
notthe most stabléorm. According to our calculations threonocliniclattice by the presence
of the plateconformation is the most stabtzystalline form attainableSurprisingly, the
calculation indicates also that tlkeystalline form obtainednjoroclinic-I-(plate) is slightly
less stable thrathe monoclinicll-(plate)form by 5 kj/mol.
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Conformations Crystal

Relative Free

Energy Relative Lattice Energy (kJ/mol)
Compound @ Observed (kd/mol) Observed

Triclinic-  Monoclinic- Monoclinic-
Bowl Plate

(bowl) I -(plate) [-(plate)
Triclinic -
0000 Bowl 0 64 0 53 61
bowl
Triclinic -
NOOO Bowl 0 33 0 0 11
bowl
Triclinic -
NNOO Bowl 0 24 0 8 22
bowl
Monoclinic-
NONO Plate 0 7 0 -21 5
[1-(plate)
Monoclinic-
NNNO Plate 0 6 0 -17 0
Il -(plate)
Monoclinic-
NNNN Plate 6 0 0 -7 -2
I-(plate)

Table 10. Summary of relative conformational free energies for bowls and plates of the
calix-compoundg3, 4aand11i 14) and relative lattice energies for the three types of lattices
expected for these compoundaeen shadows indicate structures observed experimentally;
yellow shadows indicatdattice structues which should be accessible according to the
calculated energetics

6. Conformational studies by’H NMR analysis in solution

NMR spectroscopy is an invaluahiteol to study structure and dynamics involving molecules
either in solution or solid state. Processes such as proton exchange or conformational
interconversion may be monitored by variatdeperature NMR spectra, provided the
interconversion rate is orné time scale of the NMR experiment. It was demonstrated by
Kammerel®® and then GutscHg® that temperaturdependenttH NMR is a valuable
technique for observintheinterconversiorbetween conformers of calix[4]arene

Figure 48 shows simulated spectra for a tsibe exchange as the rate constlardf the

process is progressively increased, from bottom to top. The parameters assumed in these
simulations are given in the caption. It can be seen that, when no exchkeglace, i.e.,
whenk = 0, two well resolved peaks may be readily identified, corresponding to the two
different chemical environments at shifis= 240 Hz andg = 160 Hz (0.6 and 0.4 ppm for

'H spins at B = 9.4 T). As the rate constant of the exchange/interconversion increases, or
alternatively, as the temperature is increased, a progressive broadening of the peaks is
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observed, until coalescence of the two peaks into a single broadek or50 §'). As the
temperature is further increased, a narrowing of this single average peak at)/2 = 200
Hz (0.5 ppm for'H at 9.4 T) takes place. Figu#® shows simulations analogous to those of
Figure48in the case where the two sites in exchange are ih efo. It is worth noting that,

in the fastexchange regime, in this case, the average environment is BQt-ads}/2.

k(s
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3000 ./ \‘f
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Figure 48. Simulated NMR spectra corresponding to two sitesaat 240 and3a = 160 Hz

(0.6 and 0.4 ppm for protons in a 9.4 T magnet) in 1:1 ratio as the exchange rate &sstant
progressively increased. A line broadening of 0.5 Hz was assumed for both peaks. The two
chemical shifts whek ~ 0 are indicated by dasthénes
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Figure 49. Simulations analogous to those of FigdBfor two sites in 3:1 ratio

When the coalescence temperature is reached, therist rate constark,. may be readily

determined byQ A3 7W¢, wh ®is the clemical shift difference when k ~ 0 Hz. At
any other given temperature, the rate constant may be determined by numerical fit of the
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experimental lines hapes. The Gi bb s"(inakcal/molj eah beaherasiyn er gy
determined by the Eyring equatidfd t® x Tt p 1T Y& £€-Q p ® p Ywhere T is the
temperature in K.

Interesting informatiomight be obtainedstudying the 'H NMR of calixNOOO 14 andcalix-
NNNN 3 and their possible temperatelependence. According to the calculations the two
compounds were predicted to crystallize in different lattice structures. Correlating the
observed crystal structures, the calculated predictions and the tempdeggenelene of the

'H NMR spectra might allow obtaining a complete picture of the conformational behavior as
well in solution as in the crystalhe first NMR characterization of ogalix-compoundsas

done with the goal to fully and unequivocally characterizetbkecular structureafter their
synthesis The'H NMR spectra otalix-NOOO 14 andcalix-NONO 13 had to be measure at

low temperature tobtainthe *H and**C NMR spectra suitable for the fudittribution of all

the observed peakih contrast thealix-NNOO 12, calix-NNNO 11 andcalix-NNNN 3 could

be easily analyzed at room temperatéelow temperaturéH NMR spectra were needed for

the complete attribution of the peaks of califONO 13 this compound was added to the
NMR study. Thereforethe 'H NMR spectraof the three compoundslix-NOOO 14, calix-
NONO 13 andcalix-NNNN 3 weremeasuredt variable temperatures frofb °C to+55 °C.

The'H NMR spectra of alix-NNNN 3 measuredrom -55 °C to+55 °C did not reveal any
dynamic conformational procesfigure 50) The signal which undeewnt the most
pronouncedcchanges was the amine signal of the pyrrolidine rings at around 2.1 ppm. At low
temperatures @uto-15 °C) thei NH did not exchange withihe traces ofvaterin CDCkL. The

TNH coupled with the te equivalent neighboring protons (positions 2 and 5) therefore the
signal was a tripletAt higher temperatusghe exchangéetween thé NH andwaterbecame
fasterand the couplingvas lost. Theesultingi NH peakbecomes broade€oncomitantly all

the potons become broader, which indicates that the process observed MHtsegnal and

due to thei NH signal is not exclusively suppressing the coupling due to an exchange
mechanism. Our tentative interpretation attributes these effects to protedepiaionation

of the pyrrolidine nitrogen atoms due to the presence (formation) of HCI by the solvent. This
interpretation is compatible with the broadening of all the observed signals.
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Figure 50. 400MHz *H NMR spectra of alix-NNNN 3 IN CDCl; at variabletemperatures
(from -55 °C to +55 °C)

The studies of the low temperatuitd NMR spectraof calix-NONO 13 showed a similar
behavior (Figure 51). Moreover, v observd a considerable temperature dependent
diamagneticshift of thei NH signalby 0.203 ppm (Tabl&l) and concomitantly a broadening

of the signal by increasing the temperature fr&% °C to +25 °C. A temperature dependent
diamagneticshift was also observed for all the other peaks. It may be notified that a bigger
shift was obsefed for the protons located in thiposition of the nitrogen atom (+0.070 ppm)
compared to the protons in théposition of the oxygen atom (+0.015 ppm) (TablB. A
pronounced chemical shift of the protons Hb of the pyrrolidine rings was observedy+0.18
ppm) accompanied by <coal esi,e2b ¢@.Atwhe tlowestt h e
temperature of55 °C, a new series of points started to appear (FiBR)rel'he occurrence of

this new series of peaks @5 °C is a clear indication of the occurrendeanother minor
conformer. Unfortunately further characterization of this isomer is hampered by the
temperature limiimposed by the solvent. Signs of dynamic processes were observed with
calix-NONO 13.
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Figure 51. 400MHz *H NMR spectra of alix-NONO 13 in CDC} at variable temperatures
(-55 °C to +25 °C)

Chemical shifts U (ppm)
T(C) CH ( CH (

50)  ofNH) i NH 1 2 26 3 iCH;  iCHs

3.646  2.841 2115 1.631 1.539 1443 ~1.397 0.797 0.743
(+0.015) (+0.00) (-0.203) (+0.038) (+0.088) (+0.029) (+0.185) (+0.088) (+0.07)
+5 3.643 2813 2156 1.623 1.521 1434 1361 0779 0.728
-15 3.640 2788 2254 1.614 1499 1428 1274 0760 0.714
-35 3.627 2787 2301 1.607 1.471 1421 1228 0732 0.684
-55 3.631 2771 2318 1593 1451 1414 1212 0709 0.673

+25

Table 11. Chemical shifts observed in tHel NMR analysis of calbx®ONO 13 in CDCh
depending of the temperature of analysis. Differences between the chemical shifts observed at
-55 and +25 °C were shown in parentheses
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Figure 52. 400MHz 'H NMR spectra otalix-NONO 13 in CDCk at-55 °C. *: New series
of points observed only at this temperature
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Figure 53. 400MHz *H NMR spectra of calsNOOO 14 in CDCk at variable temperatures
(-45 °C to +55 °C). Blue points: first coalescence; red points: supposed second coalescence

The calixNOOO 14 showed complex behavior of thtH NMR spectra at variable
temperatures (FigurB3). As the temperature increases, the signals foratfi€-H) in the
saturated heterocycles coalesce into large averaged signals. The same effect can be identified
for the signal group attributed to the €gtoups. These coalescences are represented as blue
point in Figures3.

The pr ot oposition ohthetktermatotds (around 4.0 ppm and 3.5 ppm) seemed to
undergo a second coalescence (red point, Fig8reat around +35 °C into an even larger
signal from 3.0 to 4.5 ppm. At higher temperature, this signal seems to be split into new
signals. The temperaturenit of the solvent did not allow studying this process further.

For the methyl signals resonating at 0.94 and 0.8 ppm (Tempefatt@e Figure53) a new

peak started to appear around 0.90 ppm (nmedsat +55 °C) between the two broad signals
representig the methyl groups at temperatures higher than +35 °C. This new peak is
indicating the occurrence of a second dynamic process. In the temperature rangtsftom

+55 °C the'H NMR spectra of the compound calWO0OO 14 are compatible with the at least
two independent dynamic processes with two different activation energies.

Methyl peaks at 0.924 ppm and 0.904 ppkh MR spectra at45 °C) ppm were chosen for
simulation of dynamic NMR using the WINDNMR software as additional tool to prove the
existence of dynamic NMR processes occurring in compound-N&®O 14 (Figure 54).
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We based the simulation according to thgeximental results obtained at the lowest
temperature performed4b °C) on the 400 MHz Brucker machine: a proportion of 77/33
(peak (a)/peak (b)) and a difference of 8 Hz between these two peaks.

Simulation of DNMR 2 Spin (08-02-2016, 15:35:36)

Simulation of DNMR 2 Spin (08-02-2016, 15:36:25)
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Figure 54. Simulation of dynamic NMR (DNMR) of selectedethyl groups of calBNOOO
14 at variable rate constant using WINDNMR software. Chemical shifts of the signdB at
°C were showed as dotted line: red (peak (a)); blue (peak (b)). Simulated rate constant (k, in s

1) was highlighted in yellow

As the rate constamtwas increased, peak (b) disappeared and coalesced with peak (a). The
simulation was very close to the observations made by the experimental NMR by increasing
the temperature. Therefore we can justify the existence of dynamic NMRdretivese two
peaks. Consideringvalues of = 0; 3; 12 and 20" ghe peak (b) disappeared. No significant
differences were observed betwden 20 andk = 30 s' so the coalescence should be around

20 s'. With a fast exchange of 50 the average pediecame thinner.

Calculation of the first rate constagt with the formula'Q

A 3 VG affordedQ

17.8

s* (chemical shift of peak (a) and (b) taken4% °C).The Gibbs activation enerdyp &) at

the coalescence was thereftfe

®XT PN Yaé-Qpwpy poEAAI.I
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7. Search for polymorphs forcalix-NOOO 14

Calix-NOOO 14 was crystallized in the triclini¢bowl) conformation. According to our
calculation this compound could also crystallize in the monoellrfplate conformation
(Table 10). Different crystallizations experiments were realized trying to crystallize-calix
NOOO 14in this monoclinieplate Il conformation and show polymorphism.

7.1. Crystallizations experiments
7.1.1. Crystallizations in different solvents

Recrystallizations of the caligompounds were usually carried out in EtOAc. A new set of
crystallization with calixNOOO 14 were performed using several solvents in which the
compounds was successfutigluble at r.t. or by heatin@able12).

Solubility

2
Entry Solents at It Hot Crystals®
1 Heptane Yes - Crystals on the walls
2 Toluene Yes - Crystals (small squares) on the wai|$>-1
3 Dioxane No Yes CrystalsA Pbca
Ethylene glycol :
4 dimethyl ether No Yes Big needles on the walls Pbca
Kind of cr I r n th lIs, n
5 isopropylether NG Ves ind of ¢ ystqs as a tree on the walls,
single crystals
5 Benzyl alcohol NG Yes No evaporatiom, solution was heated, nc
crystals
7 MeOH NG NG CH,CI,/MeOH (1/1)

Crystals (prism) but no single crystals

Table 12. New set of crystallizations of caiXOOO0 14

Calix-NOOO 14 was put into small tubes (betweg® i 2.0 mg) and few drops of solvent
were added. Heptane and toluene as solvent allowed the solubiliaifidrat r.t. (Tablel2,

Entries 1 and 2). A minimunamountof these solventgtypically 0.2 mL)was added to
solubilize calixNOOO 14 and then the tubes were placed into vials. The other solvents
reported in Tablel2 did not solubilize calix-NOOO 14 at r.t. Homogeneous solutions were
obtained by warminghe solutions withthe heat gun (Tabl&2, Entries 3 to 6). CalixNOOO

14 was insoluble in methanol $0H,Cl, was added to solubilize the starting material in a 1/1
methanol/dichloromethane mixture (Taldl2 Entries 7). The small tubes were placed into
vials to avoid the solvent evaporation. After one week at r.t. no precipitation was observed.
Holes were drilled into the plugs with needles to proceed at a slow evaporation of the
solvents. The slow evaporationthe solvents allowed the precipitation of ca0OO 14 in

few days. With the use of heptarend isopropyl ether as solvents, cali0oOO 14
crystallized over the wallsThese crystals were given to analyze imraX diffraction but
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unsuitable crystals we obtainedTable 12, Entries 1and 5). A white powder was obtained

with the use of dioxane as solvent (Tablk® Entry 3). The 1/1 mixture of
methanol/dichloromethane gave small prisms after the evaporation of a part of the solvent
(Table 12, Entry 7). No single crystals among these prisms were found by Mme Stoeckli
Evans. Since benzyl alcohol has a high boiling point (205 °C), no evaporation of the solvent
was observed at r.The tube was put into the fridge but no crystaliian was observed after
weeks(Tablel2, Entry 6).

The tubewith ethylene glycol dimethyl ether as solvgatvebig needles on the walls after
slow evaporation of the solvent (Tald@&, Entry 4). This was the firstexperimentforming
needledrom crystallizationexperiments obf calix-NOOO 14. Thecrystals were suitable for
X-ray determinationDespite the macroscopic aspect of taBx-NOOO 14 crystals the Xray
structure determination showed that the molecules had-@mvbrmation.The molecules
were crystallizing in a nevgpace group, the orthorhombic Pbca space group. Despite the
promising macroscopic aspect of the crystal the crystallization had not placed the molecule in
the predicted plateonformation.This structure determination proofs that compound €alix
NOOO 14 can crystallize in different polymorphic formsAnalyses of crystals grown in
dioxane and toluene afforded the sammsvl-conformationpreviously observeth Pbca and

P-1 space groups, respectively.

7.1.2. Seeding experiment

In order to influence the crystallizatiaf calix-NOOO 14, seeding experiments were also
tried. This method consist of adding a crystal (= the seed) into a solution of the wanted
compound in order to start the crystallization. This method is mainly used to crystallize
molecules in a specific pghorphic forri*"**® and to crysillize single crystal of
protein!>%160

In our case, the idea was to add a crystal of ¢@adNO 13 (the monocliniell-(plate
conformation) into a supersaturated solution of eBIXOO to influence the conformational
organization during the crystallizatioExcesscalix-NOOO 14 was solubilized ina small
amount ofhot EtOAcleaving some solid undissolved ligand as sdligis pracess guarantees
the creation of a saturated solutidie excess of soli(lindissolved ligandjvas filtered with
hot glassware and a needle of cdli©ONO 13 was quicklydroppedinto the val. Since we
worked with asaturated solution, the precipitationoccr ed qui ckl y thdder ef or
to be addedjuickly to the solutionto avoidspontaneousrystallization. Several experiments
were performed in order to correctly master the technique. After the addition eNEINO

13 at r.t, a quick precipitatin of calixNOOO 14 into very small cubes was observed within
second. The Xray determination of the cubes revealledt calix-NOOO 14 had crystallized

a second timen the Pbca space group.
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7.1.3. Crystallizations at high temperature

Our NMR studiesuggest thalynamic processes occurred waddix-NOOO 14 at55 °C.We
testedcrystallization ofcalix-NOOO 14 at higher temperatuseisingtwo solvents: CHGland

EtOAc. CalixNOOO 14 was dissolved in CHG| respectively EtOAc, in NMR tubes. These

NMR tubes were plungein anoil bath and heated overnight at 65 °C. Since the NMR tubes

are long thin tubes, the solvents did not evaporate immediately because the vapor condensed
along the walls. In these conditions, the solvents slowly evaporated overAghtalix-

NOOO 14 was recovered as white solid in the tube containing GH{S solvent.
Unfortunately the quality of the crystals obtained with EtOAc was not suitable -fay X
structure determination.

7.2. Polymorphic form found

Our trials to crystallizecalix-NOOO 14 in new polymorphic forms has been partially
successful: the crystallization experiments gave a new type of crystals with a different unit
cell, but showing the same conformation of the molecule as the one obtained in our first
structure detenination. The calixNOOO 14 has crystallized in two polymorphic forms: the
triclinic P-1 and the orthorhombic Pbca fosmin both forms the conformation of the
macrocycle is bowshaped. The crystallographic information and the molecular structure of
the Aca form are summerized irafle13 and kgure55h.

Structure type Orthorhombiebowl
Molecular Structure NOOO14
Conformation Bowl
Space Group Pbca
a(A) 12.099

b (A) 24.722

c (A) 17.524

U ) ( 90.0

b )( 90.0

2 )( 90.0

T (K) 203
R-factor (%) 51

Table 13. Crystallographic data of the Pbca form of caioO0 14

The two triclinic R1 and orthorhombic Pbca forms of caNbNNO 14 are very similar
(Figure55). On the side views of the structures (Figbiseright), aligning the two furan rings
positioned opposite one another in the macrocycle revealed a slight change in the positioning
of the rest of the structure. With this view, the two groups of methyl im#ssposition are

almost aligned in the-B form which is not observed in the Pbca form.
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Figure 55. Comparison of the oilecular structuresf the R1 and Pbca forms ofatix-NOOO
14. a) R1 form; b) Pbca formTop views (left); side views (right)

8. Conclusion

The conformational study of th&x calixcompounds3, 4aand111 14 in the solid phase
provided for the first time justifications on the presenceheftwo different conformations
observed experimentallyamelythe bowl-like and platdike conformationsThe presence of
oxygen atomglose to each other in the macrocycle led to the {mmnformation mainly
cause by coulombic interactions. Thereby, ca@iRO04a, calixx-NNOO 12 and calixNOOO

14 with adjacentTHF rings present the bovdonformation. Although the presence of
supplementarjnydrogen atom of the pyrrolidine ring in the macrocycle strongly increase the
repulsion interaction (by 38 kj/mol), the other interactions all staktiiegolateconformation.
Calculations of the relative lattice energies of the six eadmpounds forhte three lattices
observed experimentally (one bewand two plateconformations) allowed identifying cahx
NOOO 14 as good candidate for polymorphism with the same lattice energy for the triclinic
P-1 (bowtlike) andmonoclinic P2/c (platelike) spacegroups.These directions allowed us to
crystallize calixNOOO 14 in the new orthorhombic Pbca (boiike) lattice.
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The conformational study in solutidsy 'H NMR at several temperature$% °C to +55 °C

in CDCL) of the three calbNNNN 3, calixNONO 13 and calixNOOO 14 revealed the
presence of dynamic processes. Once again,-N&®0 14 was the compound showing the
most changes with a complex behavior when the temperature was increased with the
coalescence of several signdsr this compoundye were limited by the boiling point of the
solvent (61.3 °C) and welieve we only observed a window of the full properties accessible
with the NMR techniqueThe use of deuterated toluene, solvent in which €d®@OO 14 is

soluble at r.t., could afforddditional information with a wider range of temperature (boiling
point = 110.6 °C)Further analyses in conformal studfythe calixcompounddogether with

NMR andcomputational methods
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Chapter 5. Preliminary work on the synthesis of transition
metal complexes using calix[n]tetrahydrofuran[4
n]pyrrolidine sas ligands

1. Introduction

1.1. Tetraazamacrocycles as ligand

Polyazamacrocyclesf adequate size and form can be tuned for efficiggtial complexatio.

They are in general more powerful ligands than tlegar polyaminegounterpartsCyclam

andits derivativesareone of the most used saturated macrocyclic polyamines in coordination
chemistry (see pagel2 Chapter 1).Nowadays, metal complexesof cyclam derivatives
containing one or severpendanfarms connected to nitrogen atom(s) are increasingly studied
in the development of novel therapeutic ageespeciallyfor the complexation of copp&4d

and zinc cation§%*'% The coppe4 complexes presented in Figure 56a with a
(methyl)benzoic acid or a bis(phosphinate) side arms found applicatiadiiabeling®

1641 Bjcyclam derivatives (Figure 56b) are also studied and this class of compound shows
strong antiHIV activities **!

‘r\/F"\/r}’\R-
OH OH
(R'=H or OH)

Figure 56. Recenfpharmaceuticatyclamderivatives

1.2. Reported complexes of heterocalix[4]arenes
Complex of calix[4]tetrahydrofuran 4a

In his paper concerning the synthesis and crystal structure determination of
calix[4]tetrahydrofuranda and 4b, van BeyleR*! also reported the crystal structure of a
complex of isomera with lithium picrate. The structure crystallized in the orthorhombic
Pbca space group (refcode DIVVUZ). In this lithium complex, the four oxygen atoms binding
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the cation are located in the same plan and formed the baseyf ffat square pyramidlhe
lithium cationis formingthe ip of the square pyramid (Figus®). Although the isolation and
characterization of compounth has been reported over thirty years ago, this lithium picrate
complex is the only structure of a metal complex of this type afocgcles reported so far.

a) b) O;N - ?

Figure 56. X-ray structures of calbOOOO 4a and its lithium picrate complex reported by
van Beyler? a) free ligandcalix-OO0O0 4a; b) structure and molecular formula of the
lithium picratecomplex (refcode DIVVUZ)

Complexes of calix[4]pyrrolidine 3

With the successful synthesis and characterization of-BBiXNN 3 previously reported in

the group, complexation studies were also undertaken using transition fefalseries of
transition metal complexes could be easily synthesized by the group. An equimolar amount of
calix-NNNN 3 and a metal salt was heated to reflaxEtOH. ThethreeCu', Ni" and Pd'
chloride complexeswith calix-NNNN 3 as ligand were synthesizedand structurally
characterized. In a subsequent study te" acetateand chloride complexes were
synthesize®® The structures of the five metal complexes are very similar and are illustrated
here by the Nicomplex (Figuré7). The four nitrogen atoms and the cation are arranged in a
same plan (quadratiplanar arrangement). The fouUNH bonds point in a perpendicular
direction to this plane. The two chlorides or the corresponding anions are situated above or
below of this plane directly above or below the metal cation.
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Figure 57. Molecular structure of the NCl, complex of calixNNNN 3 with thermal
ellipsoids drawn at the 50% probability level. Dotted lines indicate’ GHinteractions
(solvent molecules and most hydrogen atoms have been removed for'®arity)

In a proof of concept study on the suitalilaf the metal complexes using our ligand our
group studied the catalytic epoxidation of alkeméth the Mn'" acetate complex using
hydrogen peroxideReasonable to good yields of product could be obtairsiny theMn"
acetate complex as catal{’§t The biggest disadvantage hampering the use of the metal
complexes of calBNNNN 3 are: 1) the low yield of the ligan8 (8% yield starting from
calix[4]pyrrole 1 obtained in our standard conditio(@3 equiv. of Pd/C)2) the need of a
large excess of Pd/(®.5equiv.) to accomplisthe full conversion of the starting materaadd
higher yield 75%). The hydrogenation under our standard conditions of the-@aidpounds

7, 9 and10 mixing nitrogen and oxygen atoms in the macrocycle gave much petids 35

I 78%). The saturated compoundd, 13 and 14 are good candidates for the synthesis of
novel heterocalix[4]arene complexes.

2. Synthesis of transition metal complexes

Having developed the optimized synthesis of calix[n]tetrahydrofurajyrrolidines11i 14
sufficient quantities of the mixed macrocycles became available. With the goal to characterize
the reactivity of these mixed ligands and to compare their reactivity with the parent
compoundsl and 2, we started a preliminary study on the synthesis ofsifian metal
complexes of these ligands. The two c&li®ONO 13 and calixNOOO 14 showed the best
overall yields (36% and 33% respectively) and are more accessible in large quantities. For this
reason these two compounds were chosen for the first set pfecation studies. Moreover

the two free ligands showed different conformations in the solid state: a plate conformation
similar to calixNNNN 3 for calixx-NONO 13 and a bowl conformation for caiXOOO 14

similar to theconformation othe heterocalix[4]@nesandcalix-OO004a.
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2.1.Calix-NONO 13 as ligand

The first two tests of complexation were carried out with cobalt and nickel (cobalt chloride
and nickel chloride). The colors changed in a characteristic manner during complexation (see
Table 14). The general procedure for the complexation was the following: -CHINO 13

and the metal salt were added in equimolar amount to 1.0 mL anhydrous EtOhlLinials.

The vials were sealed and the mixtures were magnetically stirred at 108chR€n{e26).
Reactiors werestopped after 4 h of stirring. The reaction mixtures were cooled to r.t. and the
solvent was removed. The crude materials were purified by filtration over neutral alumina
(Al203) in a Pasteur pipette using gE,/MeOH (99/1) as mobile phase.

MCI, (1.0 equiv.)
EtOH, 100 °C,4 or 18 h

29 (M = Co, 48%)
30 (M = Ni, 47%)
31 (M = Cu, 93%)

Scheme26. Synthesis of complexe2i 30. 29: CoCl, EtOH, 100 °C, 4 h30: NiCl,, EtOH,
100 °C, 4 h31: CuCh, EtOH, 100 °C, 18 h

The isolation of the products was facilitated by tleaitor. The crude29 and crude30 were
obtained as purple and yellow solids, respectively. Remaining starting material was also
isolated during the purifications indicating that the reaction were not completed after 4 h.
Crude 29 and 30 were solubilized in a CjLl/cyclohexane (1/1) soleins and slow
evaporation of these solutions gave big purple and yellow needles of condx¥880) and
30(47%), respectively (Tablé4 andScheme26).

Observed colors
Metal salts Metal salt in Reaction
Metal salt . . Pure product
solution mixture
Clear purple )
CoCh* Purple Blue p P Purple solid
solution
Clear yellow Clear
NiCl,* Yellow with yellow Yellow solid
precipitates solution
lorl )
CuCb Brown Yellow Colo .ess Blue solid
solution

Table 14. Colors observed in the different steps of the complexation reactions using calix
NONO 13 as starting material. *: The same colors were observed with the use eNCAIO
14 as starting material
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An identical experiment was carried out with copper chloggeept that the reaction was
stirred for 18 h in EtOH at 100 °G¢heme26). Filtration on alumina in a Pasteur pipette
(CH.CIl/MeOH, 99/1) and crystallization of the resulting solid in aChicyclohexane (1/1)
solution afforded comple&1 (93%) as bluaeedles after the slow evaporatmfiithe solution.

A longer reaction time allowed the full conversion of the starting matéBalith a
significant increase of the isolated yi@ldmpared to the two reactions stopped after 4 h with
cobalt chloride andiokel chloride

Analysis of these three set of needles WRMS and Xray diffraction confirmed the
structures of the complexe&® i 31 (Figure 58). The mass of the complexes losing one
chloride was detected in the HRMS analyses@)l. The X-ray structures were very similar
to the structures obtained with caMNN 3 as ligand®® Whereaghe X-ray analyss of the
free calix-compoundsl1i 14 showed disorder, no disorder was observed in comp@Xes
31 The oxygen and nitrogen atoms couldliféerentiated.

29 — monoclinic P2,/c 30 — orthorhombic Pnma 31 — monoclinic P2,/c

Figure 58. Molecular structures and space groups of compl22ds31. Top views (above);
side views (below). a) Goomplex29; b) Ni-complex30; ¢c) Cucomplex31

Distances between the metal and the heteroatoms in the solid stegpated in Table 15

The distances between the central metal and the nitrogen or oxygen and heteroatoms are
relatively close in the three complexes although the three metals, especially the nickel, have
differentionic radius (onic radius (in pm)Co' = 88.5; NI' = 83 and Cli = 87). The largest
difference observed are the distances between the metal and the oxygen atoms between the
nickel and the copper complexep( @1 ) a n@2) ay(rédpectively 0.14%nd 0.199

A (Table15) The two chloride ams are notocalizedat the same distances of the metal. In

the three complexes, the chloride atom pointing in the same direction of the eight hydrogen
aomspositioned on the asymm&tHr iacOlicddsebtothe at oms
metal @istane M-Cl, in Table 15)compared to the other chloride atom jCVariations of
distances and geometry of the macrocyclic structure keeping the four heteroatoms in a same
plane should be limited in the complexes. If the metal possesses the appropriate ionic radius
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for complexation, the distances in the resulting complexmostly imposed by the structure
of the ligand.

Metal Distances  Metal Distances Metal Distances

COMPISXS Niogen  (A)  Oxygen (&) Chloride ()

CoN; 2.1184(16) CoO; 2.2414(13) CoCl, 2.4824 (5)

29 CoN, 2.1220(17) CoO, 2.2433(13) CoCl, 2.3673(6)
20 Ni-N;  2.0881 (17) Ni-O; 2.2278 (10) Ni-Cl;  2.4636 (6)

Ni-N,  2.0932 (18) Ni-O, 2.2279 (10) Ni-Cl,  2.3568 (6)
a1 CuN; 2.0429 (12) CuO; 2.3412(10) CuCl; 2.3975 (4)

CuN, 2.0451(13) CuO, 2.3478(10) CuCl, 2.3224 (4)

Table 15. Distances between the metal and the heteroatoms in comp@¥e31l. Standard
deviation are shown under parentheses

2.2.Calix-NOOO 14 as ligand

Two complexation reactions were carried out with cAlR@OO 14 as ligand using cobalt
chloride or nickel chloridas metal saltsScheme?7).

MCI, (1.0 equiv.)

EtOH, 100 °C, 24 h

32 (M = Co, 89%)
33 (M = Ni, 93%)

Scheme27. Synthesis of complexe32 and33

The reactions were carried using the same procedure as the complexation WANOSDX

13 however the reaction time was prolonged to 24 h. The color changes were identical to
those observed when caldONO 13 was used as ligand (Tabl®4). After 24 h the
transformation was complete and the solvents were removed under reduced pressure. The
cruck solids were dissolved in a @El,/cyclohexane (1/1) solution and after evaporation of

the solutions, crystals &2 (89%) and33 (93%) were obtained as purple and yellow needles,
respectively. Analysis of these needles HRMS and Xray diffraction confirmed the
structures (Figur®&9). The loss of one chloride was also observed in the HRMS analyses of
compounds32 and 33. The X-ray structures with caltNOOO 14 are very similar to the
previously obtained structures with caMONO 13 and calixNNNN 3. As the complexe29

T 31, no disorder was observed in these two complexes. The distances between the metal and
the nitrogen and oxygen atoms were shown in Tabl&Hé distances are similar between the

two complexes. The most notaldifference is observed between the metal and the nitrogen
atom with a difference of 0.@8 A. In both complexe82 and33, as in the three complexes
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chl ori de

atom in

t he

O) is closetto the metal than the other chloride atom (Table 16).

Figure 59. Molecular structures of complex&2 and 33. Top views (above); side views

32 — monoclinic P2,/c

(below). a) Cecomplex32; b) Ni-complex33

33 — monoclinic P2,/c
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sambdlHdamndc Ui

Complexes Metal- Distances Metal Distances Metql— Distances
Nitrogen (A) Oxygen (A) Chloride (A)

CoN; 21397 (12) CoO; 2.1768(10) CoCl;  2.3990 (4)

32 Co0O, 22112(10) CoCl, 2.3646 (4)
CoO; 2.2088 (10)

Ni-N; 2.107 (13) Ni-O; 2.1776 (11) Ni-Cl;  2.3756 (5)

33 Ni-O, 2.1959 (11) Ni-Cl,  2.3345 (5)
Ni-Os  2.1947 (11)

Table 16. Distances between the metal and the heteroatoms in compRaed33. Standard

deviation are shown under parentheses

3. Conclusion

Five novel transition metal complexes were successfully synthesized and characterized by X
ray diffraction. Both ligands13 and 14 led to the synthesis of very similar structures

compared to complexes already synthesized in the group witAMIENN 3 as igand.The

complexation could be easily envisaged on a wider range of metals and could afford new

structures for catalytic applications.
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Chapter 6

Chapter 6. Ring opened intermediates with 1,4iketone
function: a platform for synthetic modifications

1. General introduction

The key reaction for our synthesis of calix[n]furamipyrroles is the oxidative ring opening
of the furan ring(s) in calix[4]furar?. This transformation yields unsaturated or after
hydrogenation saturated 21gdketone functions as part of the macrocyclic skeleton. The
retrosynthetic approach to calix[3]furan[1]pyrrd@is illustrated in Schem28.

21 22a 2

Scheme28. The retrosynthesis of calix[3]furan[1]pyrrol&0 highlighting the monaing
opened unsaturat&Paand saturated intermediat2s

These 1,4iketones imbedded in the macrocycle allow many chemical transformations
leading efficiently to a great variety ofovel derivatives: formation of imine derivatives
(Schiff bases), oximes, reduction to alcohols either by adding hydrides (addition of H
organometallic reagents), 324d d i t i o n-unsaturatiorn af intéimelia22a (Michael
addition) to mention only a few possible transformations. The two ketone functions are part of
the macrocycle. Including the tdiketo function into a macrocyclic structure may influence
the reactivity and/or the selectivity of the transfornmatid/e focused our preliminary work

on the modification of the most simple intermedia?dsand 22a of this class, where the
calix[4]furan 2 has undergone only one rhagpening reaction. The Figuf® illustrates some

of the envisaged interesting modifieats starting from these two intermediates.
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21:R = -CH2-CH2-
22a: R = -CH=CH-

\1‘)

Figure 60. Modifications envisaged for the transformations of intermedater 22a a) and

b) Reduction of keto function starting froBi (and respectively22a). c) Michael addition
from 22a d) Reductive amination fron21. e) and f) oximes and respectively imines
formation from21

A single crystal of ringppened, hydrogenated compoudl was successively grown. Its
structure is presented in Figus& compared to calix[4]fura®. Themolecule crystallized in

the triclinic P-1 spacegroup with the typical 1;alternating conformation of the three furan
rings, very similar to the conformation observed for the calix[4]fafhe angle between

the two plaes defined by the two carbonyl groups is 34.57 ° and the carbonyl double bonds
are pointing into opposite directions.
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Figure 61. Structure of compoun@l as determined by Xay diffraction compared to
calix[4]furan 2. Top view (left); side view (right). The points are the positions of the atoms
resulting on the inversion of the two carbonyl groups (red points: oxygen; grey points: carbon;
white points: hydrogen). a) compouit b) calix[4]furan2

The conformation of th intermediate21 is rather similar to the conformation of the
calix[4]furan 2, if one considerethe arrangements of the three furan rings. The introduction
of the 1,4butadione unifust creates a linker between the two quaternary carbons connected
to the -pOsitions of the furan rings. The linker imposes a longer distance and thereby
enlarges the internal cavity delimited by the macrocyclic structure. This novel architecture
allows selective modifications of the two keto functions. These structurakisasamight

form a set of interesting ligands with tailored properties. A selected number of the possible
transformations was tested with the goal to obtain and to characterize the novel structures.
Optimization of the process was not the primary goahm stage of our investigations.
Another important objective of our studies was the exploration of the reactivity of these
special diketones characterizing the influence of the macrocyclic structure on the chemical
reactivity.
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2. Synthesis of calix1,4-diol

2.1.Inspiration

Toward the end of the 3entury, chemists are not solicited to just synthesize molecules but
to furnish enantiomerically enriched compounds of high purity. This need has focused the
activity of the synthetic community on asymmetric synthesistereoselective synthesis. The
IUPAC def i ni t i o nsteedseldctive syntheses is emchenscal reéction (or reaction
sequence) in which one or more new elements of chirality are formed in a substrate molecule
and which produces the steramieric (enantiomeric or diastereoisomeric) products in
unequal nccarding o dUPAC definition the term asymmetric synthesis is used
for stereoselective synthesis of chiral compounds. The most efficient approach to the
synthesis of enantiopure compounds is the so calteghtioselective catalysis (earlier term
used: asymmetric catalysis). Initially this approach was almost exclusively based on the use of
metal catalyzed reactions, introducing the enantioselective element by tuning the ligand.
Powerful enantiopure catalgsbased on preferred ligand structures are used to promote these
asymmetric reactions in stoichiometric but preferentially in catalytic amounts. Twe well
known catalysts possess a -iljdl function: BINOL® and TADDOL (Figure 62). The
application of thesdwo chiral ligands has been widely reported in the literature. The
advantages of these two w&hown ligands are: an easy preparation, a good affinity with
several metals in different oxidation states, a high versatility and their successful application
in various types of enantioselective reactioffg®”!

Figure 62. Two widely used 1,4iol ligands in metal catalyzed enantioselective catalysis (a
and b) compared to the target structure edlkdiol. a) R)-BINOL; b) structure of generic
TADDOL; c) targetectalix-1,4-diol

Reducing both keto functions present in the structure of intermeztlashould afford an
interesting molecule containing a 4d4i o | function bearing 4+ wo qu
position of the two diols (Figuré2c). The reduction of kix carbonyl groups atlinto a 1,4

diol function was studied to form the targeted cdlj#diol structure.

Lt/ v iB¥2&aphtholE m Q
19|UPAC namé:,h h' h'-tetraaryt2, 2-disubstituted 1,3dioxolane4,5dimethanol
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2.2.First synthesis of calix1,4-diols 34aand 34b

Three reducing agents were tested, namely sodium cyanoborohydride {BMBHodium
borohydride (NBH,4) and lithium aluminium hydride (LiAlz). NaBHCN, a weak reducing
agent, is usually used for the transformation of imines to amines typically in a so called
reductive amination reactions. The reduction of ketones to alcohols is usually not achieved by
this reagent:®® We tested the reaction with NaBEN as a reference. We wanted to make
sure, that no reaction occurs between sodium cyanoborohydride and con2gouihe goal

was to use this reagent in a reductive amination reaction using the macratyole
derivatives of this macrocycle as added ligaree (3agel15).

When compoun@®1 was treated with NaB4€CN in EtOH at reflux for 2 mo reaction was
observed The unreacted starting material was quantitatively recoveredin the crude
material (Tablel7, Entry 1, pagell4). NaBH;CN was a suitable reducing agent in our tests
of the reductive amination.

Under the same conditions, the use of NaBbl reductive agent led to the formation of two
products with greatly differentRralues in TLC (Cy/EtOAc 7/3, #8438 = 0.5; R(34b) =

0.25). The two fractions were easily isolated by silica gel chromatography: the first fraction
(349 was isolated using Cyclohexane/EtOAc (8/2) as mobile phase. Increasing the polarity
changing the solvent to a Cyclohexane/EtOAc (6/4) mixture allowedsttiation of the
second fractiorB4b. Analysis of the two fractions by MS and NMR spectroscopy revealed
that the two fractions are isomers obtained as result of the reduction of both carbonyl groups
to the alcohol function (Schen#9). The two isomer84a and 34b were isolated as white
powders in 40% and 38% yield, respectively.

NaBH, (6 equiv.)

EtOH, reflux, 2 h

34a (40%) 34b (38%)

Scheme 29. Synthesis of the two isomeric calix4-diols 34a and 34b using sodium
borohydride as reducing agent

With two stereocenters, four isomers of compo@ddcould be drawrconnected between
them in pairs of enantiomers: tha@c-compound and thenesecompound (Figuré3). The
separation of theac-compound from thenesecompound is easy arttie separation of the
two enantiomers present in trec-compound is difficult.
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(R.S)
meso compound
non chiral

(R, R) (S, S)

rac compound
pair of (R, R)- respectively (S, S)-enantiomer

Figure 63. Repartition of the four different diastereoisomers in two fractions in terms of
symmetry. aynesecompound; byac-compound

Our GC method did not separate the two compo®ddsand 34b as they showed the same
retention time under our conditions (FiguBd). For separatinghe novel calix1,4-diol
compoung 34a and 34b, polar compounds withwo alcohol functions we developed a
reverse phase method using thEeLC technology A fast and efficient methodias created
(see experimental pargllowing to separate the two different diastereocisomers (separation
within 6 min with the UPLC technology compared to 30 min with the GC mekigdre64).

To attribute the structures of the two fractions we tried to grow single crystads X-ray

analysis of both fractions. We successfully obtained a reoysial from fraction 2 which
corresponds to the diastereoisoriéb. The compound cryallized in the triclinic P1 space

group and revealed to be tmac-compound (mixture of the the5(S- and the R,R-
enantiomersThe presence of two independent molecules in the asymmetric univa=zl|
observed(Figure 659. The structural differencesf these two independent molecules are

minor. The Figuré&5b shows the overlay of the twodependenmoleculesonein blackand

the otheri n r ed. Both of the fcentdohfunotionjafth@an r i n
black molecule, respectiveljné red molecule, point in the same opposite direction of their
neighboring furan rings but with a different angle.

110



FIO'i A, (WILLIAMMBAFD1-5 D)

Chapter 6

12490

21004
1804
1604
1.40
1.20
1.004
0504
060
0.40+
0.204

0.00
40204
401404

=

0.00

050

100

200

250

300
Minutes

350

Figure 64. GC analysis oB4aand34b (abovg andUPLC analysis(below). In UPLC: 34b

(blue, 1.91 min)34a(black, 2.05 min)

b)

Figure 65. Molecular structure of34b. a) Molecular structure othe two independent
molecules of 34b determined by Xay diffraction (the hydrogens were omitted for clarity); b)
Overlay of these two independanbleculedound in the asymmetric unit cell
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The two frationsshowed almost identicafC NMR and small differences in théi NMR

spectra. The major differences in fi& NMR spectra are observed for the peaks attributed to
theT CH, protons and for the peak of one of the methyl signals (Fg@terhei CH, groups

should give twodifferent signals: one signal for each of the diastereotopic protons of the
A, A0 -sBstefd.0rhe multiplet appearing at 1i29.23 ppm is present at the same position

for both diastereocisomers. The multiplet for the second desttggic proton occurs at 1.11

1.02 ppm for34band 0.79 0.71 ppm for34a The peaks for the four magnetically different
methyl groups appear in two clusters: Two signals occur at 1.56 and 1.58 ppm, whereas the
other two signals are observed betweerd h2d 1.15 ppm. The signals for the methyl groups

at 1.5617 1.58 ppm are almost undistinguishable between the two diastereoi8dmand

34b. These signals are attributed to the methyl groups situated between two furan rings. The
signals occurring between 1.21 and 1.15 ppm are attributed to the methyl groups between a
furan ring on one side and the aliphatic chain on the other side. Thegtvadsdior the methyl

group of34aare close to each other (respectively 1.21 and 1.18 ppm) while the signal for one
of the methyl groups @4b occurs at lower chemical shift (respectively 1.21 and 1.15 ppm).

| |
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pol [ § I
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Figure 66. Comparison o#400-MHz 'H (above) and*C NMR (below) spectra o84a and
34b. Brown spectra34a blue spectra34b

In summary the differences observed in the NMR spectra are subtle but characteristic despite
the massive difference in polarity between the two diastereoisamesbservedn TLC or

UPLC. As expected the melting points of the two fractions were also significantly different. A
melting point of 165 °C was observed foetmesecompound34a while the melting point
determined for the racema8db was significantly flgher (2047 206 °C). Visually the two

solids were easy to distinguisB4b was an expandeaind lightsolid and34awas a powder.
Thereby 34b occupied a more importaspacen the vial it was kept compared to an identical
mass of34a

2.3. Screeningconditions

With our UPLC method we could screen different conditions in order to study the
diastereoselectivity of the reduction (see Tdble Treatment of compoun®l with NaBH,

in EtOH at reflux for 2 h afforded the two diastereocisomers in the same 50/50 ratio{Table
Entry 2). Changing the reducing agent to LiAlih THF led after 2 h at reflux to a 70/30
diastereoselectivity in favor &4a (Table17, Entry 3). When the resion was carried out at

lower temperature (r.t. and 0 °C), a slower conversion was observed and 4 h reaction were
needed to convert all the starting materl (Table 17, Entry 4 and 5. Better
diastereoselectivities were obtained at lower temperataresath a 89/11 ratio at 0 °C as
shown in the UPLC in Figur&7 and Tablel7, Entry5.
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Entry Reducing agent  Reaction conditions Ratio34a34hb(%)

1 NaBH;CN EtOH, reflux, 2 h No reaction
2 NaBH, EtOH, reflux, 2 h 50/50
3 LiAIH 4 THF, reflux, 2.5 h 70/30
4 LiAIH 4 THF, r.t.,, 4 h 85/15
5 LiAIH 4 THF,0°C, 4 h 89/11

Tablel7.Screening of the ket o2t@ eqiv. ofeedlucingt agemtn
was used in each experiment

1.804
1 604
1.404
1.204
1.004

080

0.404 \_MA//

0204

0.00

-0.20+

-0.40

——T —TT—T ——TT T — ——TT — T T ——TT T T —T—T ——TT
0.00 0.0 1.00 1.0 2.00 230 3.00 3.0 4.00 4.50 52.00 550 5.00)
Minutes

Figure 67. UPLC analysis of the crude material after reduction of ketones of com@@iund
(LiIAIH 4, THF, 0 °C, 4 h; see Entry 5 Tall&). Ratio:34a/34b = 89/11. Peaks at 0.2 and 4.9
min are respectively the injection and the change of mobile phase to equilibratduime
before a new injection

2.4.Conclusion

The transformation of the ketone functions of compoRhded to the formation of the two
diastereoisomerd84aand34b. The Xray structure determination of fraction 24f) allowed

to attribute unambiguously thehemical structures (= relative configurations) to the two
isolated fractions. The reduction was studied using Na&ktl LiAlH, as reducing agent
leading to diastereoselectivity in favor ahesecompound using LiAlEj at lower
temperatures.
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3. Synthesis of prrolidine function via reductive amination of compound
21

3.1. Context of the reaction in the project

Following the unsatisfactory yields obtained on the synthesis of calix[4]pyrrolidumee the
hydrogenation of calix[4]pyrrold, an alternative sequence was tested in our grouprby
Vsevolod Khlebnikov This sequence was based on the reductive amination of the four
saturated 1liketone functions of compourb to form calix[4]pyrrolidine3 (Scheme30).

Using the procedure suessively applied for the synthesis of calix[n]furanfgyrroles?7 1

10 developed in chapter 2, the tetrag-opening of calix[4]furar2 with m-CPBA followed

by the reduction of the alkene functions led to the formation of comp&bifdompound35
shouldthen be reductively aminated to give the calix[4]pyrrolidBieUnfortunately, this
alternative approach did not lead to the formation of calix[4]pyrroli@ine

AcONH, (4.4 equiv.)
NaBH;CN (4.0 equiv.)

00 KOH (1.0 equiv.)
(@] (0] X
o 00 0o MeOH, r.t., 24h
35 3

Scheme30. Proposed alternative synthesis of calix[4]pyrrolidine

3.2. Synthesis of compound6

The reductive amination with AcCONHas amine source was carried out on compakhd
(Scheme3l). The reaction conditions were based on a procedure reported byed@hesn

the formation of 2 Slialkylpyrridines via the reductive amination of Xdiketoned®”
Methanol was the reported solvent for the synthesis. Since com@dumds not soluble in
methanol, a (1/1) dichloromethane/methanol mixture was used. Treatment of conZdound
with AcCONH,;, NABH3CN and potassium hydroxide (KOH) led after 24 h at r.t. to full
conversion of21 and to the formation of compour86 in 75% in the crude material (GC
analysis). Recrystallization of the crude material in EtOAc (one night in the fridge) afforded
macrogcle 36in 25% yield as white solid.
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H
AcONH, (10 equiv.)
NaBH3;CN (10 equiv.) H
KOH (0.3 equiv.)
DCM/MeOH (1/1), r.t.,, 24 h
36 (25%)

Scheme31. Synthesis of calix[3]furan[1]pyrrolidin86

The molecular structure of compouB6é was determined by -Xay diffraction analysis of

suitable crystals obtained by crystallization from EtOAc (Figé&. Compound 36
crystallized in the monoclinic R& space group with the &@ternate bowl conformation.

The X-ray structure secured thepo t i on of t he pipasitioo ofsheiNHb cat ed
(cis-pyrrolidine). The proton on the nitrogen has been localized pointing towards the center of

the macrocyclethe proton was located in a different Fourier map and was freely refined

Figure 68. Molecular structure 086. Top view (left); side view (right)

4. Synthesis of unsymmetrical calix[n]furan[4n]pyrrole s

4.1.lsolation and characterization of side product37

During the optimization of the synthesis of calix[3]furan[1]pyrrb(see chapter 2), one of

the first largescale experiment of the rirgpening of calix[4]furan2 (7.17 grams) into
compound22a led to the isolation of an interesting side product during the purification
process (Schent?). As was found out later, the gukof the separation process is crucial for
obtaining good yields of compour®a (see pag&3 Chapter 2)In our initial experiments

the isolation revealed to be time consuming. In this specific experiment the chromatography
had to be interrupted overniglas most of the product had already been recovered.
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m-CPBA

2 crude 22a

Silica gel chromatography,
one night in the column

22a side product 37

Scheme32. Process leading to the isolation of side prodict

The day after, a new product appeared under comp@Badn the TLC (Cy/EtOAc 8/2,
R:(228) = 0.68; R¢(37) = 0.63). This side product was isolated pure (400 mg, 5% vyield) and
we were able to fully characterize it.

75 0.;'0 0.6;
6H furanrings 8xs, CH,
| | ‘ l l o dd, Hy,
' [T 2x m, CH,(OEt)
L e
. . . . . I fl l'. |M ‘ll I | I ll:
63 62 61 60 , 59 IS il __J"Jg I ) Uy s ‘
| J‘I 4.‘72 4.‘70 4.‘68 4.;3& 3‘.4 3:3 3:2 3.‘1 3.‘0 2.‘20 2.;.5 2.‘10 |!|l |I! \l
SR SO . . N | ) i YW
7.‘5 7.‘0 6?5 6.‘0 5,’5 5:0 4.‘5 315 3.[0 2.‘5 2.‘0 1.5 l.IU 0.[5

1 o)
Figure 69. 400-MHz *H NMR spectra of compoung@7

However the symmetry of the macrocycle had been lost and an ethyl group had been added.
Eight singulets were observed in the region between 1.25 and 1.50 ppm, indicating that each
methyl group had its own chemical environment and therefore its charactehstnical
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shift. The analyses of thi#d, **C NMR and MS spectra were compatible with the structure
proposed in Figur&9. This product would be the resuwdt the addition of ethanol on the
double bond in the starting mater#a The protons of the CiHgrouph to the keto function

are diastereotopic andxkand Hy appear therefore as two distinct doublets of doublet (dd) in
the'H NMR spectra with significantly different chemical shifts (2.14 ppm)gompared to

0.7 ppm (Hp)). Proton Ha (respectivy Hy,) coupled with its geminal partner o
(respectively H;) with a germinal coupling constant of 16 Hz and additionally the vicinal
coupling to proton His observed (coupling 10 Hz respectively 2 Hz). The two protons from
the QO CH, group from the ethyl chain are also diastereotopic as the two peaks at 3.31 ppm
and 3.14 respectively are two multiplets, which can be interpreted as quintet like multiplet
derived from a signal which should be theoretically a doublet of quadruplet hsmiigr
coupling constants.

Figure 70. Structure (left) and molecular structure (right) of compao8nd

A crystalof sufficientsizefor an X-ray diffraction analysis was growmhe X-ray structure is

in full agreement with our previous structure proposals (FigQyeThe molecule crystallized

in the monoclinic PZn space group and incorporatednlecule of water. The two
diastereotopic hydrogserH,, and Hy point in significarly different directions which should
explain the difference in their chemical shifts. One of the protons is directing toward the
shielding region of the opposite aromatic furan ring while the other is pointing outside of the
macrocycle. The proton in dogon to the furan ring should be in higher field,¢H.7 ppm,
Figure69) than the other (K, 2.14 ppm).

As this compound was formed during the overnight stay of the compound on the silica gel

column without the formal presence of ethanol a reasonable proposal for the mechanism of
formation has to be proposed (Sche33 We therefore propose that under thituence of

the acidity of the silica the EtOAc of the solvent might have been partially hydrolyzed thereby

forming ethanol. Ethanol, as a nucleophile attacks the activated double bond of compound
22a

118



Chapter 6

- 2H*

22a
Scheme33. Proposednechanism for the formation of compousid

4.2.Ring closing reaction on compoun®7

A sufficient amount of compoun87 (400 mg) was isolated to test the Helgsing reaction

on this type of Zubstituteedl,4-diketone intermediate. Compour8¥ was solubilized in

EtOH and treated with an excess of ACONHO equiv.) at 85 °C (Schen3d). The product

did not precipitate out of the solution as we had observed in the synthesis of
calix[3]furan[1]pyrrole 10 and calix[2]furan[2]pyrrole8. After 4 h, TLC and GC analysis
showed complete disappearance of the starting material and to our surprise the formation of
two products. No change in the product distribution was observed if the reaction was run for
longer reaction times (6 h). Dichloromethane wadeadand the mixture was washed with
water to remove the excess of AcCONHEvaporation of the solvent led to the crude material
containing the two products in a 52/48 ratio (GC). The difference of polarity of the two
compounds was big enough to allow a saplan of the two compounds by chromatography
(Cy/EtOAc 7/3, R= 0,69 and 0,27). The first fraction was isolated with Cy/EtOAc (95/5) as
mobile phase and then the polarity of the eluent was considerably increased (7/3 mixture)
allowing to elute the pureesond fraction.

AcONH,4 (10 equiv.)

EtOH, 85°C, 4 h

38 (11%) 39 (22%)
Scheme34. PaalKnorr synthesis starting from compou8&d

The 'H NMR spectra of the first fraction were compatible with the proposed strug8ure
derived from the planned Pa&horr reaction $cheme34). The analysis of the 1D/2D NMR
and MS spectra of the second fraction is compatible with the stri8@ueecompound which
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is the hydrolysis product 088. The formation of compound9 is the consequence of a
hydrolysis step leading to compourd8 preseh as a mixture of two tautomeric forms
(Schemed5). The formation of the pyrrole ring using AcONlkivolves the liberation of two
molecules of water by pyrrole rinig the reaction mixture. The presence of water in the
slightly acidic reaction medium (omeolecule of acetic acid is formed per pyrrole) favors the
hydrolysis of the ether chain to form compowB#ias a mixture of its ketenol tautomer89

and 392 The two compound88 and 39 were isolated in respectively 11% and 22% vyield.
These compounds welisolated as clean as possible for full characterization. This explains
the relatively low isolated yield compared to the conversion observed in GC.

0
)kéa ﬁm ~H* )

H,O/H*

-2 H,0

Paal-Knorr synthesis Hydrolysis

Scheme35. Proposed formation &9 from compound8

4.3. Synthesis of substituted calix[3]furan[1]pyrrole41l

The isolation and characterization of side prodittevealed the ease, by which nucleophile

can add to the activated double bond. This result induced us to study this strategy as an
approach to the symesis of unsymmetrically substituted calix[n]furampyrroles
containing a 3ubstituted pyrrole ring in the macrocycle.

Diethyl malonate, a classical Michael donor (nucleophile) foratidition ofU ,-umsaturated

was chosen to test this reaction. Treatment of comp@@adn THF with diethyl malonate

and sodium hydride (NaH) as base led after one night at r.t. to the formation of a compound
present in 62% in the crude material (GC analysis). Theesblwas removed using the
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rotavap and the resulting oil was purified by silica gel chromatography to afford comg@und
in 55% vyield, 95% purity by GC analysis (Schea

CO,Et NaH (1.2 equiv.)
.
CO,Et THF, rt, 15 h
1.2 equiv.

22a

Scheme36. Synthesis of compourgd

Compound40 was submitted to the rirgosing reaction using 4.5 equiv. of AcONIkh

EtOH at 85 °C in a Schlenck tube. No precipitatadrthe product was observed during the
reaction. After 4 h, the GC analysis indicated the formation of a unique product in 956 puri
Dichloromethane was added to the reaction and then the reaction mixture was washed with
water. After collecting the organic layers and removing the solvent under reduced pressure
using the rotavapthe residue was purified by silica gel chromatograf@y/EtOAc 95/5)

The HRMS analysis of the fraction indicated a molecular weight (MW) of 518.29054.mol
This molecular weight clearly indicates the loss of one of the carboethoxy groups (molecular
weight of the expected compouA@ MW = 589.7290) (Schem&7). Moreover, while two
differentquadrupletsvere observed for thHeCH. of thei OEtyl chain in the'H NMR analysis

of compound40, only one quadruplet is present in the NMR spectrum of the isolated
fraction 41. These spectral data are compatible with the occurrence of one decarboxylation
during the reaction forming compourtl as unique isolated produeind no traces of
compound42 were detectedCompound4l1 was isolated in 67% yield as a white solid in
excellen t purity (GC analysis). The i1introductio
function is an excellent starting point of further transformations, introdwdsmgasy and
high-yielding reactions all sorts of novel side chains or fixing the macrocycle on surfaces.

CO,Et

AcONH, (4.5 equiv.)

EtOH, 85°C,4 h

42
Not observed

Scheme37. Synthesis of compounil

121



Chapter 6

5. Conclusion

Intermediates22a and 21 revealed to be valuable compounds for the synthesis of novel
molecules with varied functions. Only a few transformations of the catalogue of possible
modifications were tested so far. Caliy4-diols 34a and 34b are interesting structures but
resolution & the mese and rac-compounds by introducing substituents to obtain
enantiomerically pure compound®uld be needed before thinking to study these compounds
as potential catalysts. The most attractive of the studied transformation was the synthesis of
nonsymmetrical calix[3]furan[1]pyrrokeintroducing a selective substitution on the pyrrole
ring. This 3substituted pyrrole ring came from nucleophilic addition on the unsaturation of
intermediate22afollowed by a ring closing Pa&norr reaction.The use bdiethyl malonate
asnucleophiles have been tested reliably leading in good yields to the nesymaometrical
calix[3]furan[1]pyrrole41.
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Chapter 7. Conclusion and perspectives

Conclusion

The objectives, developing an efficient synthesis of the four calix[n]funalpiirroles7 i 10

and studying their hydrogenation to fully saturated macrocytlés14, were achieved.
Although three of the four aromatic macrocycles containing both furapyanale rings were
synthesized for the first time more than fifty years ago, especially the low tgieliese
compounds prohibited idepth studies of their properties and potential applications.
Optimizing their synthesis based on the selective-olpgning of calix[4]furan2 brought an

easy and scalable access to the four isomers. Having developed an easy access may inspire
renewed interests from the scientific community. The (geometric) resemblance with the
structures of t he iiteréstngrand imgortantfprofertiels ef dhis plase d i ¢ t
of ligands. Having made available a systematic and complete series of isoelectronic ligands
should facilitate the interpretation of the results.

During the optimization the different steps were variedoadetect the best conditions for
larger scale experiments. Over the years gram quantities of the four ispmet® were
isolated. With these heterocalix[4]arenes in hand, the hydrogenation study, made in
preliminary studies by Guillaume Journot in theowup, could be examined and efficient
conditions for the hydrogenation were developed. The hydrogenation reaction was remarkably
selective: Withthree of the four calix[n]furanfh]pyrroles the formation of a unique
diastereoisomer in good to excellentlgievas observed. A respectable amount (hundreds of
mg) of these saturated macrocycles was also isolated. Being a synthetic group we decided to
share our materials with scientific colleagues specialized in studies using specific
physicochemical methods antérested in the application of these compounds e.g. in catalysis.
Time restraints obviously limited the breadth of studies, which could be undertaken.

Both the fully saturated macrocyclic structures, as their aromatic parent compounds, are easy
to crystalize. The structures in the crystai§the entire family of calixcompounds could be
determined by Xay diffraction. The calix[n]furan[s]pyrroles, containing four aromatic
rings, all crystallized in the 1;8lternate conformation (boviike conformatia) reported for

the calix[4]arenes. The saturated calix[n]tetrahydrofurampdrrolidines showed two
different conformations: the I@&ternate conformation (bovike) and an almost planar
conformation (platdike). With the help of Prof. Aurora CruZakeza (University of
Manchester, UK) the conformational manifold of this class of compounds was studied using
computational method€omputational calculations predicted the presence of two conformers
and explain the trend from bowtb plate conformation.The calculations thereby induced us

to study preferentially the crystallization of caNOOO 14, which is predicted to be present

in both conformations. These studies lead to the detection of an isanttugpdrthorhombic

Pbca form.This isomorph however showed tsameconformation of the compound. The
switch to the alternative conformer has not (yet) been obsefgedext stealculations of

the relative lattice energies of the six fully saturated heterocycles in this Pbca fibioe wi
done with the goal to identify other isomers which might be crystallized in this symmetry of
the unit cell.
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As preliminary studies five novel transition metal complexese synthesizedising the
mixed ligands namely calixNONO 13 and calixNOOO 14. No indepth studies on the
properties of these metal complexes have been carried out yet.

As it is often the case in chemistry reseal
obstacles. These obstacles allowed taking new directions either totimeaaitial goal or to

define new ambitions relative to the first goal. Originally, the project on the hydrogenation of
calix[n]Jfuran[4-n]pyrroles was born from the difficulties observed on the synthesis of
calix[4]pyrrolidine 3 from the weltknown calix[4]pyrrole. The four years spent on the project

allowed reaching our objectives with the contribution of an efficient and scalable synthesis of

the four saturated heterocalix[4]aredds 14. This work led to several other nottymished

or unexplored projects.

Perspectives

During our work on the optimization of the synthesis of calix[n]furamglyrroles7 i 10 a
collaboration started witlthe group of ProfessaChristophe ThomasP@risTech, Frange
They developed a synthesiof biodegradable polyesters by a tandem catalysis using
tetradentate salen ligands (Fig@®).'"® A collaborative projecbetween our two groups was
started studying the formation of metal complexes using the calix[n]furdpjdroles as
ligands. No new useful catalyst based on our ligands has beenHatigcterized yet. To our
delight the activity of some complexes synthesipesitu could successfully be tested.

0 O [cat.] [cat ]

o
pon I
o o o
R' R? JL R R RS/—\R4
: (0] R4

: 2
[cat]: HS & H R
fN\M/Nf o)
Bu o O Bu ¢
tBu tBu R3 n

Are calix[n]furan[4-n]pyrroles
can make active species?

Scheme38. Synthesis of aliphatic polyesters by tandeatalysisreported by the group of
Christophe Thomad$’” M = Cr-Cl; Al-Cl; Co; MnCl. X =Y = Z = NH or O.
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Seondly, m ambi tious idea iIis based on the recen
group working on electrochemistry. So far the oxidation of the aromaticaaimpounds was

studied. The electrochemical reduction of calix[4]pyrrblen presence of acid, might be a

way to circumvent the disappointingly difficult hydrogenation to our target compound
calix[4]pyrrolidine 3 (Scheme39). A success in the formation of calix[4]pyrrolidifdewith

this alternative synthetic access would bexinaordinary way to come full circle.

H+
O B T S I B
1

H* \ +e

M
o H

A
Scheme39. Proposed hypotheticalynthesis o8B via electrochemical hydrogenation

Thirdly, the synthesis of calit,4-diols stopped with the synthesis and characterization of the
mese andrac-compounds. The next step of this project would be the resolution of;the C
rac:compound: formation of a diastereoisomeric mixture with the addition of a chiral
auxiliary. The separation of these diastereoisomers followed by the removal okiieryau
would give the two enantiopuré&5(S) and R R) compounds. One of the most common
methods for the resolution of diobmpounds is be the mono acylation using chiral catalyst
such as 9-proline and boric aclfY), a chiral phosphoric adld® or enzymatic resolution
using lipaséd™), just to cite a few.

As a final proposal, applying the synthesis of an unsymmetrical substituted
calix[3]furan[1]pyrrole via Michael additon on the unsaturated igdketone intermediate
opens many interesting new opportunities. Several other analogues could be synthesized with
various substituents and the full hydrogenation of these produgt#t teiad to interesting
ligandswith a side arn{Scheme 40) with similar applications than cyclam derivatives.

HO

Hydrogenation

Scheme 40. Supposed hydrogenation substituted calix[3]furan[1]pyrroldl
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Chapter 8. Experimental part

1. General information

Standard solvents

Chapter 8

For the purpose of chromatography and extractions, technical grade soleeatslistilled
under reduced pressure using the rotavapor.

Solvent Abbreviation used
Chloroform CHCl;
Cyclohexane Cyclohexane
Dichloromethane CH,Cl,

Ethyl acetate EtOAC

Methanol MeOH
Trimethylamine EGN

Solvents for reaction

solvent Abbreviation used Quality

Acetic acid (glacial) AcOH VWR ChemicalsanalaR Normapur

Chloroform CHCl; Honeywell Burdick &Jacksonp.a*, ACS
reagent

Dichloromethane CH.Cl, Honeywell Burdick & Jacksarp.a., ACS
reagent

Dioxane Dioxane ROMIL-SpS

Ethanol EtOH Honeywell Burdick & Jacksqrp.a or
Aldrichp.a099. 8 %

Ethyl acetate EtOAcC Honeywell Burdick & Jacksarp.a, ACS
reagent

Methanol MeOH VWR ChemicalsanalaR Normapur

Tetrahydrofuran THF Al drich, anhydrous

*p.a.: pro analysis

Reagents Unless otherwise noted, all reagents were obtained commercially and used without

further purification.

Reagent Abbreviation used Quality

3-chloropenbenzoic acid m-CPBA Acros Organicstechnical grade
(70-75%)*

Acetone Acetone Aldrich, CHROMASOLV® PLUS,
for HPLC, 099.9

Ammonium acetate ACcONH;, Al dr i ct, 098 %

Bromine Brs Acros organics, p.a.

Butyl lithium n-BulLi Aldrich, 2.5M in hexane

Cobalt' chloride CoCl Al drich, purum

Coppel chloride CuCh Aldrich, 99%

Diethyl malonate

Diethyl malonate

Aldrich, ReagentPIf 99%
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Furan Furan
Hydrochloric acid HCI
Hydrogen H>

Lindlar catalyst 5% Lindlar catalyst

Lithium aluminum hydride  LiAIH 4

Nickel' chloride NiCl,
Palladium on carbon 10% Pd/C
Potassium hydroxide KOH
Potassium permanganate  KMnO,4
Pyrrole Pyrrole
Sodium cyanoborohydride NaBH;CN
Sodium borohydride NaBH,
Sodium hydride NaH
Sulfuric acid H,SO,
Trifluoroacetic acid TFA
Zinc dust Zn

Al drich, ACS re
VWR Chemicals analaR
Normapur, 37%

Carbagaz 45

Aldrich, 5% Pd on calcium
carbonate, poisoned with lead
Aldrich, reagent grade, 95%
Aldrich, 98%

Aldrich, 10% Pd basis
Acrosorganics, extra pure, pellets
Al drich, ACS re
Aldrich, reagent grade, 98%
Aldrich, reagent grade, 95%

Al drich, purum
Aldrich, 95%

Carlo Erba, for analysis

Aldrich, ReagentPIf§ 99%

Al drich, 098%

*m-CPBA) wastechnical grade (A95%, the amount used were calculated assuming 72.5%)
*Ammonium acetate was kept in the fridge and dry under reduced pressure for 1 h before to

be used (hygroscopic)

Heating/cooling For reactions at low temperature, ice bath with &lfC to-5 °C) and
acetone/liquid nitrogen bath78 °C) were used. For heating reactions, oil baths2Q@°C)

were used.

Melting points. Melting pointswere measured onBuchi 510 melting instrument

Thin layer chromatography (TLC). Analytical thin byer chromatography was performed
on Merck precoated glatmcked TLC plates (silica gel 60 F254) and visualized by UV lamp

(254 nm) and potassium permanganate (Kly)rgtain.

Columns chromatography. Columns chromatography were carried out on silica gel 60 A,
32-63 (Brunschwig) and aluminium oxide Fluka for chromatography, Brockmann activity I.
Technical grade solvents were employed, which were distilled using the rotavapor prior to
use. Concentratioaf the collected fractionsnder reduced pressure was performed by rotary
evaporation at 40 °C at the appropriate pressure. Purified compounds were further dried under
high vacuum (0.3 Torr). Yields refer to purified and spectroscopically pure compounds,

unless stated otherwise.

Gas chromatography (GC) GC analyses were recorded on an Agilent 6850A, column
Agilent Technologies (Part Number 19094Z3E, Length (m): 30; Diam. (mm): 0.320; film

(um): 0.25).

GC method used for macrocyclic structurégection volume (pL): 1.0; Inlet Temp. (°C):
280; Inlet Pres. (PSI): 10.32; Flow (mL/min.): 45.6; Detector Temp (°C): 280; Flow
(mL/min.): Hy: 40.0, Air: 450, N: 45. Gradient: 220°C for 2min, 220°C to 300°C by heating

5°C/min then 300°C for 10min. Total time:r28.
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GC method used for the small moddisn j ect i on vol ume (elL): 1; I n
Pres. (PSI): 5.74; Flow (mL/min.): 45.6; Detector Temp (°C): 280; Flow (mL/min:%0-0,

Air 450, N,:45. Gradient: 50°C for 3min, 50°C to 300°C by heatis§C/min then 300°C for

8min. Total time: 28min.

Gradient: Macrocyclic structures (left) and small models (right)

10 min

300 =C 300 =C

Ultra performance liquid chromatography (UPLC). UPLC analyses were recorded on a
Acquity UPLC Waters (Software: Empowegplumn 1.7 pm Acquity BEH C18,.ength
(mm): 50; Diam. (mm): 2.1.

Method

Low pressure: 0 psi; High pressure: 15000 psi; weak wash: 600 pl: strong wash: 200 pl; seal
wash: 5 min; equilibration time: 0.1 min; T (°C) sample: off; ; T (°C) column: affjV
detector: 220 nm; injection volumee L) : 1. O ;

Gradient solution A: water/acetonitrile/formic acid (90/10/0.1); solution B: acetonitrile;
proportion of solution B (%): 40 % for 3 min then 100 % for 1.5 min then 40 % for 1.5 min;
Flow (ml/min): 0.6 for 3.0 rm then 1.0 for 1.5 min then 0.6 for 1.5 mimtal time: 6 min

________

100% @By [ | 1.0 mL/min

'-, ---- Flow (mL/min)

---------------- : =------ 06 mL'min — Proportion of B in
the mobile phase (%o)

60% (B) I

Infrared Spectroscopy (IR). Perkin Elmer Spectrum One version B - (Software:
Spectrum version 5.0.1) an ATRThermo Scientific Nicolet iS5 FIR (Software: OMNIC)

were used for obtaining IR spectra. KBr pellets (KBtluka puris p. a) were prepared for the
analysis of solid substances and thick oil like substance with the Perkin Elmer apparatus. The
absorption bBnds between 4000 and 400-&mvere measured. The intensity of the spectrum
was divided into four parts with the abbreviati@{ghtense)m (medium intensity)w (weak)

andbr (broad).

Nuclear Magnetic Spectroscopy (NMR) NMR spectra were recorded usirg Bruker
Avance 400 spectrometer operating at 400.13 M) and 100.63 MHz¢C). The NMR
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solvents were purchased from Cambridge Isotope LaboratdiiedNMR spectroscopy
chemical shifts are quoted in ppm relative to internal tetramethylsilane TM&Q0 ppm)

or CDCk (U= 7.26 ppm)*C NMR spectroscopy chemical shifts are quoted in ppm relative to
internal tetramethylsilane TMSi 0.00 ppm) or CHGI(U= 77.16 ppm). The chemical shift

is given in ppm in the descending order and the coupling corstaiitz. The multiplicity of
signals were given abbreviatioagsinglet),d (doublet),t (triplet), g (quartet),quint (Quintet),

dd (doublet of doublet)it (doublet of triplet) por (broad) andn (multiplet).

Mass Spectroscopy (MS)The mass spectrmeasurements for ESI (electspray ionization)

were recorded with a Finnigan LCQ mass spectrometer. The high resolution mass
spectroscopyneasurementéHRMS) were recorded on Waters UPLCEQTOFMS coupled

with aSYNAPT G2 The ionization used was ESI (el@espray ionization).

X-ray crystallography. The intensity data were collected at 173K00°C) on a Stoe Mark
ll-lmage Plate Diffraction System [1] equiped with a siele goniometer and using MdK
graphite monochromated radiatioa ¥ 0.71073 A). Thestructures were solved by Direct
methods using the program SHELX3 [2]. The refinement and all further calculations were
carried out using SHELXI97 [2] or SHELXL-2014 [3]. The nofH atoms were refined

anisotropically, using weighted futhatrix leastsquares on & A semiempirical (multiscan)
absorption correction was generally applied using the MULABS routine in PLATON [4].

If the NH Hatoms could be located in a difference Fourier map they were refined with
distance restraints: N = 0.88(2)A with Uiso(H) = 1.2U((N). If the NH Hatoms could not

be located in a difference Fourier map they were includedlculated positions and treated
as riding atoms: NH = 0.88 A with Uso(H) = 1.2U(N).

The remainder of thél-atoms were included in calculatedsttions and treated as riding
atoms: GH = 0.99 and 0.98 A for CHand CH, respectively, with (H) = 1.5U(C-
methyl) and 1.2}(C) for other H atoms.

References:

[1] Stoe & Cie. (2009)X-Area V1.52 & XRED32 V1.48 SoftwareStoe & Cie GmbH,
Darmstadt, Germany.

[2] Sheldrick, G. M. (2008) Acta Cryst. A64, 1-122.
[3] Sheldrick, G. M. (2015) Acta Cryst.71, 38.

[4] Spek, A. L. (2009). Acta Crysb65, 148155.
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2. Synthetic procedures and characterizations

2.1. Synthesis ofcalix[n]furan[4 -n]pyrroles 71 10
2.1.1. Large scale synthesis of calix[4]furan 2

@ 0} H,SO, (4.3 equiv.)
@) )J\

Dioxane, 0 °C

) . then r.t., overnight
(1 equiv.) (1 equiv.)

A precooled (0 °C) 90.5% sulfuric acid (175.5 mL, 2.956 mol, 4.3 equiv.) was added
dropwise to a stirred precooled (0 °C) mixture of acetone (50148).688 mol), furar{50.0

mL, 0.688 mol), and dioxane (800 mlUpon addition of sulfuric acid, the reaction mixture
turned dark purple and some precipitation of product was observed. The reaction mixture was
stirred overnight at r.t., then separatedvim equivalent portions in-R Erlenmeyer flasks
equipped with stirring bars. Water (400 mL in each Erlenmeyer flask) was added and the acid
was neutralized (pH = 14) by addition of NaOH pellets under stirring (around 240 g in total).
Crude product was Ifered off, washed with water (2 x 40 mlmethanol (until no more
discoloration of the product was observady then dried vacuum (mass crude materiab =

0). Recrystallization of the tan solid from dioxane (10 g per batch of crystallization, around 70
mL of dioxane) gave 26.09 g (35% yield) of' colorless small needles.

'H NMR (CDCl 3, 298K) 115.89 (s, 8 H, €H(3, 4, 8, 9, 14,
15, 20, 21)), 1.48 (s, 24 H, G@5, 26, 27, 28, 29, 30, 31,
32));

13C NMR (CDCI3) i1 158.51 (C(2, 5, 7, 10, 13, 16, 19, 22)),
103.07 (C(3, 4, 8, 9, 14, 15, 20, 21)), 36.55 (C(6, 12, 18, 24)),
25.49 (C(25, 26, 27, 28, 29, 30, 31, 32)).

MS calcd for GgH3,0,4 432.23, found 433.4 (M+H)+.

See addi ti onRaPajewshiaR. @staszewsld. n
JurczakOrg. Prep. Proced. Int200Q 32, 394.
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2.1.2. Synthesis of calix[1]furan[3]pyrrole 7
Synthesis of compounby?

m-CPBA
3.1 equiv.

—_—

CHCI3
rt.,4.5h

To a magneticallystirred 500-mL roundbottomed flask containing Calix[4]furah (4.469,

10.3 mmol) solubilized at r.t. in chloroform (250 mL) was adde@PBA (7.61 g, 32.0
mmol, 3.1 equiv.) in one portion. After being stirred for 4.5 h at r.t.,, the crude reaction
mixture was waskd with three portions of saturated aqueous Nap@@d once with
saturated aqueous NaCl. The organic layer was dried over anhydrg#&,NBhe solvent is
removed in vacuum, leaving a yellow solid. The residue was purified by column
chromatography (Si§ CH.CI,/EtOAc, 97/3) to yield 3.13 g (63%) of compoud as a
yellow solid.

'H NMR (CDCl 3, 298K) i 6.65 (s, 2 H, €H(7, 8)), 6.50 (d,
33(2, 3) andfJ(13, 12) = 12.0 Hz, 2 H,-B(2, 13 or 3, 12)),
6.23 (s, 2 H, €H(17, 18)), 6.16 (d*J(2, 3) andfJ(13, 12) =
12.0 Hz, 2 H, €H(2, 13 or 3, 12)), 1.46 (s, 12 H, Gi1, 22,

23, 24 or 25, 26, 27, 28)), 1.41 (s, 12 H,4CH, 22, 23, 24 or
25, 26, 27, 28));

3C NMR (CDCl3) Ui 203.56 (C=0), 202.71 (C=0), 199.78
(C=0), 157.41 (C(16, 19)), 140.20 (C(2, 3 or 12, 13)), 135.13
(C(7, 8)), 128.95 (C(2, 3 or 12, 13)), 107.11 (C(17, 18)), 61.10
(C(5, 10 or 15, 20)), 48.17 (C(5, 10 or 15, 20)), 22.614jCP2.33 (CH).

MS calcd. for GgH3,07 580.2, found 503.3 (M+Na)+.
See additional anal yses JiQrg.Chém. 191,46, W41 l4i38& ms

X-ray: Suitable crystals ofL.7 were obtainedas colorless rodby slow evaporation of a
solution in dichloromethand he structure crystallized in thmonoclinic P2/c space group
The compound crystallized with two conformationally similar molecules per asymmetric unit.
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Synthesis of compour2D

H, (4.5 bars)
10 % Pd/C
(0.025 equiv.) 00
(e (e}
@)
EtOAc /70 0o
rt,4.5h

20

A suspension of 10% Pd/C (83 mg, 0.078 mmol, 0.025 equiv.) in a solutibn (a&f50 g,

3.12 mmol) in EtOAc (200 mL) was shaken under 4.0 bars,dbH3 h at 20 °C in a Parr
apparatus. The catalyst was filtered off uncigite and washed with CHEIThe filtrate was

dried under vacuum and the resulting residue was purified by recrystallization in EtOH to
yield 1.06 g (70 %) of compourD as colorless prisms.

'H NMR (CDCl 3, 298K) 11 6.15 (s, 2 H, €H(17, 18)), 2.66 (s,
4 H, GH(7, 8)), 2.59 (m, 8 H, &1(2, 3, 12, 13)), 1.47 (s, 6 H,
CHa(21, 22, 23, 24 or 25, 26, 27, 28)), 1.37 (s, 12 Ha@H
22,23, 24 or 25, 26, 27, 28));

3C NMR (CDCl3) U 210.09 (C=0), 209.46 (C=0), 208.27
(C=0), 157.25 (C(16, 19)), 106.72 (C(17, 18)), 62.01 (C(15,
20)), 48.78 (C(5, 10)), 32.69 (C(7, 8)), 32.05 (C(2, 3, 12, 13),
23.44 (CH), 20.98 (CH).

MS calcd. forCygH3s07 486.2, found 509.5 (M+Na)+.

See additional anal yses JiQrg. GhEm.1981,46, W41 4 i3 & ms

Synthesis of calix[1]furan[3]pyrrolé

5 J AcONH,
e o 6 equiv.
(@)
EtOH
7SI 85°C, 40 h
=
20 7

In a Schlenk tube were introduc&®d (983 mg, 2.02 mmol) and EtOH (60 mL). Then,
AcONH, (934 mg, 12.1 mmol, 6 equiv.) was added to the slurry, and the mixture was warmed
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at 85 °C for 40 h. The solvent was partially removed under vacuum leading to the
precipitation of7. The reaction mixturevas filtered off, washed with ethanol and dried under
vacuum. The residue was purified by recrystallization in EtOH to yield 523 mg (60%) of
compound? as colorless crystals.

IR (ATR) 3441.6, 2971.6, 2931.35n, 2870Gm, 1579.1,
1414.2n, 1359.9n, 1232.2n, 1043.4n, 953.5%, 758.G,
725.3n, 704.3,

'H NMR (CDCl3) 1 7.20 (bs, 1H, N-H(17)), 6.81 (bs, H,
N-H(11, 23)), 6.05 (s, ™, C-H(3, 4)), 5.93 (d,J = 2.8Hz, 2
H, C-H(14, 15)), 5.87 (ddJ(8, 9) and’3(20, 21) = 3.2 Hz,
43(8, 11) andd(21, 23) = 3.6 Hz, 2 H,-B(8, 21)), 5.83 (dd,
33(8, 9) andJ(20, 21) = 2.8 HAJ(9, 11) andJ(20, 23) = 3.2
Hz, 2 H, GH(9, 20)), 1.51 (s, 24H, Gt

13C NMR (CDCl5) 1159.83 (C(2, 5)), 138.72 (C(13, 16)), 137.91 (C(7, 22 or 10, 19)), 137.61
(C(7, 22 or 10, 19)), 104.48 (C(3, 4)), 103.21 (C(14, 15)), 102.98 (C(8, 21 or 9, 20)), 102.25
(C(8, 21 or 9, 20)), 36.28 (C(6, 24 or 12, 18)), 35.36 (C(6, 24 or 12, 18)), 29.4}, @70

(CHb).

Melting point: 263°C.
MS calc. for GgH3sN3O 429.3, found 430.7 (M+H)+, 452.7 (M+Na)+.
HRMS calcd. for GgH3eN30O"™ 430.2853, found 430.2858 (M+H)+.

X-ray: Suitable crystals o7 were obtainedas colorless plateby slow evaporation of a
solution in dichloromethandhe structure crystallized thetetragonal Pdspace group

2.1.3. Synthesis of calix[2]furan[2]pyrrole 8
Synthesis of compountb

m-CPBA
2.2 equiv.

CHCl,
0°C,1h
thenrt.,2h

15a

To a magneticallystirred 500mL roundbottomed flask containing Calix[4]furad (3.0 g,
6.94 mmol) dissolved in CHg(200 mL) at 0 °C was added CPBA (3.63 g, 15.3 mmol, 2.2
equiv.) in one portion. The reaction mixture was stirred at 0 °C for 1 h and at 20 °C for an
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additional 2h. The crude reaction mixture was washed with three portions of saturated
agueous NaHCg®and once with saturated aqueous NaCl. The organic layer was dried over
anhydrous Nz50,. The solvent was removed in vacuum. The residue was purified by column
chromabgraphy (SiQ, Cyclohexane/EtOAc, 9/1) to yield 1.26g (39%) of compoliGés a
yellow solid, then the solvent was changed to {CIHIEtOAc, 97/3) to yield 1.07g (33%) of
compoundl5aand 316 mg (9%) of compoudd as yellow solids.

1 Compoundl6

'H NMR (CDCl 3, 298K) Ui 6.38 (d,2J(2, 3) andJ(8, 7) = 11.9
Hz, 2 H, GH(3, 7)), 6.08 (d>J(12, 13) andJ(18, 17) = 3.2 Hz,
2 H, GH(12, 18)), 5.96 (d*J(13, 12) andJ(17, 18) = 3.2 Hz,
2 H, GH(13, 17)), 5.79 (d®J(2, 3) andJ(8, 7) = 11.9 Hz, 2 H,
C-H(2, 8)), 1.61 (s, 6 H, C¥21, 22, or 25, 26)), 1.55 (s, 12 H,
CHs(23, 24, 27, 28)), 1.22 (s, 6 H, GHA1, 22, or 25, 26));

13C NMR (CDCl3) 1 206.22 (C(1 or 9)), 1993 (C(1 or 9)),
159.49 (C(11,19 or 14, 16)), 155.42 (C(11,19 or 14, 186)),
141.37 (C(2, 8 or 3, 7)), 155.42 (C(2, 8 or 3, 7)), 106.70 (C(12,
18 or 13, 17)), 104.53 (C(12, 18 or 13, 17)), 60.68 (C(5 or 15)), 48.88 (C(10, 20)), 37.04 (C(5
or 15)), 29.73 (CH), 25.19 (CH), 24.07 (CH), 20.16 (CH)).

26 25

MS calcd. for GgH3,06 464.2, found 487.3 (M+Na)+.

See additional anal yses JiQrg.Ghém. 198146 W4l K43 & ms

1 Compoundl5a

'H NMR (CDCl3, 298K) &i 6.11 (s, 4 H, €H(7, 8, 17, 18)),
6.08 (s, 4 H, €H(2, 3, 12, 13)), 1.47 (s, 24 H, GH

3C NMR (CDCl3) 11202.57 (C(1, 4, 11, 14)), 157.02 (C(8, 9,
16, 19)), 134.29 (C(2, 3, 12, 13)), 107.15 (C(7, 8, 17, 18)),
48.35 (C(5, 10, 15, 20)), 23.25 (gH

MS calcd. for GgH3z,06 464.2, found 487.2 (M+Na)+

See additional analyses iJn fAP.
Org.Chem. 198146, 41430.
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