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Abstract

This PhD thesis deals with three different topics: i) sulfoxonium ylides, ii) dace@ptor
cyclopropanes, and iii) desymmetrizatioractions. Catalysis, and in more detail
organocatalysis, is tHé rougelinking the three subjects of study.

The main focusreatedduring this doctoratperiod is the reactivity of sulfoxonium ylides,

and in particular stabilized sulfoxonium ylidegpeSial attention has been dedicated to the
behavior of these particular substrates under asymmetric ardsgormetric reaction
conditions. Moreover, also similarities and differences with the related, less stable,
sulfonium ylides were fully analyzed, boéxperimentally and from a theoretical point of
view. Two different reactions were developed in full. One conducted under acidic reaction
conditions and the second one exploiting the asymmetric aminocatalysis.

Subsequently, the reactivity of doraccepto cyclopropanes was studied. After different
attempts in the development of a new catalytic methodology based on these substrates, a
nonrconventional reactivity conducted under phase transfer catalysis was discovered and
optimized. In particular, a chema®irgent reaction depending on the reaction conditions
was developed.

Finally, during the period spent abroad, a preliminary study of a desymmetrization reaction
was carried out. The studied reaction is based on an asymmetric elimination reaction
conductedunder asymmetric phosphoric acid catalysis.

In summary, this PhD thesis shows the versatility of different organocatalytic

methodologies when applied to different reactions and substrates.
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1 I ntroducti on

1.1 Definition of Chirality

A molecule is defined ashiral if its mirror-image is not superimposable with it3glf
moreover, a molecule is defineddmral if it does not possess an improper axis of rotation

as element of symmetry. An improper axis of rotation can be simplified into two
interchangeable stepspeoper rotationand a reflection with respect to the perpendicular
plane of the rotation axis. After these two steps, if the final molecule presents an equivalent
configuration, it possesses an improper axis, while if the obtained molecule is
characteried by a different configuration, the molecule taken into consideration can be
defined a<hiral. Taking into consideration the ethane representédguare 1.1 left (all

the hydrogen atoms are represented by numbers) performing first a 60° ratatitdren

a reflection operation with respect to a virtual plane perpendicular to the axis, or on the
contrary first the reflection operation and then theré@tion, the obtained conformation

is perfectly superimposable with the starting one, so the ethane has an improper axis, and
it is not a chiral compound. NowonsideringFigure 1.1 right where one of the Ciof

the ethane was replaced by three different substituents (represented by the differgnt color
performing the same set of symmetry operaidhe resulting moleule presents a
different conformation, so the starter and the final molecule are not superimposable. This

molecule does not possess an improper, aris achiral compound.

11UPAC, Compendium of Chemical Terminology?2d., 1997
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Figure 1.1. Example of improper axis

A chiral compound may exist in two distinct enantiomeric forms, whitten present in

an equimolar ratio give rise toracemicmixture. The single enantiomer of the same
structure has equal chemial and physical proprieties if subjected to an achiral
environment, while, if the surrounding environmast chiral and enantiopure, the
enantiomers present differgmoprieties due to the diastereoisomeric interaction they are

subjected to.

1.2 Catalysis, aganocatalysis, and asymmetric organocatalysis

A catalyst is a substance able to increase the rate of a reaction or able to provide a different
reactionpathway, without alteration of its structure at the end of the transformation. In
particular, as represted inFigure 1.2, the reaction between starting materidlandB
generates produd and the energy barrier of this transformation is for example 2
kcal/mol. Performing the same reaction in the presence of a catalyst, two different behavior
can be observed. First of all the presence of the catalyst gereelateering of the energy
barrier of the reaction, for example from 20 kcal/mol to 15 kcdl/fius lowering may

be translated into an increment of the reaction rate, lowering considerably the time for the
obtainment of producE. Otherwise, a catalyst can generate an alternative pathway for the

reaction, obtaining in this way a completely diéfet product, produdd.
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Figure 1.2. Reaction pathway with and without catalyst

A catalyst could also induce enantioselection to a reactibisif chiral and enantiopure
compound due to the diastereomeric interaction with the prochiral satestor, more
specifically, by giving diastereomeric transition states. Taking into consideration the
example shown irFigure 1.3, the chiral and enantiopure catalyst interacts with the
substrate, thenolizable aldehyddorming a chiral and enantiopugaaminantermediate.

At this point the nucleophilic enaminean attack the electrophifeom the twosides of

the enamine double bond platieis forming twadiastereoisomeric transition staté$ie

two transition states are characterized different energy baiers due to the steric
interactionbetween the electrophile and the butikpup of the enamine cataly$t. the
exampl e s h owxopCltee eleatrophilGiattackedrom an opposite direction

to the bulky substituentso the reaction pathway vt provides R)-productis favored.

The enantiomeric excess of t hAnepantomaict dep

excess of 9 9% 3kealmal at 2%°C.ppG
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Figure 1.3. Interaction catalyssubstate and energy barriers

A chiral and enantiopure catalyst can have different natures, opening the doors to several

fields. Asymmetric organometallic catalysis can induce high enantioselecticedtan

in function of the nature of the ligand coordinated to the central metallic atom. This branch
of asymmetric catalysis permits to modulate the activity and the selectivity of the catalyst
by modifying the nature of the metal atom, increasing oredesong the Lewis acidity, or
adjusting the structure of the ligand to increase/decrease the coordination with the starting

material. Anotheareaof asymmetric catalysis is the biocatalysis. Generally, in this field

the catalysts are enzymes. The enzynigglaly high enantioinduction but often require
specific substates and mild reaction conditions. Moreover, the enzymes exist as single

enantiomers, so they can provide only one enantiomer of the product. Another field of

asymmetric catalysis is representiey asymmetric organocatalysis. In this area, the
catalysts for the chemical transformations are small chiral and enantiopure organic
molecules: The idea is inspired by biomimetic concepts, to reproduce the catalytic activity
and selectivity of enzymeésDifferent classes of organic catalysts exist, with different

activation modes. The main ones are reported in the following sections.

2 Selected reviews on asymmetric organocatalysiB. &)Dalko, L. Moisan,Angew. Chem. Int. EQ004
43, 5138; b)B. List, AsymmetricOrganocatalysisWiley VHC, Weinheim,2005 c) B. List, Chem. Rev.
2007, 107, 5413; d)H. Pellissier, Tetrahedron2007, 63, 926; e)M. F. Gaunt,C. C. C.JohanssonA.
McNally, N. T. Vo, Drug Discovery Todag007, 12, 8.f) D. W. C. MacMillan,Nature2008 455, 304; g)

A. Dondoni, A. MassiAngew.Chem. Int. Ed2008 47, 4638.
3 L. Bernardi, M. Fochi, M. Comes Franchini, A. Ric@irg. Biomol. Chem2012 10, 2911
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1.3 Hydrogen-bond donor catalysis

The hydrogen bond interaction plays a dominant role in asymmetric organocatalytic
reactions The main principle of operation is the coordination of the electrophilic species
to a Hbond donor, activating it and subsequently assisting the attack of a nucleophile. The
activation mode exploits the formation oflidnds causing a decrease in the tedeic
density of the acceptor molecule. The functional groups generally exploiteebasdcH
donors are ureas, thioureas and squaramides. The hydrogesreieted to the nitrogen
atoms of these groupme able to coordinate the lone pairs of the eledtiap species
activating it. Moreover, embedding thelddnd donor in a chiral and enantiopure structure,

it is possible in principle to control the stereochemistry of the nucleophilic attack. The
more privileged chiral substituents used in asymmetric aggalysis areChinchona
alkaloids derivatives. The use Ginchonaalkaloids derivatives is privileged for different
reasons. Th€inchonaalkaloids in addition to being natural products, cheap and easily
available, possess on their structure a basic nitrogen able to coordindtie age¢cies,

thus increasing at the same time both the activity and the selectivity of the catalyst
(bifunctiond catalysis). The structure dfinchonaalkaloids consist®of two pairs of
pseudoenantiomefsnamely Quinine @N) i Quinidine QD) and CinchonidineGD) i
Cinchonine CN) (Figure 1.4).

e N\ )\
HO N HO,,, N HO N HO,,, N
MeO X MeO X N N
~ Z Z ~
N N N N
Quinine(QN) Quinidine (QD) Cinchonidine (CD) Cinchonine (CN)
. /. J

Figurel.4. Cinchonaalkaloids

Some of the first examples of the employment e$alkinds of catalysts were reported by
Jacobsehand Corey. The authors reported an asymmetric Strecker reaction promoted by
hydrogenbonding catalystg¢Figure 1.5). In particular, the NH bonds of the thiourea

4a) J. Kacpr z &thesi200], 981 ) . dMaEseki, iH, Hiemstr&ynthesi201Q 1229
5 M. Sigman, E. N. Jacobseh,Am.Chem. Socl998 120, 4901
6 E. J. Corey, M. J. Groga@rg. Lett.1999 1, 157
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group coordinate the nucleophile, CMhile, the amide oxygen coordinat¢he imine
activating it and promoting the nucleophilic attack in an enantioselective fashion.

cat (0.5 mol%),

P
Ph” "N °
I + HCN toluene, 15h,0° C HN/\Ph
tBu” “H AcOH P Y
(- - - N\ t-Bu CN
mode of activation
S Ph up to 90% yield
/ up to 97% ee
t—BU’ >—N\ ,SmmSmmemmsssmsmesmesmesmens N
Bn _("N K , cat :
\ \ 1
Heo , _ '
Me’N ® Ne- : En 2 Ph |
\H ,,C E 7 N N” '
I i ; o H H '
N ZtBu | el L, !
Bn +Y
\ H y,

Figure 1.5. Asymmetric Strecker reaction

1.4 Aminocatalysis: enamine and iminium ion activation

Asymmetric aminocatalysis basedon the use of chiral and enantiopure amines as
catalysts for the asymmetric functionalization of carbonyl compofifde activation
modes in aminocatalysis are based on covalent interaction generated upon the
condensation of a chiral amine with a carbagndup leading new activated compounds
able to react faster with the reaction partners. Exploiting this type of catalysis is possible
to obtain either nucleophilic or electrophilic new activated compounds.

The condensation of an enantiopure amine and @dehwpile generates an enantiopure
nucleophilic enamine. This activated compound results to be more nucleophilic having
higher energy of the highest occupied molecular orbital (HOMO), compared to the parent
enolate. This HOM@ ai si ng act i v aftunctomalizatidn |lob cardahyl t h e
compounds with different electrophilic speci&sglre 1.6). Propagation of the HOMO

raising activation mode has l¢dthe development of dienaminand trienaminebased

react i onsa n dundidndliatogs. o

7a) S. J. Zuend, M. P. Coughlin, M. P. Lalonde, E. N. Jacolb&smre 2009 461, 968. b) S. J. Zuend, E.

N. Jacobsen]. Am. Chem. So@2009 131,15358

8 Review on aminocatalysis: a) S. Bertelsen, K. A. JgrgedsenChem. Re2009 38, 2178; b) M. Nielsen,

D. Worgull, B. Zwifel, S. Bertelsen, K. A. Jgrgensehem. CommurR011, 47, 632; ¢) K. L. Jensen, G.
Dickmeiss, H. Ji an genAG.Chel ReR0245,,248Kd) B. 3 Dondlubd, §. &.n s
Johansen, P. H. Poulsen, K. S. Halskov, K. A. JgrgeAgeyew. Chem. Int. EQ015 54, 13860.

9 Earliest reports: a) S. Bertelsen, M. Marigo, S. Brandes, P. Dinér, K. A. Jgrgdngen, Chem. Soc.
2006 128 12973; b) ZJ. Jia, B. Gschwend, €. Li, X. Yin. J. Grouleff, Y-C. Chen, K. A. Jgrgensed,
Am.Chem. Soc2011, 135 5053

U
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Figure 1.6. Enamine activation
The condensation of an enantiopure amineraack in generaanU ,-umsaturedldehyde
leadsalsoto the formation of @ electrophilic iminium ion, due to the lowering of the

LUMO orbitals, able to interact with different nucleophilic speciEgure 1.7)
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activated
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Figure 1.7. Iminium ion activation

The potential generation of both nucleophilic and electrophilic species, along with the
possibility to extend the reactivity through conjugated systems, enlightens the broad
applicability of aminocatalysis as a powerful tool to achieve a wide range of
functionalizations of carbonyl compounds.

The most common and efficient catalysts for this chemistry are pudineed compounds

and in particular diarylprolinol silyl ethers, independently developed by Jgrdgeaseh
Hayasht! in 2005. The bulky diaryl sjil ether groupis the key to the high
enantioselectivities generally displayed byesthcatalyss. This sterically demanding
moiety forces the enamine in the conformation shosnafisa n dtrans), and shields

one of its two faces very efficiently, thdetermining the approach of the electrophile from
the opposite faceF{gure 1.8). This mode for the enantioinductias the same for the
iminium ion. Here, the bulky fragment is extended enough to shield effectively the more
d i s t-position, Bllowing the nucleophilic attack only from the less hindered face
(Figure 1.8).

10. M. Marigo, T. C. Wabnitz, D. Fielenbach, K. A. Jgrgenséngew.Chem. Int. Ed2005 44, 794
11Y. Hayashi, H. Gotoh, T. Hayashi, M. Shalingew.Chem. Int. Ed2005 44, 4212
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Figure 1.8. Examples of Jargenséiayashi catalysts and models accounting for the enantioinduction
through enaminactivation and iminium ion activation

1.5 Phosphoric acid catalysis

Another important class of organic catalysts is represented by phosphoiatatydis'?
The bifunctional phosphoric acids contain both a Brgnsted acid site (OH) and a Lewis
basic site (RO) prone to coordinate, in a chiral pocket, the two partners of the reaction.
Generally, these types of catalysts are based on a BINOL or SPINOL core which induces
chirality to the whole structurefFigure 1.9)

X

Lewis —\ x Lewis
OO basic site \ // basic site
O 54
O"OHD Bronsted 0o COHD Bronsted
acid site 74

\ acid site
X =7 X

BINOL derivatives SPINOL derivatives

Figure 1.9. Phosphoric acids backbone

The structure of these catalysts, and in particular the nature sfitiséituents irortho
position to the oxygen at@wn the aromatic rings are crucial for the enantioselection of
the reactions. Generally, these substituents can be aromatic fragments suchi&s-2,4,6
CeH2, 3,5CFs-CeHs, P-NO2 but also silicon based such as SiEiMePh. Moreover, these
substituents contribute to the formation of a chiral pocket that accommodates the reaction
partners activating them, through the formation of hydrogen bonds, and inducing at the

same time endioselectivity to the reactionF{gure 1.10)

12D. Parmar, E. Sugiono, S. Raja, M. Ruepi@gem.Rev.2014 114, 9047.
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chiral pocket
O Lewis basic site

Bronsted acid site

Figure 1.10. Activation mode of phosphoric acids

One of the first examples of the use adgbtypes of catalyss is reported by Akiyamé&
(Figure1.11). The authors take into consideration a Mamntygle reaction between ketone
silyl acetals and-OH-aldimines. In this example, the catalyst coordinatesotkH-
aldimines through the Lewisabe functionality, while the ketene silyl acetal is coordinated
to the Brgnsted acid site. The coordination of the satesto the catalyst leads to the
formation of a rigid activated complex and this permits, in this case, both a high enantio
and diasteeoselection because only one specific couple of the two faces of the two

substrates can interact together.

HO
HO .
OTMS chufal Bransted j@ up to 99% yield,
+ H%OR acid catalysts HN

A 96% ee
)| R R/\:/COZR
R

chiral pocket
(O Lewis basic site

Brgnsted acid site

...........................................................

Figure 1.11. Mannichtype reaction between a ket silyl acetaland an aldimine

1.6 Phasetransfer catalysis

The phasdransfer catalysis is a methodology that exploits, in general, organic salts able
to catalyze a reaction between two or more reagents in two or more phases. It means that

the organic salt is aimed to transport the reagents between the two phasaganic salt

13T. Akiyama, J. Itoh, K. Yokota, K. FuchibAngew.Chem. Int. EJ.2004 43, 1566.
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employed is usually made ugf a lipophilic organic cation (typically a quaternary
ammonium salt such as tetnebutyl ammonium) and a halogenthsanion, so the nature

of the catalyst allows solubility in the considered phases.

Taking into consideration the example reported beldwg(re 1.12), the considered
system is formed by two unmiscible phases, an organic and an aqueosspanated by

an interface. The examined reaction is a substitution reaction between the reagents HY and
RX to form RY in the presence of catalystZ) The first step of this process is the
deprotonation of reagent HY by the inorganic b@®H) to form the ionic couple BY . 1

At this point an ion exchange near the interface occurs. Since the catalyistap organic

salt, it is soluble in both phases, so the ion exchange sees involved the caifaie)
catalyst and the cation"®f the base, and ¢hnewy formedspecieis Q'Y . Then, once
formed the specie @, this one can cross the interface going into the organic phase due
to the organic nature of catiorif @nce the anion Y& intheorganic phase, the substitution
reaction can occur formgnproduct RY. If the cation Qof the catalyst is a chiral and
enantiopure specie, the interaction betweémdl the substrate in the organic phase can
induce enantioselectiotm the reaction allowing the final product in an enantioenriched
form. The example reported below takes into consideration an organic and an aqueous
phase, but the same concept can be applied also to systems formed by two or more

immiscible phases.

organic
phase

reaction in
organic phase

+

QzZ Q+ Y~

ion
exchange
. . aqueous
B Z B Y phase
Deprotonation
of HY BOH hy

Figure 1.12. Simplified mechanism for phase transfer catalysis

10
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2 Summary of the Research

In the next chapters, the versatility of organocatalgpied to different substrates will
be discussed. In particular, this thesis is based on three main topics, the reactivity of
sulfoxonium ylides, the reactivity of donacceptor cyclopropanes, and asymmetric

desymmetrization reactions.

The first chaptes (chapters-%) will describe the chemistry of sulfoxonium ylidésSulfur

ylides are formal internal salts characterized by a carbanion flanked by a positively charged
sulfur atom. These ylides can react via typical (2 + 1) pathways (&iraykovsky
epoxidation and related reactions) or can display less conventional reactivity such as
insertion reactiont$ into X-H, C-H, C-X, and XY bonds.

More in detail, chapter 4 will examine a tandem chemodivergent cyclization reaction
between sulfoxonium ylides drsalicylaldehydes. The literature reports the reaction of an
unstabilized sulfoxonium ylide with these aldehydes, giving benzofurans as prfdocts.

our casé, reacting stabilized sulfoxonium ylides with salicylaldehydes, two different
compounds are ¢dined, H-chromene and dihydrobenzofuran scaffolds, depending on
the substituents around the aromatic ring and the presence of the c8tgsie@.1). In
particular, using electrepoor salicylaldehydes, in the absence of a catalyst, three different
dihydrobenzofuran derivatives were achieved in excellent yields, while, using electron
neutral or electromich salicylaldehydes in the presence of 3%mof diphenyl phosphate

as catalyst, 16 examples of differently substituteldcBromenes were obtained in good
yields. Mechanistic insight and comparison with the reactivity of sulfonium ylides are also

investigated.

14 G. D. Bisag, S. Ruggieri, M. Fochi, L. Bernar@irg. Biomol. Chem.202Q 18, 8793

15a) D. Wang, M. D. Schwinden, L. Radesca, B. Patel, D. KronenthaH.Muang and W. A. Nugend,

Org. Chem 2004 69, 1629. b) P. B. Momo, A. N. Leveille, E. H. E. Farrar, M. N. Grayson, A. E. Mattson
and A. C. B. BurtoloscAngew. Chem. Int. E@02Q 59, 15554.

16 B. Holt and P. A. LoveTetrahedron Lett1966 683.

17 G. D. Bisag, S. Ruggieri, M. Fochi, L. Bernardgv. Synth.Catal2021363 3053

11
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Schene2.1. Tandem chemodivergent cyclization between sulfoxonium ylides and salicylaldehydes

Subsequentl vy, we moved to investigate the r
unsaturated carbongbmpound, and all the experimental detail will be reported in chapter

5. Due to the interesting reactivity shown with salicylaldehyde, we tried to understand the
behavior of sul f oxoni umhygrdxycoreamaldehyde bnder t s hom
asymmetriccatalysis $cheme2.2). The reaction provides a convenient route for the

synthesis of enantioenriched cyclopropdémsed chromanol structuré$.Besides the

synthetic versatility offered by the hemiacetal moiety, the cycloprefiesesl chromane

scaffold is recurrent in pharmacologically active compounds. Unfortunately, the product

of the reaction, characterized by a hemiacetal structure is not stablPLC so its

derivatization into the Wittig adduct was carried out for a correct determination of the
enantiomeric excess. Performing the reaction in the presence of a Jaigagashi

catalyst, fifteen different products were obtained in moderate yeshds very good

diastereeand enantioselectivities. Moreover, the synthetic versatility of these compounds

was demonstrated by performing different synthetic manipulations. The 1,%a,2,7b
tetrahydrocyclopropa]chromene product turned out to be a versatilbstrate for both

oxidation and reduction reactions. Moreover, also the Wittig adduct shows great
adaptability. After extensive screenings, a diastereodivergent Michael addition was

developed with good yield, enantj@nd diastereoselectivity.

18 G. D. Bisag, P. Pecchinif. mancinelli, M. Fochi, L. BernardQrg. Lett.,2022 24, 5468
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(@)
N\ AR2
Q OTMS & OR
! ? 9 N Ph P
| R2O)K?S\\ H Ph R1 O -IIH
+ i . asymmetric @
R’ S“"}‘;’;;’g;/‘l_’g 3; lide  organocatalysis ©
OH

15 examples
up to 97% ee,
79% yield
(after Wittig olefination)
J

Q
SYNTHETIC Q
}}_OEY ELABORATIONS 9y Y0oRrR

H/
ZCo,R < H
o R R
\OEt OH 0

Scheme.2. Enantioselective cyclopropanatione act i on bet ween sul foxoni

hydroxycinnamaldehyde under asymmetric catalysis

Then, we moved our attention to the interesting reactivity of daoceptor
cyclopropanes. The typical reactivity and the experimental investigation carriedaaut i
laboratory are reported in chapters 6 and 7.

Donoracceptor cyclopropanes are constricted rings characterized by the presence of
electrondonating and electrewithdrawing groups and specific architecture. In particular,

the two groups with such ekeonic characteristics are the substituents of two of the three
carbons of the cycleF{gure 2.1). This specific design allows an easier romening

reaction with ensuing reactivity.

/§X<EWG
EDG EWG

D-A cyclopropane

EWG
EDG"Y - EWG

Figure 2.1. Structure of standard don@cceptor cyclopropanes

19T. F. Schneider, J. Kaschel, D. B. Wetngew.Chem. Int. Ed2014 53, 5505
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We found that performing the reaction with thioacetic acid under phase transfer catalysis
two different products can be obtained depending oretietion condition§Scheme.3).

In one casé¢he classical reactivity of the doracceptor cyclopropanes was observed, in
particular a ringoppening reactiorin the second casanonreductive decyanation reaction
occurs. Once identified the reaction corahs that permit us to obtain the two products in
moderate to good yields we laegto evaluate preliminarily the generality of the reaction.

In the future, it will be necessary to rationalize the mechanisms that pleemnibtainment

phase transfer
cataly3|s unconvetlonal
solid base reactmty
0} 69 % yield
CEN * )L —
SH

phase transfer

| catalysis typlcal donor
acqueous ©)\/k acceptor reactivity

of thetwo different products.

base

57 % yield
Scheme.3. Reaction between a doracceptor cyclopropane and thioacetic acid

Finally, during my period abroad an enantioselective desymmetrization reaction was
investigated. The desymmetrization principles and the experimental details ated@por
chapters 8 and 9. Asymmetric desymmetrization reactions are chemical manipulation of
the substrates able to remove one or more symmetry elements, to obtain chiral and
enantioenriched compounds.

The aim of the period spent abroad was to developsymmetric desymmetrization
approach of cyclobutanols exploiting a dehydration reaction under asymmetric acidic
conditions §cheme2.4). To realize this approach different starting materials were
syntheized changing both the substituents installed in positionar@ G of the
cyclobutanol. Moreover, screenmgf acids, stvents, and additives were carried out to

improve both yield and enantioselectivity leading to moderate results.

20X.-P. Zeng, Z:Y. Cao, Y.-H. Wang, F. Zhou, J. Zhou, Chem. Re2016 116, 7330
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Rs R
OH 0
C cat”
Ry7cs -H,0 R
R, R»
achiral symmetric chiral asymmetric
starting material product

Scheme.4. Aim of the work
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3 Sul foxoni umeyht dee: bhckgr ol
preliminary i nvestigat

3.1Ylides: definition and types

Anylideis a formally neutral compound containing a negatively charged atom, generally
a carbanion, directly bonded to a positively charged atom, generally a heteroatom.
Different types of ylides exist, with their own reactivity in function of the nature of the
heteroatom. Moreover, each type of ylide can be divided into stabilized or unstabilized.
Anylide is stabilized if an electrewithdrawing group is attached to the atom carrying the
negative charge, thus fAstabilizingo it.
The most famous ylides are phospi®ylides, with a positive charge on a phosphorus
atom. These compounds are the main players of the Wittig olefination, which allows the
synthesis of olefins starting from the corresponding aldehydes/ketones. Other ylides are
represented by nitrogen ylidesch as pyridinium ylides and diazocompounds. Pyridinium
ylides are synthetically useful due to their ability to react withuEreagents, allowing the
formation of fuseaycles with simultaneous dearomatizatajrthe pyridine ring, but also

for cyclopropanation reactions. Diazocompounds are exceedingly useful too, especially as
precursors of metal carbenes. However, their use is generally discouragegescale,

due to the danger in handling them. Indeethzacompounds can explode when
decompose, limiting significantly their use. Sulfur ylides are often considered safe
surrogates of diazocompouds. Sulfur ylids can be dividedsinifonium or sulfoxonium
ylides. Sulfoxonium ylides are the main argumenthefext chapters. The section below
reports the main theoretical aspects of the reactivityesétiypes of compounds.Rigure

3.1)
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X
PHOSPHORUS YLIDES ! PYRIDINIUM YLIDES |, ! DIAZOCOMPOUDS N+
' N 2
o : R=EWG, -l_ R
= ' R=EWG, - Co e
REEWG, pppt k[rR : l\ﬂ/
- R D S LN 0
Phsp” R stabilized | NjZ stabilized | _CR — stabilized
R = alkyl + N
PhoP_~pg R D R = alkyl
- H R= alkyl + N2+
unstabilized N | .
: _K/R' \/R
unstabilized unstabilized
SULFONIUM YLIDES Ve © , SOLFOXONIUM YLIDES
e :
i : 0o o0
R =EWG s\)L : i
e - ' h
- Me™+ = R R=EWG Me’/s\_)LR'
Me\é/\R stabilized ! Me
1 h n, , stabilized
Me _ Me ! Me—SI_R
R = alkyl é\/\ MY O
' ' = +
Me” SR 5 R = alkyl Me= S ~g
unstabilized ' Me

unstabilized

Figure 3.1. Examples of ylides

3.2 Sulfoxonium ylides

Sulfur ylides are formal internal salts characterized by a carbanion flanked by a positively
charged sulfur atom. These ylides candbaded into two main classes, sulfonium, and
sulfoxonium ylides, depending on the sulfur oxidation state. The first example of sulfur
ylides was reported in 1930 by Ingold and Jeg3dfowever, the synthetic prowess of
these compounds was revealed in1B60s, when the works by Johnson and LaCéunt,
Franzer?® Corey, and Chaykovsky showed their utility in small ring syntheses. The
amazinggrowth that the chemistry of sulfur ylides has experienced in the last few years is
largely due to the similaritge of their structure and reactivity to the corresponding
arguably problemati¢ diazo compounds. Indeed, the three structures reported below
(Figure 3.2) are characterized by a negative charge near to a good leaving group.

21C. K. Ingold, J. A. Jessogd, Chem. So¢193Q 713.

22 A. W. JohnsonR. B.LaCount J. Am.Chem. So¢1961, 83, 417.

23a) V. Franzen, H. J. SchmjdE. Mertz,Chem. Ber.1961, 94, 2942. b) V. Franzem.-E. Driesen,
Chem. Ber.1963 96, 1881

24 a) E. J. CoreyM. Chaykovsky,J. Am. Chem. Sqcl962 84, 3782. b) E. JCorey, M. Chaykovsky J.
Am. Chem. Socl1964 86, 1960. c) E. J. CoreM. ChaykovskyJ. Am. Chem. Sqd 965 87, 1345.
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SULFONIUM [ SULFOXONIUM DIAZO
YLIDES YLIDES COMPOUNDS
-+
I n+
s S< S S\Me b N2
S+ ©
O nucleophilic __ good leaving
carbon group

Nucleophilicity at C

Figure 3.2. . Sulfonium and sulfoxonium ylides, diazo compounds, and their order of nuclegphilicit
at carbon

Understandably, the sulfur oxidation state influences the properties of the ylides too. The
presence of the electramthdrawing oxygen at sulfuatom gives two important
consequences on the reactivity of sulfoxonium ylides. First, these compounds are
considerably more stable and lessn@leophilic, compared to their sulfonium
counterparts, thanks to a better delocalization of the negative chargethdiass,
sulfoxonium ylides are more-@ucleophilic than the corresponding diazo compounds.
Second, the oxygen atom can function as a Lewis base, coordinating a catalytic species

and interfering with its action.

3.3 Sulfoxonium ylides reactivity

Sulfoxoniumylides can undergoumerougypes of reactions, the main oreginsertions

and cyclizations. Regarding the insertion readiculfoxonium ylides can react with a
polarised NUE bond by first attacking the electrophile portion with the nucleophilic
carlon. Then, DMSO displacement by the nucleophilic species follows, resulting in the
formal insertion of the ylide into the N&E bond Scheme3.1). The o steps can be
subjected to catalytic promotion by acidic species or transition metals. In the latter case,
an electrophilic carbene is formed, which reacts first with the nucleophile and then with

the electrophile, analogously to the reactions of dianopounds.

insertion reaction

O O 0
Jj\gs S< Nu” )H/Nu
Me —— Me —~ R
R \'Me )k(
DMSO E
E‘Nu

Schem@.1. Typical reactivity of sulfoxonium ylides
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To better understand this conceptnecessary to mentisome works by Baldwin and
coworkers dealing with theing-opening ofN-Boc lactams by dimethylsulfoxonium
met hyl i de, and subseguent -Keto sufdxaniam gidlei zat i on
(Schemd.2).2> While the highly basic sulfonium ylide causes degradation of the starting
b-lactam, its milder sulfoxonium counterpart furnishes the-ang e n-ketbsuoxonium

ylide in nearly quantitative yieldScheme.2a). Treatment of this ylide with differentiH

X reagents, gives a series of functionalized products with variable results. Conversely, to
effect an intramolecular insertion into thé M bond, the athors had to resort to a
transition metal catalyst (R{O-CCR)4), to channel the reaction through the formation of

an electrophilic metal carbenoid intermediate. This was the first disclosure of a metal
catalysed insertion reaction in combination withastwnium ylides. The overall sequence
brings about a one carbon ring expansion of a lactam. It was also applied with reasonably
good results to the conversion of a pyroglutamic acid derivative into a pip8rahe
(Scheme.2b).

Q !
Z°"Me Icl) o} CO,Bn (0] CO,Bn
— Me , . S "Nu-E"
BocN pmso,  M&d A A e MeEL X NHBoc
CO,B Me
2 rt 97% yield H

HCI: X = Cl, 74% yield
HBr/AcOH: X = Br, 62% yield
HBr aq. DMF:

X = OH/OCHO, 75% yield

Rh,(O,CCF3),)
5 mol%

1.2-DCE, Mel, then Zn: X = Me, 65% yield
reflux 0
BocN
CO,Bn
77% yield
b
1] 9 o
o) 25Me  ye-Sa Rhy(0,CCF3),
Me e/ 4 m/m%
BocN DMSO, BocHN 1,2-DCE, NBoc
rt reflux
CO,CHPh, CO,CHPh, CO,CHPh,
95% vyield 51% yield

Schem@.2. Ringopening of NBoc lactams by dimethylsulfoxonium methylaled ensuing
functionalizations.

Similar ring exlpantamnY-8-pne)pvere ptdreemloitedat
Merck, using an iridiunbased catalyst, for the synthesis of MR46 Scheme.3a),? a

25a)J. E. Baldwin, R. M. Adlington, C. R. A. Godfrey, D. W. GolljdsG. Vaughan]. Chem. Soc. Chem.
Commun.1993 1434.b) J.E. Baldwin, R. M. Adlington, C. R. A. Godfrey, D. W. Gollins, M. L. Smit
T. RusselSynletf 1993 51

261. K. Mangion, R. T. Ruck, N. Rivera, M. A. Huffmall. Shevlin,Org. Lett, 2011, 13, 5480
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CRTH2 antagonist for respiratory disorders, and of -F865 Scheme3.3b),>’ a - b
lactamase inhibitor. Several features of these works are worth to be highlighted: i) the
metal catalyzed MH insertion reaction allowed to overcome the unfeasibility of more
conventional intramolecular nucleophilic substitutions via halide displadelethe
amine, although recent disclosures towards- K855 point to an KCl insertion followed

by S\2 as a viable pathway if an oxime, instead of a ketone, is?&s@dy medicinal
chemistry approach to a related piperi@ione involved an identical mg-expansion
strategy, but was based on a diazo compound. However, diazo compounds are generally
characterized by poor thermal stability and can be explé$®ecess development thus
resorted to sulfoxonium ylides due to their inherent higher appest&beup (increased
safety, stability, crystalline nature). iii) Industrialisation of the reaction leading te MK

7246 was carried out to produce this clinical candidate on a-Kgikicale.

CO,Et
COZEtl (COD)CI CoEt 2
I
N\ [ 1 mol% l2 5 steps
N PhMe/DMF
H 85 °C
S

N-s\

MK—7246

o /O\lez
~S O NCbz
Me d [ICOD)CI], /O N
Boc 1 mol% N 8 steps N H
H —=, =
“PhMe/DMF, NBoc N_&

80°C -0580 o]
MK-7655
10% overall yield

Schemd.3. Applications of the metalatalyzed insertion reaction to medicinal agents

Along these lines, stabilized sulfoxonium ylides have been employed in a range of
formal insertion reactions into-M, C-H, C-X, and XY bonds Figure 3.3). Such
transformations are powerful tools for the preparation of numerous classes of

compounds, building blocks of drugs, and natpralducts.

27 C. Molinaro, P. G. Bulger, E. E. Lee, B. Kosjé&k,Lau, D. Gauvreau, M. E. Howard, D. J. Wallace and
P. D. DOr§ Khkerm 2012 77,2299

28J. Y. L. Chung, D. Meng, M. Shevlin, V. Gudipati, Q. Chen, Y. LiuH¢.Lam, A. Dumas, J. Scott, Q.
Tu, F. Xu, JOrg. Chem.202Q 85, 994.

29 S. P. Green, K. M. Wheelhouse, A. D. Payne, J. P. Hallett, P. W. Miller, J. A.Bgll,Process Res.
Dev, 2020 24, 67.
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Rj)H/H RAH/H
R” 5 A

C-Hinsertion o O X-H insertion

1l
S~
R
A
R1ﬂ\(x
R
X-Y insertion C-X insertion

Figure 3.3. Formal insertion reactions of sulfoxonium ylides

Regarding cyclization reactions, the reaction partners of the sulfoxonium ylide must
contain on their leeleton an electrophilic site, able to be attacked by the nucleophilic
carbon of the ylides, and a nucleophilic site able to displace DN88keMe.4). Also in

this case, the steps of the reaction can be subjected to catalytic promotion by different

species.
cyclization reaction
Q 0 0 +9 9
R)J\gS\‘Me — > R S\‘Me # RJH/NU
) Me IM\Me puiso E_j
£ . T

Scheme.4. Typical reactivity of sulfoxonium ylides during a cyclization reaction

The formation of epoxides, aziridines, and cyclopropane rings follow est®yD

pat hway, i nvol ving the nuclaeceppohC £+ X c addi
followed by DMSO displacement by the resulting negatively charged X atom
(Schem@&.5). From another perspective, the reaction can be considered as the formal

i nsertion of +{dne&d alony thelliees of m {20+ 1) clgcoaddition

reaction.

O [} 7
X Y ‘
TS~ X KA X
1JJ\ 2t Z\ Me — i "Me | Soan
RY "R® 1" Me R" “R2Me'" | -DMSO R'" “R2
X =0, NR?,
CH-EWG, etc.

Schem@.5. Twostep pathway for the formation of constrained rings from sulfoxonium ylides.
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Oxirane motifs can be obtain®éyg exploiting the reactivity of sulfoxonium ylides,
first disclosed by Johnson and LaColirsind then broadly investigated by Corey
and Chaykovsky! However, when sulfur ylides, both sulfonium and sulfoxonium
ones, react witk)b-unsaturated carbonyl compounds, two déferproducts can be
obtained, oxiranes or cyclopropanes, due to the two electrophilic sites present in the
substrates. The kinetically favored -g@dition of the ylide to the carbonyl leads to
the oxirane, while the slower latldition gives the thermodgmically favored
cyclopropaneThe regiodivergency of the reactions of stabilizesdunstabilized
sulfonium ylides is rationalized considering the higher degree of reversibility in
additions of stabilized ylides to carbonyfsThus, with unstabilizedsulfonium
ylides the 1,2addition is a fast and irreversible process, favoring the formation of
the oxirané® (Scheme3.6a). With stabilized sulfonium ylides the 1,2addition,
which is still kinetically favored, tends to be reversible, ultimately resulting in the
thermodynamic cyclopropane prodtfatia the slower but irreversible katidition
pathway Scheme3.6b). Similar arguments can be put forward to justify the
preference o$ulfoxonium ylidegor cyclopropanessthe oxirane¥® obtained with
sulfonium ylides(Scheme3.6¢c). The additional oxygen of sulfoxonium ylides
stabilizes the anion to a sufficient extent to render theddztion reversible, even

without additional electromvithdrawing groups on the ylide.

30A. W. JohnsonR. B. LaCount,J. Am. Chem. Sqd 961, 83, 417.

3la) E. J. CoreyM. Chaykovsky,J. Am. Chem. Sacl962 84, 3782.b) E. J. CoreyM. Chaykovsky J.

Am. Chem. Socl1964 86, 1960. c) E. J. Core. Chaykovsky,J. Am. Chem. Socl965 87, 1345

32 J. Clayden, N. Greeves, S. Warren, P. Wothers, Organic Chemistry 1st Ed., Oxford University Press,
Oxford, UK, 2012 Ch. 46, pp. 12401277.

33a) P. Mosset, R. GréBynthCommun.1985 15, 749. b) S. Li, P. LiJ. Xu,Helv.Chim. Acta2019 102,

art. no. E1900164.

34 G. A. Tolstikov, F. Z. GalinV. N. IskandarovaRuss. Chem. Bul1983 32, 1098.

35a) L. de C. Alves, A. L. Desiderd, K. T. de Oliveira, S. Newton, S. V, Tey. BrocksomQrg. Biomol.

Chem, 2015 13, 7633. (b) G. A. Molander and C. Alongdija, Tetrahedron, 1997, 53, 804084.
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Schem&6. Regi osel ectivity i n t-imsatunatedcardonylcompaunds:s ul f ur

a) unstahlised sulfonium ylide; b) stabilised sulfonium ylide; c) sulfonium vs sulfoxonium ylide.

Cyclization reactioacan be divided in (2 + 1) and (n + 1) cyclization reacti®egarding

(2 + 1) cyclization reacti@)sulfoxonium ylides in combination with thiesystem of
carbonyl compounds (imines, saturated and unsaturated aldehydes, or ketones) can
generate a wide range of constricted rings such as cyclopropanes, aziridines and
oxiranes Figure 3.4 left), scaffolds often recurring in biologically active natural and
unnatural compounds, as well as powerful synthetic intermedfatdso (n + 1)
cyclization reactionseesulfoxonium ylices as main characterBhe most common
processes developed in the last few years are interrupted-Chagkovsky reactions, ring

expansions, and olefinations reactions. These transformations lead to original syntheses of

36a)T. Jiang, K. LKuhen, K. Wolff, H. Yin, K. Biea, J. Caldwell, BBursulaya, T-Y. Wu, Y. He, Bioorg.
Med. Chem. Lett2006 16, 2105. b) F. M. D. Ismail, D. O. Levitsky. M. Dembitsky,Eur. J. MedChem,
2009 44, 3373.
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important heterocycles, for exarepl -lactones’ o-lactams® tetrahydrofurans,

pyrrolidines® oxetane® and dihydropyrazole¥.

'(n +1) cyclization '

e a
3 O
62 +1) cyclization) a3
e N R 0
Cyclopropanes PG R o
| -N R
N R? y-lact R?
A JI\)— y-lactones  |a(N
o7 S R1 G OH
woo
ﬁ dihydropyrazoles 4S\‘R
('? Aziridi 0] Q @R Q
N ziridines O
Oxiranes z ;\Aye Rg’:l
o [ & R? o
< ™ oxetanes b
\. / R N
PG
q pyrrolidines )

Figure 3.4. Cyclization reaction of sulfoxonium ylides

3.4 Experimental evolution

The previous section briefly showed that sulfoxonium ylides present different reactivity.

In our recent revied? we have defined these compounds as synthetic chameleons.
Moreover, utilisation of stabilized sulfoxonium ylides appgaicularly attractive, due

to their ease of synthesis and thermal stability (as opposed to their diazo analogues).
However, examples of the utilization of these ylides in the presence of (chiral) catalysts
are not abundant, with only a handful of exaesgbeing reported until 2019vhen these

PhD studies began. We surmised that the reactivity of these convenient compounds had

been not fully explored, leaving space for uncovering conceptually innovative and

37 M. Mondal, H-J. Ho, N. J. Peraino, M. A. Gary, K. A. Wheeler, N. J. Kerriga®Qrg.Chem, 2013 78,
4587,

38D. Zhang, Q. Zhang, N. Zhang, R. Zhang, Y. LiagDong,Chem.Commun, 2013 49, 7358.

39J. M. Schomaker, V. R. Pulgam, B. BorhdnAm.Chem. So¢2004 126, 13600.

40a) U. K. Nadir and V. K. KoulJ. Chem. Sa¢1981, 417418. (b) K. Okuma, Y. Tanaka, S. Kaji and H.
Ohta,J. Org.Chem, 1983 48, 51335134. (c) E. D. Butova, A. V. Barabash, A. A. Petrova, C. M. Kleiner,
P. R. Schreiner and A. A. Fokid, Org.Chem, 201Q 75, 62296235.

41S. Hu, S. Du, Z. Yang, L. Ni, Z. CheAdv. SynthCatal,, 2019 361, 3124.

42 G. D. Bisag, S. Rudgri, M. Fochi, L. BernardiOrg. Biomol. Chem.202Q 18, 8793.
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interesting transformations. Taking into corsation the experience of the laboratory in
organocatalysis, at the beginning of my PhD studies it was decided to set uprangiele
exploration of the reactivity of these convenient compounds towards a series of reaction
partners, under the action offéifent organocatalysts.

In the next paragraphs, some of the reactions tested employing sulfoxonium ylides as
substrates will be briefly analyzed and discussed.

One of the first tested reactions wagdar ) cycl oaddi ti on reaction b
unsaturagd imine differently protected and stabilized sulfoxonium ylidgshémes.7).

The aim of this reaction was the synthesis of differently substituted dihydropyrrolidines.
As is possible to observe in the proposed mechanism, the first nucleophilic attack of the
sulfoxonum ylides occursat t h eposibion of the imine, forming the zwitterionic
intermediatd. Then, an intramolecular ring closure reaction should give the formation of
dihydropyrrolidines. Unfortunately, performing the reaction under acidic conditions, only

decomposition of the imine was detected in the reaction mixture.

{possible mecchanism]
O R
1 (0] R
1]
/?QAO S# 0 g

__ L T7YY o . ,\QP
& - NI o
Ph%}’g R /

0 (PhO),POOH 10 mol% Q9 Pg
X -~ N
EtO)lm * ph/\/\N’Pg x /\O)t)
_s7 toluene R Y,
o Pg =Ts, p-Cl-CgH, Ph

Schemd.7. Imine tested

Subsequently, we moved to analyze another 4 + 1 cyclization usibl,-afmsaturated
dicarbonyl compound. Generally, these types of substrates are employéd+ir)
cyclization reactions with isocyanidesed compound3The possible mechanism of this
reaction is reported i8cheme3.8. The nucleophilic carbon of the isocyanade compound
attackodihtei om -undaturated eicartbnyb derivadis forming the
zwitterionic intermediatd. At this point an intramolecular ring closure reaction occur

generating intermediaté, which evolves into the furan product after a-H,3hift.

43T. Kaur, P. Wadhwa, S. Bagchi, A. Sharr@aem.Commun.2016 52, 6958.
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Scheme3.8. Possible mechanism of the reaction between isocydnales e d

unsaturated dicarbonyls

Ar R

Ar 0O

- H
1-3 H-shift
Ar R R
\) O O R

compounds

Isocyanidebased compounds have structure and reactivity similar to the solfoxonium

ylides. Indeed, dth compounds are characterized by a carbon atom that acts first as a

nucleophile and then as an electrophiei{eme.9).

[ SULFOXONIUM YLIDES | [ ISOCYANIDES A
o 7
=* +
i+  =» ~ S \e + ~E
‘@S\‘Me ]/ Me ~\/N@ E” ﬁ”,c
Me E S >
\\C@ Nu ) /,g@) Nu
® N
\ J o\ J
O nucleophilic
carbon

Schemd.9. Similarities between sulfoxonium ylides and isocyanides

The examined reaction and its possible mechanism are repoi$etheme3.10. First of

all the stabilized sulfoxonium ylide makes a nucleophilic attadk to eposition of the

U ,-umsaturated dicarbonyl derivativerining the zwitterionic intermediate Then, the

enolate oxygen undergoes a ring closure reaction displacing DMSO and forming directly

the dihydrofuran producPerforming the reaction under different acidic conditions, in
particular using diphenylphospieaas catalyst or under-bbnd donor catalysis, tHg +

1) cyclization

diastereoisomer.

reaction occurs,

giving the dihydrofuran

reported as a single
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(proposed mechanism)

{ Ph S j_S

(PhO),POOH 10 mol%
(0] (0] (@] toluene, rt

"'\(

single dlastere0|somer

EtO | _ | Schreiner's Thiourea
o< Ph (10 mol%)
DCM, rt ,“’\(

single dlastere0|somer

Schem.10. Reaction between dn ,-umsaturated dicarbonyl compound and sulfoxonium ylides

Given the promising reactivity, a short catalyst screening was carried out to understand if
the reaction could be developed under asymmetigicaconditions and the results are
reported inTable 3.1. Performing the reaction with cataly&tgood results in terms of
conversion were obtained but the enantiomeric excess was very low (entry 1).
Subsequently, other catalysts were tested BeB), but in all cases, the product was
obtained in a racemic form (entries42and entries 6,7). Takingto consideration the
obtained results, the behavior of the reaction in the absence of the catalyasisawvas
examined (entries 5 and 8). Performing the reaction withoatalyst at room temperature

an even higher conversion was obtained (entry 5). Thidtreuggests that, paradoxically,

the presence of the catalyst inhibits the reaction. Probably, the coordination of the ylide is
strong enough to decreaisenucleophilicity. To slow down the background reaction, an
experiment performed at low tempera&uvas carried out (entry 8), but also in this case a
good conversion was obtained. For this reason, we decided to abandon the development of

this reaction.
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Table3.1. Catalysts screening

8 o o o Ph
o
Eto)H cat 10 mol%
o+ | — OEt
_S solvent, o 'u,(
[ozan Ph temperature \O
e N
F3;C
CF
s s CF; 3
s
ok )i
F3C H H N F3C NN
CF, H H &4
c CF; p
FiC o 0/753 FiC
=l .
H HN HN
F3C HN N
A MeO.
MeO W
B N ’ AN
= F
E N

entryEntry® cat solvent temperature time  conversiod” ee

1 A  toluene rt 44 h 66 % 5%
2 B toluene rt 44 h 60 % rac
3 C DCM rt 44 h 87% rac
4 D DCM rt 44 h 30 % rac
5 / toluene rt 64 h 80 % /

6 E DCM -20-rt 48 40% rac
7 F DCM rt 48 50% rac
8 / DCM -20 48 50% rac

[a] Reaction conditions:. 15 mmol of sul f ox o ninsataredfiketone,el@ mol%catdlystwen® | o f

dissolved in 250pL of the opportune solvent. @dlculated on the crude mixture. [Ehantiomeric excess determined
by CSRHPLC.

Subsequently, we moved our attention to the study of a GroBlaakburri Bienaymé
type reaction, another typical isocyanide reaction. The hypattestaction mechanism
is reported inScheme3.11. The sulfoxonium ylide makes a neaophilic attackon the
iminium carbon, then the dearomatization of the pyridine ring satigplacing DMSO
and forming the final product. Unfortunately, performing the reaction with the 2
aminopyridine derivative reported below, and two different stadullidides under acidic

conditions, no reactivity was observed, only partial hydrolysis of the imine.
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X
o [ (PhO),POOH
— NT
o N" NP pPh o Ph— I

CH,Cl, N

PSS X = Ph, OEt
I\ Ph
] -
NSy

R °

Scheme.11. GroebkéBlackburri Bienaymé type reaction

Thus, we moved our focus away from isocyanide reactions, testing insidad &)
cyclization reaction already developed in a racemic form dnchvwnechanism is reported

in Schem&.12.# This reaction was analyzed for a possible enantioselective development,
hypothesizing that a chiral phosphoric acid could not only isomerize the enamide to the
imine but also activate the imine for the formal cycldgidn. In line with the literature, a
sulfoxonium ylides with a ketone as stabilizing group was considered. After different
solvents and catalysts screening, promising results in terms of enantiomeric excess (up to
79%) were obtained using the H8nol derivative reported below. However, a very low
conversion was observed in all the reactions, less than 15%. Possibly, the leaving DMSO
or the dihydrooxazoline product inhibits the activity of the catalyst. For this reason, also
this investigation was stopped

44N. Luo, Z. Zhan, Z Ban,G. Lu, J He, F Hu, G.. Huang Adv. Synth.Catgl202Q 362, 3126
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(propozed mechanism)

4 )
— /(/) Ph
5% Ph_
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—_— | e NS
H 4 ©/‘\N
\. J
chiral Ph
O o) phosphoric acid =0

catalyst = o)
Ph | + N solvent />~
S H s N \N
0"\

up to 79% ee

Schemd.12. (4 + 1) cyclization reaction

Another (4 + 1) cyclization reaction tested is reporteameme3.13. In this case, a
stabilized sulfoxonium ylides and &kBoc aminal react together under acidic conditions

to form a cyclic carbamate as gret. The possible reaction mechanism is reported below.
First of all, the aminal reagentnder acidic conditiongangenerate th&l-Boc protected
imine reported, which could undergo a nucleophilic attack by the sulfoxonium ylides
generating intermediate Then, a ring closure reaction can occur generating intermediate
I, which under acidic conditions lose thdutylic moiety generating a more stable
carbamate group. Unfortunately, this reaction did not give promising results, affording the

cycloadduds in less than 10% yield under a range of acidic reaction conditions.
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(Proposed mechanism)

r ™
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7=\ Ot-Bu
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I I
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X
o (PhO),POOH
)H NHBoc (10 mol%) HN” O
Ph I ¥ Ph” NHBoc 605’2'\/'29“ Ph) % _on
0"\ ’ O/f—
low yield

Scheme.13. (4 + 1) cyclization reaction

Other formal cycloadditions were tested by exploringrdaetivity of nitroalkenes with
stabilized sulfoxonium ylidesScheme3.5). The combination of nitroalkenes with
sulfonium ylides under asymmetric réaa conditions is already reported using chiral
thiourea catalyst and leads to oxazolidinone derivatives via an intriguing reaction
pathway*> Taking into consideration these examples, we decided to investigate the
reaction between a brominated nitro@&elerivative and sulfoxonium ylid€shem@.14.

In particular, we wanted to see if the reaction follows a 4+1 pathway generating an
isooxazoline Noxide, or &2 + 1) cyclization generating a cyclopropane. Due to the same
reactivity of sulfonium and sulfoxonium ylides, we decided to move our attentimiore

interesting reactions.

45a) L-Q. Lu, Y-J. Cao, X-P. Liu, J. An, C-J. Yao, Z:H. Ming, W.-J. Xiao,J. Am. Chem. Sq2008
130, 6946. b)L. -Q. Lu, F. Li, J. An, Y. Cheng, JR. Chen, W-J. Xiao, Chem. Eur. J.2012 18, 4073
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q
S+
Et NS
-0
/l_:_l\o—
Br e}
¢> o.F0 \\\\/
N}\ Z (OEt
Schreiner's
0 NO Thiourea Br Ph
S 2 (10 mol%)
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IS Br DCM, rt
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Scheme.14. Reactivity of sulfoxonium ylides and nitrolefines

Finally, we decided to evaluate the reactivity of salicylaldehyde and salielyiale
derivatives $chemea.15). In this case, we rapidly understood that both reactions reported
below are characterized by promising and interesting results. For these reasmas, the
reactions were fully developedi@analyzed in detail in the following chapters. The most
peculiar behavior is represented in the reaction with simple salicylaldehyde, wherein the
first experiments performed with a phosphoric acid promoter provided an unexpdeted 2

chromene product, with traouble participation of the ylide in the reaction.

@) e}
OEt
OEt
OH EtO | —OH> (6)
0~ SOoH reaction S~ reaction (0]
conditions G conditions
[aminocatalysis] [Brensted acid catalysis]

Schem@.15. Reactivity of salicylaldehyde, salicylaldehyde derivatives, and sulfoxonium ylides
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The reactiity of stabilized sulfoxonium ylides under acidic conditions is a topic still

poorly investigated. Herein we report a new catalyst and substrate dependent

chemodivergent reaction between stabilized sulfur ylides and salicylaldehydes, leading to

unexpecte®H-chromene or dihydrobenzofuran products. Particular attention was set on

the unusual mechanism involved, and after numerous mechanistic experiments two unique

reaction routes including two ylide units are proposed. Moreover, in some cases it was

observd a selectivity switch by modulating the nucleophilicity of the sulfur ylide and the

electrophilicity of the employed salicylaldehyde.

4.1 Background

The traditional prominence of sulfoxonium ylides, and especially of their unstabilized

methylidene congener (the Cor€phaykovsky reagent, dimethylsulfoxonium methylidene
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ylide), is due to their proficiency in formal (2 + 1) cycloadditions with carbonyl
compounds, delivering epoxides, aziridirfésnd cyclopropane¥.(Schemet.1)

x/\o -
Lok ¢
R R \‘_/\\ R R
\/ DMSO
X=0,N

Schemd.1. Reaction between a dimethylsulfoxonium ylide and a generic carbonyl compound

However, sulfoxonium ylides can also undergo different types of reactions when combined
with bifunctional substrates. For exampliee reaction beveen theCoreyChaykovsky
reagent andsalicylaldehydes generates benzofurans as protfuetkerein DMSO s
displaced by the nucleophilic phenolic, instead of carbonylic, oxy8ehefnet.2a). In

this chapter, the reactivity attabilizedsulfoxonium ylides2 with salicylaldehydeq is
explored® It was quickly realized that stabilized sulfoxonium ylidegead to distinct
outcomes, compared to themstabilized methylidene counterpart. Indeed, we discovered
that H-chromenes3 or dihydrobenzofurand are obtained as products. The type of
product depends on the reaction conditions and the substituents around the aromatic ring
of the aldehyde. Moreover, for both productd;éhromene8 and dihydrobenzofurank

a dual participation of the sulfoxoniuntides was observedS¢hemed.2b).

46 D. Morton, D. Pearson, R. A. Field, R. AoBkman Synlett 2003 13, 1985. M. A. Marsini,J. T. Reeves,
J-N. Desrosiers, M. A. Herbage, J. Savoie, Z. Li, K. R. Fandrick, C. A. Sader, B. McKibben, D. A.Gao, J.
Cui, N. C. Gonnella, H. Lee, X. Wei, F. Roschangar, B. Z. Lu, C. H. Senan&yakd,ett.2015 17, 5614.

47 R. J.Paxton, R. J. K. TayloiSynlett 2007, 4, 633. H. Kakei, T. Sone, Y. Sohtome, S. Matsunaga, M.
ShibasakiJ. Am. Chem.So2007, 129, 13410. P. K. KundwR. Singh,S. K. Ghosh,). Organomet. Chem.
2009 694, 382. L. Wang, W. Cao, H. Mdi, Hu, X. FengAdv. Synth. Catak018 360, 4089

48B. Holt, P. A. Lowe,Tetrahedron Lett1966 7, 683

49 G.-D. Xu, K. L. Huang, ZZ. Huang,Adv. Synth. Catal2019 361, 3318 K. Cheng, L. Chen, L. Jin, J.
Zhou, X. Jiang, C. Yu). Chem. Re®019 43, 392
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Schemd.2. a) Reaction between dimethylsulfoxonium methylide and salicylaldehymes
Chemodivergent reactions between stabilized sulfoxonium Yidled salicylaldehydes

4.2 Results and Discussion

4.2.1 Optimization of the reaction conditions

We began our investigation by reacting salicylaldeha@and sulfoxonium ylide2a in

the absence of any catalyst. However, only starting materials were recovered from the
reaction mixture Table4.1, entry 1). On the contrary, produgaa embedding two ester
groups and featuring aH2chromene skeleton was observed in the presence of Lewis or
Bregnsted acid catalysts. Performing the reaction with Scé@arijry 2) a lower yield was

obtained than with diphenyl phosphoric acid (entry 3).
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Table4.1. Preliminary results

(@)
0 cat. (x mol%),
EtOJH solvent, N OEt
+2 lS Temp., time 0 OFEt
OH o° N\ o
1a 2a 3aa
Entry @ Cat. (x mol%) Solvent Temp. (time) Yield® (%)
1 / CH:Cl rt (18 h) <5
2 Sc(OTf) (10) THF rt (18 h) 32
3 (PhO)YPOOH (10) THF rt (18 h) 49

[a] Reaction conditionsta (0.25 mmol),2a (0.63 mmol), cat. (X mol%), solvent (0.5 mL), temp., time. [b]
Determined after column chromatography on silica gel.

Subsequently, the evaluation of the catalyst nature was carried out and the results are
reported inTable 4.2. Performing the reaction with Lewis acids, such as Sc@Tf)
Zn(OTf), Yb(OTf)s, and Hf(OTf) (entry 25) lower values ofH NMR yields were
observed, compared to the Brgnstei §PhOYP(O)OH (entry 1). The strong acidity of

the Lewis acids could compromise the stability of the sulfoxonium Yaleroducing a
decrease in the yield. Indeed using 10 mol% of Yb(©a$) catalyst, a significative
decomposition was observed in tteaction mixture with sulfoxonium ylid2a present

only in traces. For this reason, we decided to proceed with our investigations by using

diphenyl phosphoric acids catalyst

Table4.2. Catalystscreening

@]
cat. (10 mol%),
EtOJH CH2CI2, Y~ TOEt
2 Trto12h o OFt
@)
3aa
Entry Cat. (10 mol%) IH NMR Yield ™! (%)
1 (PhOYPOOH 52
2 Sc(OTf 46
3 Zn(OTf) 30
4 Yb(OTf)s /
5 Hf(OTf)4 45

[a] Reaction conditionsta (0.25 mmol),2a (0.63 mmol), cat. (10 mol%), solvent (0.5 mL), temp., time. [b]
Determined wititH NMR using bibenzyl as internal standard.
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Later, different solvents have been tested using diphenylphosphoric acid (5 mol%) as
catalyst and the results are showTable4.3. Various results were obtained during this
screening. For example, solvents such a®FECHCN, MTBE (entries 3, 5, and 7,
respectively) gave pratt 3aawith unsatisfactory yields, while solvents such as toluene
(entry 1), and chlorinated ones such as DCE (entry 6) significantly improved the yield of
the reaction. However, the best results have been obtained usidp Gitry 2) or THF

(entry 4)as solvents, which were therefore chosen for further scresning

Table4.3. Solvent Screening

(I) i (PhO),POOH (5 mol%) i
mol*7o),
+ Eto)% solv (0.5 M), Ny~ TOEt
_S~ rt, 18 h 0 OEt
OH o*\
o}
1a 2a 3aa
Entry [ Solvent [Conc. (M)] Yield®l (%)
1 PhMe [0.5] 30
2 CH,Cl, [0.5] 50
3 EtO [0.5] 15
4 THF [0.5] 48
5 CH4CN [0.5] 16
6 DCE [0.5] 45
7 MTBE [0.5] 22

[a] Reaction conditionsia (0.1 mmol, 1.0 equiv.)2a (0.25 mmol, 2.5 equiv.), (PheOOH (5
mol%), solvent (0.2 mL), rt., 18 h. [b] Determined after colurthromatography on silica gel.

We moved then to evaluate the catalyst loadiraple4.4) and, since very similar results
were obtained with 5 and 10 mol% (compare entries 1 and 2), we decided to continue the

optimisation studies using the lower loading (entry 2).
Table4.4. Catalyst loading

|O 0 (PhO),POOH (x mol%), i
2 X MOol7
+ EtOH solv (0.5 M), N OEt
o S t, 18 h o OFt
0]
1a 2a 3aa
Entry [ Cat. (x mol%) Solvent Temp. (time) Yield®! (%)
1 (PhOYPOOH (10) CH.Cl 1t (18 h) 52
2 (PhORPOOH (5) CH:Cl; rt (18 h) 50
3 (PhORPOOH(2.5) CH.Cl, rt (18 h) 20
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[a] Reaction conditionsia (0.1 mmol, 1.0 equiv.)2a (0.25 mmol, 2.5 equiv.), (PhePOOH (x
mol%), solvent (0.2 mL), rt., 18 h. [b] Determined after column chromatography on silica gel.

We subsequently studied thdluence of the temperature and the use of additiVablé

4.5). By running the reaction in THF as solvent, either at room temperature or at 40 °C
(entries 1 and 2), similar results were obtained. Inasmuch as temperature had no relevant
influence, we moved back to use &Hb as solvent, and considered the possible influence

of adventitious water, which was not found to be detrimental to the reaction. UsinggMgSO

as additive (entry 3), a decrease of the yield was in fact observed.

Table4.5. Temperature and additives

0] O
I (PhO),POOH (x mol%),
+ EtO | solv (0.5 M), _ N OFt
o 7S~ rt, 18 h o OFt
(0]
1a 2a 3aa
Entry @ Cat. (x mol%) Solvent Temp. (time) Yield®! (%)

1 (PhOYPOOH (5) THF rt (18 h) 48
2 (PhOY»POOH (5) THF 40 °C (18 h) 50
3¢ (PhOYPOOH (5) CH,Cl; rt (18 h) 35

[a] Reaction conditionsia (0.1 mmol, 1.0 equiv.)2a (0.25 mmol, 2.5 equiv.), (Phe@OOH (x
mol%), solvent (0.2 mL), rt., 18 h. [b] Determined after column chromatography on silica gel. [c]
Reaction performed with 45 mg bfgSO,

In order to understand which parameters influence the yield of the pRad te reaction

time, the dilution, as well as the equivalents of the yfideand its addition in portions,

were evaluatedT@ble4.6). First of all, the reaction conducted for 72 h (entry 2) did not
significantly improve the yield @aa, if compared to the same reaction performed for only

48 hours (entry 1). Another pararaetaken into consideration was the dilution of the
reaction medium. Both a higher and a lower concentration (entries 3 and 4, respectively)
compared to the standard (entry 1), considerably decreased the yield. Later on, a different
amount of ylide was caidered. A stoichiometric amount or a large exceZagfave the

desired product in lower yields (compared entries 5 and 6 with entry 1).
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Table4.6. Other parameters

0 0]
0
| o )% (Phogi%cl);: )EsMr;ol %), X 8;
OH O’/S\ rt, time O I
1a 2a 3aa
Entry @ Equiv. 2a Solvent [Conc. (M)] Time (h) Yield®! (%)

1 2.5 [0.5] 48 52
2 2.5 [0.5] 72 55
3 2.5 [1.0] 48 33
4 2.5 [0.1] 48 12
5 2 [0.5] 48 36
6 4 [0.5] 48 30

[a] Reaction conditionsla (0.1 mmol, 1.0 equiv.)2a (X equiv.), (PhOPOOH (5 mol%),CH.CI,
(0.2 mL), rt., time. [b] Determined after column chromatography on silica gel.

Considering a possible partial degradation of the relatively unstable 2didader the

acidic reaction conditions, as well as an observed slow catalyst deactivation during the
reaction, we tested the addition of the sulfoxonium y2idand/or the catalyst in portions.
(Table4.7). Portionwise addition of ylidea improved the yield only slightly (entry 1),

while the addition in portions of the catalyst led to a more pronounced improvement (entry
2). Portionwise addition of blotcatalyst and ylid@awas instead unproductive (entry 3).

So we have chosen a portionwise addition of the catalyst (entry 2) as the best reaction

conditions for this reaction.
Table4.7. Addition Mode

5 0 I
(PhO),POOH (5 mol%), X
Eto)k” CH,Cl, (X M), OEt
+ % : o OEt
OH 0” rt, time I
1a 2a 3aa
Entry @& Solvent Temp. (time) Yield®! (%)
16l CH.Cl, t (48 h) 65
21 CH:Cl> rt (48 h) 72
3kl CH.Cl, rt (48 h) 63

[a] Reaction conditionsta (0.1 mmol, 1.0 equiv.)2a(0.25 mmol, 2.5 equiv.), (PheBOOH (2.5 +

2.5 mol%), solvent (0.2 mL), rt., 18 h. [b] Determined after column chromatography on silica gel.
[c] 1.5 equiv. of2a were added at the reaction start, the other 1.5 equiv. after 8 h of stirring. [d] 2.5
mol% of catalyst was added at the reaction start, the other 2.5 mol% after 8 h of stirring. [e] ] 1.5
equiv. of2aand 2.5 mol% of catalystere added at the reaction start, the other 1.5 equiv. of ylide
2aand 2.5 mol% of catalyst after 8 h of stirring.
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4.2.2 Scope otthe reaction

Once identified the best reaction conditions for this reaction we moved to evaluate the
generality of the reaction. Regarding sulfoxonium ylidéSchemel.3), variation of the

ester moiety could be smoothly achieved with skbein substituents like a methyl group
(product3ab), as well as with longechain ones (produ@ac). Moreover, good results
were obtained employing bulkier substituents such asstkbutyl and thetert-butyl
groups (product8ad and3aerespectively). The use of an allylic ester did not significantly
affect the yield of produ@af, while benzylic slioxonium ylide2ggave the corresponding
2H-chromeneagin a low 30% yield. Less nucleophilic ylides bearing a phenol etgr (

or a ketoneZi) as electron withdrawing groups, were found to be unreactive under these

conditions.
O
(PhO),POOH
(2.5 + 2.5 mol%) X OR
2 RO)H @ﬁ _CHxCl 1t 48h R?
OR

/, (@)
1 3 (e}

0O 0O

A OEt A OMe A On-Bu A Oi-Bu
OEt o OMe On-Bu Oi-Bu
¢} O
3aa: yield 72% 3ab: yield 70% 3ac: yield 64% 3ad: yield 74%
0O ) 0O
ANF
X Ot-Bu =X o N OBn
o Ot-Bu o O\/\ o OBn
) ) (¢}
3ae: yield 62% 3af: yield 60% 3ag: yield 30%
0O 0]
X OPh A Ph
OPh Ph
(@) (@)
(0] )
\ 3ah: yield < 5% 3ai: yield< 5%

........................................................................................

Schemeél.3. Reaction Scope of sulfoxonium ylides

We then explored the reactivity of sulfoxonium yl@#ewith differently substituted
salicylaldehydedb-j (Schemet.4). Methylsubstituted salicylaldehydd$ and1c
delivered products3ba and 3ca in compaable, yet somewhat lower, yields
compared to parent2chromene3aa An electron donating group at tbeho (3-

MeO) or para (5-MeO) position to the hydroxylic group led to slightly increased
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yields for product8da and3fa. On the contrary, the same methoxy substituent, at
position 4, caused a drop in the yield for prodBea When sesamalerived
aldehyde 1g was employed, duct 3ga was obtained with good results.
Conversely, lower yields were generally achieved employing salicylaldehydes
having electrorwithdrawing substituents on the aromatic ring. A chloro substituent,
at theortho (6-Cl) or meta(5-Cl) position to the fanyl group, led to product3ha
and3ia in moderate yields. Whentiromosalicylaldehydé&j was subjected to the
optimized reaction conditions, the yield for chromé&j& dropped even further.
Finally, 5-nitrosalicylaldehyddk did not afford the desired paduct3ka.

PhO)zPOOH
2.5+ 2.5 mol%)
2RO CH20I2 i, 48h  R2
\\
2
O O (0] O
Me H
OEt A OEt OEt OEt !
OEt OEt OEt OEt !
Me (0] MeO H
(0] O OMe (0] O
3ba: yield 60% 3ca: yield 63% 3da: yield 81% 3ea: yield 41%
(0] O Cl (0] O
MeO cl :
€ OEt <O Xy oEt OEt OEt |
OEt OEt OEt OEt |
O O H
(0] O (0] (0]

3fa: yield 74%

3ga: yield 65%

3ha: yield 45%

3ia: yield 40%

o) o)
B O,N
r S OFEt 2 A OEt
OEt OEt
o) 0
o) o]

3ja: yield 37% 3ka: yield 0%

Schemd.4. Reaction Scope of salicylaldehy@es

In fact, performing the reaction with-nitrosalicylaldehyde2k the only product
present in the crude mixture of the reaction betwidesnd2a was not the expected
chromene3ka, but a different compoundka still embedding two ester units but
featuring a 2,3lihydrobenzofuran core and a peculiar exocyclic disubgtitute
sulfoxonium ylide. $cheme4.5) The structure and stereochemistry 4fa were
established by singlerystal X-ray analysis. Additional investigation indicated that
formation of this product does not require the presentieecfatalyst. Furthermore,
salicylaldehydedi andlj could also undergo the same type of uncatalyzed reaction,

leading to productdia and4ja in 80-87% yields. The presence4ifiand4ja in the
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crude mixtures of the catalyzed reactions tow&rdsind3ja (Schemé.4) justifies,
at least in part, the low yields obtained for these chromenes.

0 0
EWG EtO)H

v 2 & TCh,Ch 05 M)

oH 0P 2Clz (0.5 M),

rt, 48 h

4ka, 85% vyield

Schemd.5. Uncatalyzed reaction between yli2@and electrorpoor salicylaldehydesi-k, and %
ray structure of productka.

4.2.3 Mechanism investigation for product 3

First of all, we tried to devise a mechanism jiystig the formation of products.

On the basis of the control experiments reported in the following paragraphs, a plausible
reaction pathway is representedSnhemed.6. First of all, the catalyst coordinates the
salicylaldehydel promoting the first nucleophilic attack by the yli@ generating
intermediatel. At this point, a second nucleophilic attackittwsubsequent release of
DMSO can occut® forming intermediatdl and then intermediatil . A ring-closing
reaction produces then intermedidté, which has been observed and isolatedh
concomitant regeneration of the catalyst and displacement ofDMS

50a) M. L. Jamieson, N. Z. Brant, M. A. Brimble, D. P. Furke&tnthesi017, 49, 3952.b) M. Liu,
C-F. Liu, J. Zhang, ¥J. Xu, L. DongOrg. Chem. Front2019 6, 664.c) . K. Mangion, |. K. Nwamba,
M. Shevlin, M. A. HuffmanOrg. Lett.2009 11, 35663569.d) J. Vaitla, A. Bayer, K. H. Hopmann,
Angew.Chem. Int. Ed2017, 56, 42774281.e) Vaitla, A. Bayer, K. H. Hopmanmngew. Chemint.
Ed. 2017 56, 4277. f) A. I. O. Suarez, M. P. del Rio, K. Remerie, J. N. H. Reek, B. de BAQS
Catal. 2012 2, 2046.g9) Y. Tian, Z. Zhang, T. Wandzur. J. Org. Chem2021, 1592
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Schemd.6. Proposed reaction pathway for products 3

The last step of the mechanism is an elimination reaction with subsequent formation of the
2H-chromene3. Theelimination step of the reaction was verified thanks to the control
experiment reported belowS¢hemed.7). Indeed, subjecting the isolated diethyl 4
hydroxychromane,3-dicarboxylatelV under the standard reaction conditions, only
product3aawas detected in the reaction mixture after 48 h.

OH

COOEt
COOEt  (Ph0),POOH X
(5 mol%)
o 0~ “COOEt

COOEt CHyCl, 48 h

3aa
v

Schemd.7. Control experimente@monstrating possible water elimination frévhto 3aaunder the
reaction conditions.

4.2.3.1 Excluded reaction pathways

In order to understand if ylideswere intermediates in the reaction pathway towards the
formation of3, we treated isolated produdta under the standard reaction conditions
(Schemd.8). This experiment shows théia does not convert into produgia. Therefore,
ylides 4 are not intermediates in the reaction pathway which gen8rdtat products
deriving from a different route.

o)
& (PhO),POOH

S
““N—COOEt (5mol%) .~ COOEt
Cl %
0~ “COOEt

|||COOEt CHQC|2! 48 h
o 3ia
4ia not detected

Schemd.8. Control experiment excluding yliddsn the reaction pathway leading 8
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On the basis of numerous conducted control experiments, other possible reaction pathways

could be excluded.

1. Dimerization of sulfoxonium vlide: first of all, a dimerization of sulfoxonium

ylide 2 can occur $chemel.9). The acidic condition of the reaction can promote
the protonation of sulfoxonium ylid2 generating the electrophilic intermediate
salt VIII , which can suffer a nucleophilic attack by a second equivalent of
sulfoxonium ylide2 generating intermediatX . At this point, the conjugated base

of the catalyst, or the sulfoxonium ylide itself, can encourage an elimination
reaction generating the dngyl fumarate or maleate, depending on the configuration
of the double bond. Now, a Michael addition can occur, generating intermgdiate

which evolves intdV and then int@.

0
i b
(0] (0] 2S
A ROJ\/ i\ o N 0y /—\HO
RO | —— RO 2 N OR — ROMOR * 1
A O/’S+ nucleophilic RO @)

2S—

07\ N\~ attack ~H 0 o
) Vil B IX fumarate or maleate
l X =H, EDG
“isolated OH o
elimination VX COOR! C|
X A COOR reaction ' ' X

: b kcﬁ\ROR

0~ “COOR : 0~ “COOR!: 0)\/\'5—

3 \ v ! ]
..................... 0

Schemd.9. Possible pathway involving dimerization of sulfoxonium ydide

This reaction pathway was excluded due to the following rea$emVIR analysis allows

us to verify that no protonation of sulfoxonium yl@leccurs. Indeecperforming'H NMR
experiments of sulfoxonium ylid2a with both 5 mol% and an equimolar amount of
catalyst in CD{, no variation of the ylide signals in terms of the chemical shift was
observed. More importantly, no formation of fumarate or maleate vezs\adal by leaving

these NMR mixtures at room temperature for prolonged times. Moreover, performing the
reaction under standard conditions but using diethyl fumarate and dimethyl maleate instead
of sulfoxonium ylide2a (Schemé.10, equation a and b), only the starting materials were
detected in the crude mixture. Finally, we also performed a cross experiment using both
sulfoxonium ylide2a and dimethyfumarate (equation c); the only product detected in the

crude mixture wa8aawith not even traces of produgab.
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(PhO),POOH

(5 mol%) (o) COOEt 0. COOEt
J\/Y v ol 0 G G ° o )
CH,Cl, 48h (0] COOEt
2 s OO | EIOJ\¢S\\ (PhO),POOH 3aa
aa 9 o
diethyl fumarate not detected 2a (5 mol%) 65% yield (NMR)
—%—
(o)
oH * CH,Cl,, 48h +
(PhO),POOH 1a o~ O COOMe
(5 mol%) 0 COOMe o. | ©:I
Uj\ _ Z COOMe
-~ CH,Cl, 48h COOMe _0 sab
dimethyl maleate 3ab dimethyl fumarate not detected

not detected

Schemd.10. Control experiments excludifigmarates or maleates from the reaction pathway

2. O-H insertionreaction another possible pathway concerns the alkylation of the
hydroxylic moiety of salicylaldehydd (Scheme4.11). In analogy with the
iBr Rnstaesck i sdied Br B n &ineuwl casecthedabrdication afe p t
the diphenyl phosphoric acid to the salicylaldehyde could make the hydroxylic
proton acidic enough to protonate the sulfoxonium y#denerating intermediate
VIl and the corresponding phenolate, capable to displace DMB&8@ng the
alkylated intermediatXI, which could then evolve to the ultimate product via the

pathway shown or alternative ones.

(0] (0]
O 1 ,,+ ||+
1] S
X \ ROOC. oS~ X o Eto)]\¢ N proton
© 2 2 _transfer _ COOR
- % OR ——M > O COOR
OH O-H insertion O/\n/

1 reaction e}
X = H, EDG Xl XII OR xm OR
l activation model 1 l
X N o7 X! “isolated OH :
: \G(\Q ROOC (‘S\ + /D/ | x N ~COOR elimination § x COOR!
: -H-0_ oph —™ m reaction :
: O “p? H H
D ore ~ SH & ~oph \/ 0”7 >COOR ; 07 COOR;
; : 3 \ \
' acidic ( I e e GLECECEEEEE PR
AN\
: A\
: & CooR
: 2
1

Schemeél.11. Possible pathwainvolving insertion of the ylide 2 into thel®bond.

This pathway was excluded by the control experiment report&themel.12. Indeed,
running thereaction with a beforehand prepared (by alkylation of salicylaldehyde with
bromoacetate) putative intermediate no traces of produ@aawere observed, only the

starting materials being present in the reaction mixture.

51a) H. Yamamoto, K. Futatsughngew. Chem. Int. EQ005 44, 19241942; b) M. R. Monaco, D. Fazzi,
N. Tsuji, M. Leutzsch, S. Liao, W. Thiel, B. List, Am.Chem. Soc2016 138 1474014749.
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o] (PhO),POOH
e) 9 (5 mol%) mCOOEt
+ % >
A
O/\n/OEt EtoJ\/|\ CH,Cl, 48 h 0~ “COOEt
2a 3aa

x1 © not detected

Schemel.12. Control experiment excluding-B insertion pathway.

3. Benzofuran formationanother possible reaction pathway involves a benzofuran

intermediate. Benzofurans are the ultimate products in the reaction between the
unstabilized sulfoxonium ylide and salicylaldehy@@&he formation of this
putative intermediate might involve aghclosure stepX | V  Y) folowed by
dehydration $chemet.13). At this point, a CoreyChaykovsky cyclopropanation

can occur forming intermediatéVI which evolves into oxonium ylideXVII
through a rearrangement. Subsequent protonation and deprotosiien can

deliver produc8.

®
ROOC 28 O
( 2 _—S% _COOR OH |
A X (‘S(
X O'H\A_ﬁ’ Lo
/|l| COOR
0 HA O -
1 first | XV
nucleophilic
attack
I\DMSO
I X
y COOR  ROOC S~ N &
COOR X
y OR 2 0 COOR
47—
@ O’) Col’ey-Ch?kaVSky benzofuran H.O o
i reaction intermediate 2
XV
COOR
X _~_-COOR \©f+ji(
XN OR A,
+
\O X OR
XVII [e) XVIII

Schemd.13. Possible pathway involving a benzofuran intermediate.

52 B. Holt, P. A. Lowe,Tetrahedron Lett1966 7, 683-686.
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Also this reaction pathway could be excluded. Indeed, performing the reaction with the
ethyl benzofurat2-carboxylate instead of salicylaldehybie(Schemd.14), only starting

materials were present in the reaction mixture.

(PhO),POOH
(5 mol%) X COOE
N\ —%—
S Eto)]\/ N CH,Cly, 48 h 0~ “COOEt
o 3aa

ethyl benzofuran- not detected

2-carboxylate

Schemel.14. Control experiment excluding benzofurans from the reaction pathway.

4. Formation of an oxirane motif variation in the plausible pathway involves the
formation of epoxideXIX as intermediate via a Cor&haykovsky epoxidation
reaction Schemd.15). A nucleophilic attack by an ylide can open the oxiPdhé
generating intermediateX and thenXXI, which via ringclosure evolve tévV and

then to producs.

ROOC /S\ 5 OOC \S/
S COOR COOR
H}\
H I
o o @I ;
H -H DMSO
second
first nucleophilic
nucleophilic attack
attack +
Oq
~sZ
"""""""""""" : ROOC
i isolated OH COOR COOR
X COOR elimination 1 X COOR
m reaction : H _ COOR<_ X 0
| I !
0~ “COOR ! COOR O) oM
! XX

3 N e Y e

Schemé.15. Possible pathway involving the formation of an oxirane.

Unfortunately, we were unable to prepare epoxides derived from salicylaldehydes, like
XIX . However, a weak evidence of its exclusion from the pathway was collected by
noticing that: i) a cinnamate epoxide does not give any reaction when treated with ylide
2a, and that ii) benzaldehydes showed either decomposition or no reactivity with the same

ylide; in any case epoxide formation was obserBahéme.16).
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a) o (PhO),POOH
OEt (0] (0] (5 mol%)
N )J\¢g\ — % no reaction
o EtO I CH,Cl,, 48 h
2a
b) o (PhO),POOH
| o o (5 mol%) O okt
R * J\és\ 5
EtO [ CH,Cly, 48h R S
2a
R =H, 2-MeO, not detected
4-Cl, 4-OH

Schemd.16. Control experiments suggesting that epoxides are not reaction intermediates.

4.2.4 Proposed reaction pathway for product 4
Regarding the formation of producs mainly three different reaction pathways are

conceivable $chemet.17). First of all, a nucleophilic attack bylide 2 to the formylic
carbon can occur, forming intermediate Following pathway a intermediate/ evolves
into intermediaté/| after a proton transfer. At this point, the loss of one water molecule
generates aortho-quinone methideotQM) intermediaté® VIl which undergoes a formal
(4+1) cyclization reaction forming directly produét An additional possible pathway,
pathway b can occur if intermediaté evolves intoXXIl via ring closure (similarly to the
reaction with the unstabilised ylide). This internageXXIl generates via dehydration the
electron poor benzofuran derivativeXlll , which suffers the nucleophilic attack of a
second molecule of ylidgforming XXIV . At this point, a protottransfer process delivers
product4. In a related alternativeath w a vy, interidediateXXll undergoes directly a
substitution reaction, possibly assisted by the phenolic oxygen, foXXXig and then
product4.

53a) W.-J. Bai, J. G. David, ZG. Feng, M. G. Weaver, K.. Wu, T. R. R. PettusAcc. Chem. Res.
2014 47, 3655.b) L. Caruana, M. Fochi, L. Bernard¥jolecules2015 20, 11733.c) M. T. Richers, M.
Breugst, A. YuPlatonova, A. Ullrich, A. Dieckmann, K. N. Houk, D. Seid&lAm.Chem. Soc2014
136, 6123.d) L. Xu, F. Liu, L-W. Xu, Z. Gao, Y-M. Zhao,Org. Lett.2016 18, 3698 €) M. Suleman,
Z. Li, P. Lu, Y. WangEur. J. Org.Chem 2019 4447.
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Schemd.17. Possible reaction pathwaysd4a, b and b

Pat hways b and bdéd were safely excluded, t
Schemet.18. Running the reaction with ethyt8/droxy-5-nitro-2,3-dihydrobenzofuran
2-carboxylate XXII') and ethyl Bnitrobenzofurar2-carboxylate XXIII ) under the
standard reaction condition, produtia was not detected in the reaction mixtuoaly

starting materials were present. Therefore, it can be concluded that pathway a is the most

likely for this reaction.

a) /O
OH (PhO),POOH O\
O-N o 0 (5 mol%) COOR
2 OEt )]\/g 0,N
+ Z —%—
EtO | > CH,Cl, 48h mCOOR
0} O 2a S
ethyl 3-hydroxy-5-nitro- i
4ia

2,3-dihydrobenzofuran-

2-carboxylate (XXII) not detected

b) %
(PhO),POOH 25N\ _CcooR
2N OEt o Q9 0
n (5 mol%)
N\ + /U\¢S\ O2N
o o) EtO [ CH,Cl,, 48 h mCOOR
2a @)
ethyl 5-nitrobenzofuran- sia
2-carboxylate (XXIII) not detected

Scheme.18. Control experiments excluding pathway b and b6 .
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4.2.5 Additional experiments on the modulation of the chemoselectivity by
using sulfonium ylides vs sulfoxonium ylides

A comparison between the plausible reaction pathways leading-th@menes3 and
dihydrobenzofurans4 (Scheme 4.19) highlights that the factors affecting the
chemoselectivity of the reaction (i.e. formatior3ofs4) are the presence of the catalytic

species, as well as the competition betwé®n nucleophilic additionf ylide to catalyst

bound intermediaté vsthe proton transfeirom the sulfoxonium carbon to the benzylic,

negatively charged, oxygen in a catalfrse intermediat®& closely relatedd |. Thus, it
can be surmised that the chemoselectivity of the reaction can be at least in part controlled
by the amount of catalyst employed, and by modulating the nucleophilic properties of the

ylides, as well as the acidity of the parent salt.

(o]
I,
//S COOR proton /S\ COOR /S COOR ROOC. /S\ \
transfer COOR
X O— — X kO
|E| ) DMSO ©"COOR
o~ (4+1)
v VI Vil cyclization
first o-QMm
(pathway b) || hucleophilic attack intermediate
X = EWG Q
0 ROOC__~S~
rRooc._4 R i Q
Y ( 2 _-S%__COOR I
ROOC.__~S~
\ NAEK
X X.-H 2
X X HA o--H\ X _Ho_—
0 — ' A Q A i
X=H, o _H DMSO
OH or EDG ) (0]
first second
1 (pathway a) nucleophilic attack | nucleophilic attack I
observed B oH
COOR
X COOR
A COOR COOR
: o ry
c; COOR COOR Dh'{l'SAO _Q,Ili 70

Schemd.19. Possible reaction pathways accounting for the formation of pro@uatsi 4.

It is known that sulfonium ylides are more nucleophilic than sulfoxonium ones.
Furthermore, sulfonium salts are less acidic than sulfoxonium ones. Thus, in comparison
with sulfoxonium ylides, sulfonium ones should have a greater tendency to enter the
pathway leading to3, which involves a second nucleophilic addition, compared to the
pathway leading to compoundsdwhich requires a protemansfer from a sulfonium -El

(vs sulfoxonium GH, V'Y VI).

To validate this hypothesis, and consequently the propuzbdiaysiwo different sets of
experiments with increasing amounts of catalyst and using aldefiydesd 1k were
performed and the results are reporteBéhemd.20. Performing the reaction between
aldehydelj and sulfoxonium ylidea, without catalyst or with a large amount of it
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(50 mol%), an inversion of the selectivity in favord# or 3ja, respectivelywas

in fact observedSchemel.20, left). Besides, the yield dja increased slightly by
moving from the standard 5 mol% to the high 50 mol% catahgding. On the
contrary, the more acidic/reactive salicylaldehj#ided to the exclusive formation

of product4ka, irrespective of the amount of catalyst employ&théme4.20,
middle). Thus, to reverse the selectivity of the reaction tkthwe considered the
use of an ylide species more nucleophilic than sulfoxonium Yalesuch as the
corresponding sulfonium derivatig @ bn fact, according t&chemel.19, a more
nucleophilic sulfonium ylide may favor a second nucleophilic attack to a catalyst
bound intermediatd .6Furthermore, the less acidic nature of sulfonium
sulfoxonium salts could hinder the protoansfer step in interntéate V 6 Both
factors should combine towards channeling the reaction through the pathway
leading to H-chromene3ka. Indeed, performing the reaction between aldeliyde
and sulfonium ylide2 G we were delighted to observe that only prod®lc was
present in the reaction mixture, with no traces of the corresponding 2,3
dihydrobenzofuran derivative 6 KFagure 1, right). The yield @dka could be even
increased to a moderate level, by usingrgeér amount of catalyst. In contrast with
sulfoxonium ylides, which do not form producssin the absence of catalyst,
sulfonium ylide2 6cauld deliver small amounts 8ka even without catalyst being
presentOn the other hand, the reaction of ylRléwath the electron neutral neutral
salicylaldehydela was found to give the produ8tain low yield (17%), possibly
due to the poor stability of this ylide under the reaction conditions.
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Schemd.20. Catalyst and ylide controlled chemoselectivity switch.

4.3 Conclusions

In conclusion, we have optimized a chemodivergent reaction between
salicylaldehyded and stabilized sulfoxonium ylideés leading ta2H-chromenes3

or trans-2,3 dihydrobenzofurand embedding a disubstituted sulfoxonium ylide
moiety. The chemoselectivity of the reaction depends on a combination of catalyst
activation and substitution pattern on the salicylaldehyde aromatic ring. & mor
detail, the use of a Brgnsted acid catalyst steers the reaction towards the formation
of 2H-chromene structure3 while electroawithdrawing groups on the aldehyde
allow the reactions to proceed without -catalyst, leading to the 2,3
dihydrobenzofuran counterpads Two competing reaction pathways accounting
for the formation of these structures were proposed. Isethmathways, the
chemoselectivity derives from a competition between a protorsfer step,
favoured in the absence of catalyst and leading talibydlrobenzofurang, vs a
nucleophilic addition of a second ylide to a reaction intermediate, which wdtymat
delivers H-chromenes3. These hypotheses were validated by reversing the
chemoselectivity of the reaction, at least in some cases, through the modulation of

the catalyst loading and the nucleophilicity of the sulfur ylide. In general terms, the
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resuls herein reported introduce a new entry in the multifarious, and sometimes
surprising, reactivity of sulfoxonium ylides with polyfunctional substrates. Besides,
the capability of a catalyst to steer the reaction towards the formatiof-of 2
chromenes, vsbenzofurang obtained without catalyst, highlights the competency

of catalytic species in outcompeting innate reaction pathways and reactifities.

(Figure4.1)

O\\ R'=H, EDG
dual Brensted acid

ipati oS
o surovenim Ly N | catalyst ) L1 ‘
ylide >/““ R :- o o f
3 examplesupto O o : d ROJ\ dual
85% yield dihydrobenzofurans | i |
scaffolds . OH o*

ylide

partecipation

E ‘ X COOR
S\\I R of sulfoxonium
K O~ "COOR

Figure 4.1. Summary of the project

54J. Mahatthananchai, A. M. Dumas, J. W. Boélegew. Chem. Int. E@012 51, 10954.

2H-chromenes 16 examples up to
R'=5-EWG scaffolds 81% yield
NO
catalyst
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4.4 Experimental section

General methods and materials

General Methods. H and®*C NMR spectra were recorded on a Varian Inova 300 or Mercury 400
spectrometer. Chemical shifts (0) ar®fortHeported i
and*C NMR. Signal patterns are indicated as follows: bs, broad singlet; s, singlet; d, doublet; t,

triplet; q, quartet; m, multiplet. Coupling constants (J) are given in Hertz tfzNMR were

acquired with!H broadband decoupled mode. Chromatographic maifons were performed

using 70230 mesh silica. Mass spectra were recorded on a micromass LCT spectrometer using
electrospray (ES) ionization techniques or on a FOCUS/DSQ using electron impact (El) ionization
techniques (relative intensities are givebiackets). High Resolution Mass Spectra (HRMS) were

recorded on a Waters XeveTDF spectrometer.

Materials. Analytical grade solvents and commercially available reagents were used as received,
unless otherwise noted.

Preparation of starting materials

Salicylaldehyded

Salicylaldehydedaf andlh-k, reported below, are commercially available compounds. Aldehyde
1gwas prepared according to literature procedtre.

o, Lol ol

Cl O

ol & LT @f

1g 1h
Sulfoxonium vylide?

1j

o)
2oJ\m Q
0
or 8+ | __tBuOK _
+ -3
SR TR
0”0”0 2

To a stirred suspension dfFBuOK (10 mmol, 4 equiv) in anhydrous THF (12 mL),
trimethylsulfoxoniumiodide (7.5 mmol, 3 equiv.) was added. The resulting suspension was
refluxed for 1 h. Then, the reaction mixture was cooled to 0 °C and a solution of 2.5 mmol (1
equiv.) of the opportune chloroformate (ortelit-butyl dicarbonate) in 2 mL of THF was adde
dropwise. After 1 h, the suspension was filtered over a short plug of Celite®. The organic phase

55H. E. Gottlieb, V. Kottlyar, A. Nudelmand, Org.Chem.1997 62, 7512.
56 B. Zhang, C. Lv, W. Li, Z. Cui, D. Chen, F. Cao, F. Miao, L. Zhebhem.Pharm. Bull.2015 63, 255.
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was evaporated under reduced pressure, and the crude was purified by column chromatography on
silica gel (CHCI:MeOH = 95:5).

Ethyl 2-(dimethyl(oxo)-g¢-sulfaneylidene)acetate (2a)

Q Following the model procedure with ethyl chloroformate, compoBadwas

Eto)jm obtained in 98% vyield, as a yellow diHf NMR (300MHz,CDCf) U = 4. 09 (¢
o/’S\\ 7.1 Hz, 2H), 3.93 (s, 1H), 3.38 (s, 6H), 1.24 (t, J = 7.1 Hz, 3H).
2a

Methyl 2-(dimethyl(oxo)-g-sulfaneylidene)acetate (2b)
0
)S Following the model procedure with methyl chloroformate, compazimdvas

MeO™ obtained in 71% vyield, as a white soltti NMR (400 MHz, CDC}) 4 = 3. 93
043\\ 1H), 3.62(s, 3H), 3.38 (s, 6H).
2b

Butyl 2-(dimethyl(oxo)-a¢-sulfaneylidene)acetaté2c)
f Following the model procedure witltbutyl chloroformate, compoungc was
n-BuO)jm obtained in 67% vyield, as a colourless &i.NMR (300 MHz, DMSQds) U =
.S— 4.15 (s, 1H), 3.98 3.77 (m, 2H), 3.40 (s, 6H), 1.571.40 (m, 2H), 1.40 1.19

L0\ (m, 2H), 0.88 (1= 7.3 Hz, 3H).

Iso-butyl 2-(dimethyl(oxo)-a¢-sulfaneylidene)acetate2d)
0 Following the model procedure withbutyl chloroformate, compounad was
i-BuO)lm obtained in 88% vyield, as a white soltti NMR (400 MHz, CDC}) i = 3.94 (s,
o”s\\ 1H), 3.81 (dJ = 6.3 Hz, 2H), 3.38 (s, 6H), 1.2888 (m, 1H), 0.92 (d] = 6.7 Hz,
6H).
2d

Tert-butyl 2-(dimethyl(oxo)-28-sulfaneylidene)acetate (2e)

obtained in 75% yield, as a white sofit. NMR (300 MHz, DMSGQGdg) Ui= 3.99

0 Following the model procedure with-tirt-butyl dicarbonatecompoun2ewas
t—BuO)H
(s, 1H), 3.36 (s, 6H), 1.36 (s, 9H).

o”S\\
2e

Allyl 2 -(dimethyl(oxo)-2¢-sulfaneylidene)acetate (2f)

Following the model procedure with allyl chloroformate, compo@hdavas
obtained in 4% yield, as a colourless oflH NMR (400 MHz, CDC}) U =
\/\o/um 6.035.83 (m, 1H), 5.3%.25 (m, 1H), 5.1%.03 (m, 1H), 4.55 (d] = 5.6 Hz,
O,,S\\ 2H), 3.97 (s, 1H), 3.38 (s, 6H).
2f
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Benzyl 2(dimethyl(oxo)-af-sulfaneylidene)acetate (29)
Q Following the model procedure with benzyl chloroformate, compdmaevas
BnoJ\’ obtained in 43% vyield, as a yellow diH NMR (300 MHz, DMSQde) U = 7.441
N 7.12 (m, 5H), 4.96 (s, 2H), 4.23 (s, 1H), 3.43 (s, 6H).
o7\~

2g

Synthesis of sulfonium ylide 26a
0 sat. aq. K,CO3 0] |

| 4.
Br _ NaOH 12.5M J_
S > 2N
Eto)k/'l'\ CHCI3, OoC _ rt, 1 h Eto 2'
a

A saturated aqueous solutionkiiCQO; (3.75 mL) and amaqueous solution of NaOH (800 pL, 12.5

M) were added to aolution of (2ethoxy-2-oxoethyl)dimethylsulfonium bromide (7.5 mmol, 1.1

g) in CHCE (7.5 mL) at 0 °C. The resulting suspension was stirred at 0 °C for 10 minutes. After
that, the reaction mixture was allowed to stir at room temperature for 1 h. Thenuxides was

then filtered through a pad of Celite ® and washed with@@# The combined organic phases
were then concentrated in vacuo in order to obtain the crude sulfoniun2 yiidaed in the next

step without further purificatiotH NMR (300 MHz, Cls) U= 4.06 (g, J = 7.1 Hz, 2H), 2.93

(s, 1H), 2.76 (s, 6H), 1.23 (t, J = 7.1 Hz, 3H).

General Procedure for the synthesis of products 3

0
o) 0
S | RZOJH (PhO),POOH (5 mol%) fl XYY “0oR?
R1_: + I CH2C|2, rt, 48 h > | _ OR2
o]
1 2 3

In a small vial equipped with a magnetic stirring bar, salicylaldeliydeO equiv., 0.25 mmol)
sulfoxonium ylide2 (2.5 equiv., 0.62 mmol), Ci&l. (500 pL) and catalyst (PhehOOH (3.12

mg, 0.013 mmol, 5 mol% in two portions, the first one immediately and the second one after 8 h)
were added. The resulting solution was stirred for 48 h at room temperature and then directly
purified by column chromatography on silica gel, tmedfthe desired compours a solid.

Diethyl 2H-chromene2,3-dicarboxylate (3aa}’

Following the general procedure using salicylaldehyaland sulfoxonium
ylide 2a, product3aawas obtained as white solid in 72% yield (49.7 mg)
X oet  after column chromatography on silica gehexane/B = 5:1)!H NMR
OEt (400 MHz, CDC}) ti= 7.51 (d,J = 0.7 Hz, 1H), 7.30 7.24 (m, 1H), 7.17
(dd,J=7.5, 1.7 Hz, 1H), 6.99 (ddd~= 8.2, 1.3, 0.6 HZ1H), 6.94 (m, 1H),
3aa O 5.78 (s, 1H), 4.36 4.24 (m, 2H), 4.20 4.05 (m, 2H), 1.34 ()= 7.4, 3H),
1.18 (t,J=7.1,3H)*C NMR (101 MHz,CDC§) U4 = 169.1, 164. 4,
133.4,132.4,129.1, 122.2,121.4, 119.8, 116.5, 71.8, 61.6, 61.1, 14.2, 14.0.
EI-MS (m/z, relative intensity): 276 (M2%), 203 (M -COEt, 100%).

57K. C. Majumdar, I. Ansary, S. Samanta, B. R8ynlett. 2011, 694698
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Diethyl 7-methyl-2H-chromene 2,3-dicarboxylate (3ba)

0

A OEt

Me o OEt
3ba ©

Following the general procedure using salicylaldehytle and
sulfoxonium ylide2a, product3ba was obtained awhite solidin 60%

yield (43.5 mg) after column chromatography on silica gel (
hexane/BO = 5:1)."H NMR (400 MHz, CDC}) U= 7.49 (dJ=0.8 Hz,

1H), 7.05 (dJ = 7.7 Hz, 1H), 6.83 (s, 1H), 6.76 (d#i= 7.7, 1.6, Hz,
1H), 5.76 (s, 1H), 4.36 4.24 (m, 2H), 4.19 4.06 (m, 2H), 2.32 (s, 3H),
1.34 (t,J=7.1 Hz, 3H), 1.19 () = 7.1 Hz, 3H. *C NMR (101 MHz,
CDCl) =0169.3, 164.5, 153.8, 143.5, 133.5, 128.9, 123.2, 120.1, 117.2,
117.0,71.8, 61.6, 60.9, 21.8, 14.3, LEDBMS (m/z, relative intensity):

290 (M, 3%), 217 (M -CO.Et, 100%).

Diethyl 6-methyl-2H-chromene 2,3-dicarboxylate (3ca)

(0]
Me Xy OEt
OEt
O
3ca O

Following the general procedure using salicylaldehyte and
sulfoxonium ylide2a, product3cawas obtained as paiellow solid

in 63% vyield (45.7 mg) after column chromatography on silicargel (
hexane/BO = 5:1).H NMR (400 MHz, CDC$) Gi= 7.48 (s, 1H), 7.08
(ddd,J=8.2, 2.2, 0.7 Hz, 1H), 6.97 (s, 1H), 6.90 (d&; 8.2, 0.8 Hz,
1H), 5.75 (s, 1H), 4.36 4.24 (m, 2H), 4.19 4.05 (m, 2H), 2.26 (d]

= 0.7 Hz, 3H), 1.34 (t) = 7.1 Hz, 3H), 1.19 (tJ = 7.1 Hz, 3H).*C
NMR (101 MHz, CDC$) u= 169.2, 164.4, 151.7, 133.6, 133.1, 131.5,
129.3, 121.3, 119.6, 116.2, 71.7, 61.6, 61.0, 20.4, 14.3, R4S
(m/z, relative intensity): 290 (M3%), 217 (M -CO:Et, 100%).

Diethyl 8-methoxy-2H-chromene2,3-dicarboxylate (3da)

Following the general procedure using salicylaldehid@and sulfoxonium

MHz, CDCk) U= 7.50 (dJ = 0.4 Hz, 1H), 6.96 6.86 (m, 2H), 6.81 (ddl =

6.8,

2.4 Hz, 1H), 5.87 (s, 1H), 4.37.25 (m, 2H), 4.20 4.03 (m, 2H), 3.92

0
ylide 23, product3dawas obtained ashite solidin 81% vyield (62.1 mg) after
N OEt " column chromatography on silica getifexane/EO = 3:1).*H NMR (400
o OEt
OMe 0
3da

(s,3H),1.35 (tJ=7.1 Hz, 3H), 1.18 (] = 7.1 Hz, 3H)!*C NMR (101 MHz,
CDCl) U = 169.0, 164.3, 148.2, 143.2, 133.3, 122.0, 121.6, 121.1, 120.6,
115.3,71.7,61.6,61.1, 56.4, 14.3, LEBMS (m/z, relative intensity): 306
(M*, 3%), 233 (M -CO:Et, 100%).

Diethyl 7-methoxy-2H-chromene2,3-dicarboxylate (3ea)

(0]

N OEt

MeO (0] OFt
3ea 0

Following the general procedure using salicylaldehyt® and
sulfoxonium ylide2a, product3eawas obtained ashite solidin 41%
yield (31.7 mg) after column chromatography on silica geil- (
hexane/B0 = 3:1).'H NMR (400 MHz, CDC}) ti= 7.49 (d,J= 0.8
Hz, 1H), 7.08 (dJ = 8.4 Hz, 1H), 6.56 (d] = 2.4, Hz, 1H), 6.51 (dd}
=8.4, 2.4, Hz, 1H), 5.77 (s, 1H), 4.B&.26 (m, 2H), 4.21 4.06 (m,
2H), 3.80 (s, 3H), 1.34 (8,= 7.1 Hz, 3H), 1.20 () = 7.1 Hz, 3H)13C
NMR (101 MHz, CDC§) U= 169.3, 164.6, 163.4, 155.6, 133.5, 130.2,
117.9, 113.0, 109.1, 101.6, 71.9, 61.6, 60.8, 55.5, 14.3, R4S
(m/z, relative intensity): 306 (M3%),233 (M -CO.Et, 100%).
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Diethyl 6-methoxy-2H-chromene 2,3-dicarboxylate (3fa)

0
MeO
© Xr “OEt
OEt
o)
3fa 0

Diethyl 6H-[1,3]dioxolo[

0]
eeee-
0 o OEt
3ga o

Following the general procedure using salicylaldehyideand
sulfoxonium ylide2a, product3fawas obtained as white solid in 74%
yield (56.6 mg) after column chromatography on silica gel (
hexane/BO = 3:1)!H NMR (400 MHz, CDC}) ii=7.48 (dJ=0.7
Hz, 1H), 6.94 (dJ = 8.8 Hz, 1H), 6.85 (ddl = 8.9, 3.0 Hz, 1H), 6.71
(d,J=2.9Hz, 1H), 53 (s, 1H), 4.34 4.26 (m, 2H), 4.19 4.06 (m,
2H), 3.76 (s, 3H), 1.34 (§ = 7.1 Hz, 3H), 1.19 (tJ = 7.1 Hz, 3H).
13C NMR (101 MHz, CDC}) Ui = 169.3, 164.4, 154.5, 147.8, 133.3,
122.2,120.2, 118.4, 117.3, 113.1, 71.7, 61.6, 61.1, 55.7, 14.3, 14.0.
EI-MS (m/z, relative intensity): 306 (M 7%), 233 (M -COEt,
100%).

4,5g]lchromene 6, 7-dicarboxylate (3ga)

Following the general procedure using salicylaldehyie and
sulfoxonium ylide2a, product3gawas obtained as white solid in 65%
yield (52.3 mg) after column chromatography on silica gel (
hexane/BO = 4:1)'H NMR (400 MHz, CDC}) Gi= 7.41 (s, 1H), 6.61

(s, 1H), 6.58 (s, 1H), 5.96 (apparent singlet, 1H), 5.94 (apparent singlet,
1H), 5.73 (s, 1H), 4.3% 4.26 (m, 2H), 4.2% 4.05 (m, 2H), 1.34 (1)

= 7.1 Hz, 3H), 1.20 () = 7.1 Hz, 3H)*C NMR (101 MHz, CDC})
U=169.4,164.5, 150.9, 150.5, 142.9, 133.5, 118.2,112.8, 107.2, 101.7,
98.9, 71.7, 61.6, 60.9, 14.3, 14HRMS calculated for [GH1607 +

Na'l: 343.0794; found 343.0793.

Diethyl 5-chloro-2H-chromene2,3-dicarboxylate (3ha)

o o Following the general procedure using salicylaldehii@nd sulfoxonium
ylide 2a, product3ha was obtained as pajellow solid in 45% vyield (34.9

C(ﬁf;:oa mg)
o oet NMR (400 MHz, CDC}) = 7.83 (s, 1H), 7.20 (§ = 8.1 Hz, 1H), 7.00 (dd,

J=8.0, 1.1 Hz, 1H), 6.976.87 (m, 1H), 5.75 (s, 1H), 4.344.26 (m, 2H),

3ha O 4.22

after column chromatography on siligel (-hexane/EO = 6:1).H

i 4.06 (m, 2H), 1.36 (t) = 7.1 Hz, 3H), 1.20 (t) = 7.1 Hz, 3H).:C

NMR (101 MHz, CDC}) = 168.7, 164.1, 155.0, 133.7, 132.3, 129.4, 123.0,
122.4, 118.5, 115.3, 71.4, 61.8, 61.3, 14.3, 1HBMS calculated for
[C1sH1sCIOs + Na']: 333.0506; found®33.0507

Diethyl 6-chloro-2H-chromene2,3-dicarboxylate (3ia)

Following the general procedure using salicylaldehytie and

hexane/BE = 5:1).Using 50 mol% catalyst loading, the prod8ictwas

0
cl SN oet Sulfoxonium ylide2a, product3ia was obtained as pajellow solid in
o oet 40% yield (31.3 mg) after column chromatography on silica gel (
3ia O

obtained in 45% yieldH NMR (400 MHz, CDCY) ti= 7.43 (dJ= 0.7

Hz, 1H), 7.22 (ddJ = 8.7, 2.5 Hz, 1H), 7.15 (d,= 2.5 Hz, 1H), 6.95
(dd,J = 8.6, 0.8 Hz, 1H), 5.78 (s, 1H), 4.46.22 (m, 2H), 4.19 4.07

(m, 2H), 1.35 (tJ= 7.1 Hz, 3H), 1.20 (= 7.1 Hz, 3H)3*C NMR (101
MHz, CDCk) U= 168.7, 164.0, 152.4, 132.1, 131.9, 128.4, 127.1, 122.7,
121.0, 117.9, 71.9, 61.8, 61.3, 14.2, 14H1-MS (m/z, relative
intensity): 312 (M,*'Cl 1%), 310 (M,**Cl 3%), 239 (M*'Cl -COEt
33%), 237 (M -CO:Et, 100%).
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Diethyl 6-bromo-2H-chromene 2,3-dicarboxylate (3ja)*®

o Following the general procedure using salicylaldehytie and
sulfoxonium ylide2a, product3ja was obtained as paiellow solid in
A OEt 30% vyield (26.6 mg) after column chromatography on silica gel (
OEt hexane/EO = 5:1).Using 50 mol% catalyst loading, the prod8jet was
] o obtained in 50% yield'H NMR (400 MHz, CDC}) U = 7.42 (s, 1H),
3ja 7.36 (ddJ=8.7, 2.4 Hz, 1H), 7.29 (d,= 2.4 Hz, 1H), 6.89 (dd] = 8.6,
0.7 Hz, 1H), 5.78 (s, 1H), 4.464.22 (m, 2H), 4.19 4.07 (m, 2H), 1.35
(t,J=7.1Hz, 3H), 1.20 (= 7.1 Hz, 3H):*C NMR (101 MHz, CDC})
U=168.7, 164.0, 152.9, 134.8, 132.0, 131.3, 122.6, 121.6, 118.3, 114.3,
71.8, 61.8, 61.3, 14.2, 14.€I-MS (m/z, relative intensity): 356
(M*81Br 3.5%), 354 (M,”*Br 4%), 283 (M,%Br -COEt, 100%), 281
(M*, "Br -CO.Et, 100%).

Br.

Diethyl 6-nitro -2H-chromene 2,3-dicarboxylate (3ka)

Q Q O,N
O,N | (PhO),POOH (50 mol%) ~2 A OEt
, EO7 CH,Cly, 1t, 48 h OEt
OH SN °
1k 2'a o

3ka

In a small vial equipped with a magnetic stirring bar, salicylaldelikdgd..0 equiv., 0.25 mmol)
sulfonium ylide2 6(2.5 equiv., 0.62 mmol), Ci€l, (500 pL) and catalyst (PheBOOH (32.5 mg,
0.13 mmol, 50 mol%) were added. The resulting solution wasdtior 8 h at room temperature.
Product3ka was obtained as white solid in 38% yield (determinedb{MR using bibenzyl as
internal standard). Produ8ka was isolated with 90% of purity after two purifications by column
chromatography on silica gel,atirst one in DCM as mobile phase and the second one using
(PhMe:DCM = 1:1). Its structure was determined by analogy with pro@actd thanks to HRMS
reported below!H NMR (400 MHz, CDC}) ti=8.19 (ddJ = 9.0, 2.7 Hz, 1H), 8.12 (d,= 2.7
Hz, 1H), 7.53 (s, 1H), 7.10 (d,= 9.0, 1H) 5.91 (s, 1H), 4.394.30 (m, 2H), 4.20 4.12 (m, 2H),
1.37 (t,J= 7.1 Hz, 3H), 1.22 (fJ = 7.1 Hz, 3H). )}3C NMR (101 MHz, CDC}) &i= 168.0, 163.5,
158.8, 142.6, 131,4127.8, 124.6, 123.5, 119.8, 117.1, 72.7, 62.2, 61.6, 14.2, HRMS
calculated for [@&H1sNO; + Na']: 344.0746; foun®44.0744

Dimethyl 2H-chromene2,3-dicarboxylate (3ab)?

Following the general procedure using salicylaldehyile and
sulfoxonium ylde 2b, product3ab was obtained as white solid in 70%
A OMe Yield (43.4 mg) after column chromatography on silica gdigxane/EO

OMe =5:1)."H NMR (400 MHz, CDC}) ti= 7.53 (d,J = 0.8 Hz, 1H), 7.38
0 7.24 (m, 1H), 7.18 (ddl= 7.6, 1.7 Hz, 1H), 7.0¥ 6.90 (m, 2H), 5.81 (s,
3ab © 1H), 3.85 (s, 3H), 3.69 (s, 3HYC NMR (101 MHz, CDC}) U = 169.5,
164.7, 153.8, 133.8, 132.6, 129.2, 122.3, 120.7, 119.7, 116.6, 71.6, 52.6,
52.2.EI-MS (m/z, relative intensity): 248 (M 3%), 189 (M -CO.Me,
100%).

O

58 A. Ramazania, Y. Ahmadia, H. Aghahosseinia, S. W. Bbosphorus Sulfur Silicon Relat. Elem
2016,191, 354358
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Dibutyl 2H-chromene2,3-dicarboxylate (3ac)

0]

Following the general procedure using salicylaldehyt®e and

X On-Bu sulfoxonium ylide2c, product3acwas obtained as white solid in 64%

On-Bu

3ac

yield (53.1 mg) after column chromatography on silica gel (
hexane/BO = 5:1).'H NMR (400 MHz, CDC}) ti= 7.50 (dJ=0.8

Hz, 1H), 7.28 (ddd) = 8.2, 7.4, 1.7 Hz, 1H), 7.17 (ddl= 7.5, 1.7 Hz,

1H), 7.03i 6.98 (m, 1H), 6.96 6.94 (m, 1H), 5.79 (s, 1H), 4.25 {,

= 6.6 Hz, 2H), 4.16 3.97 (m, 2H), 1.77 1.61 (m, 2H), 1.59 1.37

(m, 4H), 1.3%7i 1.17 (m, 2H), 0.97 () =7.4 Hz, 3H), 0.84 (1)=7.4

Hz, 3H)."*C NMR (101 MHz,CDCl) i= 169.1, 164.4, 153.9, 133.3,
132.4, 129.1, 122.2, 121.5, 119.8, 116.5, 71.7, 65.4, 64.9, 30.7, 30.4,
19.2, 18.8, 13.7, 13.&I-MS (m/z, relative intensity): 332 (M 1%),

231 (M -COxn-Bu, 100%).

Di-iso-butyl 2H-chromene2,3-dicarboxylate (3ad)

o

N 0i-Bu
Qi-Bu

3ad

Following the general procedure using salicylaldehytle and
sulfoxonium ylide2d, product3ad was obtained as white solid in 75%
yield (62.3 mg) after column chromatography on silica gélegxane/EO

= 5:1)'H NMR (400 MHz, CDC}) 4 = JE.0.B Bz, {H} 7.3%1
7.25 (m, 1H), 7.19 (dd] = 7.6, 1.7 Hz, 1H), 7.05 7.01 (m, 1H), 6.97
6,93 (m, 1H), 5.82 (s, 1H), 4.04 (@= 6.6 Hz, 2H), 3.87 (d] = 6.4 Hz,
2H), 2.03 (hept) = 6.4 Hz, 1H), 1.83 (hepd,= 6.6 Hz, 1H), 0.99 (d] =
6.7 Hz,6H), 0.81 (dJ = 6.7 Hz, 6H).**C NMR (101 MHz, CDC}) U =
169.1, 164.4, 153.9, 133.3, 132.4, 129.1, 122.2, 121.5, 119.8, 116.6, 71.7,
715, 71.1, 27.8, 27.6, 19.1 (2C), 18.75, 18EP-MS (m/z, relative
intensity): 332 (M, 1%), 231 (M -CQ,i-Bu, 100%).

Di-tert-butyl 2H-chromene 2,3-dicarboxylate (3ae)

0]

A 0i-Bu
Oi-Bu

3ad

Following the general procedure using salicylalderyaand sulfoxonium

ylide 2¢ product3aewas obtained as white solid in 62% yield (51.5 mg)
after column chromatography on silica gehgxane/B0 = 5:1).*H NMR

(400 MHz, CDC4) ti= 7.38 (dJ = 0.7 Hz, 1H), 7.28 7.22 (m, 1H), 7.15
(dd,J=7.5,1.7 Hz, 1H), 6.97 6.85 (m, 1H), 6.94 6.90 (m, 1H), 5.64 (s,

1H), 1.55 (s, 9H), 1.37 (s, 9H¥C NMR (101 MHz, CDC}) U = 168.2,
163.6, 154.1, 132.1, 132.0, 128.9, 123.3, 121.9, 120.0, 116.3, 82.4, 81.3,
72.1, 28.1 (3C), 27.9 (BCHRMS calculated for [@H240s + Na:
355.1521; foun®55.1517.

Diallyl 2H-chromene2,3-dicarboxylate (3af)

N Ot-Bu
Ot-Bu

3ae

Following the general procedure using salicylalderyaland sulfoxonium
ylide 2f, product3af was obtained as white solid in 60% yield (45.2 mg)
after column chromatography on silica gehexane/BE0 = 5:1).'H NMR
(400 MHz, CDC$) = 7.58 (d,J = 0.8 Hz, 1H), 7.37 7.25 (m, 1H), 7.19
(dd,J=7.6, 1.7, Hz, 1H), 7.106.93 (m, 2H), 5.99 (ddi = 17.2, 10.4, 5.7
Hz, 1H), 5.86 (s, 1H), 5.855.75 (m, 1H), 5.45.39 (m, 1H), 5.3%.25(m,
1H), 5.24i 5.14 (m, 2H), 4.7%4.67 (m, 2H), 4.59 (tt) = 5.6, 1.5 Hz, 2H).
13C NMR (101 MHz, CDC¥) U = 168.7, 163.9, 153.9, 134.0, 132.6, 131.9,
131.2,129.3,122.3, 120.8, 119.7, 118.5, 118.2, 116.6, 71.7, 65.965.7.
MS (m/z, relative intensity): 300 (M 1%), 215 (M -COqallyl, 100%).
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Dibenzyl 2H-chromene2,3-dicarboxylate (3ag)

Following the general procedure using salicylaldehytie and
O sulfoxonium ylide2g, product3agwas obtained as white solid in 30%
SN o \F vyield (30.1 mg) after column chromatography on silica gel (
O hexane/BO = 5:1).*H NMR (400 MHz, CDC}) U= 7.57 (d,J = 0.7
Y X Hgz, 1H), 7.41 7.24 (m, 9H), 7.21 7.13 (m, 3H), 7.05 7.02 (m, 1H),
o 6.977 6.95 (m, 1H), B9 (s, 1H), 5.24 (s, 2H), 5.14 @+ 12.5 Hz, 1H),
3af 5.06 (d,J=12.5Hz, 1H)**C NMR (101 MHz, CDC}) ti= 168.9, 164.2,
153.9, 135.6, 135.2, 134.1, 132.6, 129.3, 128.6, 128.5, 128.4, 128.27,
128.24, 127.7, 122.4, 120.8, 119.7, 116.6, 71.7, 67.1, 68S
calculated for [@sH200s + Na']: 423.1208; found 423.1206.

General procedure for the synthesis of product 4

EWG
EtOJH ————> EWG
s CH,Cl,, 48 h
OH 0~

1 2a

In a small vial equipped with a magnetic stirring bar, salicylaldeyded equiv, 0.25 mmol) and
sulfoxonium ylide2a (2.5 equiv., 0.62 mmol) were dissolved in 500 yL of,CH. The resulting

solution was stirred for 18 h at room temperature and thesctlyi purified by column

chromatography on silica gel to afford compouads

Ethyl-5-chloro-3-(1-(dimethyl(oxo)-ef-sulfaneylidene)2-ethoxy-2-oxoethyl)-2,3-
dihydrobenzofuran-2-carboxylate (4ia)

Following the general procedure using salicylaldehyde and
sulfoxonium ylide2a, productdia was obtained as white solid in 87%
yield (84.6 mg) after column chromatography on silica gel (EtOAc).
'H NMR (400 MHz, CCCl3) U= 7.04 (ddJ = 8.4, 2.3, Hz, 1H), 6.92
(dd,J=2.3, 1.3 Hz, 1H), 6.73 (d,= 8.5 Hz, 1H), 5.08 (d] = 9.0 Hz,

1H), 4.59 (dJ = 8.9 Hz, 1H), 4.32.46 (m, 2H), 3.98.80 (m, 2H),

3.52 (s, 3H), 3.41 (s, 3H), 1.31 {t= 7.1 Hz, 3H), 0.87 (bt) = 7.1,

3H). *C NMR (101 MHz, CDC}) U0 = 171.3, 157.6, 132.0, 127.5,
125.5,123.2,110.3, 85.6, 61.6, 59.4, 58.6, 44.8, 43.4, 42.4, 14.3, 14.0.
ESI-MS = 388 [MCCI) + Na', 290 [MC'CI) + N&].

Ethyl-5-bromo-3-(1-(dimethyl(oxo)-2f-sulfaneylidene}2-ethoxy-2-oxoethyl)-2,3-
dihydrobenzofuran-2-carboxylate (4ja)

Following the general procedure using salicylaldetydend sulfoxonium

ylide 2a, productdja was obtained as white solid in 80% yield (86.5 mg)
after column chromatography on silica gel (EtOAE) NMR (400 MHz,
CDCl) U= 7.19 (ddJ=8.5, 2.2, Hz, 1H)7.12i 7.04 (m, 1H), 6.70 (d]

= 8.5 Hz, 1H), 5.09 (d] = 8.9 Hz, 1H), 4.60 (d) = 8.9 Hz, 1H), 4.38

4.25 (m, 2H), 4.01 3.77 (m, 2H), 3.54 (s, 3H), 3.42 (s, 3H), 1.32)(},

7.1 Hz, 3H), 0.89 (1) = 7.6, 3H)*C NMR (101 MHz, CDC}) ti=171.2,
158.1, 132.5, 130.5, 126.1, 112.6, 111.0, 85.5, 61.6, 59.4, 58.6, 44.9, 43.5,
42.4, 14.2, 14.1HRMS calculated for [GH21BrOsS + HY: 433.0337
[M("Br) + Na&], 434.0177 [M{*Br) +.Na']; found 433.0320.
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Ethyl-3-(1-(dimethyl(oxo)-28-sulfaneylidene)2-ethoxy-2-oxoethyl)-5-nitro -2,3-
dihydrobenzofuran-2-carboxylate (4ka)

Following the general procedure using salicylaldehytle and
sulfoxonium ylide2a, productdka was obtained as white solid in 85%
yield (84.8 mg) after column chromatography on silica gel (EtOAt).
NMR (400 MHz, CDC¥) ti=8.11 (ddJ = 8.8, 2.5 Hz, 1H), 7.89 (dd,

= 2.5, 1.4 Hz, 1H), 6.89 (d,= 8.8 Hz, 1H), 5.19 (dJ = 8.7 Hz, 1H),
4.64 (d,J = 8.6 Hz, 1H), 4.37 4.25 (m, 2H), 4.02 3.77 (m, 2H), 3.58
(s, 3H), 3.44 (s, 3H), 1.34 = 7.1 Hz, 3), 0.85 (btJ=6.81, 3H)13C
NMR (400 MHz, CDC4) G = 170.4, 164.2, 142.5, 132.0, 125.4, 119.6,
109.3, 86.8, 61.9, 59.3, 58.7, 44.9, 43.5, 41.7, 14.2, E8IBMS = 367

[M + Na'].
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X-ray data of compound 4k&°

(100820)

03:45 2020

PLATON-Aug 21 15:

RES= 0-104 X

R =0.04

Molecular Formula C17H21NGgS
Formula Weight 399.41

Crystal System triclinic

Space Group P-1

a(A) 8.8970(4)

b (A) 8.9808(4)

c (A 12.6218(7)

U (deg) 87.967(2)

b (deg) 81.060(2)

2 (deg) 80.6680
Volume (A%) 983.02(8)

Z 2

I (g/cn?) 1.349

T (K) 296(2)

e (mm?) 0.208

F(000) 420

d limits (deg) 2.298- 24.997
Index Ranges il0hO IDQKk@® 1ID41® 14
Reflections Collected 12025
Independent Reflections 3350 [R(int) = 0.0205]
Completeness td max 96.7%

Data / Restraints / Parameters 3350/ 3/ 248
Goodnessf-fit 1.046

Ry (1> 20 (1) 0.0432

WR (all data) 0.1203

Largest difference peak and hole, € A 0.237 and 0.223

59 CCDC2043727 (fodka) contains the supplementary crystallographic data for this paper. These data

can be obtained free of charge from Thanridge Crystallographic Data Centre.
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5 Sul foxonium Ylides i n Ami.
Enanti osel e€yclepHaumpeet o
Chr omanol Structures

The procedures and results here described are paratan be found in

1 G. D. Bisag, P. Pecchini, M. Mancinelli, M. Fochi, L. Bernafdlig. Lett.2022 24,
29, 5468 5473

ABSTRACT

The 1,1a,2,7tetrahydrocyclopropa]chromene, arising from fusion of chromane and
cyclopropane rings, is the core of medicinally relevant compounds. Engaging for the first
time sulfoxonium ylides in enantioselective aminocatalytic reactions, a convenignt entr
to this scaffold is presented. Several ffnged derivatives were obtained in modetate

good yields and enantioselectivites, and with perfect diastereoselectivity at the
cycl opr opan e-dipheng ipmligol animocatalysil The versatility ofeth
hemiacetal moiety in the products was leveraged to effect various synthetic manipulations.

||H

asymmetr/c a
0O organocatalysis OH) 5 different
g 15 examples SYNTHETIC
O~
R? \ up to 97% ee, ELABORATIONS
sulfoxonium ylide 79% yield
(stabilized) (after Wittig olefination)

5.1 Background

The cyclopropane ring is present in numerous pharmacologically active compounds. The
fame of this ring in medicinalhemistry is not only due to the strain of the cycle, which
reserves a reactivity somewhat similar to an olefin, but also to the presendt lodrizis
shorter and stronger than those of common alkanes. Furthermore, the coplanarity of the
three carbon atonteakes the reactivity displayed by cyclopropane truly unf§ire this
context, the specific tricyclic 1,1a,2;Ibétrahydrocyclopropa]chromene framework,
arising from the fusion of chromane and cyclopropane rings, is the core of several

medicinally releant compounds FHigure 5.1a). Examples include -8arboxy7-

60T. T. TaleleJ. Med. Chen2016 59, 8712.
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sulfonamido derivativel which activity against methionyl aminopeptidase sugdbsts

use in the treatment of liver disorders and ob&sityteall (MIV-160), a reverse
transcriptase inhibitor studied for a#tlV therapy®2 and carboxylic acidll , member of

a series of fused cyclopropane derivatives agonists-pfo&in coupled meptor 40
(GP40), and potentially useful in the treatment of type 2 diab&tEsrthermore,
Acycl opropanochromano nat uteKa(lvV-Vip rhave beert s ,
isolated from liverworts extracts in racemic or enantiopure fdrRadulanin K fom
Radula javanicahas shown to inhibit the release of superoxide anion radical from guinea
pig macrophag® This backbone can be obtained exploiting an asymmetric Corey
Chaykovskytype cyclopropanatidd o f -hylidxycinnamaldehyde& with stabilized
sufoxonium ylides2 (Figure 5.1b). Aminocatalytic cyclopropanatioreactions of other

U ,-umsaturated aldehydes have been reported. In this context, examples of Corey
Chaykovskyt ype reactions ar e r ekewsulfoniemylidef’ar e,
whil e cycl opr dgogdicarbony compounds tdiomonitroalkanes and
activated benzyl halide.g.2,4-dinitrobenzyl chloride), are more abund&hThe latter

group of reactions is generally performed with Jargettayashi type catalysf8 which
simplest congener proved to be effective in our case(igure 5.1b). This reaction
represents the first example of utilization of sulfoxonium ylides in asymmetric
aminocatalysi€® and affords the trigclic ring-fused derivatives3 with very good
stereocontrol. Importantly, the connectivity and relative stereochemistry of these
compounds match the core of GP40 agolis{Figure 5.1a). Lastly, besides providing

an alternative, and enantioselective, approach to this scaffold, this methodology affords

61 a) T. D. Pallin, S. M. Cramp, H. J Dyke, R. Zahlé&/02014071369b) T. E. Hughes, J. E. Vath,
W02014071368

62 C. Sahlberg, XX. Zhu, Agents in MedChem.2008 7, 101

63M. Ge, J. He, F. W. Y. Lau, . Liang, S. Lin, W. Liu, S. P. Walsh, L. YandS20070265332

64a) Y. Asakawa, K. Kondo, M. TorRadula javanicaPhytochem1991, 30, 325.

65Y. Asakawa, Curr. Pharnesign 2008, 14, 3067.

66 a) A. Mamai, J. S. Madahgoitia, Tetrahedron 2000, 41, 9009.

67 a) K. Akagawa, S. Takigawa, I. S. Nagamine, R. Umezawa, K. KOdp, Lett.2013 15, 4964. b) A.
Hartikka, P. I. Arvidsson]. Org.Chem2007, 72, 58741587 7.

68a) H. Xie, L. Zu, H. Li, J. Wang, J. W. Wang@, Am. Chem. So2007, 129, 10886. b)M. Meazza M.
Ashe,H. Y. Shin,H. S.Yang, A. Mazzanti,J. W. Yang, R. Rios, J. Org. Chem.2016 81, 3488. c) M.
Rueping, H. Sundén, L. Hubener, E. Sugicd@bem.Commun2012 48, 2201.

69a) Y. Hayashi, H. Gotoh, T. Hayashi, M. Shéjngew.Chem., Int. Ed2005 44, 4212. b) M. Marigo, T.
C. Wabnitz, D. Fielenbach, K. A. JgrgensAngew.Chem., IntEd. 2005 44, 794.

70a) L-Q. Lu, T-R. Li, Q. Wang, WAJ. Xiao,Chem. Soc. Re017, 46, 4135.b) C. A. D. Caiuby, L. G.
Furniel, A. C. B. BurtolosoChem. Sci2022 13, 1192.c) P. B. Momo, A. N. LeveilleE. H. E. Farrar, M.
N. Grayson, A. E.Mattson, A. C. B. BurtoloscAngew. Chem. Int. E@02Q 59, 15554
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adducts §) carrying a hemiacetal functionality, which can be leveraged as a synthetic

handleenabling access to a variety of compounds.

a) "Cyclopropanochroman" natural and medicinal compounds
- bearing a fused cyclopropane chromane scaffold ™

s b) This work N
1,1a,2,7b-tetrahydro O,
cyclopropalc]chromane -|

o1

3

CHO \—R?
"cyclopropanochroman”, | o o O%OTMS H S
" n N Ph -
R Rzu\és\\ H Ph R O "H
OH

1 2 - Reduction

- Oxidation

H - Olefination
FsC etc.
IV: R" = R? = H: radulanin | H \
V: R' = H, R? = Me: radulanin J o o

VI: R" = CO,H: R? = H: radulanin K
\\ J

Figure 5.1. a) Natural and medicinally relevant compounds embedding the 1,1d&B;7b
cyclopropalclchromene framework; b) This worknantioselective access to this scaffold via
aminocatalytic cyclopropanation of enals 1 with sulfoxonium ylides 2

5.2 Results and discussion

5.2.1 Optimization of the reaction conditions

During our initial s t u-thydrexycinrmmaldehjxdéa ande act i o
sulfoxonium ylide2a under the promotion of a common Jgrgerldayashi catalyst, we
noticed an immediate color change by mixing aldehydevith the secondary amine
catalystin CDCk (Sdhemeb.1). Such color change can be attributed to the formation of a
stable and nucleophilic hemiaminal add{cto revert this hemiaminal to an electrophilic
iminium ion species, presumalisconfigured 20 mol% of benzoic acid -@atalyst was
added followed by the nucleophilic sulfoxonium yl2ke To our delight, we observed the
formation of the desired chromanol derivati8aa which was derivatized by Wittig
olefination into the correspondingaa obtained as a highly prevalentigomer, for
isolation and determination of the enantiomeric excess. Immediately, we understood that
the reaction was characterized by promising results in terms of yield and enantioselectivity.
Indeed, performing the reamh under these standard conditions, 50% yield and 88%
enantioselectivity were achieved. Furthermore, regarding the chirality centers of the

cyclopropane ring, the diastereoselectivity of the reaction appeared complete.

71a)L. Zu, S. Zhang, H. Xie, W. Wan@rg. Lett.2009,11,1627. b)D. B. RamacharyM. S.Prasads.
V. Laxmi, R. MadhavacharyQrg. Biomol. Chem2014 12, 574.
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H & : : :
1a cat g ' '
. 20 mol% “1H : l « OXOTMS :
PhCOOH : N Ph !
o o ) 0~ "OH : B | ! :

0 (20 mol%), : L ,
EtOJl\éS\\ CDCl3 [0.5 M], 3aa ; 07N LA |

1h,rt ! -
2a PhsPCHCO,Et j tt, 1h : Ph HX

Ph" 51ms OH

oTMS Ox-OFt ; :
Q\ﬁ}?h \5 +  stable hemiaminal electrophilic H
H A 1 adduct E-iminium ion H
) o, OEt ;
Jergensen-Hayashi B e Rty
catalyst o)
Y OH

4aa: 50% vyield,
88% ee (E/Z > 9:1)

Sdemeb.1. Reactivity of zhytroxycinnamaldehyde an stabilized sulfoxonium ylides

Different catalysts wer-bydroxgagnhaemdldehydbaanche r eact
stabilized sulfoxonium ylid@aand the results are reportedliable5.1. Only the reaction

performed with catalysA gives producttaawith promising results in terms of yield and
enantioselectivity (entry 1). |l ndeed, a | it
methyl as Gprotecting group or 3;&£Fs as sibstituents on the two aromatic rings leads to

obtaining producttaawith a lower value of yield and enantioselection (entries 2 and 3).

While, performing the reaction with imidazolidino2 as catalyst, productaa was

present in the reaction mixture onitytraces and in a racemic form.

Table5.1. Catalyst screening

o OOt
« " }\—OEt H
o o 0 <. PhsPCHCO,EH, W(OE‘
+ 8 cat (20 mol%) HO |
OH EtoJ\/S\ PhCOOH (20 mol%), @Ej«OH . h OH ©
CDCl5 [0.5 M],
1a 2a time, rt 3aa 4aa
T T R omws T
CF
O\éoms O\‘<OMe N O C o r\fCHS
N Ph N Ph O \)\: >—'é
n Ph FeC cr, oM N
CF4
A B c D
entryentry? cat ee [%]° Yield [%)] ¢ Time [h]
1 A 88 50 1
2 B 7 27 12
3 C 52 22 12
4 D rac 9 12

aReaction conditionsta (0.1 mmol, 1 equiv.)2a(0.15 mmol, 1.5 equiv.), PhACOOH (0.02 mmol, 20 mol%) catalyst
D (0.02 mmol, 20 mol%) and CDE(200 uL), rt, 212 h.® Enantiomeric excess determined by G3PLC. ¢ Yield
determined after chromatographwmemn on silica gel.

Once the right catalyst for the reaction was identified, a solvent screening was performed

and the results are reportedTiable5.2. Numerous solvents were tested, but prodact
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was obtained only by performing the reaction in toluene or in halogenated solvents (entries
1-3). Indeed, performing the reaction in THF, MTBE or EtOAc only starting materials
were present in the reaationixture without traces of produtda(entries 46). Performing

the reaction in toluene (entry 2) proddetawas obtained with a lower value of yield and
enantiomeric excess, compared to CPGVhile using dichloromethane, comparable
results in terms of yield and enanselection were obtained (entry 3). Given the
convenience of using a deuterated solvent duttie optimization process, and the good

results obtained, we decided to use deuterated chloroform as solvent for the next screening.

Table5.2. Solvent screening

Os_OEt
[0) X
O*OTMS N—OEt :
X N Ph H 3

o . 99 H ) Ph g " PhaPCHCOLEL, WOB
OH EtoJ\¢ - Phéz(;)onljlogo) mol%), (:(jﬂ% . 1h OH ©
1a 2a solv;rr:]te[jor.ts M 3aa 4aa
entryentry?  solvent ee [%]° Yield [%] © Time [h]

1 CDCl3 88 50 1

2 PhMe 63 37 12

3 DCM 85 50 1.5.

4 THF / / 12

5 MTBE / / 12

6 EtOAC / / 12

aReaction conditionsta (0.1 mmol, 1 equiv.)2a(0.15 mmol, 1.5 equiv.), PhCOO@.02 mmol, 20 mol%) catalyst
(0.02 mmol, 20 mol%) and solvent (200 uL), rt12 h.° Enantiomeric excess determined by @HPLC. © Yield
determined after chromatographic column on silica gel.

To improve both the enantiomeric excess and the yield of the préaaate investigated
the dilution of the reactionT@ble5.3). We found that performing a more diluted reaction
(0.1 M, entry 2 instead of 0.5 M entry 1), proddaacan be obtained with higher values
of both yield and enantiselection.

71



Chapterb

Tableb.3. Concentration

(0 OEt
O\\gms 0\}_0Et Y
©f\AO i P Pd e, OEt
(20 mol%) wiH __PhsPCHCOEL,
E‘OJ\/ PhCOOH (20 mol%), ©f<j‘0H t, 1h on o
CDCl3 [x M], s0n -
time, rt
entryentry® Concentration [M] ee [%]P  Yield [%] © Time [h]
1 0.5 88 50 1
2 0.1 95 57 2

aReaction conditionsta (0.1 mmol, 1 equiv.)2a (0.15 mmol, 1.5 equiv.), PACOOH (0.02 mmol, 20 mol%) catayst
(0.02 mmol, 20 mol%) and CD€[200 or 1000 pL), rt, 2 h.P Enantiomeric excess determined by GHPLC. ¢ Yield
determined after chromatographic column on silica gel.

Then, we moved to evaluate the influence of the additives-aatatysts in the reaction
between aldehydea and sulfoxonium ylida (Table5.4). We found that performing the
reaction with CSA as additive, produgda can be obtained with a very high value of
enantiomeric excess but a lower yield (entry 2). Moving on to evaluadiffirent acidity

of benzoic acid derivatives, we understood that performing the reaction with a rather acidic
benzoic acidp-NO.-benzoic acid, it is possible to improve the yield of prodie,
compared to the simple benzoic acid, while the enantiomexoess experiences a
considerable decrease (entry 3). Performing the reaction with a less acidic benzgic acid,
MeO-benzoic acid, both the value of yield and enantioselectivity remain unchanged (entry
4). In the end, we decided to test an aliphatic &saDH) but no variation of the yield or
enantiomeric excess was verified (entrygking into consideration the achieved result,

but considering that the acidity of the additive could compromise the stability of the
sulfoxonium ylide2awe decided to p&rm the same experiment but using sodium acetate
as additive. In this case, an increase of yield was observed (entry 6). The beneficial effect
of sodium acetate on the yield of the reaction was confirmed by an experiment performed
without additives (entry?). We then tried alternative bases, such as tertiary amines, as
additives in the reaction. As shown in entries18 use of these bases in either catalytic or
stoichiometric amounts led to poorer results, so sodium acetate was chosaatatyst

for further optimization.
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Table5.4. Additives screening

O OEt
o Y
O\FOTMS N0kt :
o N Ph H s OE
o o o Ph <l PhsPCHCO,E, 7 !
+ ML (20 mol%) T 0
OH EtO \ additive (20 mol%), ’ OH

0~ “OH
1a 2a CDilr::]LO:t ML 3aa 4aa
entryentry @ additive ee [%]°  Yield [%] © Time [h]
1 PhCOOH 95 57 2
2 CSA 98 36 1
3 p-NO:2 benzoic acid 72 63 2
4 p-MeO benzoic acid 96 50 12
5 AcOH 96 52 12
6 AcONa 96 67 12
7 - 96 41 12
8 EtN 97 42 12
9 EtN (1 equiv.) 97 29 12
10 i-PrREtN 93 40 12
11 i-PrEIN (1 equiv.) 94 25 12

aReaction conditionsta (0.1 mmol, 1 equiv.)2a(0.15 mmol, 1.5 equiv.), additive (0.02 mmol, 20 mol%) catalyst
(0.02 mmol, 20 mol%) and CDE&{(1000 L), rt, 212 h.? Enantiomeric excess determined by @3PLC. ¢ Yield
determined after chromatographic column on silica gel.

Finally, we decided to explore the buffer system AcONa/AcDable5.5). Performing

the reaction with AcOH as additive, as previously mentioned aVailgie of enantiomeric
excess but a lower yield was obtained (entry 1). Performing the same reaction but using
AcONa as additive high value of yield and enantioselectivity were obtained (entry 5). At
this point different different mixture of the system Ad®AcCOH were tested. Performing

the reaction with equal amounts of acetic acid and sodium acetate, an increment of the
yield was achieved, while the enantioselectivity decreased (entry 2). Then, performing the
reaction with different relative amounts ofthcid and its conjugate base, two different
behaviors were observed. With an excess of sodium acetate, the yield of praduct
decreased again while its enantiomeric excess raised slightly (entry 3). Running the
reaction with more acetic acid than sodiwmetate the yield improved, but the
enantioselectivity dropped (entry 4). On the basis of this results we chose AcONa as the

only additive for the catalytic reaction (entry 5).

73



Chapterb

Table5.5. Buffersystem as additive

O OEt
o X
O%OTMS \—OEt :
oA N Ph H ¢ OEt
o o o Ph ' o Ph;PCHCO,Et, =
+ )j\¢s\ (20 mol%) T> 9]
OH EtO \ additive (20 mol%), ' OH
1a 2a

0~ “oH
CDCl3[0.1 M],
time, rt 3aa 4aa

entryentry? additive ee [%]°  Yield [%] © Time [h]
1 AcOH [20] 96 52 12
2 AcONa [20] + AcOH [20] 79 74 12
3 AcONa [20] + AcOH [10] 82 65 12
4 AcONa [10] + AcOH [20] 74 75 12
5 AcONa [20] 97 67 12

aReaction conditionsta (0.1 mmol, 1 equiv.)2a(0.15 mmol, 1.5 equiv.), additive (0.02 mmol, 20 mol%) catalyst
(0.02 mmol, 20 mol%) and CDE(1000 L), rt, 212 h.° Enantiomeric excess determined by @®PLC. © Yield
determined after chromatographic column on silica gel.

5.2.2 Scope of the reaction

We then moved to evaluate the generality of the reaction, after having verified that the
reaction can be carried out with slari results on a 1 mmol scal8dhemeb.2). The
variation of the sulfoxonium ylid2 reported inSchemé.2 showed that both short chain

and long chain ester substituents are very well tolerated giving preucémd4acwith
comparable results in terms of yield, and very good enantioselectivity. Also, bulky
substituents such as tle®-butyl or thetert-butyl group on the ester moiety give products
4ad and4aerespectively in good yields and with high enantiomeric exaesSimilarly,

the use of an allylic or a benzylic ester did not significantly affect either the yield or the
enantioenrichment of productaf and4ag Next, the sulfoxonium ylid2h with a ketone
instead of an ester substituent was tested. Prathltivas obtained in a lower yield,
possibly due to the less nucleophilic nature of this ylide, but with high enantiomeric excess.
Finally, using a different phosphorous ylide, compodnd avith two methylesters was
prepared, and its relative and absolute gurations determined as 1R,2R,3S by means
of NOESY-1D NMR and Electronic Circular Dichroism (ECD) method (see next

paragraph). This assignment, was extended by analogy to all prdducts
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-

OTMS
H Ph
Ph le) R2
) 20 mol% Y
AcONa (20 mol%), A
AN ° o 0 CDClj, o, OR
+
e s\\ 12h, 1t I
OH PhsPCHCO,R, OH
1a 2 rt, 1h 4, % yield®, % ee®
E/Z > 9:1
E(O\éO MeO\éO MeO\éO

OH ©

4aa, 67% yield, 97% ee
1 mmol scale: 69% vyield, 97% ee

/BuO\/O IBuO\/O

OO

4'ab, 62% yield, 94% ee

n—BuOv/O

BnO\éO

W(OEt W(OMe @(A\%ﬁ(oa
OH © OH © OH ©

4ab, 64% yield, 96% ee 4ac, 60% yield, 95% ee

WWWWW

4ad, 70% vyield, 95% ee 4ae, 57% yield, 95% ee

4af, 65% yield, 90% ee

4ag, 56% yield, 97% ee

Schemé.2. Sulfoxonium ylide 2 substrate scope

We then explored the reactivity of sulfoxonium ylidga wi t h
hydroxycinnamaldehydetb-g and the results are reported Sthemeb.3.

4ah, 35% vyield, 93% ee

di
Amethy

Fferent

substituent gave produdbain good yield and high enantiomeric excess, while the same

at t he

group

5 0 t4qam a lower yld but salldhighteoantipselectivityc

A more electrordonating substituent like a methoxy group at different positions was also

tolerated, delivering productda, 4fa and 4ga in moderate to good yields and good

enantiomeric excessesitérestingly, productfa bears an oxygenated substituent at the

same position of the aryloxygroup of GP40 agoflist(Figure 5.1). Finally, using an

electronwithdrawing substituent like a chlorine atom, led to the corresponding product

4eawith good results.
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OTMS
N Ph
H Ph
) 20mol%

AcONa (20 mol%), A
A o o 0 CDClj, o, OEt
R1W +Eto)1\¢8\ 12h.0 R’ o
OH \ PhsPCHCO,E, OH

OYOEt

1b-g 2a t, 1h 4, % yield®, % ee®
E/Z>9:1
. J
EtOY/O EtOYO EtOYO
Woa MeWOEI MeOWOEt
Me’ OH © OH © OH ©
4ba, 52% yield, 92% ee 4ca, 45% vyield, 95% ee 4da, 63% yield, 97% ee
EtO (0]
N
EIO\?O EtO\—éO E/
OEt
mWoa Woa =
O
o
OH © MeO OH OoH
OMe
4ea, 57% yield, 90% ee 4fad, 43% yield, 85% ee 4ga, 43% yield, 88% ee

Schemé.3.  -Hydroxycinnamaldehyde 1 substrate scope

5.2.3 Synthetic elaborations
As previously mentioned, the backbone of the catalytic products is present in numerous

natural and medicinal compounds. For this reason, we moved to explore their synthetic
versatility (Schemé.4). Treating3aawith PCC, the hemiacetal group could be oxidized
delivering coumarirbaa in moderate yield. The readily obtained methyl acetaBas

could be smoothly reduced to the cgpending chroman@aausing triethylsilane in the
presence of BFOEt. Using sodium borohydride, the fleeting aldehydic function could
instead be converted into a primary alcohol, obtaining prodaain very good vyield.
Protocols combining the catalytic reaction and these reductions or oxidation in one pot
fashion were alsomplemented. Using these streamlined and convenient methods product
5aawas obtained with comparable yield, wh8aa and 7aa were afforded with lower

yield values. Productaa resulting from Wittig olefination oBaa was subjected to an
intramolecular distereodivergent oxlichael reaction Performing the reaction with
bifunctional catalysts derived from pseselmantiomericCinchona alkaloids, it was
possible to direct the diastereoselectivity of the reaction either towards{&a or the
trans-8aa derivative. The intrinsic diastereomeric relationship between the transitions
states leading to theis-8aa and to thetrans-8aa isomer justifies the requirement of

different .e. not enantiomeric) catalytic structures for the two reactions.
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PCC
CH,Cl,

t, 12 h
5aa, 37% yield, 96% ee "

[One pot from 1a: 35% yield]

HoS : N

dhQp-1 L : :
(20 mol%) @Eﬁ.m ) : j\ ;

., : AN
toluene, o ")LOEt ; F3C H H e

rt, 48 h .
trans-8aa, 58% yield

3.4:1dr :
H §_OEt 99% ee (trans) o MeO™ 7
nH u—
0 ana T
6aa, 67% yield N\ H
[One pot from 1a: QN1 Ho& {e] : o)
17% yield] 20 mol% g :
(20 mol%) WH O H
toluene, H N w
Oy -OFt rt, 48 h o} OEt | F3C H
H cis-8aa, 58% yield, |
7.2:1 dr H MeO

OH 99% 66 (CiS)  Meeoeoeonon CFs .. .. ;
THF/H,0 3:1
OH

n,0.5h
7aa, 91% vyield
[One pot from 1a: 50% yield]

Schemé.4. Synthetic elaborations

Synthetic elaborations additional results

The intramolecular oxMichael reaction deliveringaafrom 4aawas found to proceed
smoothly under basic promotion. Since an achiral catalyst/promoter suchlakektered

the product with low diastereomeric ratio (1.5 : 1 favoringns-8aa), few chiral
bifunctional catalysts derived fro@inchonaalkaloids wererted in the reaction in toluene

at room temperaturé&SCheme.5), in order to develop a selective, and possibly diastereo
divergent, procesg.his class of catalysts is known to be very effective in a related oxa
Michael reactiorf? Catalysts from the quinine series were found to promote the selective
formation of thecis-8aa isomer, with a benzylic squaramide derivativepeutorming
other structures. Solvents other than toluene did not provide any improvement. Quinidine
derived catalysts were indeed able to steer the reaction towartiaris8aa isomer.
However, in this case the catalyst providing the best result was foube a thiourea
derivative. The requirement of n@seudoenantiomeric catalysts for a diasteligergent
process of this type can be rationalized considering that the transition states leading to
8aa andtrans-8aa are intrinsically diastereomeriand thus do not necessarily require

enantiomeric catalysts for their stabilization/promotidn.

72 Zhu, D-X.; Liu, J-G.; Xu, M-H. J. Am.Chem. Soc2021, 143 8583.
73 a) Lotter, D.; Castrogiovanni, A.; Neuburger, M.; SparrACS Cent. Sc2018 4, 656. b) Corti, V.;
Riccioli, R.; Martinelli, A.; Sandri, S.; Fochi, MBernardi, L.Chem. Sci2021, 12, 10233.
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Schemé.5. Screening catalyst for tt@xaMichaelreaction
5.2.4 Proposedreaction pathway

In Schemeb5.6 is summarized our current hypothesis on the reaction pathway.
Condensation of the cinnamaldehyde with the catalyseruacidic conditions, affords a

reactive iminium ion in equilibrium with its more stable (and unreactive) hemiaminal form.

Attack of the sulfoxonium ylide on the less hindered rear face of the iminium ion results

in an enamine intermediate. The enamine adigplace DMSO by attacking with its rear

face in a §2-like reaction. The perfect diastereoselectivity observed in all cases can be

ascribed either to a highly diastereoselective attack of the ylide to the imium ion, or to a
reversible attack to the imumin ion followed by a selectivity determining DMSO
displacement step. Hydrolysis releases the catalyst and an aldehyde productisgiis2,3
configuration. Epi merization U to the aldehy

species. Hemiacetalizan traps theis-isomer giving stable compourd&a
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Schemé.6. Proposed reaction pathway

525 Determination of the relative config

Compound 4 6 awas selected for the assignment of the relative disposition of
cyclopropane protons. Full assignmentidfNMR signals was preliminarily determined
by Jcoupling and HSQC and HMBC bidimensional sequences.FINgMR spectrum
shows that the ksignal is copled with the H, H> and He giving a ddd signal. The J
constant H-H1e (J = 9.5 Hz) is easily confirmed by thegbignal at 6.22 ppm. The large
value of J coupling constant with the cyclopropane(H= 9.7 Hz) and the smaller J
constant with the last cyclopropana @ = 4.3 Hz) suggests thatsHs cis and trans,
respectively, to these protons. To confirm the 1R*2R* 3S* relative configuration,

NOESY-1D spectra were acquireBigure 5.2).
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Figure52DPFGSENOE spectra of 48ab250@®;a)conwblzNMRn CDCI

spectrum; b) saturation of cyclopropane $ignal; c) saturation of cyclopropane;idignal; d)

saturation of

cyclopropanetsignal.

On saturation of the proton in position 2 bétcyclopropane (i), strong NOE effect is

generated on thegthydrogen (79.2%), smaller on the (20.8%) and lepnSignals Figure

5.2trace b). If the protons wene the same side, a 50% of NOE effect should occur. When

Hs is saturated only Hand He give strong NOE effect. Finally, on saturation of the H

strong NOE effect is generated on the &hd H-phsignals confirming that the substituents

of the cycloprpane are in the same side af H
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These results indicate that cyclopropane has a 1R*,2R*,3S* relative configuration.

methyl (1R,2R,3S)-2-(2-hydroxyphenyl)-3-((E)-3-methoxy-3-oxoprop-1-
en-1-yl)cyclopropane-1-carboxylate

Having in hand the relative configuration of compodn@ atlie relative assignment of
the cyclopropyl ring in both major and minor products of comp&atnwas done. The
two diastereoisomers differ for the configuration of the hemiacetal carlleig@e 5.3

up). Keeping in mind the C.I.LP. priority groups, the relative configuration is
1S*,1aS*2*, 7bR*. To assign the relative configuration of the twamers, NOESYLD
experiments were acquir€gigure 5.3).

On saturation of the aromatic proton, NOE effect is generated on thesldyclopropane
proton (Figure 2, trace b). When hemiacetal proton of major diastereosiomey) (i
saturated, both Hand Ha give strong NOE effect (Figure S2, trace c), suggesting its
disposition in the same side (3D structure in Figure S2, major). Vice versield not
give NOE effect on saturation of hemiacetal proton of minor diastereosiome) (ttace

d) confirming heir opposite side (3D structure in Figure S2, minor).

In conclusion, the relative configuration of the major diastereocisomeBabf is
1S*,1aS*2R*, 7bR* and the minor diastereoisomer3atb is 1S*,1aS*2S* 7bR*.
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Figure 5.3 DPFGSENOE spectra of3ab (600 MHz in CDG, T = 25 °C); a) control'H-NMR
spectrum; b) saturation of +hromatic signal; c) saturation of 43smajor signal of hemiacetal; d)
saturation of Hminminor signal of hemiacetal.
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5.2.6 Determination of the relative configuration of cis8aa and trans8aa

(0] — (0] —
el e
H & H =
O O/'\ O 'I,I)J\O/\
1a,2-cis-8aa 1a,2-trans-8aa

To determine the relative configuration between the Cla and C2 chirality centers of
compoundscis-and trans-8aa, NOESY-1D experiments were performed on a mixture
enriched in thetrans8aa isomer Figure 5.4). Irradiation of the aromatic signal
corresponding to Hat 7.22 ppm (d,J= 7.5, 1.5 Hz, 1H) gave a NOE effect on the signal

at 6.92 ppm (tdJ = 7.4, 1.0 Hz, 1H), assigned te,Fnd on the signal at 2.56 ppm (dd,

= 8.8, 5.2 Hz, 1H)Kigure 5.4, trace b). The latter signal could thus be assigned:so H
Such assignment was confirmed by irradiating the signal at 6.75 ppmJbr 81 Hz,

1H, Hs), which gave NOE effect only on theomatic signal at 7.11 ppm (td= 7.8, 1.6

Hz, 1H, H) (not shown). Irradiating the signal at 4.91 ppm (Br=t6.9 Hz, 1H), assigned

to Hx based on its chemical shift, gave NOE effect on the two cyclopropanic proton signals
at 2.28 ppm (br t, J = 4.8z, 1H), and 2.2°2.24 ppm (m, 1H)Kigure 5.4, trace c).
Irrespective of the assignment of these signalsitartd Ha, this result indicates ais-
relationship betweenand H and thus, ultimately, a latPansrelationship.
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Figure 5.4. DPFGSENOE spectra o8aa, predominantly 1a;2rans (600 MHz in CDG| T = 25 °C);
a) control'H-NMR spectrum; b) saturation of7ldromatic signal; c) saturation of H

527 Determination of the absolute configur
3ab

The determination of the absolute configuration (AC) of these products MsRay
diffractometer was unfeasible because good crystals were not obtained. Therefore, the
electronic circular dichroism (ECD) method was selected for the absolute configuration

assignment.

Absolute Configuration of Compound 46ab
The experimental ECD spectrum of compouhd avhs acquired in the 19800 nm
region using a JASCO-810 spectropolarimeter in HPE@rade acetonitrile solution.

Concentration was about 2-4®, optimized in order to have a maximum absorbance less
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than 1,with a cell path of 0.1 cm. The spectrum was obtained by the average of 6 scans at
50 n rmtAgari rate.

The ECD spectrum for compourd 6 ashows a large negative band at 280 nm and a
positive one at 220 nm (vide infra).

For compoundt 0 awveo ground st geometries, within less than 1 kcal/mol, were found
and optimized at the B3LYP/81G(d,p) level of theoryHigure 5.5), and validated by
frequency analysis (no imaginary frequency was observed). The two geometries differ in
the dihedral angle of thephenol, which can bel45.4° (73.3%) or +58.7° (26.7%).

The ECD spectra have been calculated in the gas phase for the two conformations with
1R,2R,2S absolute configuratiorusing TDDFT. Four different hybrid functionals
(BH&HLYP* and M062X,” « B97-XD"® and CAM-B3LYP’’) and the basis set-(6
311++G(2d,p) wereraployed Figure 5.5).

741n Gaussian 16 the BH&HLYP functional has the form: 88 + 0.5*XLSDA + Q S¥gE X Beckess.y

EcLYP

75Zhao, Y.; Truhlar, D. GTheor. Chem. AcQ00§ 120, 215

76 Chai, J-D.; HeadGordon, M.Phys. Chem. Chem. Phy€08 10, 6615 likura, H.; Tsuneda, T.; Yanai,
T.; Hirao, K.J. Chem. Phy2001, 115 3540

77 Yanai, T.; Tew, D.; Handy, NChem. Phys. Let2004 393 51.
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Figure5.5. Top: Ground state geometriesd® aith 1R,2R,3S absolute configuration. Bottom:
calculated ECD spectra

The calculated spectra for the two geometries are quite difféniguoiré 5.5), therefore the
weighted sum was done and compared with the experimental ECD spé€igune5.6).

The simulated spectra were vertically scaled aneshgftied to get the best match with the
experimental spectrum. A very good overlap with the experimental ECD spectrum permits

to assign theR,2R,2S absolute configuration to compouddd a b
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Figure5.6. Overlap of calculated and experimental (black line) ECD spectra for compound
(IR2R29-4 6 a b

Absolute Configuration of Compound 3ab

For compound3ab, two diastereomeric geometries wdoaind. Starting from relative
configuration, 5,1a52R,7bR geometry was calculated for the major diastereocisomer (78%
by NMR) and B,1852S,7bR geometry was calculated for the minor diastereoisomer (22%
by NMR).

The ECD spectra have been calculated inghe phase using FDFT, such as for
compound4 6 aBbthcalculated spectra for the two diastereoisorhakge a good overlap

with the experimental ECD of the mixture, meaning that the hemiacetal chiral carbon does
not influence the biggest band at 230 nm, that is mainly due to the chromophores
tetrahydrocyclopropa]chromene Figure 5.7 and Figure 5.8). However, the weighted

sum of the two diastereoisers was done and compared with the experimental ECD
spectrum Figure 5.9). The simulated spectra were vertically scaled anesheftied to get

the best match with the experimental spectrum. A very good overlap with the experimental
ECD spectrum permits to assign t#®1aS2R,7bR A.C. to the major diastereosiomer and
1S1a852S7bR A.C. to the minor diastereoisomer, thus confirming the correctness of the

assignment previously done 4nd a b
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