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Summary:

The first meseoctaalkylporphyrinogen (calix[4]pyrrole) was synthesized by Baeyer more
than 120 years agamixing pyrrole and acetone in the presence of an acid. We have
performed athorough study of the catalytic hydrogenation of calix[4]pyrrbleby using
common as well as novel heterogeneous catalysts based on transition metals (Pd, Rh, Ru)
supported on solid matrice&notherinvestigationconcerninghe hydrogenation reaction was
performed using twelve different macrocyclic substrates. Different factors were tested, which
might influence the stereoselectivity during the hydrogenation process and therefore the
number of diastereomers obtaingdne ofthe macrocycles synthesizedffers interesting
perspectives for the development of novel catalysts. In this context, we investigated the
reactivity and the modification of this macrocycle. A thorough study of the nucleophilic
properties and a kinetic stydllow the discovery the factors that influence the reactivity of

these macrocycles.
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Chapterl

INTRODUCTION

1. INTRODUCTION

Context

« What | cannot create, | do not understasndRichard Feynman on his blackboard lus
deathdate,1988)

The success of chemists disclosing more and more complex structures of vital natural
products and their activity changed profoundly our understanding of important biological
processes. In paralleh huge effort went into synthesizih DQG GLVFRYHULQJ QHZ
VIQWKHWLF" SKDUPDFHXWLFV DV Q stiéntiitIquedtieh@ivin@glu XJ FDQ
these efforts is the understanding of the biological worltbw are all these beautiful

structures functioning? When and how dmgge structures evolve? And the final challenge:

are we capable of deducin KH 3SUXOHV"~ VR DV WR GHVLJQ QHZ DFWLY
board?

From its inception, @anic chemistry haalways beerntimatelylinked to our understanding

of the processeof life. The development of organic chemistry can be traced back to the
isolation, detection and structure determination of important active natural prdeucisore

than one hundred years, the determination of the structures of natural producte whthen
fundamental activities, which determined the progress of organic chemistry and in parallel of

our understanding of the fundamental processes of life (Figure 1). The experimental approach,

and to some extent the importance of the classic natwdlipts chemistry, changed with the
DUULYDO RI HIILFLHQW VSHFWURVFRSLF PHWKRGV 7KH 3L

chemical degradation and correlation was replaced by a more systematic analytical approach.
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Substituting the tedious process of wmheal structure determination by spectroscopic
measurements allowed much faster progress and gave a higher degree of certainty to the

proposed structures.

Figure 1. Natural products isolated and fully described using exclusively a chemical
approach™®

However structure determinations based on spectroscopy cannot furnish informatioa on th
reactivity or the chemistry of a new natural product. Before the advent of spectroscopic
methodsthis information was gradually accumulated during the process of chemical structure
determination. The analytical part of a modern natural products progsctbeen highly
automatized. The goal is tachieve an efficienhigh-throughput and a databaskiven
identification of the isolated structure€hemical manipulations are often limited to the
preparation of the samples. These developments of moderntieadalgchnology have
induced a radical change. The inherent connett&ween chemicandbiological reactivity

and structure determination has been lost. Libraries of natural products have been determined
without having acquired knowledge about the asd the properties of the structurbsthis
respect, atural products chemistry has become more similar to medicinal chemistry. Both
approaches can be described as a search of biological activities starting from a library of
compounds. The differend®ing that in natural products chemisthe library of compounds



is isolated from natural sources, whereas in medicinal chemistry the library is synthesized by

chemists or machines.

Bioorganic chemistry has become an important complement to the aaladytproachtrying

to fill the gap between a library of compounds and its actiwtther of the individual
compounds or of a mix of compounds*'® In a broader sens¢he main challenge for
chemistry has stayed the same over the y@&alependent of the instruments and methods
available. The challenge of chemistry has been and,wdl the foreseeable fute be:
discover and describe the structural laws of life. Compiling the design principles and
understanding the correlations between chemical structures and their functions should enable
us to designfrom scratchpew active compounds on the drawing labar

2. <PIGMENTS OF LIFE »

Many important processes of life like the transport of electron, oxygen, ion and
photosynthesisiepend on the presence of metal complexes of specific macrocyclic [igands.
% These metal complexes have been calpigments of life, thereby indicating the

fundamental roleplayedby these metal ecoplexes (Figure 2%



Figure 2. The structures of fowpigments of lifexand the processes they perform.

The macroygcle of the «pigments of lifeis formed intwo elegant and efficient condensation
reactions’™’ Uroporphyrinogerill is the last common intermediate in the biosynthesis of the
«pigments of lifex(Scheme 1). The first step is the condensation of two molecules of
aminolevulinic acid ( -ALA) forming one molecule of porphobilinogen (PBGwhich is
catalyzed by a single enzynife® 3 The second transformation, where 4 molecules of PBG
are condensed to the macroly uroporphyrinogen Il (Uro lll)requires the presence of two
enzymes working in sequente.®® 3! The first enzyme the porphobilinogen deaminase
catalyzes the oligomerization to a linear precursor. The second enzyme the uropophyrinogen
lIl synthase cyclizes the linear precursor and concomitantly inverts firegDFinally; it is

worth mentioning thathe formation of uroporphyrinogens from PBG has been imitated in the

test tube just by heating an acidic solution of PB.

Scheme 1The biosynthetic path to uroporphyrinogen Il (Uro III)
4



The uroporphyrinogerchromophore, théirst macrocyclic structuref the biosynthesjsdoes

not easily form Werner complexeswith transition metals. Forcing conditions have to be

applied to achieve the incorporation of metals into the macrocyclic structures and often
further transformations are induced under these condifAsMost of the natural
tetrapyrrolic macrocycles derived from uroporphyrinogeratifuire the capacity to complex

metals byoxidizing the chromopha part of the ligandand by simultaneouslytautomerizng

the double bonds of the chromophore (see Figuré 3)°! Vitamin By, and factor F430 are
exceptions as their chromophore are formed by reductive processes starting fromThe IlI.

four nitrogen atoms of theyrrole rings in the uroporphyrinogens are arranged in a pre
structured array, but the free electron pairs are not available for compleasftibay are part

of the aromatic heterocyclic pyrrole ringghe oxidation of an urophorphyrinogen
chromophore i| process thermodynamically favored by the creation of conjugated aromatic
system. For the organisms biosynthesizing ¢peggments of lifepit is of advantage that
uroporphyrinogenll does not capture metal ion8KH SUHVHQFH RI 3 XQZHPQWHG"™ I
dangerous metal complexes c#ius be avoided. It is a question of precaution to create the

highly coloured and reactivepigments of lifexonly where and when they are needed. A way

WR FLUFXPYHQW WKHVH 3SURWHFWLYH &&bh WKddeHIgtge LV XV F
quantities of the unwanted protapbyrin IX are accumulated (PpIX¥: ®3

Figure 3. Change of the oxidation state duringettransformation of Uro Il into the
chromophores of important tetrapyrrolic macrocycles.



3. SYNTHETIC NITROGEN C ONTAINING MACROCYCLE S

Synthetic nitrogeftontaining macrocycles likériazacyclononanes, cyclens, cyclams and
obviously nonnatural porphyrindiave been reported the pas(Figure 4). The structures of

the synthetic ligands are characterized by short aliphatic chains of two or three methylene
groups linking three or four nitrogen atoms. The cyclams and the porphyrins share the same
3G LV W DigeemdtheBEwd pairs of nitrogen atoms: a linker composed of three carbon atoms.
The other two pairs are connected by a shorter ethylene linker (Figure 4¢h&hmcal,
catalytic and structural propertie$ these synthetic systerhave been studied thorgioly.®*

® Metal complexes ofizamacocyclesand their derivatives haveeen appliedas sensors,
contrast agentdn the detection anth the destruction of cancer cellsr as oxdation and
bleaching catalysf¥’® Azamacrocyclesare of great importance fahe studies ofthe
mechamsm of enzyme catatgd reactions Spectacular results have been obtained in
experiments usingimpler artificial systemdo mimic the active siteof elusive enzyme
processesThe quest for higivalent iron or manganese oxo spegégan important example

of this type of studie&® ™ ® ""Other metal complessweresynthesizedo obtainvery useful
transformations like selective oxidation of small hydrocarbassmethane, ethane or
propane® "® The properties of the metal complexe$ macrocyclic porphyrinshave been
compared tahoseof linear chelating ligands like salens and their derivativ&sWhite and

coll. have beautifully demonstrated that rigidifying a linear tetradentate ligand restran
geometry of the metal complex to one single conformation leadirggmore stable metal
complex and thereby ®more efficient catalys(Figure 5af? In another example Ready and
Jacoben have improved the catalytic activity of a linear salen derivativigamgforming it to

a marocyclic analoguéFigure 5b)*®

Figure 4. Classes of synthetically studied azamacrocycles



Figure 5.a) The example of White; b) the example of Jacobsen

4. BRIDGED AZAMACROCYCL ES

Cyclens and cyclams can be formally obtained by macrocyclization of linear oligomer type
precursorsAdding additional bridges to thesgamacrocyclemducestopological constraist
and enhance the high complex stability Reducing the conformationapace availableéo
macrocyclic ligands has been conceptionally pioneered byMaaer Lehn in his seminal
work on cryptand§*®® For synthetic reasonghe additional bridge is often introduced
between the nitrogen atoms (Figure 6B and 7. The availabilityof methriol asstarting
materialallowed an easy synthetaccess to the macrobicycles of the type illustrated in Figure

F %ULGJHG RU 3VWUDSSHG" SRUSK\ULQV KDYH EHHQ V\Q
properties of natural heme containing enzymes and proteins. A huge effort has been dedicated
to the syntesis of such macrobicycles and to studies of the properties of their metal
complexes, especially in the context of mimicking the reversible binding of dioxygen to iron

complexes.



Figure 6. % ULGJHG RU 3VWUD S aH/GE K Q VP b)) SR &GBRElAte also
called sepulchrater) ligand obtained by a templatiBrected synthesis using ethylene

diamine, formaldehyde and propionaldeh§6&

Numerous examples and variations have been reported in the literature. Only a few examples
will be shown illustrating the structures, which have been muaaditahle®® ®* The synthetic
strategies limited and directed the design of the structures synthesized. The typical approaches
to such macrobicycles were: 1) The direct synthesis whereexaténg cyclen or a cyclam is
modified by alkylation or acgltion; 2) The templatdirected synthesis where a metal
complex prearranges the precursor for the macrocyclization reaction; 3) The
protection/deprotection approach, where the cyclization is effected step by step using
protective groups to assure the sélaty; 4) The condensation approach, where a multicyclic
hemiaminal is formed which is then reductively opened to leave a bridge in the molecule.
Approach 1) suffers from the typical low yields observed for the macrocyclization reactions.
Approach 2) isefficient but not very flexibleApproach 3) is oftefong and complicated.
Approach 4) is mechanistically complex lmften leads to good results as far as efficiency

and yieldare concerned. In conclusion the synthetic methodologies available detetmine t
structures, which can be studied and also the design of the structures proposed. Even if a
specific compound is available by one of the strategies mentiotsedise is severely
hampered if the length of the synthesis or the low overall yield is ptokilbor a systematic

use of the desired compound for further physicochemical and biomimetic studiggsEas

and efficiency of a synthetic access to a desirable structure are crucial for the progress in

science and understanding.



Figure 7. Typical briGJHG RU 3VWUDSSHG™ VWUXFWXUHYV UHSRUWHG

5. CALIX[4]PYRROLE

Adolf von Baeyer and his group were the first to isolatenieseoctaalkylporphyrinogeri

more than 120 years adpy mixing pyrrole and acetonm the presence of a mineral acid
(Scheme 22 7KLV UHDFWLRQ ZDV DQ H[WHQVLRQ RI WKH V\VWHF
on condensation reactions using phenol and formaldehyde. Von Baeyer called the compound
SDFHWRQH S\U lnegadfithe ieKdtorHaDnd/especially of the isolation areanable.

The product of the condensation between pyrrole and acetone precipitates out of the solution

in pure, crystalline form. Despite these important factors, favoring the characterization and
identification of the new material, the structure detertimmaproved to be tedious. It took a

very long time until the structure of the compound was firmly established using a degradation

approach.

Scheme 2Synthesis of calix[4]pyrrol€$

Chelintzev et al. were the first to propdbe correct structurim 1916% Hans Fischer aye it
the name , , , -octamethylporphinogen. This name suggested the close structural
similarity of this compound to the porphyrins.dimosttook forty years untiRothemund

could definitively provein 1955the , flinkage between the pyrrole rings included in the
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macrocyclic structur&® Another fortyyears laterthe X-ray structure determinationf this
compournl revealed thealternating conformations of thgyrrole rings in the solid stafg,
where \cinal pyrrole ringsverepointing in opposite direction3 he pyrrole ings opposite to

each other weraearly parallel forming a cavityOne pair of hydrogen bonds is pointing up
and the other pair of hydrogen bonds is pointing down if the disk of the macrocycle is aligned
horizontally. The Xray crystal structures of these macrocyclagdimg anions like fluoride

and chloridediscloseda significantchange inthe conformationof the macrocyclé In this
halogenide binding complexes all the N¥ére directing towards the anion, adopting a cone

like conformationsimilar to thabbserved focalixarenegFigure 8)>°

Figure 8. Change in the conformation of calix[4]pyrrole in the presence of an anion.

Based on this observatioand onthe similarity of the Rothemund procedUrdor the
synthesis of calixarenes with the von Baeyer pilaoe it was proposed to change the name
of these macrocyclesnce again fronmeseoctaalkylporphyrinogerio %alix[4]pyrroles” %
The meseoctaalkylporphyrinogems not bona fideprecursors of porphyringan observation
which legitimizes the proposed name change.

The calix[4]pyrroles were intensively studied for theapacity to function as anion sensor via
the formation of four pyrrole Nknion hydrogen borsf® Two different approaches have
been used to quantify the presence of halogenides using calix[4]pyrrole based sensor.
Fluorescent groups have been introduced onto the ligand, &onpéx the synthesis of
calix[4]pyrrole-anthracene by coupling a calfpyrrole moneacid, prepared from
calix[4]pyrrole, with different aminoanthracene to afford the conjubja@npounds’ The
second approach is based on the competitive replacement oiipapenolate by
halogenides. Theolor change of the complexes versus the free-pdraphenolate is used
for sensing® Using fluorescence as method of quantification haseenmore intensively

studied and gives simple and very effective colorimetric halide sensor sy&t&s.
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In contrast to typical Werner type complextdse nitrogenlone pairs of calix[4]pyrroles are
part of the asmatic system of thepyrrole ring and aretherefore not available for
complexation of metal species. The migtiabn of calix[4]pyrroles @ give the tetraanion

allows the introduction of metal iongScheme 3% This procedureis experimentally

challenging and reqrgsthe use obtrong baseand strictexclusion ofoxygen and water.

Scheme 3.Synthesis of the tetraanion of calix[4]pyrrole and its transformation into metal
complexes described by Jubb et%l.

To sum upcalix[4]pyrroles have been known for a long time ane very easy to obtain and

to isolate. Their chemistry has attracted attention only in the ninefies)the anion binding

of the calix[4]pyrroles has been detected in the group of S&3st&r.'%“This anion binding
capacity can be attributed to the falirected Hbonds they are forming. During the same
period the capacity of the calix[4]pyrroles to form metal complexes has been studied starting
from the tetraanion by the group of Florighi®® °% 1®The transformation of these metal
complexeds complicated. The reactivitgliffers from the one bserved with the porphyrins,
which form Werner complexes with great ease. The calix[4]pyrroles are very poor ligands,
because the lone pairs of the four pyrrole rings are involved in the heteroaromatic ring and

thereby the lone pairs are not availablerfmtal binding.
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6. MOTIVATION

The analysis of the reported reactivityoafix[4]pyrroles led to the questiaf whether or not
the completely hydrogenated macrocycle can be obtained and what would be the chemical
characteristics of this saturated systdime lone pairs of the completely saturated macrocycle

should become available for metal binding (Figtixe

Figure 9. Proposed hydrogenation aflix[4]pyrroles and the expected change in metal

binding characteristics

A second topological correlation can be envisaged, if one compares the proposed totally
reduced calix[4]pyrroles with the simple ligand having the same connectivity linking the
nitrogen atoms to each other. The fully flexible ligand and its metal bindomegies have
beenthoroughly VW XGLHG )LJXUH %ULGJHG RU 3VWUDSSHG" ™ YF
extensively examined. Typicallyhe bridges were introduced between the nitrogen atoms, for

the eamessof the synthesis. In some casee bridgeconnects opposite sides of the
macrocycle. The synthesis of this type of macrocycle often starts with methriol as starting
material leading to a macrobicyclic structure. We did not find reports on structures, where the
DGGLWLRQDO F\FOHV DXGI®OH RGGIHEG DA[WH[RF\FOLF" IDVKL
macrocyclic structure. As in the cases reported in the literature, where the introduction of a
EULGJH "HQGRF\FOLF" ULQJ IRUPDWLRQ UHGXFHV WKH FF
SHIRF\FOLFIll &iffe@ dhé skeleton and should thereby increase the thermodynamic

stability of the metal complexes.
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Figure 10. Comparison of the totally reduced calix[4]pyrroles with the fully flexible ligand

connecting the nitrogeatoms with propylene linkers

In contrast to most bridged ligands published so tfee pentacyclic structurd possesses
eight stereogenic center Due to the symmetry of the liggnabt all combinations of the
relative configuration of the eiglstereognic centes lead to separate diastereoisomers. If this
would be the case total of 256 stereoisomers should be obtainable. A total of 45 different
stereoisomers of compoubdan be drawi?® The influence of the relative configuration of a
specific stereoisomer & on its capacity to act as a ligand for metal atoms is difficult to
predict. If the structures with the constitution fbecome synthetically availahl¢he
correlation between metal binding and the relative configuration cftéreogenic centgrof

the ligand can be studied. The proposed ligénldassymmetryproperties, whiclresemble
those of Nonactin a natural ligand for potassium. The tetrameric macrolide possesses an
unusual $ symmetry. Recent studies show that this specific relative configurati@mnmore
efficient potassium cation binder than other optical pure artificial isomers synthesized for
comparison purposéf> Studies of the stereoisomers & could contribute to our
understanding of the influence of the relative configuration of the ligand on metal binding and

complex stability.

7. KNOWN HYDROGENATION S OF HETEROCYCLIC
CALIX[4]ARENES

All the three simple homo heterocyclic calix[4]arenes (containing four identical aromatic
heterocycles) are known: calix[4]furaB, calix[4]pyrrole 1 and the calix[4]thiophend
(Figure 1). The synthetic access to the macrocydeand 1 is easy,via the procedure
pioneered by von Baeyer. The fully substituted calix[4]thiopt&isemore difficult to obtain

and the reported yields are I6#.The group of Vogel developed a method where the
13



calix[4]furan 6 could be converted into the calix[4]thiophe®e@sing hydrogen sulfide under

acidic conditions®'% A recent publication reports on the efficient synthesis of highly
substituted calix[4]furans and calix[4]thiophenes adding a heteroaryllithium compound to
ketones and treating the products withodosuccinimide to achieve the condensation to the

macrocycle-* 1

Figure 11. The heterocyclic calix[4]arenes: -calix[4]fural, calix[4]pyrrole 1 and
calix[4]thiophene 8 their totally reduced counterparts: calix[4]tetrahydrofurdanand
calix[4]pyrrolidine5

The synthetically eass¢ way to obtain the reduced macrocycles is the exhaustive
hydrogenation of the corresponding heterocyclic calix[4]areesrinciple, the reduced
compounds5 and 7 should be available in two simple synthetic stegsadid catalyzed
condensation of the five membered heterocycle with acetone followe{l lgte&togeneous
catalytic hydrogenation. Only the transformation of the calix[4]furén to the

calix[4]tetrahydrofurary has been reported in the literature beforeaywm studies.
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8. HYDROGENATION OF CAL IX[4]JFURAN 6

The synthesis of calix[4]fura®, the starting material for the heterogenous reduction, was first
described by Ackman et al. in 195%™ 24 almost 80 years after the first publication of von
Baeyer describing the synthesis of calix[4]pyrrdleHistorically the first preparation of a
calix[4]furan had alreadybeenreported in 1906 by Hale et. At° when they treated ethy} 2
furoate with ethyl magnesium iodide. Based on the limited analytical data available at that
time, they incorrectly proposed-(Bent2-en3-yl)furan as the structure of the product
obtained (Scheme 4).

Scheme 4 First historic synthesis of calix[4]fura@ in 1906 with the wrong structure

assignment®

The reaction conditions in 1955 and later are similar to the conditions used for the synthesis
of calix[4]pyrrole 1, however theyields are generigl lower (Scheme 5). The best conditions
reportedareusing a large excess of LiClQo accelerate the reactioff */In 1985 de Sousa

Healy and Rest published a systematic study of the role of matal in themacrocycle
synthesidy furan-ketone condensatiori® Alkaline-earth metal salts gav&in generaly good

yields, typically between 14 and 32% for Ca(QW The salts of transition metals like
chromium, manganese, iron, cobalt, nickel, copper and zinc gave good to excellent yields,
situated between 12 and 33% of the macroc§cla all cases the best yields were obtained
when perchlorate was used the anion. They also studied the influence of the type and
amount of acid, the amount of water present and the reaction time. The alsbatsidied

the complexation of the macrocydevith the metal salts used. In contrast to the publications

of Chastrette,lte authors came to the conclusion that the template efBschot the major
factor forthe outcome of the condensation. Tipegferedto attribute the increass yield to

the pH change induced the presence of the metal salts.
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Scheme 5Synthesis and catalytic hydrogenation of calix[4]fuéati **’

The recent report by Lee et af° described the efficient synthesis of sterically demanding
calix[4]furans e.gl10 and calix[4]thiopheneswhich were so far not accessible (Scheme 6).
The method is basl on the selective direct-l& metallation of furan in the -position
followed by a reaction with a ketone as electrophile. The benzylic alcohol obtained is not
isolated but converted into arylalkenes by dehydratation.afylalkenes were tetreyclized

with the aid of iodonium ion fronN-iodosuccinimide.The catalytic hydrogenation of the
calix[4]furan 6 was first reported by Kobuke et al. in 19#8who made a systematic study of

the transport capaa#s of macrocyclic tetrahydrofurarontaining structures through liquid
membranes. Kobuke et al. used ruthenium on carbon as catalyst and had to apply 120 atm H

pressure and 190 °C for 6 h obtaining 73% vyield of the totally reduced macraécycle

Slightly different conditions for the reduction were reported by Rest et al. in ‘91g,
Chastrett?"’” and by Wiegers and Smitlh: When palladim on carbon was used as catalyst,
the pressure needed for the reduction varied from 110 atm to 170 atm at a temperature of 105

°C. The yields reported were consistently between 57 and 72%.

Scheme 6Synthesis of calix[4]ftan 10 (X = O) or of calix[4]thiophene (X = S}*°
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Contraryto the previous authorsle Sousa Healy and REStwere not able to carry out the
reduction in ethanol. Using THF a®lvent, Raney Ni as catalyst and similar conditions of
pressure and temperature as those reported by previous atltbgrsolated and separated a
mixture consisting of 38% of the totally reduced macrocycéd 18% of the halfeduced
compoundl], isolatedoy successive crystallization (Scheme 7).

Scheme 7 Heterogenous catalytic hydrogenation of calix[4]fuawith Raney Ni yielding
the calix[4]tetrahydrofuran/ and the calix[2]furan[2]tetrahydrofurahl accordng to de
Sousa Healy and Rest

In the publication by Van Beylen et & **! which appeared the same year, the authors
reported the successful hydrogenation under considerabtiemgbnditions. Hydrogenation

was successful at room temperature and under atmosphegregsure (Scheme 8).

Scheme 8 Hydrogenation of the macrocycunder mild conditions and separation of the

two diastereoisomerseording to van Beylet??
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Under these conditionst least twodifferent disastereoisomers were formed. The authors
could separate the two diastereoisomé&sand 7b in a 7030 ratio. Both diastereocisomers
crystallized and their structures in the solid were determined byayXdiffraction.
Characterization of the twdiastereocisomers by additional analytical and spectroscopic data
and the detailed experimental description, amgfortunately missing. Ten years latethe
authors described a detailed spectrophotometric study of the metal complexation of these two
new ligands, without giving more details describing the ligdAts.

9. THE STRUCTURES AND PROPERTIES OF THE
CALIX[4]TETRAHYDROFU RANS?7

The interest in the calix[4]tetrahydrofurarisvas stimulated by the discovery of the crown
ethers by Pedersen, Cram and L&hAn additional stimulus came from the discovery of the
capability of Nonactin to form complexes with alkali cations, showing a remarkable

preference for potassium over sodium ions (Fig@)e%®

Figure 12. Typical synthetic crown ethers and Nonactin, a complex natural ionophore,

serving as inspiration for the hydrogenation of calix[4]furdns.
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The X-ray structures of the two diastereocisomeégisand 7b were reported by von Beylen et

al. (Scheme @&nd Figure 3).2%* 2! The conformations of compounds and 7b resemble

each other and are quite similar to the conformations found in the unsaturated heterocyclic
calix[4]arenescalix[4]furan 6 and calix[4]pyrrolel, namely a 1,&lternate conformatiotf*

A dramatic change of conformation is observed when the lithium picrate complex of the
macrocycle7a is studied.The complex crystallized from a mixture of lithium picrate and the
calix[4]furan 6 in chlorobenzene containing a small amount of THife four oxygen atoms

of the furan rings are almost in a planar arrangement. The metal binding changes the overall
appearace of the macrocycle. The global form of the macrocycle becomes bowl shaped. The
central lithium cation is in a position slightly out of the plane deviating towards the picrate,
which is in binding distancé~igure ¥). The bowl shape creates two distinety different

faces: a concave face limited by the four axial methyl groups and a convex faed topie
solvent. As a consequence of the overall shape of the macrooyolef the methyl groups

are in equatorial positions whereas the other fouhyhgiroups are in axial positions forming

a tight cleft seriously restraining the access to the metal atom.

Figure 13. Molecular structures of isome¥a and7b.*?*
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Figure 14. Molecular structure of lithium picrate complex of isoriat*

The early studies of Kobuke et al. showed that the redoabx{4]tetrahydrofuran7 was
capable of extracting alkali metal cations into organic media, typically chlordfdisithium

and sodium picrates could be extracted from aqueous to the chloroform phase using the
macrocycle7. Transport rates through liquid membranes were determined as well. The
selectivity measured in transport rates was fastest for sodium cations with a 2 : 1 preference
compared to lithium cations and at least a 6 : 1 preference compared to the transport rate of
potassium cations. Wiegers and Smith isolated the complex formékelbyixing of one
equivalent of LiAlH, and one equivalent ofalix[4]tetrahydrofuran7 in THF!** They
obtained a crystallineomplex, whichwas characterized by its CHN analysis, compatible
with a complex containing one equivalent of THF. Using increasing quantities of the
calix[4]tetrahydrofurar’ in the presence of LiAlldfor the reduction of camphodecreased

the rate of the reduction. The influence of the macrocyade the reductiorwas, however
moderate compared the influence of cryptands, which stopped the reduction compfétely.

126 De Sousa, Healy and Rest observed characteristic changes in the NMR signals on the
complex formation betweecalix[4]tetrahydrofurary and lithium salts, like Lil, LISCNand

LiClO4. Van Beylen et al. determined the rate of complex formation and the binding constants
separately for the two diastereoisoméasand 7b.**? Spectrophotometric studies showed that
both diastereocisomers formed complexes with lithium picrate inrdiftesolvents like THF,
tetrahydropyran, dioxane, diethyl ether or chlorobenzene. The complex formation was slow

for both diastereoisomers. The authors attribute the sluggishness of this process to the
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importance of the conformational changes needed &cdmplex formation. The complexes
formed from the altis-diastereocisomera were considerably more stable than the complexes
formed from7b. The small changes in the position of the absorption band on complexation
are compatible with the presence of eetsthed contact ion pair. For the complex with the
other diastereocisom&b more important bathochromic shifts are observed. This is compatible

with the formation of a solverseparated ion pair.

10. HYDROGENATION OF CAL IX[4]PYRROLE

To the best of our knowledgenly one report othe hydrogenation of calix[4]pyrrolé was
published in 1955 beforur own workpublished in 2009 (Scheme.Y)The goal of the study

by Rothemund and Gage was to ascertain the structure of calix[4fpytratalled
acetonepyrrolat the time The conditions used for the hydrogenation were extremely harsh.
The objective of this transformation was securing the position of the linkage connecting the
neighboring pyrrole rings into the macrocycle. The mainlteduhis degradation experiment

was the proof of the position of the links in the 2 and 5 positions of the pyrrole exclusively.

Almost 70 % of the bridging atoms were accounted for.

Scheme 9Results of the heterogenous catalytic hydrogenation of calix[4]pyttole
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11. CONCLUSIONS

The publication of Rothemund and Gale is the only experiment reported in the literature
describing trials to hydrogenate calix[4]pyrrdlelt is thereforethe only valuable source of
information if one is interested in the hydrogenation process. Three types of conclusions can
be drawn from the described experiments: 1) Experimental conditions for a successful
hydrogenation; 2) Difficulty of the hydrogenatiasf alkyl substituted pyrrole rings; 3)
Relative rate of hydrogenation of pyrrole rings compared to the rate of the benzylic
hydrogenation.

The first conclusion concerns the experimental conditions. The extreme harshness of the
hydrogenation conditions striking. In a second hydrogenation experimeéin¢ authors use

even higher pressures and only a slightly lower temperature: 204 aah215 °C. Under

these strenuous conditignsis somewhat of a surprise that the material balance is relatively
good. To account for 69.4% of the bridging atoms is an excellent experimental result
considering the aggressive conditions used and the difficulty of the separation process. The
authors used only distillation and acid base extractions. The good material hslcleegly a
testimony for the quality of the experimental work of the authors.

The second conclusion concerns the inherent difficulty to reduce dialkyl substituted pyrroles.
The process must be quite difficult at least under the conditions describesl doythiors. The
experimental conditions are extreme. Pressure and temperature are at the limit of oleat can
reasonably and safely implemented in a typical laboratory. It is worth mentioning that the
authors used similarly strenuous conditions for the dyeination of the -Bsopropylpyrrole

and for the 2,&liisopropylpyrrole to the correspondingisbpropytpyrrolidine and the 2;5
diisopropytpyrrolidine (Scheme 10). The goal of these hydrogenations was to prove the
structures of the compounds that wereaot®d by degradation by an independent synthetic
approach. Obvious)ythe hydrogention of simple alkyl substituted pyrroles as well as the
hydrogenation of calix[4]pyrrole require very harsh conditions. One can rationalize these
extreme conditions by thdfficulty to reduce an electron rich heterocycle and by the steric
hindrance imposed by the substituents at positions 2 and 5. The temperatures and pressures
needed for the hydrogenation remain a surprise, if one compares the heats of hydrogenation
for furan (14.9 kcal/mol), pyrrole (17.1 kcal/mol) and thiophene (18.5 kcalAtloThe
estimates for the resonance energies of furan (B&Bmol), pyrrole (21.5 kcal/mol) and
thiophene (29.2 kcal/mol) derived from the energy of combustion indicate a more important

thermodynamic difference than the figures reported for the hydrogenation. The considerable
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differences in the resonance enengight be compatible with the differences observed for the

hydrogenatiort?®

Scheme 10.The synthesis of the-iBopropylpyrrolidine and 2;8iisopropylpyrrolidine by
hydrogenatioff

The last conclusion concerns the relative rate of hydrogenation of the pyrrole rings compared
to the rate of the benzylic hydrogenolysis. Rothemund and Salated and identified only

ring opened products. One has to mentibowever that they report some supposed
decomposition during their first distillation, which might be due to the presence of oligomeric
or macrocyclic products: 23.6 % of the matewals present as charred residue, not distillable
under the conditions used by the authors. More conclusive is the observation that the relative
amount of the pyrrolic degradation products isolated is about ten times as high as the amount
of the totally hydogenated corresponding pyrrolidines (Scheme 9). This observation is
compatible with a considerably faster benzylic hydrogenolysis than the hydrogenation of the
aromatic pyrrole rings. Even in the dipyrromethane type compound (Scheme 9) the two
pyrrole rirgs are fully aromatic. The amount of the dipyrromethane type compound is almost
a factor of eight smaller than the amount of monocyclic compounds isolated under these
hydrogenation conditions. Alsahis observation is consistent with a kinetically faster

benzylic hydrogenolysis.
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To sum up Harsh conditions are needed for a successful hydrogenation of calix[4]pyrroles.
The reasons for these extreme conditions @@ easily rationalized based on the
thermodynamic data available. Under the conditions apghedbenzylic hydrogenolysis
seems to be kinetically faster than the hydrogenation of the pyrrole rings. The challenge is
therefore to find experimental conditions where the ring opening and thereby the benzylic
hydrogenolysis is slowed down and/or to findnditions where the hydrogenation of the

pyrrole rings issufficiently accelerated to allow the isolation of the reduced macrocycle.
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Chapter 2

SYNTHESIS OF
CALIX[4]PYRROLIDINE

Abstract

he firstmeseoctaalkylporphyrinogefcalix[4]pyrrole) was synthesized by Baeyer

more than 120 years agmixing pyrrole and acetone in the presence of an %cid.

First proposed by Chelintzev et al., the correct structure was definitively proven
by Rothemund in 195%: * followed forty years later by the -¥ay analysis® This
macrocycle could be obtained in gram scale and in very good yield.

We have performed a thorough study of thelgdt hydrogenation of calix[4]pyrrolé&, by

using common as well as novel heterogeneous catalysts based on transition metals (Pd, Rh,
Ru) supported on solid matri¢d$ During our studies, wevere able tdsolate and identify

two halfhydrogenated product$2a and12b. A single, altcis, fully hydrogenated compound

13 could be obtained in low yields only under drastic reaction conditions (100 atm of
hydrogen pressure at 100 °C in acetic aBthemell). Gas chromatographic analysis of the
heterogeneously catalyzed hydrogenation reactions of calix[4]pytrallewedto determine

the composition of the reaction mixtures. Te&ative configuratiorof the three products ha

been unequivocally determined by single crystab¥ diffraction** **°

The reduced -calix[4]pyrrolel3 reacts smoothly with transition metals to form new

organometallic complexes with a large range of transition metals. The manganese complex

has show to possess interesting catalytic activity for oxidation proce'Sses.
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Schemell. Catalytic hydrogeation of calix[4]pyrrolel

The macrocyclel?b also has the ability to form metal complexes (NMR investigation still
under progress). Recently, ilave beerable to find conditions for the achievement of the
complete reduction of macrocycl8 starting from compound2b. The mechanism involved

is not fully understoogetand is still under investigation.

26



1. INTRODUCTION

Many vital biological processes depend on the presence of macrocyclic metal prophyrin
complexes. The electron transport by cytochrome c, the transport of oxygen by myoglobin or
hemoglobin and most importatdf all) the photosynthesis by chlorophylls atsmdamental

processes of ifé™% 132 133 These complexes artherefore NQRZQ DV 3WKH SLIJPHQW
and are formed by condensation reactions of comparatively simple starting méatéfias

an early step of the biosynthetic pathwéay?®

In view of theirexceptionaproperties, the synthesis of porphyrins becankeenly contested

research field and attracted wide attention. Numerous efforts haveriasentocreat other

synthetic nitrogeftontaining macrocycles, such as triazacyclononanes, cyclens, cyclams and
non-natural porphyrinsand their chemical, catalytiand structural propeds have been
thoroughly studied*®® The metal complexes of these ligands and their derivatives have found
interesting applications as sensors, as contrast agents, in the detection and destruction of
cancer cells and as oxidan and bleaching catalyst§®® The scientific and economic
importance of enantioselective catalytic processes combined with the challehges
developing3JUHHQ" VHOHFWLYH DQG HIILFLHQW DOWHUQDWLYH
has led to a large humber of studies on catalysis. Synthetic nitrogen containing macrocycles
have found many applications as catalysts e.g. in oxidation reacfiéh$here are two major

mutually fertilizing approaches for these studies. In the first approaehtries to understand

the functon and mechanism of enzyroatalyzedreactions by mimickingwith much simpler

artificial systemsthe active site. These studies have led to the quest fotvhlght iron or
manganese oxo specigs’® "® "In the second approagctne tries to obtain challenging but
inherently very useful transformations like selective oxidation of small hydrocarbons like
methane, ethane or propane, based on our understanding of the natural catalytic pfo€esses.

TKH F\FODPV DQG WKH SRUSK\ULQV VKDUH WKH VDPH 3GLVV
atoms: a linker composed of three carbon atoms (Scheme 1). It is well known that rigidifying

a linear tetradentate ligand restrains the geometry of the metal complex to one single
conformation, leading to a more stable metal complex and thereby to a more efficient
catalyst® # Therefore, the fully flexible cyclam ligand and its metal binding properties have
EHHQ LOQWHQVLYHO\ VWXGLHG DV ZHOO DV WRH*PUL GIHG R
‘H GLG QRW ILQG UHSRUWY RQ VWUXFWXUHY ZKHUH WKH C
LQ DQ 3H[RF\FOLF"  IDVKLRQ WR WKH EDVLF PDFURF\FOLF VW
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Figure 15 Comparise between the fully reduced calix[4]pyrrole, cyclam and porphyrin

In this context, we envisaged the synthesis of such a rigidified molecule, the
calix[4]pyrrolidine presented ifrigure 15 and the study of its metal binding properties. This

new ligand could be obtained in a sindlgdrogenationstep starting from the easily

synthesized calix[4]pyrrole. In contrast to typical Werner type complexes, the nitrogen lone
pairs of calix[4]pyrrolesare part of the aromatic system of the pyrrole ring and are therefore
not available forcomplexation of metal species. The analysis of the reported reactivity of
calix[4]pyrroles led to the question: can the completely hydrogenated macrocycle be obtained
and what wouldethe chemical characteristio$ this saturated systéhThe lone pairs of the
completely saturated macrocycle should become available for metal binding.

2. FIRST RESULTS ON HYDROGENATION OF
CALIX[4]PYRROLE IN O UR GROUP (VALERIA BLANGY)

2.1. First success

To the best of our knowledgéhe controlled reductiorof calix[4]pyrrole (L) has never been
repored before the publication obur own work.We embarked on a systematic research
program with the aim of developing methods for the reductioralif[d]pyrrole (1)**° We
avoided conditions known to facilitate ring opening processes. As the synthesis of the
macrocyclel is catalyzed ¥ the presence of strong acids, we reasoned that the acidic reaction
conditions leading to the macrocycle should also be able to open the macrocyclic structure.
We therefore chose neutral conditions. Based on the reports of {uwe, tested Raney
Nickel W, as catalyst, in a THF as solvent. Using freshly prepared Raney Nickel, we isolated
unreacted starting material applying temperature |0 °C and hydrogen pressures up to
100 atm. Applying temperatures of 150 °C to 220 °C and pressures finally reaching 150 atm,
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partial destruction of the macrocyclewas observed, without any hint at the formation of a
reduction product. Trials to hydgenate the macrocyclein ethanol with Pd/C also yielded

solely recovered starting material. Following a literature precedemcased Rh/C and acetic

acid as solveras reported in the publicatidt. To our surprise, no hydrogenation but also no
destruction of the starting material occurred using conditions going up to 70 atm and 65 °C.
Using a stronger acid, such as trifluoroacetic acid, lethéocomplete destruction of the
macrocyclel. Using aceat acid as solvent for the hydrogenation miagnsform small
amounts of the pyrrole rings into the protonated imminium form, destroyingrtmeaticity

and thereby facilitating the hydrogenation. Even if these series of hydrogenations using Rh/C
as catalysdid not achieve our goal, they paved the way to new experimental conditions. The
recovery of the starting material proved that protonating conditions capgieed to the
calix[4]pyrrole 1, avoiding the detrimental ring opening reaction, at least trge lextend.

We started testing hydrogenation using acetic acid either as additive or as sbhient.
change of strategy inducélde discovery ofhefirst reduction process of the macrocyl&®

Using either mixtures of acetic acid in ethanol or pure acetic acid as solvent and catalysts like
Pd/C, Rh/C, PdO, PtOand Pd/BaS® partial reduction of the macrocycle could be
observed. The hydrogen pressure for these reactions varied slightly between 80 atm and 90
atm and the temperatures used were between 50°C and 70°C. Using higher temperatures
under these conditions led to a decrease in the isolated yield, whicitnbeited to an

increase in the rate of the ring opening reaction.

Scheme 2. Catalytic hyrogenation of calix[4]pyrrolel vyielding a mixture of the

diastereoisomers d2aand12bin 81% combined yield

Based on thesebservations, we preceded to a first optimization of the hydrogenation
conditions.The hydrogenation of calix[4]pyrrole under 85 atm of hydrogen with a catalytic

amount of palladium on charcoal3Imol% Pd compared to the macrocydgin acetic acid
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as solvent at 50°C for 16 hours, provided a mixture of two diastereoisomers of the half
reduced form of the macrocycl®a and12b (Schene 12).2*® The structures were rigorously
assigned based on spectroscopic data and finally with the helpray ¥nalysis of the
crystals™® As in the case of the hydrogenation of the calix[4]furamly dwo of the seven

possiblestereasomers wer@dentified and characterized, namé&Ba and12b.

2.2. Firstisolation of the totally reduced calix[4]pyrrolidine 13

The only known reduction of a heterocyclic calix[4]arene, the hydrogenatticalix[4]furan
gave the completely saturated macrocycle (Schem&" 8).contrast to these reports in the
literature, the hydrogenation ofcalix[4]pyrrole 1 gavein our handsthe partially reduced
macrocyclic structurel2. The initial attemps to achieve complete saturation of the
calix[4]pyrrole macrocycle failedno traces of a completely hydrogenated product could be
detectedThe degradation of the macrocycle was obsewleentemperaturs higherthan 150

°C were usedIncreasing the hydrogen pressure to 150 atm with the same temperature, also
led to degradationBy varying the type of catalyst (Raney nickeghodium on alumina,
platinum on carbon palladium oxide), the solven{THF, EtOH/AcOH, dioxane,
dioxaneAcOH, MeOH) or changing the quantities and the type of acid addéd, HCI,

HBr) either no reaction occurred or ondfggradationwvas observedAfter a long, fruitless
period, we were ablto observethe product of thetotal reduction of calix[4]pyrroldor the

first time. We had to use harsh but carefully adapted conditions for ctialytic
hydrogenatiort*®. Under these conditions, tloalix[4]pyrrole 1 was transformed mostly into
the partially reduced macrocycld®a and 12b. Only a very small amount of the totally

reduced product3 could be isolated (initial yields were below 5 €8chene 13).
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Scheme B. Catalytic hydrogenation of calix[4]pyrrolel) leading to the partially reduced
macrocyclel2a as the major product and to small amount of the macrodgixcle

In a first intensive effort, we optimized the isolation of the new macrocy@8lend fully
characterized its structure. As mentioned before, using temperatures considerably above 100
°C, inevitably led to the destruction of the material. More surprisingigpwas the fact that
increasing the pressure to 150 atm also lead to the degradatatixpd|pyrrole 1. At this

stage, lhe conditions for theeductioncould not be varied and the yiedd thetotally reduced
macrocyclel3 seemed to be limited to ale between 5% and 10%. We were clearly in the
UHJLPH RI D IRUPDWLRQ \LHOGV EHORZ DQG QRW RI
concentrated our efforts on obtaining reproducible reaction conditions and a reasonably easy
isolation procedureAs a camsequence of this first optimizatiorthe following harsh
conditionswere systematically applied to create sufficient quantities of the macrdd/five

further studies:100 atm of hydrogen in purecetic acid at 100°C for 24 h usint0%

palladium on chawoal.

2.3. Hydrogenation of the structurally different calix[4]pyrroles 14 and
15

In order to check if our conditions could be successfully applied to other calix[4]pyrroles, we
tested the calix[4]pyrrole$4 and 15. We wereable toisolate the partiallyeduce products

16a, 16b and17a and17b in similar yields as for the simpler calix[4]pyrrale(Scheme 13).

The recovery of characterized material was, relatively poor. We attributed this to the
sensitivity ofthe macrocycle 14 and 15 to the acidic reaction Only 22% combined yield of

16a and 16b were recoveredrom the calix[4]pyrrole14. The amount of the hatkeduced
macrocyclesl7a and 17b was slightly bettewwhen starting from compountb. A total of
30.6% could be isolated Degradation of thestarting material largely accountddr the
remaining percentagén both casesthe all-cis compoundsl6a and 16a were again,the
major products of the hydrogenation, with a diastereomeric ratit6af: 16b = 84 : 16 and
17a:17b =64 : 36
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Scheme . Catalytic hydrogenation ahesaotetraspirocyclopentylporpmiyogen (4) and 5,
10, 15, 26tetraisobutyd5, 10, 15, 2&etramethylporphynogen (5)

2.4. Complexation of calix[4]pyrrolidine (made Dr. Valeria Blangy)

Having the ligandL3 in our handscomplexation studies were undertaken usin§*@s the
first metal. Spectrophotometric studies immediately indicated the formation of the copper

complex18 (Figure ¥).
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Figure 16. Complexation ofl3 in an aqueous solution of Cug@t pH = 4.5 and rt using

equimolar concentrations of €and13 of 2 10* mol/L

The complexation is a relatively slow process with a second order coof#égimol* min™.

The observed isosbestic point is in accordance with a process where only the starting
materials and the product can be observed. No intermediate is detectable under those
conditions. The chloride of the copper complé«crystallized andhe X-ray structure of this

complex was the first of a series of metal complexes studied in our group (Figure 1

Figure 17. The X-ray structure of the copper compl&® determined byr. Lydia Karmazin
Brelot working with the group of Professor Helen Stoegkiians®
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The structure of complet8 proved to be prototypical for all the metal complexes, whose
structures have been determined so far. The metal sits in the center of the macrocycle bound
to the lone pairs of the four pyrrolidine nitrogen atoms. The coordinggibare of the metal

is a distorted octahedron. One of the chlorides is in binding distance to the ¢hgpen(9)

A). The second chloride is kept in place by four hydrogen bonds to 4Hebbhds of the
pyrrolidine rings. The four N bonds form a sortfopicket fence. The two faces of the
macrocyclel8 are clearly differentiated in all the complexes we have studied $6'f&f,

After the characterization of the Cu(ll) compl&® the analogous M(Il) complex19 could

also be characterized (Figur8)1The comparison of the edga view of the free ligand3

and the Mn(ll) complexX 9 show that only minimal geometric and conformational changes are
induced by the metal complex formation. One ofdhkrides is directly bound to the Mn(ll)
whereas the other chloride is held in place with four hydrogen bonds. The two faces of the
metal complexL9 are clearly differentiated. Preliminary experiments showed that manganese
complexes of our ligand can furan as a catalyst for epoxidation reactions on olefins. A
detailed study of the scope and limitation of the epoxidation reaction, the influence of

additives and preliminary studies on the mechanism hasrbeently published

Figure 18. The synthesis of the Mn(ll) complé® and its Xray structure
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3. HYDROGENATION OF CAL IX[4]PYRROLE

A thorough study of the catalytic hydrogenation of calix[4]pyrrbléas been performed

using common as well as novel heterogeneous catalysts based on transition metals (Pd, Rh,
Ru) supported on solid matrices (carbon, graphite, alumina) (ScHgmButing our studies

we were able toisolate and identify two novel halffydrogenated productd,2a and 12¢

although the yield of the fully hydrogenated prodd& could not be improved. It is
noteworthy that no other diastereoisomers of compol®dvere deteed in the crude

reaction mixtures.

Before starting the screening of the hydrogenation catalysts under different experimental
conditions (solvent, temperatureye developed an easy and fast analytical protocol that
allowed the qualitative and quantitativdetermination of the composition of the reaction
mixtures. The GC analysis using the internal standard methodology proved to be the best
tool:?? n-eicosane was used as the internal standard (IS), which was added in exact amounts
into each reaction miyte before running the hydrogenation.

Scheme 5. Optimized catalytic hydrogenation dfgiving the productd2ac and13
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The method of isolation of the four products coming from the hydrogenation of

calix[4]pyrrole1in large scale is presented Figure 19.

Figure 19. General description of theuccessivateps for the isolation of the four products
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3.1. Calibration curve for control of hydrogenation reactions (made by
Dr. Andrea Gualandi)

A series of solutions containiri@b, 13 (2 mM each) and-eicosane (internal standard, IS) in
known amounts and variable ratios were prepared igOGHYy mixing different volume of
standard solutions df2b, 13and IS. Each solution (2 pL) was injectedGC (Agilent 6850A
GC-system, column HR, length 3 m, I.D. 0.32 mm, film 0.25um) by using the following
temperature gradient: initial temperature 220 °C, 2 min., then heating 5 °C/min. up to 300 °C,
further 6 min. at 300 °C). Calibration plots (TableF&yure 20) were prepared reporting the
ratio (mmoles of I1S)/(mmoles d2b or 13) vs.the ratio (peak areas of IS)/(peak area2if

or 13).

Table 1.Retention time of different compounds in the reaction mixture.

Compound Retention Time (min.)
n-eicosane 4.5

1 11.3

12a 15.9

12b 16.5

12c 17.3

13 19.4

Table 2.Data for the preparation of calibration plot.

mmol IS/ mmol IS/ Area IS/  Area IS/
Area IS Areal2b Areal3
mmol12b mmol 13 Areal2b Areal3
4.14 4.72 2069.1 272.0 266.3 7.61 7.77
2.76 3.15 1389.0 286.3 270.5 4.85 5.13
1.72 1.97 876.0 341.0 268.0 2.57 3.27
1.52 1.73 708.9 325.8 252.8 2.18 2.80
1.10 1.26 515.5 367.5 294.9 1.40 1.75
0.83 0.94 378.5 320.3 270.7 1.18 1.40
0.62 0.71 192.7 292.5 198.7 0.66 0.97
0.55 0.63 167.1 320.6 268.8 0.52 0.62
0.28 0.31 56.0 322.4 255.7 0.17 0.22
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Figure 20. Calibration plot of the reduced compounti#b () and 13 (-+) referred ton-

eicoesane (IS).

Figure 21. Copy of GC chromatogram of hydrogenation reaction.
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Injection of a samplé&om the crude reaction mixturebtained after basic treatmegave the
compositionof the four characterize@roducts.For the calculations wassumed that the
products12a 12b and 12c possesthe same respons@actor. The amounts of the half
hydrogenated noducts12a-c and fully hydrogenated produd3 were calculated using the

following equation:

A test reaction was performed to check the accuracy of the method. The pi&thuatsd 13
were isolated as described in the following FigRte After separation of the solidl2b or
13), the solid was weighed and the residual amourit2tfor 13 in the mother liquor was
calculated by GC analysis using the IS methodoldgy. each compound the sum of the
weighed amount and the residual amount in solutias very close to the yield calculated by

GC analysigletermined fronthe crude reactioproduct

Dr. Andrea Gualandi developed this GC method based on the unconventional reverse
response factor (IS)/(X) and the yield calculated during this study hesre done respect to

this choice.

3.2. Results and discussion

GC-MS analysis of the reaction mixtures allowed us to detect the formation of four major
compounds: according to their molecular weight, three of them were diastereoisomers of the
half-reduced prodct 12, and one was the fully reduced compouil(Schemel5). The
diastereoisomer$2a and 12c of the halfreduced product, previously not detected, could be

isolated in a pure forrand characterized
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3.2.1. Screening of heterogeneousatalyst (this work is the result of the common
effort with Dr. Andrea Gualandi)

Table 3. Catalytic hydrogenations of calix[4]pyrrolé®

Entry Catalyst” 12a12t/126" 13"
1 10% Pd/C 25/40/14 16
2 10% Pd/¢! 23/35/11 12
3 10% Pd/c" 29 (2)/35 (24)/13 12 (8)®
4 5% Rh/ALO3 40/33/11 8

5 CosRh 43/31/12 9

6 Co4Ru 36/39/19 5

7 CiePd 27/34/17 6

8 10% Pd/C 39/45/59 12
9 10% Pd/c¢" 40/47/9 0
10 10% Pd/¢ 26/36/15 16
12 5% Pd/c! 25/40/12 7
13 5% Pd/¢ 17/25/14 18

[a] The reactions were performed in an autoclave on a 0.47 mmol scale in acefte mtidat 100 °C for 24 h

under 100 atm of Hpressure using a catalyst loading of 34 mol% of metal. [b] Yields (%) were calculated by
GC analysis using the internal standard methodology. [c] Catalyst loading: 17% mol of metal. [d] The reaction
was performed on a 4.70 mmol scale. [e] Isolated yigJdlraces of 1 were detected. [g] The reaction was
performed for 24h, then 34 mol% of catalyst wasdeled and the reaction was let another 24h. [h] The reaction
was performed 4 times more diluted. [i] Pd/C source: Aldrich/basis; [j] Pd/C source: Eggskell oxidic

(50% wet); [K] Pd/C source: Evonik/uniform oxidic (50% wet).

The crude reaction mixture obtained performing hydrogenatio (3.47 mmol) in the
previously described conditions (34% of 10% Pd/C, AcOH, 100 atm, piré$sure, 100 °C)

was frst analyzed. The three diastereoisomé&gac (in order of GC elution) where
compoundl2b was the prevalent one, were detected with a total yield of 79%, together with
the fully reduced compountB3 which was formed in 16% yield (Tab8 entry 1). Reducig

the relative amount of the catalyst to a 17 moteetal loading, resulted in a lower yield of

both productsl2 and 13, which were formed with comparable ratio and diastereoselectivity
(Table3, entry 2).

Then hydrogenation under the former conditions was carried out in a larger scale (4.7 mmol
of 1) allowing the isolation of all the reaction products, which were formed with a similar
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ratio as compared to the small scale reaction (Tablentry 3). The adate salt of 12b,
precipitated from the crude mixture after evaporation of the solvent and addition of
dichloromethaneThe freebasel2b, was obtained in 24% yield bdyeatmenwith ag. NaOH.
Crystallization from ethyl acetate gave pdb in 23% yield.Compoundl2¢ featuring one

ciss and onetrans-2,5disubstituted pyrrolidine rings, was isolated from impdzb by
column chromatography (4Ds, CH,Cl,/MeOH/EgN, 95/4.5/0.5) and byrepeated
recrystallizationan EtOAc. However, ve have recently discovete mistake we made on the
characterisation of compouri®c Compoundl2cis actually a reduced form of an impurity
present in calix[4]pyrrolel (see complete analysend explanation in Chapter 3.5).
Starting with a pure calix[4]pyrro)eve isolated only two products from the hedduction of

1, such as compouri?aand compound 2b.

Product13 was recovered in 8% yield from the dichloromethane mother liquor after aqg.
NaCO; treatment, solvent evaporation and addition of ethyl acetais. Chused separation

of 13 as an insoluble solid, whereas compou2d was isolated from the mother liquor as a
solid by solvent evaporation and column chromatographyOghlof the residue. Compound
12awas purified by crystallization (EtOAc) and theatile configuration of the stereocenters
was determined by an-ky diffraction study.

Having identified and isolated all the products, which have been detected by GC a8 GC
analysis, we started the screening of different catalysider the same experiental
conditions, aiming to increase the relative amount of the fully reduced prb@uthe use of
commercially available 5% Rh/AD; in the same conditions resulted in a slight increase in
the total yield of the partially reduced produt®ab and a oncomitant fall of the yield of

the totally reduced productl3 (Table 3, entry 4). Moreover, inversion of the
diastereoselectivity occurred in the formation of the partially reduced proti2cis favour

of the diastereoisomdi2a

ProfessoDiego Savoidhas been involved ithe past years in the preparation of highly active
zerovalent transition metals dispersed on graphite by reduction of the metal salt with
potassium graphite &, an intercalation compound of graphité.Recently, rhodium on
graphite (G4Rh) was prepared and used as a catalyst for the hydrogenation of aromatic
compounds, including pyrrole derivativd. *** When this catalyst was applied to the
hydrogenation of calixpyrrol&, a slightly increased yield df2 (86%) and almost the same
diastereoselectivity were observed, but the amou@Bafid not increas significantly Table

3, entry 5). Then we prepared a new catalysiR@, in 97% yield by reduction of anhydrous
RuCk with 3 equivalents of gK. C,sRu showed a comparable activity aléhand12b were
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mainly obtained in almost the same amounts (T&pntry 6). We observed that palladium

on graphite, @Pd}**was slightly less effective than 10% Pd/C fiee complete reduction of

1to 13 (Table3, entry 7). The increase of reaction timex(24h) and amount of catalyst (64
mol%) did not afford significant changes in the ratio of the four prodUetder high dilution
conditionsthe totally hydrogenated @duct13 was not detected but the reactimmduceda

good yield of compound2aand12b (Table 3, entry9). We finally investigated the activity

of palladium on charcoal from different providers. No significant changes on the yield of the
totally reducedL3 wereobserved, the yield of partially reduced compout@e/ere similar to

theones observed with the other catalysts.

In conclusion, palladium on charcoal 10% remained the cheapest and best catalyst and we
could obtain up to 16 % of the totally reduced calix[4]pyrrolidiBewhich doubled the yield
compared to our earlier experiments. Using the optimal conditions, sufh8%Pd/C (0.36

equiv.), acetic acid as solvent at 100°C for 24h, we carried out the hydrogenation on a gram
scale. Taking advantage of the difference in solubility and pH behavior or the products of the
hydrogenation we developed a method of separgtithe products by successive

crystallization and thereby minimizing the use of chromatography for the separation.

3.2.2. Screening of the reaction media

3.2.2.1. Results
Then we changed the reaction medium. For this study, we selected the three catalysts (10%
Pd/C, G4Rh, 5% Rh/AJOs3) that gave the best results in the previously adopted experimental
conditions (Table 2). At first, we wished to determine the effect of the acidity of the medium
using the Pd/C catalyst, other experimental conditr@nsainingunchangedWe performed
the hydrogenation with 10% Pd/C as the catalyst in 95:5 mixtures of acetic/sulphuric acids
and acetic/trifluoroacetic acids. In both caseshydrogenation product was form¢gerhaps
because of catalyst deactivafjoand the starting compad 1 was not quantitatively
recovered (Tabled, entries 1 and 2)No transformation wasalso observedin neat
trifluoroacetic acid (TFA) at 70 °C using either Pd/C or RpAlI(Table4, entries 3 and 4),
whereas the use of,fRh in the latter conditiongaveselectivelyl2bin 55% yield (Tablet,
entry 5).
On the other hand, in a 1:1 tetrahydrofuea®tic acid mixture at 55 °C the formation of both
the halfreduced product$2ac and the totally hydrogenated prodd&was observed using
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either one of th three catalysts (Table 2, entrie8)6 Similar results were obtained in 1:1
methanol/acetic acid mixture (Tableentries 911). Howeverthe total yields of the reduced
products and the diastereoselectivities for compod2dsgere low in all cases. is surprising

that compoundl3 was obtained in higher yield in the less acidic medium and at lower
temperatures.

The poor solubility ofl and/or12 in the solvent mixtures is probably responsible for the low
yields obtained. The choice of the solvent appears to be crucial to achieve satisfactory results.
Surprisingly, wenoticedthat performing the reaction with Pd/C in 80:20 acetic -aater
mixture at 100°Cgeneratedcompoundsl2a and 12b with pleasing 36 and 57% yields,
respectively. Finally, only small quantities @b were observed then the reaction was
performed in acetone and using tartaric acid as acid (Rabletry 13)

Table 4. Catalytt hydrogenations of calix[4]pyrrotein different medid®

Entry Catalyst Solvent/Additive T (°C) 12a12/12c™ 3P
1 10% Pd/C AcOH/H,SO, (95/5) 100 - -

2 10% Pd/C AcOH/TFA (95/5) 100 el -

3 10% Pd/C TFA 70 el -

4 5% Rh/ALO3 TFA 70 el -

5 C.4Rh TFA 70 0/55/0 -

6 10% Pd/C THF/ACOH (1:1) 55 16/26/9" 6
7 5% Rh/ALO; THF/ACOH (1:1) 55 32/20/8" 4
8 C24Rh THF/ACOH (1:1) 55 23/14/14° 0.4
9 10% Pd/C MeOH/AcOH (1:1) 55 18/17/4%

10 5% Rh/ALO; MeOH/ACOH (1:1) 55 21/12/5" -
11 C.4Rh MeOH/ACOH (1:1) 55 9/5/3°! -
12 10% Pd/C AcOH/H,O (8/2) 100 36/57/0°! -
13 10% Pd/C Acetone/Tartaric ac. 25 13/0/0°! -

[a] The reactions were performed in an autoclave using a catalyst loading of 34 mol% of metal under 100 atm of
H, pressure for 24 h. [b] Yields (%) were calculated by GC analysis using the internal standard methodology. [c]
Decomposition of the starting materihlwas observed. [d] Traces &fwere detected. [e] Starting material

largelyaccounted for the remainingercentage.

Kuwano and ceworkers reported the enantioselective catalytic hydrogenatioN-Boc-

pyrroles to pyrrolidines using chirdlomogeneous ruthenium catalyst.Our attempt to
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hydrogenate the calix[4]pyrroleby the analogous ruéimiumbased proceduneithout chiral

ligands was unsuccessful.

3.2.2.2. Discussion
Summarizingour results, acetic acid remairthe best solvent for the hydrogenation of
calix[4]pyrrole 1. It is important to note that the calix[4]pyrroleis extremely sensitive to
acid. Traces of acid, for instance traces of HCI in deuterated chloroiimemtably led to
degradation. However, the use of acid (or at least catalytic amofiricid) is needed to
achievethe hydrogenation abfur heterocyclesWe were directly confronted to the following
paradox: we neettito use conditioafor the hydrogenation ahacrocyclel under which the
starting material isot stable. Our only chancgasto bet on therelative rateof the two
competingreactionsif the hydrogenatiomvasfaster than the degradation the reductiauld
be possible. However, the problem of mixing all reagents before the introduction of hydrogen
pressureremaine¢ we would systematically lose a part of the starting material. We were,
finally, very pleasd to find acetic acid for the hydrogenation bfUsing this acid as solvent
avoided the problems described above thanks to the following reasons: 1) At room
temperature, calix[4]pyrrolé is not soluble in acetic acid or the solubilizatisrvery slow.
Therefore compound is stable enough as suspension in this solution and no degradation
occurred before the introduction of; idressure. 2) When we started the reaction, we first
introduced the pressure ot ldnd then increased the temperatimcreasing the temperature
led to the solubilisation of the macrocydl@nd then, competition between the acid catalyzed
degradation and the acid catalyzed hydrogenation matlnder optimized conditionthe
yields are around 95%The hydrogenatiorreaction has thereforeto be faster than the
degradation (Schemé)

The use of stronger acids than acetic acid inevitably involved the problems described above
which led to thedegradation ofl.. To rationalize our experiments we came to the following
conclusions:1) If we partially solubilizel (with a strong acid for instance)etore the
introduction of the hydrogen.€. during the preparation of the reaction) the degradatiadhe

starting material was obserye#l) During the reaction procedbe tydrogenationof the

macrocyclel has to bdaster than the degradatidrwe can isolate reduction products
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Scheme 6. Degradation versus hydrogenation of calix[4]pyrrble

The success of the reductionloin acetic acidvaslargely due to theelativeratesunderthe
reaction conditions favoring the hydrogenation versus degradatidks the degradation
occured quickly in acetic acidn the absence dfydrogen, hydrogenatiomustbe faser than
the degrad@n processedf this is truethe 3V W D Qré€abtidrGtiime of 24 hounsas much
too long For this reason, we then decided sgstematicallystudy the degradation of
calix[4]pyrrole 1 in acetic acid at 100°Ci.€. best condition of hydrogenation). This
investigationgave usvaluableinformation for a further optimization of the hydrogenation

time.

3.2.3. Degradation of calix[4]pyrrole

3.2.3.1. Results
This investigation was made to test the stability of the macrodyceiaederthe standard
condition of hydrogenation.dlcharacterize thetability of 1 we will determinethe reaction
rate for the degradationWe will compare this rate with the reaction timeed forthe

hydrogenation of. With these datave canthen optimize the timef the reaction
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3.2.3.1.1.

Calibration curve

We measured firsthe calibration curve required to quantify the starting material in GC. The

experimental procedure was similar to the one described previously: a solution corttaining

andn-eicosane (internal standard, 1S) in known amounts and vargtinds were prepared in

CHCl, by mixing different volums of standard solutions df and IS. Each solution (1 pL)

was injected in GC by using the following temperature gradient: initial temperature 220 °C, 2
min., then heating 5 °C/min. up to 300 °C, fertl6 min. at 300 °C). The calibration plot

(Table 5, Figure 2) was prepared reporting thatio (mmoles ofl)/(mmoles of ISYx axis)

vs.the ratio(peak areas df) /(peak areas of ISy axis).

Table 5.Data for the preparation of calibration plot.

mmol C20 mmol calix  C20/calix A C20 A calix AcodA1
0.0708 0.0058 0.082 1235.66 88.59 0.072
0.0354 0.0058 0.165 1299.21 207.91 0.160
0.0283 0.0058 0.206 943.12 185.04 0.196
0.0177 0.0058 0.330 854.01 267.46 0.313
0.0088 0.0058 0.659 622.00 335.48 0.539
0.0053 0.0058 1.099 512.00 523.77 1.023
0.0035 0.0058 1.648 311.18 456.64 1.467
2.0 1
% 1.5 -
©
$ . 1.1165x 0.0026
y=1. .
é 1.0 - R2=0.9975
©
O
5: .
0.5 -
0.0 . . . .
0.0 0.5 1.0 1.5 2.0

mmol /mmol IS

Figure 22. Calibration plot of the reduced compourids, ) referred tan-eicoesane (IS).
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3.2.3.1.2.  Monitoring of the degradationf calix[4]pyrrole 1
The degradation of calix[4]pyrrolewas investigated with théescribedsC methodusingn-
eicosane as the internal standard (I1S). The reaction was perforaeetimacid at 100°C in a
two-necked flask witha condenser. When the solution reasthe right temperatur€100 °C)
we start the experimentith time t=0. We take samples &tnet, which are mjecedin the GC
after basic treatmerfivllowed byfiltration on Millipore filter. Using ourcalibrationcurve we
transformed the GC signal intthe amount of compoundl. The remaining amount of

substancé in solution was calculated using the following equation:

where:

with As is the area of the internal standard.

3.2.3.1.3.  Reaction order
The degradation of calix[4]pyrrol& is certainly a complex process. The first steps in this

process are probabigtermediate®f the typedescribedn Scheme 17

Scheme 17Mechanism of the degradation of calix[4]pyrrdle

The protonation of compound after solubilization give the intermediatell. This
intermediate is in equilibrium with its ring opsthform 11l . Then the intermediatll can

react in different ways: 1) react with another molecule; 2) continue to be degraded in smaller
units (mechanisnsimilar to the retrosynthesis @&j; 3) intramolecular reaction to come back

to Il. The determination of the reaction order is therefore not obvious; hgwewee

approximations casimplify this problem.
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First approximation: we can suppose that the goeturing the workup is fast. Therefore, the
guantity of 1 measure in GGxperiment corresponds the quantities of andll. In our
schemehe side products are representedibyandlV .

Second approximationizk>k , means thatheratelimiting stepof the degradation is the ring

opening Therate ofdegradatiorcan therbe writtenas
V degradatior= d[lll J/dt = kz [11]
Third approximation: the equilibriutnetween to Il is very fast:
[ =K. [1].[H7]
So:
V degradatior= Ko. K. [I1 [H]

The reactionwas performedn pure acetic acid and therefore the concentration ofsH

constant, we obtained a psetfitst order reactionpwhich can be simffled:

the degradation rate is Writt&egradatior= K[I] ; wherek = ko.kq.[H']

In conclusion, the degradation rate should be proportional to the concentration of

calix[4]pyrrole 1 (a pseudo first order reaction).

3.2.3.1.4. Degradation of calix[4]pyrrold in acetC acid at a concentration
of 0.023 M
The reaction haseen performed using calix[4]pyrrole (0.202 g) in acetic acid (0.023'W®.
result of thedegradatiorexperiment is documented Trable 6andFigure &B. In Figure 23the

amount of substance reaming in solution &Yhe time (minute)s plotted.
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Table 6.Data for the preparation of the degradation plot.

time (min) Ac2o Acalix MmOl cajix Normalized
0 36.9 231.9 0.000260 100
5 17.2 93.0 0.000240 92
10 13.0 68.7 0.000237 91
20 22.7 115.2 0.000232 89
30 15.5 75.0 0.000225 86
40 17.9 84.1 0.000222 85
180 18.5 72.8 0.000199 76
240 15.9 57.2 0.000188 72
300 7.67 25.4 0.000178 68
360 14.3 43.1 0.000167 64

110 -

Degradation ofl in acetic acid (0.023 M’
100

90

80

70

Quantity ofl (%)

50 -

40

R2 =0.9969

R2 = 0.9992

50 100 150 200 250 300 350 400 450

Time (min.)

Figure 23. Degradation curve of the calix[4]pyrrole in acetic acid (0.023 M) at 100°C.

The graphic obtained from Ifl] according to the time was not linedihe shape resulting
plot is by farthe expected plot for a first or a psetfdst order reactionFor this reason we
GHFLGHG WR SUHVHQW RQO\ S WKH UHVXOWY REVHUYHG”’

the time) without any treatment. The degradation seems to be much more complicated than

expectedThe reaction rate is not related to the concentratidnikolution.

The plot can be divided in three parts and the three different slopes observedeces di

related to their reaction ratBevertheless, considerinijese surprising results, we wished to
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vary the concentration in order to confirm the previous results, obtain more information on the

reaction or maybé&nd other kinds of results.

3.2.3.1.5. Degradabn of calix[4]pyrrolelin acett acid at a concentration
of 0.011 M
The second reaction has been performed using calix[4]pyrrole (0.102 g) in a more diluted
mediaat a concentration ¢f.011 M.The experimental results are documented@able 7and
Figure 24.

Table 7. Data for the preparation of the degradation plot.

time (min) Acoo Acaiix MmOl cajix Normalized
0 66.5 339.9 0.000256 100
10 70.4 243.4 0.000202 78
20 71.3 238.4 0.000197 77
30 65.1 212.2 0.000194 75
40 76.5 246.4 0.000192 75
50 73.3 227.7 0.000188 73
60 67.7 207.9 0.000186 73
90 77.3 211.4 0.000172 67
110 69.0 177.6 0.000164 64
120 57.7 144.5 0.000161 63
190 72.3 157.6 0.000146 57
270 65.1 125.8 0.000133 52
300 66.5 339.9 0.000127 49
370 70.4 243.4 0.000113 44
420 71.3 238.4 0.000103 40
490 65.1 212.2 0.000088 34
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Figure 24.Degradation curve of the calix[4]pyrrole in acetic acid (0.011 M) at 100°C.

The rateof the degradation isonsiderablyhigher. At high concentration (= 0.0.23 M) the
amount of starting material converted after 5 hours was 32% (=68% of starting niasgtial
present), whereas in the experiment using a more diluted solution (= 0.011 M) 51% (49% of
starting material detected) fier 5 hours.

3.2.3.2. Discussion
The degradation af cannot be reduced as a simple reaction with a sipg#edefirst order
kinetics. The process is concentration dependent. Higloacentrations protet¢he starting
material against degradation, by a mechanistich is not evident at this point/e have to
assumea change in mechanisas a function of the concentratioWe decided not to pursue
the mechanistic studies at this poiAt this stagethese results are interesting askful for
the further optimization of the hydrogenation of componés described above, we know
that the hydrogenatiohas to befaster than the degradatio@ur studies othe degradation
clearly show that we should 1084% or 23% of the starting material the first 20minutes.
Under our optimized conditions we recovered 90 to 95% of the starting material as a mixture
of productsWe canthereforeconclude that the hydrogenation reaction is a fast process, and

that the reaction time for this reaction shibbe considerablyshorer thanthe 24 hours we
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used under our standard conditiovite decided to optimethe reaction time.
3.2.4. Final optimization

Consideringthe previous results on the degradation of calix[4]pyrfglevhich had shown

that the hydrogeation is faster that the degradation, we asslinat the hydrogenation time
canbe shorened All the previous reactions were performed during 24 hours according to
procedure reportely Valeria Blangy.We decided to optimize the reaction time and then th
amount of palladium on charcoal which is supposed to influence the kinetic of the
hydrogenation.

The following investigation has been done using a pure calix[4]pydol@9% GC) as

starting material.

For this investigation, we wished to determine the optimal reaction time and the smallest

amount of catalyst possible to perform the reaction (Téble

Table 8. Final optimization of the catalytic hydrogenations of calix[4jpheg 1!

Entry Catalyst Cat. (mol%) Time (h) Conversionofl 12a12b® 13"
1 10% Pd/C  0.36 4 100 36/50 8

2 10% Pd/C  0.16 2 100 34/48 10
3 10% Pd/C  0.16 1 100 31/43° 1

4 10% Pd/C  0.08 1 100 23/33° 1

5 10% Pd/C  0.04 1 90 237264 05

[a] The reactions were performed in an autoclave using ASPiL) as solvent, 100 bars of,Hat 100°C. [b]
Yields (%) were calculated by GC analysis using the internal standard methodology. [c] Side products were

observed coming from the degradatioriLofd] A new product has been identified with 25% yield (see text).

We first started our study by decreasing the reaction time by a factor 6. The hydrogenation of
compoundl using acetic acid as solvent, 36 mol% of Pd/C 10% at 100°C for 4h afforded the
half-reduced compound2a and 12b and the totally reduced compou8 with an overall

yield of 94% (TableB, entry 1) The remaining percentage was attributedrtmentifiedside
products Total consumption of the starting material was observed and the yield obtained for
the hydrogenation ol was similar that those performed during 24h. We were pleased to

observed similar results even by decreasing the reactiortdiffeanddecreasing the amount
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of palladiumby 16 mol% affording 92% overall yield (Tab& entry 2). Unfortunately, by
decreasing the reaction time 1h, formation of side productsas observed inthe crude
reactionmixture (GC) and the hydrogenated produd® and 13 were obtained with 75%
yield (Table8, entry 3) The formation of side producisight be explaired by the following
hypothesis when we stop the reacticafter one hour of reaction themainingstarting
material is completely solubilisedo lower the temperaturef the autoclaveneeds time
(almost two hours)Under these conditions the degradation tué temaining solubilised
starting materiall might befaster than hydrogenatiotreating theside products visible in
GC. ltis worth notingthat only 1% of the totally reduced compoub® was observedit
means that the formation of this products is slower than the formation oefebalfed
compounds. This observation will be analysed thoroughly in the clegtter(Chapter 2,
4.1).

In orderto control the influence of decreasing the amount of palladatalyst we performed
the reaction with 8 mol% of Pd/C 10% during 1h (Ta®lentry 4). The reaction wa® slow
to producelarge quantities of side produciBhe compounsl 12 and 13 were oliained with
57% overall yield. It is interesting to note that by decreasing the quantity of palladium by a
factor of 2, the reaction rate is stdtceptablaegarding the yield of compourft? and 13.
Finally we decreasd the quantity of palladium to 4 nfdl We performedthe reaction for 1h
in order to avoid the total consumption of the starting mateuviidl the hope to be able to
observe an intermedia{@able8, entry 5).Under these circumstancaese were able to avoid
the total consumption of and wewere pleasa to observe a new product with 25% yield.
This compound has been characterized byMECbut not isolatedThe MS of this compound
is compatible with the structu0 (Figure 25).If the proposed structure is corré would

bean intermediate in the formation of compourfthnd13.

Figure 25.Intermediate compoun2D in the catalytic hydrogenation of calix[4]pyrrdle
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3.3. Studies and discussiof the mechanism

At this stage a seried questions arose:

1) Why is the hydrogenation stopping at the stage of theebisced macrocycles of type
12?

2) Why did we identify only the alternating biesduced macrocycles of tyde®? In all
our productsthe pyrrolidine rings and the pyrrole rings aletien We have found no
signs of products where the two pyrrolidine rings are contiguous.

3) Why is the yield of the totally reduced macrocyt8so low?

4) Are the partially reduced macrocycles of typ2 intermediates on the way to the
totally reduced macrocyell3? Or, alternatively is the compoundl3 formed in a

different sequence and if this is the case, what is the sequence?

We suggesthe following mechanistic hypothesis for the hydrogenation of the calix[4]pyrrole

1, which rationalizes most of the quegins and remarks mentioned above. As the presence of
acetic acid is compulsory for a successful hydrogenation, we assume that the reduction is
starting from the small quantity of protonated calix[4]pyrriol&cheme &). The protonation

of one of the pyrrie rings destroys the aromaticity of the heterocycle and creates an electron
poor -system, avoiding the necessity to reduce an electron rich pyrrole. If this assumption is
correct, the central intermediate for the hydrogenation is the protonated.fdime central
intermediatel should be amenable to efficient hydrogenation giving an intermediate of the
structurell . Alternatively, the hypothetical intermedidtecan undergo ring opening to give

the intermediatéll . This reaction is theeversereactionto the final step in the synthesis of
calix[4]pyrrole 1. In contrast to the hydrogenation process forminghe ring opening will

be reversible. However, it is highly probable that an intermediatype Il will form a
plethora of side reactions: fugh degradation, condensation and/or reduction processes on
ring opened linear compounds. Assuming this tentative mechanistic proposal to be accurate,
the challenge of the hydrogenation is to ensure, that the hydrogenation of the central
intermediatd is faster than the side reactions that become accessible by ring opening to form
Il . In view of this hypothesis, the reaction conditions applied and the difficulties of the
process make perfect sense. High hydrogen pressures are needed to speed up the
hydrogenation. Increasing the temperature too much favors the ring opening process as the
entropy is increased and leads to degradatinm. results of the experiments with reduced
reaction time are also compatible with this hypothesisthis analysis istrue the
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K\GURJHQDWLRQ SURFHVV LV D ZDON RQ UD]JRUYV HGJH EH
desired hydrogenation and the necessity to avoid the ring opening process leading to

uncontrolled destruction.

Schemel8. Proposed first steps of the catalytic hydrogenation of calix[4]pyfrole

If the hydrogenation process of the pyrroles requires initial protonati®ean rationalize the
isolation of the partially reduced macrocycles of tyi#eand give a tentativenawer to
guestions 1 and 2 (Schem@) 1The protonation of the macrocyd@ leads to an intermediate
of type IV. This intermediatdV LV 3SURWHFWHG ™ DJDLQVW ULQJ RSHQI
opening reaction is considerably slower than the ring operfimprapounds where at least
one of the neighbors is a pyrrole ring likeliror in VI. The major postulated pathway to
destruction is no longer accessible for compobadf intermediates of the typé should be
present, the situatiowould becompletely dferent. If the intermediatd/ is protonated to
form VI, this protonated form is still amenable to ring opening and thereby to destnietion
compoundVIl . For simplicity V V @éNlthve omitted the protonations of the pyrrolidine
rings at this point in our discussion (Schen®. JAs a consequence of this proposal, the
isolation of the partially reduced macrocycle of typean be interpreted as the isolation of
the most stable ggoisomer under the acidic reaction conditions.
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Scheme 9. a) Tentative mechanistic proposal for the hydrogenation from the partially
reduced macrocyclel2. b) Protonation of the proposed intermediate forming the
intermaliate VI. This protonated intermediate can undergo a ring opening process to an
intermediate of typeVIl or it can be hydrogenated. For simplicitgasonsthe probable
protonation of the pyrrolidine nitrogens has been omitted.

The hydrogenation of the calix[4]pyrrote transforms a neutral compound into a dibasic
macrocycle of the typ&2 and into a tetrabasic macrocycle of the t{#i3e The partially and
totally reduced macrocycles will be present in thiprotonated form undethe reaction

conditions (Schemg0).

Scheme20. Postulated mechanism for the hydrogenation, taking into account protonation of
12
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For each pyrrole ring, which is hydrogenated, a positive charge is created by protonation of
the formed pyrrolidine. The hydrogenationld would demand the additional protonation of

one of the two remaining pyrrole rings of a molecule which is alreaglgrbtonated 12 +

2H)** (Scheme20). As a consequence of this hypothesis, the reduction of the calix[4]pyrrole

1 would become more difficult as the hydrogenation is progressing: in the first reduacteon

has to protonate a pyrrole starting from the redutompoundl whereas in the last
hydrogenation one would need to protonate a pyrrole starting from a trication. The
mechanistic hypothesis predicts therefore that the hydrogenation becomes more and more
difficult. This rationale is at least a partialsaver to question 3.

On the whole our simplified mechanistic proposal for the sequence is compatible with most of

the observations and has lead us to optimize the reaction conditions.

3.4. The X-ray structures of calix[2]pyrrole[2]pyrrolidine 12a and 12b
and o the calix[4]pyrrolidine 13

3.4.1. Formal description of compound 12a and compound 13

Compoundl2a crystallized with three independent molecules per asymmetric¢“fimit.one
of the moleculesthe pyrrolidine rings occyptwo alternative positions. However, the overall

structure of the three independent molecuégsvery similar (Figure26).

Figure 26. Molecular structure of one of the independent molecules of compi®ard*with
the thermal ellipsoids draw at the 50% of probability level (hydrogen o agéiomit for
clarity). N+ «1 K\GURJHQ ERQGV DUH VKRZQ DV EODFN GRWWHG
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7KH DGMDFHQW 1«1 GLVWDQFHYV DUH DOVR VLPLODY ZLWK
2.893(13) A] than the fourth [3.174(128.246(11) A]. Three intramolecular hydrogeonds

between the pyrrolic N bond and the lone pair of one of the neighbouring pyrrolidines are
presentOne hydrogen bond is a single hydrogen bond (betweeH BIi7d N18) whereas the

two other hydrogen bonds are bifurcated {Ml®o N18 and N10)The hydrogen bonds fix the

relative positions of the adjacent pyrrole ring compared to the neighbouring pyrrolidine ring
and define two planes; the pyrrole rings are inclined to one another by 69.46) U DQG
the best meaplanes of the pyrrolidine ringare inclined to one another by 26.0(£36.8(6)°.

The pyrrolidine rings have twisted conformations leading to altempaiositions of the
guaternary carbons. Two of the quaternary carbons are situated above the average plane of the
macrocycle and the lo¢r two are situated below. The position of the gaagl methyl

groups is also alternating; two above the plane and two below. Compg@bneas described

previously** ***and possesses crystallographis symmetry. There the pyrrole rings are

LQFOLQHG WR RQH DQRWKHU E\ U KRZHYHU WKH S\UU|
and their best meas ODQHY DUH LQFOLQHG WR RQH DQRWKHU E\
there are two short [2.802(16)@ DQG WZR ORQJ > c@ DIMIDFHQW

is compatible with two pairs of hydrogen bonds.
The X-ray structure analyses of various metal complexes of compiaihdve been reported
previously**® **The crystal structure of compour@ obtained by crystallization from slow

evaporation of a solution df3in chloroformis shown inFigure27.

Figure 27. Molecular structure of compouri®, with thermal ellipsoids draw at the 50% of
probability level (hydrogen on CHare omitted for clarity). N+ «1 K\GURJHQ ERQGV I

shown as black dotted lines.
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The molecule in the crystal has pseudg sgmmetry rather than .C** The compound
presents an average plane definedthy four nitrogen atoms. All the NH groups point
towards the same point slightly above the average plane of the macrocycle, on the same side
as the HC-N hydrogen atoms. Four of the eight methyl groups bondedetocarbons are
arranged in quasaxial positin, whereas the four others point away from the macrocycles in a
guastequatorial position. Two opposite pyrrolidine rings, involving atoms N2 and N4, have
envelope conformations with the nitrogen at the,flgpereas the other two pyrrolidine rings,
involving atoms N1 and N3, have twisted conformations. Here the adjacAtdistances
vary much less, between 2.999(43.109(4) A andeight hydrogen bonds are present. It is
noteworthy that the free ligand presents a conformation similar to that otbsertbe metal
complexes except for the NH groups the metalcomplexeghe NH hydrogensre in quasi

axial positions and on the opposite side with respect@NHhydrogen atoms.

3.4.2. Number of possible stereoisomers

The partially reducedcalix[2]pyrrole[2]pyrrolidine possesses gktereogenic centersThe
maximum number of possible stereoisomers should be 16. Due to the high symmetry of the
compoundonly 7 different stereocisomers existnesocompoundsi2a 12band126 and 2

pairs of enatiomers (2¢ ent12¢ 12d and entl2d) (Figure28).

Figure 28. The seven possible stereocisomerddivith their point groups
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So far we have only been able to isolate and characterize two stereoisomeric structures: the
two mesostructuresl2a and 12b. The calix[4]pyrrolidinel3 possesses eight carbon atoms
with four different substituents. The maximum number of sterecisomers is tiee@56.

Only 45 stereoisomers can exist as has already been mentioned by van'Beddem the

case of the hydrogenation of the calix[4]furanly one of the 45 possible stereoisomers of

the totally reduced macrocyclewvasidentified and characterized namély (Figure29).
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Figure 29. The 45 possible sterecisomers of the calix[4]pyrrolidiBe
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3.4.3. Discussion of the structures otalix[2]pyrrole[2]pyrrolidine 12a and 12b

To ascertain the structures deduced from the spectroscopic data of the two partially reduced
macrocyclesl?a and 12b, the determination of the structures in the solid state bpyX
diffraction was essential (Fige 30).*%° 2*°Due to the high symmetry of these twese
compounds the unequivocal assignment of the struchassd on spectroscopic data only

was delicate. The result of the-rdy diffraction enabled us to attribute the relative
configurations, but more importantlthe structures gave important hints to understand the

properties of the calix[2]pyrrole[2]pyrrolidine structurEzaand12b.

Figure 30. Solid state structures of the macrocyclez and 12b determined by Xay

diffractiont2® 3¢

Both structures are characterized by a tight hydrogen bond network in the center, connecting
the pyrrole NH with the lone pair of the neighboring pyrrolidine nitrogen. In the cadaf

the network is a two by two networkyhere one pyrrole N is bound to one of the
pyrrolidine neighbors, whereas the second pyrrolel & linked to the other pyrrolidine

neighbor. The hydrogen bond network i#b is more complicated. One pyrrole forms two
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hydrogen bonds to the two neighbwagi pyrrolidine rings. The bifurcated hydrogen bond
emanating from this pyrrole is almost symmetric. In both macrocyttieshydrogen bond
network forms an inner core, which fixes the conformation and thereby the properties of the
molecules. The NH from the two pyrrolidine rings il2aare directed towards the same face

of the macrocycle, whereas IPb the NH bonds of the pyrrolidine rings are pointing in
opposite directions. The structures are very tight and access to the innewitboait
breaking tle hydrogen bond netwaris not easy. This fixed inner core determines by a sort of
conformational coupling the arrangement at the outside of the macrocycles. For both
molecules four of the eight methyl groups are arrangedjuraaiequatorial position, tvereas

the four other methyl groups are arranged in paiguasiaxial positions: two methyl groups

are up and two methyl groups are down.

3.4.4. Discussion on the structure of calix[4]pyrrolidine 13

The structure determination of the calix[4]pyrrolididd from the spectral data alone was
easier. The high symmetry of the compound led to an extremely stipiend *C-NMR
spectrum. These spectra together with the MS and therésggttution MS did not leave any
doubts about the structure. Crystallizationve® to be difficult, but finally good crystals
could be obtained (Figuid).*?°

Figure 31.The X-ray structure of the calix[4]pyrrolidin&3*?°

The solid state structure reflects the beauty of the symmetrical chemical stil&t@ace
again the nitrogen atoms and theH\bonds form a tight inner core. Due to the symmetry of
the moleculethis inner core is £symmetric. The arrangement of the thmg groups also

reflects this G symmetry. Therefore 4 out of the 8 methyl groupscaarasiequatorial. The
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other 4 methyl groups alguasiaxial, but in contrast to the macrocycltE®a and12b the 4

axial methyl groups are pointing all to the same fddaedisklike compound.

Looking at the molecule from the edge reveals additional, remarkable structural aspects of the
calix[4]pyrrolidine 13 (Figure 32). The macrocycld 3 has a disKike overall shape, creating

two half spaces: one face is charactetiby the four hydrogen bonded to the pyrrolidine
nitrogen and the other face is forming a shallow cleft limited by thedoasiaxial methyl

groups. The four lone pairs of the nitrogen are arranged in an almost perfect square, directed
towards the centerof the macrocyclel. If one compares the structure of the
calix[4]pyrrolidine 13 with the structure of a porphyrin the similarities and differences of the

two systems are striking.

Figure 32 The solid state structure @B seen from the edge in comparison with the generic

porphine structuré&®®

The porphyrins areldt systems. The two faces of the ditde molecule are identical. The
porphyrins are characterized by an arrangement of four nitrogen atoms in a flat and square
arrangement perfectly aligned for complex formation. Thd Bonds in the ligand are in the
plane of the disk and engaged in an efficient network. The tautomerism allows quick
exchange of the positions of thedtbms. The ligand has to be deprotonated twice for the
formation of metal complexes; thereby thebbihd donation is lost when a metal cdexpis

formed. The porphyrins offer four lone pairs for an efficienbteraction with the metal. The
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aromatic 18 electron aromaticsystem offers the opportunity for-back donation. The
electronic properties on the metal can be tunadhe -systemof the ligand.

The macrocycld 3 has a diskike overall shape as well. The four nitrogen atoms are in a flat
and square arrangement, well aligned for complex formation. The two faces of the disk are
clearly differentiated: one face is characterized byNkd bonds directing away from the
disk, the other face is characterized by a shallow cleft formed by the four axial methyl groups.
However the four NH bonds are orthogonal to the plane of the disk. The ligand can complex
metals without deprotonatiptherefore the Hbond donating property remains intact when a
metal complex is formed.

In summary our ligand13is geometrically very similar to the porphyrins, but electronically
very different. The ligand 3 has inherently two different faces and shouldighly resistant

to oxidation or other side reactions in view of the fact that the ligeBhds completely

saturated.
3.5. Correction

We have recently discoverethat the tentative structure attribution ofone of the
hydrogenation produsthas to be correctedhe attribution was based on the fact that the
NMR spectra showed the absence of any element of symmiéiey.previous structure
attributionfor compoundl2cis incorrect We discovered that the starting material die

the investigation of the hydrogation of macrocycld was not pure. The GC analysis of the
starting material revealed the presence of 10% of an impurity. This impurity has been isolated
and characterized as theconfused calix[4]pyrrol@1.'*° The catalytic hydrogeation of this
N-confused macrocycle afforded the described comp@@n@Scheme?1).

Scheme2l. Catalytic hydrogenation df-confused calixpyrrol@1
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Compoundl2c was isolated and characterized from the catalytic hydrogenation of-the N
confused calix[4]pyrrol1. The GC spectra and the NMR analysis of this compound were in
agreement with those performed previoushull characterization of this compound is in

progess.
3.6. Summary

GC analysesllowed tofollow the progress of theeterogeneously catalyzed hydrogenation
reactions of calix[4]pyrrold. As a function of the reduction conditions, one to three different
reduction products could be isolated. Two of th&&a and12b, were diastereoisomers of the
partially reduced compound and displayed alternating pyrrole and pyrrolidine rings.
Compoundl2a, which had not been detected during previous work, has been isolated and its
relative configuration has been assigrtatbugh singlecrystal Xray diffraction (2g. A

single, alicis, fully hydrogenated compounti3 could be obtained in low yields only under
drastic reaction conditions (100 atm of hydrogen pressure at 100°C in acetic acid). The
relative configuration of compount has been unequivocally assigned byax diffraction
analysis. Attempts taonsiderabt increase the yield of the saturated compof@i8dising a
variety of common as well as novel heterogeneous catalysts under diverse reaction conditions
were unsuccessful. However, the Haydrogenated compoundk2a and 12b could be
obtained in increased exall yield (87%) in an approximately 2:3 ratio by employing the
same catalyst in an 80:20 AcOHB® mixture, all other experimental conditions being
identical. Besides 12b was selectively obtained in 55% GC yield using rhodgnaphite,
C.4Rh, in trifluoroacetic acid at 70°C under a hydrogen pressure of 100Gitran all the
results, the best condition to perform the hydrogenation of calix[4]pytriehe following:

acetic acid as solvenC{=0.1 M), 16 mol% of Pd/C 10%, 100 atm. of Fbr 4 hours at
100°C.

Thetentativestructure attribution of compouri®chad tobe corrected. Compouri®cis the

reduced form of th&l-confused calix[4]pyrrol@1 present in the starting mater&d impurity.
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4. HYDROGENATION OF CAL IX[2]PYRROLE[2]PYRRO -
LIDINE 12B

4.1. Theoretical analysis

As one of the first ways of trying to improve the yield of the reduction to the totally reduced
compoundl3, we tried to achieve the total reduction of compounds of iypaJsing pure
12b as starting material and submitting it to ntieal hydrogenation conditions as the ones
which allow us to obtain small quantitie$ 13 starting from the calix[4]pyrrold. We have
not been able to obtain evidence for the formation of the totally reduced macr@8ycle
starting from the partially rected compound$2. Given this result, it is safe to assume that
the haltreduced calix[4]pyrrold2b is not an intermediate in the formation of compoud3d
in the reaction starting from calix[4]pyrrole Considering this information we can present
the folowing hypothetical mechanistic sequence of the formation of compa@neshder

standard reaction conditions starting frarfBcheme 22).

Scheme 22Mechanism of the formation of the totally reduced macrocj8le

CompoundA has never been observed so far. We assume that compoignain extremely

reactive species towards further hydrogenation. On the whole, the proportion of the totally

reduced macrocycle compared to the half reduced is around 10%. This obseiwation

compatible with the proposal that the hydrogenation of the pyrrole opposite to the reduced

pyrrolidine ring of compoun@0 is easier to hydrogenate than the neighboring pyrrole ring. In
the solution compoun@0 is present as its protonated form. Thetpnation of the pyrrole
opposite to the pyrrolidine ring is likely easier and thereby slightly favored due to the
repulsion of the positive charges. If our hypothesis is correct the reaction givstayting
from 20 must be highlycis-stereoselective. Finally those observations allow to tentatively
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propose a complete mechanistic sequence for the hydrogenation process (Scheme 23). A
consequence of the mechanistic proposal is that we can attribute relative rates to the different
steps ofthe sequence. Compou® could only be isolated by stopping the reaction before

the complete conversion of the starting material. Reaction giving com@urgd thereby

considered as a fast reaction.

Scheme 23Sequencef the hydrogenation of calix[4]pyrrole

Under the standard conditions, the hydrogenation of compbgndng compoundl2 and13

favors the formation of halfeduced compoundi2 by a factor of 10. Therefore the reaction
giving both stereoisomers2a and 12b must be faster than the one givihd. Despite the
number of experiments we did, we were not able to observe compquhd transformation

into compoundA must therefore belower than the formation givint3. Thistransformation

should thereforebe the rate limiting step of the reaction. The mechanistic hypothesis
presented in Scheme 23 is compatible with the lack of success to increase the yield of the
fully reduced13. The sequence rationalizes also the fact tatobtain only onesingle
diastereiosomerl3 of the fully reducedmacrocycle.This is in marked contrasb the

reductionof calix[4]furan where two stereoisomers of the completely reduced form were
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isolated and characterized. The only possibility left to improve the yiel® of by pushing

the reduction fromi2b. These analyses could also explain the ratio 6/4 obtained for products
outcome (see Chapter 3, 3.1.1.1.0he reduction of calix[4]furan favored the isoméa
(Scheme 24).

Scheme 24Sequence of the hydrogenation of calix[4]furan 6

If the reaction rate starting frod and giving neitheB andC, nor D is comparable to the
hydrogenation of calix[4]pyrrole, compounta comes from the reaction i and ii and is
thereby present in the reamt crude in a higher amount, compared7tn Following this
analysis the hydrogenation dab would give the fully reduced macrocycl8 and the
reduction ofl2awould give a new saturated compound with the same relative configuration
than7b.
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4.2. Attempts to hydrogenatecompound 12b

4.2.1. Variation s of the catalysts

During this long processve achieved one encouraging result. Using a specific sample of
palladium on carbon from Flukawe were able to hydrogenate small but reproducible
guantities of macrocyclé2b to the fully reduced macrocycl&3 (results obtainedy Dr.
Andrea Gualandi)When we had to order a new batch\WfK H 3 \pall&diiim catalyst from

the same provider the reduction did not work anymore. Confronted with this
irreproducibility, we wishel to analyze the influence of different palladium catalyst on the
hydrogenation of the half reducé&@b. So far we have not been able to identify the factors
which allow the hydrogenation df2b to take place or that prevent the hydrogenation. The
studies of this important fact are still intensively ongoing.

For this investigation on the variation of the catalyst we varied the following parameter: the
catalyst provider, the catalyst loading, the type of the solid matrix, the pH of the catalyst and
the pocedure for synthesizing the cataly8t.selection of the results of the hydrogenation

attempts of compountb over different catalysts is presented in Table 8.

Table 8 Catalytic hydrogenatioaf calix[2]pyrrole[2]pyrrolidine12b.?!

Entry Catalyst Provider/Type 13
1 10% Pd/C Aldrich/basis(75990) -
2 10% Pd/C Flukalbasis(75990) -
3 5% Pd/C Aldrich/basis(75992) -
4 10% Pd/C Strem/reduced, dry powdét6-1900) -
5 5% Pd/C Strem/reduced, dry powdét61890) -
6 5% Pd/C Strem/eggshelkeduced (50% wet), evonik E5 -
7 20% Pd/C Strem(Pearlmanunreduced (50% wet) (461707) -
8 30% Pd/C Aldrich/basis(407305) -
9 0.6% Pd/C Stremb0% wet(46-1710) -
10 0.5% PdAI,O;  Stream/reduced, dry (4820) -
11 1% Pd/SIQ Stremisupported ompolyethylenimine (462087) -
12 5% Rh/ALO; Aldrich/powder (212857) -
13 C.4Rh Diego Savoia catalyst -
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Entry Catalyst Provider/Type 13

14 5% Pd/C Evonik (sample from industry) -
15 5% Pd/C Evonik (sample from industry) -
16 5% Pd/C Evonik (samplefrom industry) -
17 5% Pd/C Evonik (sample from industry) -

[a] The reactions were performed in an autoclave U3tmol% of catalyst100 bars of K at 100°Cfor 12 h.

In all cases, no conversion of the starting material was observed oventahyst applied,
even under the harsh condition of hydrogenation such as acetic acid as solvent, 100 bars of
H,, 100°C for 12h.

4.2.2. Variation of the acids
Our tentative mechanistic proposal attributes a considerable importance to the protonation
state of the intermediates. So we changed the strength of the acid used for the hydrogenation
trials starting froml2. Influences modifying the quantity of palladiynihe temperature, the

pressure and the type of acid have been investigated (Table 9).

Table 9. Catalytic hydrogenation of ca[]pyrrole[2]pyrrolidine 12b.?

Entry Pd (mol%) Solvent Acid H, (bars) T (°C) 13
1 34 AcOH AcOH 100 100 -
2 34 AcOH AcOH 100 150 Lol
3 34 AcOH AcOH 150 100 Lol
4 7 AcOH AcOH 100 100 -
5 34 AcOH AcOH /TFA (8/2) 100 100 -
6 34 AcOH AcOH /H,SOy (8/2) 100 100 -
7 34 AcOH AcOH /BF;OET, 100 100 -
8 34 Isopropanol BF;OET; 100 65 -
9 34 ACOH/HCI (1/1) AcOH/HCI (1/2) 100 100 -
10 34 TFA TFA 100 65 -
11 34 HCI HCI 100 50 -

[a] The reactions were performed in an autoclave using a Pd/C 10% from Aldrich fofdl2Dtegradation of

the starting material has been observed.

71



The standard condition of hydrogenation has loestribed Table 9, entry 1 as reference. We
started the study by increasing the temperature to 1508K€9, entry2), unfortunately only
traces of degradation of the starting material has been observed. Similar results have been
observed when weerformed the reaction under higher pressure of hydrogen, 150 abie (

9, entry3). The limits between no reaction and degradation were similar to those observed for
the initial process (temperatures of 150 °C and higher, and hydrogen pressure of 150 atm
Increasing the amount of catalyst to 0.7 equivalent led to a disappointing(Tedé9, entry

4). The use of a large range of acid has been investigated @ aé&y 511). Unfortunately,

even using HCI as solvent for the reaction, no trace eftatally reduced produd3 was
detected and starting material was completely recovered. We were extremely surprised
regarding the stability of the compoud@b under this extremely harsh acidic condition.
Under these condition the steel of the autochaas attacked, resulting in a beautiful green
color of the solution probably due to the presence of dissolvéd Attempts to hydogenate
compound12b under strong acidic conditions failed. As our macrocycles are only stable
under these conditions in theepence of b we cannot test if the pyrroles are protonated
under these conditions.

To sum up, 8ing the standard conditionso degradation but also no transformation was
observed. The partially reduced macrocytB proved to be quite stable, but algsery
resistantio further reduction. As a consequence of these experiments we can ek2ae

an intermediate on the way to the totally reduced compdiBat least with the catalysts we

are usinghow. We cannot exclude2b as an intermediate for theecial sample of palladium

catalyst we used in the above mentioned series of experiments.

4.2.3. Decrease the pKa of the pyrrolidine rings in compound 12b

Based on our mechanistic hypothesis indicating that the hydrogenation should become more
and more difficult as we progress in the reduction prodessause of the two protonated
pyrrolidine rings, we decided to decrease the pKa of the nitrogen by transjothe
secondary amine into amide. The pKa of the protonatedetylated pyrrolidine will be in

the same range than the pKa of the pyrrolinium and then the pyrrole should be easier to
protonate under acidic condition. For this reason we synthesizedatihe and bisacetylated
derivatives of compound2b, compound22 and 23 respectively (Figure3). The detailed

studies of the syntheses and the properties of these new compounds are described in Chapter
4,
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Figure 33. Mono and bisacylated version of macrocyclb

The catalytic hydrogenation of amid@2 and 23 have been carried out using the standard
conditions, 36 mol% of Pd/C 10%, 100 bars of H acetic acid at 100°C for 24 h. In both

reactions we recovered the siagt material unchanged. As previously observed for
compoundl2b, both compoun@2 and23 are extremely stable under these harsh conditions

as no traces of degradation have been observed.

4.2.4. Is the pyrrole really not protonated under strong acidicconditions??

Owing to those previous unsuccessful results, we decided to investigate the protonation of the
bis-reduced compounii2b in deuterated acetic acid at 100°C. Assuming that protonation of
pyrroles is a very fast equilibrium process and thatrd firotonation is possible, a deuterated
acidic medium would lead to complete exchange of the pyrroles protons by deuterium
(Scheme 25).

Scheme 25Deuterium/hydrogen exchange of macrocyidb in deuterated acetic acid
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A basic treatment at the end should replace tizd the pyrrole and pyrrolidine rings to-N

H. The resulting macrocycle should possess four deuterium in the pyrrolic position
(compoundl2b(ds) scheme 25). The MS peak of the molecular ion should trereshow
spectra mass shift by 4 unities: Mb)+1=437 g.mof where M2b(d,))+1 = 441 g.mot.

Compound12b has beersolubilizedin CH;COOD and heated at 100°C for 4 hours. The
resulting MS spectrum after a basic workup of the reaction is predegtee 33.

Figure 33.MS spectra of compourttb after a treatment by GGEZOOD.

The major product obtained (71.1%) was the macrocycle containing four deuteriums
M+1=441 g.mof. This MS result is compatible with the hypothesis that the deuterium has
beenincorporated in the pyrrolic-positions (position 3 and 4). This assumption is correct if
we have been able tmmpletelyexchange the ND to N-H during the basic workup in water.

The 'H-NMR spectrum confirmethese hypotheseshe N-H of the pyrrole angyrrolidine

rings are clearly visible and only minute intensities can be detected for the pyrrolic hydrogens.
As a conclusion the protonation of pyrroles under our experimental conditions is possible
even when the two pyrrolidine rings are already prdtmhal he creation of a third charge on

the macrocycld2b in acidic condition seems to be feasible. This result is a strong indication
that the protonation or the strength of the acidic medium is not the reason for the failure to

achieve the hydrogenatiaf compoundL2b.
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4.3. Breakthrough: it is possible to push the reduction of compound
12b into 13

4.3.1. The discovery

$IWHU WKUHH \HDUV RI S LQWHQVLYH"™ ZRUN KDYLQJ WULH
Gualandi several hundred different conditions we were finally able to achieve a reproducible
and repeatable conversion of the half reduced compb2inahto the fully relucedl3.

Analyzing all the data we could exclude many possible explanations for our failure to develop
an efficient procedure for the total reduction. The arguments which we can exclude as reasons
for this failure are: steric effects due to the presesfc®ur quaternary centers, difficulties

with the protonationinsufficientrate of hydrogenation due to too small hydrogen pressure.
Despite this rather disappointing situation we knew that reduction from compounds d2type

to the totally reduced macrgde of typel3 was possible. Our results had shown that the
catalyst was the key element. Using a specific batch of Fluka catalyst we had been able to
achieve this elusive transformation. We could think of three reasons: 1) the efficiency of the
catalystwas due to the disposition of palladium on the matrix. 2) The matrix had a special
morphology. 3) An impurity was the key of this success. We have no way too distinguish
between these three possible elements and what is worth we have no criteria in hand to
analyzeour catalysts for the presence of one or several of these eleinéefsendenon the
precisereasorfor our resultsthe other catalysts tested should contain the key elements also,
but may ban insufficient quantitiesWe therefore decided tocrease the amount of catalyst

to increase the amount of the key element, which made the hydrogenétiposisible.

Having tried so many different types of catalysts, the only one variation, which has not been
explored systematically and thoroughlyas the amount of catalyst. The only one trial to
succeed the hydrogenation b2b by increasing the amount of catalyst of 34 mol% to 70
mol% failed. We then decided to carry out the reaction with stoechiometric amounts of
catalyst. First, the hydrogenaticof 12b was performed with one equivalent of palladium
(Table 10, entry 1). We were extremely pleased to see the conversion of 32% of the starting

material into the totally reduced macrocytk
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Table 10. Catalytic hydrogenatioof calix[2]pyrrole[2]pyrrolidine12b.

Entry  Pd quiv) Conversion ofi2b®
1 1 32

2 2.5 41

3 3.5 53

4 4.5 51

5 55 60

6 7.5 72

7 9.5 100/75°

[a] The reactions were performed in an autoclave uBm§ 10% from AldrichAcOH as solvent, 100ars of
H,at 100°C. [b]Conversiong%) were calculated by G(xc] Isolated yield (%).

Systematically increasing the amount of catalystfimally observed a full conversiaf the

starting material using 9.5 equivalents of palladium and obtained ktei$oyield of 75%

(Table 10, Entry 7). Under these extreme conditions side reactions were scarce (one of whom
was in majority~20% GC) The breakthrough was achieved! Once we had a procedure for
full conversion in our had we decided to perform a studghefscope and limitations of the
methods by varying pressure, solvent, acid and catalyst loading and the matrix, always
keeping a large excess of catalyst (Table 11).

Table 11. Stoechiometrihiydrogenation of calix[2]pyrrole[2]pyrroliding2b.?!

Entry Catalyst Solvent Acid H, (bars) 13"
1 Pd/C 10% AcOH AcOH 100 41
2 Pd/C 10% AcOH AcOH 120 41
3 Pd/C 10% AcOH AcOH 70 -

4 Pd/C 10% AcOH/H,O (1/1) AcOH 100 16
5 Pd/C 10% AcOH AcOH/HCI (1/1) 100 -

6 Pd/Carbon10% AcOH AcOH 100 48
7 Pd/C5% AcOH AcOH 100 65
8 Pd/C30% AcOH AcOH 100 15
9 Présafd/C 10% AcOH AcOH 100 55

[a] The reactions were performedQril mmol scale (0.01 Mjn autoclave using 2.5 equiv. of catalyst, AcOH as
solvent at 100°C. [b] Convemsis (%) were calculated by GC.

For ourinvestigation we used 2.5 equivalent of Pd/C 10% as reference conditions (Table 11,

entry). We studied the effect of the pressure on the conversion first. Increasing the pressure
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to 120 bars afforded the same conversion, 41%, than the reference reacigpri00 bars

(Table 11, entry 2). For a partial conversion the reaction needed at least 100 bars. Decreasing
the pressuré 70 barsio transformation was observétiable 11, entry 3)Diluting the acetic

acid with watered to a dramatic decrease ohegersion(Table 11, entryl). No conversion

was observed when we used a mixture of AcCOH/HCI to perform the redctabte 11, entry

5). The reaction media is a crucial factor in the success of the hydrogenation. To test the
influence of the matrix of theatalyst we compared the efficiency of palladium on carbon
10% instead of palladium on charcoal 10%. Interestingly, an improvement of the conversion
was observed using this catalyFable 11, entry6). This result comforted our guess that the
matrix is decisive element for the success of the hydrogenation. For the next two experiments
we used Pd/C with different loading$able 11, entry7 and §. Decreasing the loading of
palladium (Pd/C 5%) thereforencreasing the quantity of matrix gave a considerably
improved yield of the transformation 65%kable 11, entry). In order to keep the quantity of
palladium constant (2.5 equiv.) we had to increase the amount of catalyst (=catalyst plus its
matrix) accedingly. Using a highly loaded catalyst decreased the amount of matrix and
therefore the vyield of the reaction decreased to 1T%ble 11, entry8). Finally, a
presaturated catalyst (presaturation under 50 bars of hydrogen) has beerTedsted 1,

entry 9). This treatment increased the activity of the catalyst and therefore the reaction
reached 55% conversion.

7KH VLPSOHVW K\SRWKHVLVY WR UDWLRQDOL]H WKHVH UHVX
or blocked during the reaction and the numioérfree and active centers limits the
transformation. The active sites of the catalyst are blocked either by the intermediates and the
products of the reaction or by some other compounds present, so the catalyst loses its catalytic
activity for this proces. The result of the experiment using presaturated catalyst is not
compatible with the presence of an impurity coming either from the solvent or from the
catalyst and its matrix. Despite our concentrated efforts to identify the so far missing key
element esponsible for the success of the hydrogenation has not been identified. Intensive

work aiming to answer this question is under progress.

After three years, we found a key to experimentally solve this thorny problem. We arrived at
this solution guided fst by our mechanistic understanding. The successful experimental
procedure is however based on a new mechanism that is still unknown at the moment.
However this advance will allow us to explore new territory and hopefully discover the jewel
enclosed behinthe door.
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4.3.2. Scope of this discovery

Despite the fact that we do not understand why the key works, we can now explore the scope
of this discovery. The first idea was obviously to apply the successful condition to the
hydrogenation of the other isomers, compoub2a The catalytic hydrogenatio of

macrocyclel2ais described scheme 26.

Scheme B. Hydrogenation of compountla

The hydrogenation of compouri®a afforded a newdiastereoisomeof the totally reduced
calix[4]pyrrole, compound24. This reaction was highly stereoselective, only one
diastereoisomer was observed! Crystals of compd@iavere obtained, but unfortunately
they were not good enough for theray diffraction analysis. However, the stereochemistry
of 24 could be attributethy NMR analysis! The two possible isomers with their symmetry are

represented Figure 34.

Figure 34.The two possible isomers compouzvh and24b.

We clearly see that compou@db belongs to a higher symmetry group ttZata Compound

24b possesses a plane of symmetry m ang ax@, where compoung4a only possesses a
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planem. As a consequence, thid-NMR spectra should only show two different peaks for the
methyl groups of compadl 24b. However we observed four different ones on'tHeNMR
spectraof the isolated product from the hydrogenation of compotd We therefore
deducedhat wehave obtainedhe macrocyclavith the structure24a The hydrogens added
during hydrogenationof the two pyrrole rings in the macrocycle have been coming from the

same side of the macrocycle.

We applied the new conditions for the hydrogenation to the other obvious substrate,
calix[4]pyrrole 1 itself. The hydrogenation of calix[4]pyrrole was d¢adr out with 10
equivalents of Pd/C 10% in a diluted media C = 0.01 M (Scheme 27).

Scheme Z. Hydrogenation of calix[4]pyrrole

We were pleased to observe, as expected, only two products confstauaidd 13. The two
isomers13 and 24a were obtained with the following ratio: 60/40. This ratio is due to the
formation of the intermediates of typ® shown in scheme 22. The mechanism for the
hydrogenation of the macrocyclé should therefore follow a similar pathy as the
hydrogenation of calix[4]furan (see Figure 24). It is interesting to note that we obtained two
diastereoisomers of the completely reduced products, like in the hydrogenation of
calix[4]furan, but the relative configuration of the minor prodigt the two heterocyclic
calixarenes (Figure 35).
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Figure 35. Comparison between the stereochemistry of products issue to the hydrogenation
of calix[4]pyrrole and calix[4]furan.

This highly surprising difference has babe base of a thorough study of the stereoselectivity
of the hydrogenation of a wide variety of heterocyclic calixarenes presented in the next
chapter.

5. SYNTHESIS OF NEW CALIX[4]PYRROLES AND THEIR
HYDROGENATION

Since the firstanion binding propertiesf calix[4]pyrrole discovered in 1996, numerous
efforts have been doné& improveits anion binding affinity and enhancehe selectivity
Those thorough studiesave led toa multitude of new cali4]pyrrole derivativesand
therefore to the development of new methodology to synthesize th@ong tlosevarious
recipes variations modifying the ketone remain the most powerful metioodynthesize
libraries of differenderivativesof the parent macrocycle. The [2+2] condation emerged as

one of the most efficient way to synthesize derivatives with different substituents on the
mesepositions. With our methodology for the complete hydrogenation in hand we were
interested toapply our hydrogenation procedure to the synihed new suitably modified

calix[4]pyrroles to afford interesting ligands.
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5.1. Synthesis of new calix[4]pyrrole: modification of one meso

substituents

5.1.1. Context

In organemetallic chemistry and especially for heme and-heme chemistry, adding
external axal ligands (often thiolate and imidazole) isvall-known method to stabilize and
increase the catalytic activity of medmplexes:"*>* Recently new metal complexes with
intramolecular axial ligand attracted particular attention due to their capacity to stabilize high
oxidation states of ironfhe aim of these studies was to mimic the active site of Cytochrome
P450 like enzymes using a dified porphyrins and cyclams as surrogate for the active

cofactor (respectively a) and b) Figure 38}>*

Figure 36. Active iron-oxo species stabilized by intr@lecular axial ligand

In the first casethe formationthe highly reactiventermediatd was only possible when the
axialimidazole ligandvas present* In the second caseh rigidity of the ligand framework
stabilized the thiolateunder stronglyoxidizing conditions. The thiolate bound to the iron
center was to a large extend responsible for the successful stabilization of tRe(bXo
complexll.”®

In a recent paper, our group describeditiveresting catalytic activity for oxidation processes
of a manganese complex formed witthe totally reduced calix[4]pyrrole, the
calix[4]pyrrolidine! Sulfur additives wereised as apical ligands and increased the catalytic
activity of the complex through a pilated intermediate of typewvas postulated (Figure 37,
a)). Our basic idea was to synthesize a new ligand which could prowgeage pyramidal

N4(X)apica complex and therefore rigidify the framework to increase the catalytic activity of
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the manganescomplex(Figure37, b)).

Figure 37.

The synthesis of the ligand type as shown in Figure 37 can be achieved starting with a
calix[4]pyrrole modified in one of the meso position. The hydrogenation of of the
corresponding precursor macrocycle would also be very interesting. The two faces of the
calix[4]pyrrole precursor areat any more identical so the hydrogenation should become

stereoselective due to the steric hindrance created by the additional substituent.

5.1.2. Synthesis

As the Rothemund condensafidrproceeds in a stepwise sequence to form the -meso
octamethylcalix[4]grrole, we wondered if the use of two different ketones in 4 to 1 ratio
could afford the searched for derivative of calix[4]pyrrole with one different meso
substituent. If this approach has to be successful we have to assume that the reactivity of both
ketones are similar and that we obtain products determined by the statistical reactions between
the two starting materials. We decided to perform the reaction with acetone and the
commercially available -Bydroxy-2-pentanone because the alcohol can easily be
functionalized. We carried out the synthesis of the modified calix[4]pyrrole derivative using
pyrrole (4 equiv.), acetone (1 equiv.) akdhydroxy-2-pentanongl1.1 equiv.) catalyzed by
methanesulfonic acid (0.077 equiv.) in ethanol at room temperaturent8cts).
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Scheme 28Synthesis of a calix[4]pyrrole derivative, compoid

Happily, our efforts along these lines were indeed succeddiel driving force during the
synthesis ofcalix[4]pyrrole is the precipitation of the macrocycle, it is the major reason
explaining the excellent yield obtained. In our case the product precipitates as well and we
were able to isolate and characterized the macro@gie 35% yield after chromatography.

The rato between compoun@5 and the regular calix[4]pyrrold is about 65/35 in the
precipitate with almost 10% of side products (GC analysishofeworthy aspect of the
presentreactionis the large amounts of side products detected (50%) in the solutiore befor
the filtration; however the purification by column chromatography is relatively easy after
filtration. We then discovered that the macrocy2le was quite soluble in ethanol and
therefore we decided to survey the use of different solvents. Unfortuntitelyuse of
isopropanol, acetonitrile or nitromethane led to disappointing results where the quantities of
side products reached 75%. In order to isolate the larger quantity of macr@éydlee
reaction mixtures had to be partially evaporated at theoértkde reaction and then filted
without additional washing. Attempts to increase the ratio bet@Bamd1 failed, even after

a long investigation modifying the ratio between the starting ketones did not lead to improved
yields of the new macrocylc®5. In order to gain access to large quantity of macrocyble

for a future hydrogenation, the reaction had to be performed in multigram scale (20 g of

pyrrole). In this case again the isolation of compo2idave a 35% yield.

5.1.3. Hydrogenation of macrocycle25

The catalytic hydrogenation of macrocy@® has been performed under standard conditions
described previously for calix[4]pyrrole, 0.36 equiv. of Pd/C 10%, 100 bars of BEicetic
acid at 100 °C for 12h. The reaction has been performed several difioeding every time
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an extremely complex mixture of products (at least 6 differefi Noe). The 'H-NMR

spectra of the crude of reaction is presented Figure 38.

Figure 38.'H-NMR spectra ofhe reaction crude of the catalytic hydrogenatiof%f

However the complexity ofH-NMR spectrahad to be expected. Even if we assume that the
hydrogenation takes place with high stereoselectivity only formisgroducts mixtures of
products will be obtained. The totally symetric calix[4]pyrrole gave tweestrers. If we use
the monesubstituted calix[4]pyrrole derivative5 eight cis-stereomers would be obtained in

this case (Figure 39).
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Figure 39. Theeightpossiblecis-stereomers o26

Contrary to calix[4]pyrrole, the hateduction of25 created only chiral compounds because
of the asymmetric mescarbon. Moreover, because of the two different faces of the formed
macrocycle®25, the hydrogenation of pyrroles could take place on botbsfadoubling the
number of possible stereocisomers obtainable. *F&IMR spectraare compatible with a

mixture containing several diastereoisomers (maximum of eight compounds).

Unfortunately,because of time constraingsd the complexity of the reactiomixture, the
thorough analysi of the crude as well as isolation of products have not been achieved yet.
The transformation of a symmetric compound to eight chiral products in a single step was

extremely interesting and deserves to be thoroughly analyzed.

It is also interesting to analyze the possible structures which could be obtained after the
complete reduction of macrocy®. In view of the results obtained for the hydrogenation of

calix[2]pyrrole[2]pyrrolidine 12a and 12b previously described and the analysis of the-half

85



reduction of macrocycl25, we should be able to predict the possible structures, which can be

obtained for a complete reduction2§ (Figure 40).

Figure 40.Prediction of the possible stereomers obtained after the complete hydrogenation of
25

The total reduction 025 should afford six stereocisomers. Two of them are meso compounds
(27aand27b), the other are chirak¥a 27b, ent27cand ent27d). The achieement of the
complete hydrogenation of the macrocy2would lead in a single step to a collection of

highly interesting ligands for metal complexation.

5.2. Synthesis of new calix[4]pyrrole: modification of two mesc

substituents

In view of the interesting results described above, we sought to increase the symmetry by
adding an additional substituent in another messition. The typical Rothemund
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condensation with acetone and tiydroxy-2-pentanoneén equal quantities should\g a
complex mixture oproducts. We consequently decided to use the [2+2] methodology already
described for the synthesis of strapped calix[4]pyrtti&?®

5.2.1. Synthesis

We started this investigation by the synthesis of dipyrromettZz8ieThe condensation
between pyrrole (7.3 equiv.) andhydroxy-2-pentanone (1 equiv.) catalyzed by TFA (0.1

equiv.) without additional solvent provided compo@8dn almost 64% yield (Scheme 29).

Scheme 29Synthesis of new calix[4]pyrrolgé0a and30b

We werepleased to successfully grow single crystalsahpound28 by slow evaporation of
a solution of28 in CH,Cl,. The Xray diffraction analysisand the complete descriptiafi

compound28 will be describd in a later chapter (Chapter33).

The direct [2+2] condensation has been tried by Christophe Letondor, a formé&deast
our group, gave the two produ@gaand30bin very low yield. In view of those poor yields

and the difficulties hdnad during the purification, we decided to proceed via the linear bis
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dipyrromethane29 and to perform an intramolecular condensatide then decided to
control the location of the alcohol on the same face of the macrocycle by linking the two
dipyrromettane28. We VIQWKHVL]J]HG D 3V W U D #18dd GHouDatolv[us @ S\U U R (
release the two alcohads the end of the synthetic sequente directed our attention toward

the synthesis of compour2®. We wished to applied the methodology developed bydiee

al'® for the synthesis of strapped calix[4]pyrrole to the synthesiS0af via the bis-
dipyrromethane29. First trials were promising; however this synthetic route has not been
explored thoroughly due to a lack of time. The catalytic hydrogenati@®aohas not been
achieved yet, but we can postulate on the number of half and totally reduced compounds
possilke to be obtained after the partial or total hydrogenatiodOaf(respectively Figure 41

a) and b)).
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Figure 41. Prediction of the possible stereomers obtained aftgrahtel (a) andcomplete(b)

hydrogenation 080a

Always assuming that only elsydrogenation occurs, six chiral macrocycles should be
obtained for the half reduction @&0a against eight for the partial reduction 26. This is
explained by the additional element of symmetrg@d (C, and mirror plane m) compared to
25 (possessing only one mirror plan®. Therefore only one pair of enantiomers can be
written for the haHreduced32 where cis-pyrrolidine are on the twadlifferent faces. Six
stereomers could be obtained for the complete reducti@®aftwo mesecompounds and

two pairs of enantiomers.

5.3. Description of the molecular structure of compound?28

The 4,4-Bis(1H-pyrrol-2-yl)pentanol is described in our work asompound28 and its
structure is published in Acta Cryst.'®. Suitable crystals of compoun28 have been

successfully obtained for an-bay diffraction analysis. Compoura8 crystallized in the chiral
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monoclinic space group2l. The pyrrole rings are inclindd one anther by 62.30 (11) °,

and the propanol chain is in the extended conformation. In the ¢rystaiwo pyrroleNH

atoms are involved in intermolecularii--O hydrogen bonds, leading to the formation of a

helical arrangemergropagating in [010plane An interesting feature of the crystal structure

is the absence of any conventional hydrogen bamasving the hydroxyl Hatom. There is

however, a short intermolecular BAAAE LQWHUDFWLRQ LQMBEFYWEe®I RQH F
42 and 43)

Figure 42. A view of the molecular structure of compou2®, with the displacement

ellipsoids drawn at the 50@robability level.

Figure 43. A view, along thea axis, of the crystal packing of compou8. The NH---O

90



hydrogen bonds are shovas dotted cyan lineand the @+ AAAE LQWHUDFWLRQV D
dotted black linegfor clarity these interactions are shofor only one of the helices; see
Table 2 for detail9.

The structure of compoun®@8 is shown in Figre 42, and the geometrical parameters are
given inthe experimental partThis achiral compound crystallized in the chiral monoclinic
space groug”2l. In the5 compoundsof dipyrromethane structudecated in the CSD this
angle varies between 68.5 to 89.6rf the crystalthe molecules are linked by ogntional
N-H---N intermolecular hydrogen bonds leading to the formaifdrelical chains propagating

in [010] (Figure 43 and Table 2). The basic unitary hydrogen bonding graph set can be
describedby a 2donor, 3acceptorR2 3(16) ring, while the basibinary graph set is a C(8)
chain. This gives an extended notatmhC(8)[R2 3(16)]. A fuller hydrogen bonding graph
set analysis can be obtained using Mercutryan be consideredttQYROYH HLWKHU WKE
bond (centroid =Cgl) with an @ + AA A E fRQLIVM, &R a weaker interaction involving
the pyrrolering (N2,C52 C8; centroid =Cg2), withan G+ AAA E D Q t&H4AR (R O\
data were obtained using the progrdarcury). Footnote for Table Z Cgl = centroid of
ERQG & @2&= centroid ofpyrrole ring N1,CZ C8.

Table 12.

Hydrogenbond geometry (A, °)

D2 H---A D2 H H---A D---A D2 H---A

N12 HIN---O1 0.88 (2) 2.05 (2) 2.9238 (18) 174.3 (19)
N22 H2N---O1' 0.90 (2) 2.06 (2) 2.9529 (18) 171.5 (19)
012 H10--Cgl" 0.87 (3) 2.53 3.20 135.0

012 H10--Cg2" 0.87 (3) 2.64 3.10 114.0
Symmetry codes: (ix, yil, z L k+1,iyi zir2; (iii) x, y+1, z Cgl andCg2 are the

centroids of the CGFC8 bond and the N2/C&8 pyrrole ring, respectively.

5.4. Conclusion

Two new calix[4]pyrroles 25 and 30a have been isolated and characterized. The catalytic
hydrogenation of those macrocycles needs to be investigated more thoroughly because the
products were obtained as mixtures of diastereoisomers. It will certainly be interesting to

determine the selectiyi of this process and to study the properties of the different
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stereoisomers. However, those macrocycles were not subjected to the successful condition
found previously for the complete reduction of calix[4]pyrrtleThe complete reduction of
calix[4]pyrrole 25 and 30a shouldafford numerousighly valuable ligands capable to form

metal complexes.

6. CONCLUSION

The synthesis of calix[4]pyrrolidiné3 by catalytic hydrogenation of calix[4]pyrrole has

been achieved. We have developed a reproducible praeadhich allows the isolation of

two diastereoisomersl2a and 12b of the partially reduced macrocycle and the
calix[4]pyrrolidine 13 in large scale.GC analyses of the mixtures, obtained following
heterogeneously catalyzed hydrogenation reactions of [¢glrole 1, have allowed
determiningthe product composition. Compourd@a which had not been detected during
previous work, has been isolated and its relative configuration has been assigned through
singlecrystal Xray diffraction. A single, altis, fully hydrogenated compounti3 could be
obtained in low yields only under drastic reaction conditions (100 atm of hydrogen pressure at
100°C in acetic acid). The relative configuration of compotiBchas been unequivocally
assigned by Xay diffraction anbysis. The yield of the totally reduced calix[4]pyrrolidid&

has first been more than doubled since we isolated this compound for the first time, and can
now be obtained in high yields starting from the half reduced compd2indTo aur huge
satisfactiona reproducibleprocedure fothe complete reduction of calix[4]pyrrole has been
developedrecently. This reaction provideahly two fully reduced products, compoud@,

already isolated from our previous work, and a new isomer of the fulbcegldmacrocycle,
compound24. Despite our intensive efforts, the reasons for the use of a huge excess of
catalyst to perform the complete hydrogenationl®b or calix[4]pyrrole 1 have not been
elucidatedyet. We still intensively work on this project, aws with the aim of, maybe, one

day discovering ocreatinga new catalyst systenthis discovery opens a new route in the

fascinating world otalix[4]pyrrole chemistry
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Chapter 3

SYNTHESIS AND HYDROGENATION
OF CALIX[M]JFURAN[N]PYRROLE
(M+N=4)

Abstract

omplete mechanistic understanding leéterogeneousatalytic hydrogenation
processes remains a challenging problem. The details of mechanistic sequence,
the influence of the substrate and the sourcgsedtereoselectivityre often only
purely understood By increasing the number of heterocycles in a substrate molecule, we
increase the number of possible diastereomers obtained after hydrogenation. However, the

hydrogenation of calix[4]furdfi* and of calix[4]pyrrolé®® 13 162

are known to afford only
two isomers out of 45 possible probably due to their limited degree of conformational
freedom. A thorough investigation of the hydrogenation reaction wasrpexdl using twelve

different macrocyclic substrates (Scheme 30).

Different factors were tested, which might influence the stereoselectivity during the
hydrogenation process and therefore the number of diastereomers obtained: 1) The number of
pyrroles @) and furansr) contained in different substrates of the generic class described by
calix[m]furann]pyrrole (m+n=4) (for instance thealix[3]furan[1]pyrrole). 2) In the case of

m=n, the position of the two different cycles (i.e. alternating or neighbposgions). 3) The
replacement of pyrrole(s) or furan(s) by their reduced analogues (this modification created
dramatic changes in the electronic properties and incorporateddinteasional information

into the starting materials). 4) The replacemenpyfole by norcyclic chains, which had a

great impact on the flexibility respectively the rigidity of the macrocycles. All the

macrocycles were synthesized via novel syntheses. The 38 products have been fully

93



characterized and their relative configuratidetermined by ay analysis (15 selected
structures). As a consequence of this work, the probabtpuence ofthe catalytic

hydrogenation of calix[4]pyrrole was revealddis conclusiorcould be drawn based on the
identification of intermediates andettinequivocabdetermination of the relative configuration

of these model compounds for the hydrogenation sequence.

Scheme 30Catalytic hydrogenation of various macrocycles.
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Context

The total reduction by catalytic hydrogenation of calix[4]pyrtbleas extremely difficult to
achieve. Finding suitable conditions to perform the complete reducti@rioak me almost

three years. During those years, only the half reduction was possild@od yields.
Confronted to repeated failures to obtained the calix[4]pyrrolidine in acceptable yield, we
started to seek a way to bypass the problem. We thought about replacing pyrroles by an
isoelectronic heterocycle, which would be easier to redugethe furan ring. We wished to
selectively replace pyrroles in calix[4]pyrrole by one, two or three furan rings in order to
facilitate the complete reduction of the macrocycle and obtain information on the sequence of
the hydrogenation process. Using &anpwledge about the reduction process we postulated a
probable sequence of the calix[4]pyrrole hydrogenation (see Scheme 23 in Chapte of

the conclusions we came up with was that partially reduced macrocycles containing two
adjacent pyrroles wereasier to reduce than macrocycles containing two pyrroles in opposite
position of each other. Replacing selectively pyrroles by furan in those positions would create
valuable stable model compounds. We reasoned that studying the hydrogenation behavior of

these model compounds should allow us to validate the hypothetical sequence.

It was during this study that we discovered impressive differences in the diastereoselectivity
of the hydrogenation depending on the type of starting material used. We decided to analyze
systematically the influence of the structure of the starting mhterithe diastereoselectivity

of hydrogenation of our macrocycles. The hydrogenation of mixed macrocycles forming a
structural continuum between calix[4]pyrrole on one end of the spectrum and calix[4]furan
and on the other extreme might provide us witloleection of interesting data. We speculated

that these data may allow us to improve our understanding not only of the specific sequence
of events occurring during theeterogeneousatalytic hydrogenation of our substrates, but

that we might also detectare general trends in these important class of transformations.
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1. INTRODUCTION

7KH WHUP 3DV\PPHWULF LQGXFWLRQ™ FRXOG EH GLYLGHG L1
asymmetric induction: the chiral information is obtained from an externatesoonost of the

time from a chiral catalyst or ligand (catalytic processes). This is probably the most powerful

and efficient method for asymmetric syntheses. 2) the relayed asymmetric induction: the
source of chiraWW\ FRPHV IURP VRakibe@QH® *PAVWLRBBPKLPHWULF SUF
strategy involves at least three steps. Two of the three steps are needed to add before the
asymmetric induction and to remove the auxiliary after the crucial step. 3) the internal
asymmetric induction: the informatipsource of chirality, is located insdereogenic center

present in the molecule (all type of reactions). Most of the time, the molecules used are
REWDLQHG IURP WKH 3FKLUDO SRRO™ VXFK DV HQDQWLRSXI
The internal asymmetric induction is a perfect illustration of the strong link between the
structure of a molecule and its reactivity. Emil Fischer was the first to recognize the
importance of the strong connection between 3D structure of molecules anproperties

especially in aiologicaland medicinal environment. Emil Fischer enlarged his concept to a

ke ORFN SLFWXUH LQ RUGHU WR SDUDSKUDVH WKH DFWLR
Based on the concepts developed by Fischer Cram and £fiafanalyzed nueophilic

additions to carbonyls possessingstereogenic centenear to the reactive part of the
PROHFXOH 7KH\ SURSRVHG WKH 3&UDPfV UXOH" LQ RUGHU
outcome of the diastereoselective addition. The presencsterfeagenic centen a molecule

will induce the chirality of the adjacent carbon created during the transformation. The
approach proposed by Cram is mainly based on the analysis of the steric hindrance of the
substituents present at teeereogenic cente©ther models and rules have been developed

later (FelkirAnh model, for instance) improving and generalizing the pioneering concepts
SURSRVHG LQ®&UDPTV UXOH

Most of the asymmetric inductions described in literature are performed in homogeneous
media using homogeneous dgsh. Many of the methods developed by the chemists can
applied for a multitude of substrates and surprisingly also for many different reactions. This is

one of the big advantages of the chemical approach compared to the biochemical approach,
where scopesi almost always a problem. Huge efforts have gone into the development of
heterogeneous catalysis with the aim to combine the lessons learned from homogenous

catalysis with the advantages of having a solid catalyst in a separate phase. Heterogeneous
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catalysts are easily separated from the reaction mixture. The recycling of the catalyst is
straight forward and the amount of metal traces in the products are minimized, an argument of
utmost importance in the synthesis of drug molecules. The heterogeneoystsaiad
asymmetric reaction could be classified into three categBfids: catalysts made from the
binding of homogeneous catalysts to a solid heterogeneous matrix; 2) modification of

heterogeneous catalysts by adsorption of chiral molecB)egchiral catalysts which could

provide asymmetric reactions because of its interaction with chiral substrates.

The dastereoselective heterogeneous catalysis via achiral catalysts remains an extremely
attractive field of research dominated by hydrogenation reatiof®’ The reactions are
based on the interaction of achiral catalysts, such as Pd/C, Rh/C orlRameth substrates

using the electran affinity between the metal, its matrix and the organic molecule. As in

homogenous catalysis steric repulsion plays the role of a counterbalancing factor (Figure 44).

Figure 44.Interaction between heterogeneous catalyst and chiral substrates.

Theseinteractions allow a diastereotopic face differentiation and therefore are involved in the
face selective hydrogenation. Compounds with a small degree of freedom are often preferred
and give better results. One of the relevant examples in this conteke isetective

K\G U R JH Q bpidnR iQtoRitpinane (Scheme 31§21

Scheme 31 .LDVWHUHRVHOHFWLYHele\GURIJHQDWLRQ RI
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The steric hindrance of the bicyclic ring provides an excellent diastereoselective excess.
Heteroatoms like nitrogen or oxygen are also known to influence the diastereoselettivity
the hydrogenation via interaction with the surface of the catalyst. A good illustration is the
reduction of (S,ER-butylidenecyclopentanol where the alcohol interacts with the catalyst to

form a reduced compound with high diastereoselective excessni®32)-"°

Scheme 32Diastereoselective hydrogenation of (SZE)utylidenecyclopentanol

The interaction between the substrate and the catalyst is extremely dependent on the polarity
of the solvent. For instance, the authors observed that a very polar solvent like DMEsrevers
the diastereoselectivity of the reaction.

Chiral auxiliaries could also be used to induce the diastereoselectivity of the hydrogenation.
This method has very often been used for the preparation of -@witsl '**"® and carried out

with oxazolidinone, proline or derivatives for the selective reduction of double B6wds

aromatics.’®182

In our work, we wished to determine what kind of factors are involved in the induction of the
diastereoselectivity during the hydrogenation of macrocycles of the type calix[4]heterocycles.
The reduction of calix[4]furan to the corresponding saturated contpbas been known for a

long time, however no investigation had been done on the source of the diastereoselectivity.
We decided to perform a systematic investigation modifying the rigidity of the macrocycles,
the nature of heteroatoms and their positionthe macrocycle, the oxidation state of the five
membered rings and the relative configuration of the connections between the reduced five
membered rings of the macrocycle. The initial goal wasnimic the sequence of the
hydrogenation process. The sedogoal was to detect the factors influencing the
diastereoselectivity of théeterogeneougatalytic hydrogenation process on macrocyclic
molecules with restricted conformational freedom, based on a relatively simple construction

principle.
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For review orthis topic see:

M. Heitbaum, F. Glorius, I. Eschekngew.Chem. Int. EJ2006 45, 4732.
and especially substratirectable reactions see:

A. H. Hoveyda, D. A. Evans, G. C. Fdhem.Rev 1993 93, 1307.

2. CONFIRMATION OF THE  HYDROGENATION
SEQUENCE

2.1. Our basic idea

The Scheme 22 of Chapt@rdescribes our mechanistic hypothesis for the hydrogenation
process. The central argument of our hypothesis is that comddhs much easier to
reduce than compouri®b (Scheme 33). To confirm this assumption, warevconfronted to

three problems: 1) compouri®d has never been isolated so far and its rational synthesis
would be extremely difficult to achieve; 2) compoutizh has been obtained but at that time

we were not able to achieve the hydrogenatioh2df 3) compoundl2d and12b come from

the same starting material. As we could not control the reaction we were not able to change
the conditions in such a way to obtain the selective formatidiRaf For these reasons, we
thought that replacing compountiib and 12d respectively by compound3 and 34 might

give us important information on the hydrogenation process.

Compound33 and 34 would be readily obtained from respectively compodadand 36.
Assuming that the furan rings in tmeacrocycleare still easieto reduce than the pyrrole

rings in the macrocycle, we should be able to control the site of the first hydrogenation and
obtain33 or 34 selectively. To test this approach we have to control the position of the furan
rings in the unsaturated macrocydiéoreover, we would have a great opportunity to probe
the difference in the diastereoselective induction of THF compared to pyrrolidine rings during
the hydrogenation. We therefore concentrated our efforts toward the synthesis of compound
35and36.
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Scheme 33.Basic idea of our new project with the goal romic the sequence of the

hydrogenation process

2.2. Synthesis of macrocycle 35 and 36

2.2.1. Introduction

The calix[2]furan[2]pyrrole35 and 36 have already been describedliterature. They have
been synthesized for the first time by French et al in 1&5Bheir basic approach was to use

a[2+2] condensation of dipyrromethanes (Scheme 34).

Scheme 34Synthesis of macrocyc&8 and34 by French et af°
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Following this extremely long synthetic pathway, calix[2]furan[2]pyrr8E and 36 were
synthesized in very poor yields-426). This paper was followed a few years later by an
investigation on their potential application as ligatftisAnother approach appeared at the
beginning of the 21 FHQW XU\ EDVHG RQ WKH 3 ~ FRQGHQVDWLR
synthesis of compour@B (Scheme 35§%°

Scheme 35Synthesis of macrocyclS by Lee et af-®

Following this strategy, macrocycl85 was obtained inalmost 20% vyield. Themajor
drawback of this approach is that only a limited number of other calix[m]furan[n]pyrrole
(m+n=4) are accessible. Surprisingly, only few studies of their anion binding abilities have
been reported so faf*'® The difficulty of their syntheses coupled to the low yield is
probably the reason for this lack of scientific interest. The synthetic pathway offered by
French and al, is the nty route available for the synthesis of all four possible

calix[m]furan[n]pyrroles (m+n=4).
2.2.2. Our synthetic approach

In order to gain access to appropriate quantities of comp®&biadd 36 for our investigation,

we decided to use another strategy. Thithway has to allow the synthesis of the four
regioisomers of calix[m]furan[n]pyrroles (m+n=4). It should produce acceptable overall
yields of the final product and minimizes the number of steps. We based our strategy on two
reactions: 1) the pioneer workloy LeGoffetal®®* LQ WKH HDUO\ 9V RQ WKH VHC
ring opening of calix[4]furan bynCPBA. They described the selective formation of mpno

bis- tri- or tetra. -insaturateel,4-diketones according to the number of equivalent of
MCPBA added. 2) The PaKhorr synthesis of pyrrole, successfully applied for the synthesis

of calix[m]furan[npyrrole (m+n=6)** Using this pathway, we would gain access to the four
possible calix[m]furan[n]pyrroles (m+n=4) starting from the yeawailable calix[4]furan
(Scheme 36).
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Scheme 36General retrosynthesis of calix[m]furan[n]pyrroles (m+n=4)

We started our investigation by the synthesis of calix[4]furan in large scale, our starting
material for the synthesis of macrocy@& and 36. We used an experimental procedure
described by Jurczak et'df.in 2000 which should potentially afford calix[4]furan with 70%
yield. The condensation between furan and acetone in dioxane using sulfuric acid afforded

calix[4]furan in 30% vyield in our case (Scheme 37).

The oxidative ring opening 08 was carried out wit 2.2 equivalent omCPBA in cold
CHCls. This reaction provided three different products: twoirdj-opened enedione&&9 and

40 and one trring-opened unsaturated hexaketdde Compound39 and40 were obtained as

a mixture, after column chromatography in 45/55 ratio respectively and 60% yield.
Compound41l has been isolated after column chromatography with 28% vyield. In their
experimental part, French et al. succeeded in isolating each productolbgnnc
chromatography, however, following their condition, we were not able to separate compound
39 and40. Nevertheless, we wished to continue with the mixture in the aim to separate them
in a later step. The mixture 80 and40was submitted to the redi®¢ L R Q R {uWakuirated
ketones using zinc dust and acetic acid at 100°C to provide compg@amdi43in 92% yield

after chromatography. Unfortunately the separation by column chromatography of the
regioisomers was still impossible at that time. Wirgimg to perform the next step from the
mixture of isomers, we realized that only one of the two compounds, comg@,mneas

soluble in the solvent used for the reaction.
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Scheme 37Synthesis of bi®,4-diketonesA2 and43

Thanks to this difference of solubility, we were able to separate the regioisomers by
successive washing with 80°C ethanol. We finally isolated the reduced tetrak2taneé43

with respectively 85 and 72% vyields. The next step is the formation aieyioy PaaKnorr
reaction. This reaction had never been applied to tetrakd@®aad43 so far, and a special
effort had to be done to optimize the conditions, especially4for The synthesis of
calix[2]furan[2]pyrrole35 was carried out using 5 equief ammonium acetate as source of
ammoniac in a mixture of EtOH/CHL(1/1) at 60°C over night (a, Scheme 38). After
evaporation of chloroform, we were able to filter off compo8&¢h 84% yield (>99%, GC).
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Scheme 38Synthesis of calix[2]furan[2]pyrrol85 and36 via PaalKnorr reaction

The reduced tetraketor#3 smoothly reacts with ammonium acetate, in ethanol at room
temperature to afford after filtration the calix[2]furan[2]pyrr8&with 91% vyield (b, Scheme
36). The two unsaturated macrocyclg&s and 36 were characterized by NMR and HRMS
spectroscopy. We were pleased to successfully grow single-ongsials of both compounds
as well. The Xray diffraction analyses of macrocy@3& and36 are shown in Figure 4and

46 respectively.

Figure 45. Molecular structure of Figure 46. Molecular structure of
compound 35, with the displacement compound 36, with the displacement
ellipsoids drawn at the 30% probability ellipsoids drawn at the 50% probability

level level
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The X-ray structure analysis of compouB88 and 36 revealed the alternating conformations

of the pyrrole and furan rings in the solid state. For both compounds, rings opposite each
other are in almost parallel plans which form a very nice cavity. The two structures are
extremely similar to the crystallireructure of calix[4]pyrrole previously described.

Finally, calix[2]furan[2]pyrrole35 and 36 were obtainedwith 43 and 40% overall yield
respectively, starting from calix[4]furan, in three easy and efficient steps. Moreover,
compound4l which has been pduced during the ring opening of calix[4]furan will be used

in a further investigation, that increases the efficiency of the synthetic pathway.

2.3. Hydrogenation of macrocycle 35 and 36

General remark: We systematicaly indicate the diastereoselectivitthdoyratio of the
diastereomeric products (d.r., normalized to 169).

2.3.1. Hydrogenation of 35

We submitted the macrocycl85 to the optimked hydrogenation condition developed
previously for calix[4]pyrrole. We carried out the reduction36fusing 0.3 equiv. of Pd/C
10%, 100 bars of Hn acetic acid as solvent at 100°C for 24 h (Scheme 39).

Scheme 39Catalytic hydrogenation of calix[2]furan[2]pyrro85

We were surprised to detect in the GC analysis only one major product (d.r. ~83%) in the
crude together with 3 other side products. After a recrystallization in EtOAc, we removed a
large amount of sil products, to provide the product in 84% purity. After successive
recrystallizations trying to remove the impurity (probably another isomé#)ofve obtained

the totally saturated macrocycld with 70% vyield, 95% pure. The relative configuration of
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the reduced macrocycle is exclusively based on NMR spectroscopy analysis. We could later

confirm its relative configuration by-Xay diffraction crystallography (Figure 47).

Figure 47.Molecular structure of compourddl, with the displacement ellipsoidsadvn at the

30% probability levelN-H---O hydrogen bonds are shown as blue dotted lines.

+\GURJHQV . WR KHWHURDWRPY DUH DOO RQ WKH VDPH IDF
rings form a slightly distorted plane. Four of the eight methyl groupsiraquasi axial

position and the other in quasi equatorial position. The structudd isf very similar to the

structure of calix[4]pyrrolidine illustrated previously.

We then wished to probe the influence of the hydrogen pressure during the reddiction o
compound35. We decided to test if we could observe a complete conversion even at low
pressure or if applying a reduced hydrogen pressure would allow observing intermediates on

the way to the fully reduced macrocycle. The hydrogenatiadbavas carriecbut using 0.3

equiv. of Pd/C 10%, 27 bars ot h acetic acid as solvent at 100°C for 24h (Scheme 40).

Scheme 40Catalytic hydrogenation of calix[2]furan[2]pyrroBsb
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The consumption 085 under this condition was complete. However, we discovered a new
minor product together with compoudd in a 0.7/0.3 ratio. This new reduced macrocycle
was then characterized as the half reduced macrod¥cl&o, we decided to check with
different presste of H, in order to determine if compourtb was an intermediate in the
formation of the completely reduced compoutd The amount of conversion of compound
45 into compound44 as a function of the variation of the hydrogen pressure is presented
(Figure48).
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Figure 48.Conversion of compoundb into 44 according to the hydrogen pressure

The quantities of compountb decrease with the increase thggressure. These observations
proof that compound5 is an intermediate on the way to the formatiorddf This result
means that the hydrogenation to the half reduced macrotycterelatively easy, happening
already under reduced pressure. The next step the transformadiimad the fully reduced

macrocycled4is considerably more difficult and neetigher pressure.

2.3.2. Hydrogenation of 36

As next step we analyzed the behavior of the unsaturated macr86y€lest, we decided to
test the hydrogenation under the same conditions than previously descriBBovite carried
out the reduction of compad 36 under the 100 bars of;HiScheme 41).
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Scheme 41Catalytic hydrogenation of calix[2]furan[2]pyrro&6

Surprisingly, the catalytic hydrogenation 36 afforded a multitude of products containing a
major product in up to 30% yield as determined in the GC. The isolation of the major product
was extremely difficult. After a first recrystallization, we performed two chromatographic
separations on columnsyBhis tedious procedure we obtained the fully saturated macrocycle
46 with 15 % vyield in ~80% purity. We were not able to completely purify this compound and
therefore the full characterization could not be achieved in a satisfactory quality. The major
product was characterized by GCMS and HRMS. The relative configuration has been
successfully attributed by -Kay diffraction analysis of the sample containing the major

product (80%). The molecular structure of compodds shown figure 49.

Figure 49.Molecular structure of compourb, with the displacement ellipsoids drawn at the

30% probability level.

The structure ofi6 in the solid is very interesting, it significantly differs from the molecular
structure of44. The molecule is not plane arfidrms a kind of cavity with the rings on

opposite sides of the macrocycle almost parallel. The molecular structdédasovery close
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to the structure of calix[4]furan described in Chapter I. No hydrogen bonds have been
detected. The almost planar comh@tion of44 canthereforebe attributed to its hydrogen
bond networks.

If the mechanistic hypothesis described in the beginning of this chapter is correct, the
complete hydrogenation &6 should be easier than the hydrogenation of comp@nilve
testedthe influence of a low hydrogen pressure on the reducti@®.ofhe hydrogenation of

36 could be successfullyachievel using two different pressures: 50 and 15 bars. The
hydrogenation carried out with 50 bars gives essentially the same results than the one
performed at 100 bars. The GC of the crude reaction mixture presents a multitude of products
and a major one (d.r. 8%6). The hydrogenation carried out at 15 bars gave again a similar
result. The GCMS of the crude showed the presence of a small amount of the half reduced
macrocycle. It is very interesting to note that even at low hydrogen pressure the reduction of
the ma&rocycle36 and therefore the hydrogenation of the half reduced macro8gdteeasy

to achieve. The conditions needed for the hydrogenati@3 @flearly more than 27 atm) are

more strenuous than the conditions which are sufficient for a quasi corydetgyenation of

36 (15 atm are sufficient).

Assuming that the general behavior of macrocy@eand12d (Scheme 30) is closely related

to macrocycle33 and 34, therefore compound2d must be much easier to reduce than
compound12b. The hydrogenation geence of calix[4]pyrrolel described scheme 22
Chapter 2 has been mimicked and the proposed sequence is compatible with the results
obtained from the furan analogues! The question arises: why are two pyrroles in opposite
position in a macrocycle of thegdg calix[4]heterocycle more difficult to be reduced than two

neighboringpyrroles?

If we summarize the products of the hydrogenation of calix[4]pyrtplealix[4]furan6 and
calix[2]furan[2]pyrrole35 and 36 in term of diastereoselectivity, we obtained the following:

1) the complete hydrogenation of calix[4]pyrrole affords two diastereocisomers of the fully
reduced macrocycles from 45 stereoisomers possible; 2) the complete hydrogenation of
calix[4]furan affods two diastereoisomers as well. One of the diastereoisomers is different
from the one obtained with calix[4]pyrrole; 3) the complete hydrogenation of
calix[2]furan[2]pyrrole 35 only affords one major diastereoisomer (80%); 4) the complete
hydrogenation otalix[2]furan[2]pyrrole36 affords one major diastereoisomer (30%) and lot

109



of minor isomers (70%). These results lead to the following question: what are the factors
influencing the strength of the diastereoselective induction of these types of ma&ocycle
during the hydrogenation process? It is well known that hydrogenation of double bonds,
pyrroles or furans takes place with higis-stereoselectivity. In our molecules we observe
another type of diastereoselective induction. In the reduction of our oyates two distinct
diastereoselectivty processes must occur to give one or two diastereomer with almost
complete selectivity: 1) theis-hydrogenation of théve membered rings; 2) the influence of
reduced heterocycles on the rfage discrimination forthe nextcis-hydrogenation of a
neighbouring ring or of a ring situated opposite to the first saturated ring. The 3D structure of
the macrocycle, its rigidity or the nature of heteroatoms and their position must have a direct
impact on the diastereoseleetinduction observed. For this reason, we decided to investigate
experimentally the influence of the major factors on the diastereoselectivity observed in the

hydrogenation process.

3. INVESTIGATION ON FAC TORS INFLUENCING THE
DIASTEREO-SELECTIVITY OF THE HYDROGENATION
OF DIFFERENT MACROCY CLES

To clarify the content of this chapter, we decidedseparatéhe results for each class of
compounds into two subchapters: the first chapter treating the syntheses and hydrogenation,

and the second chapter disanggshe stereoselectivity of the hydrogenation process.

3.1. Results

3.1.1. Synthesis and hydrogenation of unsaturated macrocycles type

calix[4]heterocycle

For this investigation some of the macrocycles were already synthesized, calix[4]dyrrole
calix[4]furan 6, calix[2]furan[2]pyrrole 35 and 36. The complete hydrogenations of
compoundl, 35 and 36 have been described in the previous chapter. However, the complete
reduction of calix[4]furar6 already described in literature, has never been done in our group.

For this reason we decided to repeat the catalytic hydrogenation of calix[4]furan in order to
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have a serious of comparable results done under experimental conditions, which are as similar

as possible.

3.1.1.1. Reduction of calix[4]furam®
The first reduction of calif]furan has been reported by Van Beylen €f’ain 1985. The
hydrogenation provides two different diastereoisomers of the saturated macrocycle. The
authors were able to separate the two diastereoisoiferand 7b in a 70:30 ratio.
Characterization of the two diastereocisomers has been done only-ray diffraction
analysis, other additional analytical and spectroscopic data and the detailed experimental
description are missing. The HRMS, IR and especially the complete analysis of the NMR

spectrum has not been reported so far.

We carried out the hydrogeation of calix[4]furan under the optimized condition used for
calix[4]pyrrole using 100 bars of44Pd/C 10% in acetic acid for 24h at 100°C (Scheme 42).

Scheme 42Catalytic hydrogenation of calix[4]furah

After treament, the crude reaction mixture was simply washed with cold ethanol. The purity
of the crude product analyzed by GC was astonishing: two major products in 49:45 ratio in
favor of 7b were visible together with a small impurity (6%) (Figure 50). Surprigingle
obtained more of compountb than compounda. Van Beylen et al. reported a 30:70 ratio in

favor of compounda.
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Figure 50.GC spectra from the crude of the hydrogenation of calix[4]f6ran

After column chromatography we were able to isolate comp@araahd 7b with 33 and 35%
respectively. ThéH-NMR spectra of the two macrocycles presented puzzling shape.

3.1.1.1.1.  Characterization of compount
The'H-NMR spectrum of compouritais shown Figure 51.

Figure 51.*H-NMR spectrum of compourita
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We were extremely surprised by the-NMR spectrum, which displayed two distinct peaks
IRU WKH K\GpdsRidm @ oky@en. Considering the @xis of moleculé’a we should

have detected only one peak in this region. It means that the molecule lost a part of its
symmetry. It is known that the stable conformations of molecules in solution could often be
related to their molecular structure in the solid state. lerai@ analyze the solid structure of

7a, we successfully grew a single mecwystal suitable for Xay diffraction analysis. The
molecular structure of compoufais shown Figure 52.

Figure 52.Molecular structure of compourvd, with the displacememlipsoids drawn at the

50% probability leve(hydrogen on Cklare omit for clarity).

The structure is distorted and forms a cavity where two THF molecules sitting in opposite
positions are turned inside the cavity and the two others are turned towargtstue. The

four oxygen atoms are almost in the same plane. The THF rings are present in distinct pairs in
the solid state structure of compoura The structure normally written with@y axis (point

group symmetry &) became a structure with a lowgoint group symmetry (§&) (Figure

53).

The structural conformation @& bishas been drawn following the structure of compotad

in the solid state. We can clearly see that mole@aebis belongs to the point group
symmetryC,,. If the conformationaflip (=exchange process) is slow the two different types
R1 SURWR bsitio oMhk bBixygen can be observed at different shift values.
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Figure 53. Comparison between the two different ways to write compaland he expected
averaged conformatiofa and the real conformation in the solid stésebis which has to be
responsible for the unusual NMR signals

Assuming that the structure @f in the solid state is the major conformer in the solution
(visible at the NMR time scale), we can easily explain'isNMR spectrum. The full
characterization by NMR spectroscopy has to be based on the structure dfaviiisgThe
complete interpretatio of the spectrum is presented in the experimental part Chapter 7. The

spectrum has never been reported so far for whatever reasons.

3.1.1.1.2.  Characterization of compournt
Subsequently we performed thé-NMR spectrum of compouritb (Figure 54)

Figure 54.*H-NMR spectrum of compounith
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We were also surprised by thd-NMR spectrum, which displayed four distinct peaks for the
K\GURJH Q V-pasRioWdK Hhe .oxygens. Considering the point symmetsy & the
molecule7b we should have detected only two pgak this region. Once again this molecule
must have lost one of its elements of symmetry and must therefore be present in
conformations of lower point symmetry than the one deduced from structure. We were able to
obtain suitable crystals to determine thmlecular structure of compountdb by X-ray
diffraction analysis (Figure 55).

Figure 55. Molecular structure of the two enantiomer of compoubdalong two different
views, with the displacement ellipsoids drawn at the 50% probability {(eydtogen on Chl
are omit for clarity).

The macrocycl&b crystallized as a racemate. Two enantiomers crystallize side by side. The
conformation of the macroclgis best described looking at the two pairs of THF rings, which
are in opposite position. The two THF rings in opposite posiéimn arrangedn almost
parallel plains pointing towards the same direction. As a consequence of this conformation the
protons to the THF oxygen are pointing towards the inside of the macrocycle in one THF

ring and towards the outside of the macrocycle for the other THF ring (Figure 56).
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Figure 56. The structures of compourib. The structure ofb showing the highest possible

point symmetry. The two enantiomers#if bisland7b bis2as detected in the solid state

In view of the'H NMR spectrum compoundb does not show the highest possible point
symmetry as we expected. Theplicit assumption for obtaining the spectrum reflecting the
highest possible point symmetry is that the rotation around all single bonds not involved in a
small ring is fast compared to the NMR measuring time. Obviously this assumption is not true
for compound7b, which leads to the observation @b in a stable conformation of lower
point symmetry. Based on the structure in the solid state we can fully interpret the NMR
spectrum of7b. The complete attribution of tHel and**C NMR spectrum is presenten the
experimental part. The peaks in thd-NMR spectrum are well resolved. The exchange
process between the two enantiomeric conformers has to be very slow. It will be very
interesting to carry out a study of the dynamic NMR behavior to determine thefréte

exchange process.

The complete characterization of both calix[4]tetrahydrofutaand7b was challenging and
has lead to unexpected results. We accomplished this difficult analysis associating NMR

spectra and Xay diffraction to decrypt and tolly interpret the NMR spectra.

3.1.1.2. Synthesis and reduction of calix[3]furan[1]pyrrdi@
The synthesis of calix[3]furan[1]pyrro8 was carried out using the same synthetic pathway
than previously described for compousland36. We started the synthesis by the oxidative
ring opening of the starting material, the calix[4]fuaScheme 43).
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Scheme 43Synthesis of calix[3]furan[1]pyrrolé8

This reaction has been done using 1.2 equiv. of mMCPBA in chloroform at 0°C. The quantity of
MCPBA used is directly related to number of rings opened. This reaction obviously affords a
nortnegligible number of side products from the multiple opening. Thecten of the
double bond was performed directly after a simple workup of the reaction. The two
consecutive steps afforded the macrocyidién 28% overall yield after chromatography. The
ring closing reaction to pyrrole was carried out very smoothlyoamr temperature to
engender calix[3]furan[1]pyrrold8 in 90% after a simple filtration, in a high purity. We
submitted this unsaturated macrocycle to the optimized conditions of hydrogenation. The
reduction of48 under 100 bars of £ Pd/C 10% in aceticced at 100°C, gave only one
diastereoisomer of the fully reduced macrocycle, the calix[3]THF[1]pyrrolidhEéScheme

44).

Scheme 44Synthesis of calix[3]THF[1]pyrrolidind9 and its acetilation

The reaction was againdtily diastereoselective (d.r. 87%). The fully reduced compd@nd
was obtained after a recrystallization in ethanol with 78% vyield (>97% pure). We then
successfully crystallized the product and performed amayX diffraction analysis.
Unfortunately, we wex not able to differentiate the nitrogen from the oxygen in the

macrocycle. We suppose the reason is that compé@mpdes up in thecrystal,doing a 90°
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turn each time. So, we were forced to modify the macrocycle in order to get crystal structure
of a canpound where nitrogen and oxygen are better differentiated. We chose to acylate the
amine with acetyl chloride. The reaction was carried out using an optimized condition which
will be described in the next Chapter, usingCK; as base in a mixture of THF/ACN 2/1 at
room temperature (Scheme 39). After purification with column chromatography we obtained,
a modest 46% vyield of the acetylated macroc$€leThe structure 050 has been determined

by X-ray diffraction analysis (Fige 57).

Figure 57.Molecular structure of compouri®, with the displacement ellipsoids drawn at the

50% probability leve(hydrogen on Cklare omit for clarity).

7KH K\GURJHQY . WR WKH KHWHURDWRPV RQ WKH VDPH ID
hindrance introduced by substituent on nitrogen the acylated pyrrolidine ring points toward

the outside of the macrocyclic ring.

For compounds0 we expected a broatH-NMR spectrum due to the usually slow rotation

around the amide bond. To our surprise $pectrum was very well defined. The observation

of well defined NMR peaks can be interpreted as the consequence of a fast rotation or as the
presence of one major conformer under an extremely slow exchange regime. As the amide
rotation in similar macro@fes has been shown to be slow (see Chapter 4) the first hypothesis

LV LPSUREDEOH :H WKHUHIRUH DVVXPH WKH 3IUHH]JLQJ  RX
due to the conformational coupling of two relatively slow processes: the amide rotation and
thering flip. A complete dynamic NMR analysis 60 has to be done to fully characterize the
process.

118



3.1.2. New synthetic routes starting from compound 41, 42 and 43

3.1.2.1. Synthesis of macrocycks starting with compoundl1
We started the synthesis of compodtdrom compoundil obtained from the oxidative ring
opening of calix[4]furar6. First, we reduced the three double bonds of the macrocycle by
adding zinc dust in a warm solution dfL in acetic acid. The reduction provides the
hexaketonél in quantitativeyield without purification (Scheme 45). Pd&horr reaction on
compound51 provides, surprisingly, only the unsaturated macrocgééen 60% vyield. No
traces of compoun82 have been detected. This reaction has been repeated three times giving

the same ret.

Subsequently, we decided to reduce the furan ring first and then to close the three diketones
into pyrrole rings. The catalytic hydrogenation of compo&hdavas carried out using 40 bars

of Hp, Pd/C 10% in acetic acid at 50°C. The reductiorbbfprovided the corresponding
compound53 in 93% vyield. An important aspect during this reaction is the control of the
temperature. Above 50°C the 1,4 diketones, reacts with the acid to afford products from the
PaatKnorr reaction, the synthesis of furans. Hayimied the reaction at 100°C, the fully
reduced calix[4]THF7a and 7b were isolated as major products. We could selectively
synthesize the morar the tripyrrole adapting the reaction temperature. The -Raalr
reaction carried out using ammonium ateta ethanol at 80°C provided the macrocysfe

in 78% vyield after purification. The hydrogenation ® generated a mixture of reduced
compounds where half reduced macrocycles were the major components. The mixed
compound54 showed a similar behavior thacalix[4]pyrrole 1. The same reaction was
performed at room temperature. After 48 h the race®atould be isolated in 42% vyield.
Unreacted starting material accounted for the remaining material according GChe
analysis. Only one regioisomer wasnfmd under these conditions. If the three pairs of 1,4
diketones would have a similar reactivity the formation of only one pyrrole ring should give a
mixture of two regioisomers in a 2:1 ratio. The macrocycle containing one THF ring seems to

provide a higtpreference for the preferential reaction at only one type of thdidedones.
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Scheme 45Synthesis of macrocyckt

We carried out the hydrogenation of compo@ado test the diastereoselectivity of a pyrrole
ring influenced by aneighboring THF ring. The reduction o5 should afford two
diastereomers. The catalytic hydrogenation of compdtwas performed wittb0 bars of
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H, at 50°C to avoid side reactions. Wbtained only one major product (d.r. 90%), the
racemic compound6 in 92% vyield and in 85% purity after recrystallization in ethanol.
Despite an intensive effort to obtain this compound in higher purity we were not able to
improve the quality of this compad. The reduction was also diastereoselective, only one of

the two possible diastereomers was obtained (Figure 58).

Figure 58.Diastereoselective hydrogenationrat-55

The relative configuration ofac-56 has been successfully confirmed byra§ diffraction

analysis. The molecular structurerat-56is illustrated Figure 59.
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a) b)

Figure 59. a) Molecular structure of one enantiomer of compouwati56, b) Molecular
structure of the two en#omers of compoundrac-56 in the crystal packing. The
displacement ellipsoids are drawn at the 50% probability igwelrogen on Cklare omitted

for clarity).

The two enantiomers of compourat-56 are present in the crystal. All our trials to transform
the racemat&6 by a PaaKnorr reaction into the corresponding rigid macrocycle failed.

3.1.2.2. Synthesis of calix[2]THF[2]pyrrolidin&l4, 60a and 60b starting from
compound42
During the reduction of magocycle 35 we found that compoun83 was an intermediate. In
YLHZ WKLV REVHUYHG GLDVWHUHRVHOHFWLYLW\ ZH
diastereoisomer of83 by direct hydrogenation (Figure 60). We decided to attempt an
independentsynthesis of He diastereocisomer @33 in order to analyze its hydrogenation
behavior.
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Figure 60. lllustration of our basic idea to embellish this project

Using a rational synthesis to build compod@i we would have the opportunity probe the
influence of the rigidity of macrocycle and the stereochemistry of the heterocycles on their

diaseteroselective induction during the hydrogenation.

We started the synthesis from compoutialready described (see above). The catalytic
hydrogenation of42 under 40 bars of Hand run at 50°C provided the two possible
diastereoisomerS8a and 58b in 36 and 38% yield respectively, after purification (Scheme

46).

Scheme 46Catalytic hydrogenation compoud@

The reaction was performed at 50°C in order to avoid the formation of furan as side reaction.

The GC of the crude reaction mixture shows about 10% impurities and the two products with
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very similar retention times. The two isomers were obtained in 43/57 iratfavor of
compound58b (GC). The reaction has been reproduced two times. The product ratios were
different: 2 trial ratio: 584/58b = 53/47 and 3rd trial ratidd8a/58b = 66/34. Thechange in

the product ratios isot huge. We do not know at the moment the factors influencing this
product ratio. We were not able to separate the two isomers by chromatography. Purification
of the mixture from the impurities by column chromatography was relatively easy (Silica,
99/1 H.Cl,/MeOH). After a intensive effort, we found the conditions to isolate each isomer.
Compounds8ais considerably more soluble in warm ethyl acetate 8&m After a simple

wash under this condition we isolated compo&8d with 89.5% purity andb8b with 86%

purity (starting from the mixture obtained from tH& t8ial). After successive crystallizations

in ethanol or ethyl acetate respectively we were able to isolate comp&arahd 58b in

>91% and >95% purity. The relative configuration cannot bibateéd by NMR spectroscopy

and therefore we needed a crystal structure of one of the products to attribute the structures
with confidence. We have successfully grown a suitable reoysial of compoun&8a and
determined its molecular structure byray difraction analysis (Figure 61).

Figure 61. Molecular structure of compoursBa, with the displacement ellipsoids drawn at

the 50% probability levglhydrogen on Cklare omit for clarity).
Protons 2 and 5 of the two THF rings are pointing toward the same face of the macrocycle.
The hydrogenatioof the two rings is almost non diastereoselective: The configuration of one

ring does not influence the hydrogenation of the second ring

We then ontinue the synthesis &3 by introducing the two pyrroles via the Pdalorr

reaction starting frord8a(Scheme 47).
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Scheme 47Synthesis of macrocyck started from compounsiBa

We performed the reaction wiBa (d.r. 75%). Only compoun@3 precipitated during the
reaction. After a simple filtration compour88 was obtained in 85% vyield in >98% purity
(yield based on the quantity 68apure in the starting material). The catalytic hydrogenation
of compound33was carried out under our standard conditions to afford compbtimi80%
yield, 95% pure after two recrystallizations in ethanol.

We did the same synthetic sequence starting from compagimdrhe pyrrole syntheses via

PaatKnorr reaction fronb8b afford the corresponding compoubfl (Scheme 48).

Scheme 48Synthesis of fully saturated macrocyct&aand60b

We performed the reaction with8b (d.r. = 91). Compound9 was isolated after basic
treatment. The purificadn of 59 was not trivial, it was impossible to separate compdaéd
from the small amount d33 present by chromatography. We finally succeeded in purifying
compound59 by successive recrystallizations in ethanol and obtained 80% vyield with >98%
purity ater 10 recrystallizations. We therefore obtained high quality crystéd® ahd made

the Xray diffraction analysis.This gives us the opportunity to control the relative
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configuration of the molecule and also obtain important information on the structure itself.

The structure 059 is presented Figure 62.

Figure 62. Molecular structure of compoun89 along two different views, with the
displacement ellipsoids drawnthie 50% probability levelhydrogen on Chl are omitted for
clarity). N-H---O hydrogen bonds are shown as blue dotted lines.

The molecular structure &9 is distorted. Each pyrrole forms a hydrogen bond with its
neighboringTHF ring and thereby fixes thelative arrangements of the pairs formed by one
THF ring and one pyrrolidine ring. The pyrrolidine rings of the two pairs are almost parallel
to each other. We tested the hydrogenation5®fand characterized the products. The
reduction of59 was carriecbut under standard conditions (Scheme 46). Two major products
were present in the crude reaction mixture (GC: ~87%; d.r. 60/40). The GCMS confirmed that
the two products are actually diastereocisomers. We successfully found a condition, which
allowed the sparation of the two products by column chromatography (see experimental
part). We obtained the fully saturated compoutd in 48% vyield and 94% purity after
chromatography and a recrystallization from a mixtur&dH/EtOAc The separation was
tedious a the impuritiesco-eluted with the product during the chromatography. Repeated
recrystallization allowedemovingthe impurities. Compoun@0b was obtained with 25%

yield in 92% purity. The NMR spectrum did not allattributing the configuration of the
molecule. We depended onrdy analysis once again. We successfully get suitable crystals of
60a and 60b. The molecular structure of calix[2]THF[2]pyrrolidiné0a and 60b as

determined by Xay diffraction analyses are shown iméies 63 and 64 respectively.
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Figure 63. Molecular structure of compoun@Oa along two different views, with the
displacement ellipsoids drawn at the 50% probability I¢wgtirogen on Cklare omitted for
clarity). N-H---O hydrogen bonds are shownbéise dotted lines.

Figure 64. Molecular structure of compoun@0b along two different views, with the
displacement ellipsoids drawn at the 50% probability I¢gtirogen on Cklare omitted for
clarity). N-H---O hydrogen bonds are shown as blue dotted lines.

The molecular structure of compou6@ashows for the macrocycle a stiike arrangement.
7KH S\UUROLGLQH DQG 7+) ULQJ KDYLQJ WKHLUfth& URWRQ
macrocycle, are almost in the same plane. The molecular structure of cong@msitbws a
V-VKDSHG DUUDQJHPHQW 7KH WKUHH KHWHURF\FOLF ULQ.
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toward the same face, are also in the same plane. The plane formedlést t(hHF rings is
almost orthogonal.

We concentrated our efforts on reproducing the same approach, starting from codfpound

3.1.2.3. Synthesis of calix[2]THF[2]pyrrolidine 46 anthc-64 starting from
compound 43
We started this synthesis from the compousdl described previously. The catalytic
hydrogenation of#t3 was carried out with 40 bars of, HPd/C 10% at 50°C. The reduction
provided the two possible diastereoisom@isa and 61b in respectively 26 and 38% yield,

after purification (Scheme 49).

Scheme 49Catalytic hydrogenation compoudd

The hydrogenation o043 provided a mixture of the two possible diastereoisomers in 4/6 ratio
in favor of compound1b. This reaction has been performed twice and gave similar ra@sults
term of d.r. and yield. The reaction is slightly diastereoselective. The purification of the two
products has been difficult to achieve. First, we began by a column chromatography (silica,
98/2 CHCI,/EtOAC) in order to separate the two product fromithpurities. Then, a second
column was done (Aluminum oxide, 92/8 cyclohexane/EtOAc) to isolate each product.
Finally, we recrystallized compourGlaand61bin a mixture of EtOH/EtOAc 1:1 provided
6lain 26% yield in 96% purity and compouted.b with 38% yeld and in 97% purity. The
determination of the relative configuration of both compounds was not possible by RNM
spectroscopy and we therefore tried to crystallize one of them. We were successful in getting
suitable crystals of compourtilb for the Xray analysis. The molecular structure of the

macrocycleslbis illustrated in Figure 65.
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Figure 65. Molecular structure of compourgilb, with the displacement ellipsoids drawn at

the 50% probability levglhydrogen on Cklare omitted for clarity).

The protons 2 and 5 of the THF rings of compo6Gft are pointing toward different faces of
the macrocycle. Having established the relative configuration of comp@lanand61b, we
then concentrated our effort toward the pyrrole synthesis via theKRaal reaction followed

by the reduction of the corresponding product.

We started by the PaiInorr pyrrole synthesis ofla The reaction was carried out using 35
equivalent of ammonium acetate in ethanol at 80°C and provided the macre2yclé0%

yieldsin 97% purity (Scheme 50).

Scheme 50Synthesis of the fully saturated macrocyés

The product62 seemed to precipitate partially during the reaction. It was isolated after the
column chromatography of the crude reaction mixture. Comp@2naas recovered with
over 79% yields after chromatography but with only 90% purity. A second purification by
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recrystallization in ethanol providegR in good purity. This recrystallization allowed us to get
suitable crystals for the-¥ay diffraction analysis. The molecular structuresgfis illustrated
Figure 66.

Figure 66. Molecular structure of compoun@2 along two different views, with the
displacement ellipsoids drawn at the 50% probability I¢wgtirogen on Cklare omitted for
clarity). N-H---O hydrogen bonds are shown as blue dotted lines.

Compounds2is perfectly symmetric and is almost planar. Twdiogen bonds betweeni

and the oxygen of THF rings fix the relative positions of the two pairs of five membered rings
and the arrangement of the macrocycle.

Hydrogenation of compoun®2 was carried out following our standard conditions and
afforded onlyone major isomer, the calix[2]THF[2]pyrrolidingb in diastereocisomeric ratio

of 50%. The hydrogenation 62 gave approximately result very similar to the result obtained

for the hydrogenation 6. Attempts to purify the macrocycle were all unsucedssf

Finally, we reproduced the same synthetic route starting from comg@dundCompounds4

was synthesized via Padhorr reaction with 86% yield (Scheme 49).
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Scheme 51Synthesis of fully saturated macrocyctas-65

The reaction was slow enough that we were able to isolate and characterize co§@md
intermediate in the reaction with only one pyrrole formed. Compd@dndas isolated from

the crude reaction mixture and purified by filtration on a small pad easilihis purification

led to 86% yield64 and >98% purity. Then the reduction &4 by hydrogenation under

standard conditions provided the racemic compadé®ih 30% vyield after chromatography

(Scheme 49). The reaction was diastereoselective (d.r. 48¥prisngly, the'H-NMR

spectrum of65 GLVSOD\HG HLJKW GLIITHUHQW-HS&f R Re@udedL Q WK
heterocyclic rings. The product as observed by NMR has to be chiral. We wished to secure

the structure via Xay analysis. We successfully grew table monecrystals of65. Its

relative configuration was confirmed thoughray diffraction analysis. The molecular

structure of calix[2]THF[2]pyrrolidin&5 is presented Figure 67.
The molecular structure 065 is very similar to structure of calix[4]TH where the

conformation of the five membered rings is alternating up/down. The four heteroatoms are

almost in the same plane and the molecule forms a nice cavity.
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Figure 67. Molecular structure of compoun@5 along two different views, with the
displacement ellipsoids drawn at the 50% probability I¢lgtirogen on Cklare omitted for
clarity).

As a result of our effort we have obtained a panel of structurally related macrocycle whose
hydrogenation has beenudted with the goal to decipher the diastereoselectivity of this

process.

3.1.3. Synthesis ofcalix[2]pyridine[2]pyrrole

We wished to stay in the same logic and synthesize a derivative of calix[4]pyrrole which
would be easier to reduce by hydrogenation. Weclooled that the insertion of a pyridine

into the macrocycle would enhance propensity of the hydrogenation because pyridines are
known to be easily reduced. Mixed macrocycles of the type calixim]pyridine[n]pyrrole
(m+n=4) have already been synthesized i@ prast. In 1998, Sessler et'¥l.described a
method to convert calix[4]pyrrole into a calixim]pyridine[n]pyrrole (m+n=4) derivative by
reaction of dichlorocarbene with pyrrole. The major drawback of this method was the
formation of a multitude of isomers due to the presence of a chlorine after the ring expansion.
Indeed, the chlorine could be in position 3 or 5 of the pyridine. Later, Dycker'#t al.
described a rational synthesis ofeseoctg-methoxybenzylcalix[2]pyridine[2]pyrrole by
FriedelCrafts reaction. Based on this work, we wished to synthesize the smgde
octamethylcalix[2]pyridine[2]pyrrole66 starting from dimethyl pyridin®,6-dicarboxylate
(Scheme 52).
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Scheme 52Retrosynthesis aheseoctamethylcalix[2]pyridine[2]pyrrol&6

We started with the synthesis of the building bléakfollowing the procedure described by

1.96

Butsch et ai”™ (Scheme 53). The reaction carried out with 4.4 equivalent of MeLi in THF at

78°C, provided compoun@l7 with 65% vyield after chromatography.

Scheme 53Attempts to synthesized the macrocyéte

The next step is the Fried€rafts alkylation of pyrroléo cyclize directly67 into macrocycle

66 or simply get the intermediat®8 which would easily gives6. Similar syntheses were
successfully performed by Sessler et®ain which the pyridine was replaced by a benzene
ring. Despite numerous variations of the reaction conditions, the formati6é& af66 has

never been observed. The difficulty to obtain the active intermediate in the presence of the
protonated pyridine ring may be the reason for this failure. All the trials are summarized in
table 13.
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Table 13.

Entry ;e)sgrlovlle Solvent Acid zgiudlv. ;I;ecr;]perature (C:Ncl))ncentratlon
1 0.9 CH,CI, CHSGH 1 r.t. 0.051
2 0.9 EtOH CHSGH 1 r.t. 0.051
3 4 CH,ClI, CHSGH 1 r.t. 0.025
4 4 CH,ClI, CHSGH 1 65 0.175
5 8 CH,CI, CHSGH 2 r.t. 0.175
6 8 EtOH CHSGH 2 r.t. 0.175
7 8 EtOH CHSOH 4 r.t. 0.175
8 16 EtOH CHsSGH 2 r.t. 0.175
9 0.9 EtOH pTSA 0.5 r.t. 0.051
10 0.9 EtOH pTSA 0.5 80 0.051
11 4 CH,CI, pTSA 0.5 r.t. 0.35
12 50 CH,CI, pTSA 50 r.t. 0.35
13 4 CH,CI, TFA 1 r.t. 0.175
14 4 CH.CI,+EtOH HCI 1 r.t. 0.087
15 4 CH,CI,+EtOH HCI 1 65 0.087
16 4 CH.CI,+EtOH HCI 5 r.t. 0.087
17 0.9 CH,CI, BFO(Et, 2 r.t. 0.0051
18 0.9 CHsCN BFO(Et, 4 r.t. 0.051

Different parameters were modified: 1) the polarity of the solvent; 2) the number of
equivalents of pyrrole; 3) the type of a¢Brgnsted (mineral, organic), Lewis); 3) the number

of equivalents of acid; 4) the temperature; 5) the concentration. Unfortunately, no traces of
products were detected. The starting material was most of the time recovered (NMR). Using
methansulfonic acited to a crude of reaction much more dark than uptt@uenesulfonic
(probably polymers of pyrroles seeing the dark color of the crude). If we assume that the
reaction goes through a carbocation intermediate, the effect of the aromatic ring will be
crucial. The compound used by Butsch et®8forms a much more stabile carbocation in the
benzylic position of three aromatic rings. The same is true for the molecule with a benzene

ring described by Sessler et &f..
Subsequently, we studied the hydrogenation of compo6iid We carried out the

hydrogenation of compourgl7 using 50 bars of i Pd/C 10% in a 1:1 mixture of methanol
and acetic acid at 50°C fdre night (Scheme 54).
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Scheme 54Catalytic hydrogenation of compoued

The productt9 was isolated with 96% yield and®8% purity (LCMS) without purification.
We successfully grew a moswystal suitable for Xay diffraction analysis by slow
evaporation of a solution @9 in CH,Cl,. The molecular structure of the piperidine ré®jis

shown Figure 68 and will be fully described in the annex.

a) b)

Figure 68. a) Molecular structure of compour@. b) Tetramers of compoun@9 in the
crystal packing. The displacement ellipsoids are drawn at the 30% probability(teve
hydrogen on Cklare omitted for clarity).

The synthesis of compoungb could not be achieved on the lines presented above. The

K\GURJHQDWLRQ RI WKH S\ULGLQH ULQJ JDYH DQ LQWHUHYV

the time invested on thershesis 066.
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The summary of all the reactions performed is given in a single scheme in order to present the

essential results (Scheme 55).

Scheme 556 XP RI WKH SUHYLRXV 35HVXOWV" SDUW
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4. DISCUSSION

This part focuses on the comparison between the relative configurations of the products
obtained byheterogeneousatalytic hydrogenation and thereby on the stereochemistry for this
process. The relative configuration of the starting materials is alagsdest in order to have a

save starting point for our mechanistic discussions. We will probe: 1) the influence of
heteroatoms (N or O) and their location in the macrocycle; 2) the influence of the relative
configuration of the macrocycle used as startingen; 3) the influence of the rigidity of

the macrocycles. The macrocycles studied possess four reducible rings, so four separate
hydrogenation steps and concomitantly four separate processes influencing the
diasteroselectivity have to be discussed. Hmwgeall starting materials are symmetric, having

at least aC, axis. Therefore we have to discuss only three diastereoselective steps. In the

interest of clarity, we will separate the discussion of each step.

For our discussion we use the following siffipations: 1) we assumed that the
hydrogenation of the five memberadterocycledook place only withcis-stereoselectivity;

2) Compoundwere not labeled (only the reaction).

Remarks: Intermediates (in bracket) were not isolated and they were written according to the
relative configuration of the final product. In the case of a racemate, only one enantiomer was

written.

4.1. Influence of one reduced heterocycle in the macrocycle on the

hydrogenation
We start the analysis from macrocycles where only one heterocycle was reduced. We analyze
the relative configuration of the products aftes thydrogenation of another ringhe results

of all the reactions studied are presented in Scheme 56

4.1.1. Influence of the rigidity of the macrocycle on the diastereoselectivity of the

hydrogenation
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Scheme 56.Influence of one reduced heterocycle in the molecule. *Mechanism extracted
from the hydrogenation of compoud8@ (Scheme 44)
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Flexible macrocycles lead to diastereoselective reactions (reagtiS&cheme 56) or non
diastereoselective reaction (reactiarand b, Scheme 56). Rigid starting materials yielded
only one diastereoisomer somecases (reactiofth, Scheme 6) as they formed the two
possible diastereoisomers in other cases (readtiand e, Scheme 56). If we compare the
hydrogenation of a furan ring in opposite position tpraexistingTHF, we come to the
following conclusions: 1) in a flexible macrocyclethydrogenation is not diastereoselective
(reaction a, Scheme 56); 2) in rigid macrocycles the reduction can be either non
diastereoselective (reactiolp Scheme 56) or diastereoselective (readtiandg, Scheme 56).

The only difference between thosejid macrocycles is the replacement of furan(s) by
pyrrole(s). Hydrogen bonding between furan and pyrrole seems to be involved the
diastereoselectivity observed.

In conclusion, the rigidity of our macrocycles is not a decisive factor inducing the
diastereoslectivity of the hydrogenation. In order to understand the DI observed in some

cases, we have to explore the influence of other parametergnténaction (probably H

bonds) between the reduced heterocycle and another heterocycle seems to be the key

4.1.2. Influence of heteroatoms in macrocycles

Despite the high degree of freedom of the macrocycles used in the reactioasdc, we
observed a DI when a pyrrole ring is next to one THF ring (reacttmmpared to reactio,
Scheme 56). The THF ring alooe together with a furan ring, in flexible macrocycles does

not induce a diastereoselective hydrogenation (readbprScheme 56). However the
combination of the THF and a pyrrole ring leads to a diastereoselective reaction. We conclude
that the THF and the pyrrole interact together so that the catalyst delivers the hydrogen only
to one face of the macrocycle. This i@tetion seems to be also involved in the DI observed
with rigid macrocycles (reactioirh, Scheme 56). If we compare the starting materials in the
reactiond andf, we observe that: one reaction is diastereoseled)iand the other is notl.

In this ca&e again, replacing one furan ring by a pyrrole is sufficient to induce
diastereoselectivity.

In the case of a THF ring beside a furan, no DI was observed (redctidcheme 56). We
reached the same conclusion when a pyrrolidine is next to a pyrrole] m@as observed
(reactione, Scheme 56). We note that the DI is higher when a furan is in opposite position to
a THF (reactiorg, Scheme 56) compared to the case where a pyrrole is in opposite position to
a THF (reactiorh, Scheme 56).
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4.2. Influence of two reduced heterocycles on the hydrogenation of the

macrocycles

In this part, no matter if the two reduced heterocycles of the starting material are either in
opposition or side by side in the macrocycle, they have to have the same stereochemistry, for
instance (2S, 5R). Otherwise, the molecule would possess a &is and the first

hydrogenation leads to a unique intermediate diastereocisomer.

4.2.1. Two hydrogenated heterocycles in opposite positions

This part will be devoted to the analysis of two reduced hetdexyit opposite positions in

the macrocycle. Only the first step of each reaction has to be considered (Scheme 57).

Scheme 57.Influence of two reduced heterocycles on the diastereoselectivity of the

hydrogenation of the macrocycles.
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In these cases, furans or pyrroles in the molecule do not seem to affect the diastereoselectivity
of the reaction. The two reduced heterocycles d@mnopposite positions (which have the
same relative configuration $5R)) are probably the source of the DI observed. If it is true,

the saturated rings (with high electronic density) have a strong interaction with the catalyst,
perhaps a partial chélan of the metal. We previously saw that the combination of a THF and
furan ring was not favorable to induce a good diasteroselectivity (reagtiecheme 56). To

have two saturated rings situated in opposite position is obviously a detgynfactor.
Combining this arrangement with the influence of Tpifrole pair previously observed,

should boost the diastereoselectivity for the reactioaisdd Scheme 57.

4.2.2. Influence of two reduced, neighbouring five membered rings on the

diastereoselectivity of tle hydrogenation process

This part will be devoted to the analysis of the hydrogenation of macrocycles having two
reduced neighbouring heterocycles. Only the first step of each reaction has to be considered
(Scheme 58).

Scheme 58Influence of two reduced heterocycles in the molecule.
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Again, we observed a favorable influence of the two saturated heterocycles on the outcome
(=diastereoselectivity) of the hydrogenation. The low diastereoselectivity of redctsn
somewhatof a surprise in view of the good diasteroselectivities induced by -fuanle

pairs. In a summery the three reactions reported in Scheme 58 show the diastereoselectivity

expected...

4.3. Influence on the diastereoselectivity of the hydrogenation of

macrocycles containing three reduced heterocycles

This part will be devoted to the analysis of the influence on the diastereoselectivity of the
hydrogenation of the macrocycle containing three reduced heterocycles. Only the second step
of reactions desilyed Scheme 57 and 58 has to be considered, as well as the second steps in

the following reactions Scheme 59).

Scheme 59Influence of three reduced heterocycles in the molecule.
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The first hydrogenation leads to a uniqumtermediate diastereocisomer. The
diastereoselectivity of the process as observed in the final product is therefore exclusively the
consequence of the second hydrogenation stepinférenediatefiave been drawn in Scheme

59 to help to understand the starlemistry of the process (= correlation between the starting
material (the not isolated intermediate) and the final product).

In view of the results of the second hydrogenation steps illustrated in Scheme 56 and 57, three
reduced heterocycles with the nsa stereochemistry § 5R), strongly induce a
diastereoselectivity for the next steps. Considering that, all the reaction are diastereoselective
DQG DOO WKH LQWHUPHGLDWHY ZKLFK DUH WKH 3VWDUW
diastereoselectiw) have the same relative configuration, we cannot say for certain that it is
the three saturated rings which are involved in the DI and not two.

However, we could extract this information from the hydrogenation of macrocycles which
have three saturate@terocycles with different configuration (Scheme 59). If we compare the
two reactionsa, Scheme 57 and Scheme 59, one realizes that the presence of the two
pyrrolidine rings with the same relative configuration induces high DI for the third as well as
for the fourth hydrogenation.

The THF and the pyrrolidine next to each other, with the same relative configuration, are
inducing a DI only in the case, Scheme 58. The interaction between a pyrrole and a
pyrrolidine as next neighbor seems to be a major fgse® next paragraph).

Comparing reactiorb, Scheme 57 and reactidm Scheme 59, leads to an interesting
conclusion. In the reactiom Scheme 59, the pyrrole has two THF rings as neighbors, which
are pointing toward different faces of the macrocycle. This arrangement leads te a non
diastereoselective reaction, probably due to two different conformers in solution as a
consequence of a hyghen bond between pyrrole with a furan or the other.

A similar situation is present for reacti@n Scheme 58 and reactian Scheme 59. Despite

the change in the relative configuration of one of the three THF rings an excellent DI is

observed in this c2.

4.4. Conclusion and perspectives

Based on the results available we aaralyzethe trends without having already the full

picture:
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The rigidity of these types of macrocycles is not relevant and compulsory for a high
DI.

The combination of a THF and @yrrole directs hydrogenation of the macrocycle
towards a specific face. This combination induces a stereoselectivity

Two hydrogenated rings in opposite position of the macrocycle with the same relative
configuration also induce a high diastereoselectivity

Three reduced heterocycles with the same diastereoselectivity induces the

hydrogenation of the last heterocycles from the same face.

This investigation could be completed by the hydrogenation of other macrocycles. For
instance, replacing furan or pyreoby thiophen or pyridine rings could be interesting. The
synthesis and reduction of novel macrocycles could also be very interesting (but they are very

challenging to synthesize) (Figure 69):

Figure 69.Novel interestingnacrocycles for this investigation

5. CONCLUSION

A thorough investigation aiming at the discovery of relevant factors influencing or inducing
diastereoselectivity of the hydrogenation was done. This study involved the analysis of the
hydrogenation products of twelve different macrocyclic substrates.syhieses of those
macrocycles were based on a novel strategy starting from calix[4]furan. During this
investigation, 28 products (18 of whom are novel molecules) were fully characterized and for
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relevant cases, their relative configurations were detethiayeX-ray analysis (15 selected
structures). Remarkably selective hydrogenations were successfully realized.

As a consequence of this work, the sequence of the catalytic hydrogenation of calix[4]pyrrole
was revealed and the discovery of interesting diestelective induction effects of our
macrocycles was made.

We realized that, small changes in the macrocyclic structure lembrtgpletely different
behavior of these molecules during the. The complete understanding of the hydrogenation

process remains\eery challengingproblem.

6. ANNEX

6.1. Description of compound 69

Terpyridine and its derivatives are prototypical ligands of the pincer type fathitywhich

have been widely used in coordination chemi&fyThe metal complexes obtained from
pincer ligands are conformationally restricted angmthermodynamically highly stabié”

201 The bisbenzylic alcohols of 2:@lisubstituted pyridies belonging to this class of ligands

can be easily transformédf: 2°*2°° The modification of these ligands by the hydrogenation of
the pyridine ring installs chirality into the structure and increases the basicity and the strength
of the ligand. In contrast to the 2p§ridinedicarboxylic acids and its derivatives, which have
been extensively used, studies on the corresponding tridentatep(®iKine ligands

containing the bis alcohols have been very rare so far.

7KH VWUXFW(X3¥BR*RPiperidine2,6-diyl]dipropan2-ol named compoun@9 in

the result part, is puis! and visible in Acta cryst. E° In compound69, Ci1H»sNO,, the
piperidine ring has a chair conformatiolrhe two hydroxy H atoms are disordered over two
positions with fixed occupancy ratios of 0.57:0.43 and 0.63:0.37. In the molecule, there are
two short NH---O interactions. In the crystal, four symmetejated molecules are linked by
O-H---O hydrogen bnds to form a cagkke arrangement, centered about the point of
intersection of three twofold axes. These cages stack along the [100] direction.

The molecular structure of the title molecule is illustrated in Figure 70. The geometric

parameters are versimilar to those found foris-(piperidine2,6-diyl)dimethanof** The
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piperidine ring has a chair conformation, with atoms N1 and C4 being displaced from the
plane through atoms C2/C3/C5/C6 by 0.667 (2)-8n@62 (3) A, respectively.

Figure 70.A view of the molecular structure 6B, with displacement ellipsoids drawn at the

30% probabilitylevel. (The G--H dashed linesdicate the positions of the minor components

of the hydroxyl H atoms.)

In the molecule the amine (N1) H atom is involvedwio short interactions with the hydroxyl

O atoms, OZand O1- ¢Table 14). The hydroxyl H atoms are each disordered over two

positions, H1A/H1B and H1C/H1D. Their occupancies were initially refined before being
fixed at 0.57/0.43 and 0.63/0.37, respedtiv@he 'H NMR signal for the hydroxyl H atoms

[/2.88 (bs, 2 H, OH)] is a broad singlet, which indicates some fluxionality of these protons in

solution.

Table 14.

Hydrogenbond geometry (A, °)

D2 H---A D2 H H---A D---A D2 H---A
N12 + 1AAA2 ¢ 0.84 (3) 2.38 (3) 2.792 (3) 111 (2)

N1z + 1AAA2 7 0.84(3) 2.43 (3) 2.814 (3) 109(2)

2 ¢+ $AAA2 17 o082 1.99 2.805 169

2 %+ AAA2 § 083 1.99 2.807 167

2 19+ &AAA2 § 082 2.00 2.805 171

2 19+ 'AAA"2 9 0.83 2.03 2.762 148

Symmetry codes: (i), -y+1/4,-z+1/4
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In the crystal, four symmetry related molecules are linked byl Ox@ hydrogen bonds to

form a cagdike arrangement, centered about the point of intersection of thfekl 2xes
(Figure 71). These cages are arranged in stacks along direction [100], as shown in Figure 72.

Figure 71.A view of the hydrogen bonded cage formed by four symmetry related resdecu
of 69. The Gbound H atoms have been omitted for clarity. ThéeHQ x@ and N H x xQ
hydrogen bonds are shown as dashed cyan line3 ébe 14 for details).

Figure 72.A view along thea axis of the crystal packing 69. The Gbound Hatoms have
been omitted for clarity. The ® x x@ and N H x x@ hydrogen bonds are shown as dashed
cyan lines (see Tabled for details).
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Chapter 4

MODIFICATION OF
CALIX[2]PYRROLIDINE[2]PYRROLE

Abstract

ne of the major challenges for the scientific community is the reduction of the

energy consumption and of the waste production. In chemistry catalysts offer

tremendous opportunities to reach these goals. The development of metal
containing or of exclusivglorganic catalysts has been keenly investigated. The macrocycle
12b offers interesting perspectives for the development of novel catalysts. The metal binding
properties but also the closely connected arrays of pyrrole and pyrrolidine rings are interesting
features, which makes these macrocycles suitable for catalyst development. In this context,

we investigated the reactivity and the modification of this macrocycle.

,(QWURGXFLQJ FKLUD O L-8nin& acitisDov 4@l pPptides, & Drie Ofitbapes
applied successfully in the field of enantioselective catafysfd® In spite of the wealth of
methodologies available,-Blcylation of macrocyel 12b revealed to be unexpectedly tricky.

We propose that the tight hydrogen bond network of the compbints responsible for the
remarkable reactivity and selectivity pattern. To address this problem, we developed new
conditions for a successful mono bis-N-acylation of compound2b by a series of acyl
chloride and aminacids (Scheme 60). A thorough study of the nucleophilic properties and a

kinetic study allow the discovery the factors that influence the reactivity of these macrocycles.
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Scheme 60N-acylation ofthe calix[2]pyrrole[2]pyrrolidinel2h.

The structures of the mono and the-&tetylated products were elucidated byay analysis
and led to surprising results. Two conformations in the ligtéde at low temperature were
REVHUYHG ZLWK SURGXFWV DF\ODWHG E\ VPDOO DF\O F

characterized with different NMR spectroscopic methods.
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1. INTRODUCTION

OROHFXOHYV EHORQJLQJ WR D SRLQW JURrAcidRHe aKdntldh™ V\PP F
of chemists for esthetical motives but also for synthetic efficiéhcy'® 22%%
Calix[4]pyrroles belong to the class of highly symmetric macrocycles, whose efficient
synthesis reflects the symmetry of the final prodact The ease ofaess coupled with the
beauty of the structure has created an increasing fascination and in parallel a growing activity
for the chemistry of calix[4]pyrroles, initiated by the group of Sed8fef?**! Most of the

growing activities focused on variations of the calix[4]pyrrole basic structure. The goals of
these scientific activities were multiple and ranged from curiosity to the improvement of the
application as sensor molecdfé. 2%3! Both types of research have led to an impressive
collection of new structural variamt®: 2 2243 Many of the newly synthesidemolecules
possess unexpected and unpredicted properties, which are often independent of the goals
initially motivating the beginning of a research program. One of the intellectually appealing
aspects of working with highly symmetric molecules relies @ dpportunity to break the
symmetry by simple chemical transformations at a later stage of the synthesis. With this
single symmetry breaking operation, one creates efficiently, structurally and stereochemically

more complex molecules from simple, symnwestarting materials (Figure 73).

Figure 73. Calix[4]pyrrole @), Calix[2]pyrrolidine[2]pyrrole (2b) and simple derivatives

thereof of the typek Il andlll and their corresponding point groups
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We were intrigued by thepossibility to monofunctionalize the £ symmetric bis
hydrogenated macrocycl®b by a simple acylation reaction, thereby making a novel class of
chiral macrocycles available. The attraction of this standard transformation relies on the fact
that we crege a unique array of a basic pyrrolidine and two hydrogen bond donating pyrrole
rings in a stereochemically complex environment. We decided to study the simple
modification of the half hydrogenated calix[2]pyrrolidine[2]pyrrdl2b by amide formation

using DFKLUDO DOLSKDWLF D @@in® atiRP a3 Whical BHiral @afivaining
agent. We expected that the amide formation of the pyrrolidine rings should be an easy and
simple transformation. To obtain selectively the manmdde might however poggoblems.

We expected that the b#nidation might be an unwanted and difficult to control side
reaction. The easy and reliable amidation process was cf6é&ecause we intended to
synthesize a family of derivatives by a simple and efficient processgddieof our project

was to study the properties of these novel and unique macrocycles with the hope of
discovering interesting chemical and catalytic activities.

Aside from the ease and the elegance of the synthetic access, the attraction of the
calix[2]pyrrolidine[2]pyrrole is its high symmetry and the unique array of basic pyrrolidine
rings linked to hydrogen bond donating pyrrole rings. The hydrogen bond donating capacities
of calix[4]pyrroles are well documented and represent the principal property of
calix[4]pyrroles used and studied so fReplacing two pyrrole rings of calix[4]pyrroles by

two hydrogenated pyrrolidine rings as in calix[2]pyrrolidine[2]pyrrole, should induce a switch

in the chemical and physical properties of the molecule. The twolijgfne nitrogens are

good hydrogen bond acceptors, keeping the capacity to functionbesdddonors. The
interplay between the two pyrroles as good hydrogen bond donors and the two pyrrolidines as
good hydrogen bond acceptors in a confined geometryldHead to strong interactions
within the cavity of the macrocycle. Therdy structures of the two stereoisomers of the-half
hydrogenated compoundaand12b showed in each case an intramolecular hydrogen bond
network in the central cavity of the macyale. This Hbond network structured and fixed the
conformation of the relatively flexible macrocyclic ligand. Analyzing a series -@fyX
structures of different isomers with the goal to identify and to characterize hydrogen bonds is
a widely used appreh. This approach is systematically used in the analysis -tdyX
structures of proteins. In enzymes hydrogen bonds found in the active site or between the
protein and small molecules are used as key information for the understanding of the
functioning ofthe enzyme. The analysis of hydrogen bonds is one of the crucial points for
planning drugs interacting specifically with a given enzyfié*® In this approach the
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presence of hydrogen bonds in #wdid state is often taken as a valid hint for the presence of
similar hydrogen bonds in solution. There are different difficulties associated with this type of
extrapolation from the solid state to the behavior in solution. The crystal packing influences
the conformation of the individual molecules in the unit cell and even more importantly, the
relative position of molecules in the crystal, strongly depends on the packing forces. The
extrapolation of the data obtained from the crystal (mainly the digtdoesveen the two
hydrogen bonded atoms and bond angle around the hydrogen atom towards the two
electronegative atoms) are difficult to extrapolate to thermodynamic and kinetic data of the
specific hydrogen bond in solution. In most cases additional i@fibom thermodynamic
measurements and/or NMR studies are needed to obtain information on the thermodynamic

Bl n the case of the

and kinetic properties of specific hydrogen bofids.
calix[2]pyrrolidine[2]pyrrole, neither good model compounds nor relevant comparison data
were available at the start of our studies. An additional difficulty for thepretation of the

X-ray of our new structures is the macrocycle itself, whose restricted conformational mobility
will certainly influence the arrangement of our compounds in the solid state as well as in
solution. The calix[2]pyrrolidine[2]pyrrole possess8 carbortarbon simple bonds, which

can rotate relatively freely. The two pyrrolidine rings are characterized by a relatively flat

conformational surface, which makes many different ring conformations easily acc&%sible.
253

2. ACYLATION OF CALIX[2 JPYRROLE[2]PYRROLIDI NE

2.1. Results

2.1.1. Acylation of calix[2]pyrrole[2]pyrrolidine 12b

We intended to introduce selectively one amino acids and small peptides unto the
calix[2]pyrrole[2]pyrrolidine 12b in order to create chiral scaffolds containing the
combination of two hydrogen bond donating pyrroles and a basic amine. To the best of our
knowledge the monaor bisacylation of this kind of macrocycle has never been achieved so
far. To optimize the reagents and the conditions for the mamiois-acylation, we started the
investigation by the straightforward acylation Bi#b with acetyl chleide. Our first trials
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using standard conditions failed. Using THF as solvent to obtain a homogenous reaction
mixture, we tested different organic bases without success. A large amount in the crude of
reaction mixture was attributed to the starting maktaral the strong orange color suggested

the formation of unidentified side reactions. We decided to test the simple model compound

71 obtained by partial hydrogenation of the readily available dipyrromet@@n&cheme
61).254256

Scheme 61Synthesis of the model compouéd

The partial hydrogenation af0 under 50 atm of KHafforded our racemic model compound
71.%" Under the condition previously tried wit2b, the model compoundl was smoothly
transformed in 72% vyield to the amid&® (Scheme 61). We successfully crystallized
compound70, 71 and 72 and performed Xay diffraction analysis for each of them. Their
molecular structures which are described in the Annex present interesting properties. The
compounds/0 and 71 can be considered as models for thdéddhding and conformational
behavior of the central structural lement of the calix[4]pyrroles and
calix[2]pyrrole[2]pyrrolidine. The spatial arrangement of the two heterocyclic rings linked by
the quaternary carbon atom can be studied, without the restrictions imposed by the
macrocycle.

The crude product was yellowisand had to be purified by column chromatography
suggesting that side reactions are competing with the wanted acet§1&ffiwe focused on
identifying the suitable base for the acylation1@b and a series of base have been tried
(Scheme 62). The reactions were performed with two equivalents of acetyl chloride and two
equivalents of base in order to get the-dmglated macrocle. A first positive result was
obtained, when the macrocyd@b was reacted with 2.1 equivalent of acetyl chloride in THF
without baseAfter 15 minutes a precipitate appears. The precipitate was filtered offLditer

It exclusively contained the mosprotonated form of the macrocycl®b as shown by the
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NMR spectrum. From the mother liquor, we solely isolated the raogtated macrocyclé

and a small amount of starting material in ~50% vyields (Scheme 62, condition c). The high
selectivity for the mno-acetylation came as a surprise toWsually one has to use protecting
group strategies for the selective memxylation of symmetric diaminé&*%"* Trials to push

the reaction towards bacetylation were unsuccessful. The success of the acetylation of the
macrocyclel2b crucially depended on the type of base used: homogeangasic bases like
DBU, DABCO, DMAP, and pyridine gpotassiuntert-butoxide failed to produce the product
(Scheme 62, condition a). Acetylation of the macrocy@b using the conditions applied to

the bicyclic compound’l led to the monacetylated devative 73 in 60% isolated yield
(Scheme 62, condition b). OnlyJ&tworked well as base, but the reaction stopped at the state
of the moneacylated product3. Under the conditions tested, we could not detect any trace of

the bisacetylated product.

Scheme 62Acylation of calix[2]pyrrole[2]pyrrolidinel2b with acetyl chloride. Reagents and
conditions: (a) acetyl chloride 2.1 equiv., THF, DMAP or Pyridine or DBU or DABC® or
ButOK, -78°C to 0°C; (b) THF, BN 2.1equiv., r.t. ; (c) THF, 1h, r.t.

We assume that the organic bases react with acetyl chloride forming reactive intermediates,
like ketenes, which lead to side products. In order to avoid these types of side reactions, we
tested the use of weak inorganises under conditions, where they are only partially soluble

in the reaction medium. The suitable base waS® because of its basicity and its partial
solubility in ACN. We then developed a new condition for the acylation, using 2.1 equiv. of
acetyl chloide, 2.1 equiv. of KCOsin mixture of THF/ACN (2/1). Happily, our efforts along
these lines were indeed successful, and we were pleased to see the acylation of c@8mpound

with this optimized condition afforded the amiden quantitative yield (Scheme 53
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Scheme 63Acylation of calix[2]pyrrole[2]pyrrolidinel2b with acetyl chloride and propionyl

chloride

The selective monacylation has been obtained without traces of theatysated product.

This reaction has been repeated with propionyl chloride as acylating reagent affording the
amide74 in 97% vyield(Scheme 63)The products/3 and 74 were isolated whout column
chromatography and characterized by NMR and mass spectroscopy. The NMR spectra at
room temperature showed broad signals due to slow exchange between different
conformations. The NMR spectra at 60 °C are compatible with a molecule showing C
symmetry due to fast exchange. Lowering the temperature to room temperature shows
considerable line broadening. Lowering the temperature6do °C shows weltesolved
signals for the macrocycl&3 with a point symmetry € The signals became sharp due to the
slow exchange between the two amide conformers. Additional signals start to appear
attributed to the presence of an additional conformer, which was not identified initially.
Compound73 gave nice crystal from ethanol suitable fora§ diffraction. Crystes of 74

were obtained from a slow evaporation of a solutio4in CH,Cl,. Under our optimized
conditions using two equivalents of acid chloride and two equivalents of potassium carbonate
in an ACN/THF mixture of 1/2 the acylation prodd@ could be islated pure in preparative
yields of up to 96% without chromatography. Our optimized conditions were identical to the

reaction conditions published by Li Zhang et al. during our own Wark.

We were not ableot detect small quantities of the doubly acylated product even by
considerably increasing the reaction time, the number of equivalents of acetyl chloride and the
temperature. The failure to detect the formation of a doubly acylated product under a variety
of exploratory conditions finally pushed us to use the harsh conditions developed by Floriani
and ceworker!® Treating the monacylated compound&3 and74 with three equiv. of butyl
lithium at -80 °C should lead by deprotonation to theatrion (Scheme 64). The solution
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containingthe triranion was quenched with one equiv adfetyl chloride, giving after a
cumbersome chromatographic purification, very low yields of theatésyl compound35
and76in 7% respectively 12% isolated yield.

Scheme 64 Acylation of the totally deprotonated form of compour@sand 74 by acetyl

chloride

The two products were fully characterized by NMR and mass spectroscopyH &R
spectrum of the biacetylated macrocyclé5 was expected show two different conforsier
due to the slow rotation around the two amide bonds;-sy@metricconformer and a €
symmetric conformerThe *H-NMR spectrum of compounds recorded at low temperature
shows only the signals of one present in solution.

The structure of compountb was determined by -Xay diffraction. The molecular structure
in the solid state of5 showedonly the G-symmetric conformer. Finally we were pleased to
obtain only the selective moraxylation so easily, avoiding numerous efforts of

protection/deproteatin steps.

2.1.2. Scope and limitations
We decided to test the scope and limitations of our protocol. We used 2.1 equivalents of the
electrophiles, 2.1 equivalents &f,CO; in the solvent mixture THF/ACN (2/1) at room

temperature for two hours (Table 15). This work is the result of the common effort with Dr.
JUpPGPULF %UX\QHHO ODEHOHG LQ WKH WDEOH E\ D 3~
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Table 15.Scope of the acylation of macrocydl2b by different electrophile$!

Entry Electrophile

Products Yield™ (%)

4*

5*

6*

10

11~

12
CHal

73

74

77

78

79

80

quant®
97t
quant®
99
99
nd¥
nd®
nd®
nd®
nd®
109

60

[a] The reactions were performed using 0.46 mmol of starting mated@IOK(2.1 equiv.), electrophile 2.1
equiv., in a solvent mixture THF/ACN (2/1) at r.t. for 2 h. [Ifolated vyields. [c] Isolated without
chromatography. [dftarting material could be recovered unchanfgdreaction time 40 h.
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Using the strong electrophile, benzoyl bromide (TalBe entry 3), we observed only the
selective monacylation in high yield. The reaction @b with methyl and énitroveratryl
chloroformate (Tabld5, entry 4 and 5) gave compoursand 79 without chromatography

in excellent yields and good purity. Tairosurprisel2b did not react with oxalyl chloride,
acetic anhydride, eiert-butyl dicarbonatetrifluoromethanesulfonic anhydride and methane
sulfonyl chloride (Tablel5, entry 610). The alkylation with methyl iodide and benzyl
bromide worked under owonditions but was quite sluggish (TallB, entry 11 and 12).
After two hours a disappointing yield of 10% of compo@tdwas obtained. The alkylation
by methyl iodine needed 40 hours until the complete consumption of the starting material
affording 60%of compound81. Under our conditions the reactions seems to be limited to
acyl halide and chloroformates giving the mesubstituted products exclusively. The

reaction with alkylhalides and benzyl halides was sluggish.

2.1.3. Introducing amino-acids

Introducin) FRP P HUF LD O @GmiboYabids®bdmallibeptides onto an easily accessible
molecule installs chirality and allows creating a diverse set of analogues. Introducing easily
DY D L CGanin@ddids or small peptides on easily accessible molecule ei®iothe recipes
applied successfully in the field of enantioselective catalysis to inset chff&fitywe hoped

to apply one of the mild methods developed for peptide couplfegstarted our studies with

the acylation ofL2b by N-carboxybenzyglycine activated by HOBt*?’® and HBTU'"?®

first under standard conditions reported in the literature. Our effort acylRingvith those
reagents were unsuccessful, despite many variations of conditions datN &2 equiv.) in

DMF for 3 hours at 0°¢, 50°C or 100°CEtN (2 equiv.) in DMF for 24 hours at 0°C,
potassium carbonate (2 equiv.) in ACN and THF (2/1) for 4 hours at 0°C. The following
coupling reagents were tested unfortunately without succadsodiimide reagents, DCC and
DIC,?%® 282 8%he combination DCC/HOBE* as well as phosphonium reagent, PyB&Rve
resigned to use acyl chloride for the activation of glyéfielespite the many siekeactions
known to occur with this harsh activation: formation of ketene or of oxazolone intermediates
(carbamate protectiofff. Treatment ofN-carboxybenzyglycine by thionyl chloride in
CH.Cl, for 4 hours at room temperature afforded the corresponding acylidehl®b6%
yield?®” The product was usedirdctly without purification for the next step under our

optimized condition (Scheme 65). No product was detected under these conditions.
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Scheme 65Acylation of macrocycld 2b by N-carboxybenzyglycinoyl chloride

Replacing theBoc group by phtalimide®® should avoid oxazolone formatiofihe readily
preparedN-phtalimideglycinoyl chloride 82 could successfully be used for the acylation

reaction giving compoun83in 70% vyield after 4h (Scheme 66).

Scheme 66Acylation of macrocycld.2b by N-phtalimideglycinoyl chloride82

The synthesis oiN-phtalimidevaline 84 was carried out by reacting the commercially
available phtalic anhydrideith valine, with 99% yield (Scheme 67). The acyl chlorgte
was readily prepared in 99% vyield. The acylation of the macrocyziewith the freshly
prepared acyl chlorid®5 afforded thgroduct86in 70% yield (Scheme 67).
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Scheme 67Acylation of macrocycld 2b by N-phtalimidevalinoyl chloride85.

The rate of the reactions with the acyl chlorides of tk@mino acids is slow, which increases
the risk of racemization. To test the propensity for racemization under our conditions we
examined the reaction betwelphtalimide-glycinoyl chloride85 with the chiral amineR)-

(-)-2-methylpyrrolidine (Scheme 68).

Scheme 68.(Left) Examination of possible racemization under our optimized condition.
Molecular structure of compoundR,§-87a with the thermal ellipsoids drawn at the 50%
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probability level. (Right) Selected region of thé-NMR spectrum oB7aand the mixture of
diastereoisomersR(S)-87a and (R,R)-87b. Reagents and conditions: (a) (i) &H,, SOC},
2h, 45°C; (i) THF/ACN (2/1)K,COs, 2h, r.t. (b) DMF, PyBOP, BN, 2h, r.t.

Using our conditions (Scheme 68, method a) the enantiomerically pure prBdge& {awas
obtained in 95% overall yield. TH#-NMR spectrums showed only the signals for one a
single diastereomer. In coast complete racemization occurred using the coupling reagent
PyBOP together with B (Scheme 68, way b) as documented by'thé\MR spectrums.

The pure enantiomeR(9-87acrystallized and the Xay diffraction analysis confirmed our

previous analysis.

2.1.4. Kinetic study
The unusual reactivity pattern of our transformation induced us to characterize the reaction
further by carrying out a Hammett study. We choose five differently substituted benzoyl
chlorides using the optimized conditions. The reactions have been perfamnpedallel

(Table 16).

Table 16.Reactions Performed for Hammett Study

Entry k (L.mol*s™) R Sigma Products Yields (%)
1 4.6 10° -NO; 0.77 88 57811
2 1.9 10° -Cl 0.22 89 75.6¢

3 1.3 10 -H 0 77 61.3¢

4 1.0 10 -Me -0.17 90 54.3°

5 9.310° -OMe -0.26 91 49°

[a] The reactions were performed on 0.46 mmol scale of starting mates@@a:;K2.1 equiv.), acyl halide 2
equiv., in a mixture of THF/ACN 2/1 at r.t. for 2h. [b] Reaction made during 0.5ksdtdted yield after column
chromatographyStarting material largely accounted for the remaining percentage.

162



We obtained an approximatidior the reaction rate from the relative amount of product
formed after 2 h reaction time. In the case ofghetrobenzoyl chloride we measured the %
transformation after 30 min because the conversion was total after 2 h. All products were
prepattively isolated, fully characterized and their crystal structures determined (see annex).
To simplify the analysis we assumed a psefiidd order kinetics for our process (see

experimental part).

The resulting Hammett plot based on our data is displayed ineFiggur This plot is linear
over the domain tested showing a positveYDOXH ! DQRG JRRG FR
coefficient = 0.998).

Figure 74. Hammett plot for reaction of varioysara-substituted benzoyl chlorides with
calix[2]pyrrole[2]pyrrolidinel2b. The identity of points is given table 2.

2.1.5. Dynamic NMR investigation and conformational analysis

The following paragraphs reports the result of the NMR studies undertaken by Dr. Claudio
Dalvit and Dr. Julien FurreThe detailed NMR analysis and the simulations have been done
exclusively by Dr. Claudio Dalvit. We thank both Dr. Dalvit and Dr. Furcerthis fruitful

collaboration and for sharing their experience and their results with us.
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The NMR spectra at r.t. 63 and 75 are broad due to the slow rotation around the amide
bond. Heating to 65 °C gave spectra with sharp lines, which was fully compatible with the
structures proposed. At 205 K the spectrum of comp@@rsthows splitting of the signals due

to the slow rotatiormround the amide bond. Due to the slow exchange the NMR spectrum of
compound73 shows separate signals for each proton or group of protons of different type
according to the point group symmetry & the conformer (Figure 75). This is valid also for

compund75, despite its €symmetry.

Figure 75. Representation of the average conformation (fast exchan@g®)aofd 75. At slow
exchange two conformerg3A, 73B and 75A and 75B and for 75 the enantiomeric

conformers should be observable in solution.

The slow rotation around the amide bond leads to an exchange between the two enantiomeric
conformers73A and 73B. In the case o¥5 we should observe the exchange between two
diastereoisomericonformers and the slow exchange between the enantiomeric conformations

of each diastereoisomer.
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2.1.5.1. Conformational analysihe *H NMR spectrum of73 in chloroform
exhibits distinct signals for every proton at 209 K. The spectrum displays small additional
peaks in a 1:0.14 ratio, clearly visible in theHNarea of pyrrole (Figure 76). The full

spectrum is presented in the annex.

Figure 76.Dynamic NMR spectra of compou®@® over a 124 °c range of temperature. Only

the spectral region of the pyrrolicN is shown

At 209 K the region between 8 and 11 ppm shows a total of four peaks: two major peaks
around 9 ppm and two smaller peaks at 9.7 and 10.4 ppm for the signalsrtiie i

protons. Rising the temperature the two majet [deaks start to coalescE.faescence 311K)

into a single peak that sharpens as the temperature increase further. For the minor component
an up field shift and line broadening are observed wsiingly suggests that compounal

is present in another not yet identified conformation. To test this assumption, we performed
2D-ROESY experiments at variable temperature in dichloromethane. Figure 77 displays 2D
ROESY of the NH region of pyrrole at 18 and 224K (Copies of the full spectra can be

found in the annex).
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Figure 77.2D-ROESY experiment of compoun@ recorded at two different temperatures in

CdCk. Cross peaks are in red and exchange in black

The ROSY spectrum in[@Cl; as solvent recortl at 224 K clearly shows the characteristic
features of a twaite chemical exchange process (amide rotafi@# to 73B, unidentified
additional conformational changé&'3a to 73A and 73b to 73B). Another 2DROESY
experiment has been performed in chloroform at 204 K in order to characterize peaks of the
minor conformation. At this temperature the not yet identified exch@Bgéo 73A and73b

to 73B was still fast, whereas the exchange rate Heramide rotatio@3A to 73B was slow

on the NMR scale. At 180 K all exchange processes are slow on the NMR time scale. The
2D-ROESY spectrum recorded at this temperature gave us the opportunity to elucidate the
structure of the other conformation @B. Cross peaks between protons of the minor
conformer were meticulously analyzed. Relevant cross peaks between H(23) with H(2) and

H(16) (in their minor conformation) were the key for our analysis. (Figure 78 and 79).
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Figure 78.2D-ROESYspectrum of compad 73 recorded at 180 K. Cross peaks are in red

We asserted that the new conformer came from a ring flip, the amide passing through the
macrocycle (Figure 79). This result was extremely surprising, the very robbsnd$
between pyrrole and pyrrolidine described previously have to be broken, andhthen t
acetamide to squeeze through the interior of the macrocycle. Despite the fact that we have
only rotations around the exocyclic-@€ single bonds the process obviously is highly
hindered.

Figure 79. The interpretatiorof the ROESYof compound/3in solution at 180 K, where the

amide rotation and the ring flip are slow processes.
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The 'H-NMR spectra of73 dissolved in different solvents were compared with each other to
observe the influence of the solvgralarity on the populations of different conformers. The
following differences in population (comparing the ritigped conformer with the

3V W D Q Gmiddnaef) WwdRe observed: GDI, (13%) > CDC} (9%) > THRds (3%).
Increasing the polarity of solvent decreased the populatiod@3afand 73b. The same
behavior (ring flip) has been observed for compouftiand78. However, it is interesting to

note that compounds?75 and 76 did not present signs of a ring flipped conformer. More
surprising is the fact, that we do not see the other diastereomeric conformer due to the slow
rotation of the amide bond. The fulH-NMR spectrum of75 recorded at variable

temperatres is reproduced in the annex.

2.1.5.2. Dynamic NMR
Due the slow rotation around the amide bond in comp@&nthe chemically inequivalent-N
H protons of the two pyrrole show temperature dependent signals. The NMR spectra were
recorded at variable temperatutesprobe the kinetic and thermodynamic parameters of this
process. As we observe in parallel two exchange processes (the rotation of the amide bond
and the ring¢flip) at similar temperature a full line shape analysis has been performed. Rate
constants (kat different temperatures were extracted to fit the experimental spectra with the
MEXICO program. The MeOH method was used for the NMR temperature calibf&tion.

Figure 80 shows the expanded downfield region of'thespectra recorded at temperatures
varying from 209 K to 294 K for compound3 dissolved in CECl, along with the
corresponding simulated spectra.

The major resonances in this spectral region originated from the NH of the two pyrroles
differentiated due to the slow amide rotation. The minor resonances are attributed to-the ring
flipped conformation, also showing two signals due to the slow amide. The spectra were
simulated using two different exchange rates: one for theflimgrocessa AA andb AB

and the other for the amide rotatidnto B (the exchange between a and b is not visible). An
additional linebroadening was applied to resonar&ein order to simulate closely the
experimental spectrdhis broadening of resonanéecould originate from another exchange
mechanism which was not csidered in the simulation and which we have not been able to
identify. An expanded region of the spectra with the signals of the pyrrolic NH of the minor

component along with the simulated spectra is reported in the annex.
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Figure 80. Dynamic NMR spect of compound/3 over a 85°C range of temperature. (a)
Only the spectral region of the pyrrolic-ll is shown. (b) Results of the fitting procedure

simulation

Figure 81 shows the expanded upfield region of th&IMR spectra recorded at temperatures

from 243 K to 344 K for compoundb dissolved in chloroform along with the corresponding
simulated spectra. The spectra with the four methyl group resonances were simulated using

the same exchange rate between reséndy $ DQG $1 WKDQ EHWZHHQ UHVF
(Figure 81). The simulated spectra closely imitate the experimental spectra. The only

difference is the presence of small impurities recognizable in Figure 81.

Figure 81.Dynamic NMR spectra of compouri® over the temperature 243 K to 344 K. (a)
Only the spectral region of part of the methyl signals is shown. (b) Results of the procedure
simulation
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The conformers due to the rotation of the amide bond in the two moletiksd 75 are

equally populated in $ation. The conformers associated with the ring flip in compor®d

have widely different populations as can be seen in Figure 80. The ratio of the standard ring

flip conformation to the ring flipped conformation [A]/[a] = [B]/[b] =K = Kgp = 0.13 (see
SSHFWUXP LQ )LJXUH 7KH 1UH betwee Hik JtwoGcbforméts QF H G
associated to the ring flip can be obtained applying the equation:

The free energy difference at 289 corresponds to 0.85 kcal/mol for the conformer A
preferred orVWDQGDUG™ FRQIRUPDWLRQ LQ VROXWLRQ

The energy barriers due to the bond rotation and ring flip are calculated using transition state
WKHRU\ 7KH H[FKDQJH UDWH N IA\D QG GHDOMATERBIMBGEBY KH HQ V

according to the equation:

whereh LV WKH 30D Q F pif the BRt@Qnanwhapstant,. T is the absolute temperature
DQG 5 LV WKH JDV fEIRQGQMdﬂJ@sWan P& bbtained from equation (5) by a
linear regression of the In(k/T) against 1/T data according to the Egqunagion:

The result of the linear regression are shown in Figure 82. For the comp8timel Eyring
plots for the amide rotation process and for the ring flip process are shown. For compound

only one exchange process has been observed as presented in Figure 82.

7KH VORSH LQ WKHVH JU @FS&@VtP%RrﬁEtd:drpV@Re@r@r\dsW%(kTﬁ) +

085 7KH HQWKDOS\ DQG HQW U R SADGLGhaitiad @Rte difidrer HF W LY
exchange mechanisms in the two molecules extracted from the best fit of the graphs in Figure

80 and 81 are reported in Table 17.
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Figure 82. Eyring plot of tis/trans isomerization process of compod®@d v DT@G* DQG

down/up process af3 X

The*LEEV IUHH DFWLV\ﬂEW/Ed?r@mHi@ét{Ualibnﬁ*

is also reported in TablE/ for two different temperatures.

Table 17. Thermodynamic Parameters for the cis/trans Isomerizatiof8 @hd 75, and the
Ring Flip of 73

0*"at 233K (0 *"at 293K

Mechanism a +(kcal/mol) 0 6\(cal/mol.K)

(kcal/mol) (kcal/mol)
Cis/Trans73 9.78 + 0.58 -12.83 + 2.20 12.77 13.54
Down/Up73 13.58 + 0.32 +9.35 + 1.33 11.40 10.84
Cis/Trans75 13.88 £ 0.02 -5.66 = 0.07 15.20 15.54

2.2. Discussion

2.2.1. Kinetic study

Themechanisms of acyl transfer processes have been intensively studied (selected®fef.).

2% The fundamental questions in the context of acyl transfer reactions are: determining the
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sequence of events and the stability of the intermediate(s), establishing the rate determining
step and deducing the influence betstarting material, the reagent and the solvent on the
mechanism. A stepwise mechanism with a tetrahedral intermediate is usually admitted for
acyl transfer when this intermediate has a significant lifetime. When the tetrahedral
intermediate is too undie the reaction passes via a single step mechdnisithe
preliminary kinetic studies performed probed the mechanism of the acylation depending on
the nucleophilicity of acylating agerit2b. The Hammett plots for theara-substituted
benzoyl chlorides (Figuré4) showed a linear behavior over the moderat@alo of tested
FRPSRXQGV IR=0.998). The rate of the reaction is slow. The positivealue
indicates that an electremithdrawing influence the rate of the acylation as one would expect

it from the standard mechanism. The linearity is comfmtiith a mechanism, where no
change in the rate determining state (RDS) is observed. According to these observations and
WKH VPDOO ! YDOXH REWDLQHG ZH SURSRVHG WKDW W
mechanisift* 3% (Scheme 69). This conclusion is comforted by the sstigme of concerted
mechanisms for reactions involving acyl halit{é®’ and especially aminolysi§® 3%
analyzed to be similar than solvolysis mechanism of acyl halfd&S. Aminolysis of
esteré®™ 27 313nd a recent investigation on hydrolysis of acyl chlofifedso supports this

conclusion.

Scheme 69.Possible transition state for acylation d2b with acyl chlorides and

chloroformates

This concerted mechanism perfectly explains the special reactivity obsenizbfover the
range of tested electrophiles. The steric hindrance and the moderate hiicigopf the
amine of12b allow only concerted and fast noaversible reactions. The very slow reaction
rate may explain why, in our early investigations, attempts to modify this macrocycle via
well-described acylation processes with organic baseedfailhe bases used are more
reactive thanl2b and therefore react with acyl chloride first opening the door to side

reactions, (e.g. the wekinown formation of ketene). However the combination of acyl
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chloride and base, like DMAB? is known to afford an activate esfét,which remains an
extremely electrophilic species and should react wa&h It may be that the series of proton
transfer needed is happening within the frame of the macrocycle during this process. If this is
the case the type of leaving group might play a major role. As it is well known that pyrrolic
N-H bonds form very strong hydrogen bonds with chlorides, this might help the expulsion of
the leaving group. Choosing,€O; as base was important because thisebdoes not form a
homogenous solution, so the concentration of the base in the solution is small and controlled.
However the carbonate is able to trap HCI and/or deprotonate compd@bnhich had
trapped HCI. Under these heterogeneous conditions thatiaoyusing the acid chloride of
amincacids could be performed avoiding racemization.

The pyrrolidine rings ofL2b are very poor nucleophiles probably due to the tight hydrogen
bond network installed within the macrocycle (see the following chapter)Xriag structure

shows also that the access to the lone pairs of the basic nitrogens is sterically hindered. The
acylation reaction is therefore very slow and reaction conditions were needed where a highly
activated electrophile could used without givingcess to side reactions like the ketene
formation. Using organic homogenous bases lead to problems. The use of carbonate in a two
phase system avoided the side reactions, diminished the basicity of the solution and allowed

selective monacylation.

2.2.2. Structural analysis

First introduced by Paulin}> hydrogen bonding has been largely studied for itsrkéyin
chemical and the biological proces$¥8?! One has to mention the impressive activation
effect of hydrogen bonding in enzyme catalyé§> The opposite, the deactivation of
reactions due to hydrogen bonding on a strong acceptor has been poorly dé&ttibad.
earlier work, we have shown therAy analysis of calix[2]pyrrole[2]pyrrolidiné2b where

the pyrrole pyrrolidine pairs are forming two tight hydrogen bonds. éw\of the unusual
sluggish acylation of the macrocyclE2b towards acylation we postulate that the tight
hydrogen bond networks are responsible for the remarkable low reactivity of
calix[2]pyrrole[2]pyrrolidinel2b. The hydrogen bonds partially deactivite nucleophilicity

and the modify basicity of the molecule!
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2.2.2.1. Compoundrl

As reported we studied the acylation of compouiidas model compound containing the
same array of a pyrrole and an adjacent pyrrolidine ring as in our macrocycles-rage X
diffraction analysis of71 revealed a self assembling motif forming a dimeric structure by
intermolecular hydrogen bonding network between the pyrrolidine and pyrrole rings of the
two molecules forming the dimeric structure. The resulting dimer shares thengdmgen

bond networks thath2b and presents a very similar conformation (Figure 83). Compa@uind

can be considered as an open model for the macrot3ble

Figure 83. Molecular structure of compountb and the dimer of compoundl with the
thermal ellipsoids drawn at the 50% probability level (the hydrogen atoms afebeCHz

groups are omitted for clarity).-N--:N hydrogen bonds are shown as dashed lines.

Both molecules present two-N---N bonds between the nitrogen of pyrrolidine and the
hydrogen of the pyrrole rings. In the case of compoldhe intermolecular Hhonds have a

much smaller influence on its reactivity compared to the intramoleculaomes of 12b. The

breaking of the Fbonds in71 is entropically favored. On top of that the access to basic
nitrogen is quasi unperturbed once the hydrogen bonds are broken, whereas the basic nitrogen
is still confined within the macrocycle for compou@b. The dramatic decrease in the
reaction rate and therefore the increased probability of side reactions between bases and acyl
chlorides is compatible with these arguments derived from thegy/Xstructures.
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2.2.2.2. Compound/3and74

When we first encountered the experimental difficulty to obtain acylated products we asked
our self the question, if acylation might create sterically highly unfavorable compounds. We
were able to successfully grow single crystals of macyated compound3 and 74 by
recrystallization in ethanol. The-pay diffraction analysis of compournt8 and74 are shown
Figure 84.

Figure 84. Molecular structure of one enantiomer of compoutdthe thermal ellipsoids
drawn at the 50% probability level (the hydroggoms of thaneseCH; and acetyl groups

are omitted for clarity). NH---N hydrogen bonds are shown as dashed lines; a) Molecular
structure of one enantiomer of compourd the thermal ellipsoids drawn at the 50%
probability level (the hydrogen atoms ofettmeseCH; and acetyl groups are omitted for
clarity). N-H---N hydrogen bonds are shown as dashed lines; b) Molecular structure of
compound73 drawn with capped stick style (all the hydrogen atoms are omitted for clarity);
¢) Molecular structure of compod73 drawn with spacefilling model (the hydrogen atom of

the pyrrolidine is omitted for clarity).

The two structures of compoufi@ and74 are very similar. The two enantiomeric conformers

of both compounds are present in their respective crystals. Théstituted pyrrolidine

forms two strong bifurcated -Honds to the adjacent pyrroles (Figure a) of Figure 84). The
two pyrroles are pointing toward the lone pair of the pyrrolidine with a distance between
H(11)}N(17) and H(23)N(17) of 2.35 and 2.55 A resptively. Due to this strong hydrogen
bond network the methyl 26 is fixed in a conformation near to the pyrrole ring opposite. This
conformational blocked arrangement puts the hydrogens of the methyl group 26 into the cone
of the aromatic pyrrole ring exghing its highly unusual chemical shift at 0 ppm due to

shielding effect of the heteroaromatic ring. The distance between one of the hydrogens of
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methyl 26 (the closer) and the carbon 22 of pyrrole is 2.69 A. To confirm that we can use the
structure of7 at low temperature in the crystal as good starting point for the conformational
behavior in solution we measured the ROESY spectrum. The data of the ROESY spectrum
are compatible with the conformation determined in th@ystructure. In contrast to theé

ligand the acylated pyrrolidine ring and the unsubstituted pyrrolidine ring are in an almost
parallel arrangement. The two pyrrolidines and one of the pyrroles form a nice cavity,
whereas the last pyrrole ring is directing inside the cavity (b, Fi8d)e The spacefilling

model shows that the macrocycle adopts and extremely compact conformation (c, Figure 84).
The acetyl group is pointing outward avoiding the steric hindrance caused by the methyl
groups. The MNH bond of the nitrogen of the unsubstitlitpyrrolidine is directed to the
outside of the macrocycle. The two adjacent methyl groups next to the pyrrolidine ring are
creating a rather hindered environment. Due to the hydrogen bonding with the two pyrrole
rings the lone pair of the nitrogen is dBepuried within the inner part of the macrocycle.

The observed tight arrangement must be remarkably stable; otherwise we cannot explain the
absence of any bigcylation product when we tried to transfoif® and 74 further using
standard methods. We have thermodynamic data to characterize the strength of the
hydrogen bonds. The tight-bbnds must increase the energy of activation for the second
acylation sufficiently to inhibit completely the second acylation, which is a remarkable

observation.

2.2.2.3. Compoundr5

Once we had realized that the reactivity of the partially reduced macrotgblevas

extremely low and unusual we tried to apply the recipe developed in the Floriani group for
pushing the reactivity of calix[4]pyrroles. We intended to deprotonate the macrat3cle
completely using three equivalents of butyl lithium. The reactiorhefformally formed
WULDQLRQ VKRXOG IROORZ WKH UXOH 3:0ODVW RXW ILUVW
reactions due to the use of butyl lithium which can and will react with amide bonds. Despite

this drastic, non ideal reaction conditions we costiate a small amount of the {asylated

product75. We successfully crystallized compouiaél by slow evaporation of a solution in

dichloromethangFigure 85).
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Figure 85. Molecular structure of one enantiomer of compouidthe thermal ellipsoids
drawn at the 50% probability level (the hydrogen atoms ofnieseCH; and acetyl groups

are omitted for clarity).

The two enantiomeric conformations are present in the crystal. The molecule shows a highly
compact conformation. Both acylated pyrrolidine rings define planes which are almost
parallel. Methyl 26 and 30 are in the cone of their pyrrole rings oppositeto ¢xposing

them to the shielding effect of the heteroaromatic ring. The conformation in the solid state is
with the solution state conformation determined via NMR at low temperature HFRMR
spectrum of compountb at 218K displays a peak at 0 ppm fleose two methyl groups.

The spectrum of compound@5 shows only the signals for one of the two possible

diastereoisomeric conformers (Figure 86).

Figure 86. The different theoretically possible conformers of the macrocysldue to the
slow rotation around the two amide bonds
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The analysis of the spectra recorded at low temperature showed no evidence for the presence
of a second diastereoisomeric conformiére *H-NMR spectrum showed one well resolved
signal for the two Cklgroups of the acetamides. To explain this observation there are only
two hypotheses possible. A) the rotation around the two amides is so fast that even at 209 K
we are under the conditisrof fast exchange; B) one of the diastereoisomeric conformations
corresponding either to thesGr the G symmetry point group molecules is not observed or is
present at extremely low proportions. We think that hypothesis A) is highly improbable, we
therdore assume hypothesis B). Two problems remain: 1) which is the conformer we observe
and 2) how to explain the process of double exchange (concomitant rotation around both
amide bonds). For the question 1) we assume thattleer@ormer observed in the crystal is

also the conformer observed in solution. The remaining problem is how to explain the
simultaneous rotations of the two amides, a highly unusual behavior! The kinetic data give a
first hint. The G +*value of75is morethan 40% bigger thar +for 73. In contrast thed &'

value of 73 LV MXVWH ABILEWIREH DR W iKalded are negative, which means

an increase in the order going through the transition state. The differences in these kinetic
parameters are gidicant in view of the fact, that we observe two similar processes: rotation
around an amide bond between an acetyl group and a pyrrolidine nitrogen. The difference can
EH DWWULEXWHG WR D FKDQJH LQ WKH SURFHVVHA7KH GD\
value, which we would have to expect, if the two rotations would be completely independent
of each other and had nevertheless to occur simultaneously. The major problem is to explain,
why such a simultaneous amide rotation should happen. The carefydiqrtd the Xray

structure of75 provided us with a reasonable hypothesis (Figure 87).

Figure 87.Part of the molecular structure 8 where only half of the molecule is drawn in

the interest of clarity
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The X-ray structures show that the methyl adetyl is arranged in such a way that it is
directed toward the quaternary center leaving an opening on the side of the acetyl group. The
methyl group which is on the same side of the macrocycle as the acetyl group is in an
equatorial position. The methgtoup of the other quaternary center is close to the oxygen of
the acetyl group and is in axially oriented. If one turns around the macrocycle the next CH
group bonded to the next quaternary center has to be in equatorial position and the last CH
findsitself by consequence one in axial position (Figure 88).

Figure 88.Determination of the axial or equatorial position of the methyl groups

We have an alternation of axial and equatorial methyl groups on one side of the macrocycle.
The steric interaction of the methyl of the acetamide fixes the conformation of BOTH
acetamide groups due to the conformational link described above. If one aeetatates, it
distorts the macrocyclic structure due to this conformational link. The methyl groups, which
were axial, become equatorial and vice versa. This switch of the axial and equatorial positions
of the methyl groups bonded to the quaternary carbight lead to a forced rotation of the
second amide function. The analysis of the molecular structui& dfas brought us to
propose a concerted rotation. If we follow our hypothesis the total process should be
composed of two amide rotations concomitémta macrocycle inversion. The barrier of
activation should be considerably higher than for one rotation. The DNMR show us that the
experimental G +value is only 40% higher than for the single. This is very puzzling. More
detailed analysis has to be ddoecharacterize this process completely

In contrast tocompound73 we have no indication for a ring flip reaction. With the results

available we cannot exclude that the ring flip occurs, although we think that this process is

extremely improbable.
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The partial double bond character of the amidé&®ond is the important factor influencing

the height of the rotational barriers. Ohwada et al. suggested in their pioneering work that the
deviation of the amide planarity would lead to a reduction of its dduinel character and

therefore the deviation from planarity should have a direct impact on the rotational barrier.

We determined the deviation from plagief the two acetamide&3 and75. The planarity of

the amide nitrogen can be represented usingtb@angle parameters (D Q Gvailable from

the X-ray structure o73and75. is the sum of the three angles around the nitrogen ( f

for a flat nitrogen DQG . LV WKH DQJOH EHWZHHQ WKH SODQ RI Wi
ERQG . % amil257 Sor s}). Angle parameters extracted from theay structure

of compound’3and75are shown in table 18.

Table 18.Selected Crystal Structural Data of mono andAmglated Macrocycleg§3and75

Compound CNC (deg) GHJ . GHJ N-C bond(A)
73 111.4 345.1 142.5 1.381
75 112.3 345.1 141.0 1.385

We observe a significant pyramidalization of the nitrogen atom of comp@8rahd 75.

Deviation out of the plane for amid& and 75 reaches 37.5° and 39° respectively. The
consequence of this deviation is as expected a long@®Nond (see Ohwada et &f).The

large pyramidalization of the amide in both compoui8snd 75 should have a significan

influence on their rotational barrier. Both barriers would be expected to be significantly
VPDOOHU WKDQ XVXDO DPLGH URWIZSW{IUGFSQ)f?BI'WlthUQ.RUV &RF
kcal/mole to the known barrier of acetamide 15 kcal‘hsblows a significantecrease in the

barrier height?® The barrier fo75 Z L W K “Dalde of 13.88 kcal/mol is nearer to the barrier

of acetamide, but the process is more complex’5nand can therefore not be directly

compared with simple amide rotations.
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2.2.3. Dynamic NMR investigation / conformational analysis

The dynamic of the amidetation has been extensively studied by NMR spectroscopy over
the last decades due to its highly important role in biology, especially for the structure and
dynamic determination of proteins. The mechanism of the ring flip was confirmed by the
dynamic NMRperformed on the ring flip, which has been really productive. We found that
the ring flip dynamic has positive entropy. It means that, the Gibbs free energy of activation
decrease with the increase of temperature. This result is in accordance with ttheedigpo
linking the height of the barrier of activation directly with the energy necessary to break the
two hydrogen bonds. Increasing the temperature helps to break the hydrogen bonds, the

entropy of this specific process must be positive (figure 89).

Figure 89. Different conformers of compount3. The transition Ada is only possible by

breaking the hydrogen bonds

The ROESY recorded at 224 K did not show an exchange between the two ring flipped
conformers/3aand73b. This means that the conformét3aand73b once formed through a

ring flip reaction do not exchange position via the rotation around the amide bond. This life
time of the two separate rotamers must be higher than the life tif8aadie to the ring flip

reaction.
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3. FORMATION OF ORGANOM ETALLIC COMPLEX

The calix[2]pyrrole[2]pyrrolidinel2b presents the characteristic features of ligands suitable

to form organometallic complexes. We have previously described different metal complexes
from the fully reduced macrocyclE3 where metals were held by four strong dative bonds.
The macrocycld 2b displays the same characteristics with its two pyrrolidine rings. The two
pyrroles could potentially be deprotonated to for two additional covalent bonds with a metal.
Interestingly metal complexes df2b would be closely related to metal complexes of
porphyrins sharing the same size and the same type of chelation to metals, two dative and two

covalent bonds (Figure 90).

Figure 90. Complexation similarity between macrocyd2b (a) and porphine (b). Covalent

bonds are inad and dative in blue

Considering their high similarity and the extraordinary range of applications of porphyrin
complexes in chemistry, probing the ability b to form metal complexes should lead to
interesting results. We decided to investigate thethesis of metal complexes from

compoundL2b.
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3.1. First results

We tried to apply the successful conditions already developed for the synthesis of metal
complexes from compoundl3 for the investigation starting with compoud@b. First, we

wished to usdifferent salts of copper and iron without any addition of organic base. We
observed strong color changes indicating that the reactions (complexations) occurred. We
tried for a long time to characterize the products obtained. As no complexes of thisetype a
known we concentrated our efforts on obtaining crystals suitable foayXdiffraction
analyses. However our efforts were unsuccessful. Mass spectroscopy always showed peaks
and isotope distributions compatible with metal chelation. ThevidWle speata suggested

that some interactions with the metal has occurred, but we were unable to obtain sufficient

information to make a structure proposition (Figure 91).
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Figure 91.UV-visible spectra of different metal complexes of compaol2ial
The characteration of those metal complexes is extremely difficult as it is not possible to

obtain a characterization via NMR spectroscopy. For this reason we decided to study the

complexation of noiparamagnetic metal.
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3.2. Results and discussion

For the studies of the complexation with a fpamamagnetic metal we choose palladium.
Palladium acetate is soluble in chloroform where compdiids highly soluble as well. We

prepared a solution df2b in CDCk (0.5mL, 0.02 M) and added 1 equivalentpaflladium

acetate inCDGI(0.2 P/ LQ 3RSHQ WXEH" ZLWKRXW LQHUW DWP : H
of compoundlL2b by NMR at 50 °C (Figure 92).

Figure 92. Superposition ofH-NMR spectrum according to the time recorded at 50°C in

CDCls. Only thespectral region of pyrrole is shown

The 'H-NMR spectrum of compounti2b is characterized by a doublet located at 5.81 ppm
which corresponds to the pyrrolicld. At time t=0 only the doublet is present in the pyrrolic
region. After just a few minutes at 8D, a singlet located around 6.06 ppm starts to appear
and grows with time. On the contrary, the doublet of the pyrrolid Gf 12b decreases
proportionally. This trend continues until the complete consumption of the starting material.

We decided to let #hreaction go further, and were extremely surprised to see the diminution
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of the singlet intensity and the apparition of new additional peaks. Obviously two consecutive
reactions occur. The spectra of the first phase suggest the formation of a symmeaiexco

in view of the symmetricaH-NMR spectrum. The second transformation leads to a molecule
which has lost its high symmetry. We further analyzed the metal complex by MS
spectroscopy (see below). If we analys the proton spectra carefully, we obsefwmertation

of the second complex already before the total consumption of the starting material. The
change of the relative concentrations of the starting material and the two complexes as

function of time is shown in Figure 93.
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Figure 93. Relative corentrations of the starting material and the two products as a function
RI WKH UHDFWLRQ WLPH 120UDQHG v IEBRBRXPEHWULFDO
X WKH VHFRQG FKLUDO FRPSOH]

During the NMR monitoring we took out samples at differenesnto analyze them by mass
spectroscopy. The first sample has been taken after the consumption of 50% of the starting
material and another at the end of the two reactions. The MS analysis of both sample are
respectively named spectrum A and spectrum R. firbt one (spectrum A) displays a peak at

437 g.mof* corresponding to the starting material (M+1) and three other peaks at 541, 557
and 573 g.mat showing the isotope distribution characteristic of palladium (zoom, Figure
94).
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Figure 94.Zoom of theMS spectrum A

The second spectrum B shows only a major molecular peak at 557*qnmbsmall at 573

and 589 g.mot.

We conclude that the mass 541 corresponds to the symmetrical complex and 557 to the
second less symmetric product. The molecular wéightg.mof is compatible with a neutral
complex between compourit®2b and palladium where the metal is held by two covalent
bonds and probably two dative ones (Scheme 70):

Scheme 70Postulated formation of the palladium comp82of compoundl2b

The molecular weight 540 g.mbtorresponds to the molecular weight of the starting material
having lost two hydrogen atoms plus one palladium. The two acetates must deprotonate the
hydrogen atoms of the pyrroles to give two molecules of acetic acid. The molecular weight
557 g.mol" corresponds to the same structure +16. This is compatible with the addition of one
oxygen atom, suggesting that an oxidation has occurred. The mole@igt &73 g.mot
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corresponds to the first structure + 32, which would correspond to the addition of two oxygen

atoms.

We then decided to repeat this reaction under inert atmosphere to avoid oxidation. We mixed
compound12b with palladium acetate in CDg€lunder argon, sealed the NMR tube and
followed the complexation of compoud@b by NMR at 50 °C (Figure 95).

Figure 95. Superposition ofH-NMR spectrum according to the time recorded at 50°C in

CDClz under inert atmosphere. Only the region of pyrretggns is shown

Avoiding oxygen the reaction stops after the total consumption of the starting magdrial
Several indications confirm the symmetrical structure describedrignre 0 for the
palladium complex@2: 1) the disappearing of the pyrroliciin the *H-NMR spectrum; 2)

the pyrrolic doublet of the starting material is converted into a singlet (no more coupling
between the pyrrolic &1 and NH); 3) the apparition of a peak at 2.1 ppm corresponding to
CH3;COOH. Regarding the last aspect, normaltgtate anions, pKa around 4.8, are not able

to deprotonate pyrroles, pKa around 23. In order that this proton transfer can occur the
complex formation must be thermodynamically favorable to compensate for the pKa

difference.

We then opened the tube amloserved the transformation of our first complex into the second

complex. There are two possibilities to explain the phenomena observed. 1) the cgnplex
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extremely sensitive toward oxygen and starts to be attacked in the presence of air. We favor
the £cond hypothesis; 2) the oxygen might form an extremely reactive intermediate (may be
an oxo species). This unknown intermediate starts to oxdize the coB8®le$ Q R[R RU
oxo- palladium complex might be the reactive intermediate responsible for thatiorid

process.

We need further investigations to determine the structure of the oxidized complex and its
mode of action. Ideally we should be able to crystallize the symmetrical and the second less
symmetrical complex. We obviously hope to be able toattarize the sequence in order to

gain insight into this exciting series of transformations.

4. CONCLUSION

The modification of calix[2]pyrrolidine[2]pyrrole via a acylation reaction was studied. We
developed a successful experimental methodology for the selective ammhdisacylation

of 12b. Finding suitable conditions for the acylation of the macrocyclewsags challenging

and led to interesting results. The improvement of the condition of acylation was achieved
using a model compound. The acylation could be achieved in good yield using only an
inorganic base (KCOs), which avoided side reactions with thieatrophiles. The selective
monac-acylation came is probably a consequence of the strong hydrogen bond networks in the
acylated compound. We, then, successfully applied our knowledge for the introduction of
amincacids under non racemizing condition. Theustures of the monroand the bis
acetylated products were elucidated byray analysis. A conformational analysis was
performed by NMR spectroscopy together witlray diffraction analysis of the structures in

the crystal. The NMR studies led to the digexy of a ring flip conformer of 3 visible only at

low temperature. Kinetic and thermodynamic parameters of the amide rotation of compound

73and75and the ringflip of 73 were extracted from line fitting experiments.

5. ANNEX

5.1. Description of molecular dructure of dipyrromethane 70
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Compound70, CiiHi14No, crystallized with two independent molecules (A and B) in the
asymmetric unit. The two molecules differ only slightly, with the pyrrole rings being inclined

to one another at a dihedral angle of 87.67 (8)molecule A and 88.09 (7)° in molecule B.

In the crystal, there are no classical hydrogen bonds, but the two pyrrole NH groups of one
molecule are involved in N+ AAAE LQWHUDFWLRQV ZLWK WKH S\UUROH
this manner, a compabbx-like arrangement of the two independent molecules is formed.

The molecular structure of the dipyrromethd&es shown Figure 96

Figure 96. View of the molecular structure of the two independent molecules (A and B) of

compoundr0, with thedisplacement ellipsoids drawn at the 50% probability level.

In the crystal the molecules are linked byHN- Ginteractions involving the pyrrole NH-H
atoms of molecule A, for example, with the pyrrole rings of molecule B, andveisa(see

Table 19 fordetails). This leads to the formation of a compact-ldex arrangement of the

two molecules, as shown in Figure 97. Again this arrangement is similar to that in the crystal

of the diethyl analogue.

Table 19.N- + A AnfefEctions [A, °]

D H Centroid N-H H--Cg D---Cg N-H---Cg

N1 H1N Ch 0.86 (2) 2.534 (17) 3.2190 (12) 137.4 (14)
N2 H2N Cg3 0.86 (2) 2.591 (17) 3.2425 (12) 133.7 (13)
N21 H21N Cagl 0.86 (2) 2.523 (16) 3.1925(12) 133.9(12)
N22 H22N Cg2 0.86 (2) 2.610 (17) 3.2440(12) 131.3(13)

Cgl = centroid of ring N1,C2 C4, Cg2 = centroid of ring N2,C% C8, Cg3 = centroid of ring N21,C15 C18,
Cg4 = centroid of ring N22, C25C28.

189



Figure 97.View, along thea axis, of the crystal packing of the title compound. ThelN E
interactions are shown as dotted black lines for one of thdikmxarrangements of the two

independent molecules (see Table 19 for details).

5.2. Description of molecular structure of compound 71 and 72

Compound71 crystallizes with two independent moleesi(A and B) in the asymmetric unit
(Figure 98, left). An AUTGFIT diagram (Figure 98, right; Spek, 2009) of inverted molecule

B on molecule A illustrates the small difference in the conformation of the two molecules.
The best weighted and umiteight r.ms. fit parameters are only 0.032 and 0.035 A,
respectively, for the 13 ne fitted atoms. In molecule A, the pyrrolidine ring has a twist
conformation on bond CGHKI1, while in molecule B the twist is on the corresponding bond
C24N3. In both molecules, themean planes of the pyrrole and pyrrolidine rings are almost
perpendicular to one another; the dihedral angles are 89.99 (11)° and 89.35 (10)° in molecules

A and B, respectively.
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Figure 98. (Left) The structures of the two independent molecules (A gnaf B1, showing

the atomnumbering schemes. Displacement ellipsoids are drawn at the 50% probability level.
(Right) A view of the fit of molecule B (red in the electronic version of the paper) inverted on
molecule A (black) o 1.

In the crystal structer of 71, the individual independent molecules are linked viéd-NN
hydrogen bonds to form inversion dimers (Table 20 and Figure 99). These dimers can be
described by an R22 (12) grapbt motif. Each dimer is composed solely of A or B

molecules.

Figure 99. A view, along the a axis, of the crystal packing7af showing the formation of
the N\H---N hydrogerbonded (dashed lines) inversion dimersbdlind H atoms have been

omitted for clarity
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Table 20.Hydrogenbond geometry (A , °) fordl.

D2 H---A D-H H---A D---A D-H---A

N2-H2N--NI ~ 0.905 (19) 2.04 (2) 2.9254 (18)  166.2 (17)
N4-H4N--N3'  0.873(16)  2.092 (16) 2.9533 (19) 169.3 (16)

Symmetry codes: (B + 1-y;-z; (i) -x + 1-y + 17z + 1.

The crystal structure ofl can be compared with that of the compouf@ which also
crystallizes with two independent molecules per asymmetric unit. There too the two pyrrole
rings are almost perpendicular to one another, with dihedral angles of 87.67 (8)° and 88.09
(7)° in the twoindependent molecules. However, the crystal packin@is quite different to

that of 71, with the two independent molecules being linked not biy-NN hydrogen bonds
butby N+ AAE LQWHUDFWLRQV

The molecular structure of2 is shown in Figure 100 (lgf Here, the amidsubstituted
pyrrolidine ring also has a twist conformation, but this time on th&€€3»ond. The mean
plane of the pyrrole ring is inclined to the mean plane of the pyrrolidine ring by only 13.42
(10)°, compared with these planes beingarly perpendicular to one another in both
independent molecules @D and71. In the crystal structure af2, molecules are linked via

N- H---O hydrogen bonds to form inversion dimers (Table 21 and Figure 100, right), which
can be described by an R22 YI8aphset motif. It has therefore been shown that, under the
conditions used, it was finally possible to reduce partially bis(pyrréle}o 71 and to
transform this partially reduced bis(pyrrole) into its amide derivaifi@e,These protocols
have beerused subsequently to modify partially reduced calix[4]pyrroles by introducing

amides on the pyrrolidine rings.

Figure 100. (Left) The molecular structure of2, showing the atommumbering scheme.

Displacement ellipsoids are drawn at the 50% probalbéitgl. (Right) TheA view, along the
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a axis, of the crystal packing @2, showing the formation of the-N---O hydrogerbonded
(dashed lines) inversion dimers:kbBund H atoms have been omitted for clarity

Table 21.Hydrogenbond geometry (A , °) for2.

D2 H---A D-H H---A D---A D-H---A

N2-H2N--OI  0.95 (2) 1.93 (2) 2.8751 (18) 175 (2)

Symmetry codes: (X + 2;y;-z+1

5.3. Molecular structure of macrocycle 75, 8891

Figure 101. Molecular structure of one enantiomer of compousd 88, 89, 9Gand 91 the
thermal ellipsoids drawn at the 50% probability level (the hydrogen atoms afeébeCH;

and acetyl groups are omitted for clarity).
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54. 'H NMR spectrum of compound 73 recorded at variable

temperature

Figure 102. Dynamic NMR spectra of compound3 in CDCl; over a 124 °C range of

temperature. Full spectrum

55. '"H NMR spectrum of compound 75 recorded at variable

temperature

Figure 103. Dynamic NMR spectra of compountb in CDCl; over a 135 °C range of

temperature. Full spectrum
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5.6. 2D-ROESY analysis ofcompound 73

We have first determined the dynamic exchange processes in the macrigyéle2D-
ROESY has been performed at room temperature; however the exchange rate was too high for

a relevant analysis. We then have performed the same experiencekat 244

Figure 104. 2D-ROESY experiment of compound3, recorded at 244 K and solved in
CD.Cl,

The spectrum displays the characteristic features of asitwochemical exchange process.
When, we wished to perform the same experiment where one of thoseoivess®es was off.

We found that at 204 K the rotation rate of the amide rotation was too law for the NMR time
scale, therefore only one exchange process was visible, the ring flip. This experiment was

very useful to characterize proton coming from the maomformation of compound3.
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Figure 105.2D-ROESY experiment of compourfdrecorded at 204 K and solved in CRCI

We finally wished to perform the experiment where no one of the two processes was active.
We found that a 180 K both processes rate were too slow and recorded by NMR like freeze
molecules. Neither the cis/trans isomerization process nor up/down switcbsproere

active. This spectrum was useful to analyze the conformation of the minor conformer of

compoundr3.
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Figure 106.2D-ROESY of compound3recorded at 180 K and solved in &I),
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Chapter 5

SYNTHESIS OF N-NCONFUSED
DIPYRROMETHANE

Abstract

he Rothenmund type condensation of dimethoxycarbonylpyrrol with acetone

PDLQO\ SURGXFHV WKH . 1 OLQNHG GLS\UURPHWKDQ

of N-confused macrocycles. We halased our study on the directing effect of
ElectronZLWKGUDZLQJ (:* JURXSV PHWK\O HVWHU -RQ S\UL
selectivity in electrophilic substitution reactions (Scheme 71). The influences of the reaction
conditions on the regioselectivitf the process are reported. ThelKD\ VW UXFWXUHV R1 V

1T DQG WKH T OLQNHG GLS\UURPHWKDQHY VKRZ DQ LQW

different types of Fbonds (Figure 107).

Scheme 71Synthesis of the Monfused dipyrromethargz!
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Figure 107.Molecular structure of compounds, 2 and3 with the thermal ellipsoids drawn
at the 30% probability level
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1. QUICK OVERVIEW

Figure 108. Page from the notebook of Pauling. (source: Ava Helen and Linus Pauling

Papers, Oregon State University Special collectfdn)
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The wel NQRZQ FROOR TeOLfOMOL RMHUPDYL LQYHQWHG LQ E\ RC
famous chemist of modern time, Linus Pauling. He made significant contributions to almost
every area of chemistry. His taste for structure and molecular binding especially in biology

and biochemistry led him tenrich largely the field of porphyrin chemistry. He was very
LQWHUHVWHG LQ WKH IXQGDPHQWDO VWUXFWXUH DQG WKF
OLIH®™ ,W ZDV GXULQJ WKH 6HFRQG :RUOG :DU WKDW 3DX
electronicaspect of isomeric forms of porphyrins (Figure £68)Pauling tried to determine

WKH VWDELOLW\ RI SRUSK\ULQ FRQWDLQLQJ RQH RU PRUH
LVRSRUSK\ULQV 7KH QLWURJHQ RI WKH 3SHIWURYHUWHG" S
the macrocycle.

Fifty years later, the first isolation and characterization of a porphyrin containing one

S HIWURYHUWHG" S\WUROH ULQJ HPHUJHG 7KLV LVRPHU F
publications by Furuta et &f° and Latos*UD*\ VNL D Q G*firReafy180d. UFMruta

ZDV WKHQ WKH ILUVWonMusedurphWLIKOH WRPEHMFULEH WKLV LVF
pyrrole is connected via C2 and C4 positions. Both groups described the formation of this
isomer as a side product obtained in very low yield during the synthesis of porphyrins via the

acid catalyzed Rothmund condetisa®® (Scheme 72).

Scheme 72Synthesis of Nconfused porphyrins by Furuta et3l.and Latos*UD*\ VNL DQG

coworkeré3!

Five years later, in 1999, Dehaen and coworkers detailed the first systematic effort to
synthesized the Monfused calix[4]pyrrolé?® The structural determination of thedénfused
octamethylcalix[4]pyrroleand derivatives by XUD\ GLIITUDFWLRQ DQDO\VLV KDV
described by Azenbacher and coworkers in Z396.
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Since the end of the twentiettentury the investigation on those-ddnfused porphyrins

(NCP) as well as calix[4]pyrroles (NCCP) became extremely popular for two major reasons:

1) They keep their fundamental and original properties, for instance coordination with metals

for NCP and amin binding for NCCP. 2Above all, the easiness of their modification due to
UHDFWLYH & & DQG 1 RI 1&3 D Q-fosiwdk idf tid cbKf@sedpiAmle W LY H
in NCCP. For those reasons, Furuta and coworkers wrote in a review dealing witi“NMCP,
UHOHDLQJ drdatipifie® Ehel codfusion ZKLFK SHUIHFWO\ GHVFULEHG

these novel macrocycles.

7 K Hfree position of pyrrole in NCCP allows easy access to a multitude of possible reactions
which are not feasible with the regular calix[4]pyrrole. For instance the easy synthesis of
chromogenic sensor starting with NCCP as revealed by the pioneer work of Bélaaen
Azenbacher® and coworkers (Figure 109), where the same type of modification of

calix[4]pyrrole generates an extremely complex mixture of proddtts.

Figure 109.Structure of chromogenic sensors starting with calix[4]pyrrole and NCCP.

Porphyrin is by far the most extensively studied macrocycle in chemistry and biology because
of its multiple attractive properties and especially the formation of very stable metal
complexes. It is normal that its isomers, the NCP, attract also muchaatt&rite NCP has by

far been more studied than any othecdhfused macrocycles. The reasons for this focused
interest are the easiness of its modification and the facility to form new metal complexes, like

in regular porphyrins.
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The confused pyrrole ringh NCP has a much higher reactivity than the three remaining
pyrroles and than the pyrroles in regular porphyrins. The modification of NCP is also simple
to achieve and opens the access to a wide variety of derivatives. Here are some selected
functionalizations of NCP: (a) nitratich* and hydroxylatiort>® (b) halogenatiori® **"and
coupling reactiond® (c) acylation®3¥3*

porphyring®® 3¥"(Scheme 73).

(d) cycloaddition, (e) synthesis of -iNsed

N= N= N=
a) Ph Ph HO Ph
Ph N Ph N Ph N OH
NO,* OH"
Ph Ph Ph Ph Ph Ph
Ph =N Ph Ph =N Ph
N Y
—_— +
HO
Ph Ph Ph Ph
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C) _ O ]
RA ]
N= R N
Ph Ph Ph I \\  Ph R N \  Ph
0 Ph—r N
Cl
Ph Ph Ph Ph Phi Ph
d)
N=
Ph
NS
Ph
e)
Br Br R
N=
Ph Ph Ph Ph
~ Ph Ph
Ph Ph Ph Ph Ph Ph
X=Br, Cl, NO, R=H, alkyl, akynyl

Scheme 73Functionalizations of NCP

Considering their interesthe quantities of NCP oW DLQHG DV VLGH SURGXFW R
porphyrin synthesis were not satisfactory. Chemists applied the successful bhiitdikg

methods developed for porphyrin synthesis to the synthesis of NCP. Using the stepwise
syntheses MacDonalype [2 + 2] and [3 +1] condensation, gave many possibilities to

synthesize numerous NCP derivatives (Scheme 74).
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b) N R
N
N .

CO,H COxH

< NH HN__
H
N
\

R=H, Me, Et

Scheme 74Syntheses of Nonfused porphyrins from MacDonald type (a) [2 ¥2&nd (b)
[3 + 1F** condensation.

From the synthetic point of view, [2 + 2] reactions are favored because the starting materials,
dipyrromethanes, are much easier to synthesizetthgyrromethane. This method implies the
synthesis of Nconfused dipyrromethane which is still poorly described and often obtained
with low yields because mulsitep synthesis are often needed. This lack of knowledge how to
synthesize Nconfused dipyrromthane is a challenge, which has to be taken up by the

synthetic chemists.

For recent reviews on-donfused macrocycles see:

Toganoh, M.; Furuta, HChem. Commur2012 48, 937; Anzenbacher, P.; Nishiyabu, R.;
Palacios, M. A.Coord. Chem. Rev2006 250, 2929; Senge, M. QAngew. Chem. Int. Ed.

2011, 50, 4272; Srinivasan, A.; Furuta, Acc. Chem. Re2005 38, 10; H. Furuta, H. Maeda

and A. OsukaChem. Commun2002 1795.
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2. INTRODUCTION

The three important classical transformations of pyrroles, Mannich reaction, the
VilsmeierHaak reaction and the Rothenmund condensation leading to porphyrins are all
HOHFWURSKLOLF DURPDWLF VXEV WdgitcXle¢tiviRyQTHe isBl&WL RQV V
and characterization of the so callda&onfusedporphyrins at the end of the last century was

a spectacular finding. It attracted the attention of the synthetic community to the feasibility of

R E W D L-Qubsjitdited pyrroles via electrophilic substitution reactions. The discovery of
products obtained b U H D FW L RaQ@sitibWis \ergetly due to the development of efficient

DQG VHQVLWLYH DQDO\WLFDO PHWKRGV ,Q WKHD®BVW WK
UHDFWLYLW\ KDV EHHQ ODUJH O \-subsQuRidhHhé&e pablyestH SUR G
often discarded as unwanted side products. The new findings and the more careful modern
VWXGLHVY VKRZ WKDW WKH UHJLRVH O H Fpasitian, WhileLolyHVV HQV
PLQRU DPRXQ-Wodudtsl al KoHned. Reversing the selectiatythese reactions

W R Z D-te&Wvity remains a real challenge. To develop conditions for selectisédhyning

H L W K R Usubstituted pyrroles is of synthetic importance. Substituted pyrrole containing

active ingredients has been part of importdmig molecules. At the same time, the chemistry

of tetrapyrrolic macrocycles has regained importance in material science, catalysis and in the
synthesis of new structural variants of this class of compounds.

For the rational and efficient synthesis of-confused macrocycles, controlling the
regioselectivity of the electrophilic aromatic substitution process is a central factor. For a
rational synthesis oN-confused tetrapyrrolic macrocycles one needs good methods of
synthesizing mono . -finked) or bis FR Q| XV Hliaked) dfpyrromethane as building

blocks (Figure 110§** 3443%0

Figure 110. . -linked dipyrromethan®4 DQG LWV UHJLRkaIRE BDQG -. .1
linked 95 dipyrromethane).
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Only few syntheses of confused dipyrromethanes have been described so far. Confused
dipyrromethanes or confused macrocycles have generally been isolated as minor side products
only 146 238, 330, 331, 384 Three main strategies exist for the synthesisNetonfused
dipyrromethanes: 1) Selective syntheses via multiple steps starting from a reactive species in

W K-pbositionof the pyrrole precursdt” *°  $YRLGLOUXWEYWLWXWLRQ E\ XVLQ

substituted pyrrole as starting mateftal®>’

or by introducing dulky protecting group on the
nitrogeri*® 3°83) Introducing an electrewithdrawing group on the pyrrole in order to change

its electronic propertie¥® ***These strategies involve multiple steps and usually lead to poor
yields. To the bestf our knowledge, syntheses Wfconfused dipyrromethane starting from

D Q-free pyrrole in a single step have not been reported so far. We decided to explore a

method to obtain thN-confused dipyrrometharfgt in a single step and good yield.

3. MATERIALS AND METHOD S

In this part, we investigated the influence of the conditions on the ratio between the different
regioisomers by GC analyses. GC measurements were carried out using an Agilent 6850A,
column Agilent Technologies (Part Number 190911BE, Length (m): 30; Diam. (mm):
0.320; film (um): 0.25).

GC method used (injection volume (uL): 1; Inlet Temp. (°C): 280; Inlet Pres. (PSI): 10.32;
Flow (mL/min.): 45.6; Detector Temp (°C): 280; Flow (mL/min.}: H0.0, Air: 450, N: 45):

10 min.
300 °C

220 °C

2 min.

4. SYNTHESIS OF DIPYRROMETHANE 93, 94 AND %

The directing effect in pyrroles has been first described by Sé¥rEkectronwithdrawing
(:* JURXSV HQ K-belgétidity Wikekectrophilic substitution reactions. Using the
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iminium salt of the 2IRUP\OS\UUROH 6 R-u@dthated PyrAds UMHIG high

regioselectivity (Scheme 75).

Br2

/\/O
N
H

2) NaHCO3
c:|o4

Scheme 75.6 \ Q W K H \haldgeRdted pyrrole by Sonnet

Based on his work, Dolphin and cowork&Pshave recently reported thgrehesis of , §
linked dipyrromethane using the same iminium salt as a strong EWG (Scheme 76).

® o
CNH2 C|O4 1) CHz(OMe)z
[P OVO (Y o
N 2) NaHCO4 = =
N /
CIO4 o 3

Scheme 76Synthesis of , flinked diformyldipyrromethane by Dolphin and coworkers

8VLQJ D ZHDNHU (:* 6RQQHW - ID\RSNDsitteE piodits] Wakig thiR |
observation into account, we decided to study the commercially available methyl 2
pyrrolecarboxylaté6 as starting material. If compour®® should show no selectty in the
condensation 096 with acetone, a statistical mixture of the three possible dipyrromethanes
93:94:95=25% : 50% : 25% should be obtained.

The condensation &6 needed relatively high quantities of acid to proceed with a reasonable
rate and in a decent conversion as determined by GC. Despite the high concentration of acid
needed, no formation of black degradation products was observed. These observations are in
accordance with the deactivating effect of the ester group. Already, in one of our early non
optimized trials, we detected only three products by GC. The three products were isolated and
characterized. In a later preparative trial, we used an optimizededune for the
condensation of methyl -gyrrolecarboxylate96 and acetone (10 equivalents) at room

temperature for 40 min, using 10 equivalents of methanesulfonic acid (Scheme 77).
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CH3SO;H
]\ o o 10 equiv.
N + —
H O— )k 0.6 h

r.t.

\\ “NH  HN Y ~NH
. NH = . — —
0 0=, 0 0=, o
o o
/ \ / \

96 93 (13%) 94 (48%) 95 (4%)

Scheme 77 Synthesis of the Monfused dipyrromethan@4. The GC analysis showed the
following product distribution93: 94 : 95= 15 : 64 :16. The separation by chromatography
of 95was delicate and led to losses

The recovered raw material corresponded to 95%hefadded starting material and was
analytically clean on TLC and GC showing only the spots and peaks of the three products (see
GC spectrum of the crudeaction mixture in Annex partThree products were isolated by
column chromatography in 65% vyield dartharacterized byH-NMR spectroscopy. The
structure of the asymmetric dipyrrometh&@#ewas easy to determine, showing four different
signals in the pyrrolic region. The structure of compoud8snd 95 has tentatively been
attributed by analogy with the spectra reported by Dolphin and his cowbrkeRU WKH . .
linked and , flinked diformyldipyrromethane. The three structures could be unequivocally
determined by Xay diffraction analyse®? Single crystals of the dipyrromethars; 94 and

95 were grownby slow evaporation of dichloromethane or by recrystallization in ethanol. The
molecular gructures of the three products are shown in Figure 111.

Figure 111. Molecular structure of compoun@3a 94 and 95 with the thermal ellipsoids

drawn at the 30% probability level
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To optimize the formation 084, we surveyed the influence of tleenditions on the ratio
between the different regioisomers. The type and quantity of the acid catalysts, the number of
equivalents of acetone, the reaction temperature and the reaction time weré®vatied.
started our investigation by reacting pyrrégand acetone in stoechiometric amounts using a
catalytc quantity of methanesulfonic acid (Table 22, entry 1). No product formation was
observed. Increasing the amount of acid to 10 equivalents (Table 22, entry 2) led to a full
conversion into the three products. No trace of degradation or side productstecisddey

GC and TLC.N-confused dipyrromethan@ was present in the crude, up to 65% and the
dipyrromethan®3and95 UHVSHFWLYHO\ DQG 7KH DOV WK i HWEZH
product is almost 7:1. Increasing the amount of acetone to 10 eaqusv@l@ble 22, entry 3)

after only 40 min the produ@4 was present in 64% according to the GC trace. Under these
FRQGLWLRQV WKH UDOWIORN i & VDA ok dts as £hanged to 1:1.
Letting run the reaction for an additional 6@nma small amount of degradation (1.5%) was
observed. These conditions were therefore used to perform the reaction in a two grams scale,
where the products could be isolated pure in 65%, after careful chromatographic separation
(Table 22, entry 3). Neitha significant change in the proportion nor in the yield of the three
products was detected. Increasing the temperature to 50 °C using similar concentrations
(Table 22, entry 5) did not change the amount of comp®&dridrmed. The ratio between the
dipyrromethane3 and 95 reached 10:1, a similar value to that observed in entry 2 of Table
22. Increasing the amount of acetone to 50 equivalents, many side reactions were observed
and the amount of dipyrromethanes detected by GC dropped to 16%. (Table 22, entry 5).
Then, we teted the influence of the type of acitlapble 22, entry 4.0). Using TFA under the
conditions successfully applied previously with methanesulfonic acid (Table 22, entry 6), no
transformation could be observed. Increasing the amount of TFA to 100 equivalents
observed in the GC, only 7% conversion of the starting material was transformed to products
after 14 h (Table 22, entry 7). After 36 h the reaction stopped at 33% conversion (Table 22,
entry 8). Only two regioisomers were detected, increasing thestatape to 50 °C and using

10 equivalents of acetone (Table 22, entry 9). Comp®&3ahd 95 were obtained in a ratio

35:65 and the conversion reached 59%. Increasing the reaction time led to side reactions and
the product®3, 94 and95 were present in thcrude up to 69% (Table 22, entry 10).
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5. MOLECULAR STRUCTURES OF 93, 94, 95

Alkoxycarbonytpyrroles have been used in supramolecular chemistry for self assembly and
molecular recognitiof®* Our dialkoxycarbonybipyrromethanes represent a unique set of
regiochemically differentiated compounds containing the typical framewoekl urs the

studies of supramolecular recognition processes reported in literature. The three
dipyrromethanes show three distinct and different packings in the crystals. Strong
intermolecular Hoond networks are the main feature leading to different supeauorial
DUUDQJHPHQWY RI WKH PR O H F Xigkeddijhy@orméaheX fQrm\stablél O O V
dimers (Figure 112).

93a 93b 93c

Figure 112. Supramolecular assembly of compou®8a 93b and 93c with the thermal
ellipsoids drawn at the 30% probability level (the hydrogens are omitted for clarity)..®™
hydrogen bonds are shown as blue dashed lines

Three different polymorphs of ogoound 93 have been obtained and analyzed
crystallographically. Compoun®3a isolated as crystalline impurity from a solution
containing mainly94, forms a dimer with strong 4dond networks between one carbonyl
group of one ester from one molecule andtthe pyrroles from the second molecule in the
dimer. This arrangement engages the two lone pairs of the carbonyl of one ester in the H

bonding network, whereas the second ester group is not involved in intramolecular
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interactions. The two molecules formitige dimer are in an extended, shifted arrangement.

The molecular structures of compourigh and93cin the crystal are similar to each other

and form strong and compact dimers. All the carbonyls of the ester groups are forming a
single Hbond with one othe NH of a pyrrole of the second molecule in the dimeric unit.

The structures d®3b and93care symmetric, which contributes to the dense and esthetically
DSSHDOLQJ DVSHFW RI WKHVH WZR MidkédXpwometian®4, Q WKH |
(= N-monoconfused) the dimers of the unit cell are held together by a strbngdinetwork

formed between the carbonyl group of the ester and thEk¥nd of the adjacent pyrrole,

Z K L F K-limhkéd.. The Hbond network is analogous to the network observedhi®dimers

Rl FDUER[\OLF DFLGMUDEPRQGHV DB FRQIXVHG SdoKyROH UL
foomsaHERQG ZLWK WZR SH[WHUQDO"™ GLS\UURPHWKDQHV E\ W

Figure 113.Supramolecular assembly of compou@tiwith the hermal ellipsoids drawn at
the 30% probability level, NH---O hydrogen bonds are shown as blue dashed lines

The dimeric unit is in an extended conformation. The two units are even more shifted than in

the structure of compounféi3a In contrast to the stature of 93a compound94 forms

dimers, which are further linked to four other symmetry related molecules, thus forming a
two-dimensional network. The salient feature of this structure is the clear segregation of the
H-ERQGV E H W-lrthdd Qnits/ Endhe HERQGV EHW-ZHHQNMX KX QLWV 7KH
linked dipyrromethan®5 also forms a very stable-bbnd twedimensional network, the four

functional groups create-blonds with four symmetry related dipyrromethanes (Figure 114).
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Figure 114.Supramoleclar assembly of compourf@b with the thermal ellipsoids drawn at
the 30% probability level, NH---O hydrogen bonds are shown as blue dashed lines

With the exception of the structure @8a the compounds engage all possible partners in the
H-bonding. The three structur88a 93b and93c of compound3 are the only one in which
dimmers are present in the crystal. The moanfused and the bisonfused compouné4

and 95 form networks. In th structure of compounél4 the HER Q GV R3ubatituted .
alkoxycarbonylpyrrole unit are forming two Hbonds to the same partner, thereby forming a
sort of dimeric subunit. The-HER Q GV Rsubd#lititdd alkoxycarboryyrrole unit forms
H-bonds to eternal partners building the network. The DSC analysis of the three

dipyrromethan®3, 94 and95 disclosed interesting results (Table 23)

Table 23.DSC analysis 093, 94 and 95

Entry Compound Melting point (°C) Freezing point (°C) 0+ N- -BP)® O

1 93 191.2 144.2. 37.7
2 94 135.4 g* 35.1¢
3 95 201.1 140.1 43.5

[a] Determined by DSC on"2heating run; [b] Glass transition; [c] Determined by DSC ®hédating run

Compoundd5 showed the highest melting point and the highest fusion enthalpy. The results
for compound®3 and94 are less easy to interpret. Further studies aiming to the understanding

of this process are in progress.
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6. CONCLUSION

In conclusion, we have established efficient method for preparing in a single stdp

confused dipyrromethane@4 LQ JRRG \LHOG 7ZR RWKHIluke URGXFV
dipyrromethan®3 D Q G W irtHed diffyrromethan®5 were isolated as side products and

fully characterized. The selectivigbserved is in accordance with the deactivating electron
ZLWKGUDZLQJ HIIHFW RI WKH HYV Wgaeditiod biRaXp$rroleMigHah JUR X' S
easily be removed or transformed and are therefore synthetically attractive substituents. The
supramolecwdr arrangement d3, 94 and 95 were analyzed by Xay diffraction and DSC.

The structures show a clear segregation between HeRQ GV IRUPHG EHWZHHQ
substituted pyrrole units and the HR Q GV E H3WbAtkke® pyrrole units. The-bbnds

between -VXEVWLWXWHG S\UUROHV OHDGYV W-Rub&itukeH Unit$ DV VRI
lead to the formation of ribbons and networks. The strongest network, measured by its
melting point and melting enthalpy, was observed9forming a two dimensional riion

sheetlike arrangement. The reported method represents a promising route to the preparation

of building blocks forN-confused macrocycles of the calix[4]pyrrole type. Mechanistic
investigations to further characterize the scope and limitation of pipioach are currently

underway.

7. ANNEX

7.1. GC analysis

Despite the high concentration of acid needed no formation of black degradation products was

observed and the GC spectrum of the crude was surprisingly clean (Figure 115).
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Data File C:\HPCHEM\1\DATA\GJ\GJ372001.D Sample Name: GJ372-40min

Apres 40min de reaction

e LT e e e SEmmmms——=—=

Injection Date : 20.01.2011 10:15:18

Sample Name : GJ372-40min Location : Vial 1
Acq. Operator 1 GJ Inj : 1

Inj Volume : External
Acqg. Method HE o \HPCHEM\].\METHODS\CL_‘: M
Last changed : 26.06.2008 14:15:26 by CL
Analysis Methed : C:\HPCHEM\1\METHODS\SHUTDOWN.M
Last changed : 17.03.2011 09:06:18 by Christian

FID1 A, (GNGJ372001.D)
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Figure 115.GC spectrum of the crude of reaction using the condition described in Table 22

entry 2
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Chapter 6

CONCLUSION AND PERSPECTIVES

1. CONCLUSION

Starting from a simple concept, the hydrogenation of calix[4]pyfdplee have embarked on

a research project which has been full of obstacles and unexpected results. Almost every step
was more complicated than anticipated. Most of the time, the obstaelescountered were

not known, which forced us to discover new territory. The adventure has been beautiful and
rewarding but strenuous. Detecting new and unprecedented processes and properties has
always been a strong motivation for chemists. The intefediscovering and exploring new
structures has always been a powerful stimulus. The research project became considerably
more complex than what was expected at the beginning. We were lucky as to achieve the
partial and then the total hydrogenation ofixd]pyrrole 1, a milestone, achieved more than

100 years after the first reported synthesis of this macrocycle. The mechanistic analysis of the
postulated mechanism helped to advance and establish a reproducible procedure which
allowed the isolation of tavdiastereocisomers2aand12b of the partially reduced macrocycle

in good vyields, using an easy to apply isolation procedure based on the differences of
solubility and pH behavior. The yield of the totally reduced calix[4]pyrrolidiBdnas been

more thandoubled since our first isolation. With the newly developed method we can now
obtain the macrocycl&3 in high yields starting from the half reduced compod2dé. We

recently found a condition for the total hydrogenation of calix[4]pyrrole using a lags®

of catalyst (10 equivalents). This reaction provided only two fully reduced products,
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compoundl3, already isolated from our previous work, and a new isomer of the fully reduced
macrocycle, compoun#4. Despite our intensive efforts, the reasonstfe use of a huge
excess of catalyst to perform the complete hydrogenatid2lwbr calix[4]pyrrolel have not

been elucidated yet. The relative configurations of the three products from the catalytic

hydrogenation of have been assigned through singlestal X-ray diffraction.

In a second project, the hydrogenation of calix[m]furan[n]pyrrole (m+n=4) was explored.
This work led to the synthesis and the characterizati@® ehacrocyclic products, 18 of them

are novel molecules. When the classical ai@itmethods were not able to provide the
relative configuration of the products, their relative configurations were determineetdoy X
analysis (15 selected structures measured by Mrs Stoekli that | sincerely thank). Remarkably
selective transformationsere observed and the structural and chemical factors influencing
the diastereoselectivity of the hydrogenation were investigated. As another consequence of
this work, the sequence of the catalytic hydrogenation of calix[4]pyrrole was revealed. The
synthegzed compounds can be seen as mimick of the intermediates in our hydrogenation. As
the intermediates are not directly accessible this approach was the best we could do to obtain

information on the sequence.

The three years spent attempting to reduce #iex[4]pyrrole 1 completely led to the
isolation of a huge amount of half reduced prodi@b. Considering the beauty and the
potential of this structure, developing a project focused on its modification was undertaken.
The transformation of this readilyceessible and symmetric compound into a modified
compound, hopefully more valuable structure, in a single step was thus investigated. This
work led to the development of suitaldenditions for the selective monacylation of12h.

We found that the tightydrogen bond network of the compoutb was responsible for the
remarkable reactivity and selectivity pattern toward the acylation. An even stronger hydrogen
bond network is formed by the mo@agylated macrocycle. This explains the loss of basicity
and d nucleophilicity of this compound. We have successfully applied the optimized
condition for the introduction of amiracid residues under non racemizing condition. A
conformational analysis by dynamic NMR spectroscopy coupled to the results ofrdye X
diffraction analysis led to the discovery of a rfligped conformer of73 detectable at low
temperature. Kinetic and thermodynamic parameters of the amide rotation of con@ound
and 75 and the ringflip of 73 were extracted from line fitting experiments from a dynamic
NMR investigation.
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The final project emerged after a lucky discovery in our laboratory. This work led the
development of a very efficient method for preparing in a single $tegpnfused
dipyrromethan®®4 LQ JRRG \LHOG 7ZR R W-knked dpyrereean®3and/ KH . .
W K H-linkefil dipyrromethan@5 were isolated as side products and fully characterized. The
supramolecular arrangement 61, 94 and 95 were extremely interesting showing
dichotomy in their hydrogen bonding in the solid structure analyzedtay Miffraction.

2. PERSPECTIVES

The three years spent in the laboratory allowed us to discover interesting chemistry which
went beyond our expectations. Quite a few of the pt®jare not yet finished. We present a
few of the possible lines of research for the future.

Experiments in the NMR tube have shown that the macrodgibeforms complexes with
palladium. We could show that these complexes are undergoing oxidative traisform

the presence of oxygen. A thorough investigation of the oxidative ability of the palladium
complex of12b should be undertaken. We can expect interesting results from the careful
analysis of this oxidation process.

During our intensive screenin@ ithe quest of finding suitable conditions to perform the
complete conversion of calix[4]pyrrol& into the macrocyclel3, we made a chance
discovery. We tried to perform the hydrogenation of the calix[2]pyrrole[2]pyrrolitiZiein

formic acid, catalyzety Pd/C 10%. After the addition of formic acid, we directly observed
bubbles of gas suggesting a decomposition of the solvent. A few years ago, Laurenczy et al.
described theise of formic acichs a hydrogestorage material with a homogeneous catalytic
system of ruthenium watesoluble complexes (Ru/TPPTS) that selectively decomposed

formic acid into H and CQ.%%®

We then realized that we potentially hte same activity

than Lauranczy but using a heterogeneous catalyst, which had never been reported so far. We
tried to reproduce the reaction without compourath and the reaction did not take place.

This result suggests that we formed a kind of compliglx ¥2b and the heterogeneous Pd/C

10%. This information was extremely interesting for two reasons: 1) if compaghd
interacts with Pd/C 10% during the reaction the substrate modifies the catalyst in this process.

This postulated interaction could be fpaf the explanation why compourd@b is so difficult
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to reduce. 2) Another interpretation would be, that we created a homogeneous catalyst from a
heterogeneous catalyst. The meticulous analysis of the decomposition gazes has not been
undertaken yet? A tmough investigation of this process would lead to an interesting new
research field.

Other projects could be explored:

e The synthesis of reduced calix[4]pyrrole via reductive amination:

1) MCPBA
2) H, 00 NH,OAc
(¢} o
O o NaBH5CN
00
or NaBH(OAc)3

The synthesis of reduced porphine:

»
N
Vs VY s VL

HO,C H CO,H XOC H COX

| Y
AN

—
HO,C N CO,H HOH,C” "N~ ~CH,OH

TSOH,C” "N ¥ CH,OTs

| O

Iz
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Chapter 7

EXPERIMENTAL PART

1. GENERAL INFORMATION

1.1. Chromatography

1.1.1. Thin layer chromatography (TLC)
Analytical thin layer chromatography was performed on Merck precoatedigaked TLC
plates (silica gel 60 F254)nd visualized by UV lamp (254 nm) and potassium permanganate
(KMnQy,) stain.

1.1.2. Columns chromatography
Columns chromatography were carried out on silica gel 60 A6332Brunschwig) and
aluminium oxide Fluka for chromatography, Brockmann activity |. Texdirgrade solvents
were employed, which were distilled prior to use. Concentration under 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). Yiekferto chromatographically purified

and spectroscopically pure compounds, unless stated otherwise.

1.1.3. Gas chromatography (GC)
GC analyses were carried out using an Agilent 6850A, column Agilent Technologies (Part
Number 19091413E, Length (m): 30; Diamn{m): 0.320; film (um): 0.25). GC method
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used (AG7)(injection volume (uL): 1; Inlet Temp. (°C): 280; Inlet Pres. (PSI): 10.32; Flow
(mL/min.): 45.6; Detector Temp (°C): 280; Flow (mL/min.);: 0.0, Air: 450, N: 45):

10 min.

300 °C

5 °C/min.

220 °C

2 min.

1.1.4. Infrared Spectroscopy (IR)
Perkin EImer Spectrum One version B #R was used for obtaining IR spectra with the
resolution of 2 crl. Software used: Spectrum version 5.0.1. The solid substances and thick
oil like substances were analyzed by preparing KBr pellet (KBfuka puris p. a). lguid
samples were analyzed as film (sandwich) by applying between two KBr salt plate. The
absorption bands between 4000 and 400lcwere measured. The intensity of the spectrum
was divided into five equal parts for the abbreviatian@ntense),m (medium intensity)w
(weak),br (broad).

1.1.5. Nuclear Magnetic Spectroscopy (NMR)
NMR spectra were recorded using a Bruker Avance 400 spectrometer operating at 400.13
MHz (*H) and 100.63 MHz'¢C(*H)). The NMR solvents were purchased from Cambridge
Isotope L&oratories.'H NMR spectroscopy chemical shifts are quoted in ppm relative to
internal tetramethylsilane TMS 0.00 ppm) or CDGI(/= 7.26 ppm) or CEDH (/= 3.31
ppm). *C NMR spectroscopy chemical shifts are quoted in ppm relative to internal
tetrametlylsilane TMS (/= 0.00 ppm) or CHGI( /= 77.16 ppm) or CBOH (/= 49.00 ppm).
The chemical shift is given in ppm in the descending order and the coupling cdrist&iz.
The multiplicity of signals were given abbreviatioagsinglet), d (doublet), t (triplet), q
(quartet),quint (quintet), dd (doublet of doublet)dt (doublet of triplet),br (broad) andm
(multiplet).

1.1.6. Mass Spectroscopy (MS)
The mass spectra measurements for ESI (elspir@y ionization) were recorded with a
Finnigan LCQ mass spectneter. The high resolution mass spectroscopy (HRMS) was
measured at University of Fribourg (Switzerland) by Mr.F.Nydegger. The instrument used
was Bruker FTMS 4.7T BioAPEXII. The ionization used was ESI (elespray ionization).
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1.1.7. Glassware
For reactionsvhere argon or nitrogen atmosphere was used, the glass apparatus were dried by
keeping in the hot oven at 150°C for at least two hours. The apparatus were removed from hot
oven and cooled to ambient temperature with argon or nitrogen atmosphere. Fonseacti
low temperature, ice bath with salt (0°C-&°C) and acetone/liquid nitrogen bat#7§°C)

were used. For heating reactions, oil baths2@0°C) were used.

1.2. Solvents

1.2.1. Standard solvents

For the purpose of chromatography and extractions, techniadé golvents were distilled

over drying agent.

Solvent Abbreviation used Drying agent

Chloroform CHCl; CaCl ; Molecular sieve 0.4nm
Cyclohexane Cyclohexane Molecular sieve 0.4nm
Dichloromethane CH,CI, CaCl ; Molecular sieve 0.4nm
Diethyl ether Et20 CaCl,

Ethyl acetate AcOEt K,COs;; Molecular sieve 0.4nm
Methanol MeOH CaO

1.2.2. Solvents for reaction

Solvent Abbreviation used Quality

Acetic acid glacial AcOH Carlo Erba, for analysis

Acetonitrile ACN Aldrich, sealeebottle over molecular sieve (KD
” . *g

Chloroform CHCI3 DQK\GURXV FRQWDLQV DP\OH

Dichloromethane CH.ClI, Acros, 99.8%, extra drgver molecular sieve

Methanol MeOH Fluky, puriss. abs.,s RYHU PROHF
(H,O "

Tetrahydrofuran THF Aldrich, sealedbottle over molecular sieve (B

" FRQWDLQV adi-tertbutyl-4-
PHWK\OSKHQRO DV VWDELOL]I

Toluene toluene Fluky, puriss. abs.,s RYHU PROHF
(Hp2 "
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1.2.3. Reagents

Solvent Abbreviation used Quality
(R)-(-)-2-Methylpyrrolidine  (R)-(-)-2-Methylpyrrolidine Aldrich
3-Chloroperbenzoic acid mCPBA $OGULFK ”

4,5Dimethoxy-2-
nitrobenzyl chloroformate
4-chlorobenzoyl chloride
4-methoxybenzoyl chloride
4-nitrobenzoyl chloride

5-hydroxypentas2-one

Acetone

Acetyl chloride

Ammonium acetate

benzoyl bromide
benzyl bromide

Boron trifluoride diethyl
etherate

Butyl Lithium

Dimethyl 2,6
pyridinedicarboxylate
Furan

Glutaryl chloride

Glycine

Hydrogen

lodomethane

L-valine

methane sulfonic acid
Methyl 2-pyrrolecarboxylate
Methyl chloroformate
Methyllithium solution
Palladium on carbot
(screening catalysts)

Palladium on carbon 10°
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4,5Dimethoxy-2-nitrobenzyl
chloroformate
4-chlorobenzoyl chloride
4-methoxybenzoyl chloride
4-nitrobenzoyl chloride

5-hydroxypentar2-one

Acetone

Acetyl chloride
AcONH,

benzgl bromide
benzyl bromide
BF:OEt

BuLi
Dimethyl 2,6
pyridinedicarboxylate
Furan

Glutaryl chloride

Glycine

H>

CHgl

L-valine

CH;SO;H

Methyl 2-pyrrolecarboxylate
Methyl chloroformate

MelLi

Pd/C

Pd/C 10%

Aldrich, 97%

Aldrich, 99%
Aldrich, 99%
Aldrich, 98%

Aldrich, mixture of monomer and

dimer, 95%

Aldrich, CHROMASOLV? Plus, for

+3/& o

$OGULFK SXULVV S
Aldrich, for molecular biology,

Aldrich, 97%
Aldrich, reagent grade, 98%

Aldrich, purified by redistillation,

. % )oasis
Aldrich, 2.5M in hexanes
Aldrich, 99.0%

$OGULFK UHDJHQW
Aldrich, 97.0%

$OGULFK UHDJHQW J
Carbagaz 45

$OGULFK SXUXP -
$OGULFK UHDJHQW J

Acros, 98%
Aldrich, 97.0%
Aldrich, puriss. 99%

Aldrich, 3.0M in diethoxymethane

See in the text

Aldrich, 10% Pd basis



(for screening conditions)

Potassium carbonate K,COs $OGULFK $&6 UHDJH!

Potassium permanganate  KMnO, $OGULFK $&6 UHDJH!

Propionyl chloride Propionyl chloride $OGULFK SXULVV S

p-Toluenesulfonic acid p-TSA $OGULFK $&6 UHDJH!

monohydrate

p-Toluoyl chloride p-Toluoyl chloride Aldrich, 98%

Pyrrole Pyrrole Aldrich, reagent grade, 98%

Sulfuric acid H.SO, Carlo Erba, for analysis

thionyl chloride SOCb $OGULFK SXUXP -

Triethylamine Et;N Aldrich, 99%

Trifluoroacetic acid TFA Aldrich, ReagentPIL% 99%

Zinc dust Zn $OGULFK SXUXP
1.3. Remarks

Unless otherwise noted, all reaction mixtures were stirred with a magnetic stir bar in flame
dried glassware and performed under an atmosphere of argon employing standard Schlenk
line techniques. In every case, the assignments of signals were confirnted g, *H-

COSY, HMBC, HSQC, and DEPT spectra.

2. EXPERIMENTAL PART

Only the description of new products will be fully described. The corresponding compounds
ZLOO EH ODEHOHG ZLWK D 3" LQ WKHLU WLWOH &RPSRXQG
described by NMR and MS analyses and their literature references.

2.1. General procedure (I) for the N-acylation of the meso

octamethylcalix-[2]pyrrolidino[2]pyrrole

In a twonecked flask fitted with a gas inlet and containing a stirrer bar was charemsal

octamethylcalix[2]pyrrolidino[2]pyrrole (200 mg, 0.46 mmol) and potassium carbonate (138
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mg, 1 mmol). The reaction vessel was flushed with argon and sealed with a septum. The
mixture of dry THF and ACN was introduced, and the corresponding acyl chl@rided.) in

THF (1 mL) was added. After 15 min. a precipitate appeared and the reaction mixture was
stirred for 2 hours in all at room temperature, under argon. After stirring, 10% sodium
carbonate was added and the reaction mixture was extracted wi@i,CHhe organic layer

was washed successively with two times 10% sodium carbonate and saturated brine. The
organic layer was dried with sodium sulfate, and the solvents were removed under vacuum.

The residue was purified by column chromatography.

2.2. General procedure (Il) for the formation of acyl chloride

In a roundbottom flask were introduced amuazid (4.04 mmol) and Ci€l, (0.08 M), then

thionyl chloride (5 mL) was cautiously added. The flask was equipped with a reflux
condenser, flushed with argon, and the mixture was stirred at reflux temperature for 2 hours.
Then the thionyl chloride was distilled at reduced pressucethenresulting solid was flashed

with CH,ClI, (2 mL) which was removed at reduced pressure to obtain the product which can

be used without further purifications.

2.3. Procedure (Ill) for reactions to perform the kinetic study

(Hammett plot)

The five reactiondor this study have been done in parallel following the general procedure
(I). The reactions have been performed in the same model of glassware for 2 hours (except for
reaction usingpara-nitrobenzoyl chloride, 0.5 h). Purifications by column chromatdgrap

have been realized in the same model of column with the same amount of silica.

2.4. General procedure for the smallscale hydrogenation reaction

(screening)

Calix[4]pyrrole 1 (0.200 g, 0.47 mmol),-eicosane (0.0266 g, 0.094 mmol), and 10% Pd/C
(0.170 g,0.16 mmol of Pd) were placed in a test tube (125 x 15 mm) containing a small cross
stirring bar. AcOH (5 mL) was added and the test tube was placed inside an autoclave vessel

containing AcOH (25 mL). The reaction mixture was kept under a hydrogen presdije
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atm at 100 °C. After 24 h, the autoclave was cooled to room temperature and the reaction
mixture was filtered through a pad of Celite, which was washed with AcOH (2 x 20 mL) and
CH.Cl;, (3 x 15 mL). The combined filtrate and washings were concextnander reduced
pressure to give a colorless slurry, to which,CH (25 mL) and 5% aqueous NaOH (15 mL)
were added. The resulting mixture was stirred for 5 min. The organic layer was then separated
and the aqueous phase was extracted withOGH3x20 mL). The collected organic layers

were washed with brine (25 mL), dried oveiGQO;, and concentrated under reduced pressure

to give 0.206 g of a white solid. This was redissolved in EtOAc for GC analysis.

2.5. General procedure for the Ilargescale hydrogenation of

calix[4]pyrrole 1

A glass cylinder inside an autoclave vessel was charged with acetic acid (100 mL),
calix[4]pyrrole 1 (2.00 g, 4.70 mmol), 4eicosane (0.266 g, 0.94 mmol), and 10% Pd/C (1.70
g, 1.6 mmol of Pd). The autoclave was closed, put under magnetic stirring, filled with
hydrogen (100 atm), and heated at 100 °C for 24 h. After cooling to room temperature, the
reacton mixture was filtered through Celite and the solid was washed with AcOH (2x20 mL)
and CHCI, (2x20 mL). The combined filtrate and washings were concentrated to give a
slurry residue, which was dried under high vacuum. A small amount of this residue was
redissolved in CkCl, (5 mL), and this solution was washed with 2M aqueous NaOH (5 mL)
prior to GC injection. Addition of CECl, (50 mL) to the stirred reaction product led to the
formation of a suspension. The solid was filtered off, then the solid @&ndallation were
treated as appropriate (vide infra) to obtain compod2tisrom the solid and compounds$
andl12afrom the solution.

2.6. Synthesis of compound 6

H,SO,4
Dioxane
{/ \§ N O 0°C
@) )K 30%
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A precooled 90.5% sulfuric acid (5 mL) was added dropwise to a stirred preco&ed
mixture of acetone ( 1.46 mL, 20 mmol), furih44 mL, 20 mmol), and dioxane (30L).

Upon addition of sulfuric acid, the reaction mixture turned red and some preoipitsHti
product was observed. The reaction mixture was stirred overnight at room temperature, then
water (50 mL) was added and the acid was neutralized by a sodium hydroxide aqueous
solution (20%). Crude product was filtered off, washed with water (2mL)Qmethanol (2 x

10 mL) and recrystallized from toluene to give 650 mg (71 % yield) of' colorless needles.

'H NMR (CDCl 3, 218K) / V  -H(3, &, 8, 9, 14, 15, 20, 21)), 1.48 (s, 24 H,
CHs(25, 26, 27, 28, 29, 30, 31, 32));

3¢ NMR (CDCl5) / & &
21)), 36.55 (C(6, 12, 18, 24)), 25.49 (C(25, 26, 27, 28, 29, 30, 31, 32)).

MS calcd for GsH4sN4O 540.38, found 541.4 (M+H)+,

6HH DGGLWLRQDO DQDO\VHVwkKpaddJ. JuckakdnyMNep. Frocedy WDV ] H
Int. 200Q 32

2.7. Synthesis of macrocycle 12a, 12b and 13

10% Pd/C
0.3 equiv.

1 12a 12b 13
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2.7.1. Compound 12b

Compound 12b was prepared according to the general procedure for the large scale
hydrogenation. Therecipitate was dissolved in water (30 mL) and NaOH pellets were added
until pH 14 was reached, whereupon a white solid was formed. The whole was extracted with
CH.Cl, (4 x 30 mL). The organic layers were collected, dried over anhydre@®4< and
filtered, and then the solvent was evaporated to leave a white solid (0.501 g, 24%), from
which 0.489 g (23%) of2bwas obtained in pure form by crystallization from EtOAc.

'H NMR (CDCl3, 298K) / EV  -Hf11,123)), 5.79 (d*J3(8, 11) =*J(9, 11) and
43(20, 23) £J(21, 23) = 2.6 Hz, 2 H, pyrrolid(8, 9, 20, 21)), 3.1:B.04 (m, 4 H, H(2, 5, 13,
16)), 1.761.66 (m, 4 H, Ci{3a, 4a, 14a, 15a)), 1.66 (bs, 2 HH{l, 17)), 1.581.49 (m, 4 H,
CHa(3b, 4b, 14b, 15b)), 1.25 (s, 12 H, &b, 27, 29, 31)), 1£(s, 12 H, CH(26, 28, 30,
32));

3¢ NMR (CDCl5) / & & &
16)), 37.26 (C(6, 12, 18, 24)), 28.28 (C(25, 27, 29, 31)), 26.45 (C(3, 4, 14, 15)), 23.32 (C(26,
28, 30, 32)). MS calcd forgH44N4 436.36, found 437.27 (M+H)+.

Additional analysis is available in the thesis of V. Blangy

2.7.2. Compound 12a

Compound 12a was prepared according to the general procedure for the large scale
hydrogenation. The filtered solution obtained following the precipitation of compbRi(ske
the above procedure) was concentrated to remove CH2CI2. Further EtOAc (5 mL) was then

added, vmereupon compound2a precipitated. Alternatively, the previous filtered solution
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could be submitted to column chromatography on neutral alumina eluting with a
CH2CI2/MeOH mixture (99:1) to give 80 mg (2%) of puza

'H NMR (CDCl 3, 298K) / E \H, N-H(11, 23)), 5.79 (d*J(8, 11) =*J(9, 11) and
3(20, 23) £J(21, 23) = 2.6 Hz, 2 H, pyrrolid(8, 9, 20, 21)), 3.1:B.04 (m, 4 H, H(2, 5 ,13,
16)), 1.761.66 (m, 6 H, CH(23a, 4a, 14a, 15a)), 1.66 (bs, 2 #i(N 17)), 1.481.39 (m, 4
H, CH(23b, 4b14b, 15b)), 1.25 (s, 12 H, GE5, 27, 29, 31)), 1.22 (s, 12 H, g6, 28, 30,
32));

3% NMR (CDCI3) / & &

16)), 37.26 (C(6, 12, 18, 24)), 28.28 (C(25, 27, 29, 31)), 26.45 (C(3, 45)) 23.32 (C(26,
28, 30, 32)). MS calcd for gH4N4 436.36, found 437.27 (M+H)+.

Additional analysis is available in the thesis of V. Blangy

2.7.3. Compound 13

Compound 13 was prepared according to the general procedure for the large scale
hydrogenation.The previously obtained filtered solution was treated with 10% aqueous
N&COs (4 x 20 mL) and brine (50 mL). Extraction with @&, (4 x 30 mL) and standard
work-up gave a yellow oil, from which a solid precipitated upon addition of EtOAc. Filtration
afforded 0.164 g (8%) of compourd@ as a white solid. Alternatively,3 could be purified by
column chromatography on neutral alumina eluting with,CIHEtOAc mixtures (G100%
gradient of CHCIy).
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'H NMR (CDCl3, 298K) /  -2.77 (m, 8 H, @H(2, 5, 7, 10, 13, 16, 19, 22)), 2:205 (m,

4 H, NH(1, 11, 17, 23)), 1.58.48 (m, 8 H, CK(3a, 4a, 8a, 9a, 14a, 15a, 20a, 21a)),-1.32
1.22 (m, 8 H, CK(3b, 4b, 8b, 9b, 14b, 15b, 20b, 21h)), 0.78 (s, 12 Hy(E54 27, 29, 31)),
0.73 (s, 12 H, CK{26, 28, 30, 32)).

3¢ NMR (CDCl5) / & &

(C(3, 4, 8, 9, 14, 15, 20, 21)), 26.30 (C(25, 27, 29, 31)), 11.31 (C(26, 28, 30, 32)). MS calcd
for CygHsoNg 444.42, found 445.(M+H)+.

Additional analysis is available in the thesis of V. Blangy

X-ray: Suitable crystals of compound3 were obtained as colourless rods by slow
evaporation of a solution in methanol. The intensity data were collected at 173K on a Stoe
Image Plate Bfraction System [1] using MoK graphite monochromated radiation. Image
plate distance 70mng, oscillation scans 0 200°, stepA¢ = 1.0°, exposure time 5 minsf 2
range 3.27452.1°, Ghin +0max= 12.45-0.81 A

The structure was solved by Direntethods using the program SHELX%3 [2]. The
refinement and all further calculations were carried out using SHERX[2].

The NH Hatoms could not be located in a difference eleettemsity map and were therefore
included in the equatorial position arefined with distance restraints-il = 0.88(2) A and
Uiso(H) = 1.5U:«N). The Gbound Hatoms were included in calculated positions and treated
as riding atoms using SHELXL default parametergd € 1.0, 0.99 and 0.98 A for CH, GH

& CH3 H-atoms, respeately, with Uss(H) = k x UsC), where k = 1.2 for CH & C}k and

1.5 for CH;, H-atoms. The no#d atoms were refined anisotropically, using weighted- full

matrix leastsquares on 4
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An empirical absorption correction was applied using the MulscanABS eoutiRrLATON

[3]; transmission factors: iy Tmax = 0.9373/1.1146.

The crystal diffracted very weakly beyond ca. 40° # Bence in the final cycles of
refinement the @ limit was restricted to 45°. The high,Rand final R values are in part due
to the poor quality of the crystal. A small residual electron density peak was observed near a
nitrogen atom.

[1] Stoe & Cie (2000). IPD$ Bedienungshandbuch. Stoe & Cie GmbH, Darmstadt, germany.
[2] G. M. Sheldrick. (P08). Acta Cryst. A64, 11222.

[3] Spek, A. L. (2003). J. Appl. Cryst. 36,1B.

Drawing programs:

ORTEP-3: [3] Farrugia, L. J. (1997). J. Appl. Cryst., 30, 565.

Mercury: [4] Macrae, C. F., Edgington, P. R., McCabe, P., Pidcock, E., Shields, G. P.,
Taylor, R., Towler, M. & van de Streek, J. (2006). J. Appl. Cryst. 39;463

PLATON: [5] Spek, A. L. (2003). J. Appl. Cryst. 36;1B.

Compound13 crystallized as a racemate in the centrosymmetric monoclinic space group
P2/c (No. 14). Two of the pyrrolidine rings, involving atoms N2 and N4, have envelope
conformations with the Mitoms at the flap. The other two pyrrolidine rings, involving atoms
N1 and N3, have twisted conformations; on bonds-B12nd N3C6, respectively.

2.8. Synthesis of compound 24*

Compoundl2a (50 mg, 0.11 mmol) and 10% Pd/C (1.16 g, 1 mmol of Pd) were placed in an
autoclave vessel containing AcOH (25 mL). The reaction mixture was kept under a hydrogen
pressure of 100 atm at 100 °C. After 24 h, the autoclave was cooled to room temperature and

the reaction mixture was filtered through a pad of celite, which was washed with AcOH (2x20
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mL) and CHCI, (3 x 25 mL). The combined filtrate and washings were concentrated under

reduced pressure to give a colorless slurry, to whicklGGH25 mL) and 5% ageous NaOH

(15 mL) were added. The resulting mixture was stirred for 5 min. The organic layer was then

separated and the aqueous phase was extracted wiBil, Q3 x 20 mL). The collected

organic layers were washed with brine (25 mL), dried ovw& @, andconcentrated under
reduced pressure. The residue was purified by column chromatograph®s, (Al
CH.Cl,/MeOH, 98/2) to give 35 mg of a white solid.

IR (KBr): 2963.%, 2870.6n, 1467.0n, 1425.Qv, 1383.7n, 1287.Qv, 1258.0v, 1114.1n.

'H NMR (CDCl 3, 233K) / EV  + 1+ EV + 1+ -H), 3.54EV
(bs, 2 H, GH), 2.89 (bs, 2 H, &), 2.63 (bs, 2 H, &), 2.071.94 (m, 8 H, Ch), 1.771.66

(m, 8 H, CH), 1.40 (s, 6 H, Ch), 1.30 (s, 6 H, Ch), 1.92 (s, 6 H, Cl), 1.85 (s, 6 H, CH);

13C NMR (CDCls) / &.1 &.1 &.1 &.1
(C(quat.)), 27.52 (CH), 27.15 (CH), 26.40 (CH), 26.00 (CH), 24.67 (CH), 23.68 (CH),
21.75 (CH), 12.70 (CH).

Melting point: 127°C.

HRMS calcd. for GgHsoN4H™ 445.4265, found 445.4262.
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2.9. Synthesis of compound 25*

CH3SO,H

OH

]\ 0
4O+3 + 1.1
N PN .

35%

25

In a roundbottom flask were introduced pyrrole (10.3 mL, 0.149 mol), acetone (8.22 mL,
0.112 mol) and Hhydroxy-2-pentanone (44 mL, 0.035 mol). The flask was equipped with a
stirring bar and aeflux condenser. The mixture was stirred for 5 minutes at 0°C, then
methane sulfonic acid (0.0745 mL, 11.5 mmol) was added and the mixture was stirred for an
additional 15 minutes. After stirring, GBI, was added and the reaction mixture was basified
with 5% sodium hydroxide and washed with saturated brine. The aqueous layer was extracted
three times with CkCl,. The combined organic layers were dried with sodium sulfate, and
the solvent was removed under vacuum. The residue was purified by column cgrapiay

(SiO,, Cyclohexane/EtOAc, 7/3) to yield 5.8 g (35%) of colorless powder.

IR (KBr): 3450.6n, 3423.1n, 3405.0n, 3320.Qv, 2969.2n, 2930.1v, 2867.5%, 768.4. MS
calcd for GoH4oN4O 472.66, found 473.3 (M+H+), found 495.3 (M+Na)+.

'H NMR (CDCl 3, 298K) / EV -H{, m, 17, 23)), 5.90 (m, 8 H, pyrroli&(3, 4,
8, 9, 14, 15, 20, 21)), 3.52 (f(34, 33) = 6.3 HZJ(34, OH) = 5.4 Hz, 2 H, CiB4)), 1.93
1.89 (m, 2 H, Ck(32)), 1.51 (s, 12 H, CH25, 26, 29, 30)), 1.50 (s, 6 H, G1A7, 29), 1.45
(s, 3 H, CH(31)), 1.431.38 (M, 2 H, CK(33)), 1.10 (t3J(OH, 34) = 5.4 Hz, 1 H, OH);
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3¢ NMR (CDCl3) / DQG & &
(C(22)), 103.98 and 102.99 (C(3, 4, 8, 9, 14, 15, 20, 21)), 63.28 JCBBAJ3 (C(24)), 36.76
(C(32)), 35.35 (C(6, 12, 18)), 29.45 and 29.22 (C(25, 26, 27, 28, 29, 30)), 27.94 (C(33)),
26.48 (C(31)).

Melting point: 228°C.

HRMS calcd. for GoH4oN4O+Na' 495.3100, found 495.3091.

2.10. Synthesis of compound 21

Compound21was isolated as impurity in calix[4]pyrrole by column chromatographyQAl
Cyclohexane/EtOAc, 9/1).

IR (KBr): 3443.%, 2968.5, 2929.8n, 2868.1v, 1715.6n, 1577.3, 1412.9n, 1358.8n,
1230.4n, 1043.4n, 962.3v, 763.8, 726.5n, 699.3n, 514.2v.

'H NMR (CD3CN, 298K) / EV + 1+ EV + 1+

or 7)), 7.53 (bs, 1 H, NH(1 or 7)), 6.44 (dd(8, 9) = 2.5 HZ}J(8, 11) = 2.0 Hz, 1 H,E(8)),
5.86 (dd,2J(20, 21) = 3.3 HZ}J(20, 23) = 2.8 Hz, 1 H,-EI(20 or 21)), 5.84 (dfJ(20, 21) =
3.3 Hz,%J(20, 23) = 2.8 Hz, 1 H,-€(20 or 21)), 5.79 (ddfJ = 3.2 Hz*J = 2.8 Hz, 1 H, €
H(pyrrole)), 5.74 (m, 3 H, @&(pyrrole)), 5.18 (dd®J(11, 9) = 2.8 HZJ(11, 8) = 1.9 Hz, 1 H,
C-H(11)), 1.53 (s, 12 H, C})l, 1.48 (s, 6 H, CH), 1.45 (s, 6 H, Ch);

13C NMR (CD4CN) / DQG
(Cquat), 111.45 (C(8)), 103.27, 103.21, 103.18, 101.89, 101.59, 101.41 and 101.10
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(C(pyrrole)), 34.8734.79, 34.07 (C(6, 12, 18, 24)), 29.30 {LH28.44 (CH), 28.19 (CH),
27.74 (CH).

HRMS calcd. for GgHzgNsNa" 451.2832, found 451.2837.

2.11. Synthesis of compound 274,4 G L -fiyrrol - fyl)pentan-1-ol)

N TFA
H _
)J\/\/OH \ NH HN /

27
In aroundbottom flask were introduced pyrrole (34.88 mL, 0.5 mol) amydroxypentarp-
one (7.36 mL, 68.5 mmol). The flask was equipped with a stirring bar. The mixture was
stirred for 5 minutes, then trifluoroacetic acid (0.52 mL, 6.85 mmol) was addedhand t
mixture was stirred for an additional 15 minutes. After stirring,Clklwas added and the
reaction mixture was basified with 5% sodium hydroxide and washed with saturated brine.
The aqueous layer was extracted two times with@ The combined organilayers were
dried with sodium sulfate, and the solvent was removed under vacuum. The residue was
purified by column chromatography (SiCCyclohexane/EtOAc, 1/1) to yield 9.4 g (63.5%)

of pale yellow crystals.

'H NMR (CDCl 3, 298K) / EV -+ T -6.61(ddd3- 1 ¢ 3. 49

q 4170 1 +] ++ SYUURGIBRddd2- 1 1 +]
g Soayq +]  ++SYUUREBDBKIdd}- 1 =1B.3
Hz,®- 1 1 S | +] ++ S YU U RBEL /d,*J(1, 2) = 6 Hz,

3J(1, OH) =5 Hz, 2 H, CK1)), 2.072.03 (m, 2 H, CK3)), 1.59 (s, 3 H, Ck5)), 1.5:1.43
(M, 2 H, CH(2)), 1.241.20 (t,%](1, OH) =5 Hz, 1 HOH);
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3%C NMR (CDCl3) / & 1 & 1 & 1 & 1
(C(1)), 39.04 (C(4)), 37.35 (C(3)), 28.01 (C(2)), 26.62 (C(5)).
Melting point : 99°C.

MS calcd. for G3H1gN,O 218.14, found 217.13 (M)-.

X-ray: Suitable crystals oR7 were obtained asolorlessblocks by slow evaporation of a
solution indichloromethaneThe intensity data were collected at 173K00°C) on a Stoe
Mark ll-Image Plate Diffraction System [1] equiped with a tguele goniometer andsing

MoK graphite monochromated radiation. Image plate distance 10@matation scans ©

180° at¢ 0°, and 0£15.0° atp 90°, stepAw = 1.5°, exposures of 1 mins per imagé,range

2.29 #59.53°, Ghin *0max= 17.779+0.716 A

The structure was solved by Direct methods using the program SHELXS [2]. The refinement
and all further calculations were carried out using SHEI9L[2].

The OH and NH Kaotms, located in difference electrdansity maps, were freely refined.

The GboundH-atoms were included in calculated positions and treated as riding atoms using

SHELXL default parameters. The néhatoms were refined anisotropically, using weighted

full-matrix leastsquares on %

[1] Stoe & Cie (2004)IPDS| Bedienungshandbuch.& & Cie GmbH, Germany.

[2] Sheldrick, G. M. (2008) Acta Cryst. A64, 1-122.

[3] Spek, A. L. (2009), Acta Cryst. D65, 1485.

[4] Macrae, C. F., Edgington, P. R., McCabe, P., Pidcock, E., Shields, G. P., Taylor, R.,
Towler, M. & van de Streek, J. (2008).Appl. Cryst. 39, 45357.

[5] Westrip, S. P. (2010). J. Appl. Cryst. 43, 92%5b.

6HH DGGLWLRQDO DQDO\VHV LQ 3AngewR Bigm.+int. E200QJLDQG & /

2.12. Synthesis of compound 391
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mCPBA

2.2 equiv.
= CH,Cl,
0°C
6 39 RMN:4555 40 4
60% 28%

To a magneticallystirred 100mL roundbottomed flask containing 0.70 g (1.6 mmol) of
tetramer6 dissolved in 45 mL of CHGlat O °C is addedhCPBA (0.73 g, 3.52 mmol). The
reaction mixture is stirred at 0 °C for 1 h and at 20 °C for an additional 2 hcride
reaction mixture was extracted with three portions of saturated aqueous Mabt€® with
saturated aqueous NacCl, and drying of the organic layer anhydrous,; NEB$Osolvent is
removed in vacuum. The residue was purified by column chromatog(&@y, CH.Cl,
EtOAc, 9/1) to yield 450 mg (60%) of a mixture containing compad@dnd40 as yellow
crystals, and 219 mg (28%) of compoutidas yellow crystals.

2.12.1.Compound 39

'H NMR (CDCl 3, 298K) / V  -H(7, 8, 17, 18)), 6.08 (s, 4 H-B(2, 3, 12, 13)),
1.47 (s, 24 H, CH);

3¢ NMR (CDCl3) / & &
13)), 107.15 (C(7, 8, 17, 18)), 48.35 (C(5, 10, 15, 20)), 23.25)(CH

MS calcd. for GgH3,06 464.2, found 487.2 (M+Na)+
6HH DGGLWLRQDO DQDO\VHV LQJGrg.'Chdndesn PV DQG ( /H*RII
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2.12.2Compound 40

'H NMR (CDCl 3, 298K) / %2, 3) = 11.9 Hz, 2 H,©I(3, 7)), 6.08 (d3J(12, 13) and
(18, 17) = 3.2 Hz, 2 H,-BI(12, 18)), 5.96 (d°J(13, 12) andJ(17, 18) = 3.2 Hz, 2 H,C
H(13, 17)), 5.79 (d33(2, 3) andJ(8, 7) = 11.9 Hz, 2 H, E(2, 8)), 1.61 (s, 6 H, Cs21, 22,
or 25, 26)), 1.55 (s, 12 H, GE23, 24, 27, 28)), 1.22 (s, 6 H, Gi1, 22, or 25, 26));

13C NMR (CDCl3) / C(L or 9)), 197.93 (C(1 or 9)), 159.49 (C(11,19 or 14, 16)),
155.42 (C(11,19 or 14, 16)), 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).

MS calcd. for GgH3,06 464.2, found 487.3 (M+Na)+
6HH DGGLWLRQDO DQDO\WHV LQJXOrg/ChdandasLpdyV DQG ( /H*R]

2.12.3Compound 41

'H NMR (CDCl 5, 298K) / V  -H(7, 8)), 6.50 (d3J(2, 3) andJ(13, 12) = 12.0 Hz,
2 H, GH(2, 13 or 3, 12)), 6.23 (s, 2 H-E(17, 18)), 6.16 (d*J(2, 3) andfJ(13, 12) = 12.0
Hz, 2 H, GH(2, 13 or 3, 12)), 1.46 (s, 12 H, @1, 22, 23, 24 or 25, 26, 27, 28))41 (s, 12
H, CHs(21, 22, 23, 24 or 25, 26, 27, 28));
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3¢ NMR (CDCl5) / & 2 & 2 & 2 &
(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)), 22.61 (§H22.33 (CH).

MS calcd. for GgH3,07 580.2, found 503.3 (M+Na)+
6HH DGGLWLRQDO DQDO\VHV LQJ08rg'Chdand@siplPV DQG ( /H*RI

2.13. Synthesis of compound 42 and 43

Zn (10 equiv.) = [OJN©) =~

—_— > O (@) +

AcOH S 00 =
100°C
42
85% 72%

In a 250mL Erlenmeyer flask is placed 70 mL of glacial acetic acid, in which 1.00 g (2.16
mmol) of a mixture of39 and 40 is dissolved with heating on a hot plate. The flask is
removed from the heat, and while the mixture is still hot, dust (1.4 g, 21.6 mmol) of is
added in portions with efficient swirling so as to prevent bumping. The yellow solution turns
colorless within seconds, and the contents of the flask are allowed to cool. The excess zinc
and precipitated zinc salts are suctiittered and washed with CHEIThe colorless filtrate is
poured into 2 volumes of water, the organic phase removed, and the upper aqueous phase
extracted with more CHGI (2 x 30 mL). The combined organic layers are washed with
water, saturated aqueousiICG;, and brine and dried over anhydrous,8l@&,. The solvent

is removed in vacuum, leaving a colorless solid. The residue was purified by column
chromatography (Si§) CH,Cl,) to yield 927 mg (92%) of a mixture containing compodad

and43 as colorless pmder. The two compounds were separated by successive washed with
80°C ethanol, yielded 377 mg 42 (85%) and 400 mg af3 (72%).

2.13.1Compound 42
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'H NMR (CDCl 3, 298K) / vV -H(7, &, 17, 18)), 2.45 (s, 8 H-B(2, 3, 12, 13)),
1.42 (s, 24 H, Ch);

3¢ NMR (CDCl5) / & & &
18)), 48.78 (C(5, 10, 15, 20)), 30.95 (C(2, 3, 12, 13)), 23.05)CH

MS calcd. for GgH3606 468.25, found 491.5 (M+Na)+
6HH DGGLWLRQDO DQDO\VHV LQJX3Org/ChdrgesipePV DQG ( /H*R|

2.13.2Compound 43

IH NMR (CDCl 3, 298K) / V. -H(12813, 17, 18)), 2.58 (m, 4 H-K&(2, 8 or 3,
7)), 2.43 (m, 4 H, GH(2, 8 or 3, 7)), 1.54 (s, 6 H, GH 1.42(s, 12 H, CH), 1.29 (s, 6 H,
CHa);

3¢ NMR (CDCl3) / & RU & RU

14, 16)), 156.10 (C(11, 19 or 14, 16)), 105.99 (C(12, 18 or 13, 17)), 104.40 (C(12, 18 or 13,
17)), 63.4 (C(5)), 48.57 (C(1@D)), 36.88 (C(15)), 32.14 (C(2, 8 or 3, 7)), 32.11 (C(2, 8 or 3,
7)), 25.76 (CHj), 23.41 (CH)), 20.64 (CH).
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MS calcd. for GgH3606 468.25, found 491.5 (M+Na)+
6HH DGGLWLRQDO DQDO\VHV LQJ08rg'Chdand@siplPV DQG ( /H*RI

2.14. Synthesis of compound 35

Compound35is poorly described in literature, therefore will be fully characterized here.

0 0 ) CHsCOONH,

-
<P o0 O EonrcHe,
(1/1)
60°C
42 84% a5

In a roundbottom flask were introducet? (440 mg, 0.94 mmol) solubilize in chloroform (10

mL) and ethanol (10 mL). Then, AcONKiL.44 g, 18.8 mmol) was added to the solution, and
the mixture was heated at 65°C for 24 h. The solvent was partially removed under vacuum
and the reaction mixture wdidtered off, washed with ethanol and dried under vacuum to

yield 340 mg (84%) 085 as a colorless solid.

IR (KBr): 3448.3, 2972.8, 2935.4n, 1552.9n, 1416.8v, 1236.3n, 1113.4n, 1028.0n,
954.6n, 785.9n, 757.6, 725.8n, 705.%,487.1w.

'H NMR (CDCl 3, 298K) / EV -H{1,23)), 6.04 (s, 4 H,€I(3, 4, 14, 15)), 5.95

(d, %38, 11) =*3(9, 11) andJ(21, 23) =J(21, 23) = 2.7 Hz, 4 H,-EI(8, 9, 20, 21)), 1.54 (s,
24 H, CH);

244



3¢ NMR (CDCl5) / & &
15)), 102.43 (C(8, 9, 20, 21)), 36.25 (C(6, 12, 18, 24)), 27.9Q)(CH
Melting point: 231.2°C.

HRMS calcd. for GgHzaN,O,Na" 453.2512 found 453.2517

X-ray: Suitable crystals oB5 were obtained asolorlessrods byslow evaporation of a
solution in dichloromethanéhe intensity data were collected at 293K (rt) on a Stoe Image
Plate Diffraction System [1] using MoKgraphite monochromated radiation. Image plate
distance 70mm¢ oscillation scans 0 200°, stepA¢ = 1.0°, exposure time 3 minsf) 2ange

3.27 #52.1°, Ghin *0dmax= 12.45- 0.81 A The structure was solved by Direct methods using
the program SHELXS7 [2]. The refinement and all further calculations were carridd ou
using SHELXL-97 [2]. The NH Hatoms were located in a difference Fourier map and freely
refined. The Gound Hatoms were included in calculated positions and treated as riding
atoms: GH = 0.93 and 0.96 A for CH and GHH-atoms, respectively, with &d(H) = k x
Ue(C), where k = 1.5 for CkHH-atoms, and k = 1.2 for all other-&oms. The no#d atoms

were refined anisotropically, using weighted fuiatrix leastsquares on & No absorption
correction was applied. The crystal diffracted weaklypatt2J HDWHU WKDQ U
[1] Stoe & Cie (2004)IPDS| Bedienungshandbuch. Stoe & Cie GmbH, Germany.

[2] Sheldrick, G. M. (2008) Acta Cryst. A64, 1-122.

[3] Spek, A. L. (2009), Acta Cryst. D65, 1485.

[4] Macrae, C. F., Edgington, P. R., McCabe, P., Pidcé&ck Shields, G. P., Taylor, R.,
Towler, M. & van de Streek, J. (2006). J. Appl. Cryst. 39,453.

[5] Westrip, S. P. (2010). J. Appl. Cryst. 43, 92%b.

2.15. Synthesis of compound 36

Compound36is poorly described in literature, therefore will be fudhyaracterized here.
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CH3;COONH,

EtOH, r.t.

91%

36

In a roundbottom flask were introducetB (500 mg, 0.94 mmol) and ethanol (15 mL). Then,
AcONH;, (0.33 g, 4.3 mmol) was added to the slurry, and the mixture was stirred at r.t. for 40
h. The solvent was partially removed under vacuum and the reaction mixture was filtered off,
washed with ethanol and dried under vacuum to yield 417 mg (91%% a$ acolorless

solid.

IR (KBr): 3443.In, 2973.2n, 2935.1v, 1556.4n, 1415.2v, 1364.In, 1240.4n, 1028.4n,
954.2n, 765.0n, 729.8n, 706.4n.

'H NMR (CDCl 5, 298K) / EV -H{7,23)), 5.98 (J(3, 4) andJ(9, 8) = 3.1 Hz,
2 H, GH(3, 9)), 5.95 (d3J(4, 3) and®J(8, 9) = 3.1 Hz, 2 H, Ei(4, 8)), 5.89 (dd3J(14, 15)
and3J(21, 20) = 3.0 HZ}J(14, 17) andJ(21, 23) = 2.8 Hz, 2 H,-B(14, 21)), 5.86 (dd,
3)(15, 14) andi(20, 21) = 3.0 HZJ(15, 17) andJ(20, 23) = 2.8 Hz, 2 H,-6(15, 20)), 1.6
(s, 24 H, CH);

3C NMR (CDCl3) / DQG & TXDW IXUDQ DQG
104.37 and 103.58 (C(furan)), 103.09 and 102.00 (C(pyrrole)), 36.73 (C(6 or 18)), 36.08

(C(12, 24)), 35.35 (C(6 or 18)), 29.75 (§H27.77 (CH), 27.61 (CH), 25.65 (CH).

Melting point: 238.9°C.
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MS calcd. for GgH34N>O, 430.2, found 453.4 (M+Na)+
HRMS calcd. for GgHzsN,O.Na" 453.2512 found 453.2516.

X-ray: Suitable crystals 086 were obtained asolorlessplates byslow evaporation of a
solution in dichloromethaneThe intensity data were collected at 173K00°C) on a Stoe
Mark llI-lmage Plate Diffraction System [1] equiped with a {ewele goniometer and using
MoK graphite monochromated radiatioh £ 0.71073 A) Image plate distancB40mm, o
rotation scans 0151° at¢ 0°, stepAo = 1.0°, exposures of 10 mins per image,

20 range 164 - 50.53, Onin *0max= 24.883- 0.833 A,

The structure was solved by Direct methods using the program SHEEXZ]. The
refinement and all further calculations were carried out using SHERX[2].

The NH Hatoms were located in difference electdmmsity maps. In the final cycles of least
squares refinement they was refined with a distance restrainttéf=ND.87(2) A and J,(H)

= 1.2U((N). The Cbound Hatoms were included in calculated positions and treated as riding
atoms: GH = 0.95 and 0.98 A for CH(aromatic) and £H-atoms, respectivg with Uiso(H)

= k xU(C), where k = 1.2 for CH(aromatic}-&oms and k = 1.5 for GHH-atoms. The non

H atoms were refined anisotropically, using weighted-rditrix leastsquares on % An
empirical absorption correction was applied using the MUL&AB&routine in PLATON [3].

In the final cycles of refinement, in the absence of significant anomalous scattering effects,
the Friedel pairs were mergedandl ~ VHW WR JHUR

[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] Spek, A .L.(2009). Acta Cryst. D65, 14855.

[4] Westrip, S. P. (2010). J. Appl. Cryst. 43, 92Zb.

2.16. Synthesis of compound 44*
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Hy
100 bars
Pd/C 10%
0.3 equiv.

70%
35 (95% pure) 44

Compound35 (200 mg, 0.46 mmol) and Pd/C 10% (158 mg, 0.15 mmol) were placed in a test
tube (125 x 15 mm) containing a small cross stirring bar. AcOH (5 mL) was added and the
test tube was placed inside an autoclave vessel containing AcOH (25 mL). The autoclave was
closed, put under magnetic stirring, filled with hydrogen (100 atm), and heated at 100°C for
24 h. After cooling to room temperature, the reaction mixture was filtered through celite and
the solid was washed with AcOH (2 x 5 mL) and successivelyOGH5 mL) and EtOAc (5

mL). The combined filtrate and washings were concentrated under reduced pressure to give
colorless slurry, to which EtOAc (50 mL) and 5% aqueous NaOH 5% (20 mL) were added.
The resulting mixture was stirred for 5 min. The organic layer thas separated and the
agueous phase was extracted with EtOAc (2 x 20 mL). The collected organic layers were
washed with brine, dried over,&O;, and concentrated under reduced pressure. The residue
was purified first by recrystallization in EtOAc. Therethesidue was purified by successive
washed with warm THF and finally recrystallized in EtOAc to yield 142 mg (70%) of

compound44.

IR (KBr): 3368.3n, 2973.5, 2870.4, 2822.5, 2639.8n, 1611.4v, 1575.Qv, 1469.G,
1398.6, 1370.3, 1334.9n, 1284.Mm, 1212.1n, 1061.6, 932.1M, 869.Mm, 783.4n, 529.5m.
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'H NMR (CDCl 3, 218K) / V  -H(2, &, 13, 16)), 2.77 (s, 4 H/B(7, 10, 19, 22)),
2.32 (m, 2 H, NH(11, 23)), 1.60 (m, 4 H, &Ba, 4a, 14a, 15a)), 1.44 (m, 8 H, £Bb, 4b,
14b, 15b, 8a, 9a, 20a1a)), 1.22 (m, 4 H, Ci8b, 9b, 20b, 21b)), 0.71 (s, 12 H, &6, 28,
30, 32)), 0.68 (s, 12 H, GkB5, 27, 29, 31));

13C NMR (CDCl3) / & & &
24)), 26.93 (C(3, 4, 14, 15)), 26.52 (C(8, 9, 20, 21)), 25.11 (C(25, 27, 29, 31)), 11.70 (C(26,
28, 30, 32))H NMR (CDCk o V  -H(2, 5813, 16)), 2.79 (s, 4 H-B(7,

10, 19, 22)), 2.27 (m, 2 H, NH(11, 23)), 1.63 (m, 4 H,»@34, 4a, 14a, 15a)), 1.50 (m, 4 H,
CHa(3b, 4b, 14b, 15b)), 1.44 (m, 8 H, @Ba, 9a, 20a, 21a)), 1.26 (m, 4 H, £8b, 9b, 20b,
21b)), 0.76 (s, 12 H, C}R6, 28, 30, 32)), 0.72 (s, 12 H, €5, 27, 29, 31))*C NMR
(CDCl;  / & & &

(C(3, 4, 14, 15)), 26.08 (C(8, 9, 20, 21)), 25.00 (C(25, 27, 29, 31)), 11.82 (C(26, 28, 30, 32)).

HRMS calcd. for GgHsgN,O,H" 447.3945found 447.3941.

X-ray: Suitable crystals o#14 were obtained asolorlessrods by recrystallization from
EtOAc. The intensity data were collected at 173K00°C) on a Stoe Mark-Image Plate
Diffraction System [1] equiped with a tweoircle goniometerand using MoK graphite
monochromated radiatiof. € 0.71073 A). Image plate distance 130mnrptation scans ©

f DW 3 f OOQmW 3 Ay =Y. Hosures of 10 mins per imageérange
1.76-52.59°, Ghin *0max= 23.107- 0.802 A
The structure was solved by Direct methods using the program SHEEXZ]. The
refinement and all further calculations were carried out using SHERX[2].
Crystal is a nonrmerohedral TWIN with a 180° rotation about the ¢ axis [batch scale
factor, BASF = 0.46390]
The molecule is totally disordered with the N and O positions occupying alternative
sites: O1/N3, O2/N4 ,03/N1 and O4/N2 with occupancies of 0.67295/0.32705,
0.73801/0.26199, 0.68578/0.31422 and 0.711/0.289, respectively.
The NH and CH Hatams were located in difference Fourier maps and were refined as riding
atoms with Uiso(H) = 1.2k(N, C). The remainder of the -Bkoms were included in
calculated positions and treated as riding atombt €0.99 and 0.98 A for CHand CH H
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atoms, respeately, with Uso(H) = 1.2U¢(C) for CH, H-atoms and = 1.5Ueq(C) for GHH-
atoms.

[1] Stoe & Cie. (2009)X-Area V1.52 & XRED32 V1.48 Softwar&toe & Cie GmbH,
Darmstadt, Germany.

[2] Sheldrick, G. M. (2008) Acta Cryst. A64, 1-122.

[3] Spek, A .L.(2009). Acta Cryst. D65, 14855.

[4] Westrip, S. P. (2010). J. Appl. Cryst. 43, 92725.

2.17. Synthesis of compound 46*

H,
100 bars

—_—

Pd/C 10%
0.3 equiv.

d.r. 30%
36 46

Compound35 (180 mg, 0.42 mmol) and Pd/C 10% (143 mg, 0.13 mmol) were placed in a test
tube (125 x 15 mm) containing a small cross stirring bar. AcOH (5 mL) was added and the
test tube was placed inside an autoclave vessel containing AcOH (25 mL). The autoclave was
closed, put under magnetic stirring, filled with hydrogen (100 atm), and heated at 100°C for
24 h. After cooling to room temperature, the reaction mixture was filtered through celite and
the solid was washed with AcOH (2 x 5 mL) and successivelyOGH5 mL) and EtOAc (5

mL). The combined filtrate and washings were concentrated under reduced pressure to give
colorless slurry, to which EtOAc (50 mL) and 5% aqueous NaOH 5% (20 mL) were added.
The resulting mixture was stirred for 5 min. The organic layer thas separated and the
aqueous phase was extracted with EtOAc (2 x 20 mL). The collected organic layers were
washed with brine, dried over,&O;, and concentrated under reduced pressure. The residue
was purified by successive recrystallization in EtOAyitdd 21 mg (15%) of compoungb

in 80% purity.
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'H NMR (CDCl 3, 298K) / EV + 1+ RU EV + 1+ RU
4 H, GH(13, 16, 19, 22)), 3.39 (m, 4 H-E(2, 5, 7, 10)), 2.05 (m, 4 H, GI8a, 4a, 8a, 9a)),

1.95 (m, 4 H, Ci(3b, 4b, 8b, 9b)), 1.76 (m, 4 H, GH4a, 15a, 20a, 21a)), 1.58 (m, 4 H,
CHa(14b, 15b, 20b, 21b)), 1.36 (s, 12 H, £26, 28, 30, 32)), 0.86 (s, 12 H, @5, 27, 29,

31));

13C NMR (CDCl3) / & & 2,18, 24)), &
25.91 (C(14, 15, 20, 21)), 25.67 (C(25, 27, 29, 31)), 23.38 (C(3, 4, 8, 9)), 13.76 (C(26, 28, 30,
32)).

HRMS calcd. for GgHsoN,O,H"447.3945, found 447.3947 (M+Na)+.

X-ray: Suitable crystals ofi6 were obtained as colourless plat®s recrystallization from
EtOAc. The intensity data were collected at 173K00°C) on a Stoe Mark-Image Plate
Diffraction System [1] equiped with a tworcle goniometer and using MoKgraphite
monochromated radiatioi € 0.71073 A). Image plate distee 130mmg rotation scans ©

f DW 3 f- DQBW 3 /fo =VIWH&posures of 4 mins per image,range
1.76-52.59°, Ghin *0max= 23.107-0.802 A
The structure was solved by Direct methods using the program SHEEXR]. The
refinement and all further calculations were carried out using SHERX[2].
The NH Hatoms were located in difference Fourier maps and refined with distance restraints
(N-H = 0.87(2) A) and Uso(H) = 1.2U«N). The CH Hatoms were also located in a
difference Fourier map and were refined isotropically withH) = 1.2U(C). The
remainder of theéd-atoms were included in calculated positions and treated as riding atoms:
C-H = 0.99 and 0.98 A for Cyand CH, respectively, with lb(H) = k x Ue(parent Gatom),
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where k = 1.5 for CklH-atoms and k = 1.2 for other-&toms.The nonH atoms were refined

anisotropically, using weighted fufhatrix leastsquares on %

The molecule is totally disordered with the N and O positions occupying alternative
sites: O1/N1, O2/N2 ,03/N3 and O4/N4 with occupancies of 0.60309/0.39691,
0.55757/0.44243, 0.38804/0.61196 and 0.54532/0.45468, respectively.

[1] Stoe & Cie. (2009)X-Area V1.52 & XRED32 V1.48 Softwar&toe & Cie GmbH,
Darmstadt, Germany.

[2] Sheldrick, G. M. (2008) Acta Cryst. A64, 1122.

[3] Spek, A .L.(2009). Acta Cryst. D65, 14855.

[4] Westrip, S. P. (2010). J. Appl. Cryst. 43, 9275b.

2.18. Synthesis of compound 7a and 7b

Compound/a and 7b are poorly described in literature, therefore they will be fully

characterized here.

Compoundb (200 mg, 0.46 mmol) and Pd/C 10% (158 mg, 0.15 mmol) were placed in a test
tube (125 x 15 mm) containing a small cross stirring bar. AcOH (5 mL) was added and the
test tube was placed inside an autoclave vessel containing AcOH (25 mL). The autoclave was
closed, put under magnetic stirring, filled with hydrogen (100 atm), and heated at 100°C for
24 h. After cooling to room temperature, the reaction mixture was filtered through celite and
the solid was washed with AcOH (2 x 5 mL) and successivelyGGH2 x 5 mL). The
combined filtrate and washings were concentrated under reduced pressure to give colorless
slurry, to which CHCI, (50 mL) and 5% aqueous NaOH 5% (20 mL) were added. The
resulting mixture was stirred for 5 min. The organic layer was then segamadl the aqueous

phase was extracted with @, (2 x 20 mL). The collected organic layers were washed with

252



brine, dried over KCOs, and concentrated under reduced pressure. The residue was purified
by column chromatography (SiOToluene/cyclohexane ?/3o yield 68 mg (33%) of
compound/aand 73 mg (35%) of compourTdb.

2.18.1.Compound 7a

IR (KBr): 2970.%, 2875.%n, 2818.Tn, 1472.%n, 1393.3n, 1376.Qv, 1083.8, 1042.5,
980.2m, 883.3n, 556.3n.

'H NMR (CDCl 3, 218K) / P -H(285, 13, 16)), 3.46m, 4 H, GH(7, 10, 19,
22)), 2.31 (m, 4 H, Ck{3b, 4b, 14b, 15h)), 1.60 (m, 4 H, &Ba, 9a, 10a, 21a)), 1.56 (m, 4
H, CHx(3a, 4a, 14a, 15a)), 1.42 (m, 4 H, £8b, 9b, 10b, 21b)), 0.94 (s, 12 H, &BB, 27,
29, 31)), 0.82 (s, 12 H, GK26, 28, 30, 32));

13C NMR (CDCl3) / & & &
26.69 (C(3, 4, 14, 15)), 26.68 (C(25, 27, 29, 31)), 25.93 (C(8, 9, 10, 21)), 17.55 (C(26, 28,
30, 32)).

Melting point: 191.5.2°C.

HRMS calcd. for GgHsgOsNa" 471.3445 found 471.3442.

X-ray: Suitable crystals o¥Va were obtained asolorlessplates byslow evaporation of a
solution in dichloromethand he intensity data were collected at 173K00°C) on a Stoe

Mark ll-Image Plate Diffraction System [1] @éged with a twecircle goniometer and using

MoK graphite monochromated radiatioh £ 0.71073 A). Image plate distance 130mn,
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rotation scans ©180° at¢ 0° and O- 103° at¢ 90°, stepAow = 1.0°, exposures of 3 mins per
image, ® range 1.76 52.59°, Ghin *0max= 23.107- 0.802 A

The structure was solved by Direct methods using the program SHBEEXR]. The
refinement and all further calculations were carried out using SHEQX|[2].

The Gbound Hatoms were included in calculated positions ardted as riding atoms:=-i&

= 1.0, 0.99, 0.98 A for CH(methine), CH(methyl) and CH(methylena}dths, respectively,
with Uiso(H) = k x Us(parent Gatom), where k = 1.5 for H(methyl) and 1.2 for all other H
atoms. The noid atoms were refined anisotropilgal using weighted futmatrix least
squares on ¥ An empirical absorption correction was applied using the MULscanABS
routine in PLATON [3]. The molecular structure and crystallographic numbering scheme are
illustrated in Figure 1 (displacement ellips®iare drawn at the 50% probability level).

[1] Stoe & Cie (2000). IPD$ Bedienungshandbuch. Stoe & Cie GmbH, Darmstadt, germany.
[2] G. M. Sheldrick. (2008). Acta Cryst. A64, 1122.

[3] Spek, A. L. (2003). J. Appl. Cryst. 36,1B8.

[4] Westrip, S. P. (2010). J. Appl. Cryst. 43, 92%5b.

Drawing programs:

ORTEP-3: [3] Farrugia, L. J. (1997). J. Appl. Cryst., 30, 565.

Mercury: [4] Macrae, C. F., Edgington, P. R., McCabe, P., Pidcock, E., Shields, G. P.,
Taylor, R., Towler, M. & van de 8tek, J. (2006). J. Appl. Cryst. 39, 4837.

PLATON: [5] Spek, A. L. (2003). J. Appl. Cryst. 36,1B.

2.18.2Compound 7b

15 14

IR (KBr): 2965.%, 2875.0n, 2821.6n, 1468.9n, 1396.4v, 1371.3v, 1081.6, 995.5n,
884.5n, 531.9n.
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'H NMR (CDCl 3, 298K) / 3J@E6, 15a) andi(7, 8b) = 9.2 HZAJ(16, 15b) andJ(7,
8a) = 6.8 Hz, , 2 H, &i(7, 16)), 3.57 (ddJ(10, 9b) andJ(13, 14a) = 9.8 HZ)(10, 9a) and
33(13, 14b) = 6.5 Hz, 2 H,-B(10, 13)), 3.37 (dd®J(19, 20a) andJ(5, 4b) = 9.4 HAJ(19,
20b) and®J(5, 4a) = 6.7 Hz, 2 H,-EBI(5, 19)), 3.26 (dd*J(2, 3b) andJ(22, 21a) = 11.4 Hz,
3J(2, 3a) andJ(22, 21b) = 4.2 Hz, 2 H,-6(2, 22)), 2.31 (m, 2 H, CK20, 4)), 1.97 (quint.,
33(3b, 2) and’J(21a, 22) = 11.2 HZJ(3b, 3a) andJ(21a, 21b) = 11.2 HZJ(3b, 4) and
3)(21a, 20) = 11.2 Hz, 2 H, G@b, 21a)), 1.65 (m, 2 H, Gk8, 15)), 1.59 (m, 2 H, C¥3a,
21b)), 1.58 (m, 2 H, CH9, 14)), 1.50 (m, 2 H, CH8, 15)), 1.44 (m, 2 H, C}20, 4)), 1.40
(m, 2 H, CH(9, 14)), 1.05 (s, 6 H, C}B1, 32)), 0.92 (s6 H, CH(25, 30)), 0.81 (s, 6 H,
CHs(26, 29)), 0.73 (s, 6 H, CfR7, 28));

3¢ NMR (CDCl5) / & & &

38.08 (C(6, 18)), 37.90 (C(24)), 37.82 (C(12)), 27.42 (C(4, 20)), 27.16 (C(31, 32)), 26.27
(C(25, 30)), 26.11 (C(3, 21)), 25.92 (C(8, 15)), 23.93 (C(9, 14)), 17.73 (C(26, 2B} 17.
(C(27, 28)).

Melting point: 197.4°C.
HRMS calcd. for GgHagOsNa" 471.3445 found 471.3443

X-ray: Suitable crystals ofb were obtained asolorlessplates byslow evaporation of a
solution in dichloromethaneThe intensity data were collected at K7@100°C) on a Stoe
Mark Il-Image Plate Diffraction System [1] equiped with a {guele goniometer and using
MoK graphite monochromated radiatiogh £ 0.71073 A). Image plate distance 130mm,
rotation scans ©180° aty 0° and O- 180° atd 90°, stepAm = 1.2°, exposures of 9 mins per
image, ® range 1.76 52.59°, Ghin *0max= 23.107- 0.802 A

The structure was solved by Direct methods using the program SHEEXZ]. The
refinement and all further calculations were carried out using SHERX|[2].

The Gbound Hatoms were included in calculated positions and treated as riding atefhs: C
= 1.0, 0.99, 0.98 A for CH(methine), CH(methyl) and CH(methylena}dths, respectively,
with Uiso(H) = k x Us(parent Gatom), where k = 1.5 for H(methyl) and2for all other H
atoms. The noitd atoms were refined anisotropically, using weighted-raltrix least

squares on ¥ An empirical absorption correction was applied using the MULscanABS
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routine in PLATON [3]. In the final cycles of leastjuares refinemérnhe 2 limit was held

DW U WKH FU\WWDO GLIIUD® téspiBe &poBuxed® df & mMinFer Gnagd) L Q
and for this reason a high,Rvalue > 0.10 was observed.

[1] Stoe & Cie (2000). IPD$ Bedienungshandbuch. Stoe & Cie GmbH, Darmstaatngny.

[2] G. M. Sheldrick. (2008). Acta Cryst. A64, 1:122.

[3] Spek, A. L. (2003). J. Appl. Cryst. 36,1B.

[4] Westrip, S. P. (2010). J. Appl. Cryst. 43, 92%5b.

Drawing programs:
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Mercury: [4] Macrae, C. F., Edgington, P. R., McCabe, P., Pidcock, E., Shields, G. P.,
Taylor, R., Towler, M. & van de Streek, J. (2006). J. Appl. Cryst. 3944573

PLATON: [5] Spek, A. L. (2003). J. Appl. Cryst. 36,1B.

2.19. Synthesis of compound 47* and8

Compound47is poorly described in literature, therefore it will be fully characterized here.

2.19.1Compound 47*
To a magneticallystirred 1000mL roundbottomed flask containing 0.5 g (1.1 mmol) of
tetramer6 dissolved in30 mL of CHC} at 0 °C is addedhCPBA (0.57 g, 1.21 mmol). The
reaction mixture is stirred at 0 °C for 1 h and at 20 °C for an additional 2 h. The crude
reaction mixture was extracted with three portions of saturated aqueous Mabi€® with
saturated ageous NaCl, and drying of the organic layer anhydrous NYa®ke solvent is
removed in vacuum. The residue was submitted to the next step without further purification.
In a 250mL Erlenmeyer flask is placed 40 mL of glacial acetic acid, in which the eemdu
dissolved with heating on a hot plate. The flask is removed from the heat, and while the

mixture is still hot, of zinc dust (1 g, 11 mmol) is added in portions with efficient swirling so
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as to prevent bumping. The yellow solution turns coloné#sn seconds, and the contents of

the flask are allowed to cool. The excess zinc and precipitated zinc salts are suction filtered
and washed with CHgl The colorless filtrate is poured into 2 volumes of water, the organic
phase removed, and the uppeueaus phase extracted with more CEHQ2 x 15 mL). The
combined organic layers are washed with water, saturated aqueous Bah@d®rine and

dried over anhydrous N&80O,. The solvent is removed in vacuum, leaving a colorless solid.
The residue was purifieby column chromatography (SiGryclohexane/EtOAc 9/1) to yield

143 mg (28%) of compoundl as a colorless powder.

IR (KBr): 3420.bs 2978.3n, 2937.4n, 1711.4, 1552.0n, 1469.8n, 1260.3n, 1022.3,
954.6m, 778. 1M, 709.64v.

'H NMR (CDCl 3, 298K) / V  -H(fur@n)), 6.01 (s, 1 H, E(furan)), 2.17 (s, 4 H,
CH»(19, 20)), 1.55 (s, 12 H, Gk23, 24, 25, 26)), 1.37 (s, 12 H, €BR1, 22, 27, 28));

3 NMR (CDCl5) / & 2 & TXDW IXUDQ & TXDW
(C(quatfuran)), 106.30 (C(furan)), 104.81 (C(furan)), 104.29 (C(furan)), 49.05 (C(meso)),
36.97 (C(meso)), 32.06 (C(19, 20)), 25.76 (C(23, 24, 25, 26)), 22.86 (C(21, 22, 27, 28)).

Melting point: 106.8°C.

MS calcd. for GgH3405 450.24, found 473.4 (M+Na)+.
HRMS calcd. for GgH340sNa" 473.2298 found 473.2291(M+Na)+.

2.19.2Compound 48
In a roundbottom flask were introducedl7 (130 mg, 0.29 mmol) and ethanol (3 mL). Then,

AcONH;, (35 mg, 0.43 mmol) was added to the slurry, and the mixture was stirred at r.t. for
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40 h. The solvent was partially removed under vacuum and the reaction mixture was filtered
off, washed with ethanol and dried under vacuum to yield 112 mg (9028 ax a colorless
solid.

IR (KBr): 3445.5n, 2973.2n, 2936.4v, 1557.3n, 1449.8v, 1364.1n, 1262.8n, 1027.9n,
955.1m, 778.3n, 760.0n, 731.3n, 706. M.

IH NMR (CDCl 3, 298K) / EV  -H{3)], 5.98 (m, 6 H, &(furan)), 5.82(d*J(20,
23) =%3(21, 23) = 2.7 Hz, 2 H,4B(20, 21)), 1.55 (s, 12 H, G} 1.52 (s, 12 H, Cl);
13C NMR (CDCly) / DQG & TXDW S\UUROH

and 103.54 (C(furan)), 101.71 (C(20, 21)), 36.96 (C(6, 12 or 18, 24)), 36.22 (C(6, 12 or 18,
24)), 28.15 (Ch), 26.22 (CH).

Melting point : 221.6°C.

MS calcd. for GgH33NO3 431.2,found 454.4 (M+Na)+.
HRMS calcd. for GgH3sNOs+Na'" 454.2354, found 454.2356.

2.20. Synthesis of compound 49* and 50*

258



2.20.1.Compound 49*
Compound48 (77 mg, 0.18 mmol) and Pd/C 10% (68 mg, 0.63 mmol) were placed in a test
tube (125 x 15 mm) containing a small cross stirring bar. AcOH (10 mL) was added and the
test tube was placed inside an autoclave vessel containing AcOH (25 mL). The autoclave was
closed, put under magnetic stirring, filled with hydrogen (100 atm), and heated at 100°C for
24 h. After cooling to room temperature, the reaction mixture was filtered through celite and
the solid was washed with AcOH (2 x 5 mL) and successivelyQGH2 x 5 mL). The
combined filtrate and washings were concentrated under reduced pressure to give colorless
slurry, to which CHCI, (50 mL) and 5% aqueous NaOH 5% (20 mL) were added. The
resulting mixture was stirred for 5 min. The organic layer was thesrated and the aqueous
phase was extracted with @El, (2 x 20 mL). The collected organic layers were washed with
brine, dried over KCOs, and concentrated under reduced pressure. The residue was purified

first recrystallization in EtOAc to yield 62 mg&%) of compound!O.

IR (KBr): 2967.%, 2873.5, 2820.2n, 2671.4v, 1469.9n, 1391.%, 1374.6n, 1361.0n,
1085.%, 1071.5, 1042.3, 999.9n, 981.0n

'H NMR (CDCl 3, 233K) / P - P -+ .28 = +
C-+ .2 P -+ . & P -+ . & P -+ .®& 211

(m, 4 H, CH), 1.661.30 (m, 12 H, Ch), 0.96 (s, 6 H, Ch), 0.94 (s, 3 H, CK(27, 28)), 0.82

(s, 3H,CHs), 0.81 (s, 3H, Ch), 0.80 (s, 6 H, CH), 0.79 (s, 3 H, Cb);

13C NMR (CDCl3, 233K) / & .2 & .2 & .2 & .
& .2 & .2 & .1 & .1 & PHV
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(C(meso)), 39.15C(meso0)), 38.76 (C(meso)), 28.94, 27.32, 26.77, 26.74, 26.33, 26.26,
26.13, 26.03, 26.00, 25.85 (©)}18.89, 17.89, 17.71, 17.46 (gH

Melting point: 243°C.
HRMS calcd. for GgH4dNOsH" 448.3785, found 448.3786.

2.20.2Compound 50*
The amides0was prepared according to the general procedure (I) from comgéy6& mg,
1.14 mmol), acetyl chloride (11.8 uL, 0.19 mmol), potassium carbonate (23 mg, 0.16 mmol)
in THF (4 mL) and ACN (2 mL). The residue was purified by column chromatography
(Al203, CH.Clo/MeOH, 99/1) to yield 31.2 mg (46%) of compousfdlas a colorless powder.

IR (KBr): 3435.6 broad m 2967.4, 2873.Tn, 2821.Qv, 1651.1v, 1470.0n, 1392.In,
1374.6v, 1361.8v, 1085.3, 1071.6, 1042.8n, 999.8v, 981.6v, 554 .4v.

'H NMR (CDCl3, 298K) / GJEL0, 9b) andd(19, 20b) = 10.9 HZJ(10, 9a) and
33(19, 20a) = 4.9 Hz, 2 H,-B(10, 19)), 3.91 (m, 2 H, EI(2, 5)), 3.86 (t3J(7, 8a) andJ(22,
21a) = 7.7 Hz3J(7, 8b) and 3J(22, 21b) = 7.7 Hz, 2 HH(7, 22)), 3.54 (m, 2 H, €I(13,
16)), 2.52 (m, 2 H, CK{3, 4)), 2.36 (m, 2 H, CK{14, 15)), 2.23 (s, 3 H, GH -1.55
(m, 10 H, CH(3, 4, 8, 9,14, 15, 20, 21)), 1.39 (m, 2 H, &H..03 (s, 6 H, CK(25, 31 or 26,
32)), 1.00 (s, 6 H, Ck25, 31 or 26, 32)), 0.99 (s, 6 H, &7, 290r 28, 30)), 0.87 (s, 6 H,
CHs(27, 29 or 28, 30));

3C NMR (CDCl3) / & 7 2 & &
19)), 70.68 (C(2, 5)), 41.52 (C(6, 24)), 39.24 (C(12, 18)), 28.80 (C(3, 4)), 27.10 (C(27, 29 or
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28, 30)), 27.02 (Ch), 26.02 (CH & & 1 &
32)), 20.88 (C(25, 31 or 26, 32)), 17.30 (C(27, 29 or 28, 30)).

Melting point: 211°C.
HRMS calcd. for GoHs;NO4Na' 512.3710, found 512.3712.

X-ray: Suitable crystals ob0 were obtained as colorless rods by slow evaporation of a
solution in dichloromethane. The intensity data were collected at 1-28K°C) on a Stoe
Mark ll-Image Plate Diffraction System [1] equiped with a {guele goniometer and using
MoKa graphite monochronted radiation X = 0.71073 A). Image plate distance 130mn,
rotation scans ©180° atp 0°, 0- 17° at¢ 0°, stepAw = 1.0°, exposures of 5 mins per image,
20 range 1.76 52.59°, Ghin *0max= 23.107- 0.802 A

The structure was solved by Direct mathousing the program SHELX® [2]. The
refinement and all further calculations were carried out using SHERX[2].

The NH Hatom was located in a difference electdemsity map and was refined freely. The
C-bound Hatoms were included in calculatedsitions and treated as riding atomsHG=
0.95 and 0.98 A for CH(aromatic) and g Hespectively, with W(H) = k x Ue(parent G
atom), where k = 1.5 for GHH-atoms and k = 1.2 for all other&toms.

The nonrH atoms were refined anisotropically, usimgighted fullmatrix leastsquares on
F2.

[1] Stoe & Cie (2000). IPD$ Bedienungshandbuch. Stoe & Cie GmbH, Darmstadt, germany.
[2] G. M. Sheldrick. (2008). Acta Cryst. A64, 1:122.

[3] Spek, A. L. (2003). J. Appl. Cryst. 36,18.

[4] Westrip, S. P.Z2010). J. Appl. Cryst. 43, 92925.
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2.21. Synthesis of compound 51
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In a 250mL Erlenmeyer flask is placed 35 mL of glacial acetic acid, in whichr89{0.62

mmol) of compoundtlis dissolved with heating on a hot plate. The flask is removed from
the heat, and while the mixture is still hot, 0.4 g (10 equiv) of zinc dust is added in portions
with efficient swirling so as to prevent bumping. The yellsslution turns colorless within
seconds, and the contents of the flask are allowed to cool. The excess zinc and precipitated
zinc salts are suction filtered and washed with GHThe colorless filtrate is poured into 2
volumes of water, the organic phasmoved, and the upper aqueous phase extracted with
more CHCY4, (2 x 15 mL). The combined organic layers are washed with water, saturated
agueous NaHC$ and brine and dried over anhydrous,8l&,. The solvent is removed in

vacuum, leaving 303 mg (quantf)acolorless solid.

'H NMR (CDCl 3, 298K) / V. -H(17&18)), 2.66 (s, 4 H,<BI(7, 8)), 2.59 (m, 8 H,
C-H(2, 3, 12, 13)), 1.47 (s, 6 H, G@1, 22, 23, 24 or 25, 26, 27, 28)), 1.37 (s, 12 H(@H
22,23, 24 or 25, 26, 27, 28));

13C NMR (CDCl3) / & 2 & 2 & 2 &
(C(17, 18)), 62.01 (C(15, 20)), 48.78 (C(5, 10)), 32.69 (C(7, 8)), 32.05 (C(2, 3, 12, 1)3), 23.44
(CHg), 20.98 (CH).

MS calcd. for GgH307 486.2, found 509.5 (M+Na)+.
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2.22. Synthesis of compound 54*

(@)
H, H
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51 54

2.22.1.Compound 53*
Compounds1 (200 mg, 0.41 mmol) and Pd/C 10% (35 mg, 0.03 mmol) were placed in a test
tube (125 x 15 mm) containing a small cross stirring bar. AcOH (7 mL) was added and the
test tube was placed inside an autoclave vessel containing AcOH (25 mL). The autoclave was
closed, put under magnetic stirring, filled with hydrogen (40 atm), and heated at 50°C for 6 h.
After cooling to room temperature, the reaction mixture was filtered through celite and the
solid was washed with AcOH (2 x 5 mL) and successivelyy@H(2 x 10 mL). The
combined filtrate and washings were concentrated under reduced pressure to give colorless
slurry, to which CHCI, (50 mL) and 5% aqueous NaOH 5% (20 mL) were added. The
resulting mixture was stirred for 5 min. The organic layer was then separatéble aqueous
phase was extracted with @El, (2 x 30 mL). The collected organic layers were washed with
brine, dried over KCOs, and concentrated under reduced pressure. The residue was purified
by recrystallization in ethanol to yield 187 mg (93%) ofnpounds3.
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IR (KBr): 2982.3n, 2942.In, 2865.6v, 1719.3, 1701.8, 1469.7, 1399.%n, 1366.3n,
1077.0n, 1048.3n, 579.1w.

'H NMR (CDCl 3, 298K) / P -H(1& 19)), 2.9€.64 (m, 8 H, CH(2, 3, 12, 13)),
2.58 (M, 4 H, CK(7, 8)), 1.80 (M, 2 HCHx(17, 18)), 1.60 (m, 2 H, C#ll7, 18)), 1.37 (s, 6
H, CHs(21, 24 or 22, 23)), 1.36 (s, 6 H, G&I1, 24 or 22, 23)), 1.05 (s, 6 H, GB15, 28, or
26, 27)), 1.03 (s, 6 H, GfR5, 28, or 26, 27));

13C NMR (CDCl3) / & 2 & RU 2

4, 11) =0), 83.96 (C(16, 19)), 62.06 (C(5, 10)), 49.99 (C(15, 20)), 32.94 (C(7, 8)), 32.45 (C(2,
3, 12, 13)), 25.64 (C(17, 18)), 23.25 (C(25, 28, or 26, 27)), 21.43 (C(21, 24 28}, 21.16
(C(21, 24 or 22, 23)), 16.99 (C(25, 28, or 26, 27)).

Melting point: 123.7°C.
HRMS calcd. for GgH4:NaO;" 513.2823, found 513.2825 .

2.22.2Compound 54*
In a roundbottom flask were introduces3 (100 mg, 0.20 mmol) and ethanol (10 mL). Then,
AcONH, (141 mg, 1.8 mmol) was added to the slurry, and the mixture was stirred at 80°C for
6 h. After cooling, CHCI, (50 mL) was added and the reaction mixture was basified with 5%
sodium hydroxide and wasthevith saturated brine. The aqueous layer was extracted three
times with CHCI, (10 mL). The combined organic layers were dried with sodium sulfate, and
the solvent was removed under vacuum. The residue was purified by column chromatography
(SiO,, CHCIy) to yield 69 mg (78%) of colorless powder.

Hor—\ H 2
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IR (KBr): 3547.0m, 3300.4n, 2969.3, 2927.8n, 2869.2n, 1579.M, 1466.2n, 1357.1In,
1243.9n, 1073.8n, 1045.4, 767.4, 706.1In, 479.8v.

'H NMR (CDCl 3, 298K) / EV  + 1+ EV  + 14)14,
17) and*J(15, 17) = 2.5 Hz, 2 H,-€I(14, 15)), 5.93 (m, 2 H, €I(8, 21 or 9, 20)), 5.79 (m, 2
H, C-H(8, 21 or 9, 20)), 3.74 (m, 2 H,-B(2, 5)), 1.80 (m, 2 H, CK{3, 4)), 1.63 (m, 2 H,
CHy(3, 4)), 1.59 (m, 6 H, CH3(27, 30 or 28, 29)), 1.58 (m, 6 Hg(@H 30 or 28, 29)), 1.18
(m, 6 H, CH(25, 32 or 26, 31)), 1.05 (m, 6 H, GId5, 32 or 26, 31));

3¢ NMR (CDCl3) / & & RU &
19)), 103.97 (C(14, 15)), 102.88 (C(8, 21 or 9, 20)), 102.57 (C(8, 21 or 9, 20)), 86.88 (C(2,
5)), 37.42 (C(12, 18)), 35.54 (C(6, 24)), 29.58 (C(27, 30 or 28, 29)), 29.53 (C(27, 30 or 28,
29)), 26.49 (C(3, 4)), 26.20 (C(25, 32 or 26, 31)), 20.74 (C(25y 2B, 31)).

Melting point: 140.2°C.

HRMS calcd. for GgHsgNsONa' 456.2985, found 456.2989.

2.23. Synthesis of compound raé&5* and rac-56*

AcONH [ )
c 4
13.5 equiv. H o 50 bars
(@) _—
@)
EtOH AcOH
o HA P S 50°C
4292 d.r. 90%
rac-55 92% (85% pure) rac-56

2.23.1Compound rac-55*
In a roundbottom flask were introducées3 (558 mg, 1.13 mmol) and ethanol (50 mL). Then,
AcONH, (1.17 g, 15.2 mmol) was added to the slurry, and the mixture was stirred at r.t. for
48 h. After cooling, ChECl, (100 mL) was added and the reaction mixture was basified with
5% sodium hydroxide and whed with saturated brine. The aqueous layer was extracted three
times with CHCI, (50 mL). The combined organic layers were dried with sodium sulfate, and
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the solvent was removed under vacuum. The residue was purified by column chromatography
(SiO,, CH.CIy/MeOH, 99/1) to yield 225 mg (42%) of compounakc-55 as a colorless
powder.

IR (KBr): 3434.2n, 2974.4n, 2930.3v, 2878.1v, 1712.9n, 1696.4, 1394.3v, 1062.9n,
777.2n, 713.Qv.

'H NMR (CDCl 3, 298K) / EV + 1+ -HR3)), 5.¥4 (&4, 1 H, €
H(4)), 4.31 (m, 1 H, €H(10)), 3.77 (m, 1 H, &(7)), 3.13 (m, 2 H, CkK(14, 15)), 3.083.00
(ddd,?J(19a, 19b) = 18.8 HZJ(19, 20) = 9.6 HAJ(19, 20) = 2.7 Hz, 1 H, GK19)), 2.95
2.87 (m,1 H, CHy(15)), 2.742.67 (ddd2J(19b, 19a) = 18.8 H2J(19, 20) = 6.4 HZJ(19, 20)
= 2.7 Hz, 1 H, CK(19)), 2.662.55 (m, 2 H, Ck(14, 20)), 2.322.26 (ddd2J(20, 20) = 17.5
Hz, 33(20, 19) = 6.4 HZJ(20, 19) = 2.8 Hz, 1 H, G¥R0)), 1.941.79 (m, 2H, CHx(8, 9)),
1.741.59 (m, 2 H, CK8, 9)), 1.53 (s, 3 H, C¥29 or 30)), 1.43 (s, 3 H, G¥29 or 30)), 1.37
(s, 6 H, CH(27, 28)), 1.20 (s, 3 H, G¥R3 or 24)), 1.17 (s, 3 H, GK25 or 26)), 1.11 (s, 3 H,
CHgs(23 or 24)), 1.09 (s, 3 H, GXB5 or 26));

13 NMR (CDClg) |/ & 2 & 2 & 2
(C(18)=0), 141.60 (C(5)), 133.08 (C(2), 103.11 (C(3)), 101.58 (C(4)), 86.54 (C(7)), 83.53
(C(10)), 63.66 (C(17)), 50.47 (C(12)), 46.39 (C(22)), 37.19 (C(6)), 33.06, 32.92, 32.79 (C(14,
15, 19), 31.13 (C(20)), 26.42 (C(29 or 30)), 26.32, 25.41 (C(8, 9)), 24.37 (C(23 or 24)),
24.33 (C(29 or 30)), 23.86 (C(25 or 26)), 22.26 (C(23 or 24)), 20.81, 20.64 (C(27, 28)), 16.30
(C(25 or 26)).

Melting point: 155.7°C.

HRMS calcd. for GgH,iNOsNa 494.877, found 494.2875.
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2.23.2Compound rac-56*
Compounds5 (110 mg, 0.23 mmol) and Pd/C 10% (20 mg, 0.02 mmol) were placed in a test
tube (125 x 15 mm) containing a small cross stirring bar. AcOH (7 mL) was added and the
test tube was placed inside an autoclaeesel containing AcOH (25 mL). The autoclave was
closed, put under magnetic stirring, filled with hydrogen (50 atm), and heated at 50°C for 6 h.
After cooling to room temperature, the reaction mixture was filtered through celite and the
solid was washed Wi AcOH (2 x 5 mL) and successively g, (2 x 10 mL). The
combined filtrate and washings were concentrated under reduced pressure to give colorless
slurry, to which CHCI, (50 mL) and 5% aqueous NaOH 5% (20 mL) were added. The
resulting mixture was stied for 5 min. The organic layer was then separated and the aqueous
phase was extracted with @El, (2 x 30 mL). The collected organic layers were washed with
brine, dried over KCOs, and concentrated under reduced pressure. The residue was purified
by column chromatography (ADs, CH.Cl/MeOH, 97/3) to yield 102 mg (92%) of
compound6 (90% pure).

IR (KBr): 3377.1v, 2968.8, 2930.0n, 2872.In, 1698.3, 1468.2n, 1393.In, 1367.0n,
1300.Qv, 1244.0v, 1062.5, 1062.M, 1016.9n, 980.Qv.

'H NMR (CDCl 3, 298K) / W15, 14a) = 7.2 HZ)(15, 14b) = 7.2 Hz, 1 H,-6(15)),
3.47 (dd (12, 13b) = 7.3 HZAJ(12, 13a) = 6.5 Hz, 1 H,-B(12)), 3.11 (bs, 1 H, Ei(6)),
3.002.82 (M, 5 H, CHl .& 2 EV -H(9)), 2&02.59 (m, 3 H, CH . & 2
2.38 ps, 1 H, NH(10)), 1.781.67 (m, 2 H, CK{(13, 14)), 1.561.44 (m, 4 H, CK(13, 14, 7,
8)), 1.36 (s, 6 H, Ck{29, 30)), 1.331.23 (m, 2 H, CK(7, 8)), 1.13 (s, 3 H, CH23 or 24)),
1.10 (s, 3 H, ChK(27 or 28)), 1.04 (s, 3 H, CGKR7 or 28)), 1.02 (s, 3 H, CK23 or 24)), 0.69
(s, 6 H, CH(25 or 26)), 0.68 (s, 6 H, GK25 or 26));
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13C NMR (CDCl5y) / DQG & 2 DQG &
88.89 (C(12)), 83.29 (C(15)), 68.59 (C(9)), 63.29 (C(6)), 63.25 (C(22)), 50.15 (C(5 or 17)),
5 & RU & DQG & .&2

25.81 (C(13 or 14)), 25.44 ((C7 or 8)), 24.66 (C(7 or 8)), 23.82;(C238.71 (CH), 23.61

(CHs), 21.15 (C(29 or 30)), 20.93 (C(29 or 30)), 18.26 {ZH7.21 (CH), 12.66 (C(25 or

26)).

HRMS calcd. for GgHssNOsH" 476.3371, found 476.3376.

X-ray: Suitable crystals ob6 were obtained asolorlessrods byslow evaporation of a
solution in dichloromethanélhe intensity data were collected at 173K00°C) on aStoe
Mark ll-Image Plate Diffraction System [1] equiped with a {guele goniometer and using
MoK graphite monochromated radiatioh £ 0.71073 A). Image plate distance 130mn,
rotation scans © f DW 3 f DQDBW 3 Afp =\LOF HeSpsures of 0.5 mins
per image, @ range 1.76 52.59°, ¢hin *0max= 23.107- 0.802 A

The structure was solved by Direct methods using the program SHEEXR]. The
refinement and all further calculations were carried out using SHERX[2].

The NH Hatoms were located in difference electaensity maps and were initially freely
refined. In the final cycles of leastuares refinement they were refined isotropically with
distance restraints: N = 0.88(2) A. The cound Hatoms were included in cal@ikd
positions and treated as riding atomsHG 1.0, 0.99 and 0.98 A for CH(methine), £&hd
CHs, respectively, with Wo(H) = k xUc(parent Gatom), where k = 1.5 for GHH-atoms and
k = 1.2 for all other Fatoms.The nonH atoms were refinednisotropically, using weighted

full-matrix leastsquares on% A semiempirical absorption correction was applied using the
MULscanABS routine in PLATON [3].

[1] Stoe & Cie (2000). IPD& Bedienungshandbuch. Stoe & Cie GmbH, Darmstadt, germany.
[2] G. M. Sheldrick. (2008). Acta Cryst. A64, 1-122.

[3] Spek, A. L. (2003). J. Appl. Cryst. 36,1B8.

[4] Westrip, S. P. (2010). J. Appl. Cryst. 43, 9225b.

Drawing programs:

ORTEP-3: [3] Farrugia, L. J. (1997). J. Appl. Cryst., 30, 565.

268



Mercury: [4] Macrae, C. F., Edgington, P. R., McCabe, P., Pidcock, E., Shields, G. P.,
Taylor, R., Towler, M. & van de Streek, J. (2006). J. Appl. Cryst. 3944573
PLATON: [5] Spek, A. L. (2003). J. Appl. Cryst. 36;1B.

2.24. Synthesis of compound 58a and 58b*

Compound42 (1.00 g, 2.13 mmol) and Pd/C 10% (360 mg, 0.33 mmol) were placed in a test
tube (125 x 15 mm) containing a small cross stirring bar. AcOH (7 mL) was added and the
test tube was placed inside an autoclave vessghining AcOH (25 mL). The autoclave was
closed, put under magnetic stirring, filled with hydrogen (40 atm), and heated at 50°C for 24
h. After cooling to room temperature, the reaction mixture was filtered through celite and the
solid was washed with A2H (2 x 10 mL) and successively @El; (2 x 20 mL). The
combined filtrate and washings were concentrated under reduced pressure to give colorless
slurry, to which CHCI, (100 mL) and 5% aqueous NaOH 5% (40 mL) were added. The
resulting mixture was stirred for 5 min. The organic layer was then separated and the agueous
phase was extracted with @El, (2 x 50 mL). The collected organic layers were washed with
brine, dried wer K,COs, and concentrated under reduced pressure. The two products were
separated by successive recrystallization in EtOAc and ethanol to yield 366 mg (36%) of

compoundb8aand 386 mg (38%) of compoubab.

2.24.1.Compound 58a*
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IR (KBr): 2971.8n, 2878.6n, 1697.85, 1475.6n, 1412.7Mn, 1389.6n, 1365.2n, 1310.2n,
1072.9n, 1053.%n, 980.7%v.

'H NMR (CDCl 3, 298K) / P -H(285, 12, 15)), 2.73 (m, 8 H, Gf8, 9, 19, 20)),
1.81 (M, 4 H, CK3, 4, 13, 14)), 1.59 (m, 4 H, GE3, 4, 13, 14)), 1.13 (s, 12 H, GH 1.01
(s, 12 H, CH);

3¢ NMR (CDCl3) / & 2 & &
(C(8, 9, 19, 20)), 25.29 (C(3, 4, 13, 14)), 23.00 {CH6.45 (CH).

Melting point: 181°C.

HRMS calcd. for GgH440sH" 499.3030, found99.3038.

X-ray: Suitable crystals 0b8awere obtained asolorlessblocks byslow evaporation of a
solution in dichloromethanélhe intensity data were collected at 173-K0Q°C) on a Stoe
Mark llI-Image Plate Diffraction System [1] equiped with a tgu@le goniometer and using
MoK graphite monochromated radiatich £ 0.71073 A). Image plate distance 130mwn,
rotation scans ©180° atd 0°, stepAw = 1.0°, exposures of 6 mins per image range 1.76
52.59°, Ghin *0max= 23.107- 0.802 A

The structure was solved by Direct methods using the program SHEEXZ]. The
refinement and all further calculations were carried out using SHERX[2].

In the final cycles of leastquares refinement the-libund Hatoms were included in
calculated psitions and treated as riding atomsHG 0.99, 0.98 and 0.97 A

for CH, CH and CH, respectively, with Wo(H) = k x U(C), where k = 1.5 for CkiH-

atoms, and = 1.2 for all other&toms.
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The nonH atoms were refined anisotropically, using weightelttratrix leastsquares on

F2.

[1] Stoe & Cie (2000). IPD$ Bedienungshandbuch. Stoe & Cie GmbH, Darmstadt, germany.
[2] G.M. Sheldrick. (2008). Acta Cryst. A64, 1-122.

[3] Spek, A. L. (2003). J. Appl. Cryst. 36:1B.

[4] Westrip, S. P. (2010). Appl. Cryst. 43, 92025.

Drawing programs:

ORTEP-3: [3] Farrugia, L. J. (1997). J. Appl. Cryst., 30, 565.

Mercury: [4] Macrae, C. F., Edgington, P. R., McCabe, P., Pidcock, E., Shields, G. P.,
Taylor, R., Towler, M. & van de Streek, J. (2006). J. Applist 39, 453457.

PLATON: [5] Spek, A. L. (2003). J. Appl. Cryst. 36,1B.

2.24.2 Compound 58b*

IR (KBr): 2985.2n, 2878.9n, 1699.3, 1471.9n, 1416.Mn, 1386.%v, 1365.8v, 1311.5v,
1070.6, 1016.3v

'H NMR (CDCl 3, 298K) / P -H(285, 12, 15)), 2.8%.64 (M, 8 H, CK(8, 9, 19,
20)), 1.82 (m, 4 H, CK3, 4, 13, 14)), 1.59 (m, 4 H, G@, 4, 13, 14)), 1.11 (s, 12 H, GH

1.00 (s, 12 H, Ch);

3¢ NMR (CDCl3) / & 2 & &
(C(8, 9, 19, 20)), 25.26 (C(3, 4, 13, 14)), 23.00 {LH6.33 (CH).

Melting point: 272°C.

HRMS calcd. for GgH440sH" 499.3030, found 499.3038.
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2.25. Synthesis of compound 33*

AcONH H
H H 4
OO 20 equiv.
O @) e
OO0 EtOH
H / \ H 60°C
85%
58a 33

In a roundbottom flask were introducefi8a (200 mg, 0.42 mmol) and ethanol (30 mL).
Then, AcONH (646 mg, 8.4 mmol) was added to the slurry, and the mixture was stirred at
60°C for 24 h. After cooling, the solvent was tmdly removed under vacuum and the
reaction mixture was filtered off, washed with ethanol and dried under vacuum to yield 156
mg (85%) of 33 as a colorless solid. The residue could be purified by column
chromatography (Si§&) Cyclohexane/EtOAc, 97/3).

IR (KBr): 3445.8, 2976.4, 2961.5, 2936.8n, 2917.3n, 2868.1v, 1569.1v, 1468.0n,
1245.80n, 1067.6, 1045.3n, 1036.3n, 1006.%v, 955.4v, 770.8, 761.4, 511.2v

'H NMR (CDCI3, 298K) / EV + 1+ 43(8, 11) =&J(9, 11) and
43(20, 23) =*3(21, 23) = 2.6 Hz, 4 H,-EI(8, 9, 20, 21)), 3.93 (m, 4 H,-B(2, 5, 13, 16)),
1.85 (m, 4 H, Ci(3a, 4a, 14a, 16a)), 1.64 (m, 4 H, £3b, 4b, 14b, 16b)), 1.36 (s, 12 H,
CHs), 0.93 (s, 12 H, Ch);
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13C NMR (CDCl5) / & ), 102.94 (C(8, 9, 20, 21)), 87.28 (C(2, 5, 13,
16)), 37.79 (C(6, 12, 18, 24)), 27.14 (C(3, 4, 14, 15)), 26.63)(3.89 (CH).

Melting point: 233.5°C.

HRMS calcd. for GgH4N,0O,H" 439.3319, found 419.3314.

2.26. Synthesis of compound 59*, 60a* and 60b*

2.26.1.Compound 59*
In a roundbottom flask were introducesBb (50 mg, 0.10 mmol) and ethanol (10 mL). Then,
AcONH, (485 mg, 6.30 mmol) was added to the slurry, and the mixture was stirred at 80°C
for 3 h. After cooling, CHCI, (50 mL) was added and the reaction mixture was basified with
5% sodium hydroxide and washed with saturated brine. The aqueous layer was extracted three
times with CHCI, (10 mL). The combined organic layers were dried with sodium sulfate, and
the solventwas removed under vacuum. The residue was first purified by column
chromatography (Sig) cyclohexane/EtOAc, 97/3), then by recrystallization in EtOH to yield
37 mg (80%) of colorless powder.

-
-

bH Ha
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IR (KBr): 3432.F, 3100.9v, 2977.4, 2939.%n, 2891.0n, 2873.4n, 2851.%v, 1574.6n,
1462.0n, 1385.6n, 1240.2n, 1063.6, 1048.4, 970.8n, 763.5, 706.5n, 591.5n, 541.6v.

'H NMR (CDCl 3, 298K) / EV + 1+ 43(8, 11) =G(9, 11) andJ(20,
23) =%J(21, 23) = 2.8 Hz, 4 H,-EI(8, 9, 20, 21)), 3.7Im, 4 H, GH(2, 5, 13, 16)), 1.85 (m,
4 H, CHy(3a, 4a, 14a, 15a)), 1.73 (m, 4 H, £38b, 4b, 14b, 15b)), 1.31 (s, 12 H, QHL.15
(s, 12 H, CH);

3¢ NMR (CDCl5) / & &
16)), 37.18 (C(6, 12, 18, 24)), 26.62 (C(3, 4, 14, 15)), 24.79)C.34 (CH).

Melting point: 182.2°C.

HRMS calcd. for GgH4N,0,+H" 439.3319, found 439.3311.

X-ray: Suitable crystals 069 were obtained as colorless blocks by recrystallization from
ethanol. The crystal was cut to a rod and the intensity data were collected at-103¥C]

on a Stoe Mark Himage Plate Diffraction System [1] equiped with a {wiele goniometer
and using MoK graphite monochromated radiation £ 0.71073 A). Image plate distance
130mm,® rotation scans © f DW 3 Ao =MWHeposures of 3 mins per image, 2
range 1.76 52.59°, Ghin +0max= 23.107- 0.802 A

The structue was solved by Direct methods using the program SHE®XS2]. The
refinement and all further calculations were carried out using SHERX[2]. The NH H
atom was located in a difference electdmnsity map and was freely refined. Thé@ind
H-atoms wee included in calculated positions and treated as riding atoriks=@®.95, 0.98,
0.99 and 1.0& for CH(aromatic), CH, CH, and CH(methine) katoms, respectively, with
Uiso(H) = k x Usparent Gatom), where k = 1.5 for GHH-atoms and k = 1.2 for all oth H
atoms.

The molecule is centrosymmetric possessing §/mmetry (an inversion center).

[1] Stoe & Cie (2000). IPD$ Bedienungshandbuch. Stoe & Cie GmbH, Darmstadt, germany.
[2] G. M. Sheldrick. (2008). Acta Cryst. A64, 1:122.

[3] Spek, A. L. (2003)J. Appl. Cryst. 36, -1.3.

[4] Westrip, S. P. (2010). J. Appl. Cryst. 43, 9275.

Drawing programs:

274




ORTEP-3: [3] Farrugia, L. J. (1997). J. Appl. Cryst., 30, 565.

Mercury: [4] Macrae, C. F., Edgington, P. R., McCabe, P., Pidcock, E., Shields, G. P.,
Taylor, R., Towler, M. & van de Streek, J. (2006). J. Appl. Cryst. 39;463

PLATON: [5] Spek, A. L. (2003). J. Appl. Cryst. 36,1B.

2.26.2 Compound 60a* and 60b*
Compound9 (50 mg, 0.114 mmol) and Pd/C 10% (44 mg, 0.041 mmol) were placed in a test
tube (125 x 15 mm) containing a small cross stirring bar. AcOH (5 mL) was added and the
test tube was placed inside an autoclave vessel containing AcOH (25 mL). The autoclave was
closed, put under magnetic stirring, filled with hydrogen (100 atm), and heated at 100°C for 4
h. After cooling to room temperature, the reaction mixture was filtered through celite and the
solid was washed with AcOH (2 x 5 mL) and successivelyy@H(2 x 10 mL). The
combined filtrate and washings were concentrated under reduced pressure to give colorless
slurry, to which CHCI, (50 mL) and 5% aqueous NaOH 5% (20 mL) were added. The
resulting mixture was stirred for 5 min. The organic layer was then seganadl the aqueous
phase was extracted with @El, (2 x 25 mL). The collected organic layers were washed with
brine, dried over KCOs;, and concentrated under reduced pressure. The two products were
separated by column chromatography,(3| Toluene/Aceton&t;N, 80/19/1) to yield 24 mg
(48%) of compoun@Oaand 13 mg (25%) of compouGdb.

2.26.2.1. Compounds0a*

IR (KBr): 2963.5, 2868.3n, 2823.%n, 2778.1Tn, 2638.6v, 1469.T, 1409.8n, 1385.9n,
1278.3v, 1219.6v, 1072.6, 1057.3n, 1012.6v, 545.%v
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'H NMR (CDCl 3, 298K) / CGG+.2 &+=73Hz3- +.2 &+=81Hz,2H, €
H(2, 5 or 13, 16)), 3.53 (dd; +.2 &)=5.6Hz>3- +.2 &)=10.7 Hz, 2 H, €H(2, 5 or
13, 16)), 2.912.80 (m, 4 H, GH(7, 10, 19, 22)), 2.52 (bs, 2 H;N(11, 23)), 1.721.26 (m, 16
H, CHy), 0.88 (s, 12 H, Ck), 0.72 (s, 6 H, Ch), 0.70 (s, 6 H, CH);

13C NMR (CDCl3) / & DQG &
37.79 (C(6, 12, 18, 24)), 26.40 (6}H26.35 (CH), 26.23 (CH), 25.69 (CH), 24.18 (CH),
2375 (CHs), 22.48 (CH), 11.65 (CH).

HRMS calcd. for GgHsgN,O,H" 447.3945, found 447.3945

X-ray: Suitable crystals 080a were obtained asolorlessblocks byslow evaporation of a
solution in acetoneThe intensity data were collected at 173K00°C) on a Stoe Mark-l|
Image Plate Diffraction System [1] equiped with a {eiele goniometer and using MoK
graphite monochromated radiation £ 0.71073 A). Image plate distance 130msrotation
scans O f DW 3 f- DQfGDW 3 No =MW He&Xposures of 3 mins per
image, ® range 1.76 52.59°, ¢hin +0max= 23.107- 0.802 A

The structure was solved by Direct methods using the program SHEEXR]. The
refinement and all further callations were carried out using SHEL>A7 [2]. The NH were
refined with distances restraints:HN= 0.88(2) A, withUiso(H) = 1.2U(parent Natom).The
C-bound Hatoms were included in calculated positions and treated as riding atefhs: C
1.0, 0.99 an®.98 A for CH, CH and CH, respectively, with lb(H) = k x Us(parent G

atom), where k = 1.5 for GHH-atoms and k = 1.2 for all other-&toms.The nonH atoms

were refined anisotropically, using weighted fulatrix leastsquares on £ A semi
empiricalabsorption correction was applied using the MULscanABS routine in PLATON [3].
The O and NH atoms are disordered around the ring.

[1] Stoe & Cie (2000). IPD$ Bedienungshandbuch. Stoe & Cie GmbH, Darmstadt, germany.
[2] G. M. Sheldrick. (2008). Act@ryst. A64, 112122.

[3] Spek, A. L. (2003). J. Appl. Cryst. 36,18.

[4] Westrip, S. P. (2010). J. Appl. Cryst. 43, 9225b.
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Mercury: [4] Macrae, C. F., Edgington, P. R., McCabe, P., Pidcock, E., Shields, G. P.,
Taylor, R., Towler, M. & van de Streek, J. (2006). J. Appl. Cryst. 3944573
PLATON: [5] Spek, A. L. (2003). J. Appl. Cryst. 36;1B.

2.26.2.2. Compounds0b*

IR (KBr): 2962.&, 2875.4n, 2823.5v, 1467.6n, 1401.5n, 1381.8n, 1356.6v, 1259.1,
1124.3v, 1067.5, 1037.7M, 970.Gv, 920.8v, 833.6v, 646.7%v, 545.4v

'H NMR (CDCl 3, 298K) / CGG+.2 &+48Hz>3- +.2 &=6.4Hz,2H,C
H(2, 5 or 13, 16)), 3.47 (dd- +.2 &=50Hz°- +.2 &=6.1Hz, 2H, GH(2, 5o0r
13, 16)), 3.11 (ta®- +.1 &=6.5Hz>3- +.1 1=6.9 Hz, 2 H, GH(7, 10 or 19, 22)),
295 (td>3- +.1 &=59Hz°- +.1 1+ +] -H(% 1080r 19, 22)), 2.19 (t,
3J(NH, CH) = 6.4 Hz 2 H, N-H(11, 23)), 1.651.25 (m, 16 H, Ch), 0.78 (s, 6 H, Ch), 0.78
(s,6 H,CH), 0.76 (s, 6 H, Ch), 0.72 (s, 6 H, Ch);

13C NMR (CDCl5) / DQG & DQG &
38.37 and 38.16 (C(6, 12, 18, 24)), 27.06 §5I26.02 (CH), 25.42 (CH), 25.04 (CH2),
24.80 (CH), 20.20 (CH), 20.15 (CH), 13.08 (CH).

HRMS calcd. for GgHsoN,O,H" 447.3945, bund 447.3941.

X-ray: Suitable crystals 060a were obtained asolorlessplatesby slow evaporation of a

solution in acetone. The intensity data were collected at 1601k3{C) on an Oxford

277



Difftaction SuperNova, Dual, Cu at zero, Atlas diffractomdtd; equiped witha SuperNova (Cu)

X-ray SourceCuK mirror monochromated radiation € 1.5418 A).

The structure was solved bgirect methods using the program SHELX3 [2]. The
refinement and all further calculations were carried out using SHEYX[2]. The NH H

atoms were located in difference Fourier maps and were refined isotropically with a distance
restraint: NH = 0.88(2) A.The Gbound Hatoms were included in calculated positions and
treated as riding atoms=-& = 1.0, 0.99 and 0.98 A for CH, Glind CH, respectively, with
Uiso(H) = k x Us(parent Gatom), where k = 1.5 for GHH-atoms and k = 1.2 for all other-H

atoms. The nonH atoms were refined anisotropically, using weighted-raltrix least

squares on & A semiempirical absorption correction was applied using S@ALE3
ABSPACK scaling algorithmin CrysAlis PRO [1]. The presence of a small satalite on the
principal crystal lead to some overlap of reflections, which in turn lead to a higher than usual
final R1 vlaue (ca. 9%).

[1] Stoe & Cie (2000). IPD$ Bedienungshandbuch. Stoe & Cie GmbH, Darmstadt, germany.
[2] G. M. Sheldrick. (2008). Acta Cryst. A64, 1122.

[3] Spek, A. L. (2003). J. Appl. Cryst. 36,1B.

[4] Westrip, S. P. (2010). J. Appl. Cryst. 43, 9225.
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2.27. Synthesis of compound 61a* and 61b*
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Compound43 (650 mg, 1.39 mmol) and Pd/C 10% (118 mg, 0.11 mmol) were placed in a test
tube (125 x 15 mm) containing a small cross stirring bar. AcOH (10 mL) was added and the
test tube was placed inside an autoclave vessel containing AcOH (25 mL). The autoclave was
closed, put under magnetic stirring, filled with hydrogen (40 atm), and heated at 50°C for 3 h.
After cooling to room temperature, the reaction mixture was filtered through celite and the
solid was washed with AcOH (2 x 10 mL) and successivelyGIH(2 x 20 mL). The
combined filtrate and washings were concentrated under reduced pressure to give colorless
slurry, to which CHCI, (50 mL) and 5% aqueous NaOH 5% (20 mL) were added. The
resulting mixture was stirred for 5 min. The organic layer was then segamadl the aqueous
phase was extracted with @El, (2 x 25 mL). The collected organic layers were washed with
brine, dried over KCOs, and concentrated under reduced pressure. The two products were
first purified from their impurities by column chromatoghg (silica, 98/2 CHCI,/EtOAC),

then separated by column chromatography@4l Cyclohexane/EtOAc, 92/8). Finally each
product is recrystallized in a mixture of EtOH/EtOAc 1/1 to yield 172 mg (26%) of compound
6laand 250 mg (38%) of compousdb.

2.27.1.Compound 61a*

IR (KBr): 2974.8n, 2938.0n, 2881.3n, 1723.3, 1706.3, 1690.4, 1469.2n, 1386.1,
1364.6v, 1316.3v, 1300.2v, 1073.5, 1041.6n.

'H NMR (CDCl 3, 298K) / AJEL1, 12b) andJ(20, 19b) = 10.5 HZJ(11, 12a) and
33(20, 19a) = 5.0 Hz, 2 H,-8(11, 20)), 3.78 (dd®J(14, 13b) andJ(17, 18b) = 8.0 HZJ(14,
13a) and®J(17, 18a) = 6.6 Hz, 2 H,-8(14, 17)), 3.213.13 (m, 2 H, CH(22, 8)), 2.88.58
(m, 6H, CH(2, 8, 3, 7)), 1.88..75 (m, 4 H, Ck(12, 19, 13, 18))1.681.61 (m, 2 H, CH{13,
18)), 1.531.43 (m, 2 H, Ck(12, 19)), 1.48 (s, 3 H, GR3 or 24)), 1.29 (s, 3 H, Gk23 or
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24)), 1.27 (s, 6 H, C¥25, 30 or 26, 29)), 1.04 (s, 6 H, &5, 30 or 26, 29)), 0.66 (s, 6 H,
CHs(27 or 28)), 0.60 (s, 6 H, GK27 or28));

3¢ NMR (CDCl5) / & 2 & 2 &

(C(14, 17)), 61.58 (C(16)), 49.87 (C(10, 22)), 39.94 (C(5)), 34.11 (C(3, 7)), 33.53 (C(2, 8)),
26.22 (C(12, 19)), 24.93 (C(13, 18)), 23.17 (C(25, 30 or 26, 298983C(23 or 24)), 21.00
(C(23 or 24)), 18.86 (C(25, 29 or 26, 30)), 18.15 (C(27 or 28)), 17.74 (C(27 or 28)).

Melting point: 191°C.

HRMS calcd. for GgHs4sOsNa" 499.3030, found 499.3032.

2.27.2Compound 61b*

IR (KBr): 2973.5n, 2940.4n, 2880.3n, 1698.8, 1473.9n, 1420.4v, 1385.6n, 1363.8n,
1316.1w, 1069.%, 1008.T.

'H NMR (CDCl 3, 298K) / GJEL1,20H12a,19a) = 4.9 HZ](11,20H12b,19b) = 10.5
Hz, 2H, GH(11, 20)), 3.82 (dd®J(14,17H13a,18a) = 6.1 HZ](14,17H13b,18b) = 7.7 Hz, 2
H, C-H(14,17)), 2.942.85 (m, 2 H, CkK2, 8)), 2.802.67 (m, 4 H, CK(2, 8, 3, 7), 2.52.43
(m, 2 H, CH(3, 7)), 1.841.73 (m, 4 H, CK12, 19, 13, 18)), 1.66.59 (m, 2 H, CK{13,
18)), 1.481.37 (m, 2 H, Ck(12, 19)), 1.37 (s, 6 H, G¥P3, 24)), 1.08 (s, 6 H, G¥P5, 29 or
26, 30)), 1.05 (s, 6 H, GR5, 29 or 26, 30)), 0.66 (s, 6 H, GA7, 28));

13C NMR (CDCl3) / & 2 & 2 &
(C(14, 17)), 63.31 (C(16)), 50.07 (C(10, 22)), 40.04 (C(5)), 33.36 (C(3, 7)), 81(888)),
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25.99 (C(12, 19)), 25.31 (C(13, 18)), 23.15 ((C25, 29 or 26, 30)), 20.72 (C(23, 24)), 17.27
(C(27, 28)), 16.14 (C(25, 29 or 26, 30)).

Melting point: 167°C.
HRMS calcd. for GgH440sNa" 499.3030, found 499.3028.

X-ray: Suitable crystals od1bwere obtained asolorlessrods by recrystallization from ethyl
acetate. The intensity data were collected at 173R0CC) on a Stoe Mark-lmage Plate
Diffraction System [1] equipped with a twaircle goniometer and using MoKgraphite
monochromatedadiation §. = 0.71073 A). Image plate distance 130nanrptation scans ©

f DW 3 /fo =VIMOH &posures of 3 mins per image,range 1.76 52.59°, ¢hin £
dmax= 23.107- 0.802 A
The structure was solved by Direct methods using the pro@BBLXS97 [2]. The
refinement and all further calculations were carried out using SHERX[2].
The Gbound Hatoms were included in calculated positions and treated as riding atefhs: C
= 1.00, 0.99 and 0.98 A for CH, Gldnd CH, respectively, with WJo(H) = k x Us{parent G

atom), where k = 1.5 for GHH-atoms and k = 1.2 for all other-&toms.The nonH atoms

were refined anisotropically, using weighted fuatrix leastsquares on & A semi
empirical absorption correction was applied using the BtAhABS routine in PLATON [3].
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2.28. Synthesis of compound 62*
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AcONH4
35 equiv.

EtOH
80°C

70%

62

In a roundbottom flask were introducefila (115 mg, 0.24 mmol) and ethanol (26L).

Then, AcONH (650 mg, 8.44 mmol) was added to the slurry, and the mixture was stirred at
80°C for 6 h. After cooling, CkCl, (100 mL) was added and the reaction mixture was
basified with 5% sodium hydroxide and washed with saturated brine. The agueous layer was
extracted three times with GBI, (20 mL). The combined organic layers were dried with
sodium sulfate, and the solveméas removed under vacuum. The residue was first purified by
column chromatography (S¥OCyclohexane/EtOAc, 9/1), then by recrystallization in EtOH

to yield 74 mg (70%) of colorless powder.

IR (KBr): 3400.3, 2977.%, 2962.3, 2930.2n, 2854.1n, 1587.2n, 1466.1In, 1289.6n,
1167.Qv, 1049.3, 1037.%, 962.4n, 778.X, 766.3n, 530.0w.

'H NMR (CDCl 5, 298K) / EV + 1+ 33(3, 4) a1, 8) = 3.2 Hz,
43(3, 1) and'J(9, 11) = 3.0 Hz, 2 H, E(3, 9)), 5.87 (ddJ(4, 3) andJ(8, 9) = 3.2 HZz*J(4,
1) and*J(8, 11) = 2.6 Hz, 2 H, Ei(4, 8)), 3.74 (m, 4 H, &(13, 16, 19, 22)), 1.80 (m, 4 H,
CH,), 1.70 (s, 3 H, CHK{(25 or 26)), 1.59 (s, 3 H, G5 or 26)), 1.58 (m, 4 H, G} 1.31 (s,
6 H, CHy(27, 31 or 28, 32)), 1.21 (s, 6 BH3(27, 31 or 28, 32)), 0.82 (s, 3 H, g9 or 30)),
0.79 (s, 3 H, CK{(29 or 30));
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3¢ NMR (CDCl5) / & & &

87.55, 87.40 (C(13, 16, 19, 22)), 39.02 (C(6)), 37.46 (C(12, 24)), 35.42 JCB1&32 (C(25
or 26)), 29.79 (C(25 or 26)), 27.17 (C(27, 31 or 28, 32)), 27.05)(C38.15 (CH), 23.86
(C(29 or 30)), 23.55 (C(27, 31 or 28, 32)), 13.33 (C(29 or 30)).

Melting point: 196.4°C.
HRMS calcd. for GgH4N,O,Na" 461.3138, found 461.3131.

X-ray: Suitable crystals 062 were obtained as colourless rods by recrystallization from
ethanol. The intensity data were collected at 173K{°C) on a Stoe Mark-Image Plate
Diffraction System [1] equiped with a tworcle goniometer and using MoKgraphite
monochromated radiatioi € 0.71073 A). Image plate distance 130nanrptation scans ©

f DW 3 Af> =\LXO? Hegposures of 3 mins per image,range 1.76 52.59°, ¢hin +
Omax= 23.107- 0.802 A
The structure was solved by Direntethods using the program SHELX3 [2]. The
refinement and all further calculations were carried out using SHERX[2]. All of the H
atoms could be located in difference Fourier maps. The NH and the methyl H atoms located
about the mirror plane were &y refined, while the remainder were included in calculated
positions and treated as riding atomsHG  0.95, 1.00, 0.99 and 0.98 A for CH(aromatic),
CH(methine), CHand CH H atoms, respectively, withiddH) = k x UsC), where k = 1.5
for CHz H atonrs, and k = 1.2 for all other H atoms.

The nonrH atoms were refined anisotropically, using weighted-rdlrix leastsquares on

F2, A semiempirical absorption correction was applied using the MULscanABS routine in
PLATON [3].

The molecule has mirrorsymmetry, with atoms C5 ,C6, C7, and C15, C16, C17 located

in the mirror.
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2.29. Synthesis of compound 63*, 64* and 65*

AcONH4 Hy
35 equiv. 100 bars
EtOH Pd/C 10%
reflux 100°C
86% d.r. 48%
rac-65
30%

2.29.1Compound 63* and 64*
In a roundbottom flask were introduce@lb (273 mg, 0.57 mmol) and ethanol (60 mL).
Then, AcONH (1.54 g, 20 mmol) was added to the slurry, and the mixture was stirred at
85°C for 12 h. After cooling, C¥Cl, (150 mL) was added and the reaction mixture was
basified with 5% sodium hydroxide andaghed with saturated brine. The aqueous layer was
extracted three times with GEI, (30 mL). The combined organic layers were dried with
sodium sulfate, and the solvent was removed under vacuum. The residue was solved in
CH.CI, and purified by filtration irough a pad of silica to yield 216 mg (86%) of colorless
powder. The reaction could be stopped during the reaction to allow the isolation of compound
63. After the same treatment than previously described, the residue is purified by column
chromatographySiO,, CH,Cly).

2.29.1.1. Compounds3*
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IR (KBr): 3430.5%, 2974.8, 2872.3, 1701.%, 1572.3v, 1474.4n, 1389.%n, 1366.0v,
1303.3v, 1240.4v, 1128.4v, 1079.4, 1063.8, 765.5, 725.2v, 569.3w.

'H NMR (CDCl 3, 298K) / EV + 1+ 33(7, 8) 3B@ Hz¥J(7 or 8, 10)
= 3.0 Hz, 1 H, GH(7 or 8)), 5.84 (dd®J(7, 8) = 3.2 HZ*J(7 or 8, 10) = 2.5 Hz, 1 H,-B(7 or
8)), 4.14 (dd3J(21, 20b) = 11.1 HZ)(21, 20a) = 4.4 Hz, 1 H,-8(21)), 4.06 (dd3J(18, 19b)
= 9.3 Hz,%J(18, 19a) = 4.5 B 1 H, GH(18)), 3.96 (t3J(15, 14a) = 6.8 HZ)(15, 14b) = 6.8
Hz, 1 H, GH(15)), 3.56 (dd>J(12, 13b) = 10.6 HZ)(12, 13a) = 5.0 Hz, 1 H,-8(12)), 2.88
2.52 (m, 4 H, CH(22, 3)), 1.97 (m, 1 H, gMHF)), 1.79 (m, 4H, CKTHF)), 1.64 (m, 1 H,
CHy(THF)), 1.681.44 (m, 2 H, CK{THF)), 1.56 (s, 3 H, Ck24 or 25)), 1.45 (s, 3 H,
CHs(24 or 25)), 1.25 (s, 3 H, GXR6 or 27)), 1.21 (s, 3 H, GX26 or 27)), 1.12 (s, 3 H,
CHs(30 or 31)), 1.11 (s, 3 H, GKBO or 31)), 0.82 (s, 3 H, GK28 or 29)), 0.73 (s, B,
CHz3(28 or 29));

3¢ NMR (CDCl5) / & 2 & 2 DQG & S\
86.44 (C(12)), 81.82 (C(15)), 81.72 (C(21)), 81.26 (C(18)), 50.33 (C(23)), 48.03 (C(5)), 40.15
(C(17)), 36.59 (C(11)), 33.47 (C(2 or 3)), 32.22 (C(2 or 3)), 26.48,(THF)), 26.25
(CHx(THF)), 25.75 (CH(THF)), 25.52 (C(24 or 25)), 25.29 (GETHF)), 23.99 (C(26 or 27)),

23.28 (C(24 or 25)), 21.75 (C(30 or 31)), 21.16 (C(26 or 27)), 17.38 (C(28 or 29)), 17.08
(C(28 or 29)), 16.03 (C(30 or 31)).

Melting point: 214.5°C.

HRMS calcd. for GgHsaNO,H* 458.3265, found 458.3265.

2.29.1.2. Compounds4*
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IR (KBr): 3439.4, 2971.6, 2932.4n, 2864.0n, 1580.%v, 1466.3v, 1360.4v, 1232.1v,
1177.8v, 1076.Mm, 1041.3, 963.3v, 765.35, 730.9v, 718.9wv.

'H NMR (CDCl 3, 298K) / EV + 1+ 3)(4, 3) amfa(8, 9) = 3.1 Hz,
43(4, 1) and'J(8, 11) = 3.0 Hz, 2 H, Ei(4, 8)), 5.76 (dd>J(3, 4) andJ(9, 8) = 3.0 Hz*J(3,
1) and*J(9, 11) = 2.8 Hz, 2 H, €(3, 9)), 3.78 (dd?J(13, 14b) andJ(22, 21b) = 8.1 Hz,
3)(13, 14a) andi(22, 21a) = 5.9 # 2 H, GH(13, 22)), 3.67 (dd®J(16, 15b) andJ(19, 20b)
= 10.6 Hz,23(16, 15a) andJ(19, 20a) = 5.3 Hz, 2 H,-B(16, 19)), 1.841.70 (m, 6 H, CH),
1.65 (s, 6 H, CH{(25, 26)), 1.491.41 (m, 2 H, CH), 1.22 (s, 3 H, CK(27, 31 or 28, 32)), 1.10
(s, 6H, CHs(27, 31 or 28, 32)), 0.95 (s, 6 H, B9, 30));

3C NMR (CDCl5) / & & &

86.00 (C(13, 22)), 84.07 (C(16, 19)), 38.31 (C(18)), 37.56 (C(12, 24)), 34.84 (C(6)), 28.79
(CHy), 26.12 (CH), 24.04 (C(27, 31 or 28, 32)), 22.12 (C(27, 31 or 28, 32)), 22.12 (C(29,
30)).

Melting point: 150°C.
HRMS calcd. for GgH43N,O,H" 439.3319, found 439.3321.

2.29.2Compound 65*
Compounds4 (49 mg, 0.111 mmol) and Pd/C 10% (43 mg, 0.040 mmol) were placed in a test
tube (125 x 15 mm) containing a small cross stirring bar. AcOH (5 mL) was added and the
test tube was placed inside an autoclave vessel containing AcOH (25 mL). The autoclave was
closed, put under magnetic stirring, filled with hydrogen (100 atm), and heated at 100°C for

12 h. After cooling to room temperature, the reaction mixture was filtered through celite and

286



the solid was washed with AcOH (2 x 5 mL) and successivelyOGH2 x 10 mL). The
combined filtrate and washings were concentrated under reduced pressure to give colorless
slurry, to which CHCI, (25 mL) and 5% aqueous NaOH 5% (10 mL) were added. The
resulting mixture was stirred for 5 min. The organic layer was then seg@amad the aqueous
phase was extracted with @El, (2 x 15 mL). The collected organic layers were washed with
brine, dried over KCO;, and concentrated under reduced pressure. The product was purified
by column chromatography (ADs, Tolune/Acetone, 4/1tp yield 15 mg (30%) of compound

65.

IR (KBr): 2962.6, 2871.3, 2801.12n, 2652.5v, 1467.In, 1391.3n, 1265.5v, 1107.7,
1089.1m, 1073.0n, 1038.5n, 1004.9v, 971.9v, 935.3v, 607.6v, 561.9v.

'H NMR (CDCl 3, 298K) / CGG+.2 &+=6.0Hz>3- +.2 &+=96Hz 1H, €
+ .2 6.2 &+68Hz2- +.2 &+9.0Hz, 1H,C+ .2 P
H,C+ .2 P -++.2& ’¢6.1 §=71Hz*- +.1 §=«78
Hz,1H,G+ .1 ’66.1 §=71Hz3- +.1CH)=7.6Hz,1H,€+ .1
282 (d3- +.1 &«=76Hz3- +.1 &=79Hz 1H €+ .1 6.1
CH) =56Hz3- +.1 &+10Hz,1H,C+ .1 -1.94 (m, 3 H, Ci(pyrrolidine)),
1.681.28 (m, 17 H, CKTHF, pyrrolidine, NH) 0.85 (s, 3 H, Ck), 0.84 (s, 3 H, Ch), 0.84
(s, 3H, CH), 0.81 (s, 3 H, Ch), 0.74 (s, 3 H, Ch), 0.73 (s, 3 H, CH), 0.72 (s, 3 H, CH),
0.71 (s, 3 H, CH);

3C NMR (CDCl3) / DQG &

and 62.74 ((C2, 5, 7, 10)), 37.76, 37.73, 37.60 and 37.20 (C(6, 12, 18, 24)), 2848 (CH
26.68 (CH), 26.51 (CH), 25.76 (CH), 25.73 (CH), 25.32 (CH), 24.54 (CH), 24.50 (CH),
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23.81 (CH), 23.42 (CH), 19.13 (CH), 18.18 (CH), 18.10 (CH), 17.83 (CH), 17.50 (CH),
17.44 (CH3).

HRMS calcd. for GgHsoN,O,H" 447.3945, found 447.3943

X-ray: Suitable crystals 065 were obtained as colourless plat®sslow evaporation of a
solution in dichloromethanélhe intensity data were collected at 173K00°C) on a Stoe
Mark ll-Image Plate Diffraction System [1] equiped with a {giele goniometer and using
MoK graphite monochromated radiatigh £ 0.71073 A). Image plate distance 130mm,
rotation scans®© f DW 3 [ AB @ GO/ V&tp&ures of 12 mins per image,range
1.76-52.59°, Ghin *0max= 23.107- 0.802 A

The structure was solved by Direct methods using the program SHBEEX3]. The
refinement and all further calculations were carried out using SHERX[2].

The NH H-atoms were not located or included in the refinement as it was not possible to
be absolutely sure about the positions of the O and N atomsa possible rotatioral
disorder. The Gbound Hatoms were included in calculated positions and treated as riding
atoms: GH = 0.99 and 0.98 A for CHand CH, respectively, with Wo(H) = k x Usq(parent
C-atom), where k = 1.5 for GfH-atoms and k = 1.2 for other-&toms.The nonH atoms

were refined anisotropically, using weighted fulatrix leastsquares on 4

One of the five membered rings is disorded with atoms N1,C27,C28 having an
occupancy ratio for the two parts of 0.640(13):0.365(4). The crystal diffracted extremely
ZHDNO\ EH\R @@/c =(1.1.Qn the final cycles of refinemt the ® maximum was
OLPLWHG WR U LQ
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2.30. Synthesis of compound 67 and 69*

N X
i H H H
o | o MelLi | P 2
N N ”
NG ONG OH OH OH OH
67 69

2.30.1.Compound 67 (2,2*(pyridine -2,6-diyl)dipropan -2-ol)
A 3 M solution of MeLi (29.4 mL, 86 mmol) was added dropwise to dimethyl pyridjGe
dicarboxylate (4 g, 20.05 mmol) in THF (100 mL) &8 °C. After stirring at room
temperature for 2 h, the mixture was quenched with an aqueous satura@dsbldtion (100
mL) and extracted with C}l, (3 x 30 mL). The collected organic layers were washed with
brine, dried over KCOs;, and concentrated under reduced pressure. The qiredas first
purified by chromatography (SiO2, GEl,/MeOH, 97/3), then by recrystallization in EtOH
to give 2.54 g (65%) of colorless crystals.

'H NMR (CDCl 5, 298K) / 3y, 3) =23(4, 5) = 33.2 Hz, 1 H,Ei(4)), 7.33 (d3J(3, 4)
and®J(5, 4)= 33.4 Hz, 2 H, €H(3, 5)), 4.17 (s, 2 H, ®), 1.57 (s, 12H,CH T 1

13C NMR (CDCl3) / & RU & RU &
& 1 & 1T 1

Ms calcd. for G;H;7/NO,195.12, found 196.2 (M+H)+Autre ref biblio
6HH DGGLWLRQDBXIeEQH EMmakl ¥indLKQ ButscBur. J. Inorg. Chem2009
2271+

2.30.2Compound 69*
Compound67 (500 mg, 2.56 mmol) and Pd/C 10% (430 mg, 0.40 mmol) were placed in an

autoclave vessel containing a stirring bar and a mixture of AcOH (10 mL) and MeOH (10

289



mL). The autoclave was closed, put under magnetic stirring, filled with hydrogen (100 atm),
and hated at 50°C for 12 h. After cooling to room temperature, the reaction mixture was
filtered through celite and the solid was washed with AcOH (2 x 10 mL) and successively
CH.Cl; (2 x 10 mL). The combined filtrate and washings were concentrated to giuea sl
residue, which was dried under high vacuum. Addition oL @H(30 mL) to the stirred
reaction product led to the formation of a suspension. The solid was filtered off, then the solid
was basified by 5% aqueous NaOH 5% (30 mL) and solubilized CIGK50 mL). The
resulting mixture was stirred for 5 min. The organic layer was then separated and the aqueous
phase was extracted with @El, (2 x 15 mL). The collected organic layers were washed with
brine, dried over KCOs;, and concentrated under redugedssure to give 495 mg (96%) of

compounds9.

IR (KBr): 3377s 298%, 2944, 2855n, 2782n, 2694v, 2586V, 1456n, 1442n, 138G,
113Gs, 931s, 825, 53Awv.

'H NMR (CDCl 3, 298K) /2.88 (bs, 2 H, OH), 2.47 (d)(2, 3b) andJ(6, 5b) = 11.4 Hz, 2 H,
C-H(2, 6)), 1.97 (dquintJ(4b, 4a) = 13.3 HZJ(4b, 3b) =*J(4b, 5b) = 3.3 HZJ(4b, 3a) =
3J(4b, 5a) = 3.3 Hz, 1 H,-8(4b)), 1.74 (dd3J(3a, 3b) andJ(5a, 5b) = 12.8 HZJ(3a, 4b)

and>J(5a, 4b) = 3.0 Hz, 2 H,-B(3a, 5a)) 1.45 (qt*J(4a, 4b) = 13.0 HZJ(4a, 3b) andi(4a,

5b) = 13.0 Hz3J(4a, 3a) 2J(4a, 5a) = 3.7 Hz, 1 H,-B(4a)), 1.25 (s, 6 H, C#), 1.16 (s, 6 H,
CHs), 1.06 (qd23(3b, 2) andd(5b, 6) = 12.3 Hz3J(3b, 3a) andJ(5b, 5a) = 12.3 HZJ(3b,

4a) and®J(5b, 4a) = 12.3 HZ)(3b, 4b) andJ(5b, 4b) = 3.3 Hz, 2 H, GBb, 5b));

3%C NMR (CDCl5) / & q & 3), 26.91 (&3, 5)), 24.69
(C(4)), 24.36 (CH).

Melting point: 72.3°C.

HRMS calcd. for [GiH23NO,+H'] 224.1621, found 224.1621.
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X-ray: Suitable crystals 069 were obtained asolorlessblocks by slow evaporation of a
solution in dichloromethanélhe intensity data were collected at 173K00°C) on a Stoe
Mark llI-lmage Plate Diffraction System [1] @igped with a twecircle goniometer and using
MoK graphite monochromated radiation ¥ 0.71073 A). Image plate distance 130mum,
rotation scans © f DW 3 f- DP®W 3 N> =\LNOF HeKposures of 2 mins
per image, @ range 1.76 52.59°, ¢hin *0max= 23.107- 0.802 A

The structure was solved by Direct methods using the program SHEEX2]. The
refinement and all further calculations were carried out using SHERX[2]. The NH and
OH H-atoms were located in ddfence Fourier maps and were refined with distances
restraints: GH = 0.84(2) A and NH = 0.88(2) A, withUiso(H) = 1.5 Ug(parent O/Natom).

The Gbound Hatoms were included in calculated positions and treated as riding atefhs: C
= 1.0, 0.99 and 0.98 for CH, CH, and CH, respectively, with Wo(H) = k x Us{parent G

atom), where k = 1.5 for GHH-atoms and k = 1.2 for all other-&toms.The nonH atoms

were refined anisotropically, using weighted fultrix leastsquares on 4

The OH H-atoms are di®rdered over two positions each with an occupancy of 0.5.

[1] Stoe & Cie (2000). IPD$ Bedienungshandbuch. Stoe & Cie GmbH, Darmstadt, germany.
[2] G. M. Sheldrick. (2008). Acta Cryst. A64, 1:122.

[3] Spek, A. L. (2003). J. Appl. Cryst. 36,1B.

[4] Westrip, S. P. (2010). J. Appl. Cryst. 43, 92%5b.

Drawing programs:

ORTEP-3: [3] Farrugia, L. J. (1997). J. Appl. Cryst., 30, 565.

Mercury: [4] Macrae, C. F., Edgington, P. R., McCabe, P., Pidcock, E., Shields, G. P.,
Taylor, R., Towler, M. & van de Stek, J. (2006). J. Appl. Cryst. 39, 4837.

PLATON: [5] Spek, A. L. (2003). J. Appl. Cryst. 36,1B.

2.31. Synthesis of compound 72
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2.31.1.Compound 70 (2,2*(propane-2",2" -diyl)bis(1H-pyrrole))
In a roundbottom flask were introduced pyrrole (31.72 mL, 0.459 mol) and acetone (4.21
mL, 57.4 mmol). The flask was equipped with a stirring bar and a reflux condenser. The
mixture was stirred for 5 minutes, then trifluoroacetic acid (0.439 mL, 5.74 nwasladded
and the mixture was stirred for an additional 15 minwaéer stirring, CHCI, was added and
the reaction mixture was basified with 5% sodium hydroxide and washed with saturated brine.
The aqueous layer was extracted two times with@j} The combined organic layers were
dried with sodium sulfate, and the solvent was removed under vacuum. The residue was
purified by column chromatograph($iO,, Cyclohexane/EtOAc, 8/2) to yield 6 g (60%) of
pale yellow crystals.

'H NMR (CDCl3, 298K) /  (bs, 2 H, NH(1)), 6.626.60 (m, 2 H, pyrrolieH(5)), 6.15
6.13 (m, 2 H, pyrroliH(4)), 6.116.09 (m, 2 H, pyrrolieH(3)), 1.59(s,6 H,CKH 1T 119

3C NMR (CDCl5) / & & & &
& 11 & 171 979

MS calcd for GiH14N2 IRXQG 0%
6HH DGGLWLRQDO DQDO\VHV L @H3Bung; R/A\AWWWWoed D.FO $ /LOOH
296KHD 3 ' %R\OHJ. Org6Chelm@989/64,\1391 " DQG 3$QGULROHW\

Rose, EJ. Chem. SocPerkin Trans. 2002 715

X-ray: Suitable crystals o0 were obtained as colourless blocks by slow evaporation of a
solution in cyclohexane/ethyl acetate [4:1]. The intensity data wellected at 173K -(
100°C) on a Stoe Mark -Image Plate Diffraction System [1] equiped with a {ewuwle
goniometer and using MaK graphite monochromated radiation. Image plate distance
100mm,® rotation scans ©180° at$ 0°, and 0+103.0° atp 90°, 2epAw = 1.0°, exposures

of 3 mins per image,@range 2.29+59.53°, Ghin #0max= 17.779+0.716 A
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The structure was solved by Direct methods using the program SHELXS [2]. The refinement
and all further calculations were carried out using SHEI9¥L[2].

The NH H-atoms were located in an electron density difference map and were freely refined.
The Gbound Hatoms were included in calculated positions and treated as riding atoms using

SHELXL default parameters. The néhatoms were refined anisotropically, using weighted

full-matrix leastsquares on %

The compound crystallized with two independent macules per asymmetric unit.

[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] Farrugia, L. J. (1997). J. Appl. Cryst., 30, 565.

[4] Macrae, C. F., Hgington, P. R., McCabe, P., Pidcock, E., Shielés, P., Taylor, R.,
Towler, M. & van de Streek, J. (2006). J. Appl. Cryst. 39-453.

[5] Spek, A .L.(2009). Acta Cryst. D65, 14855.

2.31.2Compound 71* (2=  f@yrrolidin -2-yl)propan-2"-yl)-1'H-pyrrole)
In an autoclave vessel were introduced dipyrréi{g.00 g, 29 mmol), 10% Pd/C (1.30 g),
MeOH (20 mL) and acetic acid (2 mL). The reaction was kept under hyd{®@extm) and
stirred at room temperature for 20 h. After stirring, the reaction was filtereugh a pad of
celite and washed three times with £Hp. The solution was concentratadder vacuumo
give yellow slurry. The slurry was solved in g, and washed with 5% sodium hydroxide
and the mixture was stirred for 5 minutes. The organic lexer separated and the aqueous
layer was extracted three times with £&LH. The combined organic layers were washed with
brine, driedwith sodium sulfateand concentrated under vacuuhhe residue was purified by
column chromatographySiO,, EtOAc/MeOH/trifluoroacetic acid, 95/5/1) to yield 5.0 g

(96%) of colorless crystals.

IR (KBr): 3150.4n, 3080.7Tn, 2965.8n, 2966.5, 2871.8, 1688.4v, 1566.6n, 1422.9,
879.8n, 714.3.
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'H NMR (CDCl 3, 298K) / EV -+ 1 P +-S8\JUROLF P
H, pyrrolic- + | P + - 8\WUROLK2WB) = 7.9 Hz, 1 H, CH(2)), 2.90
2.87 (m, 2 H, CH2(5)), 1.87 (bs, 1 H;#(1)), 1.781.70 (m, 1 H, CiX3)), 1.671.51 (m,2 H,
CHx(4)), 1.31 (s, 3H,CH 11 V 3 §7&+1.12(m, 1H, CK3));

13C NMR (CDCl5y) / & 1 & 1 & 1 & 1
& & & 11 & 171 & & & 11

Melting point: 79.2°C.
MS calcd for G;HigN2: 178.15, found 179.3 (M+H)+.

X-ray: Suitable crystals off1 were obtained asolorlessblocks by recrystallization in
ethanol. The intensity data were collected at 173K on a Stoe Image Plate Diffraction System
[1] using MoK graphite monochromated radiation. Image plate distance 7@rosgjllation

scans G 200°, stepA¢ = 1°, exposures d3 min, D range 4.3+51.8°, dhin tdmax= 12.45-

0.81 A The structure was solved by Direct methods using the program SHEEZXS. The
refinement and all further calculations were carried out using SHERX[2]. The Hatoms

were located from differece electrordensity maps and freely refined. The fieratoms were

refined anisotropically, using weighted fufiatrix leastsquares on %

The compound crystallizes with two independent molecules (A and B) in the asymmetric
unit. They differ only slightly, as seen in the autdit diagram, Figure 3 [5].

In the crystal they are linked to one anotherviaN+«1 LQWHUDFWLRQV IRUPLQJ |
rectangular arrangement.

[1] Stoe & Cie. (2009)X-Area V1.52 & XRED32 V1.48 Softwarestoe & Cie GmbH,
DarmstadtGermany.

[2] Sheldrick, G. M. (2008) Acta Cryst. A64, 1-122.

[3] Farrugia, L. J. (1997). J. Appl. Cryst., 30, 565.

[4] Macrae, C. F., Edgington, P. R., McCabe, P., Pidcock, E., Shields, G. P., Taylor, R.,
Towler, M. & van de Streek, J. (2006). J. Apptyst. 39, 453157.

[5] Spek, A .L.(2009). Acta Cryst. D65, 14855.
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SeexUD\ VWUXFWXUH 3-RXUQ REVang, HActaICH&tL., Sectio @RHHEHFNOL
C68 R

2.31.3Compound 72* (1"-(2-(2" -(1'H-pyrrol -2'-yl)propan-2"" -yl)pyrrolidin -1-
yl)ethanone

By the wayA: The amide72 was prepared according to the general procedure () #bm
(100 mg, 0.56 mmol), acetyl chloride (83.8 uL, 1.17 mmol), potassium carbonate (163 mg,
1.17 mmol) in THF (5 mL) and ACN (2.5 mL). The residue was purified by column
chromatography (Si& CH.Cl,/MeOH, 90/10) or by recrystallisation in ethanol to yield 119
mg (96%) of colorless crystalBy way B: In a roundbottom flask were introducetil (100
mg, 0.56 mmol) and BN (164.3 uL, 1.17 mmol) in THF (10 mL) at 0°C. Then acetyl
chloride (83.8 uL, 1.17 mmol) in THF (1 mL) was added. The reaction mixture was $or
1 hour at 0°C, under argoAfter stirring, CHCl, was added and the reaction mixture was

washed successively with two times 10% ammonium chloride and saturated brine. The

organic layer was dried with sodium sulfate, and the solvent was removed under vacuum. The

residue was purified byolumn chromatogrdyy (Si®, CH.Cl/MeOH, 90/10) or by

recrystallization in ethanol to yield 89.9 mg (72%) of colorless crystals.

IR (KBr): 3235.4n, 2974.8n, 1613.8, 1564.1v, 1478.1v, 1422.4n, 1388.9v, 722.5n.

'H NMR (CDCl3, 298K) /8.31 (m, 1 H, N+ P +-8\WUROLF P
H, pyrrolic- + V +-+SWUROLBE,G) =8.2 HAI(2, 3) = 2.4 Hz,

1 H, H(2)), 3.37 (td>J(5b, 4) = 10.1 HZJ(5b, 5a) = 7.99 Hz, 1 H, H(5b)), 3.09 (dd#5a,

4) = 9.93 Hz'J(5a, 5b) = 8.9 HZ- D +] + + D V +
1.76 (m, 1 H, H(3)), 1.69 (m, 1 H, H(3)), 1.59 (m, 1 H, H(4)), 1.32 (s, 6 K, CHIT  T1¢9
1.00 (m, 1 H, H(4));
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3¢ NMR (CDCl5) / & 11 2 & 1 & 1 &
& & & & 1171 &
& 11 & & 11

Melting point: 158°C.
HRMS calcd. for GsH,oN-O+Na 243.1468, foun@43.1469.

X-ray: Suitable crystals of2 were obtained as colourless blocksdbgw evaporation of a
solution in dichloromethaneThe intensity data were collected at 173K00°C) on a Stoe
Mark ll-Image Plate Diffraction System [1] equiped witltwap-circle goniometer and using
MoK graphite monochromated radiation. Image plate distance 13Qymatation scans ©

180° atp 0°, and O- 83° at¢p 90°, stepAw = 1.0°, exposures of 2 mins per image,range
1.76-52.59°, Ghin *0max= 23.107- 0.802A

The structure was solved by Direct methods using the program SHEEXR]. The
refinement and all further calculations were carried out using SHERX[2]. The NH H
atoms was locate in a difference fourier map and freely refined. Tw@ucd Hatomswere
included in calculated positions and treated as riding atoms using SHELXL default

parameters. The ndA atoms were refined anisotropically, using weighted-rultrix least

squares on & A semiempirical absorption correction was applied using theL SHANABS
routine in PLATZON [3].

[1] Stoe & Cie (2000). IPD$ Bedienungshandbuch. Stoe & Cie GmbH, Darmstadt,
Germany.

[2] G. M. Sheldrick. (2008). Acta Cryst. A64, 1:122.

[3] Spek, A. L. (2003). J. Appl. Cryst. 36,13B.

Drawing programs:

ORTEP-3: [3] Farrugia, L. J. (1997). J. Appl. Cryst., 30, 565.

Mercury: [4] Macrae, C. F., Edgington, P. R., McCabe, P., Pidcock, E., Shields, G. P.,
Taylor, R., Towler, M. & van de Streek, J. (2006). J. Appl. Cryst. 394853

PLATON: [5] Spek, A. L. (2003). J. Ag. Cryst. 36, 713.

2.32. Synthesis of compound 73* and 74*
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2.32.1.Compound 73*
The amide 73 was prepared according to the general procedure (l) froese
octamethylcalix[2]pyrrole[2]pyrrolidine (1 g, 2.29 mmol), acetyl chloride (342 puL, 4.81
mmol), potassium carbonate (665 mg, 4.81 mmol) in THF (50 mL) and ACN (25 mL). The
residue was purified by washing with cold ethanol to yield 1.085g (99.4%) of esdorl
powder. The resulting powder can be recrystallized in ethanol.

Compound/3is described as a racemate mixture.

IR (KBr): 3463.2n, 3363.3n, 3266.8, 2964.8, 2863.3, 1647.4, 1572.8v, 1451.3n,
1366.7, 1319.3n, 1099.In, 1051.06n, 765.%, 711.Qv.

'H NMR (CDCl3, 218K) / \Y -H(23)), 8.77 (s, 1 H, MH(11)), 5.89 (s, 2 H,
pyrrolic-H(20, 21)), 5.69 (s, 2 H, pyrrokE(8, 9)), 4.20 (t3J(2, 3b) = 9.1 HZJ(2, 3a) = 9.1
Hz, 1 H, H(2)), 3.55 (d®J(5, 4) = 8.7 Hz, 1 H, H(5)), 3.19 (bs, 1 H, BY), 2.89 (bs, 1 H,
H(16)), 2.40 (bs, 1 H, NH(17)), 2.37 (m, 1 H, CK{3b)), 2.122.06 (m, 1 H, Ck3a)), 1.89
1.86 (m, 1 H, Ck4b), 1.67 (m, 2 H, Ch4a, 14a)), 1.53 (m, 1 H, GH 5a)), 1.47 (s, 3 H,
CHs(31)), 1.33 (s, 3 H, Ckf28)), 1.30 (s, 3 H, Ck32)), 1.25 (s, 3 H, C¥29)), 1.22 (s, 3 H,
297



CHs(30)), 1.19 (s, 3 H, Ck25)), 1.18 (s, 3 H, Ck27)), 1.10 (s, 3 H, CH 1 P+
CHy(14b, 15b)), 0.03 (s, 3 H, GE26));

3%C NMR (CDCl3) / & 1 2 & &(C(19)),

135.02 (C(22)), 106.86 (C(20 or 21)), 106.07 (C(20 or 21)), 103.44 (C(8 or 9)), 101.43 (C(8

or 9)), 71.64 (C(5)), 70.52 (C(16)), 67.02 (C(2)), 66.07 (C(13)), 40.50 (C(24)), 37.50 (C(6)),

37.44 (C(12)), 36.55 (C(18)), 32.89 (C(29)), 30.66 (C(329.17 (C(31)), 28.16 (C(28)),

27.46 (C(25)), 26.99 (C(3)), 26.69 (C(4)), 26.51 (C(15)), 26.28 (C(27)), 25.80(C(14)), 25.52
& & 1 &

Melting point: 223.6°C.

MS calcd for GoH4eN4O 478.37, found 479.7 (M+H)+.
HRMS calcd. for GgH4gN4O+H" 479.3744, found 479.3742.

X-ray: Suitable crystals of3 were obtained as colourlessblocks by by slow evaporation of a
solution in ethanol. The intensity data were collected at 17380¢C) on a Stoe Mark-lI
Image Plate Diffractin System [1] equiped with a twaircle goniometer and using MoK
graphite monochromated radiation. Image plate distance 10Gmotation scans ©180° at

¢ 0°, and 0- 103° at¢ 90°, stepAw = 1.0°, with an exposure time of 3 mins per imade, 2
range 2.29459.53°, ¢hin +0max= 17.77940.716 A

The structure was solved by Direct methods using the program SHELXS [2]. The refinement
and all further calculations were carried out using SHEIXL[2]. All the Hatoms could be
located in differene electrordensity maps. The NH ddtoms were freely refined, while the
C-bound Hatoms were included in calculated positions and treated as riding atoms using

SHELXL default parameters. The nbhatoms were refined anisotropically, using weighted

full-matix leastsquares on&

The compound is a racemate, crystallizing in the centrosymmetric trigonal space group
R-3, with 18 molecules per unit cell.

There is very small cavity in the unit cell, which is estimated to be occupied by only 11
electrons, fora volume of 373A% which is 3% of the total volume of the unit cell. No
correction was made for this.

[1] Stoe & Cie (2000). IPD$ Bedienungshandbuch. Stoe & Cie GmbH, Darmstadt, germany.
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[2] G. M. Sheldrick. (2008). Acta Cryst. A64, 1:122.
[3] Spek, A.L. (2003). J. Appl. Cryst. 36-13.

2.32.2Compound 74*
The amide 74 was prepared according to the general procedure (l) froese
octamethylcalix[2]pyrrole[2]pyrrolidine (700 mg, 1.60 mmol), propionyl chloride (280 uL,
3.2 mmol), potassium carbonate (442 ®¢g, mmol) in THF (30 mL) and ACN (15 mL). The
residue was purified by column chromatography ¢St9clohexane/EtOAc, 6/4) to yield 758

mg (96%) of colorless crystals.

IR (KBr): 3435.6n, 2968.4n, 2926.3n, 1647.k, 1494.0n, 1215.5, 1050.mTn, 752.6,
668.4n.

'H NMR (CDCl 3 218K) / V. -H(23)), 8.73 (s, 1 H, MH(11)), 5.88 (s, 2 H,
pyrrolic-H(20, 21)), 5.68 (s, 2 H, pyrrolil(8, 9)), 4.21 (dd®J(2, 3b) = 9.5 HZJ(2, 3a) = 9.0
Hz, 1 H, H(2)), 3.57 (dJ(5, 4) = 8.8 Hz, 1 H, H(5)), 3.1®s, 1 H, H(13)), 2.88 (bs, 1 H,
H(16), 2.40 (bs, 1 H, NH(17)), 2.35 (m, 1 H, Ch{3b)), 2.06 (m, 1 H, Ch{3a)), 1.86 (m, 1 H,
CHa(4b)), 1.67 (m, 1 H, CH T P ,(4a))&*62 (m, 1 H, CHl4da)), 1.50 (m,
1 H, CH(15a)), 1.48 (s, 3 H, Ci32)), 1.29 (s, 6 H, Ck{28, 31)), 1.25 (s, 3 H, CiR9)),
1.22 (s, 3 H, CK30)), 1.18 (s, 3 H, Cki25)), 1.16 (s, 3 H, C{27)), 0.86 (m, 2 H, CK{14b,

15b)), 0.77 (t3- ¢ ¢ +] 3 A &+ P L+ J&+ V +
CHs(26));
13C NMR (CDCl3) / & T 2 & &

134.98 (C(19)), 106.82 (C(20 or 21)), 105.92 (C(20 or 21)), 103.33 (C(9)), 101.28 (C(8)),
70.95 (C(5)), 70.40 (C(16)), 67.50 (C(2)), 65.96 (C(13)), 40.50 (C(24)), 37.40 (B65I7
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(C(12, 18)), 32.90 (C(29)), 30.91 (C(31)), 29.26 (C(32)), 28.35 (C(28)), 27.50 (C(25)), 26.66
& & & & & &
& & & 1

MS calcd for GiH4gN4O 492.38, found 493.4 (M+H)+, 515.4 (M+Na)+.
HRMS calcd. for G;H4gN4,O+H" 493.3901, found 493.3904.

X-ray: Suitable crystals 074 were obtained asolorlessblocks bya slow evaporation of a
solution in dichloromethaneThe intensity data wereollected at 173K-(00°C) on a Stoe
Mark Il-Image Plate Diffraction System [1] equiped with a {guele goniometer and using
MoK graphite monochromated radiatioh £ 0.71073 A). Image plate distance 130mn,
rotation scans ©180° at 0°, and 0+64.0° at¢ 90°, stepAw = 1.2°, exposures of 5 mins per
image, ® range 1.76 52.59°, ¢hin +0max= 23.107- 0.802 A

The structure was solved by Direct methods using the program SHEEX2]. The
refinement and all further calculations were carried suigiISHELXL-97 [2].

The NH Hatoms were located in difference electdmmsity maps. In the final cycles of least
squares refinement-gBtom N3H was refined with a distance restraint éfild 0.88(2) A and
Uiso(H) = 1.2U«N). The other NH Hatoms and théC-bound Hatoms were included in
calculated positions and treated as riding atombt :0.87 A, GH = 0.99, 0.98 and 0.97 A

for CH, CH, and CH, respectively, and 0.94 A for Gallyl and CHaromatic, with Go(H) =

k x UgqN,C), where k = 1.5 for CkH-atoms, and = 1.2 for all other&toms.

The noRrH atoms were refined anisotropically, using weighted-rdltrix leastsquares on

F2. An empirical absorption correction was applied using the MULscanABS routine in
PLATON [3].

The crystal, a dichloromett@H VROYDWH GLIIUDFWHG YB#HUWes@dtelDNO\ E
exposures of 5 min per image. Due to the large number of very weak reflectiong iaduR
ZDV UHODWLYHO\ KLJK ,Q WKH ILQDO F\FOHV RI GHILQHPH
consegently the R value was lower but still > 0.12.

[1] Stoe & Cie (2000). IPD$ Bedienungshandbuch. Stoe & Cie GmbH, Darmstadt, germany.
[2] G. M. Sheldrick. (2008). Acta Cryst. A64, 1:122.

[3] Spek, A. L. (2003). J. Appl. Cryst. 36,1B.
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2.33. Synthesisof compound 75* and 76*

2.33.1.Compound 75*
To a solution of amid&3 (1 g, 2.03 mmol) in THF (40 mL) a78°C was added a 1.6 M
solution of n-butyllithium in hexanes (3.92 mL, 6.09 mmol) over 10 minutes. The reaction
mixture was stirred for 30 minutes at this temperature and then a solution of acetyl chloride
(149.2 pL, 2.03 mmol) in THF (5 mL) was slowly added. The resulting solution was stirred at
-78°C for 30 minutes then allows warming to room temperature (additional 30 Afiar
stirring, 100 mL of 10% sodium carbonate was added and the reaction mixture was extracted
with CH,CI, (3 x 50 mL). The aqueous layer was extracted by 40 mL of EtOAc followed by
40 mL of CHCI,. The organic layer was washed saturated brine ofgpnic layer was dried
with sodium sulfate, and the solvents were removed under vacuum. The residue was solved in
CH.Cl,/MeOH (9/1) and filtered through a pad of aluminum oxide. The solvents were
removed under vacuum and the residue purified by colummnetography (SiO2,
Cyclohexane/EtOAc, 6/4) to yield 76.1 mg (7%) of white powder.

IR (KBr): 3457.6n, 2965.8n, 2926.%v, 1675.8, 1392.4n, 1360.9n, 1311.9n, 1287.9,
770.9m.
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'H NMR (CDCl 3, 218K) / V  -H(11123)), 5.87 (s, 2 H, pyrroke(9, 21)), 5.83
(s, 2 H, pyrrolieH(8, 20)), 4.30 (t3J(2, 3b) andJ(13, 14b) = 9.3 HZJ(2, 3a) andJ(13, 14a)
= 9.3 Hz, 2 H, H(2, 13)), 3.90 (&J(5, 4b) andJ(16, 15b) = 8.5 Hz, 2 H, H(5, 16D,05 (m, 4
H, CHx(3, 14)), 1.83 (m, 2 H, C}b)), 1.73 (s, 6 H, CH 1 P a(4a))&1t45
(s, 6 H, CH(28, 32)), 1.33 (m, 6 H, CiR7, 31)), 1.21 (s, 6 H, GR5, 29)), 0.02 (s, 6 H,
CHs(26, 30));

3¢ NMR (CDCl3) / & 1 2 & &
21)), 104.57 (C(8, 20)), 70.04 (C(5)), 67.84 (C(2)), 40.71 (C(12, 24)), 37.33 (C(6, 18)), 29.94
(C(28, 32)), 29.18 (C(27, 31)), 28.64 (C(25, 29)), 27.70 (C(3, 14)), 27.31 (C(4 255§

& &

MS calcd for G,H4sN4O, 520.38, found 543.8 (M+Na)+.

X-ray: Suitable crystals o75 were obtained as colourless rods by a slow evaporation of a
solution in dichloromethane. The intensity data were collected at {-28K°C) on a Stoe
Mark Il-Image Plate Diffraction System [1] equiped with a {gwele goniometer and using
MoKa graphite monochromated radiation. Image plate distance 13@motation scans ©

180° at¢p 0°, stepAw = 1.3°, exposures of 9 mins per ineadb range 1.76 52.59°, ¢hin *
Omax = 23.107- 0.802 A The structure was solved by Direct methods using the program
SHELXS97 [2]. The refinement and all further calculations were carried out using SHELXL
97 [2]. The Hatoms were included in calculatpdsitions and treated as riding atoms using
SHELXL default parameters. The néhatoms were refined anisotropically, using weighted
full-matrix leastsquares on % An empirical absorption correction was applied using the
multi-scan routine available inRTON (Sepk, 2009).

The crystal diffracted weakly beyond 40° i6, 2nd this is responsable for the high Ralue

of 0.19. Only ca. 35% of the data can be considered to be observed(])]> 2

[1] Stoe & Cie (2000). IPD& Bedienungshandbuch. Stoe & @enbH, Darmstadt, germany.

[2] G. M. Sheldrick. (2008). Acta Cryst. A64, 1122.

[3] Spek, A. L. (2003). J. Appl. Cryst. 36,1B.
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2.33.2Compound 76*
To a solution of amid@& (930 mg, 1.89 mmol) in THF (20 mL) af8°C was added a 2 M
solution of n-butyllithium in hexanes (2.83 mL, 5.66 mmol) over 10 minutes. The reaction
mixture was stirred for 30 minutes at this temperature and then a solution of acetyl chloride
(135.36 pL, 1.89 mmol) in THF (1 mL) was slowly added. The resulting solution wesdstir
at-78°C for 5 minutes then allows warming to room temperature (additional 30 min). After
stirring, 100 mL of 10% sodium carbonate was added and the reaction mixture was extracted
with CH,CI, (3 x 50 mL). The aqueous layer was extracted by 40 mL oAEtOllowed by
40 mL of CHCI,. The organic layer was washed saturated brine. The organic layer was dried
with sodium sulfate, and the solvents were removed under vacuum. The residue was solved in
CH.Cl,/MeOH (9/1) and filtered through a pad of aluminumidex The solvents were
removed under vacuum and the residue purified by column chromatograpf®s, (Al
Cyclohexane/ EtOAc, 80/20) to yield 121 mg (12%) of white powder.

IR (KBr): 3451.42n, 2976.92n, 1674.24, 1389.8n, 1359.96n, 765.13n, 706.26v.

'H NMR (CDCl3 223K) / V. -H(23)), 9.24 (s, 1 H, MNH(11)), 5.89 (s, 1 H,
pyrrolic-H(20)), 5.86 (s, 2 H, pyrroli¢i(9, 21)), 5.81 (s, 1 H, pyrrokEl(8)), 4.31 (dd3J(13,

14b) = 10.2 Hz3J(13, 14a) = 8.5 Hz, 1 H, H(13)), 4.25 (dd(2, 3b) = 10.0 HAJ(2, 3a) =

8.6 Hz, 1 H, H(2)), 3.94 (£J(16, 15) = 8.5 Hz, 1 H, H(16)), 3.84 (5, 4) = 8.6 Hz, 1 H,
H(5)), 2.16 (m, 1 H, CHl 11 P 5(3+14%,#.83 (m, 2 H, CH4a, 15a)), 1.69

(m, 2 H, CH(4b, 15b)), 1.69 (m1 H, CH 1T V o3 A &+ P +
CHs(28)), 1.42 (s, 3 H, CH32)), 1.34 (s, 3 H, Ck27)), 1.32 (s, 3 H, Ck31)), 1.22 (s, 3 H,

303



CHs(29)), 1.19 (s, 3 H, CH25)), 0.98 (t3>- 17 17 +1s 1% &+ VAR
CHs(30)),-0.05 (s, 3 H, CH{(26));

3¢ NMR (CDCl3) / & 11 2 & 1 2 &
134.23 (C(10 or 22)), 134.14 (C(10 or 22)), 106.69 (C(20)), 106.35 (C(9 or 21)), 104.40 (C(9
or 21)), 103.91 (C(8)), 69.72 (C(5)), 68.91 (C(1&8.12 (C(13)), 67.46 (C(2)), 40.34 (C(12

RU & RU & & & 11
(C(32)), 29.06 (C(27 or 31)), 28.95 (C(27 or 31)), 28.66 (C(29)), 28.18 (C(25)), 27.34 and
27.21 and 27.13 and 27.07& & 1 &

& 71 06 FBRONE,HR4B%found 535.4 (M+H)+.

Melting point: 269°C.

HRMS calcd. for GsHsgN4O,+Na" 557.3826, found 557.3827.

2.34. Synthesis of compound 7-B1*

2.34.1Compound 77*
The amide 77 was prepared according to the general procedure (l) froese
octamethylcalix[2]pyrrole[2]pyrrolidine (100 mg, 0.23 mmol), benzoyl bromide (57.7 pL,
0.48 mmol), potassium carbonate (70 mg, 0.48ihm THF (10 mL) and ACN (5 mL). The

residue was washed with cold ethanol to yield 123.8 mg (quant.) of colorless solid.

304



IR (KBr): 3393.8n, 3274.9n, 2966.2n, 1631.5, 1348.5, 1097.9v, 952.5n, 769.23n,
699.0m.

'H NMR (CDCl 3 218K) / Vv -H(23)), 8.74 (s, 1 H, NH(11)), 7.15 (bs, 1 H,

+ 1 EV + + 9 i EV + + 1 -H®O, 21)), \%
5.73 (bs, 1 H, pyrroli¢d(9)), 5.14 (bs, 1 H, pyrroli¢i(8)), 4.50 (bs, 1 H, H(2)), 3.74 (hkEH,

H(5)), 3.22 (bs, 1 H, H(13)), 2.93 (bs, 1 H, H(16)), 2.55 (m, 1 Hy(8l)), 2.44 (bs, 1 H, N
H(17)), 2.17 (m, 1 H, Chk{3a)), 1.82 (m, 1 H, Chi4b)), 1.68 (m, 1 H, Ch4a)), 1.66 (m, 1

H, CHx(14a)), 1.66 (s, 3 H, Ci32)), 1.55 (m, 1 H, Ck{15a)),1.48 (s, 3 H, Ck{(34)), 1.39

(s, 3 H, CH(31)), 1.28 (s, 3 H, C29)), 1.25 (s, 3 H, C¥{27)), 1.25 (s, 3 H, C430)), 0.92

(s, 3 H, CH(31)), 0.92 (m, 2 H, Ck{14b, 15b)), 0.00 (s, 3 H, G[26));

“C NMR (CDCl5) / QRW GHWHFWHG & T 2 ¢ & 1 1

& T & 1 1 & & &
70.82 (C(16)), 68.82 (C(2)), 66.65 (C(13)), not detected (C(24, 18 12, 6)) , 33.17 (C(29)),
32.30 (C(31)), 29.29 (C(28)), not detatteC(25)), 26.91 (C(32)), not detected (C(3, 27, 4,
15)), 26.12 (C(30)), not detected (C(14)), 20.50 (C(26)).

Melting point: 265°C.

MS calcd for GsH4sN4O 540.38, found 541.4 (M+H)+, 563.4 (M+Na)+.
HRMS calcd. for GsH4gN4,O+H" 541.3901, found41.3907.

X-ray: Suitable crystals of 7 were obtained as thicolorlessplates bya slow evaporation of
a solution in dichloromethand@he intensity data were collected at 233K0CC) on a Stoe

Mark ll-Image Plate Diffraction System [1] equiped with a {guele goniometer and using
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MoK graphite monochromated radiation ¥ 0.71073 A). Image plate distance 130mum,
rotation scans ©0180° at$ 0°, and 0+75.0° atp 90°, stepAw = 1.0°, exposures of 9 mins per
image, ® range 1.76 52.59°, Ghin #0max= 23.107- 0.802 A

The structure was solved by Direct methods using the program SHEEXR]. The
refinement and all further calctil@ns were carried out using SHELXQ7 [2].

The NH Hatoms were located in difference electasmsity maps. In the final cycles of least
squares refinement-Htom N3H was refined with a distance restraint &fid 0.88(2) A and
Uiso(H) = 1.2U«N). The dher NH Hatoms and the ®Gound Hatoms were included in
calculated positions and treated as riding atorast 30.87 A, GH = 0.99, 0.98 and 0.97 A
for CH, CH, and CH, respectively, and 0.94 A for Gallyl and CHaromatic, with Gio(H) =

k x UgqN,C), where k = 1.5 for ChlH-atoms, and = 1.2 for all other&toms.

The nonrH atoms were refined anisotropically, using weighted-rdltrix leastsquares on

F2. An empirical absorption correction was applied using the MULscanABS routine in
PLATON [3]. The FU\VWDO GLIIUDFWHG YH Us despieNe®ostres\ QG U |
min per image. Due tothe large number of very weak reflections;theaRie was relatively

high., Q WKH ILQDO F\FOHV RI UHILQHPHQW;dKIdqu@mitied ZHUH |
Rint value was lower but still > 0.12.

[1] Stoe & Cie (2000). IPD$ Bedienungshandbuch. Stoe & Cie GmbH, Darmstadt, germany.

[2] G. M. Sheldrick. (2008). Acta Cryst. A64, 1:122.

[3] Spek, A. L. (2003). J. Appl. Cryst. 36,1B.

2.34.2Compound 78*
The carbamatell was prepared according to the general procedure (l) fro@se
octamethylcalix[2]pyrrole[2]pyrrolidine (100 mg, 0.23 mmol), methyl chloroformate (37.5
uL, 0.48 mmol), potassium carbonate (70 mg, 0.48 mmol) in THF (5 mL) and ACN (2.5 mL).

The residue was washed with cold ethanol to yield 113.8 mg (99%) of colofliess so
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IR (KBr) : 3415fm), 2963€), 2869(), 1708€), 1574(v), 1439(), 13196), 12966),
1249(), 1207r), 1100fn), 925¢), 772(M), 759€), 711(M), 526().

'H NMR (CDCl3223.2 K) / V. -H(23)), 8.71 (s, 1 H, NH(11)), 5.90 (s, 2 H,
pyrrolic-H(20, 21)), 5.68 (bs, 1 H, pyrroHd(9)), 5.63 (bs, 1 H, pyrroli¢i(8)), 3.86 (bs, 1 H,
H(2)), 3.66 (bs, 1 H, H(5)), 3.18 (s, 3 H, €HY EV + o+

H(16)), 2.39 (bs, 1 H, NH(17)), 2.29 (m, 1 H, Ck{3a)), , 2.06 (M1 H, CH(3b)), 1.73 (m, 1
H, CHy(4a)), 1.65 (m, 1 H, Ch{14a)), 1.63 (m, 1 H, C}4b)), 1.51 (m, 1 H, Ch{15a)), 1.50
(s, 3 H, CH(32)), 1.29 (s, 3 H, C#{28)), 1.25 (s, 3 H, Ck{30)), 1.24 (s, 3 H, C#{31)), 1.20
(s, 3 H, CH(29)), 1.15 (s, 3 H, CH27)), 1.13 (s, 3 H, Ck(25)), 0.88 (m, 2 H, Ck{14b,

15b)),-0.02 (s, 3 H, CK{(26));

3%C NMR (CDCl3) / & 1 2 & & &
(C(22)), 106.8 (C(20 or 21)), 105.7 (C(21 or 20)), 102.5 (C(9)), 99.6 (C(8)), 72.1),(T053
& & & & 1 & &

(C(18)), 33.5 (C(30)), 29.7 (C(32)), 28.9 (C(28)), 27.4 (C(3)), 26.9 (C(27)), 26.7 (C(25)), 26.4
(C(14)), 26.3 (C(15)), 25.9 (C(31)), 25.6 (C(4)), 263229)), 18.9 (C(26)).

'H NMR (CDCl 5298 K) / V  -H(11123)), 5.77 (dd?3(8, 9) andI(20, 21) = 6.8
Hz, “3(8 or 9, NH) andJ(20 or 21, NH) = 2.6 Hz, 4 H, pyrrolid(20, 21, 8, 9)), 3.87 (dd,
33(2, 3b) andJ(5, 4b) = 7.9 HzJ(2, 3a) andJ(5, 4a) = 5.1 Hz , 2 H, H((2, 5)) , 3.29 (s, 3H,
CH; 1 EV + o+ -H(17)E V.98 (bs, 2H, Cida, 3a)), 1.80
(bs, 2 H, CH(4b,3b)), 1.63 (m, 2 H, Ciil4a, 15a)), 1.33 (s, 6 H, Gfheso)), 1.30 (s, 6 H,
CHs(meso)), 1.20 (s, 6 H, Gkeso)), 1.11 (m, 2 H, Ciil4b, 15b)), 0.83 (bs, 6 H,
CHz(meso));
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13C NMR (CDCl5) / & 7 2 & & &
& & & T 37.2 (C(& 18)), 30.0
(CHs), 28.0 (CHY), 27.2 (C(3, 4)), 26.3 (C(4, 15)), 25.4 (QH

MS calcd for GoHaeN4O»494.3, found 495.4 (M+H)
HRMS calcd for GoHaegN4O-H* 495.3693, found 495.36982.

2.34.3Compound 79*
The carbamate/9 was prepared according to the general procedure (I) froese
octamethylcalix[2]pyrrole[2]pyrrolidine (100 mg, 0.23 mmol}nroveratryl chloroformate
(132.2 mg, 0.48 mmol), potassium carbonate (70 mg, 0.48 mmol) in THF (5 mL) and ACN
(2.5 mL). The reside was washed with cold ethanol to yield 155.0 mg (99%) of colorless

crystals.

IR (KBr): 3436(r), 2966€), 2871(r), 1703(), 1580(v), 1523€), 1463@), 1332(),
12776), 1220(), 1099(v), 1064(), 915(), 760(), 731(), 712(), 602().

'H NMR (CDCl 3 223.2 K) / V. -H(23)), 8.72 (s, 1 H, NH(11)), 7.67 (s, 1H,

O Vooo+ o+ T "H(20, 21y, 53TU RV,ICH 1D RU E

5.43 (s, 1 H, pyrroligd(9)), 5.31 (s, 1 H, pyrroli¢i(8)), 4.47 (m, 1 H,Chl TE RD

(s,6H,CH T1T 717 EV  + + EV  + + E\

(bs, 1 H, H(16)), 2.39 (m, 1 H, GiBa)), 2.38 (bs, 1 H, M(17)), 2.11 (m, 1 H, Ck3b)),
1.83 (m, 1 H, Ch4a)), 1.74 (m, 1 H, Ch4b)), 1.63 (m 1 H, CH(14a)), 1.52 (s, 3 H,
CHa(32)), 1.51 (m, 1 H, CK{15a)), 1.37 (s, 3 H, C}28)), 1.26 (s, 3 H, Ci{29)), 1.25 (s, 3
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H, CHs(30)), 1.21 (s, 3 H, CK31)), 1.13 (s, 3 H, CK25)), 1.08 (s, 3 H, Ck27)), 0.80 (m,
2 H, CHy(14b, 15h)), 0.08 (s, 3 KGHs(26));

3¢ NMR (CDCl5) / & 1 2 & 119 & 11 &
& & & & & 11 &
& 11 & RU & R ) 100.7 (C(9)), 728 (C(5)),
& & & & 1 & 191 999

(C(12)), 37.3 (C(6)), 36.9 (C(18)), 33.3 (C(30)), 31.0 (C(29)), 29.7 (C(32)), 29.2 (C(28)), 28.0
(C(3)), 27.3 (C(25)), 26.9 (C(15)26.8 (C(27)), 26.3 (C(4)), 26.0 (C(14)), 25.7 (C(31)), 19.5
(C(26)).

'H NMR (CDCl 3 298 K) / Vo -+ 1 V + o+ 19 \Y;
+ 19 EV + S\UUROLF EV + + T 3 179V o+
1Y DQG EV + 4+ EV + $(3a,4a)),2.12.0Bs, + &+

1 H, NH(17)), 1.84 (bs, 2 H, Cii8b,4b)), 1.62 (bs, 2 H, GKll4a,15a)), 1.32.28 (s, 12 H,
CHz(meso)), 1.22 (s, 6 H, Ckimeso)), 1.17 (bs, 2 H, GH4b, 1%)), 0.88 (bs, 6 H,
CHz(meso));

3%C NMR (CDCl3) / & 1 2 & 171 & 19 & 9
& & 11 & 11 & 1 &
(C(2, 5)), 68.9 (C(13, 16)), 65.0& 1 & 1717 & 1179 &

18)), 30.2 (CH(meso)), 29.3 (Ck{meso)), 28.3 (C(3, 4)), 28.2 (C(14, 15)), 27.4
(CHs(meso)).

MS calcd for GgHs3NsOg 675.4, found 676.7 (M+H) 698.7 (M + Na);
HRMS calcd for GgHs3NsOgH ' 676.4068, found 676.4065

2.34.4Compound 80*
In a twonecked flask fitted with a gas inlet and containing a stirrer bar was charessl
octamethylcalix[2]pyrrole[2]pyrrolidine (400 mg, 0.92 mmol) and potassium carbonate (280
mg, 2 mmol). The reaction vesselsMiushed with argon and sealed with a septum. THF (20
mL) and ACN (10 mL) was introduced, and then benzyl bromide (237 pL, 2 mmol) was
added. The reaction mixture was stirred for 2 hours in all at room temperature, under argon.
After stirring, 10% sodiuntarbonate was added and the reaction mixture was extracted with
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CH.Cl,. The organic layer was washed successively with two times 10% sodium carbonate
and saturated brine. The organic layer was dried with sodium sulfate, and the solvents were
removed undevacuum. The residue was purified by column chromatograph®g¢ito yield

48.2 mg (10%) of colorless crystals.

IR (KBr): 3450m, 2962, 2872n, 2347y, 1718v, 1571m, 1491w, 1466v, 1379n, 1355n,
1279m, 1240m, 1104m, 1070m, 1040n, 763, 70K, 624N, 526N, 468W.

'H NMR (CDCl3223.2 K) / V-4 1 P + + 17 19
+ + 17 99 V -H(8+9))S3.82 & @ HFpyrroliel(20, 21)), 3.16 (bs, 2
H, H(2, 5)), 2.99 (bs, 2 H, H(13,16)), 1.83 (bs, 2 H,,CHI P 2(3b, 4bHl 4b,

15b)), 1.53 (M, 4 H, CK3a, 4a, 14a, 153)), 1.42 (s, 3 H, £32)), 1.36 (s, 6 H, CK28,
30)), 1.29 (s, 6 H, CK27, 29)), 1.24 (s, 3 H, G¥P5)), 1.21 (s, 3 H, CK31)), 0.85 (s, 3 H,
CHz(26));

13C NMR (CDCl3) / & & & 17 &
& 11 11 & 11 & &
& & 1 & & & (C(32)), &
27.5 (C(25)), 26.6 (C(14, 15)), 26.1 (C(3,4)), 26.4 (C(31)), 20.4 (C(28, 30)),19.4 (C(27, 29)),
14.3 (C(26)).

'H NMR (CD.Cl; 183.4 K) / V. -H(11]123)), 712 (5, 3 H, &G 17 17 11
P + + 99 19 roli&#H(8, 9)), 5.80 (&, 2 H, pyrrok€el (20, 21)),
3.03 (s, 2 H, H(13, 16)), 2.89 (s, 2 H, H(2, 5)), 2.10 (bs, 1+ N \Y; + + 1

1.581.40 (m, 8 H, CH), 1.26 (s, 6 H, Ck(meso)), 1.21 (s, 3 H, Cfimeso)), 1.13 (s, 6 H,
CHz(meso)), 1.1 s, 6 H, CH(meso)) 0.80 (s, 3 H, CGkineso));
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13C NMR (CDCl3) / & & & 11

& 11 19 & 11 & &
(C(@13, 16)) , 526 & 1 & & 3(meso)), 25.& +
(CHs(meso)), 25.8 (C(3, 4)), 25.5 (C(14, 15)), 19.6 {(@Es0)), 18.7 (Ck{meso)).

MS calcd for GsHs:N 526.4, found 527.8 (M+H)+, 549.7 (M+Na)+;
HRMS calcd for GsHs:NJH* 527.4108, found 527.4116.

2.34.5Compound 81*
In a twonecked flask fitted with a gas inlet and containing a stirrer bar was charemsal

octamethylcalix[2]pyrrole[2]pyrrolidine (400 mg, 0.92 mmol) and potassium carbonate (280

mg, 2 mmol). The reaction vesseasvflushed with argon and sealed with a septum. THF (20

mL) and ACN (10 mL) was introduced, and then methyl iodine (144 uL, 1.84 mmol) was

added. The reaction mixture was stirred for 2 hours in all at room temperature, under argon.

After stirring, 10% sodim carbonate was added and the reaction mixture was extracted with

CH.Cl,. The organic layer was washed successively with two times 10% sodium carbonate

and saturated brine. The organic layer was dried with sodium sulfate, and the solvents were

removed undr vacuum. The residue was purified by column chromatographyO{Al
CH.Cl,) to yield 297 mg (60%) of colorless crystals.

IR (KBr): 3447.4n, 2965.8, 2873.5, 1569.9v, 1467.%v, 1380.8n, 758.%, 704.9n.

'H NMR (CDCl3, 218 K) / V. -H(23)), 5.78 (m, 4 H, pyrroliti(8, 9, 20, 21)),
3.05 (m, 2 H, GH(13, 16)), 2.43 (m, 2 H, H(2, 5)), 1.81 (m, 2 H, £8 4)), 1.71 (m, 4 H,
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CHa(3, 4, 14, 15)), 1.57 (bs, 1 H-N(17)), 1.52 (m, 2 H, Ck{14, 15)), 1.27 (s, 6 H, G
1.26 (s, 6 H, CH), 1.25 (s, 6 H, ClJ, 1.21 (s, 3H, CH), 1.20 (s, 3H, CHl T

3¢ NMR (CDCl5) / DQG & S\UUROLF TXDW
102.26 (C(8, 9 or 18, 19)), 79.99 (C(2, 5)), 68.65 (C(12, 15)), 46.70 (C(6, 11,)1,62226
(CHs), 26.94 (CH), 26.71 (C(3, 4)), 26.57 (C(13, 14)), 21.61 (5+20.93 (CH)).

Melting point: 165°C.

MS calcd for GsH4sN4O 540.38, found 541.4 (M+H)+, 563.4 (M+Na)+.
HRMS calcd. for GgHsegN4+H" 451.3795, found 451.3794.

2.35. Synthesis ofcompound 83*

N-phtaloyl glycinoyl chloride was prepared according to the general procedure (lI) from N
phtaloyl glycine (197 mg, 0.962 mmol), dichloromethane (1 mL), and thionyl chloride (1
mL), which can be used withodtirther purifications. Therthe amide20 was prepared
according to the general procedure (I) franeseoctamethylcalix[2]pyrrole[2]pyrrolidine
(200 mg, 0.46 mmol), Mhtaloyl glycinoyl chloride (255 mg, 0.96 mmol), potassium
carbonate (140 mg, 1 mmol) IfHF (10 mL) and ACN (5 mL). The residue was purified by
column chromatography (4Ds, CH.Cl,/MeOH, 98/2) to yield 200 mg (70%) of colorless

solid.
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IR (KBr): 2965.9n, 2926.3n, 2863.In, 1793.7v, 1720.8, 1664.2n, 1495.3n, 1417.3n,
1405.3n, 1050.8n, 873.%v, 824.2n, 757.3, 714.9n, 605.Qv.

'H NMR (CDCl 3, 218K) / V.  -H(23)), 8.91 (s, 1 H, NH(11)), 7.78 (m, 2 H, €

+ 1T 1 P-+ % & \Y; -H(2® 2W))) R [(sF 2 H, pyrrolic
H(8, 9)), 4.29 (dd®J(2, 3b) = 97 Hz,%J(2, 3a) = 9.4 Hz, 1 H, H(2)), 3.99 (5, 4) = 8.7 Hz,
1H,H()),380 @ - 11 11 +] o+ o+ 1T EV  + +
H(16)), 2.89 (d’- 1T 11 +]1  + + 191 -H@7), EAD (m, 3 H,1

CHy(3b)), 2.11 (m, 1 H, Ch{3a)), 1.96 (M, 1 H, CH4b)), 1.90 (m, 1 H, Cht4a)), 1.69 (m,
1 H, CHy(14a)), 1.60 (s, 3 H, C#28)), 1.57 (m, 1 H, Ck{15a)), 1.41 (s, 3 H, CB2)), 1.25
(s, 3 H, CH(27, 29, 30, 31)), 0.93 (M, 2 H, GH5b)), 0.83 (M, M, CHy(14b)), 0.06 (s, 3 H,
CHs(26));

3%c NMR (CDCl3) / & 7 2 & 1 1 2 &
& & & & 1 1 & 1 91
T & RU 20 or 21)),&04.48 (C(8 or 9)), 102.58 (C(8 or 9)), 71.59
(C(5)), 70.36 (C(16)), 67.53 (C(2)), 66.42 (C(13)), 40.50 (C(24)), 37.78 (C(6)), 37.58 (C(12)),
& 11 & & RU RU RU &

31)), 2862 (C(32)), 28.36 (C(28)), 27.57 (C(27 or 29 or 30 or, 31)), 26.89 (C(4)), 26.53 (C(3,
15, 27 or 29 or 30 or, 31)), 25.55 (C(14)), 19.47 (C(26)).

HRMS calcd for GgHagNsOsH+ 624.3914, found 624.3910 (M+H)+.

2.36. Synthesis of compound 84, 85, 86* and 87*
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2.36.1.Compound 84 (S)-2'-(1,3-dioxoisoindolin-2-yl)-3'-methylbutanoic acid)
In a roundbottom flask were introduced-\aline (1 g, 8.53 mmol), phtalic anhydride (1.26 g,
8.53 mmol), BN (1.19 mL, 8.53 mmol) and toluene (80 mlhe flask was equipped with a
stirring bar, a Deastark trap and a reflux condenser. The mixture was heated to reflux
temperature and stirred for further 6 hours with azeotropic removal of water. After completion
of the reaction the solvent was remowater vacuum. The resulting solid was solved in
CH.CI, and washed with 10% HCI. The organic layer was dried with sodium sulfate, and the
solvents were removed under vacuum to yield 2.08 g (99%) of white powder which can be

used without further purifications (>99% pure).

'H NMR (CDCl 3, 298K) / P + o+ = + - 1 1 G
+] + + 9 3 GVHBW -+ 1 1 +] + + 9
@3 1 1 +]1 s f &+ °-GT 1 +] 3 § &+
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3¢ NMR (CDCl3) / & T 2 & 2 &
& & & & T & 1

MS calcd for G3sH1aNOy4: 247.08, found 220.16 (M+H)+.
6HH DGGLWLRQDO DQDO\VHV LQ 3&DVLEP Dty CherB200281. FKDUG
3764

2.36.2Compound 85 (S)2'-(1,3-dioxoisoindolin-2-yl)-3'-methylbutanoyl
chloride)
The acyl chloride85 was prepared according to the general procedyr&d¢ih N-phtaloyl L-
valine (1 g, 4.04 mmol), Ci€l, (5 mL), thionyl chloride (5 mL) to yield 1.06 g (99%) of

white solid which can be used without further purifications (purity 85%).

'H NMR (CDCl 3, 298K) /7.92 (m, 2 H, H(5, 8)), 7.82 (m, 2 H, H(6, 7)), 4.72%d, 1 1

+] + + 9 5. GVHBW -+ 1 1 +] + + 9
@3- 1 9 +] + + ¥ 9 9 G +] + + 9
13C NMR (CDCl3) / & 7 2 & RU 2 & RU 2
& & & & 1 & 1
& 1

MS calcd for G3H12CINO3: 265.05, found 265.97 (M+H)+.
Seeaddit RQDO DQDO\VHV LQ 3:L[HKhem. COmMmMupR0IG,47449),' 5449

2.36.3Compound 86*
The amide 86 was prepared according to the general procedure (l) froese
octamethylcalix[2]pyrrole[2]pyrrolidine (200 mg, 0.46 mmol)}dktaloyl L-valinoyl chloride
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(255 mg, 0.96 mmol), potassium carbonate (140 mg, 1 mmol) in THF (10 mL) and ACN (5
mL). The residue was purified by recrystallization in MeOH or by column chogregihy
(Al,03, CH.CI,/MeOH, 95/5) to yield 91.5 mg (30%) of white solid.

IR (KBr): 2966.3n, 2926.6, 2863.In, 1719.3, 1664.1v, 1607.0v, 1494.@, 1452.6n,
1378.9n, 875.8v, 824.3, 757.9n, 605.0v.

'H NMR (CDCl3, 298K) /9.14 (bs, 1 H, NH(11 or 23)), 8.89 (bs, 1 H,-N(11 or 23)), 7.82

P + + 179 P + + 779 -H(8)E %.91 (bs, IHUUROLF
pyrrolic-H(20 or 21)), 5.86 (bs, 1 H, pyrrolid(9)), 5.82 (bs, 1 H, pyrroli¢i(20 or 21)), 4.59
- 17 11 1+ + 19 P+ 4+ P+ +
+ EV + + EV + + 9A3b)), 235 (bEM H, + &+

NH(17)), 1.98 (bs, 1 H, C3a)), 1.74 (bs, 1 H, Ci#4b)), 1.67(bs, 1 H, CH(14a)), 1.66 (bs,
1 H, CH(15a)), 1.61 (s, 3 H, CiB2)), 1.35 (bs, 1 H, Ci4a)), 1.34 (s, 3 H, C431)), 1.33
(s, 6 H, CH(28)), 1.26 (s, 3 H, C#29)), 1.25 (s, 3 H, CH25 or 30)), 1.25 (s, 3 H, GKB5

or 30)), 1.22 (s, 3 H, CiR7)), 1.5 (bs, 1 H, Ck15b)), 0.97 (bs, 1 H, CiiL4b)), 0.64 (d,

.97 917 +1s 1% &+ - AT 19 +1s 1% &+ Vv
H, CHs(26));
3¢ NMR (CDCl5) / & 171 2 & 2 & (
& & & 1 1 & 1 1
107.68 (C(20 or 21)), 106.82 (C(20 or 21)), 105.25 (C(8, 9)), 70.71 (C(16)), 68.95 (C(2)),
6 & & & 1 & &
& & & & RU &
27.42 (C(4)), 27.11 (C(27, 32)), 26.58 (C(3, 15)), 25.49 (C(25 or 36)B7 (C(14)), 20.18
& & 11 & 11
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HRMS calcd for GiHseNsOs+H* 666.4383, found 666.4378 (M+H)+.

2.36.4Compound 87*
In a roundbottom flask were introduced6 (120 mg, 0.180 mmol), MeOH (2 mL) and 1M
hydrazine in THF (1.8 mL, 1.80 mmol). The resulting solution was stirred at room
temperature for 2 hoursifter stirring, CHCl, was added and the reaction mixture was
washed successively with two times 10% sodaarbonate and saturated brine. The organic
layer was dried with sodium sulfate, and the solvents were removed under vacuum. The
resulting solid was solved in MeOH (10 mL) and 1M HCI (20 mL) and the mixture were
stirred for an additional 24 hours at roonmfeerature and the solution become light pink.
After stirring, the reaction mixture was washed with,CH and the resulting aqueous layer
was basified with 10% sodium carbonate and the resulting suspension was solve€ln CH
and washed with two times 1086dium carbonate. The organic layer was dried with sodium
sulfate, and the solvents were removed under vacuum. The residue was purified by column
chromatographyAl,O3;, CH,Cl,/MeOH, 99/1) to yield 67.5 mg (70%) of white solid.

IR (KBr): 3019.3, 2968.4n, 2928.4n, 2863.In, 1644.5, 1494.0n, 1452.6n, 1213.9,
1050.8, 874.%v, 824.2n, 773.5, 670.2n, 605.1w.

'H NMR (CDCl3, 223K) / \Y, -H(11)), 8.86 (s, 1 H, MH(23)), 5.90 (s, 2 H,
pyrrolic-H(19, 20)), 5.88 (s, 1 H, pyrrokE(8)), 5.82 (s, 1 H, pyrroli¢i(9)), 4.14 (dd33(2,
3b) = 9.4 Hz3J(2, 3a) = 9.0 Hz, 1 H, H(2)), 3.76 @(5, 4) =8.9 Hz, 1 H, H(5)), 3.17 (b,
+ o+ EV + o+ EV + + (b)), 2.41 (bsP1H, + &+
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N-H(17)), 2.11 (m, 1 H, CK{3a)), 1.85 (m, 1 H, C}4b)), 1.64 (m, 1 H, Ch4a)), 1.64 (m,
1 H, CHy(14a)), 1.56 (m, 1 H, Ci15a)), 1.54 (s, 3 H, C¥B2)), P+ + 1
(s, 3 H, CH(31)), 1.31 (s, 3 H, C#28)), 1.26 (s, 3 H, CK?29)), 1.23 (s, 3 H, Ck30)), 1.19
(s, 3 H, CH(25)), 1.15 (s, 3 H, C#27)), 0.94 (m, 1 H, CK{15b)), 0.83 (d>- T T
Hz, 3H,CH T 3.GY )=%$6Hz,3H,CH T P »(34bg,0.01
(s, 3 H, CH(26));

3%C NMR (CDCl3) / & 1 2 & & &
134.90 (C(22)), 107.47 (C(20 or 21)), 106.28 (C(20 or 21)), 105.24 (C(8)), 102.97 (C(9)),
& & & & &
(C(6 & & & & &
(C(32)), 28.68 (C(31)), 28.19 (C(25)), 26.68 (C(3)), 26.52 (C(27)), 26.52 (C(15)), 26.38
& & & & 1 & & 1

HRMS calcd for GaHssNsO+H': 536.4328, found 536.4328 (M+H)+.

2.37. Synthesis of compound 87a*

N
D 2~
+ 84 — O
N
N %% o
—
87a

2-((S)3"-methyl1"-((R)-2-methylpyrrolidin1-yl)-1"-oxobutan2"-yl)isoindoline 1,3-dione

87a was prepared according to tgeneral procedure (I) from (R))-2-Methylpyrrolidine

(287 mg, 3.37 mmol), Mhtaloyl L-valinoyl chloride (1.78 g, 6.74 mmol), potassium
carbonate (930 mg, 6.74 mmol) in THF (40 mL) and ACN (20 mL). The residue was purified
by column chromatography (SIOCH.Cl,/MeOH, 97/3) to yield 1 g (95%) of colorless
crystals (purity 90%).
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IR (KBr): 3018.9n, 2970.5n, 2928.4n, 2873.%v, 1768.4v, 1717.G, 1641.6n, 1493.8n,
1447.3n, 1383.3n, 1215.8n, 1071.8n, 824.3n, 757.%.

'H NMR (CDCl 3, 298K) / P+ + P + +%- 7 917 G
+] + + 11 P + + 1 2 9 P P &t T&+
3.26 (dsept’- 191 11 %7 17 17 +] +  + 1M
CH, 1 P L+ &+ P Lo+ (&+ P Lo+ (&+ G
SRR B | +] s f &+ °-GTT 17 +F 1% &+ °- @Y
11 +] 3+ 1%+
3¢ NMR (CDCl5) / & 2 & 17 2 &
& & 11 & 1 & 1
& 11 & 1 & 17 919 & 1
MS calcd for GgH2oN203 IRXQG 0 ¢t 0 + 0

HRMS calcd for GgH2:N,Os+Na" 337.1523, found 337.1521 (M+Na)+.

X-ray: Suitable crystals d5J249 were obtained as colourless rdmsa slow evaporation of
a solution in dichloromethan@&he intesity data were collected at 233K(°C) on a Stoe
Mark Il-Image Plate Diffraction System [1] equiped with a tsuele goniometer and using
MoK graphite monochromated radiation< 0.71073 A). Image plate distance 130nam,
rotation scans ©0180° at¢ 0°, and 0+90.0° atd 90°, steprw = 1.3°, exposures of 5 mins per

image, ® range 1.76 52.59°, Ghin +0max= 23.107- 0.802 A
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The structure was solved by Direct methods using the program SHBEEXR]. The
refinement and all further calculationsmeearried out using SHELXB7 [2].

Two carbon atoms in the pyrrole ring (C3 & C4) are disordered over two positions: A/ B with
refined occupanies of 0.457(15) / 0.543(15). Thatdins were included in calculated
positions and treated as riding atomstHG 0.95 +1.0 A with Use(H) = k x Us(C), where k

= 1.5 for CH H-atoms, and = 1.2 for all other&toms.

In the final cycles of refinement, in the absence of significant anomalous scattering effects,
1337 Friedel pairs were merged and ~ VHW WIRe hddHRatoms were refined

anisotropically, using weighted futhatrix leastsquares on %

[1] Stoe & Cie (2000). IPD$ Bedienungshandbuch. Stoe & Cie GmbH, Darmstadt, germany.
[2] G. M. Sheldrick. (2008). Acta Cryst. A64, 1:122.

[3] Spek, A. L.(2003). J. Appl. Cryst. 36,-13.

2.38. Synthesis of compound 8®1*

o) THF/ACN
/1)
+ Cl
K,COs
R

R = -NO,, -Cl, -H,
12b -Me, -OMe 75, 88-91

H

2.38.1Compound 88*
The amide 88 was prepared according to the procedure (lll) fromese
octamethylcalix[2]pyrrole[2]pyrrolidine (100 mg, 0.23 mmanitrobenzoyl chloride (89.24
ML, 0.48 mmol), potassium carbonate (70 mg, 0.48 mmol) in THF (5 mL) and ACN (2.5 mL).
The residue was purified by column chromatography £SEH,Cl,/MeOH, 97/3) to yield
134.1 mg (81%) of yellow crystals.
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IR (KBr): 3413.1In, 3319.5, 2966.T, 1630.8, 1524.6, 1341.5, 775.6n, 712.5n.

'H NMR (CDCl 3218K) / V. -H(23)),8.81 (s, 1 H, MH(11)), 795 d3- T 1

and®- § T +] + + 1 1 EV + + 9 -H(R0, Y,
21)), 5.72 (s, 1 H, pyrroli¢i(9)), 5.05 (s, 1 H, pyrroli¢i(8)), 4.47 (dd2J(2, 3b) = 9.5 Hz,

(2, 3a) = 9.3 Hz, 1 H, H(2)), 3.64 {5, 4) = 8.4 Hz, 1 H, 1)), 3.24 (bs, 1 H, H(13)),

2.92 (bs, 1 H, H(16)), 2.58 (m, 1 H, @8b)), 2.46 (bs, 1 H, M(17)), 2.23 (m, 1 H,

CH(3a)), 1.89 (m, 1 H, CH4b)), 1.74 (m, 1 H, Ch{4a)), 1.68 (m, 1 H, CH14a)), 1.64 (s,

3 H, CHy(32)), 1.55 (m, 1 H, Ck{15a)), 1.51 (s3 H, CHy(28)), 1.40 (s, 3 H, Ck31)), 1.29

(s, 3 H, CH(29)), 1.27 (s, 3 H, C¥?27)), 1.24 (s, 3 H, Ck30)), 0.90 (s, 3 H, Ck?25)), 0.88

(m, 2 H, CH(14b, 15b))-0.02 (s, 3 H, Ck{26));

3%C NMR (CDCl3) / & T 2 & 1 & 1 &
& & & & 1 1 & 1

(C(20 or 21)), 106.87 (C(20 or 21)), 105.51 (C(9)), 104.02 (C(8)), 71.73 (C(5)), 70.80

(C(16), 69.10 (C(2)), 66.86 (C(13)), 40.46 (C(24)), 38.07 (C(6)), 37.96 (C(12)), 36.90

(C(18)), 33.09 (C(29)), 32.20 (C(31)), 29.27 (C(28)), 29.08 (C(25)), 27.92 (C(32)), 27.78

(C(4)), 27.00 (C(27)), 26.77 (C(3)), 26.77 (C(15)), 25.84 (C(30)), 25.78 (C(14)35 20

(C(26)).

Melting point: 260°C.

MS calcd for GsH4/Ns5035 585.37, found 584.4 (NH)
HRMS calcd. for GsHaNsOs+H* 586.3752, found 586.3752.
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X-ray :Suitable crystals 088 were obtained as yellow platéy a slow evaporation of a
solution indichloromethaneThe intensity data were collected at 233K0CC) on a Stoe
Mark llI-lmage Plate Diffraction System [1] equiped with a {eiele goniometer and using
MoK graphite monochromated radiation ¥ 0.71073 A). Image plate distance 130mum,
rotation scans 0180° at 0°, and 0+50.0° atp 90°, stepAw = 1.0°, exposures of 3 mins per
image, ® range 1.76 52.59°, Ghin +0max= 23.107- 0.802 A

The structure was solved by Direct methods using the program SHEEX2]. The
refinement ad all further calculations were carried out using SHEEXL[2].

The NH Hatoms were located in difference electdmmnsity maps. In the final cycles of least
squares refinement-Btom N3H was refined with a distance restraint éfi’¥ 0.88(2) A and
Uiso(H) = 1.2U«N). The other NH Hatoms and the Bound Hatoms were included in
calculated positions and treated as riding atomst & 0.87 A, GH = 0.94 +0.99 A, with
Uiso(H) = k x UeqN,C), where k = 1.5 for CgH-atoms, and = 1.2 for all other&toms.

The nonrH atoms were refined anisotropically, using weighted-rhdkrix leastsquares on

F2. An empirical absorption correction was applied using the MULscanABS routine in
PLATON [3].

The O-atoms of the NQ group are disordered over two positions with refined
occupancies of A/B = 0.376(15) / 0.624(15).

[1] Stoe & Cie (2000). IPD$ Bedienungshandbuch. Stoe & Cie GmbH, Darmstadt,
Germany.

[2] G. M. Sheldrick. (2008). Acta Cryst. A64, 1:122.

[3] Spek, A. L.(2003). J. Appl. Cryst. 36-13.

Drawing programs:

ORTEP-3: [3] Farrugia, L. J. (1997). J. Appl. Cryst., 30, 565.

Mercury: [4] Macrae, C. F., Edgington, P. R., McCabe, P., Pidcock, E., Shields, G. P.,
Taylor, R., Towler, M. & van de Streek, J. (2006)Agpl. Cryst. 39, 453157.

PLATON: [5] Spek, A. L. (2003). J. Appl. Cryst. 36,1B.

2.38.2Compound 89*
The amide 89 was prepared according to the procedure (lll) fromese
octamethylcalix[2]pyrrole[2]pyrrolidine (100 mg, 0.23 mmol);cHAlorobenzoyl chloride
(53.61 pL, 0.48 mmol), potassium carbonate (70 mg, 0.48 mmol) in THF (5 mL) and ACN
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(2.5 mL). The residue was purified by column chromatography.(S36,Cl,/MeOH, 97/3)
to yield 131.6 mg (75.6%) of colorless crystals.

b|_|//l‘-|a R=‘~5552- 3 .

IR (KBr): 3410.9n, 3318.3, 2966.In, 1629.3, 1346.4, 1091.6v, 775.1n, 758.1m, 711.%v.

'H NMR (CDCl3218K) / V.  -H(23)), 8.74 (s, 1 H, NH(11)), 7.04 d3- T 1
and®>- 1 1 +] + + 7 1 EV + + T 7-H(20, Y,
21)), 5.76 (s, 1 H, pyrroli¢i(9)), 5.21 (s, 1 H, pyrroli¢i(8)), 4.49 (dd2J(2, 3b) = 8.9 Hz,

3)(2, 3a) = 8.6 Hz, 1 H, H(2)), 3.63 @I(4, 5) = 7.7 Hz, 1 H, H(5)), 3.2bs, 1 H, H(13)),

2.92 (bs, 1 H, H(16)), 2.54 (m, 1 H, g8b)), 2.44 (bs, 1 H, M(17)), 2.18 (m, 1 H,
CHa(3a)), 1.85 (m, 1 H, Ch4b)), 1.67 (m, 1 H, Ch{4a)), 1.65 (m, 1 H, CH14a)), 1.63 (s,

3 H, CH(32)), 1.54 (m, 1 H, Ck{15a)), 1.45 (s, 3 H, Ci8)), 1.38 (s, 3 H, Ck31)), 1.28

(s, 3 H, CH(29)), 1.24 (s, 3 H, Ck?27)), 1.24 (s, 3 H, Ck30)), 0.93 (s, 3 H, Ck25)), 0.88

(m, 2 H, CH(14b, 15b))-0.01 (s, 3 H, Ck{(26));

C NMR (CDCl3) / 1RW GHWHFWHG & 12 1RW GHWHEWHG &
& & & 1 1 & 1 1 & RU

or (21)), 105.30 (C(9)), 104.17 (C(8)), 71.79 (C(5)), 68.85 (C(16)), 66.70 (C(2)), 62.71

(C(13)), 40.32 (C(24)), 38.11 (C(6)), 37.98 (C(12)5.8% (C(18)), 33.06 (C(29)), 32.25

(C(31)), 29.18 (C(28)), 29.05 (C(25)), 27.81 (C(32)), 27.72 (C(4)), 27.02 (C(27)), 26.83

(C(3)), 26.83 (C(15)), 25.94 (C(14)), 25.81 (C(30)), 20.71 (C(26)).

Melting point: 228°C.

MS calcd for G/HasCINLO 574.34, found75.3 (M+H)+, 597.3 (M+Na)+.
HRMS calcd. for GsHa7CIN,O+H+ 575.3511, found 575.3510.
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X-ray: Suitable crystals 089 were obtained asolorlessblocks bya slow evaporation of a
solution in dichloromethanelhe intensity data were collected at 238K0°C) on a Stoe
Mark llI-lmage Plate Diffraction System [1] equiped with a {eiele goniometer and using
MoK graphite monochromated radiation ¥ 0.71073 A). Image plate distance 130mum,
rotation scans ©180° at¢ 0°, and 0+106.0° atp 90°, stepAw = 1.0°, exposures of 3 mins
per image, @ range 1.76 52.59°, ¢hin *0max= 23.107- 0.802 A

The structure was solved by Direct methods using the program SHEEX2]. The
refinement and all further calculations were carried out using SHELX|[2].

The NH Hatoms were located in difference electdmmnsity maps. In the final cycles of least
squares refinement-Btom N3H was refined with a distance restraint éfi’¥ 0.88(2) A and
Uiso(H) = 1.2U«(N). The other NH Hatoms and the ®Bound Hatoms wee included in
calculated positions and treated as riding atomst & 0.87 A, GH = 0.94 +0.99 A, with
Uiso(H) = k x UeqN,C), where k = 1.5 for CgH-atoms, and = 1.2 for all other&toms.

The nonrH atoms were refined anisotropically, using weighteli-matrix leastsquares on

F2. An empirical absorption correction was applied using the MULscanABS routine in
PLATON [3].

[1] Stoe & Cie (2000). IPD$ Bedienungshandbuch. Stoe & Cie GmbH, Darmstadt,
Germany.

[2] G. M. Sheldrick. (2008). Acta Cryst. A6412-122.

[3] Spek, A. L. (2003). J. Appl. Cryst. 36,1B.

Drawing programs:

ORTEP-3: [3] Farrugia, L. J. (1997). J. Appl. Cryst., 30, 565.

Mercury: [4] Macrae, C. F., Edgington, P. R., McCabe, P., Pidcock, E., Shields, G. P.,
Taylor, R., Towler, M. &an de Streek, J. (2006). J. Appl. Cryst. 39,-453.

PLATON: [5] Spek, A. L. (2003). J. Appl. Cryst. 36;1B.

2.38.3Compound 90*
The amide 90 was prepared according to the procedure (lll) fromese
octamethylcalix[2]pyrrole[2]pyrrolidine (100 mg, 0.28imol), 4methylbenzoyl chloride
(63.37 pL, 0.48 mmol), potassium carbonate (70 mg, 0.48 mmol) in THF (5 mL) and ACN
(2.5 mL). The residue was purified by column chromatography,(S6LCl,/MeOH, 97/3)
to yield 127.04 mg (54.3%) of colorless crystals.
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IR (KBr): 3412.F, 2965.3, 2865.1n, 1631.6, 1348.9, 773.6n, 755.6, 711.5n, 607.9v.

'H NMR (CDCIl3218K) / V  -H(23)),8.71 (s, 1 H, N+ P + o+
T EV + + 7 91 -H(R0, 21)}; 5.%7 ($,ULRHOyFolE (9)),

5.23 (bs, 1 H, pyrroliti(8)), 4.51 (bs, 1 H, H(2)), , 3.70 (bs, 1 H, H(5)), 3.22 (b,

H(13)), 2.92 (bs, 1 H, H(16)), 2.52 (m, 1 H, &Bb)), 2.42 (bs, 1 H, M(17)), 2.26 (s, 3 H,

CH; P 2(3a))&1483 (M, 1 H, Ch#4b)), 1.68 (m, 1 H, Ck{14a)), 1.65 (s, 3

H, CHy(32)), 1.63 (m, 1 H, Ck{4a)), 1.54 (m, 1 H, Ci14a)), 145 (s, 3 H, CH(28)), 1.38

(s, 3 H, CH(31)), 1.27 (s, 3 H, Ck?29)), 1.25 (s, 3 H, Ck27)), 1.20 (s, 3 H, Ck{30)), 0.94

(s, 3 H, CH(25)), 0.94 (m, 1 H, Ck{14b)), 0.89 (m, 1 H, CH15b)), 0.00 (s, 3 H, C¥26);

“CNMR (CDCl3) / 1RW GHWHFWHSG & 1 & 1 1
& 1T 1 & & & &

(C(2)), 66.8 (C(13)), not detected (C(24, 6, 12 18)), 33.2 (C(29)), 32.2 (C(31)), 29.1 (C(28)),

29.0 (C(25)) 27.2 (C(32)), not detected (C(4)), 26.8 (C(27)), not detected (C(3, 15, 14)), 25.5
& & 1 &

Melting point: 233°C.

MS calcd for GgHsoN4O 554.40, found 555.5 (M+H)+, 577.5 (M+Na)+.
HRMS calcd. for GgHsgN4O+H" 555.4057 found 555.4049.

X-ray: Suitable crystals 030 were obtained as thicolorlessplates bya slow evaporation of
a solution in dichloromethan&he intensity data were collected at 233K0(C) on a Stoe

Mark ll-Image Plate Diffraction System [1] equiped with a {guele goniometer and using
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MoK graphite monochromated radiation ¥ 0.71073 A). Image plate distance 130mum,
rotation scans 0180° at$ 0°, stepAw = 1.0°, exposures of 7 mins per image range 1.76
52.59°, Ghin *0max= 23.107- 0.802 A

The structure was solved by Direct methods using the program SHEEXR]. The
refinement and all further calculations were carriedusutg SHELXL-97 [2].

The NH Hatoms were located in difference electasmsity maps. In the final cycles of least
squares refinement-Htom N3H was refined with a distance restraint efl ¥ 0.862(16) A
and Usg(H) = 1.2WU(N). The other NH Hatoms andite Gbound Hatoms were included in
calculated positions and treated as riding atorast 30.87 A, GH = 0.99, 0.98 and 0.97 A
for CH, CH, and CH, respectively, and 0.94 A for Gallyl and CHaromatic, with Gio(H) =
k x UgqN,C), where k = 1.5 for CkH-atoms, and = 1.2 for all other&toms.

The noRrH atoms were refined anisotropically, using weighted-rdltrix leastsquares on

F2, An empirical absorption correction was applied using the MULscanABS routine in
PLATON [3]. The crystal diffracted veryZ HDN O\ E H\R @ Glesplie &xposures of 7
min per image. Despite the large number of very weak high angle reflectiongthiall®

was relatively low.,Q WKH ILQDO F\FOHV RI UHILQHPHQ@W WKH GDWD
[1] Stoe & Cie (2000).IPDS| Bedienungshandbuch. Stoe & Cie GmbH, Darmstadt,
Germany.

[2] G. M. Sheldrick. (2008). Acta Cryst. A64, 1:122.

[3] Spek, A. L. (2003). J. Appl. Cryst. 36,1B.

Drawing programs:

ORTEP-3: [3] Farrugia, L. J. (1997). J. Appl. Cryst., 30, 565.

Mercury: [4] Macrae, C. F., Edgington, P. R., McCabe, P., Pidcock, E., Shields, G. P.,
Taylor, R., Towler, M. & van de Streek, J. (2006). J. Appl. Cryst. 394853

PLATON: [5] Spek, A. L. (2003). J. Appl. Cryst. 36,1B.

2.38.4Compound 91*
The compound 91 was prepared according to the procedure (lll) fromese
octamethylcalix[2]pyrrole[2]pyrrolidine (100 mg, 0.23 mmol}methoxybenzoyl chloride
(64.93 pL, 0.48 mmol), potassium carbonate (70 mg, 0.48 mmol) in THF (5 mL) and ACN
(2.5 mL). The residue was piied by column chromatography (SiOCCH,Cl,/MeOH, 97/3)
to yield 64.0 mg (49%) of colorless crystals.
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The amide 26 was prepared according to the general procedure nigse
octamethylcalix[2]pyrrole[2]pyrrolidine (100 mg, 0.23 mmol}methoxybenzoyl chiade
(64.93 pL, 0.48 mmol), potassium carbonate (70 mg, 0.48 mmol) in THF (5 mL) and ACN
(2.5 mL). The residue was purified by column chromatography.(S36,Cl,/MeOH, 97/3)

to yield 117.0 mg (90%) of colorless crystals.

r:H,,Ha R= f o A .

IR (KBr) : 3411.2n, 3319.4v, 2963.2n, 1627.5, 1341.8, 1247.3, 1039.M, 772.3v, 754.3v.

'H NMR (CDCl3218K) / V  -H(23)),8.72 (s, 1 H, N+ P + o+
T EV + + 9 9 -H(R0, 21)}; 5.8\ ($,ULRHOyFrolE (9)),
5.29 ps, 1 H, pyrrolieH(8)), 4.54 (bs, 1 H, H(2)), 3.77 (s, 3H, €H | EV + 4+

3.22 (bs, 1 H, H(13)), 2.92 (bs, 1 H, H(16)), 2.53 (m, 1 Hx(@H)), 2.44 (bs, 1 H, M(17)),
2.15 (m, 1 H, Ck3a)), 1.83 (m, 1 H, C4b)), 1.68 (m, 1 H, Chl14a)), 1.64 (s, 3 H,
CHs(32)), 1.63 (m, 1 H, Ch{4a)), 1.55 (m, 1 H, CK15a)), 1.44 (s, 3 H, C¥28)), 1.38 (s, 3
H, CHs(31)), 1.27 (s, 3 H, CK29)), 1.25 (s, 3 H, C¥27)), 1.20 (s, 3 H, C#{30)), 0.95 (s, 3
H, CHs(25)), 0.95 (m, 1 H, Ch{14h)), 0.86 1, 1 H, CH(15h)), 0.01 (s, 3 H, C}26)):

3%C NMR (CDCl3) / & 1 2 & &
& & & 1 & 1 1 &
(C(20 or 21)), 106.19 (C(20 or P1 104.78 (C(9)), 103.81 (C(8)), 71.65 (C(5)), 70.50
& & & & 1 &

(C(12)), 36.54 (C(18)), 32.81 (C(29)), 31.93 (C(31)), 28.81 (C(28)), 28.65 (C(25)), 27.54
(C(4)), 27.32 (C(32)), ®57 (C(27)), 26.44 (C(3)), 25.69 (C(15)), 25.48 (C(30, 14)), 20.71
(C(26)).

Melting point: 215°C.
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MS calcd for GeHsoN4O, 570.4, found 571.4 (M+H)+, 593.4 (M+Na)+.
HRMS calcd. for GgHsgN4O,+H* 571.4007, found 571.3993.

X-ray: Suitable crystals 091 were obtained asolorlessblocks bya slow evaporation of a
solution in dichloromethanéelhe intensity data were collected1at3K (-100°C) on a Stoe
Mark llI-lmage Plate Diffraction System [1] equiped with a {ewele goniometer and using
MoK graphite monochromated radiation ¥ 0.71073 A). Image plate distance 130mum,
rotation scans 0 180° at¢ 0°, 0- 108° at$ 90°, stepAw = 1.0°, exposures of 3 mins per
image, ® range 1.76 52.59°, ¢hin +0max= 23.107- 0.802 A

The structure wassolved by Direct methods using the program SHEIS[2]. The
refinement and all further calculations were carried out using SHEQX|[2].

The NH Hatoms were located in difference electdmmnsity maps. In the final cycles of least
squares refinement-Btom N3H was refined with a distance restraint efl N 0.924(18) A
and Uso(H) = 1.2U¢(N). The other NH Hatoms and the ®ound Hatoms were included in
calculated positions and treated as riding atom: 30.88 A, GH = 1.0, 0.99 and 0.98 A

for CH, CH, and CH, respectively, and 0.95 A for Gallyl and CHaromatic, with Gio(H) =

k x UgqN,C), where k = 1.5 for CkH-atoms, and = 1.2 for all other&toms.

The nonrH atoms were refined anisotropically, using weighted-rudlrix leastsquares on

F2. An empirical absorption correction was applied using the MULscanABS routine in
PLATON [3].

[1] Stoe & Cie (2000). IPD$ Bedienungshandbuch. Stoe & Cie GmbH, Darmstadt,
Germany.

[2] G. M. Sheldrick. (2008). Acta Cryst. A64, 1-122.

[3] Spek, A. L. (2003)J. Appl. Cryst. 36, -13.

Drawing programs:

ORTEP-3: [3] Farrugia, L. J. (1997). J. Appl. Cryst., 30, 565.

Mercury: [4] Macrae, C. F., Edgington, P. R., McCabe, P., Pidcock, E., Shields, G. P.,
Taylor, R., Towler, M. &an de Streek, J. (2006). J. Appl. Cryst. 39,-453.

PLATON: [5] Spek, A. L. (2003). J. Appl. Cryst. 36;1B.
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2.39. Synthesis of compound 935*

<« “NH HNT S ~NH
+ NH ‘= + = =
0 oA 7= o=, =0
/ \ / \

96 93 (13%) 94 (48%) 95 (4%)

CH5SO;H
]\ 0 o 10 equiv.
N + —_—
H O— )K 0.6h

r.t.

Methyl 2-pyrrolecarboxylatel (2 g, 16 mmol) and acetone (12 mL, 0.16 mol) in dryClkl

(200 mL) were stirred at room temperature for 5 min. Then, methanesulfonic acid (10.3 mL,
0.16 mol.) was added at room temperature and stirred further 40 min. After stirring, 10%
sodium carbonatevas added and the reaction mixture was extracted with dichloromethane.
The organic layer was washed successively with two times 10% sodium carbonate and
saturated brine. The organic layer was dried with sodium sulfate, and the solvents were
removed under acuum. The colorless residue was submitted to GC analysis and then was
purified by column chromatography (SiCCyclohexane/EtOAc/MeOH, 80/18/2). The first
fraction (Rf = 0.36) afforded 312 mg (13%) of compo@3hs a clear white solidRE13%).

The secondraction (Rf = 0.163) afforded 1.12 g (48%) of compo@as a white solid
(R=48%). The third fraction (Rf = 0.139) gave 80 mg (4%) of compdbds a clear white

solid (R=3.4%).

2.39.1Compound 93* (Dimethyl 5,5(propane-2',2'-diyl)bis(1H-pyrrole-2-

carboxylate)

IR (KBr): 3358.8n, 3269.8n, 2948.0v, 1698.4, 1660.8, 1485.5, 1326.2n, 1235.3,
1002.5n, 797.3v, 767.3n.

'H NMR (CDCl 3, 298K) / EV + 1+ -H®)), 6.67 (&, 2 H, €
H(4)), 3.76 (s, 6H, G@CHs(7)), 1.64 (s, 6 H,CH T 1
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13C NMR (CDCl3) / & 2 & & &
& & & 1 & 1 1

Melting point: 196°C.
HRMS calcd. for GsH1gN-OsH" 291.1339, found 291.1336.

X-ray: Suitable crystals ofla, 1b, 1c, 2 and 3 were obtained as colorless roddow
evaporation of a solution df in dichloromethane afforded two kinds of crystasand 1b
having different morphology; 2) Crystal @t has been isolated as impurity in the middle of
other crystals of (with different shape) after a recrystallization of a solutio2 of ethanol;

5) Recrystallization of a solution &fin ethanol. The intensity data were collected at 173K (
100°C) on aStoe Mark I[Himage Plate Diffraction System [1] equipped with a -wucle
goniometer and usindloK graphite monochromated radiation € 0.71073 A). The
structures were solved by direct methods using the program SHEEXE. The refinement
and all furber calculations were carried out using SHELXL [2]. The NH Hatoms were
located in difference Fourier maps and were freely refined. THheudd Hatoms were
included in calculated positions and treated as riding atork$:=1.95 and 0.98 A for CH
and (Hs, respectively, with ld(H) = k x Us(parent Gatom), where k = 1.5 for GH-atoms
and k = 1.2 for all other fdtoms.The nonH atoms were refined anisotropically, using

weighted fultmatrix leastsquares on % The figures were drawn using the progrisi@rcury

[3].

[1] Stoe & Cie (2000). IPD$ Bedienungshandbuch. Stoe & Cie GmbH, Darmstadt,
Germany.

[2] G. M. Sheldrick. (2008). Acta Cryst. A64, 1:122.

[3] Spek, A. L. (2003). J. Appl. Cryst. 36,1B8.

Drawing programs:

ORTEP-3: [3] Farrugia, L. J. (197). J. Appl. Cryst., 30, 565.

Mercury: [4] Macrae, C. F., Edgington, P. R., McCabe, P., Pidcock, E., Shields, G. P.,
Taylor, R., Towler, M. & van de Streek, J. (2006). J. Appl. Cryst. 3944573

PLATON: [5] Spek, A. L. (2003). J. Appl. Cryst. 36;18.
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2.39.2Compound 94* (Methyl 4-(2'-(5'-(methoxycarbonyl}1'H-pyrrol -2'-
yl)propan-2"-yl)-1H-pyrrole -2-carboxylate)

IR (KBr): 3355.0n, 3311.9n, 2947.Qv, 1685.%, 1568.3v, 1485.35n, 1440.3n, 1382.5n,
1236.0n, 766.3ncm™.

'H NMR (CDCl 3, 298K) / EV.  + 1+ ¢ EV  + 1+ -
+ P -H@®)),&73 (m, 1 H, &H(5)), 6.07 (m, 1 H, &+ 1 V- oo+
CHs 1 V -CH{(7))21.62 (s, 6 H,CH 17 17
13C NMR (CDCl3) / & 2 & 2 & 1 &
& & 1 & & 1 &
& RU 1 & RU 1 & 11 & 11 19

Melting point: 134°C.

HRMS calcd. br C;sH1gN,0,H" 291.1339, found 291.1336.

X-ray: See above

2.39.3Compound 95* (Dimethyl 4,4(propane-2',2'-diyl)bis(1H-pyrrole -2-

carboxylate)
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IR (KBr): 3352.3n, 2958.0v, 1682.3, 1478.2v, 1440.3v, 1393.6n, 1231.6n, 1125.43n,
769.4ncm™.

'H NMR (CDCl 3, 298K) / EV  + 1+ "H@)), 6.72 (&, 2 H, €
H(5)), 3.83 (s, 6H, @CHy(7)), 1.58 (s, 6 H,CH T 1

13%C NMR (CDCl3) / & 2 & &
& & & ® 1 1

Melting point: 199°C.

HRMS calcd. for GsHigN,O4H" 291.1339, found 291.1336.

X-ray: See above
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