DOTTORATO DI RICERCA IN
CHIMICA

Convenzione tra
UNIVERSITA DEGLI STUDI DI TRIESTE
e
UNI VERSI Té CAO6 FOSCARI

CICLO XXX

Development of organocatalytic and stereoselective
reactions

Settore scientificalisciplinare:CHIM/06

DOTTORANDO
Carmine Lops

COORDINATORE
Prof. Mauro Stener

SUPERVISORE DI TESI
Prof. Lucia Pasquato

TUTORE
Dott. Paolo Pengo

ANNO ACCADEMICO 2016/2017






Index

Abbreviations
Abstract
Riasainto

Chapter 1. Organocatalysis

I [ 0T [ T4 10} o PSPPI p.1
1.2 Covalent organoCatalYSIS..........ccuuuuuruuuuuiiimreeeeeertirs e e e e e eeenra e e e e eaa e p.?2
1.3Norcovalent organoCatalySiS..........ccoiviiiiiiiiiiiieeee e eeeee e rmmme e p.5

Chapter 2: The organic chemistry of sulfur compounds

2.1 Organosulfur drugs in the pharmaceutical iNdUSILY............cccuvviiiieemrciiiiinnee. p.8
2.2The world @ sulfur-chemistry reactions.............coouuviiiiiiiiccee e p.15
2.2.1Thiols as NUCIEOPNIIES ........cooei i p.15
2.2.2Electrophilic SUIfUr TEAGENLS.......cvviiiiiiieie e p.18
2.2.3Thiols as reagent for the-G and GC bond formation...............cccccevvvvvieennnnns p.21
2.30rganocatalytic and stereoselective siMfi@hael additions................ccccoeeenn..e. p.23

Chapter 3: sulfa-Michael addition

3.10DJECt Of STUAY....euuuiiiiei e p. 29
3.2 ReSUlts and diSCUSSION. ........iiiiiiiiieeee i eeeeie e eeeeeeene e e e e e e e e p.31
3.2.1 SYNthESIS Of CAtAlYSTS.....eeiiiiiiiiiiiiiie e p.31
3.2.20ptimization of the reaction conditian..............oooiiiiiiimmmn e p.36
3.2.2.1Effect of catalyst 10ading..........cooouiiiiiiiiieee e p. 36
3.2.2.2EffeCt Of the SOIVENL.......eiiiiiiiiiiiii e p.37
3.2.23 Effect Of the teMPerature..........oooo oo p.39
3.2.3CatalYSt SCrEENING.....ceiiiiiiieieie e p.40
3.2.3.1SMAs with phenylmethanethiol.................oiieeii . p. 40
3.2.3.2SMAs with benzenethiol.............cooorii e, p.44
3.2.3.3SMAs with 2phenylethanethiol...............cccoooiiiiicciiii e, p.49



B4 CONCIUSION. ...t e p. 51

3.5EXperimental PrOCEAULE .........uiiiiiiiii et p. 52
3.5.1GEenerdexperimeEntal.............uuuiieiiiiiiii e p.52
3.5.2Starting MaterialS..........oooiiiiiiteree e e e e ean p.53
3.5.2.IMiIch@el dONOME-L1C......coeeeieeeiiieeiee e p.53
3.5.2.2MiICh@el @CCEPLOR .......uuueiiii e eeeee e eeeeeree e e e e p.53
3.5.2.3Catalysts for the asymmetric sulfdichael addition...............cccoeeeeeiireeennnns p.53
3.5.2.3.1Preparation, analytical and spectroscopic data of catalyst................... p. 54
3.5.2.3.2Preparation, analytical and spectroscopic data of catalyst................... p.59
3.5.2.3.3Preparation, analytical and spectroscopic data of catéllyst................... p.60
3.5.2.3.4Preparation, analytical and spectroscopic data of catalyst................... p.63
3.5.2.3.5Prepaation, analytical and spectroscopic data of catAlyst.................... p.65
3.5.2.3.6Preparation, analytical and spectroscopic data of catdlyst................... p.66
3.5.2.3.7Preparation, analytical and spectroscopic data of catlyst................... p.69
3.5.3Preparation of sulfichael a@dlucts...............oooooiiiiiiii e p.70
3.5.3.1Preparation of gR)-(benzylthio}1,3-diphenylproparl-one Ba)................... p.70
3.5.3.2Preparation of R)-1,3-diphenyt3-(phenylthio)propasi-one @b) ............... p.71
3.5.3.3Preparation of §R)-1,3-diphenyt3-(phenethylthio)propaii-one(3c)...........| p.73
3.54H NMR, ®C NMR spectra of representive compounds.............c..coveevreee.. p.75

Chapter 4: Epoxide forming reactions

0 I [ (o o 11 T 1o I PSSO p.91
4.2DArZENS FEACLION .......ceeveiiiiiiiiiie e e et s s e e e e e e e e e s smeeras e s s e e e e e eeeaaeeeseeeesrnnness p.97
4.2.1Reactions in the presence of a chiral auxiliary..............ccccvvvieeciiiiiiiiieennnn p.98
4.2.2Stereoselective catalytic reactions...........cccuvviviiiimemniiiiie e p. 99

Chapter 5: Darzens reaction
5.1 0DJECE Of STUAY......eiiiiiiiiiiiiiee e eer e erer bbb e e e e e e e e e e e e s eemeees p.101

5.2 Results and diSCUSSION.........cciiiiiiiii e ieeee e ereee e e p.103



5.2.10rganobases SCre NG .......cooeiiiiiiiieieiieeee e eeeeeeenenees p.103

5.2.20ptimization of the reaction CONAItIONS............uuuiiiiiiiiiieeeiiiieiieeeee e p. 107
5.2.3Screening of aldenydes. ... p.111
5.2.4Effect ofchanging the halogen and/or thkady group of esters.................. p.113
5.2.5Chiral cyclopropenimine as organobase for Darzens reaction................. p.114
R T 0o ]  [or 11151 o 1SR p.121
54 Experimental ProCEAULE............vvviiiiiiii it eemrne e e e e e e e eeaas p.122
54.1General eXperimMental.............uuciiiiiiiiiceeicr e ereri e e e e p.122
5.4.2S5tarting MaterialS............uuuuuiiiiii e e e e e eeeer e e e e e e e e e e e e e e eeeaannnnee p.123
5.4.2.10-halo esters an@-haloamides.............cooveveeeeieeieeeeeee e ce s e e eseeeas p.123
5.4.2.2AIENYAES. ... ..o p.123
5.4.2.3BASES .. .ciiieieiit e r e et a e e e p.124
5.4.2.4Chiral quaternary ammonium salt catalystS.........cccccceviiiiiieeniiiiiennennn. p.124
5.4.3Preparation o€ompoundgz*)-3 in the presence ofiR-BuV ........................ p.124
5.4.4Analytical and spectroscopic data of COMpPOUATS..............eevveeeeiiiiiiieennnne. p.134
5.4.5Preparation, analytical and spectroscopic data of caplyst....................... p.136
5.4.6Preparation oEompoundg+)-3in the presencef catalystVIl ..................... p. 137
5.4.7*H NMR, *C NMR spectra of representative compounds........................ p.148



Abbreviations

e.g
ee
Ph

NHC
eq.
t-Bu
Me
TFAA
NMR
HBD
TADDOL
PTC
PT
Ar
Et
Ac
6-APA
ATPase
i-Pr
LTD4
PPTS
Ms
THP
MeOH
THF
EtOH
PPAR

Ts
SN2
DMAP

Boc

for example

enantiomeric eccess

phenyl

N-heterocyclic carbene
equation

tert-butyl

methyl

trifluoroacetic anhydride
nuclear magnetic resonance
hydrogen bond donor

UU U Utetraaryl-1,3-dioxolane4,5 dimetharol
phasetransfer catalysis
phasetransfer

aryl

ethyl

acetyl

6-aminopenicillanic acid
adenosinetriphosphatase
isopropy!

leukotriene D4 receptor
pyridinium p-toluene sulfonate
mesyl

tetrahydopyran

methanol

tetrahydrofuran

ethanol

peroxisome proliferateactivated receptor gamma

para

tosyl

nucleophilic substitution
4-dimethylaminopyridine
tert-butyloxycarbonyl

iv



TsOH p-toluenesulfonic acid

MeCN acetonitrile
MsOH methanesulfonic acid
Nu nucleophile
E electrophile
Bn benzyl
EtOAc ethyl acetate
RT room temperature
SMA sulfaMichael addition
mol mole
cat. catalyst
T temperature
t time
CPME cyclopentyl methyl ether
dr diastereomericatio
EtO diethyl ether
DMSO dimethyl sulfoxide
9-epiQT 9-aminc(9-deoxi}epiquinine thiourea
epi epimer
DCM dichloromethane
Boc:O di-tert-butyl dicarbonate
DCE 1,2-dichloroethane
TFA trifluoroacetic acid
ET(30) electronic transition energy
h hour
HPLC high performance liquid chromatography
MS molecular sieves
M molar concentration
confing. molecular configuration
TLC thin layer chromatography
S singlet
d doublet
t triplet
q quartet


https://en.wikipedia.org/wiki/Methanesulfonic_acid

dd

gCoSY
gHSQC
TOCSY
NOESY

ESI
EtsN
DMF

MS

Rt

m.p.

Opt. Rot.

API
DET
CHP
DIPT
m
TBHP
HIV
n-Bu20
c-Hex
Pr
LDA
LIHMDS
DBU
P1-t-Bu
Ps-t-Bu
Cy
TBAB
conv.
ROESY

double doublet

multiplet

broad

correlationspectroscopy
heteronuclear singlguantum correlation spectroscopy
total correlation spectroscopy
nuclearoverhauser effect spectroscopy
infrared spectra

electrospray ionization
triethylamine
N,N-dimethyformamide

mass spectrometry

retardation factor

melting point

optical rotation

active pharmaceutical ingredient
diethyl tartrate

cumene hydroperoxide
diisopropyl Dtartrate

meta

tert-butyl hydroperoxide

human immunodeficiency virus
dibutyl ether

cyclohexyl

propyl

lithium diisopropylamide

lithium bis(trimethykilyl)amide
1,8-diazabicyclo(5.4.0)undeg-ene
phosphazene base-fBu
phosphazene base-PBu
cyclohexyl

tetrabutylammonium bromide
conversion

rotating frame nuclear overhauser effect spectroscopy

vi


http://www.chemicalbook.com/ChemicalProductProperty_EN_CB7190676.htm
https://en.wikipedia.org/wiki/Tert-Butyl_hydroperoxide
https://en.wikipedia.org/wiki/Dibutyl_ether
https://en.wikipedia.org/wiki/Lithium_diisopropylamide
https://en.wikipedia.org/wiki/Lithium_bis(trimethylsilyl)amide
https://en.wikipedia.org/wiki/1,8-Diazabicyclo(5.4.0)undec-7-ene

UPLC ultra performance liquid chromatography

Vii



Abstract

The development of organocatalytic and stereoselective readiansattractie toolfor
the synthesis of chiral organic molecules. The benefits compared tométal or
organometallic and enzymatic catalyare for example the potential for saving cost, time and
energy, enabling easier reaction conditions, minimization in chemaste and lack of metal
impurities in the chemical compound.

The focus of thisPhD thesis was the development of two organocatalytic and
stereoselective reactionthe sulfaMichael addition (SMA) and the Darzens condensation
because they ar@nteresting approaches for the synthesis of chiral drggd, in the
pharmaceutical industrythere are few Active Pharmaceuthical Ingredients (API) that are
produced throughstereoselective SMAand Darzens reactions catalysed by organocatalysts.
Accordingly the tlesis is organized in two parts: the first one concerning the-Slidtiaael
reactions and the second one in which the studies on the Darzens reaction are described. Each
part is selconsistent and presents the introduction, the scope of the study, thptaesand
critical discussion of the results, the conclusions and the detailed description of the synthetic
procedures and the characterization data of the products. Moreover some representative
spectra are reported at the end of each part. Referemcesparted as notes at the end of each
page. The list of abbreviations used in the thesis is reported at the beginning of the thesis.

In the field ofsulfaMichael addition (SMA) bifunctional hydrogefbond donor (HBD)
catalysis represents an approach dgtivating both the nucleophile and the electrophile
reaction component3here are relatively few examples of stereoselective SMAs catalysed by
bifunctional HBDs involvingrans-chalcone 2) as Michael acceptor.

In the context of HBD catalysts optimizatioa survey of literature reports suggests that
increasing the acidity of the NH thiourea protons have beneficial effects on reaction rates of a
number of catalysed reactiorRrompted by this information, the comparative analysis, in a
single experimentaetting, of some HBD catalysts in stereoselective SMAsatws-chalcone

(2) was performed, Scheme 1
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Schemel Comparative analysis of some HBD catalysts in stereoselective SMisschalcone 2)
studied during th@hD.

We studied the effect of catalyst loading, solvent and temperature in the model reaction:
the addition of phenylmethanethidld) to trans-chalcone 2). With the optimised conditions,
we comparatively evaluated, in a single experimental setting,ctingtya of some popular
HBD catalysts in the stereoselective SMA of benzenethig), phenylmethanethiollg@) and
2-phenylethanethiol 1) to transchalcone 2). Increasing the Brgnsted acidity of the
hydrogen bond donor unit gave, in some cases, fasetions but had, in general, a negative
impact on the stereoselectivity. The addition prodBictof benzenethiol ib) to trans
chalcone 2) was found to be stereochemically unstable, undergonety@Michael reaction
when left in the presence of the agsts, such as in the case of a delayed wagrlof the
reaction mixture.

Regarding the Darzens condensatiahgse reactions are most commonly run in the
presence of strong anionic bases such as alkali metal hydroxides or alkoxides, sodium amide,
LDA, LIHMDS or n-butyllithium, very often with préormation of the reactive ester enolate
anion. To the best of our knowledge, there are no examples of Darzens reaction involving
uncharged organobase.r ompt ed by this infor matrilmasestbéhe
with different (Ksn* in the synthesis dflb-epoxycarbonyl compounds was assessed, Scheme
2.
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Scheme Darzens condensation developed in the presenéeoof g a n o s M aneVillb as e s 6

The reaction, under mild condition, proceeds in the presence of stoichiomaetnityjof

phosphazeneiR-Bu V to give the correspondings- andtrans-epoxides3 in good yield and

short reaction time.

Although phosphazenes have great utility, both the problems of their stability and

difficulties of their preparation make the ideitt#tion of new superbases an important goal.

To this end, cyclopropeniminéll , with a g<g1* similar to that ofP:-t-Bu V, was tested. By

using a

By wusing a

st oi chi omet WVli,dhe gpoxadedtwast optainedf withbup top e r b a
34% vyield and 1/0.85 d.r. i/ t r ans .

c avil 30y t i c

mol%), the Ub-epoxycarbonyl compound®were obtained with up to 86% vyield and 1/0.6

d.r. cigltrans proving to be tolerant to both variations in the structure and electronic

properties of the amatic aldehydes aridthalo carbonyl compoundssed.

p
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Riassunto

Le reazioni organocatalitiche e stereoseletsiorodelle metodologie sintetiche utili per
la sintesi di molecole chirali. | benefici rispetto alla catalisi metallica o organdiceetad
enzimatica sono ad esempio il basso prezzo, il risparmio di tempo ed energia, condizioni di
reazione semplicila produzione di pochr i f i ut i e | 6assenza di
compostalesiderato

Il focus di questo dottorato e stato lo spihw di due reazioni organocatalitiche e
stereoselettive: le addizioni di sulfdichael e le condensazioni di Darzens poiché
rappresentano degli approcci sintetici interessanti per la sintesi di farmaci chirali e,
nel | 6 ambi t ocisbre pacha preapi dttivi GABI) sintetizzati con reazioni di SMAs
e/o di Darzens organocatalitiche e stereoselettive.

Di conseguenzda tesi € organizzata in due parti: la prima riguarda le readisulfa-
Michael e la seconda in cui sono descritti gli studi stézione di Darzens. Ogni parte e
autocoerente e presenta l'introduziorefihalitadello studig la descrizione e la discussione
dei risultati, le conclusionie procedure sintetichetilizzatee i dati di caratterizzazione dei
prodotti. Inoltregli spettri rappresentativi sono riportati alla fine di ogni parte. | riferimenti s
trovanocome note alla fine di ogni pagina. L'elenco delle abbreviazioni utilizzate nella tesi é
descrittoall'inizio della tesi.

Nell 6 ambi t o d dilsulfaMichagldSMAS), tarcatalisimediata da molecole
bifunzionali donatrici di legami adirogeno(HBD) rappresenta un approcdigeressant@er
I'attivazione sia déd componentaucleofila chedi quellaelettrofiladi una reazione

Gli esempi diSMA stereoselettivecatalizzate da HBD bifunzionaé aventiil trans
calcone 2) comeaccettore dMichaelsono pochi

Con | 0 o battimizzere | véoa t d iicatalizzéiori HED|, la letteratura suggerisce
come l'aumento dell'acidita dei protoni tiouce NH abbia effetti positivi sulle velocita di
alcunereazion. Spinto da queste informazigri € decisodi eseguie un'analisi comparativa
di alcuni catalizzatori HBD in SMA stereoselettiweeati il trans-calcone ) come accettore
di Michael, Schema.1

Xi

n



o S)n

(0}
+ _ Bifunctional HBD catalyst (mol%) *
nSH
solvent, temperature

3

12 : i(1) 2 19 examples
= mple
1cn=2 up to 99% yield

up to 67% ee

' F
: Q CF3 F F
. Aryl Group = <
. F F 0,8
: CF3 F
@ by Chiral ! X=0,S,-NSO,-
Scaffold 1!
N~ °N \N’R- 7
| | ' ' ~
E Chiral Amine = N N %
e 7o

Scaffold

N __~

Schena 1 Addizioni di sulfaMichael promosse da catalizzatori HBD studiate durante il dottorato.

Al | 6 i, abbiamo studiato l'effetto dal quantitadi catalizzatore, del solvente e della
temperatura nella reaziomeodello: I'aldizionedel fenilmetantiolo (&) al trans-calcone 2).
Successivamentepn le condizionidi reazioneottimizzate, abbiamealutatola capaca di
indurre stereoseleziorga parte dialcuni catalizzatori HBB nelle SMAs stereoselettie del
benzentiolo 1b), fenilmetantiolo (a) e 2-feniletantiolo (Lc) d trans-calcone 2). L'aumento
dell'acidita di Brgnstedella porzionedonatrice diegam adidrogeno ha dato, in alcuni casi,
reazioni piu rapide ma, in generale, ha avuto un impatto negativo sulla stereoselettivi
Inoltre, i prodotto 3b, ottenutoda | | 6 a ddélibenkzeatiole {b) a trans-calcone 2) e
risultato stereochimicamente instabimiché subisceina reazionali retro-Michael quando
lasciato in presenza di catalizzatori, come nel caso di unaitasrk-up della reazione

Per quanto riguarda le condensazioni di Darzeyes)eralmentesono condotte in
presenza di badorti come idrossidi o0 alcossidi di metalli alcalini, sodio ammide, LDA,
LIHMDS o n-butil litio. In letteraturanon ci sono esempi deazioni di Darzensondotte in
presenza di basi organiche neufgaiindi, si € deciso di studiare la reazione di Darzens in

presenza di basi organiche neutre aventi una dipkisa, Schema 2.
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Schena 2 Reazione dDarzenssviluppata in presenza delle b&se VIl .

La reazionein presenza dinaquantita stchiometrica di fosfazenei®-Bu V, generagli
epossidiis etrans 3 con ungbuona resa eon unbrevetempo di reazione.

Tuttavia, sia i problemi di stabilitache le difficolta di preparazionelelle basi
fosfazenichetendond mpor t ant e | 6 o bmnueve supdas A t@iifinejedtatam t i f i c
valutata la ciclopropenimminaVIl, con um pKey® simile a quek di Pi-t-Bu V. Con
| 6 i mpliiuraguantita stédometrica di "superbasé/ll , I'epossidd é stato ottenuto con
una resa fino al 34% e 185 d.r.cigtrans Usando una quantita catalitica di "superbasé"

(30 mol%), i composti,b-epossicarbonilicB sono stati ottenuti con una resa fino all'86% e
1/0.6 d.r. cisltrans dimostrando di essere tollerante site variazioni strutturali che aé
proprieta elettroniche delle aldeidi aromatiche e dei composti carbomifipiegati
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Chapter 1. Oganocatalysis
1.1 Introduction

Organocatalysi$,a catalyticmethod paralleling metalr organometallié and enzymatic
catalyss;? is a synthetic methodology based thve use of small organic molecules to catalyse
organic transformationsThe term was coined by MacMillan in 2060The field of
organocatalysitas evolved over the last two decadee anattractive tool for the synthesis
of chiral organianolecules.

Multiple benefits compared with the other two catalytic areas endwought the
acceptance of organocatalysis a complementary branch céitalytic method with the
potential for aving cost, time anénergy enablingeasier reaction conditionsjinimization
in chemicalwasteand lack of metal impurities in the final produtt general,organic
molecules areusually stable under aerobic conditiors® there is no need for ultchy
reaction conditions and for special reaction glasswararge number of organocatalysts are
naturally aailable from biologicalsourcesas single enantiomemnd/or easily synthesized
from precursorgresent in naturén addition organoctalysts are ofte cheaper and less toxic
than metabased catalysts and, can be easily removed from waste streams.

The activation mode of organocatalygesgure 11, occus eitherthrough the transient
formation of covalent bonds, such as in enarfiiminium® and carbea catalgt,’ as well as
through norcovalent interaction, such as in hydrogen bonding catalgses thioureas
squaramidesand phosphoric acid or ionic interaction(e.g. phasetransfer catalysts).

Together, theseatalytic eventsepresent theepeatoire of organocatalysts currently available.

1a)Qin, Y.; Zhu, L.; Luo, SChem, Rev2017, 117, 9433 b) Zhan, G.; Du, W.; Chen,-€. Chem. Soc. Re2017, 46, 1675;
c) Bertelsen, S.; Jeegsen, K. AChem. SodRev 2009 38, 217; d) MacMillan, D. W. QNature2008 455 304.

2 @) Liu, C.; Yuan, J.; Gao, M.; Tang, S.; Li, W.; Shi, R.; Lei, Ghem.Rev.2015 115 12138; b) WenceDelord, J.;
Glorius, F.Nat. Chem2013 5, 369; c) DiazRequejo, M. M.; Pérez, P. Lhem. Rev2008 108 3379; d) Godula, K;
Sames, DScience2006 312 67.

3.a) Lewis, J. C.; Coelho, P. S.; Arnold, F. Ghem. Soc. Re2011 40, 2003; b) Schramm,V. LChem. Rev200§ 106,
3029; c) Ramos, M. J.; FernandBsA. Acc. Chem. Re2008 41, 689; d) Callender, C.; Dyer, R. Bcc. Chem. Re2015
48, 407; e) Oyama, S. T.; Somorjai, G. A.Chem. Educl988 65, 765; f) Hansen, D. E.; Raines, R.J.Chem. Educ.
199Q 67, 483.

4 Ahrendt, K. A.; Borths, C. JMacMillan, D. W. C.J. Am. Chem. So200Q 122, 4243.

5a) An, &..nC&brera, SChem. Soc. Revr013 42, 774; b) B egerkH Asgmenketric OfganpcataBy/sis,
Wiley-VCH: Weinheim,2005

6 a) Nielsen, M.; Worgull, D.; Zweifel, T.; Gschwend, B.; Bertelsen, S.; Jorgensen, ®hém. Commur2011, 47, 632; b
Erkkild, A.; Majander, |.; Pihko, P. M. Chem. R&Q07, 107, 5416.

7 Grossmann, A.; Enders, Bngew. Chem. Int. E@012 51, 314.

8a) Doyle, A. G.; Jacobsen, E. 8hem. Rev2007, 107, 5713; b) Schreiner, P. Rhem. Soc. Re2003 32, 289.

9a) Aleman, J.; Parra, A.; Jiang, H., Jgrgensen, KCliem. Eur. J2011, 17, 6890; b) Storer, R. I.; Aciro, C.; Jone, L. H.
Chem. Soc. Re2011, 40, 2330.

10 Terada, MCurr. Org. Chem2011, 15, 2227.

11 Maruoka, K.Asymmetric Phase Transfer Catalyaigiley-VCH: Weinheim,2008
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Chapter 1:0rganocatalysis

Covalent catalysis Non-covalent catalysis
~NF o / H—B
N7 | N oA X
)ﬁ )ﬁ X‘N: /> R1JJ\R2 ®®
VR
. . Breslow . .
Enamine Iminium Intermediate H-Bonding lon-pair

Figure 1.1 Examples of activation mode of organocatalysts.

1.2 Covalent organocatalysis
In 1971,Parrisi? and Eder:® developedndependentlya stereoselective intramolecular
aldol reaction catalysed by prolind). The activation mode of was later explained by

Barbas, Lerner and LisBcheme 11, in 2000to occurvia an enamine mechanisth

o) 0]

Scheme 11 Proline-enaminemechanisnactive during an @anocatalytic proces

The catalytic cycle starts with the nucleophilic attack of the chiral catalyetthe
aldehyde2, forming the iminium-ion 3. The deprotonation of iminiusion 3 generates the
reactive nucleophilienamine intermediatd that can athck an electrophile reforming the
iminium-ion 5. The hydrolysis of the iminiuAntermediate delivers the produgtand the

chiral catalystwhichis again available for anotheatalytic cycle.

12Hajos, Z. G.; Parrish, D. RGerman patenDE 21026231971
13 Eder, U.; Sauer, G. R.; Wiechert, Berman patent DE 2014757971
14 jst, B.; Lerner, R. A.; Barbas, C. B. Am. Chem. So200Q 122, 2395.
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Chapter 1:0rganocatalysis

Another example of covalent organocatalysis is the imirinmcatalysis® Although he
distoryd of iminium catalysisdoesnot havea specificstartingdate;likely, the first process
involving an iminium catalysisdates back to the discovery of thi€noevenagel
condensatiof®

The designing, rather than discoverio§,an iminium catalysis was developed by Mac
Millan and ceworkers in 2000.They hypothesized that the reversible formation of iminium
ions from Ub-unsaturated aldehydes and chiral amines might emulate the equilibrium
dynamics and -orbital electronics Hat are inherento Lewis acid catalysis. To test this
hypothesis, they investigated the ability of the chiral imidazolidin®Bnt® catalyse the
stereoselective Dieldlder reaction between th® ,-umsaturated aldehyd® and diene8,
Scheme 1.2. The reaoti provided cycliendel10 with good stereoselectivity. The catalgst
and aldehyd@ form, prefeentially, the iminiumion E-11 where thel-hydrogen is far away
from the geminal methyl groups of imidazolidinon®. Therefore, the most favourable

transitionstate leads tendc10.

Me
o ?
N>,Me
H “Me
R? Ph HCI R2
0 9 20 mol% OHC. _A
HJJ\/\R ¥ ~ 1
17Xy 1
R R R

endo-10
72-90% yield
5:1-14:1 endo:exo
83-94% ee

0 Me

; g N
P e LS
N /&'\"\9 _ N° Me Ph \\ R2 ———>  endo-10
I8 5
R ™

Schemel.2 Diels-Alder reaction catalyseloly imidazolidinoned via iminium ion mechanism.

Z-11 E-11

In addition to theimidazolidinone9 family, others chiral amines were developed as
iminium catalystse.g. the diarylprolinol silyl ethersl2 and the diaminel3 derived from

Cinchonaalkaloids, Figure 1.2°

15Knoevenagel, EChem. Br. 1894 27, 2345.
16 a) Marigo, M.; Wabnitz, T. C; Fielenbach, D.; Jargensen, KAgew. Chem., Int. EQ005 44, 794; b) Hayashi, Y.;
Gotoh, H.; Hayashi, T.; Shoji, MAngew. Chem., Int. EQ005 44, 4212; c) Chen, W.; Du, W.; Yue, L.; Li, R.; Wu YDijng,
L-S.; Chen, Y-C. Org. Biomol. Chem2007, 5, 816.
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Me OMe
o o

N>/Me \/\ RR //im NH,

N ‘Me N  OTMS /=N N

H H |
Ph _N

R = Ph or 3,5-CF3;Ph
9 12 13

Figure 1.2 Examples ofminium organocatalysts.

Among the portfolio of covalent organocatalysN;heterocyclic carbenes NHCs),
inspired by thiaminelependent enzymatic processhave emerged as powerful and versatile
catalysts.’ The first activation mode of NHCwvas described byR. Breslowin the benzoin
condensation catalysed by the thiazolium st Scheme1.3.*® The derotonation of
thiazolium 14 generats the nucleophilicthiazolylidene compound5. The addition of the
catalyst15 to the aldehyde2 gi ves t h-e nt&r midviiavtcan dreactwith
another aldehyd2 to give -hydroxy-ketore 18.

R'I
RZ. N+
Lo
R3 S
14
basel
, R , K
DS SR
(> I
R3 S (0] R3 S
15a R% H 15b o
OH \ J,
18 H 2R
R 1
N 0 i oH
I \>—§R4 REN>_<
R3 S R4 OH R3 S R4
17 16
\\y/
1
H™ ~R*

Schemel.3 NHCs and Breslow intermediatks.

17a) Nair, V.; Vellalath, S.; Babu, B. Ehem. Soc. Re2008 37, 2691; b) Ryan, S. J.; Candish, L.; Lupton, D.@#em.
Soc. Rev2013 42, 4906; c) Menon, R. S.; Biju, A. T.; Nair, @hem. SodRev.2015 44, 5040; d) Wang, M. H.; Scheidt, K.
A. Angew. Chem. Int. E@016 55, 2.

18 Breslow, R.J. Am. Chem. Soit958 80, 3719.



Chapter 1:0rganocatalysis

Thethree catalytic covalenhechanisms reported above represent the most investigated
strategiesfor the stereoselectivesynthesis of chiralcompoundsand they have seen

tremendous development in recent years.
1.3 Non-covalent organocatalysis

In the 1981, Wynbergeported thatCinchonaalkaloid 21 catalyss the stereoselective
addition of thiophenol19 to the cyclic enone20, Schemel.4, eq. 1, suggesting thathe
activaton of the substrate and the organization of the transition state occur through hydrogen
bonding interaction$’ However, theunderstandingf H-bonding catalysis wasxpandedn
the late 1990®nly, when Jacobsefl Schemel .4, eq.2, and Corey! Schemel 4, eq.3,
independentlydevelopeda stereoselectiv&trecker reactionn the presence of hydrogen

bonding organocatalysgb or 28 that activate thelectrophiic component of the reaction

SH
Eq. 1 /©/ +
t-Bu

O o)

21 (1 mol%)
[ ije PhS Me

benzene, 23 °C

Me Me
22
19 20 75% ee
1. 25 (2 mol%), 0
= [}
NTF toluene, -70 °C
Eq. 2 e + HCN F3CJ\N/\/
Ph” ™ H 2. TFAA -
Ph” > CN
26
23 24 91% ee
bh 1. 28 (10 mol%), Ph
toluene, -40 °C PY
Eq. 3 NI Ph + HCN HN Ph
Ph)\H Ph/'\CN
29
2 24 86% ee
N \n/\N N N
SERGNG Saaty:
N~ N
HO H
t-Bu OMe
21 25 28

Schemel 4 Applicationof hydrogenbondingorganacatalysts in stereoselective synthesis.

19 Hiemstra, H.; Wynberg, HI. Am. Chem. Sot981, 103, 417.
20 Sigman, M.; Jacobsen, E. Bl.Am. Chem. So&998 120, 4901.
21 Corey, E. J.; Grogan, M. @rg. Lett.1999 1, 157.
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Chapter 1:0rganocatalysis

Subsequently, Jacobsen explained the activation mod#iafirea organocatalyst
through NMR, kinetic, structuractivity relationshipand theoretical studie&igure 1.3.2? In
particular, he two urea protonform a dual Hbond interactiorwith the nitrogen atom of the

enamine

Figure 1.3 Activation mode of thiouregia H-bond interaction.

The investigation of Jacobsen has been cruoiainderstand this peerful activation
modeand promptedhe design and development of nehiral hydrogen bond dondHBD)
catalystsFigurel.4. The HBD catalyss discovered have a diversifieghge of structural and
functional frameworkswith different @Ka of the HBD unit ad, potentially, able twatalyse a

large number of reactiort3.

R6
L e o O
I = (A S e G b
N N/ R2 R3 N N R w OH /P\
H H N ON- H o d OH
H H Ar" CAr
R7

thiourea squaramide guanidine TADDOL BINOL-phosphoric acid
Figure 1.4 Example of some popular HBDs catalysts.

Among noncovalent organocatalytic methods, the last example repatdte phase
transfer catalysis (PTCYhe first successful application of a chiral PWas developed by
Merck research group for the synthesis of indacrinBBeSchemel.5.2* In particular, they
developed the stereoselective alkylation of compoB@ddh the presence of th€inchona
based qu&rnary ammonium saltl to afford the produc82in 95% yield with 92%ee The
guaternaryCinchonaammonium catior31 forms a nucleophilic ionic complex thi the anion
30a generated by deprotonation wihaOH at the interphase of the organic and aqueous
phases. The nucleophilic ionic complg8b then reacts with the electrophile provide the

product32leaving the catalys?1 free in the organic phase

22\/achal, P.; Jacobsen, E. N.Am. Chem. So2002 124, 10012.

23 a) Doyle, A.; Jacobsen, E. iChem. Rev2007, 107, 5713; b) Auvil, T. J.; Schafer, A. G.; Mattson, A. Eur. J. Org.
Chem.2014 2633.

24 Dolling, U.-H.; Davis, P.; Grabowski, E. J.J.Am. Chem. Sot984 106, 446.
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c o5
o, Cl
31 (10 mot%) j@é’m
Ph 50% aq NaoH aq NaOH, ——— Ho\n/\o Ph
toluene, CH,Cl MeO o)
33
95% yleld
92% ee
Br
"
HO N
Ph
A
~
N
31
NaOH H,0
aqueous
interphase -----------------------------"=

. Cl (0]
organic (6]
J cl cl Na*
Ph Ph
MeO Q*Br- MeO Q*Br
30 30a
NaBr NaBr
N
cl cl Q
oMe ~Ph
“Ph
MeO MeO

32 \‘?{/ 30b

Q*clr CHsClI
Schemel.5 PTC synthesis ahdacrinone33.

Since PTC was introdeed, \arious types of natural and noatural product derived
chird PT catalystswere introduced,such asCinchonaammonium salt34, binaphthy

modified salt35 and chiral crown ethéd6, Figure 1.5°

! Ar
R \
1 Cr. oo
oR N+ X
G ALY o
N~ H Ar K/O\)R3

Figure 1.5 Example & some popular PT catalysts.

25 a) Maruoka, KOrg. Process Res. De200§ 12, 679; b) Jew, S.; Park, ihem. Commur2009 7090; c) Shirakawa, S.;
Maruoka, K.Angew. Chem. Int. E@013 52, 2.
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Chapter 2: The organic chemistry of sulfur compounds
2.1 Organosulfur drugs in the pharmaceutical industry

Organosulfur compounds are widely present in nature and various biological systems
Cysteine 1, Figure 2.1,is involved in the biochemical pathway of almost all living
organsms?® furthermore synthetic organosulfur compoundsigure 2.1,are of significant
potential in pharmaceutical science, serving, for instance, as antibiotic, antidepressant and

antiasthma agentg In this respecttiis interestingo notethat all of thetop ten selling drugs

in 2012 were organosulfur compourfds.

o A2

/, \\

w Wagt T

SO,NH,
NHEt CO,H

Figure 2.1 Example ofbiologically active organosulfur compounds present in nature and organosulfur

drugs.

Sulfur containing drug may present several functigmalps involving the sulfur atom
namely sulfonamides, thioethers, sulfoxides and sulf&h®slfonamide drugs ere the first
antibiotics to beused systemically, and paved the way for the new antibiotic revolution in
medicine.Nevertheless, diiotics arenot the only drugs derived frosulfonamidesFor

example, cyclothiazide2, Figure 2.1, is a diuretic and antihypertensiwdrug that was

26 F r std/@a Silva, J. R.; Williams, R. J. Phe Biological Chemistry of the Elemen®xford University Press: New York,
2001

27 a) Nudelman, AThe Chemistry of Optically Active Sulfur Compoyr@srdon and Breach: New York984 b) Sulphur
Confining Drugs and Related Organic CompounBamani, L. A., Ed.; Wiley: New Yorki 989

28 http://www.genengnews.com/insigahdintelligenceand153/te@0-bestselling-drugsof 2012/77899775/?page=2.
2Feng, M.; Tang, B.; Liang, S. H.; Jiang, Gurr. Top. Med. Chem2016 16, 1200.
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Chapter 2: The organic chemistry of sulfur compounds

originally introduced in the United States in 1963 by Eli Lillfhe total synthesis, Scheme
2.1, includes the synthesof sulfonamidesl2 and the subsequent cyclization with aldehyde

13to affordcyclothiazide2.3°

1) CISO4H
o] NH 4 H
CI\©NH2 2) NHs I:[ S > Ai(w c
_— 7 = —_ =
H,NO,S SO,NH, ©OHC HN\SJCESO NH
g \\O 2NH>
11 12 13 2

Scheme2.1 Total synthesis of cyclothiazide

Other relevant sulfur containing drug is dorzolam8ld-igure2.1, first drug based on
drug design and used to treat glaucdiRecently, Zach System developed a stereoselective
process for the preparation of compoubd as an intermediate in the preparation of
dorzolamide3, Scheme2.232 In particular,the oxidation of sulfidel4 gave ketesulfone15
which was reduced tthe hydroxyl compound.6. Subsequently, the Ritter reaction generated
N-acetyl compound.7 which was transformed to the amids. Finally, the salification gave

the desired dorzolamid®

0] OH

0 H,0,,
NaBH,, THF
NapWO,-2H,0 N abta, N
| \ SOQNHQ | SOzNHZ | SOZNHZ
Me S S Me ’/S\\ S Me /,S\\ S
0’0o
14 15 16
MeCN NHAc NHEt Maleio acid
e aleic aci
, BH5-THF :
MeSO3H acetone
— | D—So,NH, — | >—So,NH, ——
Me”™ S S Me™ /S S
0’0o
17 18
l;lHEt 1) NaOH HCI l;lHEt
' HO,C 2) HCI .
mSOZNHZ ] —_— msozNHz
Me” >s S HO,C Me” >s{ S
o’ "o 0" o
3a 3b

Scheme2.2 Synthesis ofdorzolamides.

Well-known antibiotics containing sulfur atoamethe penicillins, e.g.4, Figure 2.1, that

play a significant role in fighting against syphilis, or infections caused by staphylococci and

30 Whitehead, C. W.; Traverso, J. J.; Sullivan, H. R. Marshall, F.Qrg. Chem1961, 26, 2814.
31 ponticello, G. S.; Sugrue, M. F.,; Plazonnet, B.; Dur@astagna, GPharm. Biotechnol1998§ 11, 555.
32 Volpicelli, R.; Nardi, A; Andretto, M.; Munari, I.; Brescello, R.; Smaniotto, A.; Cotarca, L.; Verzini, MO
2014/0059432014
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Chapter 2: The organic chemistry of sulfur compounds

streptococci. Thougcertain kinds of bacteria are resistanpémicilling they are stilpopular
antibiotics in the treatment of bacterial infections caused by susceptible, usually Gram
positive, organism& Penicillin is a secondary metabolite of certain specieBeasfidllium
and is poduced when growth of the fung inhibited by stress. It is not produced during
active growth. The mass production of penicillins is mainly based on biosynthesis and
semisynthesis. The first chemical synthesis of penicillin was accoraglifly John C.
Sheehan in 195%. Although the initial synthesis developed by Sheehan was not appropriate
for mass production, one of the intermediaompounds6-aminopenicillanic acid (@\PA),
was the nucleus of penicillin. It can be obtained from thadetation brew of thBenicillium
mold and used as the main building block the preparation of severakemisynthetic
penicillins3®

Going back to Figure2.1, in 1988,the companyEli Lilly developed dloxetine 5,
registered trademark Cymbaltpotent mhibitor of the serotonin and norepinephrine uptake
carriers® It is used for the treatment of depression, obesity, and alcohdlisifhe
stereoselective synthssincludes fousstages, Schem®.3.38 In particular, ketone20 was
obtained from zacetylthiophae (L9) via Mannich reaction. Subsequently, the stereoselective
reduction of 20 gave the alcohol22 which was used for the alkylation with- 1
fluoronaphthalene2@) to afford compoun@4. Finally, N-methyl dealkylation generated the
desired drud with a 6®% overall yield.

o) (CHO)n, NaOH, F

S Me,N-HCI 0 LiAl(21),H; P
ST M ————> S HCl —— 5 S +
91% \ /) NMe, 90% W NMe,
19 20 22 23

88% ee

O O Me

NaH, DMSO CICO,CH,CCls, Zn Me,N_ o _Ph
—_— _— R
91% O 82% S O HO

Ph

\ NMe, \ NHMe 21

24 5

Scheme2.3Total synthesis of duloxetire

33 Garrod, L. PBr. Med. J.196Q 1, 527.

34 Sheehan, J. C.; Henery, L.; Kenneth]JRAmM. Chem. Sot957, 79, 1262.

35 Cole, M.Appl. Microbiol 1966 14, 98.

36 a) Robertson, D. W.; Wong, D. T.; Krushinski, J. H.Bur. Pat. Appl. EP273658988 b) Wong, D. T.; Robertson, D.
W.; Bymaster, F. P.; Krushinski, J. H.; Reid, LLe Science4988 43, 2049.

37 Robertson, D. W.; Krushinski, J. H.; Fullé&. W.; Leander, J. DJ. Med.Chem.1988 31, 1412.

38 Deeter, J.; Frazier, J.; Staten, G.; Staszak, M.; Weig@lettahedron Lett199Q 31, 7101.
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Among drugs used against acelated diseases, AstraZeneca developed esomeprazole
Figure 2.1, the §-enantiomer of omeprazole, an inhibitor of the gastcid @ump H/K™-
ATPase* Having considered different synthetic routetheyrealised that the most attractive
approach was the eseoselective oxidation of side 25 to the corresponding sulfoxide

Scheme2.4.4!

1. diethyl-L-tartrate, Ti(Oi-Pr),,

N toluene N ,
/@E \>—S N= 2. (iPr),NEt, PhC(CH3),O0H /@[ \>__“S/ Ne
N - N
MeO N \—QMe MeO N \—Qﬂwe

Me OMe Me OMe
7
94% ee

25

Scheme2.4 Stereoselective oxidation of side 25in the synthesis of esomepraza@le

Specifically, sulfide25 was converted into esomepraz@léy using diethylL-tartrate/
titanium (1V) isopropoxide/watein toluene and them,N-diisopropyethjamine and cumene
hydroperoxide were added to the reaction mixture. After wigrktheisolated produc? was
obtained witB4%ee

In the early 1990s, Merck group discoverbtbntelukast8, Figure 2.1, registered
trademarkSingulair, aleukotriene [ receptor antagoni$t TD4) used for theprophylaxis
and chronic treatmenof asthma? Different chencal synthess were reported for the
preparation oMontelukasB.*® In principle,the crucial step, in all synthesésthe formation
of the chemical bond between carbon and sulfur atoms

The first method reportecquiredthe use of methanesulfonyl deate26 and thiol27in
the key synthetic step, Sche&.** Subsequently, deprotection of the hydroxyl group with
pyridinium p-toluene sulfonatéPPTS) hydrolysis of the methyl ester anmlrification of
crude compound gave tsediumsalt8a.

39 @) Lindberg, P.; Brandstrom, A.; Wallmark, B.; Mattsson, H.; Rikner, L.; HoffmasJ,. Kled Res Rev 1990 10, 1; b)
Fellenius, E.; Berglindh, T.; Sachs, G.; Olbe, L.; Elander, B.; Sjéstrafitl, 8/allmark, B.Nature1981, 290, 159; c) von

Unge, S.; Langer, V.; Sjolin, [Tetrahedron Asymmetry1997, 8, 1967.

40 Carlsson, E. I.; Junggren, U. K.; Larssbh,S.; von Wittken Sundell, G. WPatent appl. EP 074341981

41 Cotton, H.; Elebring, T.; Larsson, M.; Li, L.; Sorensen, H.; von Ung&e8ahedron Asymmetri200Q 11, 3819.

42 a) Schoors, D. F.; De Smet, M.; Reiss, T.; Margolskee, D.; Cheng, Hor.&Ps, Amin, R.; Somers, @r. J. Clin.
Pharmacol.1995 40, 277; b) Markham, A.; Faulds, Drugs1998 56, 251; c) Noonan, M. J.; Chervinsky, P.; Brandon, M.;
Zhang, J.; Kundu, S.; Mcburney, J.; Reiss, TE#. Respir. J1998 11, 1232.

43Ha|ama A Jirman, J.; Bougk oGrggProceds Res. Bag@l@14,a25. P. ; Jarr ah, K.
44 Labelle, M.; Belley, M.; Gareau, Y.; Gauthier, J. Y.; Guay, D.; Gordon, R.; Grossman, S. G.; Jones, T. R;; Leblanc Y.
Bioorg. Med. Chem_ett 19955 283.
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OTHP B(

N OMs 27, Cs,CO;

A ittt OTHP
I T R

cl

26 28
1. PPTS, MeOH FOzNa
2. LiOH, THF-H,0 CO,Me
3. NaOH, EtOH OH Qﬁ
C
ol SH
8a 27

Scheme2.5Key steps in the total synthesis of Monteluk&st

In the same yearsthe Takeda company identified pioglitazor® Figure 2.1, a
benzylthiazolidinedione derivativapproved with the brand name Actos and used for the
treament of diabetes?® Pioglitazone9 stimulates peroxisome proliferateactivated receptor
gamma (PPAB) in order to modulate the transcription of the insulin sensitive genes that are
involved inbiochemical pathways of glucose and liptfls

The original chenical synthesis of pioglitazon® is shown in Scheme2.6*" The
chemical route involvedctivation of 5ethyl2-pyridyl ethanol(29) as p-toluene sulfonyl
ester to obtain intermediate 30. Subsequently, this ietmediate was reactedith the
nucleophilic p-hydroxybenzaldehyde81 in the presece of sodium hydroxide affording
compound32. The Knoevenagel reaction between intermeds2tand thiazolidinedion&3
gave compound4 which was reducedn the presence of Pd/C#Hjielding the desired

compound.

45 Momos, Y.; Meguro, K.; Ikeda, H.; Hatanaka, C.; Oi, S.; Sohd&Hiem.Pharm. Bull.1991, 39, 1440.

46 a) Le, A.; Pucko, W.; Szelejewski, V@rg. Process Res. @e2004 8, 157,; b) Colca, J. R.; McDonald, W. G.; Waldon,

D. J.; Leone, J. W.; Lull, J. M.; Banmp C. A,; Lund, E. T.; Mathews, W. Am. J.Physiol. Endocrinol. Metat2004 286,

60; c) Paddock, M. L.; Wiley, S. E.; Axelrod, H. L.; Cohen, A. E.; Roy, M.; Abresch, E. C.; Capraro, D.; Murphy, A. N.;
Nechushtai, R.; Dixon, J. E.; Jennings, PPfoc. Natl. Acad. Sci. U.S./£2007, 104, 14342.

47 Meguro, K.; Fujita, T.; Hatanaka, C.; Oo0i,$.S. Patent 4,812,570989
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£t TsCl, NaOH QH
|\ OH CH,Cl, |\ oTs NaOH, CH,Cl,
—_— —_—
o ~
N N
CHO
29 30 31
o)
CHO £
S/>: piperidine, EtOH EN
Et AN O/©/ + )\ o —_— | |
| (0] N N/ (0]
_ H s
N J—NH
o)
32 33 34
0
Pd/C, H, Et
dioxane | A
—_—
~
N S/\?o
J—NH
o)
9

Scheme2.6 Total synthesis of pioglitazore

Among organesulfur drugs,the last example reported is diltiazelf), Figure 2.1, a
calcium antagonists used for the treatment of angina and hyperté&hsiomang diversified
synthetc approachesnethyl (R,3S)-3-(4-methoxyphenyl)glycidate3g), Scheme2.7, was
recognized as a key intermedidte the chemical synthesis diltiazem 10.4° In particular,
the epoxide opening witR-aminothiophenol 36) and the cyclization in the presenoé
methansulfonic acid gave benzothioazepingd in 80% vyield and >99%ee Finally,
alkylation and acetylation yielded the final produof°

48 a) Inoue, H.; Takeo, S.; Kawazu, M.; Kugita, Yakugaku ZassHi973 93, 729; b) Nagao, T.; Sato, M.; Nakajima, H.;
Kiyomoto, A. Chem.Pharm. Bull.1973 21, 92; ¢) Abe, K.; Inoue, H.; Nagao, Yakugaku ZassHi988 108 716.

49 a) Kugita, H.; Inoue, H.; Ikezaki, M.; Takeo, Shem.Pharm. Bull 197Q 18, 2028; b) Kugita, H.; Inoue, H.; Ikezaki, M.;
Konda, M.; Takeo, SChem. PharmBull. 197Q 18, 2284; c)Kugita, H.; Inoue, H.; Ikezaki, M.; Konda, M.; Takeo,Ghem.
Pharm. Bull 1971 19, 595; d) Hashiyama, T.; Inoue, H.; Konda, Makeda, M.J. Chem. SocPerkin Trans 11984 1725;
e)Hashiyama, T.; Inoue, H.; Takeda, M.; Aoe, Kadera, K.J. Chem. SocPerkin Trans. 11985 421

50 SynthelabolJS Patent 5,013,833.991
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OMe

MeO SH chlorobenzene, MsOH
©: 100 °C
+ - >
S
M co,Me NH @[ OH
NH2 COZMe

35 36 37
OMe
g CICHZCHzNMe2 @[ ACC| @[
Me N Me N
38 2 2
80% yield 39 10
>99% ee

Scheme2.7 Total synthesis of diltiazer0.
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2.2  The world of sulfur-chemistry reactions

The organesulfur chemistry occupies a prominent position in the race for the synthesis
of valuable chemical substancesdeed, oganosulfurcompounds are widely present in
nature and living organisms where they are pivatampoundsin many biochmical
processes. Moreover, several scaffolds for fine chemicals and drugs contain sulfur functional
groups in their structuras presented in Section 2.1

Relevant functional groups presenting the sulfur atom are depickedure2.2 and they
are: thiols (a), disulfides (b), sulfonium salts(c), sulfoxides(d), sulfones(e), sulfonic acids
(f), thioacetal€g) and thioacidgh), and sulfonamide§).>!

R_+_R! 0
R-SH R-S—S—R' $ 8
R? R™R!
(a) (b) (c) (d)
O\\S//O O\\S//O R?s_ SR’ j\ QH ;
R™R! R"> OH R”OR! R” “OH RES-N"R
0
(e) (f) (9) (h) (i)

R= aliphatic, aromatic
Figure 2.2 Some representative sulfiumctional groups.

The chemistryof sulfur functional groups is very rich and it is out of the scope of this
chapter to overview such a large part of chemistry. However, in the following sections some
reactions involving thiols or sulfr electrophiles and related to the research workisfRhD
thesis such as nucleophilic substitution, addition and condensation reactions are presented and

discussed.

2.2.1 Thiols as nucleophiles

Thiols operateas nucleophiles in two main typef reactiors. either substitutios or
additiors to a multiple bongScheme2.8.52

The substitution type reaction is not restricted to carbemtres either aliphatic or
aromatic, but includealsothe main group and transition elements.

Among the differentmethodsto form the carbossulfur bond the direct substitution of
leaving groups such as halidesilfonatesO-phosphinite, etc., Schen2e8 Eq.1;by asulfur

nucleophile represents an interesting approach for #8é6nd formatior®

51 Rayner, C. M.; Philip, POrganosulfur ChemistryEd.; Academic Pres$995
52peach, M. EThe Chemistry of the Thiol GropBatai, S., Ed.; John Wiley &onsLtd.: 1974
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R’ substitution R'
Eq.1) R-SH + X—<R" ——>  RS—R
R -
X bstituti N
\ supstitution "
Eq.2) R-sH o+ R ——— R')\(R
R J
substitution
Eq.3) R-SH + X-Ar —_— RS—Ar
" addition SR
Eq.4) R-SH + r-XNR ——— R
R')\/
addition SR

Eq.5) R-SH + R—= >
R./&
Q addition
— —_—

Scheme2.8 Examples of reactions involving thiaks nucleophiles

For examplethe ability of sulfonates as leaving groups has allowed the prepardtion o
tertiary thiols such asHhio-estersA2, Scheme2.9. The displacement of thaesylate leaving
group by thiophenobccurs via §2 mechanism. Specifidg| the presence of thetester
group of41 inhibits carbocation formatioand the planar estgroup createsninimal steric
hindrancefor the nucleophil@pproact??

o MsCI, DMAP, o NaSPh, o
pyridine, RT EtOH, RT
HOJ._)J\OEt E—— MO Nogr ——— PhS Y~ OEt
Ph— Me Ph— Me Ph— Me
40 4 42

96% vyield, 96% ee

Scheme2.9 Synthesis of-thio-estersA2.

Sulfur-based ocleophiles have been employed in nucleophilic ring opening of epoxides,
Scheme2.8, Eq. 2°° As mentiond in the synthesis of diltiazerh0, Scheme2.7, under
thermal conditions, the reaction &aminothiophenol36) with the glycidic ester35 proceed
with retentionof configuration at thetere@enterC-3. The thiol 36 protonates the epoxidb
from the proximal side of a plane defined by the four atoms attachedSichieme2.10 The

ring opening isfacilitated by thep-methoxy group, leading to the oegncestabilizedp-

53 Procter, D. JJ. Chem. Soc., Perkin Trans2@01, 335.
54Weaver, J. D.; Morris, D. K.; Tunge, J. 8ynlett 201Q 470.
55 épez, I.; Rodriguez, S.; Izquierdo, J.; Gonzalez, R.\Drg. Chem2007, 72,6614.
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methoxy quinone catioMd3. The stereochemistry observed can be explained if the
disappearance of the ion pair is faster than migration of thigGate®

L,
NH,

Scheme2.10Mechanism of ring opening5in the pesence of thioB6.

Other important substitution reactions for the formation e ®onds are the cross
cowling transformations, Schen2e8, Eq. 3%’ In 2003, Campagne and-@mrkers developed
the arylationof cysteine derivativé4, Scheme2.11, Eq.1%8 The reactionsverecarried out in
the presence dPddba/dppf system and aryl iodio45. This study is of interest because it
allows accesmg to biologically active moledas containing the cysteine coréhe same
catalyticconditionwasused forthe synhesis of Isoaliid9, the main sulfir compoundound
in onionsAllium cepa Scheme2.11, Eq.2°° The mechanism of the cressupling reaction of
cysteine derivative was studied using bdtR NMR spectroscopyand electrochendal

experiment$°

I Pd,dbas-dppf

CO,Et
SH NEt;, acetone,
Eq.1) /[ + > BocHNw/\ NHBoc
S

BocHN CO,Et reflux

BocHN” “CO,Et CO4Et
46
44 45 67% yield

) 0

SH Pd,dbas-dppf S\/\Me 5 _
Eq.2) * e B _NEt;, THR_ /[ e = o e
BocHN™ “CO,Et BocHN™ “CO,Et —

40°C HoN™ "COoH

44 47 48 49

Scheme2.11Synthesis of cysteine derivativeis crosscoupling reaction.

% Schwartz, A.; Madan, P. B.; dhacsi, E.; O'Brien, J. P.; Todaro, L. J.; Coffen, DJ.LOrg.Chem.1992 57, 851.
57 Beletskaya, I. P.; Ananikov, V. Ehem. Rev2011, 111, 1596.

58 Moreau, X.; Campagne, J.QrganometChem.2003 687, 322.

59 Namyslo, J.; Stanitzek, Gynthesif006, 3367.

60 Moreau, X.; Campagne, J. M.; Meyer, G.; Jutandgix. J. Org. Chen2005 3749.
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Thiols operate as nucleophiledso inaddition reactionsScheme2.8, Eq.4 and Eq.8!
For examplethis reaction was usddr the synthesis of heterocycles swshbenzothiazoge
51, Scheme 2.12 Bao and cewvorkers developed the cyclization reaction of 2
aminothiophenol36) with b-diketonesb0in the presence of the TsOH®lasBrgnsted acid
providing various 2substituted benzothiazol&4 in good to excellent yields (592%)°?

H
R lﬁ
N
@[NHZ 0 0O  TsOH-H,0 @[ S TsOH-H,0 ©:N\ R
+ —_— R ——>
© ol
36 50 condensation nucleophilic addition
H
CrX N
—_— E— Y—R
g ©E3>_
0~ R

51

C-C bond cleavage 51-92% yield

Scheme2.12Synthesis of benzothiazolB4.

In 2007, Ananikov and cworkers developethe additions of sulfur nucleophiles to the
carbon carbon triplebonds, Scheme 2.13hey demonstrated that Pd nanoparticleslysed
the regioselective addition of cyclohexane tigito alkyne53 providing the vinyl suide 54

in goodyield and selectivity?

SH [Pd(SR),]n (5 mol%)
(7" e = -
neat R S
54

52 53

98-99% vyield

Scheme2.13Addition of thiols to GC triple bonda.
2.2.2 Electrophilic sulfur reagents

Electrophilic sulfir reagents has been known since the 1960s in the contbet stiidies
of the mechanism of thelectrophilic additions of chalcogenides to cadsanbon double and
triple bonds. The intermediates thiiranium ions, also named episulfonium ions, and thiirenium

ions were isolated and characterized bRy analysis when the alkene or alkyne present

61 Chauhan, P.; Mahajan, S.; Enders@bem. Rev2014 114, 8807

62Mayo, M. S.; Yu, X.; Zhou, X.; Feng, X.; Yamamoto, Y.; Bao,®tg. Lett.2014 16, 764

63 Ananikov, V. P.; Orlov, N. V.; Beletskaya, |. P.; Khrustalev, V. N.; Antipin, M. Y.; Timofeeva, T1.\Am Chem. Soc
2007 129 7252.
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very bulk substituent§* Thiiranium ions are comparable epoxides and aziridinium ions in
their ability to undergo ring opening with a variety of nucleophffeheme2.14 Thiiranium
ions aregenerated from reaction of alkenes with electrophilic sulfurerisg such as sulfenyl
halides, thiosulfonium salts, arglifenamide$® Despite the high reactivitpf thiiranium
ions, they arestable atlow temperature and undergereospecié ring openingvia Sv2
mechanism by nucleophiles, providing tii-sulfendunctionalized product®

sulfenylating agent nucleophile
1 SR!
R1s—X R Nu—H
RNXAR > /i?/)R > R/'\./R
X= leaving group R -HX lilu
<Nu—H
thiiranium ion anti-sulfenoproduct

Scheme 2.14&ulfenilation of an alkeneia the intermediate thiiranium ion.

Few examples are reported for the stereoselective stiffiictionalization reactiongia
thiiranium ions. In 1994, Pasgato and ceworkers described thdirst example of
stereoselective sulfermmination oftrans-3-hexene %5) in the presence @ stoichiometric
amount of Smethylthidvinaphthylderivative 56, Scheme2.15 Opening of thiiranium ion
with acetonitrile in thgresence of water generated prodai€in 80% yield with 86%ee The
lower temperature-78 °C)led toproduct57 with higher enantiomeric puyit consistent with

thetemperature deperdce on the thiiraniurstability 8’

"I
+_SMe
§ _
I S SbClg

56
CH,Cl,, -78 °C Me\/'\/\Me

Me\/\/\Me . =
2)  MeCN then H,0 hig

57
55 80% yield
86% ee

Scheme?2.15Stereoselective sulfeffanctionalization reaction developed by Pasquato.

64a) Schmid, G. H.; Garratt, D. Ghe Chemistry of Doubl@onded Functional Groupsohn Wiley & Sons: Londori,97;
b) Capozzi, G.; Modena, G.; Pasquato, L.Time Chemistry of Sulphenic Acids and Their Derivati®Raai, S., Ed.; John
Wiley & Sons, Ltd.: West Sussex, UK99Q pp 403 516.

65 Destro, R.; Lucchini, V.; Modena, G.; Pasquato].LOrg. Chem200Q 65, 3367.

66 a) Fachini, M.; Lucchini, V.; Modena, G.; Pasi, M.; Pasquatd.lAm.Chem. Socl1999 121, 3944; b) Denmark, S. E.;
Vogler, T.Chem. Eur. J2009 15, 11737.

67 Lucchini, V.; Modena, G.; Pasquato, L.Chem. Soc., Chet@ommun1994 1565

19



Chapter 2: The organic chemistry of sulfur compounds

After this publication and in the same ye&ayner reported the intramoleculang
openingof thiiranium ionsgenerated from thehiral methylthiesulfonium salt59 to yield

benzoxazin&0with good yield andow stereoselectivity, Schen2e16%®

Me BnBF4
O+_Ph Me™ NTTQg-SMe
Me
Y + N Ph
NH 59 Y
- (o]
CH,Cl,, -20 °C
Me SMe
Me
60
58 92% vyield,

<10% ee

Scheme2.16 Stereoselective sulfedanctionalization reaction developed by Rayner.

Only 20 years later Denmark and cavorkers developed an orgagcatalytic and
stereoselective sulfenofunctionalization reaction in the presence of selenophosphé@mide
as catalyst, Schemg.17%° The caalytic cycle initiaes with the sulfenylation ofhe
selenophosphoramideewis base63 mediated by MsOH to generattee catalytically active
intermediates4. Subsegently, the arylsilfenyl group istransferred to the alker@b, forming
the enantiomerically enriched thiiranium i@®6. Its stereospecificring opening by the
nucleophile67 delivers theproduct68 and regaerates catalysh3. Products were obtained

with good or very good chemical yields and excellent enantioragcess

Scheme2.17 Catalytic cycle involving the chiralelenophosphoramids.

68 Archer, N. J.; Rayner, C. M.; Bell, DMiller, D. Synlett1994 1994 617,
89 Denmark, S. E.; Hartmann, E.; Kornfilt, D. J. P.; WangNidt. Chem 2014 6, 1056.
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