UNIVERSITA DI PISA
DIPARTIMENTO DI CHIMICA E CHIMICA INDUSTRIALE

A Dissertation Submitted to the

GALILEO GALILEI Ph.D. SCHOOL XXIV CYCLE (2009-2011)

In Partial Fulfillment of the Requirements for tbegree of

DOCTOR OF PHILOSOPHY IN CHEMICAL SCIENCES

SUPPORTED LIGANDS AND ORGANOCATALYSTS FOR
ENANTIOSELECTIVE TRANSFORMATIONS: A
PRACTICAL FEASIBILITY PERSPECTIVE

By

Ravindra Panjabrao Jumde

Supervisors ExternalSupervisor
Prof. Dario Pini Prof. Maurizio Benaglia

Dr. Alessandro Mandoli






Dedicated to

My Sister (Kiran)

All truths are easy to understand once they are
discovered; the point is to discover them.

-Galileo Galilei-






Acknowledgement

Acknowledgement

First and foremost, | offer my sincerest gratitude my esteemed supervisors
Professor Dario Pini and Dr. Alessandro Mandoli their erudite and scrupulous
supervision and long-lasting patience which gavecorestant encouragement and guidance.
Their painstaking efforts, immense insight, inggiriattitude, enthusiasm and in particular
the provided friendly atmosphere in the lab made thsk much easier and joyful than
expected.

The thought provoking comments by Dr. Alessandrandtdi and keen insight in
identifying various facets of problems have beesoarce of enduring patience to me
without which this work could neither gather subs& nor assume the present form. His
scholarship, humanity made my task a joy. His afficled to broadcasting and deepening
of my understanding of the research problem. & ggeat pleasure and privilege for me for
being associated with both of my supervisors. llsthaays remain beholden to them.

| would also like to show my gratitude to my exirsupervisor Prof. Maurizio
Benaglia for his attentive corrections and commeantke Thesis.

The collaborative help from Prof. Gloria UccellotBstta and Dr. Federica Balzano
for the NMR studies, Dr. Angela Cuzzola for massd &r. Antonella Manaritfor IR-
measurements is gratefully acknowledged.

| sincerely thank Ms. Anila Di Pietro, Mr. AlessiStefanini, Ms. Federica De
Lorenzi and Mr. Damiano Cancogni, for their initedntribution in this Thesis work. |
would also like to thank Prof. Anna luliano for hercouragement and cheerful presence in
the lab.

| wish to express my acknowledgment to Galileo BalPhD School, University of
Pisa for the financial support unless otherwisg Ttiesis would not have been possible.

| am also greatly indebted to my teachers in pBst:P. G. Rohankar and Ms.
Deshmukh (Jagadamba Mahavidyalaya, Achalpur Citg,E6 Amravati university, India),
and Prof. V.G. Deshmukh and Prof. P. R. Mandlik ¢kéa degree, Shri Shivaji Science
College, Amravati, S.G.B. Amravati university, lajliwho have taught me the basic
chemistry and inspired me to perceive my doctoegirele in chemistry.

| would like to especially thank my previous mestdvir. S. S. Joshi, Dr. R.

Jaganathan, (National Chemical Laboratory, Purdéa)rwho had developed my interest in



Acknowledgement

research by allowing me to carry out work of myenest (organic synthesis) and Dr. T.
Raja for encouraging me to perceive doctoral degbeead.

Special thanks to all my friends, Pappu and Mirtierfds from my childhood),
Sushil M., Sunil, Krishna, Avinash, Suresh, AmolD, Amol D. Shailesh (college friends)
Dr. Yogesh V., Dr. Pravin U., Mr. Rajendra, Dr. hat forsupporting me through all the
ups and downs and helping me whenever | needed it.

| do not have words to express my feelings towanysfamily: Mammy, Papa,
Kiran (my sister) who have constantly encouragetisupported for my higher studies, and
waiting long enough for my return, thank you veryah. | would specially thank my sister
who boosts my interest in Chemistry and insistdartake master degree in Chemistry.

Lastly and by no means least Varsha (my friendAgifemate), it is equally difficult
to put into words my gratitude and love to you, started on this journey almost together
three years ago and throughout that time you becaynmorale booster. Thank you firstly
for your friendship over the years; for your logepport, and encouragement and for being

by my side through thick and thin.

Ravindra P. Jumde

Vi



TABLE OF CONTENTS

ABBREVIATIONS ....ceeiii ettt rreeeee ettt e e e e e sttt e e e e e e e snste e e anassaeeeeeeeeanneees Xiii
LIST OF FIGURES. .......cc oottt meee ettt e e et a e e e st e e e nnssaneeaeeeeennees XVii
LIST OF SCHEMES ...ttt e et e et e e et e e e e aaaneeneasn e e e eaaneeeee XXI
LIST OF TABLES ... oo ettt et e e e e e e e e e e e e e e e e e eaan s XXIV
CHAPTER -1- INTRODUCTION .....utiiiiiieiiiiiiiiesimeeee e e e e ssiieeee e e e e e sssrneeeeesssnsssneeesnsnnseeess 1
General INTTOAUCTION ...t ettt e e e e e e s e e e e e e e e e e e e e e e s neaeeeeees 3
1.1 SOIUDIE SYSIEMIS ... . eeemm e ettt ra e e e e e e e e e e e e e e e e eerranaaa 5
1.2 INSOIUDIE SYSTEIMS ... e e e 6
1.3 Cinchona Alkaloids in Chemistry: A brief OVeMWi..........ccoooveieeiiiiiiiieeeee e o 13
1.4. IPB Cinchona alkaloid deriVatiVES ... eeeeeeeeiiiiiiiieieeeeeeeeesssssseieeeeee e e 20
1.5. A critical evaluation of known IPB Cinchonaiglatives and assessment of open
(0 (B T=T1 1[0 I TP PUPPPPPPP PPN 45
1.6. Aims, contents and plot Of the ThESIS. e i 49
CHAPTER -2- DESIGN AND SYNTHESIS OF CLICKABLE CINCHONA
ALKALOID DERIVATIVES ...ttt e e e e e e ee e 51
N Y 11 1= O] (= L (=T | 53
2.2. Preparation of clickable pyridazine-core dimé&inchonaalkaloid-derivatives............ 54
2.2.1 Preparation of 3,6-dichloro-1,2,4,5-tetrazif®®) .............cccceeeeeeerveeiiiiiiees 56
2.2.2 Preparation of 3,6-dichloro-4-(hex-5-ynyD)@azine..............cccooovriiiiiiiiiiienne o 59
2.2.3. Preparation of clickable ligands 100 a,b,C..........cooooiiiiiiiiiiiiiii e 59
2.3. Preparation of clickable triazine-core diméinchonaalkaloid-derivative. ................. 62
2.3.1. Route-a: Preparation of 2,4-bis(10,11-dilgr®O-quinidinyl)-6-chloro-1,3,5-
L= V4T 1IN (0 SRR 64

2.3.2. Route-b: Preparation of 2,4-dichloro-6-(prap/nyloxy)-1,3,5-triazine (108a) and
Preparation of 2,4-dichloro-6-(but-3-ynyloxy)-1,3rkazine (108b).........c.ccccceeiiininnns 65.
2.4. Preparation of clickable anthraquinone-coneedic Cinchonaalkaloid-derivative. ...... 68
2.4.1. Preparation of (6-iodohex-1-ynyl)trimethidsie (113c)
2.4.2. Preparation of 4-(6-trimethylsilylhex-5-yoy})phenylboronic acid (115). .............. 69



Table of Contents

2.4.3. Preparation of 6-bromo-1,4-bis(10,11-dihy@&®-quinidinyl)-anthracene-9,10-

(o T L= (1 5 0 ) U 70
2.4.4. Preparation of 1,4-bis(10,11-dihydro-9-O-gdinyl)-6-(4-(hex-5-ynyloxy)
phenyl)anthracene-9,10-dione (114D) ... oeeee e 71
2.5. Preparation of clickable propargyl alkaloididatives...............cccoviiiiiiiiiiiininnnn. 73
2.5.1. Preparation of propargyl QN/QD. .......ccceeeiiiiiiiee e e 73
P @] o Tox 18] o] o TSSOSO PPPPPPPPPP 75
CHAPTER -3- PREPARATION OF POLYMER SUPPORTS ....coociiiiiiiiiiceciee 77
G 00 I 1 11 o o {3 ox 1o [ SRR PR PPPPPTRPPRRRRN 79

3.2 Azidomethy! poly(styrenee-divinylbenzene) resins (Merrifield and ArgoPB¥etype).79

3.2.1. Preparation of gel-type and macroporous eaidthylpolystyrene resins. ............... 82
3.3 Azido-functionalized PS supports with oligogdéme oxide) cross-linkers. ................... 83
3.3.1. SYNLNETLIC SIrAtEY ....ceeeiiiiii e e+ttt e e e e e e e e e e e bbb e e e e eeees 85
3.3.2. Synthesis of the MONOMEIS......... e 86

3.3.3. Synthesis of cross-linked azidomethylpalyse/supports ...........cceeeeeeevieeveiiiinns 87.
3.4. Porous monolithiC poIYMEr SUPPOIS. ... o eeeeeeiiiiiiiiiiee e e e e e e e e e e e e e e e s e veeeeeeeeeeeaennns 90

3.4.1. Attempts to prepare azidomethyl PS macramoneonoliths. ..........cccceeeeeiiiiiiinennnn, 92
3.5. Preparation of Poly-HIPE MALEIIAIS ..... .o eeeeeiiiiiiiieeiiiieeeiii e eeeee e 94
GBS o] o (1] o 3 95

CHAPTER -4- IMMOBILIZATION OF ALKALOID DERIVATIVES ONTO
POLYMER SUPPORTS AND PREPARATION OF MODEL COMPOUNDS ............. 97

g R 0 o o 18 o 1o o ISR UPPPPPPPUTPPPRRTR 99
4.2. Immobilization ofCinchonaalkaloid derivatives onto polymer supports............... 104

4.2.1 Preparation of pyridazine-core Cinchona atkdlsoluble model compounds

1558,0,C N 154 ... ———————————————— 105
4.2.2. Preparation of immobilized pyridazine-corna¢hona alkaloid derivatives 100a,
100b, 100c on azido-polystyrene resing 122X an@.122.........ccccceeveeeeeeeeeeeeeeeeeennninns 106
4.2.3. Preparation of immobilized Cinchona alkalditivatives on polymer beads 133v
=L 0 101 I 1C 72T 107
4.3. Anthraquinone-cor€inchonaalkaloid derivative 114b. ........cccoooviiiiiecccceeeeeiiiiiies 109

4.3.1. Preparation of the soluble 158b and the imitimed 158a anthraquinone-core

Cinchona alKaloid AeIVALIVE ..... ... 109



Table of Contents

4.3.2. Preparation of immobilized Cinchona alkaldetivative 158C..............ccceeeeeerennnne. 110
4.4. Propargyl alkaloid deriVatiVES..........cccocmuiiiiiiiiiiiiiiiieeeeeee e 111
4.4.1. Preparation of soluble model compounds 188h160b. ..., 111
4.4.2. Preparation of the immobilized Cinchona &dkd propargyl derivatives 159a and
L0, i —————— et e e ettt e e e ee et nn————— e aaetr e arear s 112

4.5. Preparation of the soluble model compound ®bitriazine-cor&€inchonaalkaloid
(0o L= LA PSP PPPPPPPPI 113
4.6. Attempt to immobilize the alkaloid derivati¥80a onto the azido functionalized
POIYHIPE Material. ........eiiiiiiee e 114
B o o 11 153 (o] £ 116

CHAPTER -5- ASYMMETRIC TRANSFORMATIONS USING POLYME R

SUPPORTED CINCHONA ALKALOID ORGANOCATALYSTS ..o 117
5.1. Asymmetric dimerization Of KEIENES ......ccciiiiiiiiii e 119
5.1.1. Asymmetric dimerization of ketene usingldelmodel catalysts..................cceee.. 122

5.1.2. Heterogeneous asymmetric dimerization @frle=t using IPB Cinchona alkaloid
OEIIVALIVES. ..ottt s oo e e e e e et e ettt et eeb ettt e e e e s eeenea s s e e e eeeeeeeeeeeeeeeennnnnes 124
5.2. Asymmetric alcoholysis of cyclimeseanhydrides..............oooeviiviiiiiiiiniieeneeecienn. 128
5.2.1. Asymmetric methanolysis of cis-1,2,3,6-bgtdaophtalic anhydride using soluble
(Lo =TI oTo o 0] o 18] o LSS 130
5.2.2. Asymmetric methanolysis of cis-1,2,3,6-bstdaophtalic anhydride using the IPB

OrgaNOCALAlYSE L58C. .. e i e e e e e e e e 132
5.3. Dynamic kinetic resolution of mandelic acididatives.................ccoovvviiiiiiiiennnnnnn. 135

5.3.1 Screening of soluble models 155a and 16@eiiDKR of rac-5-phenyl-1,3-

IOXOIANE-2,4-TIONE. ...oeiiiiiiiee e eerree e e a e e e e e e e e 138
5.4. Asymmetric halolactonization reaction............cccceeeeiiieeeeeiiiiieeee 141

5.4.1 Screening of the soluble model 155a in tlyenasetric chlorolactonization of 4-(4-

fluorophenyl)pent-4-en0iC ACI. ..........cciscoceeeeeeeeeee e e e e e e 143
5.5. Asymmetria-amination Of 2-0XiNAOIES ........cccoiiiiei i et e e e e 145
5.5.1. Asymmetrie-amination of 3-substituted-2-oxindoles. .....ccccceeeiiiiiiiiiiiiiiiennen. 147
5.6. Recycling study of IPBinchonaalkaloid catalysts............cccooiiiiiiiis s 156
5.6.1. Recycling in the dimerization Of KeteNeS. cea...ccvvvvvvvviiiiiiiiie e, 157
5.6.2. Recycling in the alcoholysis of meso-antth@di..........cccoooeeeeeiiiiiiiiie e 163



Table of Contents

5.6.3. Recycling in the asymmets@mination reaction .................vveviiicveceiicinnnennn. 164
5.7 CONCIUSIONS ...t e e e e e e e e e e e e et e e e e e eeeanns s eeeeeasanneaeaaeens 170
CHAPTER -6- CONCLUSIONS ... ettt e e e e 173
CONCIUSIONS ... eeee e e e e e e e e e e e e e e e e et e e e e e et e e e e s e e e e eaeeeaaaeaeeeeees 175
(U] o] o= A0 o PSSP 181
CHAPTER -7- EXPERIMENTAL SECTION ....uuttttiiiiiiiiiiiiiiiiiiieieeeeeeeeeeeeeeeeeasanssnnnnnnnes 183
7.1. General Methods and MaterialS .........cccceeeeiiiiiiiiiee e 185
7.2. Experimental section for Chapter-2 .....coeeeeeveeiiiiiiiieeceeeee e 186

7.2.1 Preparation of clickable pyridazine-core Chooa alkaloid-derivatives (100a,b,c

=T I 0 1 RS TSOPRPRR 186
7.2.2 Preparation of clickable triazine-core dime@€inchona alkaloid-derivatives
(0TG- T o) O PRTUOPPPPR 192
7.2.3 Preparation of the clickable anthraquinoneecdimeric Cinchona alkaloid-
derivatiVes (LL14D). ..ot e e e e e e a e e e e e e e e e e e e e e e e raaaaa—a. 197
7.2.4. Preparation of the clickable propargyl Cincla alkaloid-derivatives (120a and
1020 o ) RSO PPRRRRSSTPPRRI 202
7.3. Experimental section for Chapter-3 ... 203

7.3.1. Preparation of azidomethyl Merrifield (122x)d ArgoPor&" (122y) resins......... 203

7.3.2 Synthesis of azidomethylstyrene and of @tbglene oxide) polar monomers and
(0 £0 TS 1T 1= PP 203

7.3.3 Preparation azido-functionalized polystyreagports with oligo(ethylene oxide)

CrosSS liNKers (133V @Nnd 1332Z). ....uuuuurieiimmmece et e e e e et re e e e e e 205
7.4.4. Preparation of polymeric monolith (134) . eceeeeeeiiiiieiiiiiiiiiie e eeeeeen 207
7.4.5. Preparation of poly-HIPE.............ooooricie e 208
7.4. Experimental section for Chapter-4 ... 209

7.4.1 Preparation of pyridazine-core dimeric-Cinalacalkaloid soluble model
COMPOUNAS (1558,10,C). .uuuueiiiiiiie e e e e e e e e e e e e e e e e e e e e e e e 209
7.4.2. Preparation of the pyridazine-core monomelinchona alkaloid soluble model
COMPOUNT (L54). .ot e e e et ettt e et s r e e e e e e e e aaaaeeas 211
7.4.3. Preparation of IPB pyridazine-core Cinchailkaloid derivatives (156a/x, 156aly,
156b/x, 156b/y, 156¢/X, 157a/V, 157a/Z, 157CIZ)uuueueeiiieiiiiiiieiiee e eeeeeeee e 212



Table of Contents

7.4.4. Preparation of the anthraquinone-core Cinthalkaloid soluble model compound
(ST 51 o) SRR 213
7.4.5. Preparation of IPB anthraquinone-core Cinohalkaloid derivatives (158a, 158c).214
7.4.6. Preparation of propargyl Cinchona alkalowolgble model derivatives (160a and

1010 ) PP 215
7.4.7. Preparation of IPB propargyl Cinchona alkaaerivatives (159a and 159b)....... 216
7.4.8. Preparation of the 1,3,5-triazine-core Cionh alkaloid soluble model derivative
T3 TSRV 217
7.5. Experimental section for chapter-5 ... 218
7.5.1. Catalytic asymmetric dimerization of ketenes..........ccccevvvvvvviiiiiiieni e, 218
7.5.2. Asymmetric methanolysis of cis-1,2,3,6-tstdaophthalic anhydride. ................... 220

7.5.3. General procedure for soluble model-Cinchalkaloid-catalyzed dynamic kinetic
resolution of 5-phenyl-1,3-dioxolane-2,4-diONe. ............ceiiiiiiiiieeiiiiieeeeeeeeeees 221
7.5.4. General procedure for soluble model-Cinchalkaloid-catalyzed
chlorolactonization of 4-(4-fluorophenyl)-pent-deaniacid..................cccevvvvevvriinnnnnnne. 222

7.5.5.0-AmINation Of 2-OXINAOIES. ... cuneeie e et e e reanannas 223

Xi



Table of Contents

Xii



Abbreviations

AA

AD
AIBN
AMST
ag.
AQN
Ar
BET
BINAP
Bn
Boc
Cat.
CBz
CD
CN
CSP
CuAAC
DCDPH
DCM
DEAD
DHQD
DHQN
DIAD
DIPEA
DKR
DMF
DMSO
DVB
eCD
eCN

ee

ABBREVIATIONS

Asymmetric aminohydroxylation

Asymmetric dihydroxylation
Azobisisobutyronitrile

Azidomethyl styrene

Aqueous

Anthraquinone-1,4-diyl-

Aryl group

Brunauer Emmett Teller surface area
2,2'-Bis(diphenylphosphino)-1,1'-binaphthyl
Benzyl group

tert-Butyloxycarbonyl group

Catalyst

Benzyloxy carbonyl group

Cinchonidine or 9-O-cinchonidinyl
Cinchonine or 9-O-cinchoninyl

Chiral stationary phase

Copper-catalyzed azide-alkyne cycloaddition
N,N’-dichlorodiphenylhydantoin
Dichloromethane

Diethyl azodicarboxylate
10,11-Dihydroquinidine or 9-O-10,11-Dihydronidiny!
10, 11-Dihydroquinine or 9-O-10,11-Dihydroqunyl
Diisopropyl azodicarboxylate
Diisopropylethylamine
Dynamic kinetic resolution
Dimethylformamide

Dimethyl Sulfoxide

Divinylbenzene

Epicinchonidine

Epicinchonine

Enantiomeric excess

Xiii



Abbreviations

GLC
HEMA
HIPE
HPLC
IED-DA
IL’s
IPB

IUPAC
KR
MCM-41
MMA
MTBE
NMO
NMP
NMR
PEG
PHAL
PMHS
PS
PTC
PVA
PYZ
QD
ON

Ethylene glycol dimethacrylate
Epiquinidine

Epiquinine

Equivalent

Electron spray ionization mass spectrometry
Ethyl

Fluoren-9-ylmethoxycarbonyl

Gas chromatography

Gas liquid chromatography
Hydroxyethylmethacrylate

High-internal phase emulsion
High-pressure liquid chromatography
Inverse electron-demand Diels-Alder reaetio
lonic liquids

Insoluble polymer bound

Infrared spectroscopy

International Union of Pure and Applied Chstmy
Kinetic resolution

Mobil Catalytic Material Number 41
Methyl methacrylate

Methyl tert-butyl ether
N-Methylmorpholine-N-oxide
N-Methylpyrrolidone; solvent

Nucler magnetic resonance spectroscopy
Poly(ethylene glycol)
Phthalazine-1,4-diyl-
Poly(methylhydrosiloxane)

Polystyrene

Phase transfer catalyst

Poly(vinyl alcohol)

Pyridazine

Qunidine or 9-O-Qunidinyl

Quinine or 9-O-Quininyl

Xiv



Abbreviations

(QD)P
(QD)P
Ry
ROESY
RTILs
SPAN-80
SPPS
TBHP
TCCA
TLC
TMS
uv
VBC

Propargyl quinidine

Propargyl quinine

Retention factor

Rotating-frame Overhauser enhancement secpy

Room temperature ionic liquids

Sorbitan monooleate emulsion stabilizer
Solid-phase peptide synthesis
Tert-butylhydroperoxide

Trichloroisocyanuric acid

Thin layer chromatography

Tetramethylsilane, also Trimethylsilyl

Ultra violet

Vinylbenzyl chloride

XV



Abbreviations

XVi



List of Figures

LIST OF FIGURES

Figure 1. General methodologies for catalyst imidtion..................ccccccvviviniiiiiiiannas 9

Figure 2. Structure and numbering schem€iathonaalkaloids. ...............cooovviiiiiiceennn. 13

Figure 3.Cinchonatree a) Floweringinchonatree, b) Bark oCinchonatree, c) Flowers

(o) H @3] Tod gTo] g T L1 £ 7= PR 13
Figure 4. Representative 9-O ether and ester dB@&a..............ccccvvvvvviiiiieieiiiecee e 17
Figure 5. Epi- or nat-9-Amino(9-deoxy)alkaloids asttier bifunctional derivatives. ........ 18
Figure 6. Alkaloid quaternary ammoOniUM SAILS . ceeeeeeereieieiiiiiieee e eeeeeee e 19
Figure 7. Thiourea and amide CB’-derVatiVeS. ..c.........coevviiiiiiiiiiiiin e eeeee e 20

Figure 8. Anchoring sites in the alkaloid core gederal architectures of IPB materials. . 22

Figure 9. Some asymmetric reactions catalyze@ibghonaalkaloid derivatives.............. 23
Figure 10. Purported structures (see text) of IRBemials obtained by direct
copolymerization of alkaloid deriVatiVes. .....cccc.ooovieiiieiiiiiiiiei e, 25
Figure 11. IPB alkaloid derivatives obtained byfgna/tethering at C10 or C11 .............. 27
Figure 12. Spaced IPB alkaloid derivatives obtaimgdopolymerization. ....................... 30
Figure 13. Spaced IPB alkaloid derivatives obtaimgdrafting/tethering...................... 32
Figure 14. IPB alkaloid derivatives obtained by @gmerization of 9-O monomers. ....... 34
Figure 15. IPB alkaloid derivatives prepared byftgrg/tethering through the 9-O position.
............................................................................................................................. 37
Figure 16. IPB dimeric alkaloid derivatives anchibtierough the (hetero)aromatic spacer.
............................................................................................................................. 39
Figure 17. IPB alkaloid derivatives obtained byfgna/tethering through N1................... 42
Figure 18. IPB alkaloid derivatives linked throuijle 6’-O pPoSItioN. .........cccceeeiveeeeeeen. 43
Figure 19. IPB amino and bifunctional alkaloid datives..................cceeeeiiviiiieeeevs s 44
Figure 20. The three mandatory aspects for pra@malications of IPB systems ............. 45
Figure 21. A polystyrene-supported Schiff baselgsta..................cccccvviiiiiiiiiiiiiieenenn. 46
Figure 22. Different types @@inchonaalkaloid derivatives planned to be synthesizedb3.
Figure 23. Numbering scheme of the alkaloid demealOl. ...............ccoeeeeeeiiiiiiiiiiiiiins 61
Figure 24. Clickable anthraquinone-core dim&inchonaalkaloid-derivative.................. 69

XVil



List of Figures

Figure 25. a) Optical photograph of (left) gel-typead, (right) macroporous bead, and
(centre) mixed morphology; b) Scanning electrooragraph of a macroporous resin
fracture section (taken from ref. 121).....ccooeveei i 80

Figure 26. Solvent response of gel-type resahswelling of the glassy core to form an

expanded gel in a good solveby;contraction of swollen gel on addition of a bad

solvent with bursting of the resin due to osmokiock. (taken from ref. 121)............ 81
Figure 27. Preparation of PS resins with oligo(kthg oxide) cross-linkers. ..................... 84
Figure 28. Apparatus for suspension polymerization..................uvviiiiiiieeeeeeeeeeeeenn. 88

Figure 29 a) Materials 133v and 133z, formed bysasion polymerization b) magnified
image of polymer 133z from an optical MiCrOSCOPE........cceeeeriiiiiiiiiiiiiiiiieeee 9.8

Figure 30. a) Preparation of macroporous monolthnmolding’ process (taken from ref.

137), b) capillary column cross-section (taken fi@ 136C)............cccceevvvvvvevininnnnnns 91
Figure 31. Scanning electron micrograph of VBC/DR&y-HIPE monolith (taken from

L= PR 10 ) TR PP PPPPPPPTTPPPN 92
Figure 32. Glass mold for POlyHIPE preparation. ........ccccceeeeiiiiiieeeeeeeeeeeeeeeeeeeee, 94
Figure 33. IPB enantioselective ligands or catalgdttained by ‘click-chemistry’. ......... 102

Figure 34. Examples of recoverable enantioseletifjamds and catalysts obtained through

ClICK-CREMISTIY ...t e e e 104
Figure 33. a) PolyHIPE monolith, b) PolyHIPE mailietl with reaction mixture............ 115
Figure 34 Different routes for ketenes generation................cccovvvvvevieviiviiiiisseeeeennns 120

Figure 35. Soluble alkaloid derivatives employethi@ asymmetric dimerization of

KBEEINES. .. et e e e e e e e 122
Figure 36. IPB-catalysts used in the asymmetricediration of ketenes...........ccccccceee.. 125
Figure 37. Proposed mechanism for catalyteseanhydride ring opening reaction ....... 130

Figure 38. Soluble alkaloid derivatives employedhi@ methanolysis afis-1,2,3,6-

tetrahydrophtalic anhydride. ... e 130
Figure 39. IPB-catalyst used meseanhydride ring Opening .............ccccvvvvmeaaerennnns 133
Figure 40. Classical Kinetic ReSOIULION.........cccevvviiiiiiiiiiiiee e eeeeeeeeeeeeees 135
Figure 41. Enantioselective synthesis of diastemoer via DKR ................ccooevvivviinnnnn, 136

Figure 42. Catalyst recycling in the dimerizatidrketenes with a) 159a (5 mol%); b)

156aly (2.5 mol%); c) 156aly (5 mol%) and d) 156&2/xn01%). ..........cevvvvrrvnnnnnnnn. 159
Figure 43. Asymmetric dimerization of methylketené¢he presence of the soluble
EFVALIVE B. ...ttt ettt e e e e ettt e e e e e e s e s a i nnanebeeeees 160

Xviii



List of Figures

Figure 44. Enantioselectivitys. productivity for soluble (6) and IPB (156a/x) catstbk (for
the meaning oP, P, andeg see the teXt). ....ccccovveiiiii e 162
Figure 45. Recycling imeseanhydride ring opening using catalyst 158c. .............. 164
Figure 46. Asymmetria-amination of 202a in the presence of variable anteoaf the
soluble derivative 6 (the data corresponding te3mol% of catalyst were obtained
With 300 h reaction tIME) ..........eiiii i e e e e e e e e eee e e e e e 165
Figure 47. Recycling of 156a/x (20 mol%) in ti@amination reaction of 202a................ 166
Figure 48. Enantioselectivitys. productivity for 6 at various loadings (broken cerand in
the recycles of 156a/x (20 mol%; solid curve) ia #symmetrici-amination of 202a

(for the conditions, see Figure 46; for the meamhB, Pn, andeg see the text). ... 167

Figure 49 Typical assembly for N@roducCtion ...............ceeeeiiiiiieeeeees i 188
Figure 50: polyHIPE glass MOId. .........coooiiiiiiii e 208
Figure 51. Schlenk tube used for heterogeneousrasyme transformations................... 219

XiX



List of Figures

XX



List of Schemes

LIST OF SCHEMES

Scheme 1. a) Catalyst prepared by radical copolyatéwn of styrene monomers. b)
Anchoring on to the preformed SUPPOIT....... .o eeeeeeeriiiiiiiiiieeeeeeeeeeeeeeeeeeeieeeene. 12
Scheme 2 Preparation of clickal@@enchonaalkaloid derivatives..................cooovvieeeeen.. 54
Scheme 3. Retrosynthetic approach for the syntloéstéickable phthalazine derivative’.55
Scheme 4. Routes tried for synthesis of ‘modifiedhidrophthalazine derivatives’ (85, 86)

Scheme 5. Retrosynthetic hypothesis for synthdgiakable pyridazine derivative 90... 56
Scheme 6. Sequence of reactions for the preparatti®ro-dichloro-1,2,4,5-tetrazine (96)57

Scheme 7. Synthesis of functionalized aromatiCe&PB8 ..............cooovvviiiiiiiiiiiiiinet 59
Scheme 8. Synthesis of modified dimeric pyridazig@nd.................ccceeeeevvviiieeieiinnnend 60
Scheme 9. Preparation of 1,3,5-triazine derivalid®, 103.............coovrrrriiiiiiiiiiiiee oo 62
Scheme 10. Synthetic routes explored for the pegiosr of 106a-b..........ovvveeieennnn. 3.6
Scheme 11. Reagents and conditions: a. KOH (2.0tv @gToluene, reflux (Dean-Stark),
o PP 64
Scheme 12. Synthesis 0f the 108a..........cccceeeeeiiiiiiiiie e 65
Scheme 13. Synthesis Of the 106a..........ccoeiieieiiiii e 66
Scheme 14. Preparation Of the 106D .........coouviiiiiiiiiiiiii e 67
Scheme 15. Literature preparation of recoveralileraquinone derivatives @inchona
=1 = 1 (0] [0 LS PUPTPTPPPT 68
Scheme 16. a: EtMgBr, THFAR), A ; b : TMSCI ; ii) Nal, acetone, reflux. .......u........ 69
Scheme 17: SYNTNESIS OF 115 .....cooiiiiiii ettt e e 70
Scheme 18. a: i)NaOH,.B, Br,, 90°C; ii) SOCJ; b: 1,4-difluorobenzene(119) (11.6 eq.),
AICl3 (4 eq.); c: polyphoSphoriC acid.............ucceeiiiiieeiiiiieeee e, 70
Scheme 19. a) DHQD (2.5 equiwvaBuLi (2.5 equiv.), THF, r.t. (18h) and 40°C (18h);
DHQD (2.05 equiv.), NaH (2.1 equiv.), DMF, r.t,, B8.........ccoooiiiiiiiiiiiiieeeee 72
Scheme 20. Preparation of 120a and 120D.....eeeeeeeiiiiiiiiiiiieee e 73
Scheme 21. Preparation the azidomethyl reSiNS e .vvveciiiiiiiii e, 83

Scheme 22. Preparation of IPB aminoalcohol dexeatonto PS resins embedding
oligo(ethylene oxide) CroSS-lINKErS. .........ceeeeiiiiiiiiiii e 85
Scheme 23. Preparation of the Cross-linker 127...........coviiiiiiiiiiieeeeeeeeeen 86

XXi



List of Schemes

Scheme 24. Preparation of the polar monomer 128...............uiiiiiiiiiiiieiiiiieeeeeeee, 86
Scheme 25. Preparation of the azidomethyl mono@@r.1..............coooiiiiiiiiiiiiineeee 87
Scheme 26. Synthesis of polymer SUPPOrt 133V.......cceeeeeiiieeeeieeieeeeeeeeev e 88
Scheme 27. Synthesis of polymer support 133zZ.. e.evvveiiviiiiiiiiieeeeeeeeeeeeeeeeveeeeee 88
Scheme 28. Preparation of monoliths containingamethyl group. ..., 92
Scheme 29. Azide-alkyne cycloaddition under theramal catalytic conditions................. 99
Scheme 30. Proposed mechanism for the Cu(l) cat@dliReaction between organic azides
and terminal @lKYNES..........uuuiiii e 101
Scheme 31. Preparation of the dimeric soluble moao@pounds 155a-C ..............ccee.... 105
Scheme 32. Preparation of monomeric soluble mamlepound 154................cccvviinneee. 106

Scheme 33. Immobilization of pyridazine-c&@mchonaalkaloid derivatives on azide-

functionalized polymers. Reagents and conditioasCul (5 mol%), DIPEA, CkCl,

Scheme 34. i) Immobilization of (QEPMYZ-alkyne onto beads 133y, ii) Immobilization of
pyridazine-core alkaloid derivatives onto beadsz1 Bagents and conditions: a) as in
S Tod 1= 0 0 L= TSP UUURPRPPR 108

Scheme 35. Preparation of soluble and insolubl&aguinone-care quinidine derivatives.

Scheme 36 Immobilization of (DHQRAQN-alkyne onto beads 133z. Reagents and
conditions: @) as inN SChemMe 33. ... e 111

Scheme 37. Preparation of soluble model compou@B3R-Tr and (QN)P-Tr. Reagents
and conditions: (a) as in SCheme 33........c e 112

Scheme 38. Preparation of the immobiliidchonaalkaloid derivatives (QD)P-Tr/x and

(O 1NN L I 7 0 PR 112
Scheme 39. Preparation of soluble model compoud\d-iriazine-core (DHQDRYZ (161).

Reagents and conditions: @) as in Scheme 33......cccooiiiiiiiiiiii e 113
Scheme 40. Historic discovery Of KEtENE .......ooevviiiiiiiiiiii e 119
Scheme 41 Asymmetric ketene dimerization by Cailtef coworkers..............cccevvvvnnnne 120

Scheme 42. Proposed mechanism for the ketene datier reaction catalyzed by alkaloid

EIVALIVE. ... e e e e et e e e et et e e e e e e e e e e 121
Scheme 43. Asymmetric alcoholysisméseanhydrides..............ccocciiiiiiiiiiiiieennee 128
Scheme 44. One of the first examples of DKR by Véeybet al............coooevvvvviciiiennnnnn. 137
Scheme 45. DKR of 5-aryl-1,3-dioxolane-2,4-dioNes...........ccceeeeeieeiieeeeeeeeeeeeeeiiiies 138

XXil



List of Schemes

Scheme 46. (DHQDRPHAL mediated chlorolactonization............ceeeeeevvviiieeieiiiiiinennn. 142
Scheme 47. Asymmericamination of 3-substituted 2-oxindoles......cccccceeveeeeeeeennn.n. 146
Scheme 48. Proposed mechanism ofHagnination reaction .............ccccceeeiiivimceen.. 147
Scheme 49. Preparation of 3-substituted-2-oxindolestrates .................cccceeevvvvennnns 148
Scheme 50. Enantioselective C-H insertion with cidyle Rh(ll) catalyst 204............... 156

xXxiii



List of Tables

LIST OF TABLES

Table 1. Preparation of cross-linked polymer mahslivith different compositions.......... 93
Table 2. Loading of alkaloid on to the polymer SOIf® .........ccooeeeeeiiiiiiiiiiiiiiiiieees 107
Table 3. Loading o€inchonaalkaloid derivative on polymer beads 133v and 133z.108
Table 4. Loading o€inchonaalkaloid derivatives 120a,b on resin 122X....cceev.......... 113
Table 5. Results in the asymmetric dimerizatiokaiEnes with soluble alkaloid

(0T Y= (YT 123
Table 6. Results in the catalytic heterogeneoustergelective dimerization of ketenes. 125

Table 7. Asymmetric methanolysis@é-1,2,3,6-tetrahydrophtalic anhydride............ 131
Table 8. Dynamic kinetic resolution of 5-phenyl-tiidxolane-2,4-dione........................ 139
Table 9. Chlorolactonization of 4-(4-fluorophenyj-4-enoic acid...............cccoeeeeeeennnnns 144
Table 10. Screening of soluble pyridazine orgaragsts in the asymmetricamination of
2-0XIN0OIE SUDSIIAIES. ...uvviiiiiiiiiiiie e sttt e e e e e e e 152
Table 11. Heterogeneousamination of 1-benzyl-2-oxindoles...........commeeeeeeeeeeeeeee... 154

Table 12: Preparation of immobilized pyridazineecGinchonaalkaloids on to the resins.

XXIV



CHAPTER -1- INTRODUCTION



1. Introduction




1. Introduction

General introduction

Asymmetric synthesltss continuously performed by Nature in a very nleaanner
with the help of enzymés.From the research and development (R&D) and ocgani
chemical industry point of viewhe challenge is often to replace enzymes with camgs
(catalysts) that aravailable from natural sources, can be easily prepared in the laboratory,
and that may display similar selectivity but higlseability, lower cost, and wider substrate
scope than the former.

Historically, this goal has been pursued since lginning of 28 century, with
Cinchona alkaloids used as early as 1913 in a pioneeringmpla (formation of
enantioenriched cynohydrirt8)of what has then become known as ‘organocatal§8is’
Afterwards, the 50’s of the past century witnessieg first serious attempts to exploit
chirally modified metal catalystsand through the admirable efforts in the 70’s,s8@nd
90’s, opened the way to the establishment of asynuneatalysis as a key technology for
satisfying the increasing demand of enantiopure pmamds from the pharmaceutical
industry as well as from the agrochemicals, fragearand flavors fields.

These achievements, culminating in the Nobel RBimred by William S. Knowles,
Ryoji Noyori, and K. Barry Sharpless in 2001 inagnition of their work on homogeneous
asymmetric hydrogenation and oxidation reactiorsnder asymmetric catalysis a mature
but still growing branch of science, with hundredsiew catalytic systems and applications
reporting each year.

! Asymmetric synthesis is a reaction or reactiorusaqge that selectively creates one configuratiomnefor more new
stereogenic elements by action of chiral reagenméagiliary, acting on heterotopic faces, atomsymups of a given
substance. Gawley, R. E.; Aube, J.; Editemsnciples of Asymmetric Synthesislsevier,1996

2 a) Schmid, R. D.; Verger, RAngewandte Chemie International Editid®98 37, 1608-1633p) Kazlauskas, R. J.;
Bornscheuer, U. THydrolases in Organic Chemistriley-VCH, Weinheim, Germany,999 c) Boichem, Z.; Faber,
K. Biotransformations in Organic Chemistt8pringer, Berlin, 4th E®000.

8 Bredig, G.; Fiske, P. Biochemische Zeitschrift913 46, 7-23.

4 a) Jarvo, E. R.; Miller, S. Jetrahedror2002 58, 2481-2495p) Dalko, P. I.; Moisan, LAngewandte Chemie,
International Edition2004 43, 5138-5175¢) Berkessel, A.; Groerger, Asymmetric OrganocatalysjdViley-VCH
Verlag GmbH 2005 d) Buckley, B. R.; Farah, M. MAnnual Reports Section "B" (Organic Chemis2@)L1, 107, 102-
117.

5 a) Akabori, S.; Sakurai, S.; Izumi, Yature 1956 178 323-324)) Izumi, Y. Advances in CatalysiE983 32, 215-271;
c) Tai, A.; HaradaT. in Thailand Metal Catalyst&ditor; Y. D. Iwasawa, Reidel, Dordrecht, The Neltieds,1986
265-285

% a) Noyori, R.Asymmetric Catalysis in Organic Synthesishn Wiley and Sons Inc.: New York994 b) Jacobsen, E.
N.; Pfaltz, A.; Yamamoto, HComprehensive Asymmetric CatalyS@gpringer: Berlin1999 Vol. 1-3;¢) Qjima, |.;
Editor. Catalytic Asymmetric Synthesis, Third Editiafohn Wiley & Sons, Inc201Q d) See Ref.14ad) Busacca, C.
A.; Fandrick, D. R.; Song, J. J.; Senanayake, QAdvanced Synthesis & Cataly&811, 353 1825-1864.

"a) Knowles, W. SAngewandte Chemie International EditidB02 41, 1999-2007b) Noyori, R.Angewandte Chemie
International Edition2002 41, 2008-2022¢) Sharpless, K. BAngewandte Chemie International Editi@02 41,
2024-2032.
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However, when the attention is focused on the maobutcome of these continuing
efforts, it can be concluded that just a very snfi@ttion of known catalytic systems
actually meet the requirements for large-scale®usemany cases the origin of this
discrepancy can be traced back to the relativadh loading of the reported catalysts that,
depending on the specific application, can be aglas 10-50 mol%. In a real production
environment this often raises problems that rang® the need of complex schemes for the
purification of the product, to the mandatory resxvof the expensive components of
catalytic system (e.g. chiral ligands or metal coomqs).

In general, these problems tend to be less sevetbe case of heterogeneous
asymmetric catalysts that, according to Blaser beaolassified a3:

(a) Heterogeneous achiral catalysts made enantiesl’e by modification with a chiral
auxiliary.

The most representative and extensively studiednpbes from this class are the
Raney-nickel modified with tartaric acid (TA-MRNizumi's catalyst)® and Pt modified
with alkaloids (mainlyCinchonasystems, Orito’s catalystj.Both systems find use in the
asymmetric hydrogenation of carbonyl compoundsh wie former mainly indicated fda-
dicarbonyl substrates and the latter deketoderivatives. Besides, a few reports on the use

of chirally modified metal oxides for other applicans have also appear&d.

(b) Insoluble enantioselective systems with no leggneous or homogeneous precedent.
Generally, these are the macromolecular systemsewdwivation and stereocontrol
are connected to supramolecular effect. This ixHs®, e.g., of the polyaminoacids for the
Julid-Colonna epoxidation of electron-poor olefios the cyclic dipeptides for the
asymmetric hydrocyanation of aldehydes, both ofcWwhappear to work well only in a
gelled staté® Chirally-imprinted organic polymers have also beastudied as

8 Cole-Hamilton, D. JScience20032991702-1706.

® Blaser, H. U.; Pugin. B.; Studer, M. in Ref. 14a, pp 1-17

10 a) Osawa, T.; Harada, T.; Tai, Eatalysis Today 997 37, 465-480)) Tai, A.; Sugimura, T. in Ref. 14a, pp 173-209.

1 a) Blaser, H.-U.; Jalett, H.-P.; Muller, M.; Stud&t, Catalysis Today 997, 37, 441-463p) Baiker, A. in Ref. 14a, pp
155-171.

12 a) Choudari, B. M.; Valli, V. L. K.; Durga Prasad, &hemical Communicatiort99Q 1186-1187b) Meunier, D.;
Piechaczyk, A.; de Mallmann, A.; Basset, J.Angewandte Chemik999 111, 3738-3741¢) Hutchings, G. J.
Chemical Communicatiori999 301-306.

13.2) North, M. Synlett1993 807-820p) Berkessel, A.; Gasch, N.; Glaubitz, K.; Koch,GBganic Letters2001, 3, 3839-
3842;c) Whitcombe, M. J.; Alexander, C.; Vulfson, E. 8nlet200Q 911-923;d) Wulff, G. Chemical Revie\2002
102 1-27.
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enantioselective catalystpléstic antibodie}s together with chiral footprints on silica
surfaces and the use of zeoptepartially enriched in ‘polymorph A=¢¢

Despite the easy separation and sometimes, thebpibgssf re-use, these truly
heterogeneous asymmetric catalysts possess hoveesmope that is very limited in
comparison with the large number of known homogasesystems. In order to conjugate
the favorable features of either approach to asymeneatalysis, since the 70’s a very
active research topic in the field has hence baenimplementation of strategies for the
simplified separation and recovery of soluble getsl and ligand$**® Broadly speaking,
these efforts can be subdivided into two main gspulepending on whether the modified
catalyst retains its solubility in the reaction med during the catalysis phase or, on the

contrary, is made insoluble.

1.1 Soluble systems

In general, these kind of systems have been desélbp introducing functionalities
in the original homogeneous catalyst that providenes distinctive feature (e.g. high
molecular mass, water or fluorous phase solubiléic.) in comparison to the other
components of the reaction mixtdr8. By using this approach, the asymmetric
transformation can be carried out in a homogen@aaisner, often leading to comparable

activity and stereoselectivity as the unmodifiedteyn. At the end of the reaction, the

1 For general catalyst recovesee booksa) De Vos, D. E.; Vankelecom, I. F. J.; Jacobs, PEditors.Chiral Catalyst
Immobilization and Recycling, Wiley-VCH: Weinhe2®0Q b) Benaglia, M.; EditorRecoverable And Recyclable
Catalysts, John Wiley & Sons Ltd2009 c) Giacalone, F.; Gruttadauria, M. Edito@atalytic Methods in Asymmetric
SynthesisJohn Wiley & Sons, Inc2011, for insoluble systemsseed) Fan, Q.-H.; Li, Y.-M.; Chan, A. S. C.
Chemical Review8002 102, 3385-3466;¢e) Dickerson, T. J.; Reed, N. N.; Janda, Kdhemical Review2002 102,
3325-3344f) Salvadori, P.; Mandoli, A.; Pini, DXXVII Summer School “A. Corbell&2002,June 17-21, 211-232%y)
Benaglia, M.; Puglisi, A.; Cozzi, EEhemical Review8003 103 3401-3430h) Corma, A.; Garcia, HChemical
Review2003 103 4307-4366i) McMorn , P.; Hutchings, G. £hemical Society Revie®604,33 , 108-122))
Cozzi, F.Advanced Synthesis & Cataly2806 348 1367-1390k) Benaglia, MNew Journal of Chemistr3006 30,
1525-1533;1) Heitbaum, M.; Glorius, F.; Escher,Angewandte Chemie International Editid006 45, 4732-4762m)
Trindade, A. F.; Gois, P. M. P.; Afonso, C. A. @hemical Review8009 109, 418-514n) Kristensen, T. E.; Vestli,
K.; Jakobsen, M. G.; Hansen, F. K.; Hansen]olrnal of Organic Chemistr01Q 75, 1620-1629p) Heterogenized
Homogeneous Catalysts for Fine Chemicals Produ@iQ Vol. 33,P. Barbaro, F. Liguori, Editors, Springer
Netherlands, Dordrechp) Kristensen, T. E.; Hansen, European Journal of Organic Chemis291Q 201Q 3179-
3204.

15 For soluble systemseea) Bayer, E.; Mutter, MNature1972 237, 512-513p) Toy, P. H.; Janda, K. DAccounts of
Chemical Research00Q 33, 546-554c) Bergbreiter, D. E.; Sung, S. Bdvanced Synthesis & Cataly2i806 348
1352-13664d) Bergbreiter, D. E.; Tian, J.; Hongfa, Chemical Review8009 109, 530-582;¢) Chinnusamy, T.;
Hilgers, P.; Reiser, O. In Ref. 14a; pp 77-1)(Astruc, D.; Chardac, EZhemical Review2001, 101, 2991-3024p)
Méry, D.; Astruc, DCoordination Chemistry Revie\806 250 1965-1979h) Astruc, D.Tetrahedron: Asymmetry
201Q 21, 1041-1054j) Pu, L.Chemistry - A European Journa999 5, 2227-2232j) Pu, L.Macromolecular Rapid
Communication200Q 21, 795-809k) Madhavan, N.; Jones, C. W.; Weck, Atcounts of Chemical Resear2008
41, 1153-1165]) Sakthivel, S.; Punniyamurthy, Tetrahedron: Asymmet01Q 21, 2834-2840m) Bergbreiter, D.E.;
Liu, Y.-S.; Osburn, P.LJournal of American Chemical Sociét998 120, 4250-4251y) Bergbreiter, D. E. In Ref.
14a; pp 117-153.
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distinctive property can then be exploited for agdithe separation and recovery of the
modified catalyst. The main strategies dependinghts concept are briefly summarized
below.

1.1.1. Molecularly enlarged soluble system&®*® Soluble polymers have been used as
catalyst ‘supports’ since the pioneering work ofyBaand Mutter in the early 1970"%
Most of the work in this direction has involved thse of poly(ethylene glycol) (PEG) or
polystyrene (PS) as the macromolecular mat&fiaP*but dendrimers®™" linear chiral
polymers'™™ and thermomorphic polymér&"have also been used. As anticipated, these
molecularly enlarged catalysts may have a soldilan-behavior under appropriate
conditions, but can nonetheless be separated atemioe of the reaction by solvent
precipitation, membrane filtration, size exclusiahromatography, or temperature-
dependant phase separation.

1.1.2.Liquid biphasic systems and non conventional raaotmedia The use of aqueous
biphasic system¥, ionic liquids (IL’s).!’ supercritical fluids? and fluorous solvert&°
are all recovery strategies of current interese $titch to any of these techniques often
involves some drastic modifications in the reacttmmditions with respect to the original
catalytic procedures. Nonetheless, as far thesagelsacan be tolerated and the confinement
of the engineered catalyst realized in a phaseréifit from the one containing the reaction
products, an effective separation — normally byngsof two immiscible liquids - may
result. As in the previous case, the advantagehe$e approaches is that the catalyst
actually operates as a homogeneous one. Even hewegver, a satisfactory phase
distribution usually requires some extensive maedifon of the original catalytic system

by, e.g.introducing suitable hydrophilic, polar, ionic, ftworous tag groups.

1.2 Insoluble systems

At variance with the strategies discussed in thevipus paragraph, frequently

needing dedicated instrumentation (e.g. a membraaetor) or changes in the reaction

16 a) Cornils, B.; Herrmann, W. AAqueous-Phase Organometallic Catalysis, 2nd\®dey-VCH Verlag GmbH&Co.
KGaA, Weinheim, Germany004 b) Pozzi, G.; Shepperson,Goordination Chemistry RevieW#903 242, 115-124.

= a) Malhotra, S. V.; Kumar, V.; Parmar, V. Surrent Organic Synthes007, 4, 370-380)b) Xu, L.; Xiao, J. In Ref.
14b, pp 259-30C;) Ni, B.; Headley, A. DChemistry - A European Journ201Q 16, 4426-4436.

183) Jessop, P. G.; Ikariya, T.; Noyori, hemical Review$999 99, 475-494}) Leitner, W.Accounts of Chemical
Researct2002 35, 746-756,c) Cole-Hamilton, D. JAdvanced Synthesis & Cataly2B806 348 1341-1351d) Ogawa,
C.; Kobayashi, S. In Ref. 6¢c; pp 1-35.

19 a) Fish, R. H.Chemistry - A European Journa999 5, 1677-1680h) P. Barthel-Rosa, L.; A. Gladysz,QJoordination
Chemistry Reviews999 190-192 587-605) Soos, T. In Ref. 14b; pp 179-198.
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conditions, the separation, and recovery of indelutatalyst can be attained by much
simpler and more general procedures, like decamtafiltration, or centrifugation. These
techniques correspond to standard unit operationthe chemical industry and appear,
therefore, particularly appealing for large-scadgrametric synthesis. Moreover, insoluble
systems are potentially well fit for continuousvilgprocesses, as an alternative to the
traditional ‘round-bottom flask’ concefit.

Not surprisingly, these features stimulated a greaal of work on the
immobilizationof soluble systems onto (or within) insoluble soig, which resulted into a
large number of heterogenised homogeneous catabststed in the literature to ddteln
addition to the two cases discussed above, thetsgogenizedystems can be considered a
third class of insoluble enantioselective catalysith the same favorable recovery
properties of the truly heterogeneous ones bungaaatively large versatility:

In this respect, it should be noted that the conhadpheterogenizing a soluble
catalyst is apparently a very simple and generaland, as such, should prove effective in a
number of circumstances. Nonetheless, the experiancumulated in the course of more
than four decades demonstrated that the succesgildmentation of this strategy requires
to pay attention to several issues, the most impomf which are briefly discussed in the
next paragraphs.

1.2.1.Support type

In any case of immobilization, the support matemsdeds to be thermally,
chemically, and mechanically stable under the damw of the catalytic process.
Moreover, its structure should not interfere wiik tatalyzed reactiéhand the active sites
should be easily accessible, and usually also dispjersed. Generally, this requires the
support to have a reasonably high surface areaamndppropriate three-dimensional

structure to allow the unhindered diffusion to &mn the active site®

20 Mak, X. Y.; Laurino, P.; Seeberger, P.Beilstein Journal of Organic Chemist®p09 5, 19.

21 In some cases a favorable interaction with thg@srwas observed: see for examg)dohnson, B. F. G.; Raynor, S.
A.; Shephard, D. S.; Mashmeyer, T.; MashmeyerTfigmas, J. M.; Sankar, G.; Bromley, S.; Oldroyd,&adden, L.;
Mantle, M. D.Chemical Communicatiorik999 1167-1168p) Song, C. E.; Lim, J. S.; Kim, S. C,; Lee, K.-J.jh
Y. Chemical Communicatior00Q 2415-2416¢) Raynor, S. A.; Thomas, J. M.; Raja, R.; Johnsork.Bs.; Bell, R.
G.; Mantle, M. D.Chemical CommunicatiorZ00Q 1925-1926¢d) Fan, Q.-H.; Wang, R.; Chan, A. S. Bioorganic &
Medicinal Chemistry Letter2002 12, 1867-1871.

23) Song, C. E.; Lee, S.-G:hemical Review2002 102, 3495-3524p) Leadbeater, N. E.; Marco, Mthemical Reviews
2002 102 3217-3274c¢) Vankelecom, I. F. J.; Jacobs, P. A. In Ref. 1489pl) Fan, Q.-H.; Li, Y.-M.; Chan, A. S. C.
Chemical Review2002 102 3385-3466.
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Inorganic supports such as silica, zeolites, alagirconia, ZnO, clays, &twften
meet the latter requirements as, normally, theys@®s very large surface area and do not
require to swell in the reaction medium. Howevegbgity may be a problem under
reaction conditions and, as discussed also in ltdelhighly polar oxidic structure of these
materials can cause unwanted interactions witlcaalytic system®

In contrast, cross-linkedrganic polymers posses somewhat worse mechamdal a
thermal characteristicd® but they are readilgvailable in a range of structurasd can be
easily modified and tailored to attain specific pedies and function$?? >*Moreover, the
nature of the macromolecular backbone may be ysuwdibsen as to behave like an
innocent spectator in the catalyzed reaction. @nctbntrary, the main concerns with this
kind of supports may include the chemical stabibfyill-designed materialé® or, more
commonly, limitations in the accessibility of thatalytic sites.

In order to solve the latter problem two generadtegies can be pursued, relying on
the use of either a gel-type support (like chlorthylated PS containing 1-2% of
divinylbenzene, known as Merrifield’s resin) or @eroporous material, respectivéfyln
the former case, the slightly cross-linked resia teaswell in the reaction medium in order
to bring the polymer chains apart and to allowftke diffusion of reactants and products in
the three-dimensional structure; in turn, this rezgithe choice of a material backbone with
a good compatibility with the reaction solvent.clomtrast, macroporous resins are normally
highly cross-linked materials, with a permanent egldtively high surface area even in the
dry state. As such, they do not need to swell fenmptting the unhindered access to the
supported catalytic sites and can therefore be alsedin solvents that are non compatible
with the polymer material.

1.2.2.Nature of the catalyst-support linkage.
Also on dependence on the nature of the suppait, dstinct methodologies have
been developed for the heterogenization of homameeatalysts (Figure ).

23 Rechavi, D.; Albela, B. n.; Bonneviot, L.; LemaiM. Tetrahedror2005 61, 6976-6981.

24 3) Hodge, PIndustrial & Engineering Chemistry Resear2005 44, 8542-8553b) Wang, Z.; Yang, R. L.; Zhu, J. D.;
Zhu, X. X.Science China: Chemist01Q 53, 1844-1852.

% Mandoli, A.; Pini, D.; Fiori, M.; Salvadori, EEuropean Journal of Organic Chemis2905 2005 1271-1282.

2 Sherrington, D. CChemical Communicatior998 2275-2286.

2z a) Trewyn, B. G.; Chen, H.-T.; Lin, V. S.-Y. In Ref4l, pp 15-47b) McMorn, P.; Hutchings, G. £hemical Society
Reviews2004 33, 108-122.
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Figure 1. General methodologies for catalyst immobzation

Encapsulation.Encapsulation is the only technique in which naaative interaction
between the catalyst and the support is ne&deedthis kind of materials, the catalyst is
trapped within a three-dimensional insoluble sttt whose exit windows have a smaller
size than the catalyst itself and thus preventousvard diffusion into the bulk of the
solution.

The supported system can be prepared by aitl@ssembling the catalyst within the
pores of the preformed support (“ship in the bbdtiehnique) oii) assembling the support
around the catalyst (“Van der Waals wrapping”). &eally, the first approach is used when
the catalyst can be prepared by joining smallerusuts (e.g. formation of a metal-salen
complex in the cages of a zeolite) and the supgpatiable under the conditions required for
this latter task. By contrast, the second technmag be chosen when the catalyst is stable
under the conditions used for preparing the suppdrich may consist in the vulcanization
of silicone prepolymers or in the formation of bcsious matrix®

Although this kind of systems are in principle nemof the corresponding
homogeneous catalysts, as they are not chemicaligdto the support, restricted diffusion
of reactants and products (especially in the caseecformer approach) or leaching (in the

case of the latter) can be serious drawbacks here.

Adsorption.The anchoring by non-covalent interactions of mattigand or metal complex
onto the surface of a support is arguably one ef tfost straightforward methods for
achieving the heterogenization of an asymmetrialgst’’® However, as long as the

immobilization depends on weak interactions - whitdy range from Van der Waals forces

2 3) Ogunwumi, S. B.; Bein, TChemical Communicatiori997, 901-902; b) Blum, J.; Avnir, D.; Schumann, H.
ChemTect999 29, 32-38; c) Janssen, K. B. M.; Laquiere, |.; Deha#n Parton, R. F.; Vankelecom, I. F. J.; Jacobs,
P. A.Tetrahedron: Asymmet997, 8, 3481-3487.
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to hydrogen bonding-leaching is normally a majoohpem of the techniqu@. This
drawback limits the recycling of the catalyst amdedmines the contamination of the crude
product.?’

In a variation of the direct adsorption outlinescad and the liquid biphasic systems
discussed in the paragraph 1.1.2, the concept opprted liquid phase” has been
introduced recentl§’ This approach, that represents a hybrid of homege® and
heterogeneous catalysis, relies on the confineroktite catalyst within a thin film of a
suitable liquid phase adsorbed onto a porous stupf®expected, also in this case the main
limitations are caused by the need of preventirgléaching of both the supported liquid
and the catalyst into the bulk of the reaction omet It is therefore not surprising that the
examples reported to date appear essentiallyatestrio the immobilization of highly polar
or ionic catalysts (e.g. Box-Cu and sulfonated BINRu) in similarly polar supported

films (e.qg. ionic liquids, water, and ethylene gi)c**

lon pairing. Besides resins like some Amberlyst (sulfonated &&8) Nafion (sulfonated
perfluoroalkyl polymer), many porous solids likeolites, zeotypes, ordered mesoporous
silicates and layered materials, including clayd aydrotalcites, can act as ion exchangers.
This allows the immobilization of enantioselectwatalysts, either by exploiting the ionic
nature of the chiral substance itself (e.g. a ocatinetal complex, an ammonium salt, etc.)
or by introducing a suitable ionic group into th&usture of an otherwise neutral
compound.

Whilst there are some successful examples of hgge@epus enantioselective
catalysts prepared by this methodology that exdwbisignificantly improved catalytic
performances with respect to their homogeneoustequarts?’*?the main disadvantage of

this immobilization strategy is the high mobility the catalyst within the support. Even if

2 The stability of the supported catalyst has beenetimes improved by modifying the catalyst andsiyeport to allow
strong hydrogen bonding (Ref. 27b). This technididenot seem to find, however, a broad application.

%0 3) Riisager, A.; Fehrmann, R.; Haumann, M.; WasseisctP. Topics in Catalysi€006 40, 91-102;b) Riisager, A.;
Fehrmann, R.; Haumann, M.; WasserscheiduPopean Journal of Inorganic Chemis2906 695-706c) Van, D.,
Charlie; Wahlen, J.; Mertens, P.; Binnemans, K., YDeDirk. Dalton Transaction201Q 39, 8377-8390d)
Steinrueck, H.-P.; Libuda, J.; Wasserscheid, Reptér, T.; Kolbeck, C.; Laurin, M.; Maier, F.; SohpM.; Schulz, P.
S.; Stark, MAdvanced Material2011, 23, 2571-2587.¢) Jutz, F.; Andanson, J.-M.; Baiker, 8hemical Reviews
2011, 111, 322-353;

313) Wan, K. T.; Davis, M. EJournal of Catalysid995 152, 25-30;b) Evans, D. A.; Johnson, J. S.; Olhava, E. J.
Journal of the American Chemical Soci2f0Q 122 1635-1649

32 Selke, R.; Haeupke, K.; Krause, H. Yournal of Molecular Catalysis989 56, 315-28;b) Selke, R.; Capka, M.
Journal of Molecular Catalysi$99Q 63, 319-34;c) Langham, C.; Piaggio, P.; Bethell, D.; Lee, D.McMorn, P.;
Page, P. C. B.; Willock, D. J.; Sly, C.; HancockEF,; King, F.; Hutchings, G. £hemical Communicatiori998
1601-1602.
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1. Introduction

the ion-exchanged materials tend to be more sthhtethe adsorbed ones, described above,
this can still lead to the leaching of active spsar to aggregation problems (in particular

with metal complexes) that eventually may resuthia deactivation of the cataly&t.

Covalent anchoringThe covalent binding of a catalyst or a ligan@mainsoluble support is
one of the most explored and popular approach fesigtiing stable heterogenised
asymmetric catalyst. The success of this routeplge®oted in the Merrifield’s idea of
solid phase synthesi$can be justified on the basis of the ability of tthiral derivative to
bind unalterably to the support regardless of tttaa composition of the reaction medium.
Thus, properly design insoluble polymer bound (IRB$tems are virtually exempt from
leaching of the catalyst (or, in the case of metahplexes, at least of the chiral ligand),
without requiring major changes in the reaction ditons. In addition to the possible
reduction of activity or stereoselectivity, sometgnobserved with heterogenised catalysts,
the main disadvantage of this technique is prob#igysynthetic overhead required for their

preparation. This topic will be discussed in moetad in the paragraph 1.5.

1.2.3.Immobilization techniques for IPB systems

In the case of encapsulation, adsorption, and #nng the preparation procedure is
largely dictated by the immobilization strategyeltsOn the contrary, the goal of obtaining
an IPB system can be tackled by two alternativéesgunamely) the (co)polymerization of
a ‘monomer’ bearing the chiral catalyst or ligangsually with suitable achiral ‘diluting
monomer’ and cross-linking agent, see for exampglee8ie 1a oii) the anchoring of the
chiral derivative onto a preformed insoluble supg8cheme 1b). Interestingly, even if the
former approach has been largely employed for tepgration of materials with an organic
polymeric backbone, some examples have been gisotee where inorganic IPB systems

were obtained by this strategy (see for instanee#ragraph 1.4¥.

33 Andrew J., SJournal of Molecular Catalysis 2001, 177, 105-112.
34 Merrifield, R. B.Journal of American Chemical Socigi963 85, 21492154,
% See ref. no. 70, 71, 72, 73, 77, 88
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AN N N -
Radical
initiator

+ + Solvent
x

Scheme 1. a) Catalyst prepared by radical copolymeation of styrene monomers. b) Anchoring on to the

‘ D Preformed matenall

preformed support

Either of the two options has its own merits andwbacks. For example, the
copolymerization route often allows to obtain psety tailored materials, but it normally
requires to work with sensitive ‘monomers’ and nhegd to the burial of some chiral units
inside highly cross-linked regions. On the contyaitye anchoring approach generally
results in chiral units that are well accessibleh®y/ reagents in solution, but it is somewhat
limited by the availability of suitable functionaéid supports and by the efficiency of the
anchoring step itself 3

1.2.4.Use of a spacer group, grafting, and tethering.

Another design element that has to be taken intsideration when planning the
IPB heterogenization of an asymmetric catalyshésdpportunity of spacing the chiral units
from the support surface. The aim here would bertivide the catalyst with an optimal
solution-like behaviour by reducing any possibleeade effect of the polymeric support
backbone. In general, this goal is pursued by pta@ suitable ‘tethering’ (or ‘spacer’)
group between the chiral unit and the actual ligksite on the support. This can be done
either by embedding the spacer into the structbitbeofunctional monomer, in the case of a
copolymerization route, or by introducing it in tbeurse of the anchoring sequente.

In conclusion, it has to be noted that most of dbpects discussed above are well
documented when the specific case of [BiBchonaderivatives is consideréd’ Given the
central interest of these topics for the presemsid) after a brief outline of the importance

of Cinchonaalkaloids in organic chemistry they will be dissed in more detail in the 1.4.

3¢ |tsuno, S.; Sakurai, Y.; Ito, K.; Maruyama, T.;Kdhama, S.; Frechet, J. MJdurnal of Organic Chemistr¥99Q 55,
304-310.

%7 In the case of the anchoring strategy, a distindtias been made in the literature betwgrafting andtethering
depending on whether the chiral derivative is lohk@ the support directly or through a spacer groegpectively. See
for examplea) Maschmeyer, T.; Rey, F.; Sankar, G.; Thomas, N&ure (London}1995 378 159-62;b) Burch, R.;
Cruise, N.; Gleeson, D.; Tsang, S.C@hemical Communicatiori996 951-952) Subba Rao, Y. V.; E. De Vos, D;
Bein, T.; A. Jacobs, Zhemical Communication$997 355-356c) Tian, Z.-R.; Tong, W.; Wang, J.-Y.; Duan, N.-G.;
Krishnan, V. V.; Suib, S. LSciencel997276926-930;d) Abramson, S. b.; Bellocq, N.; Lasperas, pics in
Catalysis200Q 13, 339-345 (and ref. cited therein).
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1. Introduction

1.3CinchonaAlkaloids in Chemistry: A brief overview

The Cinchonaalkaloids (Figure 2) are intriguing organic compds obtained from
the bark ofCinchonatrees (Figure 3). These substances have a conmsigebehistory,
dating back to the early f7century when bark extracts were first introducetb ithe

European market following the discovery of theitimalarial propertie&®

g N R, = OMe
R; =OMe ! ) 1' QD Quinidine R, = vinyl
QN Quinine R, = vinyl DHQD Hydroquinidine R,=Et
DHQN Hydroquinine R, = Et R,=H
Ry =H CN Cinchonine R, = vinyl
CD Cinchonidine R, = vinyl DHCN Hydrocinchonine R, = Et
DHCD Hydrocinchonidine R, = Et
11 10
5
R;=OMe R; = OMe
eQN Epiquinine eQN Epiquinidine
R, =H R, =H

eCD Epicinchonidine eCD Epicinchonine

Figure 3. Cinchonatree a) FloweringCinchonatree, b) Bark of Cinchonatree, c) Flowers ofCinchonatree

38 a) Tropical plants database at http://www.rain-tremiplants.htmRaintree Nutrition Carson Cityp) Yeboah, E. M.
O.; Yeboah, S. O.; Singh, G. Betrahedror?011, 67, 1725-1762¢) Yang, F.; Hanon, S.; Lam, P.; SchweitzerT e
American Journal of Medicin009 122 317-321:d) Kacprzak, K.; Gawronski, Synthesi®001, 2001, 961-998.
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Today, approximately 700 metric tons @inchonaalkaloids are extracted annually
from the bark ofCinchonaledgeriara® and find applications as anticancer, analgesic,
germicide, fungicide, insecticide and antibacteagents, as well as digestion stimulants
and bitter flavoring agents for some drinks. Quimed(QD), is also employed in modern
medicine in the treatment of abnormal heartbeatfancklieving leg cramp®

The interest of the organic chemists féinchonaalkaloids began in 1820 when
Pelletier and Caventou isolated the basic chentlaatl provides the highest antimalarial
effect of the bark extracts and named it ‘Quini(®@N).3®2° Shortly after (1853) Pasteur
discovered the potential of these compounds aslatgisolving agefitand opened the way
to a large number of studies where t@echona alkaloids were employed for this
purpose’®

As anticipated at the beginning of the Chapter tle@romajor chemical application
of these natural chiral derivatives followed in 39Wwhen Bredig and Fiske first reported
the use of the alkaloids for promoting an enantemsive transformatiofl.In particular, the
German chemists demonstrated that in the presdrn@&l @s catalyst the addition of HCN
to benzaldehyde gave optically active cyanohydethough the optical yields were just in
the range of < 10%hey also observed that the reaction in the pseh QD afforded a
prevalence of the opposite cyanohydrin products timghlighting the occurrence of
Cinchonaalkaloids as pseudoenantiomeric pawdé infrg).

Since then many other catalytic usesCaichonaalkaloids have been disclosed in
the literature, including their use as chiral Ptdifiers in the Orito’'s heterogeneous
hydrogenation systeth and as organocatalysts for asymmetric conjugatitiads and
ketene [2+2] cycloaddition reactions, developedynberg and co-workef&*°

However, it was in last twenty years that theseathauxiliaries experienced an

explosive growth of applications, milestoned in thee 80’s by the introduction of ©-

%9 Song, C. E. InCinchona Alkaloids in Synthesis and Cataly#¥ley-VCH Verlag GmbH & Co. KGaA2009 pp 1-10

40 a) Pasteur, LAcademie des SciencE853 37, 162-165b) Pasteur, LJustus Liebigs Annalen der Cheri®53 88,
209-214.

4 a) Orito, Y.; Imai, S.; Niwa, SJournal of Chemical Society of Japa879 1118-1120b) Orito, Y.; Imai, S.; Niwa, S.
Journal of Chemical Society of Japd®8Q 4, 670-672.

23) Wynberg, H.; Helder, RTetrahedron Letter§975 16, 4057-4060b) Wynberg, H.; Staring, E. G. Journal of the
American Chemical Society982 104, 166-8.
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derivatives as ligands in the Os-catalyzed asymmeihydroxylation of olefins (ADY
and, since 2000, by the renewed interest in tresiras organocatalysts:** 4

In fact, while the former process had a great ihpac the field of asymmetric
synthesis, eventually leading to the already meetio award of the Nobel Prize to
Sharplesg® most of the present efforts appear focused on lffre applications of the
Cinchonaalkaloids. These investigations include exampléere the pristine alkaloids or
their derivatives act as chiral Lewis acid, Brodstease, or nucleophilic catalysts in a
wealth of mechanistically diverse asymmetric transfations>P#44°

The reasons of the success of this class of natompounds, that let them ranking
amongst the so-called ‘privileged chiral auxiliati®®**" are deeply buried inside their
structure. In this respect, a first distinctivettea is the occurrence of the alkaloids in pair
of stereoisomers that share the same configuratidiiL, C3, and C4 but mirror each other
at C8 and C9 (i.e. QD and QN; CD and CN). In spftdiastereomeric relationship, the fact
that the catalytic properties are mainly associatgd the C8/C9 region almost invariably
leads to the pseudoenantiomeric behavior notedelev the attainment of an opposite
sense of asymmetric induction when, e.g., QD ord@®alternatively used as catalysts or
ligands. The judicious choice of the alkaloid psmemhAntiomer in a given asymmetric
transformation allows therefore to obtain eithetted two possible enantiomeric products.
Although the enantiomeric purity of the latter mary somewhat in dependence of which
particular pseudoenantiomer is used (because aitsereomeric -and not enantiomeric-
relationship between the alkaloid cor&sdhis feature is nonetheless a clear advantage over
most of the other chiral auxiliaries from naturalsces, which are typically available as
one stereoisomer only.

The second favorable attribute of tl@nchona alkaloids is a multifunctional

structure that embeds:

“33) VanRheenen, V.; Kelly, R. C.; Cha, D. Yetrahedron Letter4976 23, 1973-1976p) Jacobsen, E. N.; Marko, 1.;
Mungall, W. S.; Schroeder, G.; Sharpless, KJ&irnal of the American Chemical Soci&888 110 1968-1970¢)
Kolb, H. C.; VanNieuwenhze, M. S.; Sharpless, KCBemical Review$994 94, 2483-2547.

a4 a) Kacprzak, K.; Gawronski, Synthesi2001, 7, 961-998b) Yoon, T. P.; Jacobsen, E. Bcienc&2003 299, 1691-
1693.

45 a) Houk, K.N. and List, BAccountof Chemical Resear@004 37, 487) Asymmetric Organocatalysis: From
Biomimetic Concepts to Applications in AsymmetyictesisWiley-VCH Verlag GmbH, Weinhein2005 c)
Enantioselective Organocatalys@iley-VCH Verlag GmbH, Weinhein2007, d) List, B. Chemical Review2007,
107, 5413g) Lee, J. W.; Jang, H. B.; Lee, J. E.; Song, CnEihchona Alkaloids in Synthesis and Cataly®sley-
VCH Verlag GmbH & Co. KGaA, 2009; pp 325-35yMarcelli, T.; Hiemstra, HSynthesi201Q 8, 1229-1279.

46 Dijkstra, G. D. H.; Kellogg, R. M.; Wynberg, H.v&ndsen, J. S.; Marko, |.; Sharpless, KJ&urnal of the American
Chemical Societ§989 111, 8069-8076.
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. a Bronsted acidic site, represented by tt@ ®y¢droxyl group;

. a quinoline ring that, besides providing stericdnance, can get involved imn
interactions;

. a very basic and nucleophilic quinuclidine nitrogatom (N1) that, despite the
presence of bulky groups nearby, appears to bedatpt in the catalysis of most of the
reactions promoted by the pristine alkaloids oirtterivatives.

On the other hand, the same multifunctional natiréhe native alkaloids allows
also a number of structural changes. Normally atquofor the fine-tuning of the alkaloid
architecture for specific catalysis applicatiom&se modifications may includ¥:

. derivatization at 99, most often with conversion into ether and estenomeric
derivatives(Figure 4a), or aromatic ether bridged dimers (Figth)**' The latter type of
compounds, introduced by the Sharpless group fer ADb reactions, are particularly
interesting as they are finding growing applicasicas organocatalysts. For instance, the
phthalazine §) and pyridazine ) ethers have been used in metal-free oxindoles
amination?’ halolactonizatiorf® conjugate additiod® etc. Similarly the anthraquinone
derivatives 8) proved highly effective in various ‘dynamic kinetresolution’ (DKR)
reactions’ meseanhydride alcoholysi¥: allylic alkylation> etc. (for the details of most of

these reactions, see the Chapter 5).

47a) Cheng, L.; Liu, L.; Wang, D.; Chen, Y.Organic Letter2009 11, 3874-3877b) Bui, T.; Borregan, M.; Barbas, C.
F. The Journal of Organic Chemist3p09 74, 8935-8938.

48 \Whitehead, D. C.; Yousefi, R.; Jaganathan, A.;HBar B.Journal of the American Chemical Soci281Q 132 3298-
3300.

“Bella, M.: Jorgensen, K. Alournal of the American Chemical Socigf04 126, 5672-5673.

%0 Tang, L.; and Deng, Llournal of American Chemical Soci@§02 124 2870-2871

51 a) Hiratake, J.; Yamamoto, Y.; Oda,Jburnal of the Chemical Society, Chemical Commuitina1985 1717-1719b)
Aitken, R. A.; Gopal, J.; Hirst, J. Alournal of the Chemical Society, Chemical Commuitinal988 632-634¢)
Yang, W.; Wei, X.; Pan, Y.; Lee, R.; Zhu, B.; Lid,; Yan, L.; Huang, K.-W.; Jiang, Z.; Tan, C.-Bhemistry A
European Journa2011, 17, 8066-8070.

52 Cui, H.-L.; Peng, J.; Feng, X.; Du, W.; Jiang, Ehen, Y.-CChemistry A European Journa009 15, 1574-1577.
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a) Monomeric Cl
t-Bu

z
anQ
llle)

R =a) =Me, b) =Bn, 2 3
¢) = 9-phenanthryl, R = OMe, Bn =H:X=H
d)=TMS, e) = Ac, R=CF: X=H
) = propargyl, e R=H;X=Cl
g) = Ph,P
2 N
=

N o

10

b) Dimeric

Figure 4. Representative 9-O ether and ester deritiaes

. inversion of the OH group at C-9 for obtaining dwresponding alkaloid epimers
or, more frequently, conversion into 9-amino(9-dgoanalogs 11). The latter (Figure 5)
can be used as catalysts themselves or be furdresformed into, e.g., amide or thiourea

derivatives {2-18) with wide applicability in organocatalyzed asymtriwereactions>">3

53 Mukherjee, S.; Yang, J.W.; Hoffmann, S.; List,Ghemical Revie\2007,107, 5471-5569.
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12
R =H, Boc

1
X=8§,0

CF;

FsC

CF3

Figure 5. Epi- or nat-9-Amino(9-deoxy)alkaloids andbther bifunctional derivatives.

. alkylation of the quinuclidine nitrogen atom (Figu6) for obtaining monomeric
(19-27) or sometimes dimeri@28-30) quaternary ammonium salts. Derivatives of thassl
have generalff found use as IPB chiral phase-transfer cataly&tC] in the alkylation of

carbonyl compounds, epoxidation of enones, Michaelition reactions, et€® *°

% For a case where @inchonaguaternary ammonium salt was used as a catalgateqtly devoid of any PTC role
(asymmetric cyanoformilation of 3,5-dimehoxybenzdigde in a monophasic GEl, system), see for example:
Chinchilla, R.; Najera, C.; Ortega, F. J.; Tari;T8trahedron: Asymmet009 20, 2279-2286.

55 a) Hashimoto, T.; Maruoka, KChemical Review2007, 107, 5656-5682)) Maruoka, K.Asymmetric Phase Transfer
Catalysis Wiley-VCH Verlag GmbH, Weinhein2008.
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mQ

a) Monomeric
R )
A X
; N
€] K@\
Y

OMe
19
R=H; X=F,C,Br;Y=H
R=H; X=Br Y =CF;
R=Bz, X=Cl; Y=H

[S]
Br
N
@
CF3
OMe
F5C
22
FsC
[S]
EJ ’
N
@
o N
/
OMe /S X=Cl; R =1-adamantoyl; Y=H
O/ OMe X=Br; R=allyl Y=H
X =PhO; R = 3,5-(CF3),CsHsCHy; Y = H
FsC X=Br; R=Bn; Y=H
25 26 X=Br; R=H; Y=CN

b) Dimeric

(S]

X MeO
N N
®
€]
N N
\
O R
OMe X
<)
28
R=H; X=CI

R =allyl; X = Br, BF3,PF3

Figure 6. Alkaloid quaternary ammonium salts
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. demethylation of the 6’-OMe group (Figure 7) in erdo provide an additional
Bronsted acidic site (as Bil) or the opportunity to introduce a strategicallgged thiourea
or amide group32 and33). These modified alkaloids have been successéutiployed in

various asymmetric transformatiohlike the Henry reactior®® the cyclization of various
a-substituted chalconé®’ the formation of carbon-sulfur bontf§,and the Aza-Morita—
Baylis—Hillman reactiori®

31 32 33
R=Bn
R =anth Imethyl
anthracenylmethyl FiC CF

R=TIPS 3

Figure 7. Thiourea and amide C6’-derivatives.

1.4. IPBCinchonaalkaloid derivatives

Even if the cost of sever@inchonaalkaloids is relatively low in comparison with
other chiral auxiliaries [e.g. QN, 665 € / mol; QD060 € / mol (Aldrich 2011 prices)], the
same can be hardly said for many commercial dévesfe.g. (DHQD)PHAL, ~ 70,000 €
/ mol; (DHQD)AQN, ~100,000 € / mol] and for most of those commisithat have to be
synthesized in the lab.

Together with the rather high loading required iostrnof the disclosed applications (e.g. 1 —
20 mol%), this makes the recovery of the chiralilzary mandatory for any large scale use.
Given the basic nature of the alkaloid core, thiskthas been often accomplished by a
trivial acidic work-up that, when practicable, n@aitg proves quite effective in separating

Cinchona derivatives from the neutral organic products e treaction mixturd’

%6 a) Marcelli, T.; van der Haas, R. N. S.; van Maarseve. H.; Hiemstra, HAngewandte Chemie International Edition
2006 45, 929-931p) Dittmer, C.; Raabe, G.; Hintermann, European Journal of Organic Chemis2907, 2007,
5886-5898¢) Liu, Y.; Sun, B.; Wang, B.; Wakem, M.; Deng, Journal of the American Chemical Soci2f08 131,
418-419¢) Abermil, N.; Masson, G. r.; Zhu, Journal of the American Chemical Socigf08 130, 12596-12597.

57 a) Bolm, C.; Schiffers, I.; Atodiresei, I.; Hackenger, C. P. RTetrahedron: Asymmet3003 14, 3455-3467D)

Hang, J.; Li, H.; Deng, LOrganic Letter2002 4, 3321-3324.
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Nonetheless, this simple strategy cannot be coresiden universal solution for the problem
at hand as it turns out to fail under several cirstances.

A first problem in this regard is represented bg thigh solubility in common
organic solvents of the ammonium salts of somelailkaderivatives, especially of the
monomeric typ&® In a real production environment, this feature sasietimes imposed
the adoption of complex purification schemes of tmde product, with multiple
extractions being used for reducing the concepoimatf the alkaloid contaminant to an
acceptable levef

Moreover, in some specific transformations the milgy of an acidic work-up is
simply precluded by the high sensitivity of theatan product itself. This is the case, for
instance, with theB-lactam products obtained by alkaloid-catalyzed2[2ketene-imine
addition (see 1.4.2), or thg-ketoamides prepared by the Calter’'s protocol dised in
more detail in the Chapter 5. Under these conditias well as in other conceivable cases
where the water solubility or the basic propertbéshe product would prevent the simple
strategy outlined above, the separation and regookthe alkaloid catalyst or ligand is
much less straightforward, with chromatographymofeemaining as the only viable option.

Given these problems, as well as the general stt@nedeveloping continuous-flow
proces<C it is not surprising that the study of more easilgoverable variants @inchona
alkaloids and their derivatives has a long establistraditior’* Indeed, besides modified
soluble systems, excellently reviewed elsewt2t&’® the history of IPBCinchona
catalysts began in 1977 when Hermann and Wynbevgleatly bound QN to 2% DVB
cross-linked PS and used the resulting materiats cltalyzing a Michael addition
reaction® %2 Even if a very low optical purity<(11%) was obtained in this pioneering
study, the work unequivocally demonstrated the ibdgg of preparing an enantiomerically

enriched product by using a supported alkaloidvagitie. This conclusion opened the way

%8 For instance, the partitioning of some alkaloidwdgives (e.glc) between ChCl, and 5% HCI causes the former to be
extracted almost completely into the organic laggeé: Amberg, W.; Bennani, Y. L.; Chadha, R. Kisfino, G. A;;
Davis, W. D.; Hartung, J.; Jeong, K. S.; Ogino, Shibata, T.; Sharpless, K. Bournal of Organic Chemistr§993 58,
844-849.

9 See for example: Vittuli, MLaurea ThesisUniversity of Pisa2003

60 a) Mak, X. Y.; Laurino, P.; Seeberger, P.Bkilstein Journal of Organic Chemist®p09 5, No. 19;b) Mason, B. P.;
Price, K. E.; Steinbacher, J. L.; Bogdan, A. R..Qdeade, D. TChemical Review2007, 107, 2300-2318¢) Jas, G.;
Kirschning, A.Chemistry-A European JournaD03 9, 5708-5723.

®1a) Grubhofer, N.; Schleith, INaturwissenschafteh953 40, 508;b) Yamamuchi, K.; Kinoshita, M.; Imoto, MBulletin
of Chemical Society of Japd®71, 44, 3186-3187¢) Yamashita, T.; Yasueda, H.; NakamuraQ¥emistry Letters
1974 585-588d) Hermann, K.; Wynberg, Hielvetica Chimica Actd977, 60, 2208-2212.¢) Yamashita, T.;
Yasueda, H.; Miyauchi, Y.; Nakamura, Buulletin of Chemical Society of Japaf77, 50, 1532-1534.

52 Actually, the first example of a soluble PS bo@idchonaalkaloi dates back to 1953 (ref. 61a), while tingt 1PB
derivative was reported in 1971 (ref.61b). Howewene of the two materials was intended to be @mechtalysis.
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to a wealth of successive studies that, by takifigallvantage of the polyfunctional nature
of the alkaloid core, of the choice of alternatarechoring techniques, and of the selection
of different support materials, eventually led thege family of IPB alkaloid derivatives
known today.

With the aim of illustrating state of art at thegbwing of the present Thesis, the
most representative of these supported ligandscatalysts are briefly described in the
following paragraphs. For the purposes of this whson, the examples will be mainly
organized on the basis of the position in the alklatore(Figure 8)where the anchoring to

the insoluble support actually takes place.

Polymer

Polymer

Polymer

o}
Polymer

Figure 8. Anchoring sites in the alkaloid core andjeneral architectures of IPB materials.

1.4.1. IPB- Cinchona alkaloid derivatives linked #te 10 or 11 position

The vinyl group of the native alkaloids is probatitg most frequently exploited site
for effecting the attachment to an insoluble supptm general, this choice has the
advantage of maintaining the®group free for any derivatization may be requiteeying
at the same time much flexibility for what it conge the choice of the immobilization
procedure. Indeed, a survey of the literature pasieals that IPB derivatives anchored
through the position 10 or 11 of the alkaloid ctv@ve been obtained by all the main
covalent strategies discussed in the 1.2. In otdesutline the important aspects of the
preparation and use in catalysis of the suppdtiedhonaalkaloid, the most representative
examples are summarized below.
Direct copolymerization of the vinyl groyigure 10) Despite the reluctance of simple
alkenes to undergo radical polymerization, the Mgrgup of theCinchonaalkaloids can be
effectively copolymerized if a suitable electronep@lkene, like acrylonitrile, is present in
the feed mixture. The resulting copolymers (84). are not cross-linked but nevertheless

prove sparingly soluble in most of the common oigasolvents® This characteristic

63 a) Pini, D.; Rosini, C.; Nardi, A.; Salvadori, Pifth IUPAC Symposium on Organometallic ChemistimeCted
Towards Organic SynthegiBlorence, Oct. 1-6, 1989), Abstract PS148)/Moon Kim, B.; Sharpless, K. B.
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1. Introduction

allowed the preparation of the first®@-acyl alkaloid derivatives used as filtration-
recoverable ligands in the osmium-catalyzed AD tieaqFigure 9 eq.1) under the original
Upjohn conditions N-methylmorpholineN-oxide — NMO- as the terminal oxidant, in

acetone:HO = 9: 1)

R Cat. OsOy / Cinchona ligand HO OH
" NMO, Acetone -H,0 (9:1) or
\ R R "'u//Rm
R' K3Fe(CN)g, t-BuOH-H,0 (1:1) R R"
R™

Eqg. 1 Asymmetric dihydroxylation

_R
HN
. Cl_ _R" K%Qs(gz(oﬁ!m (ggt) S
R/\/R i g (Cinchona ligand*) /\/R
®Na H,0 / ROH RO X
OH
Eq. 2 Asymmetric aminohydroxylation
Cinchona cat..
BnBr Ph N CO,R
Ph /N\/COZR _ bmer ~ \/ 2
B Solvent, Base Ph En
Eq. 3 Asymmetric Lygo-Corey benzylation reaction
H H o
Cinchona cat.
—C=0 + o _—
H IR Solvent H=——0

CCly

Eq. 4 Asymmetric [2+2] cycloaddition reaction between ketene and chloral

o) T Ts o)
I N Cinchona cat. \N
c + N - -
)J\ J\ Solvent
R~ H H” COOEt Et00C" R

Eq. 5 Asymmetric [2+2] cyclo addition reaction between monosubstituted ketenes
and the N-tosylimine of ethyl glyoxylate

0]

O
. Cinchona cat. 5
B
COOCH, | Solvent COOCH;
(0]

Eq. 6 Asymmetric Michael addition reaction

Figure 9. Some asymmetric reactions catalyzed l§inchonaalkaloid derivatives.

Interestingly, even if the diol products were obéal with only modest enantiomeric
excess €6 values £86%)°® several observations could be made in the codrdese early

studies. The first of these remarks concerns tfieeince on the catalytic properties of the

Tetrahedron Letter$99Q 31, 3003-3006¢) Pini, D.; Petri, A.; Nardi, A.; Rosini, C.; Salvaid, P.Tetrahedron Letters
1991, 32, 5175-5178.
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alkaloid content in the material: only the copolym®ith a low loading (10-15 mol%) of
chiral units could afford high yields of the diah contrast, with a higher alkaloid content
no product was formed at all in the AD reactidhThese results were explained on the
basis of the inhibition of the catalytic cycle whte high alkaloid concentration in the
polymer increased the likelihood of finding two @tiunits in close proximity along the
macromolecular chain. Under these conditions trexipral quinuclidine fragments can
form a very stable osmium(VI) chelate complex, whis known to be refractory to
hydrolysis and represents therefore a dead-enthéocatalytic cycl&* The second general
observation that emerged from this work was theumasility of acrylonitrile as the
‘diluting’ monomer in the preparation of IPB alkale for AD. This conclusion was
confirmed by control experiments which revealedt thiae nitrile groups of bare
polyacrylonitrile themselves can catalyze the dibygllation reaction, to give the racemic
diol product.

Copolymers of the same general strucB4evere also employed as organocatalysts,
in the asymmetric [2+2] cycloaddition between ketemd chloral (Figure 9. eq. 4J.1n
this case, the low optical purity of the result{Bigactone adduct was related to the poorly
swollen state of the material in the reaction sai\({goluene) or to an unfavorable influence
of the highly polar polyacrylonitrile backbone.

Moreover, N-alkylation of an analogous CN containing copolynagforded the
insoluble PTC35, which was used in the Lygo-Corey asymmetric biiion of theiso-
propyl ester ofN-diphenylmethyleneglycine (Figure 9, eq.®3)Even if 35 proved more
effective than other supported phase-transfer agémt best results (up to 7184 lagged
behind those provided by other optimized matefishis reaction (see 1.4.2 and 1.4.3).

In order to solve the problems raised by the ndfyes§ using acrylonitrile as the
‘diluting’” monomer, the elaboration of the vinylayp of the native alkaloids into more
easily polymerizable styrene or acrylate units basn generally pursuedide infra).
Nonetheless, attempts further to exploit the vihykct copolymerization strategy outlined
above continued to appear in the course of thesyéém general, all these studies claimed

the radical copolymerization of the alkaloid detivas (usually of the dimeric type) with a

64 Jacobsen, E. N.; Marko, I.; France, M. B.; SvenddeS.; Sharpless, K. Bournal of the American Chemical Society
1989 111, 737-739.

% Song, C. E.; Ryu, T. H.; Roh, E. J.; Kim, |. Tetrahedron : Asymmetty994 5, 1215-1218.

% Chinchilla, R.; Mazon, P.; Najera, Blolecules2004 9, 349-364.

57a) Lohray, B. B.; Nandanan, E.; Bhushan,Tétrahedron Letter4994 35, 6559-6562p) Song, C. E.; Yang, J. W.; Ha,
H. J.; Lee, S.-gTetrahedron: Asymmeti}996 7, 645-648,c) Nandanan, E.; Sudalai, A.; Ravindranathan, T.
Tetrahedron Letterd997, 38, 2577-2580.
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methacrylate  hydrophilic  monomer (e.g. methyl methlate, MMA, or
hydroxyethylmethacrylate, HEMA) and cross-linkinggeat (e.g. ethylene glycol
dimethacrylate, EGDMA). However, subsequent stuiesSherrington and by this group
demonstrated that, instead of the assumed araniés@6a — 36¢ these materials consisted
of a cross-linked methacrylate network containingme physically-trapped chiral
monomers?® This conclusion was confirmed by the observatidnaocontinuous and
significant alkaloid leaching from the purportedterals that, arguably, can also explain
the higheés obtained in the AD reaction with these (encapi®a and not IPB) derivatives.

Figure 10. Purported structures (see text) of IPB mterials obtained by direct copolymerization of alkaloid

derivatives.

Direct grafting or tethering at C10 or C)(Figure 11). Since early work on the preparation
of HPLC chiral stationary phases (C$P)the anti-Markownikov radical addition of

supported thiol units to the alkaloid’s vinyl groppved a suitable method for effecting the

% 3) Canali, L.; Song, C. E.; Sherrington, D. Tetrahedron: Asymmet}998 9, 1029-1034b) Salvadori, P.; Pini, D.;
Petri, A.Synlett1999 1181-1190.

59 Rosini, C.; Altemura, P.; Pini, D.; Bertucci, @ullino, G.; Salvadori, PJournal of Chromatography 2985 348, 79-
87.
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grafting/tethering of the latter. With this aim,rius mercaptopropylsilanized inorganic
materials, including amorphous silica-gel (e.g. B@;° ordered mesoporous
aluminosilicates (MCM-41%! or silica foams (SBA-15% were used for obtaining IPB
alkaloid derivatives. Given the orthogonal naturéhe chemistry involved in this approach,
an advantage of the method is that different seluyimecursors could be immobilized
without having to resort to any protection/depratet scheme. This allowed, for instance,

71la

the direct preparation of IPB alkaloids containihg free hydroxyl group3{)’~“as well as

a number of other dimeric @-etherderivatives 88-40).”%7%"3

Despite its simplicity, this route may neverthelpsssent some problems due to the
potential instability of the underlying inorganicatrix or the interference of the highly
polar support surface in the catalyzed reactiore fitnmer problem was observe8d) in
the AD reaction carried out with the highly effeeti ferricyanide oxidant system
(KsFe(CN) — KoCOs in a biphasidBuOH:H,0O 1:1 mixture)'* Under the strongly alkaline
aqueous conditions of this procedure (pH ~ 12 & whater phase), the leaching of up to
0.5% of the supported phthalazine derivative wagedfd Besides contaminating the
product and limiting the recycling, such a larggrée of dissolution of the ligand made
even the nature of the catalysis (heterogengsusomogeneoyso be at question in this
case.

Another general shortcoming of this approach is tteguently low chemical
efficiency of the immobilization technique. For tasce, in the cases where the pertinent
data are available it can be estimated that no tiare 15.9%° (an sometimes as little as
6 % and 0.08 mmold "°“"??of the soluble alkaloid precursor was actually fmbtio the
support and, hence, recovered with the purified mfierial.

An approach that makes use of a completely diftetkamistry but still relies on the
direct grafting at the alkaloid’s vinyl group hasem described by DeClue and Siedeh
this case a non-symmetric phthalazine dimeric déxe was reacted with
poly(methylhydrosiloxane) (PMHS) in the presenceadPt catalysts to afford a material

(40) where the chiral unit were linked to the macromolac chain by hydrosilylation.

70 a) Song, C. E.; Yang, J. W.; Ha, H.3®etrahedron: Asymmet4997, 8, 841-844) Song, C. E.; Lee, S. @hemical
Review2002 102 3495-3524r) Kim, H. S.; Song, Y.-M.; Choi, J. S.; Yang, J. Wan, H.Tetrahedror2004 60,
12051-12057.

" a) Bigi, F.; Carloni, S.; Maggi, R.; Mazzacani, Aar®ri, G.; Tanzi, GJournal of Molecular Catalysis A: Chemical
2002 182-183 533-539;b) Choudary, B. M.; Chowdari, N. S.; Jyothi, K.; KamaM. L. Catalysis Letter2002 82,
99-102.

23) Lee, H. M.; Kim, S.-W.; Hyeon, T.; Kim, B. Mletrahedron: Asymmet8001, 12, 1537-1541p) Lee, D.; Lee, J.;
Lee, H.; Jin, S.; Hyeon, T.; Kim, B. Midvanced Synthesis & Cataly&i806 348 41-46.

®DeClue, M. S.; Siegel, J. Srganic & Biomolecular Chemistrg004 2, 2287-2298.
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Despite the linear structure of the polymer andaatance with similar materials containing
long achiral side arms, also evaluated in the st@@) proved insoluble in the solvent
mixture used in the AD with either the NMO or feranyde oxidant systems. This allowed
the recovery of the polymeric ligand by filtratiand its use in the course of four successive
cycles, without major changes in the reaction auedin the AD oftrans-stilbene: > 90%
yield and ~ 95%eein 24-26 h). In this regard it should be notedwbwer, that the initial
amount of chiral ligand was ten times larger (10l%)othan used in the standard
homogeneous AD conditions, making the proof of eétsonomic convenience rather

43c
Cc

problematic:™ Moreover, given the capacity of even minute amsuwitsoluble second-

generation phthalazine derivatives to promote tBeoAdifferent olefins with highegs®>*
and the lack in the study under exam of any evidefor catalyst heterogeneity, the

inclusion of(40) in the family of IPB alkaloid derivatives appeargually questionable.

0 O EtO
o s V% \ O
SN n So—
HO_/SiO2
HO— -
HO—
MeO n=2/ —
HO—

OMe

KG-60/ MCM-41-QD
OMe

I:§>li/v\s

™SO { Si—o }

OMe

Figure 11.1PB alkaloid derivatives obtained by grafting/tetheing at C10 or C11

Elaboration of the 10,11-double bond and ‘copolyixegtion’ (Figure 12)Due to the said

limitations of the direct radical copolymerizatiohthe alkaloid’s vinyl group, attempts to
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1. Introduction

elaborate the latter have long been pursfiedh the case of the AD reaction, these
approaches relied on the radical addition of a Wdelufunctional thiol (e.g. 2-
mercaptoethanol) to the double bond, followed kg diidation of the sulfide linkage (to
prevent any interference in the catalysis), and the introduction of an easily polymerized
monomer unit of the (meth)acrylate or styrene §€’* ">By these means not only the
alkaloid derivatives could be effectively polymeakzwith various achiral co-monomers like
acrylonitrile @1a-dand4?2), styrene/DVB 43), or HEMA/EGDMA (45), but the spacing of
the chiral units from the macromolecular supporswaéso achieved at the same time. As
expected, this latter structural feature provedebieral in terms of catalytic performances
in the AD reaction, as confirmed by the betervalues provided byllb,c (87% eg®3*°
and especially42 (89% ee,” in comparison with the corresponding not spaced
polyacrylonitrile materials34 discussed before. In the case 4dfa the attainment of a
recycle run was reported, albeit with some redunctibthe activity and of theevalues.

However, due to the already mentioned interferemicéhe nitrile groups in the
AD,®® a substantial improvement of the enantioselegtifdr olefins other thartrans
stilbene (60-87%e€@ had to wait the introduction of materials poss&s®n inert cross-
linked PS architecture48). Interestingly, the latter proved effective, haee only in the
reactions carried out under the original Upjohnditian.*** On the contrary, whe#3 was
tested with the generally more effective ferricglni protocol, the outcome was
disappointing as the formation of only traces @& thol product was observed. This result
was related to the a compatibility issue betweenRB backbone of3 and the reaction
medium: while in the relatively apolar acetong?H(9:1) solvent of the former procedure
the polymeric material is well swollen and the suped alkaloid-Os® sites freely
accessible for the olefin substrate, under therretere AD condition the hydrophilic
tBUOH:H,O (1:1) mixture causes the macromolecular skela@torcollapse and thence
prevents the explication of the catalytic activofythe IPB system.

In order to solve the problem, further developmenislved the preparation of
hydrophilic HEMA/EGDMA co-monomers. The resultingatarials (general structurb)
proved highly compatible with both acetong®tHandtBuOH:H,O solvent mixtures and

" Pini, D.; Petri, A.; Mastantuono, A.; Salvadori,ifChiral Reactions in Heterogeneous Catalydsnnes G and Dubois
V (Eds.), Plenum Press: New York, 1995; p. 155-176.

S a) Pini, D.; Petri, A.; Salvadori, Fletrahedron: Asymmet}993 4, 2351-2354b) Pini, D.; Petri, A.; Salvadori, P.
Tetrahedronl994 50, 11321-11328¢) Song, C. E.; Roh, E. J.; Lee, S.-g.; Kim, |.T@trahedron: Asymmeti}995 6,
2687-2694¢) Athawale, V.; Manjrekar, NTetrahedron Letter@001, 42, 4541-4543.
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afforded good results (up to 9586 in the AD under the alternative reaction condisi&®
Applications to the asymmetric aminohydroxylatidrotefins (AA) were also reportef.

Nonetheless, a successive study by this group demaded that under the basic
agueous condition of the ferricyanide AD processI®B derivatives liket5 suffered from
a serious leaching problem (~ 283)Analogously to the siliceous systems discussed&bo
this made difficult to ascertain if the reported A@sults had to be referred to a
heterogeneous type of catalysis or, more likelfhtohomogeneous contribution due to the
dissolved alkaloid.

In order to answer this question, the preparatias decided of new materials with a
much reduced alkaloid leaching. With this aim anirozed architecture was imagined
where all the obvious base-sensitive sitedfi.e. any ester ang-oxysulfone units) had to
be carefully replaced by stable linkages. Startirggn this idea, two IPB phthalazine
derivatives 44ab) were designed that contained only ether andtestlaulfone fragments.
Even if the preparation of the necessary functiostgtene monomers was somewhat
involved, requiring four or five synthetic stepsdampeated chromatographic purifications,
their radical polymerization with and hydrophilimmonomer and cross-linking agent
smoothly afforded the expected IPB materials. Baséhmeans the first clear demonstration
of a heterogeneouand highly enantioselective AD reaction with tleericyanide oxidant
system could be attainédindeed, not only4ab proved compatible with the hydrophilic
solvent mixture and afforded high yields and ermdiectivities (87-99% e in the AD of
various olefins, but they also displayed a very likaloid leaching (in the 1-5%. range),
which made the homogeneous contribution to thetimadargely negligible. Moreover,
these new IPB alkaloids resulted rather robusgitepto the complete conversion of the
alkene substrate and an unchanged enantiomeriy jdithe diol product even after being
exposed to the AD reaction conditions for more tB@nimes.

From the strategy point of view, it is interestitay note that the general scheme
outline above is not necessarily limited to theparation of organic type of materials. In
fact, in a very recent example a conceptually simdpproach was applied for obtaining
IPB alkaloid derivatives immobilized within an irganic support of zirconium phosphonate

(46).”" In this case, the chiral ‘monomer’ was obtaineddamjical addition to the vinyl group

® Mandoli, A.; Pini, D.; Agostini, A.; Salvadori, Fetrahedron: Asymmet300Q 11, 4039-4042.
"Ma, X.; Wang, Y.; Wang, W.; Cao, Gatalysis Communicatior01Q 11, 401-407.
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of CD of different thiols containing a diethylphdemate ester group and subsequent

saponification of the latter.

MeO.

41a,R;=-SO, R, = O@C|

41b,R;=-S02,R= O
W

41¢,R;=-S02, R, = %—OOCNMez

41d,R; =-S-, R, = OH

20

3
g 5 S ;%

OH
J/ 0,8
RO HO
) VDZ
¢ N
50, NN
OR PN

0,8

()

MeO
OMe

2 EJ H 45cR =

MeO

Figure 12. Spaced IPB alkaloid derivatives obtainetdy copolymerization.
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Then, the combination of the resulting phosphoticl @erivative with zirconium
oxychloride gave rise to the ‘copolymerization’tbé mixture that in this case consisted in
the formation of a network of insoluble zirconiurhgsphonate carrying the covalently-
bound alkaloid fragments. The resulting materiadserntested in the asymmetric addition of
diethylzinc to various aldehydes: although the é@oareric purity of the alcohol products
(35-62%e¢€ were only modest, the yields were fair to goog92%) and the catalyst could

be reused effectively ten times.

Elaboration of the 10,11-double bond and graftietifering(Figure 13). The possibility of
functionalize the vinyl group of the native alkalsiby introducing different spacer groups
allowed the exploration of anchoring strategieserahtive to the direct addition of
supported thiol unitsvi{de supra. In an early example, the radical addition [&f
mercaptoethanol to a pyridazine dimeric alkaloideetafforded a soluble derivative that
was tethered to chloropropylsilanized silica-geldem Williamson condition®® The
resulting material47) was used as an IPB ligand in the AD reaction whin ferricyanide
oxidant system, leading to diol products with corapée yields but lower enantioselectivity
(14 - 80%e¢g than the corresponding homogeneous reactions.

In a related approach 3-mercaptopropionic acidher dorresponding methyl ester
were radically added to the vinyl group of an afiglphthalazine dimeric ethét.The
carboxy group of the resulting derivatives was thsed for tethering to TentaGel-NH
(cross-linked PS, with amino-terminated PEG graits)he former case by standard peptide
coupling chemistry, in the latter by simply heatitie resin at 10C with a N,N-
dimethylformamide (DMF) solution of the ester cormapd. After end-capping of the
unreacted amine groups, to prevent possible imarées, the IPB ligand4&) were tested
in the AD reaction of various styrenes. Interediingvhile the reaction NMO as the
terminal oxidant afforded disappointing results¥®2&g, the use of the ferricyanide system
provided better enantioselectivities (63-9@%, the IPB ligand could be also reused, even
if just three recycles were documented in this case

Besides the radical addition of thiol derivativéise oxidation of the vinyl group
provides another opportunity for setting-up an amicty point into the alkaloid core.
Resting on this idea, @TBDMS QN and QD were converted by hydroboratiomndakon

8 Lohray, B. B.; Nandanan, E.; Bhushan,Tétrahedron: Asymmeti4996 7, 2805-2808.
™ Achkar, J.; Hunt, J. R.; Beingessner, R. L.; FanHi. Tetrahedron: Asymmet008 19, 1049-1051.
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into the corresponding C11 primary alcohols andréely introduced function was then
exploited for the anchoriny. This task was accomplished by two alternative gdoces,
i.e. by the direct Williamson reaction of the maelif alkaloid with a Merrifield resin or by
first grafting carboxy-terminated side arms to thsin and then effecting the esterification
of the chiral derivative. The grafted/tethered mate obtained by these routet®@nd50a-

b, respectively) were subjected to the cleavagehef TBDMS protecting group with
nBusNF to give the corresponding®@-unprotected derivativeg9 and50a-b, respectively).
The latter were studied as IPB organocatalysthénasymmetric Michael addition of 2-
(methoxycarbonyl)indane-1-one to methyl vinyl ketofhis screening revealed that all the
prepared materials could catalyze the benchmargtioga albeit with a largely variable

TentaGel Q

NH

stereochemical efficiency.

MeO OMe

Merrifield resin

Merrifield resin O/
Nl MeO.

a) R = TBDMS

Ra

RO

a) Ry = TBDMS
b)Ry = H

Voo bR = H QD/aN
N
N 50a R, = %—O—(CHZ)WCOO' O
n=3,59
49a = QD
49b = ON
50b R, = %—O‘O—COO'

Figure 13. Spaced IPB alkaloid derivatives obtainety grafting/tethering.

For the QN derivatives best results (8@& were obtained when the chiral unit was

linked to the resin through a seven atom spds@a (n = 5)], while the grafted materiad9)

80 Alvarez, R.; Hourdin, M.-A.; Cave, C.: d'Angelo; Chaminade, Pletrahedron Letterd999 40, 7091-7094.
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and those with shorter or longer tethe®9d (n = 3 or 9),50b] led to a much lower
enantioselectivity £ 31% e@. In the corresponding QD series the results vgemerally
worse (12-45%e@, with the highestee provided by the grafted organocataly$9.
Surprisingly enough, the configuration of the ping enantiomer of the Michael adduct
turned out to be the samB)( regardless of the use of QN or QD-derived makeriThis
rather unexpected result was deemed to be caust lfyl1l substituent whose steric bulk
in proximity of C3 and C4 would magnify the influsm of this alkaloid region, up to
override the control on the asymmetric inductionnmally provided by the C8 and C9
stereocenters. Because the configuration of theédomolecular fragment is conserved on
switching between QN and QD, this could explain dhserved departure from the usual
pseudoenantiomeric behavior. Unfortunately, no ¢y data of the IPB organocatalyst
were provided in this study.

The conversion of the vinyl group @finchonaalkaloids into a terminal acetylene
one opens several possibilities of further elabondt For the purposes of alkaloid
anchoring, this opportunity was exploited in theegaration of the IPB quaternary
ammonium salt$1ab.?? These materials were obtained in relatively loelgs (31-34%)
by deprotonation witmBuLi of the corresponding 10,11-didehydro CN or G&ivatives,
followed by the coupling of the resulting lithiuncetylides with a commercial Merrifield
resin. Both supported systems were tested as dhir@l in the Lygo-Corey asymmetric
benzylation (Figure 9, eq. 3), obtaining much beatsults with the CN derivative (63-73%
ee depending on the actual reaction conditions) thidim the CD one (11%6€. Also in this

case, no attempt to re-use the IPB organocatalystreported.

1.4.2.1PB- Cinchona alkaloid derivative linked at 9-O piti®n.

Provided the free hydroxyl group is not required feffective catalysis, the
immobilization of Cinchonaalkaloid derivatives through the@-position is another viable
and extensively practiced route. Also in this casenerous examples exist, that differ in
the technique adopted for the preparation of tlied{stem.

Copolymerization of 9-O monome(Eigure 14). Together with the direct use of the
alkaloid’s vinyl group, described in the previowagraph, the radical copolymerization of

9-O monomer derivatives has been employed since thiartiag of the studies in the field.

81 Hoffmann, H. M. R.; Frackenpohl Huropean Journal of Organic Chemis2904 4293-4312 (and ref. cited therein)
8 Thierry, B.; Plaquevent, J.-C.; Cahard ,NIblecular Diversity2005 9, 277-290.
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One of the first examples in this direction invalwe copolymerization of the ®-acryloyl

derivatives of CN and QN with some acryalmide ciiogeers®*

The resulting insoluble
materials $2ab) were employed to catalyze the addition of methanomethylphenyl
ketene at -7&, giving methyl 2-phenylpropionate of fairly lownantiomeric purity (11-
34%ee.

In addition to cross-linked materials,®-alkaloid monomers were also embedded
into some linear copolymers that, as already noted, display a very poor solubility in
organic solvents. An example of this approach @ioled by the copolymer between the 9-
O-(undec-10-enoyl) ester of DHQD and acrylonitr3)( prepared in an effort to avoid the
steric congestion around the alkaloid units of pneviously discussed IPB ligar8# (see
1.4.1)%*° Even if the preparation &3 was poorly efficient (13% yield), in the AD tBns
stilbene the material performed much better tl3dnand, to some extent, ofla-c
Interestingly, good results were obtained usindgezitNMO (87% vyield, 82%ee or
ferricyanide (91% yield, 86%¢ terminal oxidant, but no recycling attempt wagared in

this case.

W o
Sl S EIPEN

R 52a (CN) = (8R, 9S), R=H
52b (QN) = (8S, 9R), R = OMe

53
Figure 14. IPB alkaloid derivatives obtained by coplymerization of 9-O monomers.

Similarly, some PS-supported alkaloid derivativ@$ab) wereprepared by radical
copolymerization of styrene or 4-phenylstyrene vitie 9O-(4-vinylbenzoate) of DHQD
or DHQN® The materials obtained by this route were testatié AD of various olefins in
MeCN : HO (8:2) ortBuOH : HO (1:1), the terminal oxidant being NMO angR€(CN},
respectively. Besides confirming the adverse etéet high concentration of alkaloid units
in the macromolecular chain (see 1.4.1), these demsonstrated that even the optimized

ligands 64ab with 10% alkaloid incorporation) could deliver a@im enantioselectivity in

83 Lohray, B. B.; Thomas, A.; Chittari, P.; Ahuja,Rl; Dhal, P. KTetrahedron Letter$4992 33, 5453-5456
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the AD oftrans-stilbene only £ 85%eé6. On the contrary, the dihydroxylation of terminal
or othertrans-disubstituted olefins provided diols of lower etiameric purity (22-69%
eg. Moreover, the observation was made in this sty the initial suspension of the
polymeric ligand in MeCN : kD gradually changed into a homogeneous solutichea$\D
reaction proceeded. Although the alkaloid derivatbould be precipitated by diluting the
mixture with water and used again in a single recygn, no evidence was provided at this

stage about the nature (heterogeneous or homogenafdhe catalysis at work.

Grafting/tethering through the 9-O oxygen at@Aangure 15). After the pioneering work of

Hermann and Wynberg mentioned before (mateB&ksb°®

the anchoring through the 9-
O position has been employed more and more timesid&d the preparation of a simple 9-
O derivative is aimed, the direct reaction of thedivea alkaloid’'s OH group with a
functional support can prove one of the most edfitimethods for obtaining IPB systems of
this class. A remarkable example of this approaahk described by Lectka and co-workers
for the preparation of QN ester derivativés,57ac).2* Initially, the direct esterification of
the alkaloid with a carboxypolystyrene resin wasrapted but, due to the relatively poor
diastereoselectivity afforded by the mateBélin the catalysis runwide infrg), a different
route was eventually chosen. The latter involvedrdaction of the benzyl alcohol moieties
of a high loading Wang resin with a bis(carboxyimd chloride), followed by the use of
the pendant chlorocarbonyl residual groups forgfadting of the native alkaloid. By this
approach three materials were prepaf®ta() that differed in the structure of the tether
linking the chiral units to the support. This desgement proved rather important when the
IPB organocatalyst were employed for promoting th2+2] addition between
monosubstituted ketenes and Ni¢osylimine of ethyl glyoxylate: while all of theaterials
afforded thes-lactam products in similar yield (62-64%) and dr@neric purity (87-95%),
only those containing an aromatic spadefab) also lead to a satisfactory diastereomeric
purity (cis: trans> 10 : 1). Interestingly, the runs of this study &earried out under flow
conditions into sequentially linked columns, dentaatgng that the generation of the ketene
andN-tosylimine reactants, their organocatalyzed asytmmeeaction, and the scavenging

of any unreacted ketene and imine byproducts caillldoe performed in a ‘synthesis

84 Hafez, A. M.; Taggi, A. E.; Dudding, T.; Lectka, Journal of the American Chemical Soci2601, 123 10853-10859.
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machine’® In turn, this allowed the direct recrystallizatiohthe crude without requiring
any preliminary purification of the sensitigdactam compound.

Probably due to some alkaloid leaching, freshlyppred57ac required 5-10 initial
runs before affording consistent results. Aftempao'ageing’ the resins proved nevertheless
rather robust, in the case of a (unspecified) batthHPB organocatalyst allowing the
preservation of its catalytic efficiency over 60acgon cycles. In spite of this quite
impressive result it has been noted, however,ithaach catalysis run the IPB alkaloid was
employed in undisclosed amounts, but anyway muaetahan 100 mol9%> Under these
conditions, the increase of productivity over thee wf the corresponding homogeneous
organocatalyst is clearly not as large as the nuwieecycles might suggest.

Supported chiral PTC58ab) were prepared in low overall yields (24-30%) by
direct esterification of the hydroxy group of quasey ammonium salt of CN and CD with
carboxypolystyrene resfff. The materials were tested in the asymmetric Lygoe@
benzylation but, due to the long reaction times-126 h) and the moderate
enantioselectivity (30-65%6), they proved scarcely effective. On the contrémg, grafting
of CN, CD, QN, and QD quaternary ammonium salts tderrifield resin resulted much
more convenient, leading to the corresponding PA32-d) in good to excellent yields (71-
90%). Screening of the materials in the same beadhmeaction as above showed the
expected pseudoenantiomeric effect, albeit wititrang dependence of theds on the
catalyst structure. In particular, while the CD idative (G9b) afforded an excellent
enantioselectivity under optimized conditions (¥349eé), the other material$9a,c-d led
to significantly worse results(79% eg. In the same study, attempts were also made for
improving the catalytic performances 059p) and for addressing its unsatisfactory
recycling profile (14% vyield decrease and &¥®loss in 4 cycles). In order to tackle the
former issue, a material embedding a longer tegheup was studieds) but this actually
resulted in a reduced enantioselectivity (88®. Instead, on the assumption that the
mechanical wearing would be the reason of catalysgradation on recycling, the use of
SynPhasB’ lanterns (chloromethylated PS stacked disk) wasloexd as a mean for
solving the latter problem. The resulting materi@ibich should be chemically similar to

59h) afforded essentially constant results over thegeles, but the enantioselectivity

8 For another application of this concept, see: ¢&as.; Bernstein, D.; Weatherwax, A.; LectkaQFganic Letters2005
7, 3009-3012.

86 Oliver Gleeson, Renata Tekoriute, Yurii K. Gun’l8iephen J. Conndbhemistry A European Journa009 15, 5669
- 5673
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attained in these runs was substantially lower18% eg than in the case of the standard
Merrifield type of support.

For the sake of completeness, it is worth mentignivat three monomeric alkaloid
derivatives containing an allyloxy side arm werekéd to linear PMHS by the same
approach described fdi0 (see 1.4.1)° The resulting material$la,b,0 were screened in
the AD but afforded relatively low enantioselediyvivalues € 83% ee), even if the test
olefin (transstilbene) is arguably the best substrate for daetion under exam. Also in this
case, no evidence was provided that could supperattual heterogeneity of the catalytic

system.

RS

O,

55aR = %-HZC-O—CO-

OMe PS = Polystyrene

55bR = £0C-(CH,),-CO- 56

57a 57b  S7c

O,
(0]
| 61b
o] ;

OMe

Figure 15. IPB alkaloid derivatives prepared by grdting/tethering through the 9-O position.
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Dimeric alkaloid ethers linked through the centfhktero)aromatic spacer grouf-igure
16). In the case of soluble ©-derivatives whose preparation involves a clean laigt
yielding reaction (e.g. esters and simple etharg)st of the examples discussed above
demonstrate that a similar procedure can be aldorpgd ‘in the solid phase’, so as to
allow a straightforward and reasonably effectivehamming route.

Unfortunately, a similar approach falls generahypig in the immobilization of other
derivatives for which, already in the homogeneousse, the introduction of the @-
substituent requires harsh conditions or leadedoiced yields or byproducts. This kind of
limitations are typically encountered in the specifase of second-generation dimeric
ethers like6-9 (see 1.3), where the formation of a bond betwéemttive alkaloid’'s @
oxygen atom and a -hypothetical- (hetero)aromatipperted substrate appears hardly
practicable as an efficient immobilization techréquConsidering also the synthetic
difficulties encountered in preparing alkaloid datives with the anchoring site localized in
the (hetero)aromatic spacer between the chiralsuf@tg., see 2.1), it is therefore not
surprising that the heterogeneization of this ct#ssxpensive, yet very versatile ligands or
organocatalysts has been largely tackled by otpgroaches (most notably by taking
advantage of the alkaloid’s vinyl group, see 1.4.1)

Besides a soluble PS-supported anthraquinone dggya which lays outside the
scope of this overview but will be discussed agairthe paragraphs 2.4 and 4.3, an
exception in this sense is represented by the dinieB alkaloid ligand$2a-¢ 63a-h and
64 developed by Bolm and co-workéfsin general, all these materials were prepared by
first synthesizing a ligand bearing a bromine atomthe spacer core, then introducing a 4-
hydroxyphenyl group by a Suzuki-Miyaura cross-coupl and finally exploiting the
phenol portion of the resulting derivative for ling to functional silica-gel. The IPB
ligands were tested in the AD reaction of variolsfios with the ferricyanide oxidant
system. In the case of standard AD substratesggugene andrans-stilbene) the materials
623 62b and 62c performed quite well, affording the correspondidigls with a high
enantioselectivity (97-99%@.2% Interestingly, while62b showedsome evident drop in the
asymmetric induction ability already after four B®&; 62a could also be used seven times

without any significant degradation of performancHss difference was believed to be due

87 a) Waltinger, J.; Krimmer, H.-P.; Drauz, Retrahedron Letter@002 43, 8531-8533b) Woeltinger, J.; Henniges, H.;
Bolm, C.; Maischak, A.; Burkhardt, O.; Reichert; Barau, A.; Philippe, J.-L.; Bommarius, A.; Dralz; Krimmer,
H.-P. InDegussa AG, GermanRE 10036328A12002 pp 28.

88 a) Bolm, C.; Gerlach, AChemical Communicatiori997, 2353-2354pb) Bolm, C.; Gerlach, AAngewandte Chemie
International Edition in Englisi997 36, 741-743c) Bolm, C.; Maischak, ASynlett2001, 93-95.
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to the saponification of the ester linkages@b under the strongly basic reaction conditions.
At variance with62ab,c, the other three material63ab and 64) were specifically
designed for tackling the AD of notoriously ‘diftitt’ substrates, like terminal aliphatic or
cis-1,2-disubstituted olefins. Accordingly, the IPBripyidine derivative$3ab were tested
in the AD of 1-decene (61-84&8),°*%®while the anthraquinone ethé4 was employed for
the dihydroxylation of allyl iodide or indene (78d47%ee respectively§® Even if the
magnitude of theenantioselectivity in these examples is not impwesst is worth noting
that the results reflect to a large extent thosavided by the analogous soluble chiral

ligands under comparable conditions (89, 83, artd 68 respectively)?

62a, R =

RZ=HorR!'

OH o]
o}
62bR' = M
o]
o]

R?=R'or
HO
fo) (0]
62¢ R1 =HW
o o

R'O

N
\> O—_ R?2=R'or
HO

63a,R' =
o
63b, R2 = HW
o

Figure 16. IPB dimeric alkaloid derivatives anchore through the (hetero)aromatic spacer.
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1.4.3.IPB- Cinchona alkaloid derivatives linked at the quiclidine nitrogen.

With a few exceptiond’ the Cinchonaquaternary ammonium salts obtained by
alkylation of the quinuclidine nitrogen atom (NBigure 17) have a catalyst scope that is
limited to the field of chiral PTC. Provided thisthe aim, the immobilization through such
position can nonetheless prove quite effectivegerkrally obtained by grafting.

This latter observation is confirmed, amongst thiees® by the extensive work
carried out independently by Cahard and co-workers Najera and co-worket®%90%1
These groups comprehensively examined alternapipeoaches for the preparation of IPB
guaternary ammonium derivatives, some of which als® discussed in the sections
dedicated to other anchoring positions (see 1.4.4,2, and 1.4.4). In this context a
distinction of the IPB derivatives into first andcend generation was matfébut, as this
organization reflects more the historical developmef the materials than actual
differences in the preparation procedure, it walt be followed here.

Arguably, the alkylation of N1 by a polymeric alkyalide is the most direct way for
synthesizing IPB quaternary ammonium salts. Theeeitas not surprising that most of the
reported examples made use of this strategy, Wéhrtain variations deriving from changes
in the structure of the alkaloid core (stereochémigresence of 6' methoxy group, and
nature of 90 substituent) and of the insoluble support.

A first series of derivatives of this clas85¢66 was introduced by Najera and
coworkers®%?by grafting of CN or QD onto commercial resins @ning alkylating side
arms. In addition to standard Merrifield beadss study included PS-bound trityl chloride,
chloromethylated Janda¥8l [PS cross-linked with 1,4-bis(4-vinylphenoxy)buirt
Wang-Br resin [cross-linked PS with (4-bromometimdpoxy)methyl grafts], and

83a) shi, Q.; Lee, Y.-J.; Song, H.; Cheng, M.; Jew, SPark, H.-G.; Jeong, B.-Ehemistry Letter2008 37, 436-437;
b) Qin, Y.; Yang, G.; Yang, L.; Li, J.; Cui, XCatalysis Letter2011, 141, 481-488.

% For more contributions from the Cahard groapThierry, B.; Plaquevent, J.-C.; Cahard, T2trahedron: Asymmetry
2001, 12, 983-986b) Thierry, B.; Perrard, T.; Audouard, C.; PlaqueydmC.; Cahard, D5ynthesi2001, 2001, 1742-
1746.

91 For more contributions from the Najera groapChinchilla, R.; Mazon, P.; Najera, Cetrahedron: Asymmet200Q
11, 3277-3281b) Chinchilla, R.; Mazon, P.; Najera, 8&dvanced Synthesis & Cataly2804 346, 1186-1194.

92 One of the first example of quaternary CD and CNHe same structu@s) grafted on chloromethylated crosslinked
polystyrene (2-20% crosslinkingjas reported i1983for catalyzing Michael addition of 1-oxoindan-2rgaxylate to
methyl vinyl ketone, however, by using differentatgsts the products were isolated with quantitagiields but with
very low enantiomeric purities (upto 27%): Hodge,Kkhoshdel, E.; Waterhouse,Jburnal of the Chemical Society,
Perkin Transactions 1: Organic and Bio-Organic @tistry (1972-1999)983 2205-2209.

% Toy, P. H.; Reger, T. S.; Janda, K.AMrichimica Acta200Q 33, 87-93.
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ArgoGel-C™ [a proprietary architecture of former Argonaut fieclogies Inc., probably
made of a cross-linked PS core with pendant (4rohtethylphenoxy)PEG grafté].

In an attempt of further tuning the catalytic prdjgs of the supported PTC's, the
development of tailor-made resins was also expldféith this aim Cahard and co-workers
prepared a family of IPB derivative67a-l), which differed in the nature of the alkaloid
moiety and the length of the tethering group betwiw chiral units and the cross-linked
PS support? On the contrary, the transformation of a standdedrifield resin into the
corresponding mercapto form, followed by reactiath\®,10-bis(chloromethyl)anthracene,
allowed Najera and co-workers to eventually tet@Gdr through N1 (see the materié)
without having to renounce to the highly effect®«anthrylmethyl substituef.

All of the IPB derivatives discussed above werdetgsas chiral PTC in different Lygo-
Corey reactions (most of which were nonethelesgechiout with benzyl bromide as the
alkylating agent$®®22%*"Without entering into much details, that may berf in the cited
literature, it can be said that in the case of $panish group the only supported catalyst
capable of providing at least 90é& in the benchmark asymmetric alkylation of glycenat
imines was the simple CN derivative anchored onstaadard Merrifield resin6ga). By
contrast, the alkylation of @ (65b), the switch to an alkaloid core of the QD se(&s0),

the change of the suppo@5(d), the use of different spaceB5( 68, 69), and even the use of
the 9-anthrylmethyl derivative7Q) afforded enantioselectivity levels that did natpass
74%ee

Similarly, the French group found that while theaetioselectivity of the materials
in the studied set was only moderately dependerntheriength of the tethering group in
6la-l, the structure of the alkaloid core exerted a \&rgng influence. In particular, the
CN-based PTC6la-¢g 64-81%ee performed significantly better than the CBL1{-f, 6-
29%e@g and, especially, the QN/QD ond/(-l, 4-10%e8@. Interestingly, also in this case
a departure from the usual pseudoenantiomeric alvabetween CN and CD (or QN and
QD) was observed, leading to speculate that thepéisiructure” generated by
configurationally-specified polymer domains coulavb some influence in the asymmetric
induction process. Overall, the best results predidy61la-ccould not reach, however, the

performances of the CD derivati%8b (see 1.4.2).

94 | abadie, J. W.; Deegan, T. L.; Gooding, O. W.;dH#=i K.; Newcomb, W. S.; Porco, J. A, Jr.; TrénH.; Van, E., P.
Polymeric Materials Science and Engineerit#§ 75, 389-390.
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Even if the anchoring through ®-and N1 can be considered two equally viable
routes for the immobilization of alkaloid PTC, tbemparison between the results attained
by the Spanish and the French groups suggest tieatoptimal solution in terms of

enantioselectivity has probably to be found casedsge.

= o s

° Merrifield
R’ Cl al
8 3
Merrifield PI Merrifield
Tl ~Q
OR _
R =H, Ally R=H,OMe 674 (CN, n=4) 67g (QN, n=4)
1 2 - 67b (CN, n=6) 67h (QN, n=6)
65a, R' = H, R = H; PS = (Merrifield) 66 67c (CN, n=8) 67i (QN, n=8)
65b, R' = H, R? = Allyl; PS = (Merrifield) 67d (CD, n=4) 67j (QD, n=4)
65¢c, R' = OMe, R? = H; PS = (Merrifield) 67e (CD, n=_6) 67k (QN, ﬂ_=6)
65d, R'= H, R? = H; PS = (JandaGel™) 67f (CD, n=8) 671 (QN, n=8)
Merrifield
ArgoGel
SO
// \Qo
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Figure 17. IPB alkaloid derivatives obtained by gréting/tethering through N1.

1.4.4.1PB- Cinchona alkaloid derivatives linked at the ® position.

As a matter of facts, the &-site of theCinchonaalkaloids QD and QN (Figure 18)
is the less frequently used position for the attaht to an insoluble support. Probably, the
reasons of this limited popularity have to be deadcin the necessity of preparing
derivatives suitable for anchoring (e.dihydrocupreine the 6desmethyl analog of
DHQN) by demethylation of the commercially avaialRlHQD or DHQN, as well as in the
fact that no significant advantage for this stragtegems to have been reported to date for
IPB materials”

% For an application to soluble derivatives, seeef@ample: Danelli, T.; Annunziata, R.; Benaglia, Kinquini, M.;
Cozzi, F.; Tocco, GTetrahedron: Asymmet2003 14, 461-467
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In fact, a very early example of this approach vedieady provided in the
anticipated work by Hermann and Wynberg, where dlibgupreine was anchored to cross-
linked chloromethylPS to giv@1%'® However, this material afforded an almost racemic
product in the benchmark Michael reaction (Figure® 6) and, therefore, proved even less
effective than the IPB organocatalysts anchoreabiin 9O (55aand55h).

More recently, the same approach has been briefynmed in the cited study
Cahard and co-workers for the preparation of a supg PTC®? After anchoring
dihydrocupreine to a Merrifield resin (60% vyieldhe resulting IPB alkaloid wasil-
alkylated with 9-chloromethylanthracene to giv@ in low vyield (25%). Even if the
conversion and yield in a standard Lygo-Corey bktipn were good, also in this case a
practically racemic compound was unfortunately migtd. This led to the conclusion that in
the case under exam the anchoring through & N1 can be more effective, in terms of

enantioselectivity, than linking at ®-or C11 (see alsblab in the see 1.4.1).

Merrifield resin

LT

72

Figure 18. IPB alkaloid derivatives linked throughthe 6’-O position.

1.4.5.Anchoring of amino and thiourea Cinchona alkaloidetivatives.

Although the present Thesis is mainly focused a@arlds and organocatalysts
prepared by simple alkylation or acylation of treumal alkaloids, it has been mentioned
(see 1.3) that their conversion irgpt or nat-9-amino(9-deoxy) analogs can often lead to
more powerful amino or bifunctional derivatives.rRbe sake of completeness, a few
examples of IPB systems belonging to this categbrgure 19) will be discussed in this
paragraph.

The organocatalyst§8a,b) wereprepared by direct grafting onto a Merrifield resin
of amino eQN bearing two different amino-terminaspacer groups” The materials were
then tested in the asymmetric conjugate additionlofdicarbonyl compounds tbi-

benzylmaleimide and showed only poor performan2&s3g8% yield, 10-49%¢8.

43



1. Introduction

The bifunctional polymer-supported sulfonamide lyasta74 was obtained by first
synthesizing the corresponding chiral monomer dmeh tembedding it by suspension
radical copolymerization into a cross-linked PSwaek. The material was successfully
employed in the methanolic desymmetrization mkso cyclic anhydrides to give
enantioenriched chiral hemiesters (~99% vyield, 3%9eé. Recycling gave also
reproducible results of up to 10 successive Pans.

In order to have the primary amino group free farivhtization, the IPB
organocatalyst5 was prepared by resorting to the radical addiibmercaptopropylsilan-
ized SBA-15 to the vinyl group of the preformidd3,5-bis(trifluoromethyl)phenyl]thiourea
chiral derivative. When employed in the Friedel{&aeaction of imines with indoleZb
smoothly provided products with excellent resuis-79% yield, 89-99%e after 5 days).
The material could be alseused for three times with stable enantioseldgtivbut a

significant erosion of yield (up to 20%) observadhe last cycle’’

7
/E @E‘r‘
O\Q\/H N "
R | ZN

73a, R = (CH,),-NH-(CH,),-NH-(CH,), _
73b, R = CgH, N

74

Figure 19. IPB amino and bifunctional alkaloid deriatives.

% Youk, S. H.; Oh, S. H.; Rho, H. S.; Lee, J. EeL& W.; Song, C. EEhemical Communication009 2220-2222.
9Yu, P.; He, J.; Guo, C. XChemical CommunicatiorZ008 9, 2355-2357.
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1.5. A critical evaluation of known IPBCinchonaderivatives and
assessment of open questions.

From the discussion in the previous paragraphshauld be clear that the much
efforts have been devoted in the last four dectalése development of IPB variants of the
alkaloids of Cinchonaand their derivatives. Overall, this body of waakpears largely
paradigmatic of recoverable enantioselective cats)yin general, and allows therefore to
draw some conclusions about the present statevahaédment of the field.

In this respect, the first observation that canniede concerns the goals of the
studies reported so far. With very few exceptidhese have been strongly focused on the
attainment of high catalytic performances and, fash much lesser extent, to the problem
of whether the recoverable catalyst could actutatigt any application beyond and above
the proof-of-concept level. On the one hand thipleasis was important because it allowed
to outline the prominent design elements requi@dpireparing covalently immobilized
catalysts with satisfactory activity and enantiesglity, and helped to demystify the belief
that IPB systems would be irremediably ill-perfongniin comparison with the original
homogeneous catalysts (as well as with respecher cecovery strategied): % %

On the other hand, however, limiting the attenttonthis single aspect appears
largely unsatisfactory nowadays, when a more résdlrust seems urgently needed for
making the IPB asymmetric catalysts a common tooWfork on preparatory scale in the
synthetic organic chemist’s laboratof?

In addition to the performance issue noted abowe,ahy given homogeneous
catalyst this paradigm shift requires to take @toount two additional aspects (Figure 20):
(i) how to develop an economic and scalable preperaif the IPB variant andi) how

long the supported system can be recycled effdgtive

\.

Figure 20. The three mandatory aspects for practidaapplications of IPB systems
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As anticipated, these questions have been frequargblected in the studies
reported so far and, in many cases, implicitly deféto an eventual scale-up stage (which,
incidentally, practically never followed). Howevevhen one considers that the preparation,
performance, and durability goals often require flictiing solutions, it is evident that
tackling just one or two of these aspects at tismaat expected to lead to much progress.
On the contrary, the design of IPB systems thatprehensively settle of all of the three
issues simultaneously could only be the proper ansov the problem at hand.

Therefore it is not surprising that even in a régeriew on the impact of catalysis
in the pharmaceutical industfjjust an example was reported for ‘large-scale’ igptibns
of IPB chiral catalystsi.e. the PS-supported Schiff base, (Figure 21) usé€thaex for the

synthesis of enantioenriched amino nitriles).

t-Bu OCO(t-Bu)

Figure 21. A polystyrene-supported Schiff base catgdt.

Before proceeding further with the discussionsitvorth considering a bit more in
detail what ‘practical applications’ could mean tinis context. In fact, the potential
scenarios where the IPB systems may conceivably &inroutine use are quite ample,
ranging from high throughput R&D investigationstihe actual production of fine chemical.
Given the large variability of typical working seal in these applications (milligrams to
kilos to tons}® widely different requirements can also be expeftedvhat it concerns the
characteristics of the IPB system.

For the purposes of the present work, a practicalgvant IPB enantioselective
catalyst will be considered a material for whidh:no obvious limit exists for scaling-up at
least to gram quantitiesj Y affords> 90% eein one or more asymmetric transformations,
and (i) can be recovered and reuse@0 times without any significant reduction of the
activity and enantioselectivity.

Albeit rather arbitrary as a definition, this cheibas the merit of including as a
minimal target for the preparation problem, the kaaing sizes of the few IPB chiral
derivatives that already found a way to commerzadion €.g.polymer-bound TADDOL,
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pseudoephedrine, and tartaric acid from Sigma-aldtf. Moreover, although the limits set
may look largely conservative, it is interestingriote that nearly all of the IPBinchona
derivatives discussed in the previous paragraphldvsuive in meeting even these loose
requirements.

Concerning the preparation, the main problems appeaise in either the synthesis
of a soluble derivative suitable for anchoring,iorthe immobilization step itself. The
former case is typical for IPB systems obtainecttyolymerizationi(e. 34, 42-45 52 and
53), where the synthesis of functional monomers (radiymstyrene or methacrylate type)
requires several steps and repeated chromatogrpptifications®®747": 61088y contrast,
the latter problem is often met when anchoringhaf &lkaloid derivative to a preformed
insoluble support is attempted. In particular, thppears to be the case when the rather
popular addition of thiol groups supported onta@seibus materials to the alkaloid’ C10-C11
double bond is used.€. 37, 39), because the straightforward preparation of tieharable
derivative is made vain by the low grafting yielidaalkaloid loading [0.28 mmolgand
0.49 mmol gfor 38 and 15.9 wt% loading faB9] in the final material*®*nstead, the
alternative use of chloromethylated PS or chlorppkasilica-gel for grafting neutral
derivatives by Williamson-type chemistry71( and 47, respectively}"’* is somewnhat
guestionable due to the presence of very nucleophilrogen atoms in the chiral cores,
which could lead to unwanted alkylation reactidhs>

Hence, the sole IPB alkaloid systems that appeagedonably scalable at the
beginning of this work were those linked throughe tiquinuclidine nitrogen 66-
70)°40682.909% the simple 9 esters obtained by the Lectka approd&$57).2*%°In both
cases, the final IPB materials could be prepareccdaybining the native alkaloids, or
simple derivatives thereof, with commercial ress@mnetimes using a suitable linker/spacer
reagent. However, the former class of materialerdgsly finds use as chiral phase-transfer
catalysts only and the latter seems equally limitedatalysis scope to the excellent results
provided by the American group.

% To give an idea of the commercial availability ahd cost of these IPB catalyst precursors, tHewvidhg figures from
the Sigma-Aldrich catalog can be mentionedartaric acid polymer-bound,~ 1 mmot,@274€ for 5 g; (-)-2,3-O-
benzylidene-1,1,4,4-tetrapheriyithreitol (TADDOL) polymer-bound,~ 0.4 mmol'g200 € for 250 mg;1R,2R-
pseudoephedrine polymer-bound,1-2 mmbl$B5 € for 25 g (2011 prices).

@) O'Donnell, M. JAccounts of Chemical Resear204 37, 506-517;0) Lygo, B.; Andrews, B. IAccounts of
Chemical Research004 37, 518-525.

100 |5hii, Y. Fujimoto, R.; Mikami, M.; Murakami, SMiki, Y.; Furukawa, Y.Organic Process Research & Development
2007 11, 609-615.
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Besides a few specific cases where the simplifiegdasation alone could be a
sufficient reason for developing an IPB chiral batg it is clear that the justification of the
efforts required for preparing a recoverable systg#mould normally come from the
attainment of extended recycling. In this respeloe customary description of a few
reaction runs only (typically 3-5 cycles, with “mBaunchanged catalysis results”) appears
therefore unsatisfactory, as it leaves largely anemed the question whether the durability
of the supported system could pay back for itserofather onerous- preparation.

As before, the decision where to set the boundhat tiscriminates practical
recyclability is somewhat a matter of an arbitrahpice, which involves the definition of
both () the maximum acceptable extent of catalyst perémmwe degradation and)(the
minimum number of reaction cycles that the catadymstuld survive before reaching the said
limit. Although a meaningful decision in this sersmuld probably require a case-by-case
analysis, the latter aspect has been recently shscuby Gun’ko, Connon, and co-workers.
% These Authors proposed 20 cycles as the minimurel,lehat would encourage the
synthesis of an IPB system “by the practitioneeiiested only in its use as a tool”.

By adopting this perspective, the only IRBhchonaalkaloid derivatives that could
be taken as satisfactorily recyclable at the begmof this Thesis were the phthalazi
(20 successive AD runs with 87-998¢ depending on the alkene structétend the ester
57 (60 successive ketene-imine addition cycles, witt98%eg). 3

As noted above, the synthesisddfwas however too complicated for any reasonable
practical application, thereby lacking in one of three mandatory requirements outlined at
the beginning of this paragraph. On the contrang preparation ob7 was arguably
scalable and the number of recycles quite impresbi#t the fact that “the catalyst was
employed at undisclosed loadings (yet considerhlgirer than 100 mol%$® is likely to
lead more to ‘polymer-facilitated synthesis’ thartrue ‘catalysis’.

Overall, forty years of research were then app§ransufficient for providing a
single example of an IPBinchonaderivative that could satisfy all the criteria tdiked by
the current trends in the field.

This last observation is at the origin of the présehesis work, whose objectives

and strategies are briefly outlined in the nexageaaph.
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1. Introduction

1.6. Aims, contents and plot of the Thesis.

Given the previous discussion, the general goahisf Thesis was the development
of procedures for the preparation@hchonalPB systems, which could nicely conjugate in
a single architecture the three main requirementspfactical applications, noted above
(Figure 20). Due to the number of variables thaldacome into play, some strategic
decision had to be taken at the onset. These mayrbearized as follows:

- Support typeEven if the inorganic supporte.g. silica-gel, mesoporous silicates,
etc.) have often been claimed to be superior tmthganic ones in terms of mechanical and
thermal stability?? their use for catalyst immobilization can prespriblems that range
from strong leaching to unwanted interactions with the highly polardigisurface® For
this reason, in the present work organic polymeny avere studied as support materials.
Moreover, the further assumption was made thaght fbalance between chemical and
mechanical stability and minimal perturbation of tanchored chiral units could be
achieved by the selection of PS resins, whose asdéen then thoroughly pursued in this
Thesis.

- Immobilization techniqueThe covalent immobilization of any derivative or(or
within) an insoluble support is an inherently twegs procedure, composed by the
preparation of a proper anchorable derivative tackvithe actual anchoring step follows.
For the whole sequence to be reasonably convemersignificant bottleneck (or efficiency
loss) should then occur at any of the two stagé@mm this point of view, the
(co)polymerization strategy can provide finely-dadd insoluble materials, usually in high
yields, but it suffers from the need of preparingd ahandling sensitive functional
monomers, usually by multistep synthetic schemas shart from the expensive alkaloid
precursor. A further point of concern with this eggch is the possible occurrence of chiral
units deeply buried inside the macromolecular neétwand, hence, lost for catalysis.
Grafting or tethering, as defined in 1.2 (Covaleiniding), look therefore more appealing in
principle, but still require the attainment of affgient efficiency and the avoidance of
ambiguities due to the chemistry involved in thekaring step. In consideration of the
state of the art and the experience gained in oo in this Thesis the hypothesis was
then made that a convenient approach could be basdbe generalized use of copper-

catalyzed alkyne-azide dipolar cycloaddition as minethod for ligating suitable alkaloid
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1. Introduction

derivatives to preformed resins. Besides providihg precise chemistry and the high
efficiency desired for the immobilization step (@ker 4), this choice was indeed expected
to greatly simplify also the preparation of propechorable derivatives (Chapter 2).

- Structure of the alkaloid derivativ&enerally speaking, the focus of this work was
put on the immobilization of neutral ©-ether derivatives of the pseudoenantiomeric
alkaloids (hydro)quinine and (hydro)quinidine (Figu2). Due to their large scope as
enantioselective organocatalysts as well as theerainsatisfactory preparation methods
reported to date, a particular attention was deelitdo the immobilization of dimeric
alkaloid derivatives that, in the panorama of IPIRRabids, appeared to be the most
challenging but, potentially, also the most rewagdones.

- Type of catalysisEven though th€inchonaalkaloids have a well established track
as ligands in metal-catalyzed asymmetric transftiong, the growing interest towards
metal-free processes and the expectation that ocgéelysts could be easier to recycle
380450101 g ggested to substantially limit the scope of fhiesis to the latter class of
reactions only. This led to explore a number of naggstically diverse transformations
(Chapter 5) with the ultimate goal to define thegse of the prepared IPB derivatives and,

at least in a few cases, their recycling potential.

1013) Jarvo, E. R.; Miller, S. Jetrahedror2002 58, 2481-2495p) Dalko, P. I.; Moisan, LAngewandte Chemie,
International Edition2004 43, 5138-5175¢) Berkessel, A.; Groerger, Asymmetric OrganocatalysjdViley-VCH
Verlag GmbH 2005

50



CHAPTER -2- DESIGN AND
SYNTHESISOF CLICKABLE
CINCHONA ALKALOID DERIVATIVES



2. Design and Synthesis of Clickable Cinchona AlkiaDerivatives.

52



2. Design and Synthesis of Clickable Cinchona AlkiaDerivatives.

2.1 Synthetic strategy

The first objective of this work was to design $ytic schemes for the preparation
of Cinchonaalkaloid derivatives suitable for immobilizatioy Kopper(l)-catalyzed azide-
alkyne 1,3-dipolar ‘click’ cycloaddition (chaptej-4Given the anticipated interest in large-
scale (multi-gram) applicability, the attention wpsmarily focused on procedures that
made use of cheap chemicals and reliable transfmmnsa In order to reduce chemicals
waste and to increase the likelihood of scale-uyg &voidance of chromatographic
purification steps was also considered highly @dsér at this stage.

Having chosen the Huisgen reaction as the immalitin technique, two different
strategies could emergeg. the use of alkaloid derivatives with a terminaltglsmne group
and polymer supports bearing azido units, or viersa.

On the assumption that it could significantly slifypthe preparation of the
anchorable chiral derivatives and avoid the hamétthndling low molecular-weight azides,
the first approach was adopted in the present $hedih this initial decision, four general
types ofCinchonaalkaloid 9-O ether derivatives (Figure 22) wer@sidered of potential
interest for this work in view of the similarity taown effective ligands or organocatalysts
(76 and 77), the possibility of devising a simple preparatiamute {8), or the already

demonstrated suitability for kilo-scale applicagqi9).:%?

OAk. O  OAK. OAlk.
N | \T AN O‘O N)\N
N NN \9)\\ /|k N o
n N © N7 oAk Ak,
OAlk. o) OAlk. n
76 ” 78 79

Alk-OH| R Configuration

QD vinyl 8R, 9S
DHQD Et 8R, 9S
QN vinyl 8S, 9R
DHQN Et. 8S, 9R

Figure 22.Different types of Cinchonaalkaloid derivatives planned to be synthesized.

Generally speaking, all of the selected derivativather monomeric or dimeric,
could be reconducted retrosynthetically to a 94lation or arylation of the corresponding
commercial alkaloid precursor with a proper halieethis regard, it is worth noting that, in

principle, the terminal acetylene unit needed fiar subsequent ‘click-chemistry’ anchoring

102 |5hii, Y. Fujimoto, R.; Mikami, M.; Murakami, SMiki, Y.; Furukawa, Y.Organic Process Research & Development
2007 11, 609-615.
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2. Design and Synthesis of Clickable Cinchona AlkiaDerivatives.

could be introduced either before or after 9-O\gsdrzation of the alkaloid had taken place
(Scheme 2). Even though in the case of anthragaimienivatives the latter approach was
eventually followed by analogy with literature peeents, the former one was generally
deemed preferable in this work as it was expeaiddad to a more efficient synthetic use

of the relatively expensive alkaloid precursor.
OAlk

Alk-OH
—_—

base

OAlk
OAlk

X
Y~<>

’

X
Alk-OH
e /
/\¢ base /\d[)

X OAlk

Scheme 2 Preparation of clickableCinchonaalkaloid derivatives

\

The detailed description of the synthesis of dédfer‘clickable’ Cinchonaalkaloid
derivatives belonging to the four general classeted above is given in the rest of this
chapter.

2.2. Preparation of clickable pyridazine-core dimeic Cinchona
alkaloid-derivatives.

As anticipated, several studies have been repdrethe literature describing
phthalazine- and pyridazine-core dimer@inchona alkaloid derivatives on polymer
supports (see 1.4). However, it has been alreatBdnibhat most of them missed to tackle
important aspects like the stability of the suppdrtigand/catalyst, with the associated
leaching and recycling problems. Even when this d@se, as in the case of the ligahtl
prepared in our group (chapter?2}he sensitivity of the styrenic comonomers invohed
the preparation of the material and need of repeakeomatographic purification steps,
made the approach difficult to apply on a reasonkdge scale.

For this reason, in a previous Doctoral Thesis &gt was made for obtaining

‘clickable’ phthalazine ethers by the strategy ioetl in the Scheme 82 Unfortunately,

193|_essi, M.Ph.D. Thesis, XX-cyclé&lniversita di Pisa2007
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2. Design and Synthesis of Clickable Cinchona AlkiaDerivatives.

several efforts to prepare 1,4-dichlorophtalazirexivétives provided with a terminal
acetylene unit faced however a constant lack afesscdue to the mutual incompatibility of
the conditions needed for introducing on the hetglic nucleus the alkyne-terminated

spacer and the chlorine substituents (for an idesame of the explored routes, see Scheme
4).

OAIk cl
N N
n N N
Z | — z " | | + 2x Ak-oH
N N
OAIk

. C
Alk-OH = QD, QN, DHQD, DHQN

Scheme 3. Retrosynthetic approach for the synthesis ‘clickable phthalazine derivative’.

Cl cl
i ~
| 2 | N 5 //\ o Y
; ' 7z |
E N § N
| 85 '
e o 86 cl
jii
OH /\ Br  NaH
X Znl
= I /\M/z\
2 b ™S 84
Z + cl
80c
OH
cl HO | \T
i Br =N
B
OH N 83 ¢
OMe 81b
P ) cl vi
OMe
80b o cl
OH ;
[\"A
cl SN
4 2 Znl 1 OH | ’L
TMS 84 =
OH Br NN
| | Cl
Br | 82
OMe =
OMe 81a OH
80a OH

Scheme 4. Routes tried for synthesis of ‘modifiedichlorophthalazine derivatives’ (85, 86)

i) a: Pd(dppf)C}(5mol%), THF,A; b: TBAF, THF (deprotection); P@IDMF.,{ 145°C. ;ii) NH,NH,.H,0O, MeOH/HO;
iii) PCE/DMF¢y, A; iv) PCE DMF.,/ 145°C. ;v) Pd(dppf)C}, Dioxane;vi) NaBH;,, Dioxane, 55°C.

For these reasons, at the onset of the presentterattention was shifted towards
dimeric alkaloid derivatives belonging to the pwzthe class (general structuf@). In this

respect it is worth noting that, on the one hahd, ¢atalytic performances of pyridazine
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2. Design and Synthesis of Clickable Cinchona AlkiaDerivatives.

chiral ligands have generally proven comparablthése of the corresponding phthalazine
ethers, at least as far as their use in the ADticrawas examined* On the other hand, the
possibility of obtaining 4-substitued-3,6-dichloyojlazines by a tandem inverse electron-
demand Diels-Alder (IED-DA) nitrogen extrusion-réan *°® between 3,6-dichloro-1,2,4,5-
tetrazine 96) and a suitable acetylene compound seemed to affeespecially simple
solution for the problem at hand. Indeed, by foilogvthe analysis shown in the
Schemes the synthesis of the ‘clickable’ alkaloid deriwats 90 could be traced

back to the preparation of the pyridazine deriva89 that, in turn, could be conceivably

obtained by the mentioned reaction sequence bet@&and 1,7-octadiynesg).

Cl

N—N 2X Alk-OH
Ao NLoa 4 NN
— I |
Cl N.__N
N SN T
\ 96
P )
/ Cl \/\/\
N
/ 90 89 88 X

Scheme 5. Retrosynthetic hypothesis for synthesi§aickable pyridazine derivative 90

As discussed in following paragraphs, this hypathpsoved correct and eventually
allowed the preparation of a range of chiral dees 90, suitable for immobilization by

the anticipated ‘click’ strategy.

2.2.1 Preparation of 3,6-dichloro-1,2,4,5-tetrazin€96)

As described in the literature, the needed tetes@éhcan be obtained in five steps
from cheap commercial chemicaBcheme 63°°1%’As the different reactions appeared to
be simple and required no chromatographic purificaat any stage, for the preparation of
96 the published procedures were followed with theanchanges discussed below.

In the first step guanidine hydrochlorid@l) was reacted with 3.5 equivalents of

hydrazine monohydrate in 1,4-dioxane to give thdrbghloride of triamminoguanidine

104 Corey, E. J.; Noe, M. C.; SarsharJ8urnal of American Chemical Socigi993 115, 3828 —3829.

105 a) Smith, M. B.; March, JMarch's Advanced Organic Chemistry: Reactions, Me&ms, and Structure™Edition;
John Wiley & Sons, Ltd2000.Chapter 15, p. 106®) Boger, D. L.Chemical Reviews986 86, 781-794c) Sparey,
T. J.; Harrison, TTetrahedron Letter$4998 39, 5873-5874.

106 3) Coburn, M. D.; Ott, D. Glournal of Heterocyclic Chemisty99Q 27, 1941-1945hp) Coburn, M. D.; Buntain, G.
A.; Harris, B. W.; Hiskey, M. A.; Lee, K.-Y.; OtD. G.Journal of Heterocyclic Chemist4991, 28, 2049-2050.

107 3) Schirmer, U.; Wuerzer, B.; Meyer, N.; Neugebater.; Fischer, H.BASF A.-G.; Max-Planck-Gesellschaft zur
Foerderung der Wissenschaften ¢ &er. Offen. DE 350821411986[Chemical Abstrac1987 106, 45718p];b)
Helm, M. D.; Plant, A.; Harrity, J. P. AOrganic & Biomolecular Chemistr006 4, 4278-4280.
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(92). After separation by filtration, washing with deme and drying under reduced
pressure, the product (96% yield) was characterizgdletermining the melting point,
which was in agreement with the literature vatt®.

The second step of the sequence consisted in geatolution 002 in water with
two equivalent of acetylacetone. Under these cam@di®2 condensed with the diketone to
afford the desired dihydrotetrazine derivativé3 and two equivalents of 3,5-
dimethylpyrazoleRemarkably, the formation of a mixture was not aosis problem here
because, on cooling93 separated as nice crystals while the more soluhE
dimethylpirazole (largely present as its hydrocider salt) remained in the aqueous
solution. After filtration, washing with little wat and drying at 60°C under vacuum (or in a
dessiccator overPsg), the intermediat®3 was obtained in 66% yield, with melting point

and spectroscopic constants in agreement with tregs®ted in the literaturé®®

Me

(0] o / \N
® O ® o Me N~
NHLGI NNH; CI 2
i 3 NHp-NH,xH,0 I )\
C . /C\ N/ NH
H,NT ONH, dioxan HoNHN NHNH, H,O 172 |+ 2(3,5-dimethylpyrazole)
reflux 2 N NH
XN

o1 25.70°C Y

92 Vo N\

N

\
93 Me

(I
o I\llle NO, Me
Cl _CI

NN [,

2eq NH, Me e

cl O)\ll\l/l\o HN” N

2.2eq. - =
'l“| \T 87 NZ N eq. NH,-NH,xH,0 T ﬁl
| Il MeCN Ne_ _N

N N N N eCN, reflux N
o MeCN Y Y
Cl HN\ Me N\N
96 95 NH; o \ /

Me

Scheme 6. Sequence of reactions for the preparatiarf 3.6-dichloro-1,2,4,5-tetrazine (96)

Based on literature, the oxidation &fe heterocycle93 to the corresponding
aromatic derivatived4 can be conducted with a variety of reagents, dioly nitrogen
dioxide. With NQ, the reaction is virtually instantaneous, quatitig and clean, and can
be easily carried out by first condensing a staictgtric amount of the oxidant, for
measuring its volume, and then vaporizing the dgaind by bubbling it through a

suspension of the substr&®in N-methylpyrrolidone (NMP)!°®
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In this work, the small amount of needed NWas prepared through the thermal
decomposition of lead(ll) nitrate. In practiceanature of Pb(NQ), and sand was placed in
a Pyrex glass tube connected to the vessel comgpitie substrate by way of an
intermediate empty washing bottle. The Pyrex tube heated with a flame to start the NO
production and the brownish fumes were forwardeth&suspension &3 in NMP with
the aid of an air stream. The consumptior®®fvas easily followed byhe colour change,
from yellow to deep orange, and by TLC. The produes then isolated by pouring the
reaction mixture in water, filtering and washingthwiwater. After drying under vacuum
over RO;o, the compoun®4 was obtained as a deep red solid (78% yield), widiting
point and spectroscopic constants identical toethieported in the literatur&®

For the conversion 084 into 95, the published procedure was follow&%
Accordingly, 94 was treated with two equivalents of hydrazine niguipate in acetonitrile
under reflux condition. The desired prod@8&twas formed together with two equivalents of
3,5-dimethylpyrazole. The latter, being solubledgtonitrile, was easily removed from the
desired product which, on the contrary, is spayingbluble in the common organic
solvents. The filtration residue was washed witbtawitrile and dried under vacuum to give
95 as a red-brown solid (83% vyield). Characterizatbproduct was primarily based on its
melting point (which was in agreement with litera/°®® as the NMR spectra of the
compound were not described in the literature. Nuless, it may be noted that the
NMR spectrum of a diluted sample &5 in DMSO-g; showed a single significant
resonance at 163.3 ppm, a value similar to thaémkes in the'*C spectrum of the final
dichlorotetrazine produ@&6 (168.1 ppm).

The last stage of the sequence was the oxidatimmiication of 95 to 96. This
reaction can be performed with chlorine or, moravemiently, with trichloroisocyanuric
acid®’ In this work,95 was transformed int&6 by treating its suspension in acetonitrile
with a solution of trichloroisocyanuric acid in teame solvent. AS6 is very soluble in the
reaction medium in contrast to the reduction proaddrichloroisocyanuric acid, the latter
could be largely removed by filtration. After evaption of the filtrate, the literature
procedure of sublimation in a nitrogen flow wagiaily followed for the purification of the
product (51% yield}’” Afterwards, a more convenient satisfactory procedar the large-
scale purification 086 was however found, which consists in the dissotutf the crude
product in boiling n-heptane, filtration under an inert atmosphere émave any

undissolved materials and then cooling of theditirto room temperature. The crystallized
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product was separated by filtration under nitrogemashed with a small amount of
pentane and dried under reduced pressure to prdwidét orange crystals dd6. By
concentration of the mother liquors to a small weduand a new crystallization, two
additional crops of the product were obtained (748%nbined yield). For all the crops, the
melting point and th&H and**C NMR spectra were consistent with the literatuaef’

2.2.2 Preparation of 3,6-dichloro-4-(hex-5-ynyl)pyidazine.

Once the dichlorotetrazin®6 was prepared, its IED-DA reaction with the
commercially available 1,7-octadiyn@8j could be investigated. Since the reaction between
the compounds under exam was not described initdmture, standard conditions for
reacting96 with monoalkynes were chos&li® Hence, a toluene solution 86 and98 in
1:5 molar ratio was heated at 110-120°C (Schemm@ipitoring the consumption &6 by
the colour fading and by GC. After 4 hours the gsial of a sample showed the complete
disappearance of the tetrazine substé&and one new GC peak at higher retention time.
The resulting yellow-brownish solution was filterdtrough a glass frit to remove some
insoluble dark impurities and the filtrate was fracally distiled under vacuum, for
recovering the excess of diyr#8 as a toluene solution that was employed in further
preparations. The pale-brown residue was dried umdeuum and treated with warm
heptane. After decantation for removing some indelumaterials, a practically pure
product99 was obtained by placing the filtrate in ice baflmncentration of the mother
liquors afforded two more crops 89 as a clear solid (76% combined yield). The stngctu
of the new compound was corroborated By NMR, **C NMR, ESI-MS and elemental

analysis.
cl cl
FZ
llﬂ)\lllﬂ /\/\/ toluene, 100°C_ N7 |
Na N 7 & Ny lll\
\r 5 equiv.
Cl Cl
96 98 99

Scheme 7. Synthesis of functionalized aromatic sparc99

2.2.3. Preparation of clickable ligands 100 a,b,c.
For the synthesis of the dimeri@inchonaalkaloid derivativeslOO the procedure
originally used by Corey and co-workers for thepamtion of the unsusbstituted PYR

ligands7 was choseh? Therefore (Scheme 8) a toluene solution of theldiophthalazine
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substrate99 and two equivalents of the alkaloid (QD, DHQD, @HQN) was heated at
reflux in the presence of KOH, with azeotropic resdoDean-Stark) of the formed water.
In this regard, it should be noted that the usarofexcess of base (as described for the
parent derivatived) did not prove suitable here because of the faomawf byproducts,
probably resulting from the alkyne-allene isomei@a of the pyridazine side chain.
However, the reduction of the amount of KOH to hedhe stoichiometric value was
sufficient for circumventing the problem, eventyadillowing the formation ofLl0Oa-cin
high yields. In fact'H NMR analysis of the crude products obtained aftetractive work-
up revealed the presence of minor amount$( wt%) of toluene and the starting alkaloid
as the sole significant contaminants (see the Hxeetal Section). Thanks to the
possibility of washing away from the resin any compd that, being devoid of acetylene
units, could not participate in the ‘click’-processth the azide-functionalized support,
these findings prompted the use of the crd@@ac in the subsequent anchoring step.
However, for the purpose of confirming the identifythe newly synthesized compounds,
small samples were purified by flash chromatograghgt characterized byH NMR, **C
NMR, ESI-MS, and determination of the optical rotgtpower (Experimental Section).

/
NT Z
,L\ QD, DHQD, DHQN
& KOH 100 a = 8R, 8'R, 9S, 9'S; (R = vinyl)
toluene 100 b = 8R, 8'R, 9S, 9'S; (R = Et)
99 A 100 ¢ = 8S, 8'S, 9R, 9R; (R = Et)

Scheme 8. Synthesis of modified dimeric pyridazinkgand

In the course of preparations b®0a TLC analysis revealed the transient presence
of a less retained compoud@1 that, given its lower polarity, was likely to beeof the
two possible regioisomeric mono-alkaloid interméekan routeto the final bis-alkaloid
product. To isolate such an intermediate and deternts actual structure, a regular
preparation ofl00 was stopped before complete conversion and a saafghe resulting
mixture was separated by column chromatographythigge meand01 (17%) could be

obtained as a TLC homogeneous fraction, alongsiile the expected derivativé00a
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(80%). To probe its identity, the compouffil was subjected to ESI-MS arttli NMR
analyses. Both techniques confirmed the introdactod a single alkaloid unit on the
pyridazine core and, in the case of the latteg #ie presence of one product regioisomer
only. A preliminary rotating-frame Overhauser entement spectroscopy (ROESY)
experiment revealed a close spatial proximity efdninoline H and pyridazine Kprotons,
as well as the lack of any strong dipolar inteactietween the acetylene side chain and the
alkaloid moiety (for the numbering, see Figure Zd)ese results are therefore consistent
with the depicted structure fdrO1 that, unsurprisingly, may form through nucleophili
displacement of the least hindered chlorine atoth@fstarting compoun@b.

As described in the chapter-5, the isolatiori@1 allowed performing some control
catalysis runs aimed at highlighting the possilffecé of minor amounts of immobilized

monomeric units in the IPB materials obtained fithvn crude precursor’s00a-c.

Figure 23. Numbering scheme of the alkaloid derivate 101.

Overall, the route devised for preparia@Oa-c appears to meet the first of the
general aims set out at the beginning of this wbrkact, not only the ‘clickable’ alkaloid
derivatives could be obtained without the need labmatographyc purifications at any
stage, but the procedure proved also simple anmraptly, thoroughly scalable. In fact, in
the course of this Thesis the whole sequence wagdaut several times, preparing up to
~ 3 g of the tetrazin®6 and 14 g of the alkaloid derivativE00 Given the excellent
reproducibility of all the steps involved, no olidéaseems however present for a substantial
increase of the synthetic scale.

As these findings encouraged to further implemémabf the strategy and the

exploration of the other alkaloid derivative stuwrets, shown in the Figure 22, followed.
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2.3. Preparation of clickable triazine-core dimericCinchona
alkaloid-derivative.

As anticipated, the dimeric 9-O derivatives of @iachonaalkaloids6-9 (Figure 4)
are finding more and more applications as powechital organocatalysts. While this
success certainly stems from specific structuratuiees, their popularity and widespread
use is undoubtedly connected also with the fact th@se compounds have been
commercially available since the introduction byafhess in the 90’s as chiral ligands.

Because the central aromatic spacer between tvadoalkunits often exerts a strong
influence on catalytic performances, it cannot beclieled, however, that better
organocatalysts could be discovered by exploringalaid derivatives other than the
commercial ones. In this respect, compounds wisitr@ngly electron poor central spacer,
like the 1,3,5-triazine one, have been almost egtineglected. Indeed, despite the
straightforward preparation of dimeritQ3 and trimeric {04) triazine derivatives (Scheme
9),1%just a few examples have been reported to dateewthés sort of alkaloid structures

were used in either metal-catalyZ&%or organocatalyzed reactiots->°

AIkO,

Ch N N
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AlkO. OAlk
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OAlk

THF
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66%

Scheme 9Preparation of 1,3,5-triazine derivative 102, 103

Taking into account these facts, the developmentest organocatalysts with a
1,3,5-triazine central spacer looked interestingtfi@ purposes of the present work, in at

least two aspects: first, to evaluate in asymmesyathesis some derivatives whose

1% McNamara, C. A.; King, F.; Bradley, Metrahedron Letter8004 45, 8527-8529
19 Chen, H.; Jiang, R.; Wang, Q.-F.; Sun, X.-L.; Zipa®.-Y.Acta Chimica Slovenica009 56, 694-697.
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structure and stereoelectronic characteristiceediiform those of most of the compounds
studied so far; second, to exploit the possibiityselectively replacing the three chlorine
atoms of 2,4,6-trichloro-1,3,5-triazin€lQ2 for promptly accessing dimeric alkaloids
provided with a pending acetylene group.

On this ground, a preliminary screening of orgategats possessing the
anticipated general structur8 was therefore decided. The practical implementadiothis
idea led to the design of the new compoub@8a,hh whose synthesis (Scheme 10) could be

plausibly reconducted tb02 DHQD, and a suitable acetylenic alcohol ll@5aor 105h.

DQHDO. N ODHQD
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\\WOH cl N_ _Cl base (
n ,base Y \( " 106an=1
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2 N\(

O

ODHQD

N

108an=1
H 108bn =2

Scheme 10. Synthetic routes explored for the prepation of 106a-b

Because the order of introduction of the chiral aohiral substituents in the triazine
nucleus of102 could lead to a different overall efficiency ofetlsynthetic scheme, the
problem was tackled by exploring both of the twtemdative approacheso(te aandb)
shown in the Scheme 18 As discussed in the next paragraphs, only thensestrategy
proved however feasible and, also in this case, pleeedure permitted a reasonable

preparation of the derivativiED6b only.

110 Thjs work was done in collaboration with Ms. Ana Pietro [A. Di PietroLaurea Triennale in ChimicaUniversity
of Pisa (2010)].

63



2. Design and Synthesis of Clickable Cinchona AlkiaDerivatives.

2.3.1. Route-a: Preparation of 2,4-bis(10,11-dihyd=9-O-quinidinyl)-6-
chloro-1,3,5-triazine (107).

Becausel07 had not been previously reported in the litergtareinitial attempt for
its preparation was made by adopting the very saomitions already used for the
synthesis of the dimeric derivatives of the pyridazseries(see 2.2.3). Unfortunately,
heating a toluene solution d02 with two equivalents oDHQD and a slight excess of
KOH, with azeotropic removal of water (Scheme 14¢, to a complex mixture containing
at least 6 different alkaloids species'bByNMR

AIkO. OAlk

Cl N\ Cl /N
| aorb |
+ [ N N
N\(N Y

Cl Cl
Alk-OH (DHQD) 102 107

Scheme 11. Reagents and conditions:KOH (2.05 equiv.), Toluene, reflux (Dean-Stark), 4h

Searching for alternative conditions, the procedyrdicNamara (see Schemé)
was explored next. HencBHQD was heated with a slight excess of NaH in THF and
then the solution of the resulting chiral alcohelatas reacted with02 Also in this case,
however, théH NMR analysis of the crude product isolated afi@th at reflux provided a
poor spectrum, featuring much broadened peaks.efdrer, a further attempt was made by
preparing the alkaloid sodium salt as describedvebdut avoiding heating in the
subsequent reaction with the trichlorotriazit@® After stirring at room temperature until
disappearance ddHQD, the 'H NMR spectrum of the isolated product did not shew
much improved quality with respect to the previous. In spite of this, the crude was
subjected to chromatographic purification to giwe tmain fractions showing single spot by
TLC. However, neithetH NMR nor ESI-MS analysis revealed the presenceéefdesired
product107: The former afforded again broad signals, while kitter provided peaks at
m/z values not compatible with the structure deggidbr107 (Experimental Section).

Even if no explanation can be provided at presentife outcome of these runs, it is
worth noting that the high reactivity D2 allows sometimes the dealkylatiiearylation
of tertiary amines (see 2.3.2). Given the strongleaphilic character of the quinuclidine
nitrogen atom of th€inchonaalkaloids, it is therefore tempting to speculdiat the attack

of 102 at N, could trigger the formation of the unexpected gubrly characterized
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products described above. In any case, these udifés prompted us to abandon this way

and to focus onto the alternatin@ute bstrategy.

2.3.2. Route-b: Preparation of 2,4-dichloro-6-(prop2-ynyloxy)-1,3,5-
triazine (108a) and Preparation of 2,4-dichloro-64§ut-3-ynyloxy)-1,3,5-
triazine (108b).

The first step of this approach required the praggam of the dichlorotriazine
derivatives 108a and 108b. Both compounds were obtained by the procedureadyr

reported in the literature for the synthesisl683*

consisting in the reaction 402 with
an equivalent of the required acetylenic alcoh@ba or 105b and an excess of N,N-

diisopropylethylamine (DIPEA) (Scheme 12).

AN
LT g e A

n THF, rt, 18h N\(N
105an =1 -
102 Cl 105b n =2 1080 =2 Cl

Scheme 12. Synthesis of the 108a
Under these conditions, the reactions proceededtéiyo affording the desired

products 108a and 108b in fair to excellent yields (50% and 92%, respesyi) after
chromatographic purification. In the casel@Ba the chemical identity of the product was
confirmed by comparison of tHel NMR and**C NMR spectroscopic constants with those
reported in the literaturé! On the contrary, sinc€08b had not been described before its
identity was proved by a detailedH NMR, *C NMR, GC-MS and ESI-MS
characterizations (Experimental Sectidff).

On the basis of the planned strat€§gheme 13), the next synthetic step consisted
in the double nucleophilic substitution @88a,bby deprotonatedHQD. The conditions
selected for this purpose were those reported b\WNawWwara and co-workers for the
synthesis ofl03 (Scheme 9) and already discussed in the attemptguhation ofl107.

Therefore, DHQD was converted into the corresponding sodium alexig heating with

11 Ghini, G.; Lascialfari, L.; Vinattieri, C.; Cicch§.; Brandi, A.; Berti, D.; Betti, F.; Baglioni, ;Mannini, M. Soft
Matter 2009 5, 1863-1869.

112 A5 anticipated, the chromatographic purificatidri®8a,bafforded also significant amounts (8-21%) of ale=tained
component. GC-MS and 1D- and 2D-NMR characterinatibthe compound revealed it whisethyl-N-isopropyl-2-
amino-4,6-dichloro-1,3,5-triazingé.e. the product of the reaction betwe#®2 and DIPEA, with loss of an isopropyl
group. Even if this reaction had been reportetinene at 110°C [Reddy, N.; Elias, A.; Vij, Aournal of Chemical
Research (Synopsekd98 504-505], its occurrence was not mentioned utieemild conditions of the preparation of
108a
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NaH in THF and the resulting solution was addedht functionalized triazind08a and
heated to reflux for 18 h (Scheme 13).

o_ _N_ _Ou,

Y
bihe

reflux, 18h N// O\\l N

MeO.
NaH, THF

OMe

108a 106a
Scheme 13. Synthesis of the 106a
After extractive isolation théH NMR spectrum of the crude product proved rather

complex, showing at least four different alkalojksies (one being probably tBHHQD
precursor). Moreover, two resonances were obsethatl could be attributed to the
propargyl unit (2.24 and 2.39 ppr,= 2.4 Hz) but their intensities proved very low in
comparison with the other alkaloid signals in thectrum.

After chromatographic purification, the NMR analysf the main fraction (23%
yield, single spot by TLC) indicated the presentevo alkaloid derivatives in ~ 2 : 1 ratio.
In this case, the intensity of the acetylene prdtget (2.24 ppm) proved consistent with
the alkaloid signals of the major component, thgmliggesting the presence of the desired
acetylenic derivativd06ain the mixture. Nonetheless, the low yield and diféculties in
separating the accompanying alkaloid byproductadismged further attempts to prepare
106a In this regard it is worth noting that the obsgion in the'H NMR spectrum of the
isolated product of an apparent doublet(1.8 Hz) at 4.51 ppm suggested that the minor
component in the mixture could arise from the besedyzed alkyne-allene isomerisation
of the propargy! unit 0£06a*'® Reasoning that the removal of acetylene unit anay the
triazineoxy substituent would allow a significagtluction in acidity of propargylic protons
and, therefore, of the tendency to isomerisatiba,use of the alternative derivati®68b
was examined next. The procedure for the synttu#si®6b from 108b was similar to that
described for the preparation H¥6g with the difference that the reaction was conedcit

room temperature (Scheme 14).

113|n support of this hypothesis, it can be said thatalkyne-allene isomerization of several 3-atyfmopyne derivatives
has been recently reported to occur under muchemddnditionstBuOK or NaH in THF at r.t.) than those employed
for the synthesis df06a See: Gonzales-Gomez, A.; Anorhbe, L.; PobladarDaninguez, G.; Perez-Castells, J.
European Journal of Organic Chemis2908 1370-1377.
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OMe

Z (@) X

N \\N
106b AN

Scheme 14. Preparation of the 106b

Unlike the synthesis 0f063g in this caséH NMR analysis of the crude product
showed the presence of a signal for the acetyleo®m whose intensity was compatible
with the expected structuE6b. Because two minor alkaloid components (5-10%)ewer
present (probably the unreactB¢HQD and the monosubstituted intermediate routeto
106b), the crude mixture was subjected to purificatignflash chromatography. By these
means, a fraction showing a single TLC spot cowdobtained (39% yield) that b\H
NMR, °C NMR, and ESI-MS (see Experimental Section) provedbe the expected
product106h

Although the yield ofL06b was not particularly high and column chromatogyaph
was required for obtaining analytical samples, atsthis case (compare secti@.3 a
possibility existed of using the crude product ilhsequent click step, without the need of
any purification. However, because the model comdabtained froni06b did not prove
particularly advantageous over otl@&nchonaalkaloid catalyst, no further effort was put in
this work in trying to optimize the synthesis ofaine derivatives of the kind discussed

above.
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2.4. Preparation of clickable anthraquinone-core dneric
Cinchonaalkaloid-derivative.

The dimericCinchonaalkaloid derivatives provided witan antraquinone core,(
Figure 4) were first introduced in 1996 by Sharpland co-workers as ligands for the AD
reaction™'* Afterwards their use was extensively exploredardy in other metal-catalyzed

reaction, but also in various organocatalyzed asgtrion transformationd. >

some of
which have been disclosed very recentfy.

Recoverable variants @ on linear polystyrene, PEG and silica-gel wereo als
reported in the literatur®;®® though, to the best of our knowledge, no examdle o
immobilization onto crosslinked-polystyrene appéate have been described to date. In
this respect, an approach that seemed to potgrtiathe aims of the present Thesis work
was that of Bolm and co-workers, shown in the SehdBt®° In fact, as the route of the
literature study required precious-metal catalgsigl a further synthetic step1(0—112
after the introduction of the alkaloid units in taeomatic spacer, this approach could be
considered a bit more involved of those descrilbethé previous sections. Nonetheless, it
was speculated that with a few modificationgl¢ infrg of the published route th12 a
scalable procedure could be obtained for the patjpar of a dimeric anthraquinone

derivativel14, suitable for immobilization by click-chemistryi¢fare 24).

RO

Ho. oM ODHQD
0 ODHQD -
o 2 x DHQD Pd(PPh3)4(7.5 mol%),
n-BulLi(2.5 eq 2M Na,COj3
+12.5 eq.
THF, 0 - 40°C, 18h toluene, MeOH, H20,
reflux,24h O  ODHaD
12
oomap 111 I;)R TBS % yed
aR=
109 110 111b:R=H (112a: R = TBDMS

112b: R H

112c R= H3CO/€\/ V\OM
0
112d: R = Haco/é\/o%/\i

_/\/é/

112e: R =

Scheme 15. Literature preparation of recoverable ahraquinone derivatives of Cinchonaalkaloids.

114Becker, H.; Sharpless, K. Bngewandte Chemie International Editib896 35, 448-451.

1153) Yang, W.; Wei, X.; Pan, Y.; Lee, R.; Zhu, B.; Lid,; Yan, L.; Huang, K.-W.; Jiang, Z.; Tan, C.-Bhemistry-A
European Journa2011, 17, 8066-8070b) Zhu, B.; Yan, L.; Pan, Y.; Lee, R.; Liu, H.; Hah; Huang, K.-W.; Tan, C.-
H.; Jiang, ZJournal of Organic Chemistr011 76, 6894-6900.
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Y-
Nye
g

(0] ODHQD
(0] ODHQD

114aY = TMS
114bY =H

Figure 24. Clickable anthraquinone-core dimericCinchonaalkaloid-derivative.

2.4.1. Preparation of (6-iodohex-1-ynyl)trimethyldane (113c)
By following the literature methott®®the compound.13cwas easily obtained in

two steps (Scheme 16) starting from the commeycadailable 6-chloro-hex-1-ynd139.

al i Cl i I

TMS TMS

113a 113b 113c

Scheme 16a: EtMgBr, THF/E$O, A ; b : TMSCI ; ii) Nal, acetone, reflux.

The reaction progress was monitored by gas chrayebic analysis (GC) of the
reaction mixture until disappearance of significgmeésence of the substrald3a (16
hours). After dilution witm-pentane and filtration of the reaction mixture thgh glass frit,
to remove the salts formed, the crude prodii@b was obtained with adequate purity(
NMR) and directly used in the next step. After ugfhg 113bwith Nal in acetone for 30 h,
the isolated product13cwas characterized By NMR and**C NMR, providing spectral

data consistent with the literaturé®

2.4.2. Preparation of 4-(6-trimethylsilylhex-5-ynybxy)phenylboronic acid
(115).

The phenylboronic acid derivativiél5 was obtained by aliphatic nucleophilic
substitution oril13cwith commercially available 4-hydroxyphenylboromicid (L16). The
synthesis of this specific compound was not repoite literature, hence a general
procedure was initially employed, which consistedéafluxing an acetone solution ®13c
and116 (1 equiv.) with a stoichiometric amount 0$®0O; (Scheme 17). However, TLC and

'H NMR analyses revealed that, under these condititre reaction was largely incomplete

1163) Van der Louw, J.; Komen, C. M. D.; Knol, A.; De tar, F. J. J.; Van der Baan, J. L.; BickelhauptKkfumpp, G.
W. Tetrahedron Letter&989 30, 4453-4456h) Knochel, P.; Singer, R. IChemical Review$993 93, 2117-88, (and
ref. cited therin).
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even after 36 h heating. Addition of an excesslb8c and base did not improve the
conversion to any significant extent, as confirnadso by the fair yield ofL15 (54%)

obtained after isolation and chromatographic pmﬂtfbn of the crude product.

\B/
K2C03
/\/\/ Acetone or DMF
rt-65C
O.

116 113c 115 TMS

Scheme 17: Synthesis of 115
Therefore, a larger scale preparationl@b was carried out by using DMF, as a

more polar replacement for acetone, and heatingmheure up to 65°C. With these
changes the reaction betwegh3c and 116 turned out to smoothly proceed to complete
conversion (117 h), eventually leading to a mixtsh®wing a single spot by TLC. After
extractive work-up, several washings with water reamove the DMF solvent, and
evaporation of the volatiles at reduced presstiectude product was dissolved in methyl
t-butyl ether (MTBE) and filtered to eliminate sommesaluble impurities. Drying with a
rotary evaporator furnished the prodadst (83% yield)in a form that was sufficiently pure
(*H NMR) to be used directly in the subsequent Suzokipling step without the need of
further treatments. The structure of the new comddil5 (which turned out to be identical
to the product obtained in the previous preparitwas confirmed by ESI-MS and B
and™*C NMR (Experimental Section).

2.4.3. Preparation of 6-bromo-1,4-bis(10,11-dihydr®-O-quinidinyl)-
anthracene-9,10-dione (110)

With the purpose of having the dimer@inchonaalkaloid derivativell0 (vide
infra) for Suzuki coupling reaction, its intermetacompoundl09 was prepared from
phthalic-anhydridd 17 as described in the literature (Schemegi%)l.17

o] o) 0]
Br Br
—_— o —_—
COOH
o o

117 118

Scheme 18. ai)NaOH, HO, Bn, 90°C; ii) SOCJ; b: 1,4-difluorobenzené@9 (11.6 eq.), AIC} (4 eq.); c:
polyphosphoric acid.

173) Norman, M. H.; Kelley, J. L.; Hollingsworth, E. Bournal of Medicinal Chemistr{/993 36, 3417-3423))
Krapcho, A. P.; Getahun, Bynthetic Communicatiod®985 15, 907-910.
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2.4.4. Preparation of 1,4-bis(10,11-dihydro-9-O-quidinyl)-6-(4-(hex-5-
ynyloxy) phenyl)anthracene-9,10-dione (114b)

For the synthesis af10, the original conditions by Bolm were initially apen®®
Accordingly, DHQD in THF was first converted into the correspondirigium salt with
nBuLi and then used to replace the fluorine atom&Qsf (Scheme 19). UnfortunatelyH
NMR and TLC monitoring of the reaction progressws@d an incomplete conversion even
after 18-36 h, with the presence of at least tneén alkaloid derivatives (probablyl0,
the corresponding monosusbtituted intermediates uaneactedHQD). Not surprisingly,
this eventually led to a low yield 010 (39%) after isolation and chromatographic
purification of the product.

Reasoning that the problem in reproducing theiphbdt procedure could be related
to the difficulty in dosinghBuLi accurately, the use of NaH in DMF was examinedt. As
monitored by'H NMR and TLC, under these condition the conversafn109 was
completed in 18 h and afforded a mixture that gav&@ngle intense spot by TLC. After
extractive workup followed by drying under reduga@ssure, crudé10 was obtained in
high yield (95%) and with spectroscopic constantatamng those reported in the
literature®”® BecauséH NMR spectroscopy showed the presence of unredt#D and
residual DMF as the major contaminants, craie (87% purity)was directly employed in
the subsequent Suzuki coupling.

The Suzuki-Miyaura cross-coupling between the aikiaintermediatel 10 and the
boronic acidl15was carried out under conditions similar to thdescribed by Bolm and
co-workers for the synthesis @fL2b (see Scheme 185 However, unlike the published
procedure where a large excess (12.5 equiv.) optiemylboronic acid derivativell was
employed, in this work just 1.7 equiv. b15were used and MeOH was replaced by EtOH
(Scheme 19). Under these conditions the reactiavo#itty proceeded to completion in 18
hours and afforded a single product by TLC analySm the purification, the reaction
mixture was washed with water, to remove the inoigaalts, and then subjected to acidic
treatment with 10% HCI, to extract alkaloid derives in the aqueous phase. However,
subsequent neutralization of the latter with sodhicarbonate and back-extraction of the
basic organic compounds with ethyl acetate affomiedry little amount of material; B
NMR this fraction turned out to bBHQD (present in crudd10) and not the expected
cross-coupling produciil4a Nonetheless, on standing the neutralized aquebase

separated a white precipitate, which was isolatgdektraction with CHCI,. After
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evaporation of the volatiles a solid form was alal in substantial amounts (72% yield),
whose ESI-MS and NMR spectra (Experimental Sectroajched those expected for the

structurellda

|O ODHQD
900 .
Br
o F |
5 (0] ODHQD  Pd(PPhs), (8.6 mol%),
(7
o)

ODHQD

HO.___OH toluene, EtOH, H,0,
B reflux,4h— r.t, overnight ODHQD
O
F %
Y _
1.7 equiv. K2C03(12 eq')’ 114aY = TMS

109

™S rt, MeOH + CH,Cl, (5:1) 114bY = H
—
s OM/

4

Scheme 19a) DHQD (2.5 equiv.pBuLi (2.5 equiv.), THF, r.t. (18h) and 40°C (18h);DHQD (2.05 equiv.), NaH (2.1
equiv.), DMF, r.t., 18 h.

Deprotection of the alkyne group t&fi4dawas achieved by treating the compound
with K,CO; (1.2 equiv.) in MeOH:CbCl, (5:1). After 64 hours stirring at room
temperature, extractive isolation and evaporatidbrithe volatiles affordedl14b in an
essentially quantitative yield with respect tbl4a ESI-MS and NMR analyses
(Experimental Section) confirmed the identity of tkompound and demonstrated the
absence of significant product contaminants.

In conclusion, a very straightforward procedure |Idobe developed for the
preparation of clickabl€inchonaalkaloid ethers provided with an anthraquinonescés
anticipated at the beginning of the paragraph, dkerall synthetic scheme may be
considered a variant of the Bolm strategy for Ingkidimeric derivatives of this class to
soluble polymers or insoluble inorganic supportenétheless, the findings in this Thesis
represent an advance over the literature precethetsuse, in addition to demonstrate the
preparation of novel anthraquinone derivatives afilit for click-chemistry anchoring,
eventually resulted in a complete sequence whdrefahe major bottlenecks towards
scaling-up were effectively removed by careful mitiation of the single reaction steps.
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2.5. Preparation of clickable propargyl alkaloid deivatives.

In some cases, monomer@nchonaalkaloid derivatives may display similar or
even superior catalytic activity and stereosel@gtithan analogous dimeric counterparts.
One example in this sense is provided by the eosal@ctive kinetic resolution of urethane-
protected amino acitll-carboxyanhydrides and the desymmetrizatiometeanhydrides,
where simple organocatalysts likeBpropargyl quinidine 1209 and 9©-propargyl
quinine (L20b) performed quite well on a multikilogram scafg: **°

Taking into account that20aand120b can be easily obtained on a large scale by a
simple one-step procedure (Scheme20and that, expectedly, their terminal acetylene
group could be exploited for the immobilization @rdn azido-functionalized resin, this
kind of derivatives were included in the set oickable’ alkaloid precursors examined in
this Thesis work. Clearly, after the click step fhepargyl group ofl20a and 120b was
going to be converted into a triazol-1-ylmethyltutihus leading to a completely new class

of potential alkaloid organocatalysts.

OMe

NaH, DMF
Np, rt, overnight
120a =8R, 9S
120b =8S, 9R

QD =8R, 98
QN =8S, 9R

Scheme 20. Preparation of 120a and 120b

2.5.1. Preparation of propargyl QN/QD.

According to the reported proceddré, 120a and 120b were obtained by
deprotonation oQN or QD with NaH in DMF, followed by addition of slight egss (1.2
equiv.) of propargyl bromide at 0°C and stirringeovght at room temperature. After
extractive workup, the crude product was dissolie@thanol, filtered through a pad of

activated charcoal, and concentrated to dryness.

118 Daj, H.-F.; Chen, W.-X.; Zhao, L.; Xiong, F.; Sle.; Chen, F.-EAdvanced Synthesis & Cataly&i808 350, 1635-
1641.

119 |shii, Y. Fujimoto, R.; Mikami, M.; Murakami, SMiki, Y.; Furukawa, Y.Organic Process Research & Development
2007 11, 609-615.
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In the casel20g an attempt to purify the product by the literatyrocedure
(recrystallization from EtOAaHex) failed to provide a crystalline material. Ndradess,
the simple filtration through small pad of silicalgwvas sufficient for obtaining a pure
enough product in 91% vyield.

In contrast, crudd.20b was first treated with boiling-hexane, for removing the
undissolved neutral contaminants by filtration, fiigate was treated with 2N HCI; the
agueous phase was separated, followed by akalomzatith NaHCQ and back-extraction
in CH.CI, of the precipitated product, eventually affordetDb in high purity and nearly
guantitative yield.

The'H and**C NMR spectroscopic data fa20aand120b were identical to those

reported in literature.
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2.6 Conclusions

In conclusion, the synthesis of four different typd Cinchonaalkaloid derivatives
provided with terminal acetylene groups has beesctrilged. With the exception di06a
and 106h where no particular effort was made in optimizihg synthetic sequence, the
products were generally obtained with very strdmiatard procedures. Remarkably, in
these cases the purification of the final produntt all of the synthetic intermediates could
be reduced to a minimum, in particular avoidingidad and expensive chromatographic
purifications.

In turn, this allowed to demonstrate for the fitgshe the possibility of easily
preparing anchorable dimeric alkaloid ethe¥80@,) on a multigram-scale and to define
procedures for other derivativel0gab and114b) that appear similarly scalable. Together
with the literature precedents for monomeric prggphrethers 120ab), these findings
confirmed that the combination of the click-chemyisttrategy with a careful optimization
of the single synthetic steps could fulfil the fissm of this work,.e. to prepare anchorable
derivatives by procedures that present no obviotitelneck in a scale-up perspective.

With the availability of four different types @inchonaalkaloid ethers suitable for

click anchoring, the immobilization onto insolulsiepports was examined next.
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3. Preparation of Polymer Supports

3.1 Introduction

Due to the anticipated influence of the polymerh#decture on the catalytic
properties of IPB alkaloid derivatives (Chaptersgction 1.4), as well as the potential
interest in developing continuous-flow systems, tise of different polystyrene supports
was briefly explored in the course of this ThesBesides converting commercial
chloromethyl-polystyrene resins of the gel (Meslfifiy and macroporous (ArgoPdtd type
into the corresponding azidomethyl materials, thbouse preparation of a few other azido
functionalized-crosslinked polymers was therefareestigated. The latter include resins
with oligo(ethylene oxide) side chains and crosgiig agents and PS monoliths with a
macroporous onigh internal-phase emulsiatructure (Poly-HIPE).

After providing in each case a brief introductioboat the literature and the
properties of the materials of concern, the nexagaphs will describe in detail the

preparation and the characterization of thesesesin

3.2 Azidomethyl poly(styreneeo-divinylbenzene) resins
(Merrifield and ArgoPore ™ type).

Cross-linked chloromethylpolystyrene has a longonsin the field of polymer-
assisted organic chemistry, begun in the early '596idh the pioneering work of Merrifield
on solid-phase peptide synthesis (SPP®Jterwards, the same type of materials have been
used more and more times in postmodification ggrage for chiral catalyst
immobilization}* even when a relatively large number of alternatirganic supports
become commercially available in the course ofybars. The reasons of this popularity
can be searched in the comparatively low cost ddromethylpolystyrené? the good
compatibility of the PS backbone with all but thesnof the polar organic solvents, and its
availability in different morphological forms.

In fact, depending upon the level of cross-linkihg polymer resin beads may show

two distinct morphologiesi.e. a micropourous or a macropourous ofteMicroporous

120 pepending on the chlorine content, mesh size sdinking degree and morphology, different chlordyépolystyrene
resins can be purchased from Sigma-Aldrich at atbas varies between ~ 3 and 7.5%€ For the sake of comparison,
the price of the analogous brominated Wang resi65€ g'.

21 Sherrington, D. CChemical CommunicatiorD98 2275-2286.
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polymers (Figure 25a) are often referred t@ealstypematerials because their swelling in a
compatible solvent is accompanied by a significarpansion of the macromolecular
network, up to forming a fully solvated state wgtbl properties. This behavior is normally
possible only with low levels of cross-linking ihet resin €.g. 1-2%) and additionally it

requires that the liquid medium has a good solvatepability for the polymer chains.

Figure 25. a) Optical photograph of (left) gel-typebead, (right) macroporous bead, and (centre) mixed
morphology; b) Scanning electron micrograph of anacroporous resin fracture section (taken from ref121).

In contrast, the macroporous resins (Figure 25k lrahigh degree of cross-linking
(up to 50% or more) and are prepared in the presefa suitable solvent or solvent
mixture (theporogern, which causes phase-separation in the coursedpelymerization
process. By these means, materials can be prepatieca permanent porosity and high
surface areag(g.~50-1000 rhg?) that is retained even in the dry state or ingtesence of
an incompatible solvernt!

Even in the case of a similar chemical compositiba,actual resin morphology can
strongly influence the material properties, ther@uding advantages and shortcomings in
the use as catalyst support.

Indeed, while gel-type resins often allow higheadimgs and the attainment of a
solution-like behaviour of the supported units,ythend to be mechanically fragile and,
more important, their use is precluded into poadynpatible reaction media that cause the
collapse of the macromolecular architecture. I8 tieigard, it is also worth noting that if a
gel-type resin is fully swollen with a good solvemd then introduced into an excess of bad
solvent, the shrinking of beads starts from thesidet and causes a very high mechanical
stress (‘osmotic shock’) that can lead to the crarckurst of the polymer particles (Figure
26). Moreover, gel-type beads are soft and cominlesand prove hence difficult to be

used in packed-column continuous-flow systéms.
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Figure 26. Solvent response of gel-type resing) swelling of the glassy core to form an expandedebin a good
solvent; b) contraction of swollen gel on addition of a badavent with bursting of the resin due to osmotic sbck.
(taken from ref. 121).

Unlikely microporous resins, the macroporousr{@croreticula) ones do not need
to swell in a solvent in order to allow the accésgheir interior. In fact, thanks to the
permanent porous structure and high surface dneaclass of resins can be used even in
solvents that are totally incompatible with the ymoér backbone (g, sulfonated
macroporous polystyrene is commonly employed asraexchange resin in water).

However, the much-reduced swelling capability wibpect to gel-type resins leads
the side effect that only the catalytic sites pthoato the exposed surface can be actually
accessed by the reactants in solution. From tledys#t point of view, this tends to result in
reduced loading capacities of such support maserMbreover, while the high degree of
cross-linking renders the macroporous resins muctemgid and well suited for packing
flow reactors, the breaking of the brittle polynterads under magnetic stirring can be still
an issue. For this reason, suspension polymeriz&dichniques are frequently employed in
the preparation of resins of this class, in anreffo obtain nearly spherical polymer
particles that show a reduced wearing tendencyidatstl stirring techniques during the
catalysis runs €.g. the tea-bag approach?> have been also explored as a mean for

circumventing this problem.

122\with this technique, the IPB catalyst is placeside a permeable polymer bag (or another containéih is then
placed into the magnetically stirred solution. Bgge means the diffusion to and from the polymadbés allowed, yet
preventing the latter to be damaged by the magfa@tawer. The strategy, originally developed fotid phase
syntheses of peptides (Houghten, RPRoceedings of the National Academy of Sciencésedinited States of
Americal985 82, 5131-5135.), in the field of heterogeneous catdips been named “tea-bag catalyst” by J. M.
Thomas (Thomas, J. NPhilosophical Transactions of the Royal Societyaidon, Series A: Mathematical, Physical
and Engineering Scienc&99Q 333 173-207

For some applications, see: a) Comina, P. J.; BecK,; Seebach, DOrganic Process Research & Developm&®®g 2,
18-26; b) Berger, A.; Gebbink, R. J. M. K.; van, KGerard.Topics in Organometallic Chemist&p06 20, 1-38
(metallodendrimers); c) Rueping, M.; Sugiono, EecR, A.; Theissmann, Rdvanced Synthesis & Cataly281Q
352, 281-287.
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3.2.1. Preparation of gel-type and macroporous azamethylpolystyrene
resins.

Considering that microporous (Merrifield) and mammus (ArgoPore'-Cl)
chloromethylpolystyrene resins are commerciallyilaiée and that the chlorine group can
be easily displaced by nucleophilic reagents, tladenals,121x and121y were chosen as
the initial candidates in the preparation of thelazsupports required by the ‘click’ strategy
pursued herein.

In order to convertl21x or 121y into the corresponding azidomethyl materials,
literature conditions were adopted that involvetimgaof a Merrifield resin with an excess
sodium azide in dry DMSO (Scheme 231n the present work, the reactions were carried
out for some longer times under a nitrogen atmasphat slow stirring for avoiding
mechanical damage of the polymer beads. Afterafittn of the suspension and thorough
washing with water, MeOH, Ci€l, followed by drying under reduced pressure (0.5
mmHg), the material§22x and 122y were obtained as off-white solids in 95% and 98%
recovery yield, respectively.

The introduction of azido group R2xand122ywas confirmed by the presence of
9.3 and 3.7% of nitrogen respectively by elemeaiallysis as well as by the observation of
the strong IR azide stretching at 2095 %Gt and a positive colour test with PRfinhydrin
(Kaiser test)?® In the case of Merrifield resii?22x)as calculated by elemental analysis the
N3 substitution was almost complete (2.2 mmd) gver initial chlorine content of21x
(2.3 mmol g'). On the other hand, not surprisingly, in caséajoPoré" resin (122y) the
lower degree of substitution (0.9 mmof)gwas observed over (1.46 mmof)ginitial
chlorine content of ArgoPof¥-Cl (121y), which could be explain by burial of some
chlorine atoms inside the polymeric network, depemdupon the copolymerization
technique used for the preparation of these typeresins. At the same time, the
disappearance of the 1265 tmCH,C| waggindg®® and negative 4-(4-nitrobenzyl)pyridine
colour test¥’ indicated the substantial conversion of the chtwthyl groups of the

starting resins.

123 ober, S.; Rodriguez-Loaiza, P.; GmeinerORganic Letters2003 5, 1753-1755.

124 oyelere, A. K.; Chen, P. C.; Yao, L. P.; Boguskays\. Journal of Organic Chemistrg006 71, 9791-9796.

125 Gaggini, F.; Porcheddu, A.; Reginato, G.; Rodrifjud.; Taddei, M.Journal of Combinatorial Chemist004 6,
805-810.

126 Mannion, J. J.; Wang, T. Spectrochimica Acta964 20, 45-49.

127 Galindo, F.; Altava, B.; Burguete, M. I.; GavaRa; Luis, S. V.Journal of Combinatorial Chemist004 6, 859-861.
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Besides confirming the literature precedents fostge materials?® the possibility
of an effective transformation of the macroporouga®oré™-Cl resin could be therefore

demonstrated.
X y z
O\ w2 -0 O ()
- - 5 =
¢l DMSO, 60°C, 3d N3
121 X,¥ 122 X,y
Cl

x = Azido-Merrifield resin Merrifield resin = (z = ~1 %)

y = Azido-ArgoPore™ resin ArgoPore™ resin = (z = ?)

Scheme 21. Preparation the azidomethyl resins

3.3 Azido-functionalized PS supports with oligo(ethlene oxide)
cross-linkers.

Even if poly(styreneso-divinylbenzene) supports are in some way the wanisé of
polymer-assisted chemistt{f, the intimate properties of the macromolecular bade can
render them less effective when the fast diffusioough the polymer network or the use in
protic solvents is sought. In order to overcomes¢hémitations, modified polystyrene
materials have been proposed that embed longer/polige cross-linking agents and,
sometimes, polar side arms.

An early example in this direction was reportedhe late 80’s by Itsuno and co-
workers?® who obtained spherical beads of the polymi&3aor 123b (Figure 27) by the
suspension copolymerization of styrene or styremg mchloromethylstyrene with,o-
bis(p-vinylbenzyl)-terminated cross-linking agents, enidiag oligo(ethylene oxide) chains
of different lengths. These insoluble materials fqrened nicely as achiral PTC in
Williamson reactions, thus suggesting a rather nofdried access to the crown ether-like

sites.

1283) Itsuno, S.; Moue, 1.; Ito, KPolymer Bulletinl989 21, 365-370)) Itsuno, S.; Moue, |.; Ito, Klournal of the
Chemical Society, Chemical Communicati®891, 1599-1601

83



3. Preparation of Polymer Supports

had! Y e

123" 125b,n=8

Figure 27. Preparation of PS resins with oligo(ethHgne oxide) cross-linkers.

Similarly, Janda and co-workers introduced PS sesinss-linked with bis(styrene)
derivatives in order to prepare materials.g( JandaJéM) with a superior swelling
capability?®

However, studies by Kurth and co-workers demorstrahat while crosslinked
styrene copolymers containing oxyethylene chainslding those of typ&23aand123b)
swell better in various organic aprotic solventsd aallow a faster diffusion than
poly(styreneeo-divinyloenzene), their compatibility with aqueousedia is still at
question-*°

In order to solve this issue, the introduction ij@ethylene oxide) grafts has been
often pursued. For instance, in 2002 Sutherlandcardorkers reported the preparation of
the materialdl25a 125b and demonstrated their high compatibility withgrohnd aqueous
medial*®
In the field of IPB chiral derivatives, an earlyaeple was reported by Itsuno and
Fréchet who described in 1990 the preparation itdréal PS with pendant aminoalcohol
units (126).** The materials were obtained either by anchorinthefchiral derivative to a
resin containing chloromethyl groups (Scheme 2@a)Yy the direct copolymerization of
the aminoalcohol-bearing monomer with styrene amalago(ethylene oxide) cross-linker
(Scheme 22b). The resins were used as chiral IR&ysa precursors in the addition of

ZnEt, to aldehydes, to afford optically active secondacphols in very goodés.

129\ilson, M. E.; Paech, K.; Zhou, W.-J.; Kurth, MJdurnal of Organic Chemistr{998 63, 5094-5099.

180 Mccairn, M. C.; Tonge, S. R.; Sutherland, AJdurnal of Organic Chemistr002 67, 4847-4855.

Bl)tsuno, S.; Sakurai, Y.; Ito, K.; Maruyama, T.;Kdhama, S.; Frechet, J. M. Journal of Organic Chemistr§99Q 55,
304-310.
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Scheme 22 Preparation of IPB aminoalcohol derivatives onto PSesins embedding oligo(ethylene oxide) cross-

linkers.

In a combination of the two latter examples, thesearch group also reported in
2005 the IPBCinchonaalkaloid derivatives44) that contain oligo(ethylene oxide) units
both as cross-link bridges and side arms; the patipa of these materials by
copolymerization and their effective use in the Adaction have been already discussed in

the paragraph.4.1.

3.3.1. Synthetic strategy

In view of the possibility of using the IPB alkalodlerivatives in reactions involving
polar media €.g. the alcoholysis ofmesoanydrides, paragraph 5.2), the preparation was
decided of ‘click’ supports more hydrophilic thardmary PS resins.

Given the literature precedents outlined aboveyreceivable route could involve the
synthesis of chloromethyl resins analogousl®3b or 124 and their subsequent ‘solid-
phase’ conversion into the corresponding azidomethgports. Nonetheless, the reports in
the literature about the effective radical copolyization of azidomethylstyrenel29)**
suggested a more straightforward approach, basdtieodirect combination of the latter

with suitable polar co-monomer and cross-linkingrag.

1523) Mason, B. P.; Bogdan, A. R.; Goswami, A.; Mc@eiaD. T.Organic Letter2007, 9, 3449-3451; b) Rodionov, V.;
Gao, H.; Scroggins, S.; Unruh, D. A.; Avestro, A.Rrechet, J. M. Jlournal of the American Chemical Soci2g1Q
132 2570-2572.
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With this aim, the achiral styrene derivatives 14-vinylphenyl)-2,5,8,11-
tetraoxadodecan@ 27) and 1-((2-(2-methoxyethoxy)ethoxy)methyl)-4-vinghzeng128)

were selected as the polar components.

3.3.2. Synthesis of the monomers
The syntheses 0127 (Scheme 23) and28 (Scheme 24) were performed as
published:?®*3'with only minor experimental changes in the isolaprocedure.

= = =
LN N PN OH —
HO O/\/ DMF, (nitrobenzene)
127/,

130 131

Scheme 23. Preparation of the cross-linker 127

In the case of the cross-linkek27, the product was obtained by reacting
triethyleneglycol {31) in DMF with an excess of sodium hydride, followleyd the halide
130. After stirring at r.t. for 44h, an extractive Wweup and the evaporation of volatiles
gave a residue that was purified by a quick filmatthrough silica-gel, with 3/h-hexane/
CH.CI, as the eluent. The removal of the solvents undduaed pressure provided the
desired product (92% vyield), as an amber-colourédvith NMR constants identical to

those reported in the literaturg.
- -

NaH
+ HO /\/Ov\o o Nem,
DMF, (nitrobenzene)
cl 132 AN
130 128 ~O O

Scheme 24. Preparation of the polar monomer 128

Similarly, the synthesis 0128 was achieved by reacting first di(ethylene glycol)
monomethyl ethed32 with sodium hydride, followed by a Williamson reiact of the
alcoholate with the halid&30. After the aqueous work-up and evaporation ofviblatiles,
the filtration through a pad of silica with CHCls the eluent afforded the polar monomer
128 (96% yield), as an amber-oil whose NMR data priokestical to the literature onés.
Due to the tendency of these styrene derivativdstoopolymerize no further purification

attempt was made. Instead, the monomers were kelgr mitrogen at -20°C, until its use.
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Similarly, the synthesis of azidomethylstyred@9 was performed by a literature
method (Scheme 25§

NaN3;, Nal

DMSO, 80°C, 15 h
Cl Ns
130 129

Scheme 25. Preparation of the azidomethyl monome29

Accordingly, the commercial chloromethylstyrengetdpara = 70/30 mixture
(130 in dry DMSO was treated with two equivalents oflisim azide and 10 mol% of
sodium iodide and allowed to react at 80°C for 15ARer extractive work-up and
evaporation of the volatileSH NMR analysis of the crude residue (~ 92% yielohfaemed
the identity of the produtt and indicated purity greater than ~95%. Analogpuslthe
literature™? its direct use in the copolymerization runs wasdeedecided, with the only
additional purification step being the filtratiomrough neutral alumina for removing some

polymer material.

3.3.3. Synthesis of cross-linked azidomethylpolysgne supports

Even though the copolymerization of azidomethykstygr with polar monomers and
cross-linkers likel27 and128 appeared unprecedented in the literature, theapmépn of
the two different insoluble supports33vand133z was decided in this Thesis.

The materiall33y, which can be considered an azido-Merrifield resamtaining
triethylene glycol cross-links, was obtained (Sche@6) by the suspension radical
copolymerization of a feed mixture df27, 129 and styrene (molar ratio of 15/25/60
respectively). For this purpose, the comonomergwéesolved in chlorobenzene and THF
and the organic phase was dispersed in an aqueluti®s of polyvinylalcohol (PVA), as a
suspension stabilizer. After the additionaxo-bis(isobyronitrile) (AIBN) radical initiator,
the degassed mixture was stirred vigorously at #0?Q@4 hours in the apparatus shown in
(Figure 28).

133 Malagu, K.; Guerin, P.; Guillemin, J.-Synlett2002 316-318.
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Scheme 26. Synthesis of polymer support 133v. Figure 28. Apparatus for suspension

polymerization

Similarly, the material133z containing diethylene glycol monomethylether
pending groups (Scheme 27) was prepared underatine £xperimental conditions, but
starting with a mixture of the comonomet27, 128 and 129 (molar ratio 14/43/43,

= =
AIBN ‘ ‘
N S S NS
J H,O/THF/chlorobenzene
1

N

) 0°C 1h,70°C 24h 0 3 0 o
8
N S
o o 2
/
133z
O_

respectively).

3

A

Scheme 27. Synthesis of polymer support 133z.

After polymerization,133v and 133z were isolated by filtration through medium
porosity glass frit, repeatedly washed with hotewaCHOH, THF and finally with CHClI;
and dried under vacuum (0.01 mmHg) to constant kteiffhe mass recovery of the
materialsl33vand133zwasgreater than 95% of the feed mixture weight.

The two different insoluble supports were obtaiasdree-flowing powders (Figure
29a), whose observation under optical magnificaffeigure 29b) revealed the presence of
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small aggregates of spherical polymer particleb diameters ranging between ~i and
160 um. Moreover, the IR spectroscopic analysis of buodterials showed the 2095 ¢m
azido group stretching that, as expected on thes lmdshe respective azidomethylstyrene

contents, proved stronger fb83vthan forl33z

Figure 29 a) Materials 133v and 133z, formed by spension polymerization b) magnified image of polyne133z

from an optical microscope.

The swelling behaviour of the new materials wa® didgefly characterized by a
literature method consisting in the measure of mauncrease of the dry polymer beads on
exposure to a given solvelit.By these means, it was possible to establish despite the
relatively high cross-linking degree, both materiahderwent a volume expansion up to
200-300% of the original one when equilibrated w@hk,Cl,, THF or toluene. On the
contrary the swelling was negligible (~10%) in themogeneousBuOH:H,O (1:1)
mixture. In striking contrast with the literatureatarials125ab discussed above, the polar
cross-linker and (forl332 the diethylene glycol monomethyl ether grafts egrpd
therefore not sufficient for providing the resifglis work with high compatibility towards
the most polar solvents. While this problem couldbably be mitigated by replacing the
terminal methyl ether groups in the pendant arm438z with free hydroxyl ones, the
resulting material architecture was judged not catibpe with the organocatalyzed
reactions of interest in this work (Chapter 5).

Finally, in view of the practically quantitative sgrecovery in the copolymerization
process, no direct determination of the azide cunie the prepared resins was deemed
necessary. Instead, the nominal values of 1.6 ngth¢133v) and 2.0 mmol § (1332 were

directly assumed as a reasonable estimation efNggroup loading of the two supports.
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3.4. Porous monolithic polymer supports.

Especially in the perspective of industrial apgimas, the use of IPB catalysts in
continuous-flow devices is a particularly appealopportunity®>**#In this type of system,
the reagents are flushed through the reactor contpthe heterogeneous or heterogenised
catalyst and the product is collected at the auBlgtattaining catalysis and product/catalyst
separation at the same time, the downstream treg&gngan be reduced in principle, which
makes the whole process potentially more econoraivélenvironmentally friend/$?°

Depending upon the properties of the insolublelgsitadifferent implementations
of the continuous-flow concept have been exploiiesl, the use of stirred-tanks with
stepwise addition of the reactants and removahefgroducts (actually a semicontinous
process), the packing of tubular reactors with bgaéd insoluble catalysts, or the selection
of porous monoliths as the supporting structdre.

Regarding the latter approach, monoliths are sicglainuous polymeric objects
that, for the purposes of the present work, carabght as filling completely the flow-
reactor volume (for an example in capillary reactme the Figure 30b3°¢ Provided the
material posses a permanent porous structure wigiiconnected channels at least in the
macropore region and the architecture is rigid ghoto avoid mechanical collapse and
excessive swelling, the monolith can be flown rafineely by liquids. With respect to the
use of packed-bed systems, this solution can preten advantage of avoiding the
stagnation of the fluid flow, thereby improving thentact between reactants in the liquid
phase and any supported ‘active’ site. For thisaeamonolithic supports (either organic or
inorganic) have been utilized in different applioas*® e.g.separation of heavy met&l®
andcatalysts (including the enantioselective origy®

Organic monoliths can be prepared by a ‘moldingcess described by Frechet and

coworkers (Figure 304}’ The procedure consists of filling a tube (theld) with

1343) Sherrington, D. CChemistry of Waste MinimizatioBlackie: London1995 Chapter 6, p 141) de Miguel, Y. R.;
Brule, E.; Margue, R. Glournal of the Chemical Society, Perkin Transadi@2001 3085-3094¢) Clapham, B.;
Reger, T. S.; Janda, K. Detrahedror2001, 57, 4637-4662.

135|n 14c, Rasheed, M.; EImore, S. C.; Wirth, T. g5-371.

136 2) Sherrington, D. C.; Hodge, Byntheses and Separations Using Functional Polyrers Wiley & Sons]988 b)
Burguete, M. I.; Garcia-Verdugo, E.; Vicent, M. Uuis, S. V.; Pennemann, H.; von, K., Nikolai Grisfartens, J.
Organic Letter2002 4, 3947-3950¢) Peters, E. C.; Svec, F.; Frechet, J. MAdvanced Material4999 11, 1169-
1181;d) Burguete, M. I.; Cornejo, A.; Garcia-Verdugo, EarGa, J.; Jose, G., Maria; Luis, S. V.; Martineesivio,
V.; Mayoral, J. A.; Sokolova, MGreen Chemistr2007, 9, 1091-1096g) Buchmeiser, M. RPolymer2007, 48, 2187-
2198.

137 peters, E. C.; Svec, F.; Frechet, J. Mhdvanced Materiald999 11, 1169-1181 (and ref. cited therin).
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monomers, cross-linking agents, initiators, ancdgens and, after sealing from both sides,
triggering the polymerizatione(g. by heating or UV irradiation)Flushing with a suitable
solvent is then carried out in order to removepgbegens and any soluble material, leaving the

mold filled with the insoluble monolith phase.

a
Falymeriralion mi:llurrl | Washing sobvent ]
L
i g
s Ba g
1} Seal 1} Artach 1 pump D]
2} Hiea 21 Wash i
.
| Nobd I | Thersanstated bath | Fuimap

Figure 30. a) Preparation of macroporous monolith i ‘molding’ process (taken from ref. 137), b) caplary column
cross-section (taken from ref. 136c¢)

Similarly, to the preparation of macroporous polyrbeads discussed before, the
attainment of the continuous porous network restgally on the phase-behaviour of the
mixture subjected to the copolymerization procéssurn, the latter depends on various
parameters, the most important being the natutteotomonomers and the porogens, the
feed mixture quantitative composition, and the pwyization temperature (sometimes the
relationship between feed composition and polymerpimology is shown as an isothermal
pseudo-phase diagrau™®

Even if a macroporous monolith can oppose a raBtilow resistance to flow, its
porosity in the sulpim range can still raise concerns about clogginigimiered passage of
the most viscous liquids. For lifting these probsernigh internal phase emulsion polymers
(Poly-HIPE) were first introduced in 198% This type of materials can be obtained by a
polymerization process in a water-in-oil emulsiam,which the water represents at least
76% by volume. In this reverse emulsion, the oil phasataining the vinyl monomers and
cross-linker, surrounds the water droplets: On mpelyzing a highly interconnected open-
cell resin structure forms around the water tenpdaphase that, after washing and drying,
eventually results in the attainment of a croskdthpolymer foam (see for example Figure

31). The much larger void fraction in Poly-HIPE maaésithan in the ordinary macroporous

138 Sherrington, D. CChemical Communicatiork998, 2275-2286.
139 a) Barby, D., Haq, AEuropean Patent Applicatio®,060,138,Al1982 b) Barby, D.; Haq, Z. Itnilever PLC, UK;
Unilever N. V., U. S. Pa##5229531985
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monoliths, noted above allows a much easier flosubh the channels. For this reason,
monoliths obtained by the HIPE approach have baaiesl in a flow-through manner as

scavenger? reagents? catalyst support&’ and chromatography suppotfs.

Figure 31. Scanning electron micrograph of VBC/DVBPoly-HIPE monolith (taken from ref. 140).

3.4.1. Attempts to prepare azidomethyl PS macropores monoliths.

While many efforts have been devoted to the stud?® monoliths embedding
chloromethylstyrene as the functional mononfémo comparable data is available for
similar materials containing azidomethyl groupsnétg an attempt was made in this work
for preparing porous supports by the direct radicalpolymerization of styrene,
azidomethylstyrene, and divinylbenzene (DVB) (Sce&®).

AIBN 1 wt%,

- -
dodecanol : toluene
A

Scheme 28. Preparation of monoliths containing azamethy! group.

1403) Krajnc, P.; Brown, J. F.; Cameron, N.®ganic Letters2002 4, 2497-2500b) Lucchesi, C. |.; Pascual, S.;
Dujardin, G.; Fontaine, LReactive and Functional Polyme2808 68, 97-102.

141 Mercier, A.; Deleuze, H.; Mondain-Monval, Beactive and Functional Polyme280Q 46, 67-79.

142 Mercier, A.; Deleuze, H.; Maillard, B.; Mondain-Mwal, O.Royal Society of Chemist3001, 266, 125-132.

143Krajnc, P.; Leber, N.; A tefanec, D.; Kontrec, Badgornik, AJournal of Chromatography 2005 1065 69-73.

1443) Gagne, M. R.; Korotchenko, V. IRolymer Preprint2005 46, 1188;b) Urban, J.; Svec, F.; Frechet, J. M. J.
Journal of Chromatography 201Q 1217, 8212-8221.
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The experimental conditions were based on thosErethet and co-workers for
similar PS material&* with a solution of toluene and 1-dodecanol aspitv®gen medium
and a stainless steel HPLC column as the rii6fd.

Because of the subtle effect often caused by clwaimgthe working parameters on
the properties (pore distribution and surface apé#)e final resin, different polymerization
experiments were carried out (Table 1).

In general, all these runs resulted in well-forrmdnoliths that appeared to fill
completely the mold volume and showed the speaimisc(IR) and chemical features
(Kaiser test) of an azido-containing material. Unhfoately, when the flushing of the
column with the THF washing solvent was attemptdugh back-pressure was however
observed in all case®.¢.> 100 Kg cnf at 0.5 ml mift). Irrespective of the feed and
porogen composition or the polymerization tempegat(Table 1), no monolithic bed
suitable for flow-through applications could be rdfere obtained by this route. On the
contrary, in the initial runs performed by Freclagiproach, i(e. preparation of monolith
using vinylbenzyl chloride (VBC) and DVB) providdtushable monolith with modest
backpressure (30 - 50 Kg @n followed by chlorine/azide exchange by passing
LiNs/DMF, a positive color test with PEhinhydrin (Kaiser test) confirmed the azide
substitution.

Table 1. Preparation of cross-linked polymer monoths with different compositions.

‘ Monomers ‘ Porogens ‘

Entry AMST [%] Styrene [%] DVB [%] Toluene [%] Dodecanol[%] Temp. [°C] Time [h]
1 10 10 20 15 45 80 24
2 6 14 20 15 45 80 24
3 16 0 24 20 40 80 24
4 10 0 20 10 60 60 24
5 10 0 20 10 60 70 24
6 11.7 0 23.3 9.3 55.7 75— 80 24

Except few satisfactory results obtained in pretany runs by VBC/DVB
polymerization followed by chlorine/azide subsibat the solution of the problems
described above would conceivably require muchresffdargely trespassing the aims of
this Thesis, in a final attempt to obtain a pormagerial apt as a ‘click’ monolithic support

the resort to Poly-HIPE was evaluated instead.

15 vViklund, C.; Svec, F.; Frechet, J. M. J.; Irgum,Ghemistry of Material4996 8, 744-750.
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3.5. Preparation of Poly-HIPE materials

By taking inspiration from a literature procedui Similar chloromethylstyrene
materials;*® the copolymerization 0f29 and DVB (20 : 80) was carried out in a reverse
emulsion made up by a water phase (76% by volumajaming sorbitan monooleate
(SPAN 80, emulsion stabilizer),,&0s (radical polymerization initiator) and NaCl. Due t
the high viscosity of the emulsion, the differentmponents were directly mixed together
(300 rpm) in a 2x 15 cm glass mold equipped with a stopcock on kaths (Figure 32).
After sealing under nitrogen, the stable suspensinbtained was placed in oven at@&0
and kept heating for two days. The resulting polymmonolith was then washed several
times with water, to remove the inorganic composgefallowed by THF and acetonitrile
until disappearance of UV absorbing substancesh@ washings. Finally, the freely-
flushable Poly-HIPE column was characterized by dRd by the Kaiser test, which
confirmed the presence of the azido function witkive highly cross-linked polymer

architecture which having 90°rg™* surface area calculated by BET method.

Figure 32. Glass mold for PolyHIPE preparation.

146 Barbetta, A.; Cameron, N. R.; Cooper, SCHemical Communicatior200Q 221-222.
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3.6 Conclusions

The preparation of five different azide-functiozall polymer supports was
explored in this work, starting either from commarcesins (Merrifield and ArgoPol¥-

Cl beads) or by forming the insoluble material tlgb the copolymerization of suitable
monomers.

Apart from the problems encountered in obtainingmpourous monoliths with
proper permeability properties, this led to a denhsoluble supports which differed in the
chemical composition (nature of the cross-linked grafts, degree of functionalization) as
well as in their morphology (gel-type or macropapincluding the Poly-HIPE type).

Being provided with pending azidomethyl groups,sthenew materials were
investigated next as supports in the preparationlRB alkaloid derivatives by the
anticipated ‘click-chemistry’ strategy.
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4.1 Introduction

As anticipated, the copper-catalyzed azide-alkynpoldr cycloaddition was
thoroughly employed in this work as the tool foe tbovalent immobilization of alkaloid
derivatives onto insoluble organic polymers.

The 1,3-dipolar cycloaddition between organic azidad alkynes has been known
for more than 100 yedfs and investigated in detail by Huisgen and co-woikehe 60’s
of the past centur}?® Although the process offers a simple access t@B-trazoles, the
uncatalyzed reaction had the disadvantage of rneguitigh temperatures and to lead to a
mixture of regioisomeric products (Scheme 28)For this reason, the independent
introduction in 2001-2002 of Cu(l) catalysts, by throups of Meldat® and Sharpless*
represented a major improvement: Under these dgondithe reaction of terminal alkynes
can usually proceed at room temperature, with aneglusive formation of 1,4-

disubstituted triazoles.
C] N _N

AN VTN
R/\N/N copper()) g~ N\ solvent =~
1 \\<N catalyst - . 4
-— n
SN reflux + R
4 FZ
. R'/ R/\N/N\\

1 N
/‘\/
5

Scheme 29. Azide-alkyne cycloaddition under thermadnd catalytic conditions

Since then many catalytic system for the coppeatgaed cycloaddition reaction
(CuAAC) have been described, including simple ebdlts (normally in the presence of a
teriary amine) or more sophisticated complexes witlelating ligandsin situ reduced
Cu(ll) salts €.g. CuSQ with sodium ascorbate) or Cu(0) nanoparticles gdowalso
effective in a number of circumstances, while tddigon of a weak reducing agent to the

147 Michael, A.Journal fuer Praktische Chemie (Leipzi§93 48, 94-95.

148 a) Hueisgen, RProceedings of the Chemical Society, Lonii®61, 357-369)) Huisgen, R.; Szeimies, G.; Moebius,
L. Chemische Bericht&#967, 100, 2494-2507.

149 Kirmse, W.; Horner, LJustus Liebigs Annalen der Cherig58 614, 1-3.

1503) Tornoe, C. W.; Meldal, MAmerican Peptide Societ§001; 263-264 b) Tornoe, C. W.; Christensen, C.; Meldal,
M. Journal of Organic Chemistrg002 67, 3057-3064.

151 Rostovtsev, V. V.; Green, L. G.; Fokin, V. V.; $piess, K. BAngewandte Chemie, International Editi®02 41,
2596-2599.
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reaction mixture was shown to allow the reactionb® carried out under open-air
conditionst?

CUAAC can stand wide variations in the structur¢hef reaction partners (including
the presence of many functional groups) and chaimgesaction conditions, like the solvent
or the pH* Moreover, the triazole product is often obtainedquantitative yield and
without the formation of significant amounts ofesidr byproducts.

With all these characteristics, CUAAC was rapiddgagnized as the tool of choice
for ligating organic molecules in a number of feldncluding material and polymer

€>+1>1% organic, combinatorial, and supramolecular chemisf medicinal

scienc
chemistry and biochemist’y®***® This led to the introduction of the idea of ‘click
chemistry’ and ‘click-reaction*® i.e. synthetic methodologies possessing the mildness,
versatility, and atom-economy features discussedafor CUAAC (which, in fact, if often
referred to as the ‘click-reactiotout cour).

The postulated mechanism for CUAAC (Schemé®38§ involves the formation of
a copper(l)-acetylid@36 as the first step. According to theoretical staditbe coordination

of the azide reactant would then take plak@8), followed by evolution to the triazol40

152 However, open air conditions cannot be generalipmmended due to potential oxidative side reastidiihe
substrates. Sea) Angell, Y.; Burgess, KAngewandte Chemie International Editia@07,46, 3649-3651p) Meldal,
M. Macromolecular Rapid Communicatio808 29, 1016-1051.

153 pachon, L. D.; Van Maarseveen, J. H.; Rothent@rédvanced Synthesis & Cataly&i805 347, 811-815

1543) Lutz, J.-F Angewandte Chemie, International Editi®®07, 46, 1018-1025b) Diaz, D. D.; Punna, S.; Holzer, P.;
McPherson, A. K.; Sharpless, K. B.; Fokin, V. Vinik, M. G.Journal of Polymer Science, Part A: Polymer Chermist
2004 42, 4392-4403.

155 a) Joralemon, M. J.; O'Reilly, R. K.; Matson, J. Buygent, A. K.; Hawker, C. J.; Wooley, K. Macromolecule2005
38, 5436-5443p) Dave, P. R.; Duddu, R.; Yang, K.; DamavarapuGelber, N.; Surapaneni, R.; Gilardi, R.
Tetrahedron Letter2004 45, 2159-2162¢) Lee, J. W.; Kim, B.-KSynthesi2006 615-618d) Wu, P.; Feldman, A.
K.; Nugent, A. K.; Hawker, C. J.; Scheel, A.; Vd&,; Pyun, J.; Frechet, J. M. J.; Sharpless, KFBKin, V. V.
Angewandte Chemie, International Editi2@04 43, 3928-3932.

156 3) Tsarevsky, N. V.; Sumerlin, B. S.; Matyjaszewski Macromolecule®005 38, 3558-3561b) Opsteen, J. A.; van,
H., Jan C. MChemical CommunicatiorZ005 57-59;c) van, S., Dirk Jan V. C.; David, O. R. P.; van,&@no P. F;
van, M., Jan H.; Reek, J. N. Bhemical Communicatior005 4333-4335.

157 a) Aucagne, V.; Haenni, K. D.; Leigh, D. A.; Lusby, R; Walker, D. BJournal of the American Chemical Society
2006 128 2186-2187h) Aucagne, V.; Berna, J.; Crowley, J. D.; GolduplVs. Haenni, K. D.; Leigh, D. A.; Lusby, P.
J.; Ronaldson, V. E.; Slawin, A. M. Z.; Viterisi,;ANalker, D. BJournal of the American Chemical Soci2607, 129,
11950-11963¢) Aprahamian, |.; Dichtel, W. R.; Ikeda, T.; HealhR.; Stoddart, J. ®rganic Letter2007, 9, 1287-
1290;d) Mobian, P.; Collin, J.-P.; Sauvage, J¥etrahedron Letter2006 47, 4907-4909.

158 3) Lewis, W. G.; Magallon, F. G.; Fokin, V. V.; Finkl. G. Journal of the American Chemical Soci2f04 126
9152-9153p) Gommermann, N.; Gehrig, A.; Knochel, ®nlett2005 2796-2798¢) Wu, Y.-M.; Deng, J.; Li, Y.;
Chen, Q.-Y .Synthesi2005 1314-1318d) Yang, D.; Fu, N.; Liu, Z.; Li, Y.; Chen, BBynlett2007, 278-282.

1%93) Lewis, W. G.; Green, L. G.; Grynszpan, F.; Radig,Carlier, P. R.; Taylor, P.; Finn, M. G.; Shass, K. B.
Angewandte Chemie, International Editidd02 41, 1053-1057; (b) Wang, Q.; Chan, T. R.; Hilgraf, Rokin, V. V;
Sharpless, K. B.; Finn, M. Gournal of the American Chemical Socig03 125 3192-3193¢) Mocharla, V. P.;
Colasson, B.; Lee, L. V.; Roeper, S.; Sharples88.KWong, C.-H.; Kolb, H. CAngewandte Chemie, International
Edition 2005 44, 116-120.

160 poses, J. E.; Moorhouse, A. Bhemical Society Revie®807, 36, 1249-1262

1613) Himo, F.; Lovell, T.; Hilgraf, R.; Rostovtsev, V.; Noodleman, L.; Sharpless, K. B.; Fokin, V.Jaurnal of the
American Chemical SocieA005 127, 210-216p) Bock, V. D.; Hiemstra, H.; Van Maarseveen, JBdropean
Journal of Organic Chemistrg006 2006 51-68.
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through an intriguing metallacycle intermediat®9 (path-C), rather than by direct
cycloaddition137 (path-B).

------ThL

R1 \\\ 1 Y
= culn c. R'—=———-=CulLn
N - 2 4}[

l o
N%N/N\ 2 S N=R?

R ~
139 g 138

Scheme 30. Proposed mechanism for the Cu(l) cataba Reaction between organic azides and terminal alkes

Regarding to the topic most relevant to the preSdwsis work,i.e. the use of
‘click’- chemistry for the preparation of supportethiral ligands or catalysts, several
examples had been reported in the literature abvelgening of this work (Figure 33).

In 2006 Pericas and co-workers described the imimabon of chiral amino
alcohol onto azidomethyl PS-DVB resins and theafd@e resulting IPB ligand$42in the
asymmetric phenylation of aldehyd8§Under these conditions, high catalytic activityswa
observed, together with moderate to high levelnaintioselectivity (up to 82%s).

Shortly after, the groups of Moeberg and Levackported a similar strategy for the
immobilization pyridine-bisoxazoline (pybox) liga:dn PS resift® The resulting material
143 was then used for preparing IPB metal complexeshi® ring-opening of cyclohexene
oxide or silylcyanation of benzaldehyde with TMSQRb(III) or Lu(lll) catalysts] and for
the alkynylation of imines [Cu(l) catalysts]. Whillee former two transformations afforded
only moderateeevalues £€78%e@), better results (mostly in the 80-908range) could be
attained in the latter. The lowees obtained in the transformations catalyzed by the
lanthanide complexes were ascribed to achiral addetween the metal precursors and the

1,2,3-triazole nucleus, whose presence would adlavon enantioselective pathway for the

162 Bastero, A.; Font, D.; Pericas, M. dournal of Organic Chemistrg007, 72, 2460-2468.
183 Tilliet, M. I.; Lundgren, S.; Moberg, C.; Levachaf. Advanced Synthesis & Cataly8i807, 349, 2079-2084.
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reaction. A few reaction cycles §) were also described, but in the case of tha@iogeof

cyclohexene oxide a significant loss of performanes noted.

9 Ps

PS N—

P4
O
mQ

~H Ph 143 Ph H@
142
HO Ph COzH

Ph 144 (support = PEG-PS)
145 (support = PS)

TMSO OTMS
TMSO OTMS
OTMS
TMSO
™SO N=n
N
HN \)ﬁ
OYN\(O
[ 1
147 S/ \/C{J/ B
B o o BM

Figure 33. IPB enantioselective ligands or catalystobtained by ‘click-chemistry’.

Interestingly, this did not seem to be a problemnietal-free asymmetric reactions.
For instance, the PEG-polystyrene supported 4-hygroline 144 was successfully
applied by Pericas and co-workers to the direatlaiebctions of aryl aldehydes with cyclic
and acyclic ketones in wat&¥. In this case, the IPB system provided similar\@rebetter
performance than its soluble counterparts (up & 86 and the catalyst was recovered by
simple filtration and reused for three times withlmss of activity and stereoselectivity.

164 Font, D.; Jimeno, C.; Pericas, M. @rganic Letter2006 8, 4653-4655.
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Subsequently, the same group described also aogme IPB derivative on PS
(1459 for the highly stereoselective Mannich reaction of ajdes and ketones with the
(p-methoxyphenyl) ethyl glyoxylate imin&>

Recently Chen and co-workers reported the synthmsislick’ chemistry of chiral
N-salicylidene vanadyl(Vjert-leucinate complex1@46) onto azide-functionalized PS. This
catalyst promoted the aerobic oxidation of a broaoge ofa-hydroxy carboxylic acid
derivatives with excellent enantioselectivities (opP9%ed. The catalyst could be reused
effectively four times, although 9% vanadium leachwas observetf®

‘Click-chemistry’ has been sometimes applied atsdhie immobilization of chiral
ligand/catalyst onto inorganic supports (mainljcali).

Zhao and co-workers reported the ‘click’ prepamaid the silica-supported dimeric-
pyrrolidine organocatalyst47 and its successful application to the asymmetrichistel
addition of ketones to nitroalken¥€. Products were obtained in high yields, excellent
diastereoselectivitysfyn/antiratio up to 20:1), and excellent enantioselegtiitp to 93%
e6. The catalyst could also be recycled effectivietymes.

In 2009, Reiser and co-workers developed a shanmterdor grafting Cu(ll)-
azabis(oxazoline)-complexes onto different magaeténoparticles coated with amorphous
silica (FeO, @ SiQ).**® The resulting ‘clicked’ heterogeneous catali48was then tested
in the asymmetric benzoylation of 1,2-diols with decate yields and excelleae values
(up to 98%eg. The catalyst was separated by magnetic decantaiid reused 5 times
without loss of activity and selectivity.

For the sake of completeness, it can be mentiomaid'¢lick’ strategies have been
used also for the development of recoverable evseigctive catalysts of the soluble type.

169

As shown in Figure 34, these incluageg, PEG-supported prolinel49),”" perfluorinated

bis-oxazoline ligands 160),'"° dendritic systems 161),'"* and ionically tagged

organocatalysti(52).' "2

165 Alza, E.; Rodriguez-Escrich, C.; Sayalero, S.;tBag A.; Pericas, M. AChemistry-A European JournaD09 15,
10167-10172.

1% salunke, S. B.; Babu, N. S.; Chen, CAflvanced Synthesis & Catalygi811, 353 1234-1240.

167 Zhao, Y.-B.; Zhang, L.-W.; Wu, L.-Y.; Zhong, X.i,IR.; Ma, J.-T Tetrahedron: Asymmet8008 19, 1352-1355.

188 Schaetz, A.; Hager, M.; Reiser, &dvanced Functional Materia009 19, 2109-2115.

189 Font, D.; Sayalero, S.; Bastero, A.; Jimeno, @rjdas, M. AOrganic Letter2008 10, 337-340.

170 Rasappan, R.; Olbrich, T.; Reiser,Alvanced Synthesis & Catalygi809 351, 1961-1967.

My, G.; Jin, R.; Mai, W.; Gao, LTetrahedron: Asymmet008 19, 2568-2572.

Y2\Wu, L.-Y.; Yan, Z.-Y.; Xie, Y.-X.; Niu, Y.-N.; Liag, Y.-M. Tetrahedron: Asymmet007, 18, 2086-2090.
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OB" f@
PEG — —
//O CgF17 N N/

Y
QH i-Pf %—Pr Q/\ Q\/N\N//
H

HO,C L _
149 150 den 151 152

Figure 34. Examples of recoverable enantioselectiligands and catalysts obtained through ‘click-cheristry’

In conclusion, the immobilization of chiral catalfigands using ‘click-chemistry’
appears well precedented for a number of system$hd best of our knowledge, however,
no application of this technique had been repogiethe beginning of this Thesis for the
specific case o€inchonaalkaloids in catalytic applicationgctually, two examples could
be found, where simple alkyne-functionalizeginchona alkaloid derivatives were
covalently bound to azide-functionalized silica .glbnetheless, the resulting materials

were meant for chromatographic uses and not cégalys

4.2. Immobilization of Cinchonaalkaloid derivatives onto
polymer supports

From the overview given above it should be cleat tielick-chemistry’ proved
already effective in providing a number of excdld#?B systems. Nonetheless, the presence
of 1,2,3-triazole nucleus formed at the ‘click’ g¢ahas been occasionally associated with
poor performance in asymmetric catalySfsTherefore, in this work the preparation and
use of supported systems was constantly accompéyigde synthesis of proper soluble
models of the supported chiral units. In genetasé soluble compounds were obtained by
‘click’ addition of benzylazideX53) to the same alkaloid derivatives employed forypuar
immobilization. Their use in selected asymmetriangformations allowed then the
preliminary screening of the local organocatalysicture on catalytic performance and, in
particular, to assess the effect of the modificatiotroduced in literature systems for

allowing their immobilization.

173 3) Kacprzak, K. M.; Maier, N. M.; Lindner, Wietrahedron Letter2006 47, 8721-8726b) Kacprzak, K. M.;
Lindner, W.Journal of Separation Scien@811,34, 2391-2396.
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4.2.1 Preparation of pyridazine-coreCinchonaalkaloid soluble model
compounds 155a,b,c and 154.

According to the line of reasoning drawn above, dimsthesis of soluble models of
pyridazine-type<Linchonaalkaloid derivatived55ac was carried out as shown in Scheme
31. After some initial optimization tests, gooduks were obtained with the Cul-DIPEA
catalytic system, which proved the most effectiwgoromoting the ‘click’ reaction of the
alkaloid derivatives.

OAIk OAIk
Cul (5 mol %),
. | \T DIPEA(1 eq.) J{ | | \T
3 —
% N Ny N
+ 7 CH,Cly N &
4

4
OAIlk t OAlk
100 a: Alkk=QD 155a: Ak =QD
153 100 b : Alk = DHQD 155 b : Alk = DHQD
100 c : Ak = DHQN 155 ¢ : Alk = DHQN

Scheme 31. Preparation of the dimeric soluble modebmpounds 155a-c

After mixing solvents, reagents and catalyst congpdsy the resulting solution was
kept stirring at room temperature until TLC aftél NMR analysis revealed the complete
conversion, of the starting alkaloid (24-48h). Tdrade products were subjected to flash
chromatography purification, givind55a 155b and 155c in 73, 66 and 74% yields,
respectively. The compounds were characterized By'M NMR, **C NMR analyses, and
optical rotatory power measurement (see Experinh&getion).

Similarly, the mixture of the monomeric and dimesikaloid derivativesl01 and
100a was subjected to analogous reaction conditionshg®e 32)* After
chromatographic separation, the compo&dcould be obtained (75% yield, based on the
initial composition of mixture) together witb5a(53% vyield).

174 campbell-Verduyn, L. S.; Mirfeizi, L.; Dierckx, R\.; Elsinga, P. H.; Feringa, B. IChemical Communicatiorz009
2139-2141.
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=

PhCH,N3
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Scheme 32. Preparation of monomeric soluble modebmpound 154

The characterization df54 was carried out as described 5 confirming the

structure of the derivative (see Experimental $egti

4.2.2. Preparation of immobilized pyridazine-coreCinchonaalkaloid
derivatives 100a, 100b, 100c on azido-polystyrenegsins 122x and 122y.

After successful preparation of the soluble mode#hpounds (section 4.2.1), the
next goal was to prepare their insoluble countérpgr immobilizing them on azide-
functionalized polymers. For the initial studiezidm-Merrifield resin 122x and azido-
ArgoPoré" resin122ywere chosen as support.

The supported pyridazine-core 1,2,3-triazole alkhlderivatives156a/x 156aly,
1560'x, 156b'y and 156c/x, were prepared by reacting directly the unpurifediyne-
functionalized alkaloid derivativeB)0a,b,c(reason described in section 2.1.3) with excess
of gel-type or macroporous azide-functionalizedn®422x or 122y in presence of Cul

catalyst under the typical ‘click’-reaction condits described in Scheme 33.
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Q" g L O
N3 A a N
N X N — \\N N
4 4
122 OAlk 156alx : Ak=aD OAK
156aly : Alk = QD
x = Azido-Merrifield resin 100 a: Alk = QD
y = Azido-ArgoPore™ resin 100 b : Ak = DHQD 156bix : Alk = DHQD
100 c : Alk = DHQN 156bly : Alk = DHQD

156¢/x : Ak = DHQN

Scheme 33. Immobilization of pyridazine-coreCinchona alkaloid derivatives on azide-functionalized polyrers.
Reagents and conditions(a) Cul (5 mol%), DIPEA, CkCl,, rt

After proper time (from 48 to 71h), the functiorzald resins were filtered and
thoroughly washed with ammonia solution (to remoweper salts), water, methanol, dry
THF and finally CHCI,. After drying to constant weight under vacuum fmHg), the
recovered pale yellow insoluble materidaB6a/x 156a/y 156b/x 156b/y and156c/xwere
characterized by IR analysis (Experimental Sectiamd the alkaloid loading was
determined by the weight increase over the stagmdomethyl resins (Table 2).

Table 2. Loading of alkaloid on to the polymer supprts

Entry Resin Alkaloid loading [mmol”§ Anchoring Yield [%]

1 156a/x 0.41-0.70 87
2 156aly 0.26 47
3 156b/x 0.54 87
4 156bly 0.22 39
5  156c/x 0.25 27

Both kinds of data confirmed the successful immpéilon of the chiral derivatives,
albeit to an extent clearly dependant on the pohergupport. In particularl22x proved
much more effective thab?2yin the click capture c00aor 100hb, as demonstrated by the
roughly two to three-fold increase in the alkallmdding and anchoring yield attained in the

preparation ofi56a/xand156b/x (Table 2 entries 1 and 3) in comparison witb6a/yand
156b/y (Table 2, entries 2 and 4).

4.2.3. Preparation of immobilizedCinchonaalkaloid derivatives on
polymer beads 133v and 133z

The new types of polymeér33vand133zin the form of beads, bearing oxyethylene

crosslinking chain, were also used as a supportafarhoring theCinchona alkaloid
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derivatives 100ab and c, by ‘click’-reaction. The procedure for the preg@wn and
isolation of immobilized 1,2,3-triazole pyridazigere Cinchona alkaloids derivatives
157alv and 157a/z 157c/z (Scheme 34)was the same as followed before for the
derivatization of the azido-resii22 (see Scheme 33).

The recovered yellow insoluble beads, washed aretl dn the usual way, were
characterized by IR and alkaloid loading estimatgdweight increase over the starting
azido-beads. The efficient immobilization was congd for all the three materials both by
decrease in intensity of the absorption IR ban®%26m") due to azide-stretching and by
the weight increase. Both the resirB3vand133zwere equally effective in click capture of
alkaloid derivativel00a (Table 3, entries 1 and 2), even if almost a teld-idecrease in

loading ofCinchonaalkaloid100con polymer bead$33zwas observed.

133v 100 a ( 4

// 0QD
QDO N\
N—N
Alk
/
A0 S
a ~
N 4/ -
0 N\N (0] O
Alk \
g XN K&/O\%)
2
d (Qq
// 0QD
100 a
QDO 157alz
100¢ o N—N 157clz

Scheme 34. i) Immobilization of (QD)PYZ-alkyne onto beads 133v, ii) Immobilization of gridazine-core alkaloid

derivatives onto beads 133z. Reagents and conditgra) as in Scheme 33.

Table 3. Loading ofCinchonaalkaloid derivative on polymer beads 133v and 133z

Entry Resins Alkaloid loading [mmol’§ Anchoring yield [%]

1 157alv 0.41 80
2 157a/z 0.50 81
3 157cl/z 0.23 80
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4.3. Anthraquinone-coreCinchonaalkaloid derivative 114b.

After the successful immobilization of the pyridazicore Cinchona alkaloid
derivatives100a,b,con to the four different polymer suppofi82x,y and133v,zby ‘click’-
chemistry, the same strategy described in Secti@hwhs applied for supporting the
anthraguinone-coré&€inchona alkaloid derivativell4h Same as in the previous cases
initially a model compound af14bwas prepared in order to compare the performaotces
the two systems in enantioselective reactions urdenogeneous and heterogeneous

phases.

4.3.1. Preparation of the soluble 158b and the imnbdized 158a
anthraquinone-core Cinchonaalkaloid derivative

The soluble 1,2,3-triazole derivative of the antiaqne-core model compound
158b and the corresponding anchored drie8a were prepared by reacting the alkyne-
functionalized antraquinone-core derivativetb under typical click-reaction conditions, as
reported in Scheme 35.

In the synthesis df58bthe reaction was stopped after complete conversidi4b,
as monitored by TLC and confirmed B NMR analysis (complete disappearance of
acetylene signal). The isolated crude was subjedtedthe flash chromatographic
purification, giving pure product58b (81% vyield), which structure was attested ‘b
NMR, **C NMR and MS measurements.

As the effective immobilization of pyridazine-caatkyne-functionalizedCinchona
alkaloid derivatives to form the insoluble cataty$66a/x and 156b/x was achieved by
using azido-Merrifield resii22x (Table 2, entries 1 and 3), it was initially decde use
the same support for immobilizing anthraquinonescatkyne-functionalizedCinchona
alkaloid114h

After reaction the isolated insoluble yellow regias thoroughly washed and dried
by same technique mentioned in Section 4.2.2, timaabilization of114b on polymer
support to forml58awas confirmed by slight decrease in intensity adaaption band at
2095 cnt in its IR spectrum (azide stretching) along witligt weight increase.
Nevertheless the immobilization of alkaloid derivatl14b on polymer support occurred

with a low anchoring yield (17%) and a modest alldloading (0.18 mmol:§.
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Azido-Merrifield resin, 122x OJ
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Scheme 35. Preparation of soluble and insoluble amijuinone-care quinidine derivatives. Reagents andonditions:

158a

(a) as in Scheme 33.

4.3.2. Preparation of immobilizedCinchonaalkaloid derivative 158c.
Because of the modest loading of alkaloid derieati¥4b by using azido-Merrifield
resin as support, it was decided to switch to dxylene-crosslinked azide-functionalized
support133z in beads form, as it had been proven the betipp@t for the efficient
immobilization of pyridazine-core derivative (seable 3, entry 2). The polymer (beads)
supported derivativé58c (Scheme 36) was prepared by linkihtdb on 1.5 equivalent of

133zusing the standard ‘click’-reaction conditions.
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Scheme 36 Immobilization of (DHQD)AQN-alkyne onto beads 133z. Reagents and conditiares) as in Scheme 33.

After stirring the reaction mixture for 5 days, tiselated yellow polymer beads (by
the washing and drying techniques mentioned ini@eet.2.2) were characterized by IR
and weight increase, indicating a considerableitmpdf the alkaloid derivativé14b .23

mmolg™?) with 44% anchoring yield.

4.4, Propargyl alkaloid derivatives.

As shown in the following paragraphs, the mostlgasicessible modified soluble
Cinchona alkaloid derivatives, prepared in this Thesis wonlave been the propargyl
quinine (QN)P and quinidine (QD)P, which could basiy adapted to the ongoing
immobilization strategy. With this assumption, gyntheses of such soluble and insoluble

derivatives have been planned.

4.4.1. Preparation of soluble model compounds 16@ad 160b.

Low molecular weight 1,2,3-triazole soluble modetidatives of alkaloid (QD)P-Tr
160a and (QN)P-Tr160b were prepared by the ‘click’-reaction of propargidrivatives
(QD)P 120aand (QN)P120bwith an excess of benzyl azid&3 under the usual reaction
conditions (Scheme 37). As monitored by TLC dHANMR the reaction was complete in

48h, showing both by TLC the appearance of a newpoment slightly less retained than
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starting alkaloids and bjH NMR complete disappearance of propargyl prot@maii at
2.45 ppm. The crudes obtained after extractiveatgmi as described (section 4.2.1) were
subjected to the flash chromatographic purificatiproviding products60a and 160b in

78 and 64% yields, respectively. Newly prepared pmmmds were characterized byl
NMR, *C NMR, mass spectral measurements and opticabrgtpower.

OMe a
+
N3
153

Scheme 37. Preparation of soluble model compound®D)P-Tr and (QN)P-Tr. Reagents and conditions{a) as in
Scheme 33.

120a: (QD)P

160a: (QD)P-Tr
120b: (QN)P

160b: (QN)P-Tr

4.4.2. Preparation of the immobilizedCinchonaalkaloid propargyl
derivatives 159a and 159b.

Propargyl quinine and quiniding20a and 120b were clicked on to the azido-
Merrifield resin supportl22x by following the ‘click’-reaction conditions (Scime 33)
After 3 days the resins were thoroughly washed dnedd (as described before). The
isolated pale-yellow resins (QD)P-Tr59a and (QN)P-Tr/x159b confirmed effective
immobilization of alkaloid120aand120h as characterized by IR and weight increase of

the resins (see Table 4).

OMe

X
N
1eq. 2eq.
120a : (QD)P 122x 159a : (QD)P-Tr/x
120b : (QN)P Azido-Merrifield resin 159b : (QN)P-Tr/x

Scheme 38. Preparation of the immobilize@€inchonaalkaloid derivatives (QD)P-Tr/x and (QN)P-Tr/x.

Reagents and conditions(a) as in Scheme 33.
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Table 4. Loading ofCinchonaalkaloid derivatives 120a,b on resin 122x.

Entry Resin Alkaloid loading [mmol-§ Anchoring yield [%]
1 159a 0.77 97
2 159b 0.69 64

In summary, very effective immobilization of monamae propargyl Cinchona
alkaloid derivativesl20aand120b on azide-functionalized gel-type Merrifield regh77
and 0.69 mmol ¢, respectively) was attained by simple ‘click’-réan. It is worth noting
that the anchoring yields of these monomeric alkatterivatives are very high, especially
for 159a(Table 4, entry 1).

4.5. Preparation of the soluble model compound of,3,5-triazine-
core Cinchonaalkaloid derivative.

The 1,2,3-triazole soluble model derivativit6{) was synthesized by ‘click’-
reaction as described in the previous paragraphs. starting alkyne alkaloid derivative
106b was subjected to cycloaddition reaction with twguigalents of benzylazidé53

under reaction conditions described in Scheme 39.

106b

Scheme 39.Preparation of soluble model compound 1,3,4-triamie-core (DHQD)TZ (161). Reagents and

conditions: a) as in Scheme 33.

The mixture of solvent, reagent and catalyst west Istirring at room temperature
for 20 hours, observing the disappearance of thsteate106b by TLC analysis and the

formation of a new compound, slightly more retairiBde '"H NMR analysis of the crude
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confirmed the formation of desired product by dEsgrance of acetylene unit of starting
alkaloid 106b and the presence on new signal related to th&-irjdzole unit. The crude
product was then subjected to flash chromatographitdication, givingl61as colourless
solid foam with 71% vyield, which provided a singlgot on TLC analysis. The compound
was characterized by M3H NMR and*C NMR analyses and measurement of optical
rotatory power (see Experimental Section).

The immobilization study of substrati®6bto prepare insoluble 1,3,5-triazole core

Cinchonaalkaloid derivative 162) is in progress.

4.6. Attempt to immobilize the alkaloid derivative100a onto the
azido functionalized PolyHIPE material.

In order to obtaine€inchonaalkaloid functionalized PolyHIPE monolith, we have
decided to attempt to immobilize, through CuAAC, alkyne-functionalized dimeric
pyridazine-core quinidine derivativel0g on to the azide-functionalized PolyHIPE
monolith (Figure 35a). The same reaction conditiovexe employed as described in
Scheme 33, except the preparation of the mixturalatlioid derivative 1009 (equivalent
to the moles of azide group in the PolyHIPE), gesiahnd DIPEA in acetonitrile separately
followed by its introduction under nitrogen intoetlylass-mold containing polymer. The
collected unbound alkaloid from the sealed moldy@Fé 35b) after 24h, by flushing the
reaction mixture and subsequent washings with thlgest revels minute loading of
alkaloid (L00g as estimated based on the reduction of recovallaoid amount over
initial. Even by repeating the reaction on sameyldt’E (mold) for three times did not

improve the loading ofl00a to the acceptable level, which was also evideomfr

114



4. Immobilization of the Alkaloid Derivatives onttee Polymer Supports.

comparing the IR of polyHIPE material before antemafreaction, where no noticeable
change was observed in the intensity of azidecstirg at 2095 ci Technically, the
negligible loading of alkaloid on polyHIPE precluté@s further use in continuous flow

processes.

Figure 35. a) PolyHIPE monolith, b) PolyHIPE mold filled with reaction mixture
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4.7. Conclusions

Respect to the traditional approaches mentioné&hapter 1, section 1.4, in most of
the investigated cases the ‘click’-reaction proaecery efficient tool for the immobilization
of different soluble Cinchona alkaloid derivatives onto insoluble macromolecular
backbones. By the above-cited technique, threerdifit types of solubl€inchonaalkaloid
derivatives (pyridazine-core; anthraquinone-core propargyl-type) were immobilized on
four types of polymer supports, by giving twelveffalient IPBCinchona alkaloid
derivatives pending from the main polymeric mattixaddition, the immobilization of the
soluble dimeric 1,3,5-triazole-core dihydroquiniglimlkyne derivative onto the organic
polymer supports is in evaluation.

These immobilized Cinchona alkaloid derivatives will be employed as
heterogeneous organocatalysts in some catalytimrasyric transformations by comparing
their performances with the representative soluibeel derivatives.

In this regards, the next chapter is devoted toahstnate the scope of these chiral
organocatalysts and, in the case of the supportgdrials, their possible recycling in few

cases.
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5.1. Asymmetric dimerization of ketenes

The first ketene was serendipitously discovered965 when Hermann Staudinger
attempted the synthesis of radical spedi6S by the reaction ofi-chlorodiphenylacetyl
chloride163with zinc (Scheme 40). Surprisingly, a dehalogedatosed-shell product was
formed which was eventually identified as dipheey#ine164.'” Highly reactive ketenes
are characterized by unusual ‘heteroallenic’ botrdcture, having significant negative
charge on both oxygen arfidcarbon atom. Instead, the positive charge is ibedlona-
carbon atom that, in fact, preferentially undergnasleophilic attack’® These properties
make ketenes highly useful and versatile organactree intermediates for numerous

applications, nicely reviewed elsewhéf.

o

NG Zine . 0y __C
o — .

Ph Ph Ph”g “Ph Ph Ph

163 164 165

Scheme 40. Historic discovery of ketene

Over the years different approaches emerged toapeehnis reactive intermediate
164b (Figure 36), including pyrolysis of homodimers arhgdrides (route-1 and route-2)
and photolysis of phenyldiazoacetate (route-3). Arempopular method for ketene
generation is the dehydrohalogenation of di- or oasubstituted acid chlorides with
tertiary amines (route-4).

Following the latter approach, the group of Caltlveloped an interesting
enantioselective dimerization of monosubstitutedteles, generated in situ by
dehydrohalogenation of the acid chloriddgs6 with DIPEA. The reactions were carried out
at room temperature, in presence of 5% of diffe@qx alkaloid derivatives 205 (e.g.

propanoyl, trimethylsilyltert-butyldimethylsilyl, etc.) as the chiral catalyStheme 41’

175 Staudinger, HBerichte der Deutschen Chemischen Gesellsdledf 38, 1735-1739.

176 3) Tidwell, T. T.European Journal of Organic Chemis2906 2006 563-5761) Paull, D. H.; Weatherwax, A.;
Lectka, T.Tetrahedror2009 65, 6771-6803.

Y7 3) Calter, M. A.; Guo X. Journal of Organic Chemist§98 63, 5308 —5309b) Calter, M. A.; Orr, R. K.; Song, W.
Organic Letter2003 5, 4745 — 4748.
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Figure 36 Different routes for ketenes generation

p
T,

DIPEA 1eq‘:i"-) o HN(OMe)Me, (0.5 equiv)
o} Cat. (5 mol%) ﬂ 2-Pyridone(10mol%) R N OMe
R\)k CH,Cly, t, 4 2 - |
og——————— CH,Cly, t, t R Me

-EtN(i-Pr), HCL

166
168

R = Me, Et, i-Pr,
{Bu, CH,OTIPS,
CH,CO,Me

205
R =Bz, Prop., TBS, TMS|

Scheme 41 Asymmetric ketene dimerization by Calteaind coworkers

Under these mild conditions, the intermedia68 has a low tendency to dimerize
spontaneously or by action of the hindered aniié@'’’® On the contrary, if the solution
contains aCinchonaalkaloid derivative, its very nucleophilic quinigthe nitrogen atom
can interact with the keteri68 and promote the conversion to dini&9. In this way the
dimerization occurs predominantly by the actionttté Cinchonaalkaloid organocatalyst
that, being chiral, can induce enantioselectivityhie formation ofL69 (for the mechanistic
details see below). Finally, the rather volatiled aimstablep-lactone productl69 was
normally not isolated. Instead, it was readteditu with N,O-dimethyl hydroxylamine, in
the presence of 2-pyridone as acylation catalgsgjte the corresponding Weinreb amides
170products in fair to good yields (58-88%) and higlamtiomeric purity (91-96%6.

120



5. Asymmetric Transformations using Polymer Suggb@inchona Alkaloid Organocatalysts.

Amongst the different amides synthesized by thipregch, 170 (R = Me) is
particularly interesting, being able to provide iprdpionate chiral synthon that has been
used in the preparation of various natural prodt/és

From the mechanistic point of view (Scheme 42)etin measurements revealed
that the rate-determining step is the dehydrohalatyen of 166ato give 168a while, in
presence of alkaloid catalyst, its subsequent dragon to givel69ais faster. Regarding
this last step, the author speculated that theugilitine nitrogen atom of the alkaloid
organocatalyst attacks electrophilic carbon atomkefene 168a The generated acyl
ammonium enolaté66’ would then react with a second molecule of ketEé@a (route-a)
to give the intermediatd66” or with the acid chloridel66a (route-b) to give the
intermediate166™; either compound could eventually cyclise to thmed 1693 with

regeneration the alkaloid organocatalyst.

o

N

168

Me H

o o- /\ o o-
o DIPEA (167) I NR,§ route-a .
DIPEA‘HCL ¢ TN _Me o _Me
Me - —— > RsN R3N
cl )k 166"

slow Me 166"
Me” H ©
166a 168a o
Me\)k route-b
Cl
NR3
166a
0. Me
o (e} o —
+
CI_R N Me
3 Me 169a
Me
166"
DIPEA
205 167 DIPEA.HCI + NR;

Scheme 42. Proposed mechanism for the ketene dingiion reaction catalyzed by alkaloid derivative.

Because of the synthetic importance of chiral keteterivative§®® and the
apparently high tolerance to variations in the laiike9-O substituent/”® the remarkable
ketene dimerization of Calter and coworker was ctete to evaluate the catalytic
performances of the alkaloid derivatives prepaneithis Thesis work.
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5.1.1. Asymmetric dimerization of ketene using sohle model catalysts

To test the suitability of the different polymer pgported Cinchona alkaloid
derivatives (chapter-4) as IPB catalysts in themamgtric ketene dimerization reaction,
their low molecular weight modelss4, 155ac, 160ab and161 (Scheme 35) were studied
first.

. O 1O On
e

[ |
AN \ | N j\/OAIk j\(\ﬁ/ ODHQD
f Y Y
Cl OAlk
155a : Alk = QD
155b : Alk = DHQD 160a : Alk = QD ObHaD
154 155¢ : Alk = DHQN 160b : Alk = QN 161 : Alk = DHQD

Figure 37. Soluble alkaloid derivatives employed ithe asymmetric dimerization of ketenes.

The reactions (Table 5) were performed accordinttpéoprotocol reported by Calter
for the in situ formation of the ketenes by dehy@dogenation of acid chlorides with
DIPEA, followed by the one-pot ring opening of tirgermediatep-lactone dimers to
Weinreb amided’”

When166 (R = Me) was reacted in the presence of 2.5 mdi%e soluble dimeric
QD or DHQD pyridazine-core catalysi®5aor 155b (Table 5, entries 1 and 2), we were
pleased to find that70 (R = Me) was formed in good isolated yields andhwiigh ee
values. The absolute configuration of the produas &lso consistent with that reported by
Calter for catalysts of the QD series.

By using the dimeric DHQD cataly€it61 with the 1,3,5-triazine core, a slight
decrease of theeof the productl70awas observed (Table 5, entry 3). On the contraey,
monomeric pyridazine ethet54 (5 mol%) afforded the same yield apé value as the
corresponding dimeric derivatidb5a(compare entry 1 and 13 in Table 5)

In addition to the possible mechanistic implicasiprihe latter findings appear
significant for the purposes of this work. In peutar, they supported the choice of using
the crude pyridazine ethetf0a-cin the preparation of the corresponding IPB systésee
4.2.2: Indeed, the presence of the monomeric internedgg. 154 in the unpurified
dimeric alkaloid derivatives and its subsequent ahitization onto the insoluble support
were not expected to lead to any significant rddactof the catalytic performance.
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Interestingly, similarly results were also obtainém the mechanistically unrelated

alcoholysis oimeseanhydrides discussed below (see 5.2.1).

Table 5. Results in the asymmetric dimerization oketenes with soluble alkaloid derivatives.

DIPEA (1equiv.)167 o HN(OMe)Me, (0.5 equiv.) o o
10} Cat. o 2-Pyridone(10mol%) R OMe
(2.5 mol%) . N~
R —_— I
cl CH,Cly, 1t t; R N\__R CH,Cly, 11, t, R Me
166 169 170

Entry Cat. R t,[h] t.[h] Yield [%]* ee [%] (a.c.)

1 155a Me 6 2 67 9%S)
2 1550 Me 6 2 60 9%S)
3 161 Me 6 2 69 92S)
£ 160a Me 6 2 65 93S)
5 160a Et 6 2 69 9%S)
6° 160a i-Pr 24 24 70 9%S)
7  160b Me 6 2 57 7qQR)
8 160b Et 6 2 55 7qR)
o 160b i-Pr 24 24 70 68R)
10 155c Me 6 2 65 77R)
11 155¢c Et 6 2 68 8¢R)
12 155c i-Pr 24 24 64 97R)
13 154 Me 6 2 62 95 (S)

a) Isolated yield after silica-gel filtration. beEermined by HPLC on chiral stationary phase (CBB3plute configuration
of the prevailing enantiomer in parentheses. cp®&of catalyst used.

The use of 5 mol% of the monomeric compowd@ain the reaction with propionyl
chloride (entry 4) provided the final produt?0 (R = Me) with yield andee values
analogous to those observed with the dimeric andomeric derivatives discussed above.
Together with results obtained in the reaction @fiblogous acid chlorides66 (R = Et)
and166 (R =iPr) (entries 5 and 6), these findings confirmedahtcipated high tolerance
of the asymmetric transformation under exam to gkann the structure of ©-substituent.

In order to evaluate the use of the alkaloid orgatalysts belonging to the QN
series, the monomeric eth&60b (5 mol%) and the dimeric onEs5c (2.5 mol%) were
examined next (Table 5, entries 7-12). In geneasllthese runs afforded the Weinreb
amidesl70ac in good yields, with prevalence of the oppositargiomer of that obtained
in the experiments with QD organocatalysts. Howgtlez ee values of the products were

only moderate in most cases, reaching syntheticaful levels only in the reaction of the
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butanoyl andso-valeroyl acid chlorides catalyzed kj5c(Table 5, entries 11 and 12). As
already found for most of the organocatalyst exaehim the study of Caltéf’® for the
alkaloid derivatives of the present work the psewmdmtiomeric effect seems therefore
accompanied by a considerable change of the esalgmivity level on switching between
the QD and QN series.

Overall, the results provided by the model compeundescribed above
demonstrated the suitability of all of the new &tk derivatives developed in this Thesis,
for the catalysis of the asymmetric dimerizatiorkefenes. Nonetheless, given the generally
better scalability and higher performance of thgaoocatalysts obtained from theO9-
propargyl alkaloids or embedding a pyridazine wwiér those possessing a 1,3,5-triazine-

core, only the former were further studied in thBB version.

5.1.2. Heterogeneous asymmetric dimerization of kemes using IPB
Cinchonaalkaloid derivatives.

The heterogeneous enantioselective dimerizatioketénes was generally carried
out using the same conditions discussed abovehtohbmogeneous reactions. The only
modification required was the doubling of the solveolume for better magnetic stirring.
Moreover, because the alkaloid derivative is notoimed in the conversion of the

1772the overall transformation was not

intermediateB-lactonel69into the final producl 70,
accomplished one pot. Instead, after the dimednasitep was carried for the prescribed
time t; the insoluble catalyst was removed by filtratiomder inert atmosphere and the
filtrate treated witiN,O-dimethylhydroxylamine and 2-pyridone for the titpgto effect the
ring opening of169 With this change, the contamination of the IPBtems by the
reactants involved in the second step could be goted, thereby allowing the direct
recycling of the recovered catalyst without thechekany regeneration procedure.

The screening of the supported organocatalystshigf Thesis in the ketene
dimerization reaction involved the set materialsnsarized in Figure 38. These included
either monomeric or dimeric derivatives of QD, DHQDN, or DHQN, immobilized onto

Merrifield or ArgoPoré" polystyrene supports.
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OAIk

Azido-Merrifield . 156al/x : Alk = QD 159al/x : Alk = QD
x = Azido-Merrifield resin

156aly : = 159b/x : Ak = QN
O y = Azido-ArgoPore™ resin| aly : Alk = QD

156b/x : Ak = DHQD
156bly : Alk = DHQD

156¢/x : Alk = DHQN

Figure 38. IPB-catalysts used in the asymmetric dierization of ketenes.

Table 6. Results in the catalytic heterogeneous emt#oselective dimerization of ketenes.

DIPEA (1equiv.) 167 ) o o
IPB Cat [e) HN(OMe)Me, (0.5 equiv)

i -Pyri ¥ R OMe

\)k (2.5 mol%) 0 2-Pyridone(10mol%) N

i |
CH,Cly, rt, ¢
cl CH,Cly, 1t, t; R N\ R 2v2 2 R Me
166 169 170

Entry IPB-Cat. Cycles R t;[h] t[h] Yield [%]* ee [%]°

1 156a/x 1 Me 6 2 60 97 (95)
2 156a/x 2 Et 6 2 56 97)

3 156a/x 3 i-Pr 24 24 61 97)

4 156aly 1 Me 6 2 63 95 (95)
5 156aly 2 Et 6 2 61 96 (-)
6 156aly 3 i-Pr 24 24 64 97 ()
7 156b/x 1 Me 6 2 60 96 (95)
8 156bly 1 Me 6 2 56 96 (95)
99 159a/x 1 Me 6 2 70 91 (93)
10"  159a/x 2 Et 6 2 63 95 (95)
11 159a/x 3 i-Pr 24 24 61 93 (95)
12 159b/x 1 Me 6 2 65 70 (76)
13 159b/ix 2 Et 6 2 68 68 (76)
14" 159b/x 3 i-Pr 24 24 63 62 (68)
15 156c/x 1 Me 6 2 75 61 (77)
16  156c/x 2 Et 6 2 81 82 (88)
17 156c/x 3 i-Pr 24 24 42 89 (92)

a) Isolated yield after silica-gel filtration; b)eBermined by CSP-HPLC analysis; c) In parenthetas, obtained under
comparable conditions with the corresponding selubbdel catalyst; d) 5 mol% catalyst used; e) Oppenantiomer
with (R)-configuration was obtained.

When the dimeric (2.5 mol%) or the monomeric IPBabests(5 mol%) of the QD
or DHQD series X56a/x 156aly, 156b/x and 156b/y or 159a/x respectively) were

employed in the reaction of propanoyl chloride, greduct170 (R=Me) was eventually
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isolated in good yield (56—70%) and with excellenantiomeric purity (91-97%e Table
6, entries 1, 4, 7, and 8 Under the same conditions, the pseudoenantion@idased
IPB catalystsl59b/x and 156c¢/xafforded equally good yields (Table 6, entries hd &5)
but, as already observed for their homogeneoustemqarts (see 5.1.1), thee of the
productl70(R = Me) was moderate for both catalysts.

These findings were confirmed by using the recavenaterials for the dimerization
of the ketenes obtained from the homologous acidridles 166 (R = Et) and166 (R =i-
Pr). By adopting the very same reaction timiesand t, reported by Calter for these
substrated’”® the QD/DHQD-derived systemd5F6a/x 156a/y and159a/x) allowed the
eventual isolation of thef-configured Weinreb amidets/0 (R = Et) andLl70(R =i-Pr) in
good yields (56-64%) and with excelles#values (93-97%; Table 6, entries 2, 3, 5, 6, 10,
and 11). On the other hand, with pseudoenantiomPic organocatalysts obtained form
DHQN/QN (156c¢/x and 159b/X) the expected inversion of the sense of asymmetric
induction was accompanied, also in this case, by dmticipated reduction of the
enantioselectivity levels (Table 6, entries 13, 1@, and 17). Thanks to the trend already
observed with the corresponding soluble mddic(see 5.1.1), this effect did not preclude
the possibility of obtaining theRj enantiomers oll70 (R = Et) and170 (R =i-Pr) in a
substantial enantiomeric purity (82-89%), by the akthe IPB organocataly$b56c/x

Interestingly, in the case of pyridazine derivagivieelonging to the QD/DHQD
series the outcome of the heterogeneous runs pressentially independent from the
support architecture. More in general, the yieldl a® values afforded by the IPB
organocatalysts of this screening appear to matake gvell those provided by the
corresponding soluble model compounds discusséigeiprevious paragraph. Taking also
into account that the catalysis runs with the imitiwdd systems were carried out in a more
diluted solution and with the same dimerizationgimas in the homogeneous ones, it could
be concluded that neither the chemical efficiemay, the asymmetric induction ability of
the alkaloid fragments were dramatically impairéeralinking to the insoluble support’
Overall, these results pointed to the absence gbrmigmobilization effects in the IPB-

catalysts suggesting that, irrespective of thenligébading and support morphology, the

178 Standard filtration experiments were carried araurrently and demonstrated the lack of signifieamantioselective
catalytic activity in solution (Experimental sectjoT herefore, the results described in this Thewy be safely related
to a catalysis type which is largely heterogeneoumature.

1 |n this respect, it should be noted, however, thatler Calter's conditions the rate-limiting eveist the
dehydrochlorination of the acid chloridé6@) by DIPEA, to give the corresponding ketene, aatithe dimerization
step itself (Ref. 177b): Variations of the alkal@iatalytic activity in the dimerization step coudd, therefore, largely
shadowed by this fact.
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chiral units of these materials should experienselation-like behaviour; at the same time
any adverse site-site interaction or an activelyatarole of residual azide groups in the
IPB systems of this work appears also unlikely.

In summary, the screening of some of the new IPBvatves of theCinchona
alkaloids prepared in this Thesis in the asymmaedioerization of ketenes allowed to
achieve the first example of a highly enantios@lecheterogeneous version of this metal-
free reaction. While the yields were somewhat lothan reported by Calter for the reaction
in homogeneous phase with simple alkaloi® ®sters or silyletherd/® the ee values
attained with the new chiral derivatives of thisrlwavere generally comparable or even
slightly superior to the published ones. Given gussibility of obtaining valuablg-
ketoamides of the Weinreb type with high enantiomgmurity and by a simple and
economic transformation, the next obvious issuddocaddressed in this Thesis was the
recycling profile of the IPB organocatalysts. Whgeomising indications in this respect
could be gained from the screening runs of the hogowus acid chlorides (Table 6),
already carried out with recovered insoluble matsri(see above), a more detailed
investigation of this very important aspect for theposes of the present work is presented
in 5.6.1.
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5.2. Asymmetric alcoholysis of cyclieneseanhydrides

The desymmetrization of achiralesocompounds represents very useful strategy in
asymmetric synthesf&® as it allows the preparation of polyfunctional rehicompounds.
Often, the latter are valuable building blocks he tsynthesis of natural products or
biologically active substancé¥ Several attempts to develop methods for the
stereoselective opening nfeseanhydrides have been described in the literatoodyding
the use of enzymé&? enantiopurechiral nucleophiles (oxygen, nitrogen, carbon, or sulfur-
based);?! andachiral nucleophiles in combination with a chiral Lewisdor base catalyst
or a metal-free chiral mediatdf Amongst these strategies, the alcoholysismase
anhydrides in the presence chiral tertiary amine catalysts (Scheme 43) appears
remarkably convenient in terms of experimental dicity, substrate scope, and synthetic
versatility of the resulting hemiester produtfs.

(oL

R_Z _CO,R

CO,H

Tl

Scheme 43. Asymmetric alcoholysis afieseanhydrides

In this context, the use @inchonaalkaloids and their derivativé$'has played a
major role since the pioneering studies by Oda Aitken’s groups in the mid 80>
Nonetheless, it was not until the turn of past egnthat this methodology gained a new
momentum when Bolm and co-workers reported thenatient of synthetically usefide

values by the use of an excess of methanol andeduivalents of QD or QN, under

1803) Ward, R. SChemical Society Review89Q 19, 1-19;b) Willis, M. C. Journal of the Chemical Society, Perkin
Transactions 1: Organic and Bio-Organic Chemist899 1765-1784; c) Spivey, A. C.; Andrews, BAhgewandte
Chemie, International Editioa001, 40, 3131-3134.

181 Atodiresei, |.; Schiffers, I.; Bolm, Ghemical Review®007, 107, 5683-5712.

1823) Wong, C. H. Whitesides G. M. Bnzymes in Synthetic Organic Chemiskglitors: J. E. Baldwin, P. D. Magnus,
Oxford: Elsevier1994

183Bolm, C.; Schiffers, I.; Atodiresei, I.; Hackenger, C. P. RTetrahedron: Asymmet003 14, 3455-3467. (and refs.
cited therein)

1843) Chen, Y.; McDaid, P.; Deng, IChemical Review8003 103 2965-2984; b) France, S.; Guerin, D. J.; Mil@rJ.;
Lectka, T.Chemical Review2003 103 2985-3012¢) Berkessel, A.; Groerger, Asymmetric organocatalysis
Weinheim: Wiley-VCH;2005 347-355d) Tian, S.-K.; Chen, Y.; Hang, J.; Tang, L.; McDard; Deng, LAccounts of
Chemical Researck004 37, 621-631.

185 3) Hiratake, J.; Yamamoto, Y.; Oda, JJaurnal of the Chemical Society, Chemical Commuitina1985 1717-1719;
b) Hiratake, J.; Inagaki, M.; Yamamoto, Y.; Oda, Jaurnal of the Chemical Society, Perkin Transacti®i987,
1053-1058r) Aitken, R. A.; Gopal, J.; Hirst, J. Aournal of the Chemical Society, Chemical Commuitina1988
632-634.d) Aitken, R. A.; Gopal, JTetrahedron: Asymmetd99Q 1, 517-520.
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carefully optimized condition¥® The same group succeeded also in carrying out the
reaction with just catalytic amounts of the chivegjanocatalyst QB but the need of one
equivalent of the expensive tertiary amine pimpedih2,2,6,6-pentamethylpyperidine), as
an achiral auxiliary base to help keeping the gatah the not-protonated form, limited the
usefulness of the protocol to a large extent.

Nearly at the same time, Deng and coworkers gavthanfundamental contribution
to the field'®” describing the organocatalytic use of some ofrttemomeric and dimeric
alkaloid ligands originally developed for the SHags's osmium-mediated asymmetric
dihydroxylation®®® In particular, by using the phenanthrene and antiinone 9 ether
derivatives of theCinchona alkaloids, an effective protocol could be disctbsghose
landmarks are the wide substrate scope, mild @acinditions, relatively short reaction
times and, especially, the possibility of usingtjaslimited amount (10 mol %) of the
expensive alkaloid derivative in the absence of atgeed achiral base. Since then several
improvements followed, including the use of differealcohol nucleophile®® modified

190 191 recoverable

alkaloid organocatalysts (either monofunctidfi4 or bifunctional)
variants:** and additives?®

Nonetheless, most of these efforts appear largepirecally-driven because the lack
of a detailed mechanistic understanding of theti@agrevents a rational approach to the
design of improved catalytic systems. In this resjteshould be noted that two alternative
scenario were emerged in the course of years, wiheralkaloid catalyst would act either as
a nucleophilic or general-base catalyst for thetmtysis reaction (Figure 385° '#48Both
hypotheses received some degree of experiment@glogpwith the latter preferentially

credited at present as a satisfactory mechanaiimniale®*? 190 194

188 3) Bolm, C.; Gerlach, A.; Dinter, C. ISynlett1999 1999 195,196%) Bolm, C.; Schiffers, I.; Dinter, C. L.; Gerlach,
A. The Journal of Organic Chemist®00Q 65, 6984-6991.

187 Chen, Y.; Tian, S.-K.; Deng, Uournal of the American Chemical Soci260Q 122, 9542-9543.

18 Kolb, H. C.; VanNieuwenhze, M. S.; Sharpless, KCBemical Review$994 94, 2483-2547.

1893) Bolm, C.; Schiffers, I.; Atodiresei, |.; Hackenber, C. P. RTetrahedron: Asymmet003 14, 3455-3467h)
Deng, L.; Chen, Y.; Tian, S. IBrandeis University, USA2004 pp 33, Cont.-in-part of U.S. Pat. Appl. 2003 B2D;
¢) Ishii, Y.; Fujimoto, R.; Mikami, M.; Murakami, SMiki, Y.; Furukawa, Y.Organic Process Research &
Developmen007, 11, 609-615.

1901 i H.; Liu, X.; Wu, E.; Tang, L.; Deng, IProceedings of the National Academy of SciencHsedinited States of
America201Q 107, 20625-20629.

1913) Peschiulli, A.; Gun'ko, Y.; Connon, S.Jburnal of Organic Chemistrg008 73, 2454-2457hb) Connon, S. J.
Chemical Communications (Cambridge, United Kingdaf698 2499-2510.

1923) Bigi, F.; Carloni, S.; Maggi, R.; Mazzacani, Aarri, G.; Tanzi, GJournal of Molecular Catalysis A: Chemical
2002 182-183 533-539) Woltinger, J.; Krimmer, H.-P.; Drauz, Ketrahedron Letter2002 43, 8531-8533¢) Kim,
H. S.; Song, Y.-M.; Choi, J. S.; Yang, J. W.; HEin,Tetrahedror2004 60, 12051-12057¢l) Song, Y.-M.; Seok Choi,
J.; Woon Yang, J.; Han, Hetrahedron Letter2004 45, 3301-3304.

93|vasic, T.; Hamersak, Zretrahedron: Asymmet8009 20, 1095-1098.

19 Dedeoglu, B.; Catak, S.; Houk, K. N.; Aviyente,GhemCatCher01Q 2, 1122-1129.
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Figure 39. Proposed mechanism for catalytimeseanhydride ring opening reaction

Said catalytic process was chosen as an extendidhio Thesis work in the
investigation of IPBCinchonaalkaloids performances in asymmetric transfornmestio

5.2.1. Asymmetric methanolysis ofis-1,2,3,6-tetrahydrophtalic anhydride
using soluble model compounds

For testing the performances of catalysts preparetthis work, the methanolytic
desymmetrization ofcis-1,2,3,6-tetrahydrophtalic anhydridel7() was chosen as the
benchmark (Scheme in Table 7). The conditions weoee of Deng and coworkef¥;*%°
with different alkaloid organocatalysts and a fixe@ction time of 48 h. For comparison
purposes, runs with the commercial anthraquinosehipdroquinidyl ethe8 (10 mol%)
were also carried out, providing the additionalutesssummarized in the Table 7 (entries
2375 and 6).

) = (O
N N | | N N |
| N | N j\/
\ AN oQb
N \N . /N N

ODHQD
155 a 154 Cl 160a

N\\ %/O N ODHQD
N X
TN
NN

161 ODHQD

Figure 40. Soluble alkaloid derivatives employed ithe methanolysis otis-1,2,3,6-tetrahydrophtalic anhydride
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Table 7. Asymmetric methanolysis otis-1,2,3,6-tetrahydrophtalic anhydride

7 s
Cat £ COH
O + MeOH 4{)»
(10 equiv.) solvent, -20°C
48h

g

g

o)
171 1

Entry Cat. (mol%) Solvent Conversion %)Yield (%) ee(%)>¢

1 155a(10) EtO 54 45 55
2 8 (7) EtO - 95 98
3 155a(10) THF 25 18 67
4 155a(10) Toluene 70 69 50
5 8 (10) THF 78 73 93
6 8 (10) Toluene 88 85 83
7 155a(50) Toluene >98 guant. 66
8 154 (20) Toluene 68 66 47
9 160a(10) Toluene - quant 50
10 160a(100) Toluene - quant 68
11 161(10) Et,O - gquant 77
12 - Toluene 6 ~5 -

a) Determined on the crude product, By NMR, b) Isolated yield after flash chromatograplty By CSP-HPLC
(Chiralcel OJ, 1 ml min, n-hexane:IPA = 95:5+0.1% trifluoroacetic acid02im), d) The major enantiomer 572 had

(1R:29configuration-C' e) The catalyst was largely undissolved, f) frafis .

Preliminary solvent screening using the solublédagine derivativel55arevealed
a strong influence of the reaction medium on théhamolysis progress, with some notable
differences in comparison with the literature dative 8. In fact, whilst diethyl ether and
THF proved substantially superior to toluene in tbactions involving (Table 7, entries
21875 and 6), in the case df55aonly the latter solvent could afford a reasonable
compromise between activity and enantioselecti@iigble 7, entries 1, 3, and 4). For this
reason additional catalyst screening experiments a&ried out in toluene, with the aim of
exploring the effect of catalyst loading, the imffice of the structure of the different
alkaloid derivative, and the rate of the backgrorawttion.

The increase of the amount of the catalisba from 10 to 50 mol % led to an
essentially complete conversion bflin the standard time and to a noticeable riséhef t
enantiomeric purity of the produt?2 (Table 7, entries 4 and 7). In contrast, the dsbe
mono-alkaloid pyridazine ethéb4 (20 mol %) afforded results that were not appiggia
different from those provided by the corresponddigeric derivativel55a at the same

alkaloid unit loading(10% mol; compare Table 7, entries 4 and 8).
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The use of the propargyl quinidine derivati¥60a (10 mol%; Table 7entry 9)
furnished the producl72 in quantitative yield but with similar enantiomerpurity as
provided by the pyridazine derivatives above. Alsdhis casejncreasing the amount of
160afrom a catalytic to stoichiometric loading leddn enhancement in the enantiomeric
excess of the produd2 (Table 7, entry 10). However, neither these caoowlt nor the use
of the dimeric QD derivativd61 based on the 1,3,5-triazine-scaffold (Table 7ryefi)
allowed to attain synthetically usefele values. Finally, a run carried out at -20°C in
toluene, without any alkaloid catalyst, afforded tacemic product in ~ 5% yield after the
standard 48 h reaction time.

Overall, the monomeric or dimeric nature of therghbrganocatalysts seems to
have a minor impact on the catalytic performancethie transformation under exam
(comparels4 and1559, resembling in the sense what previously founthexdimerization
of methylketene (see 5.1.%%. On the contrary, the actual structure of th® 8ubstituent
turned out to have a much stronger impact herd) walit the new catalysts tested in the
screening providing substantially loweevalues than the optimal anthraquinone derivative

reported in the literaturg?®

5.2.2. Asymmetric methanolysis ofis-1,2,3,6-tetrahydrophtalic anhydride
using the IPB organocatalyst 158c.

Given the much better performance of anthraquinemnganocatalyst in the
homogeneous phase, only the matetacwas selected for exploring the heterogeneous
version of the reaction under exam. As described.B) this IPB derivative could be
obtained with a substantial higher loading than @halogous systeri58aimmobilized
onto a standard Merrifield resin. Moreover, theapahnd flexible oligo(ethylene oxide)

fragments embedded in the structurelb8c (reported again in Figure 41 for the sake of

1% To corroborate this hypothesis it can be menticaled a recent B.Sc. training work carried outhiis faboratory. In
this study, the use of a monomeric anthraquinogearwcatalyst (bearing a DHQD unit and a benzylaxoug on the
aromatic scaffold) afforded the samein the benchmark methanolysisas$-1,2,4,6-tetrahydrophtalic as provided &y
under the same conditions [A. Del Grande, Lauréarifiale, Universita di Pisa (2011)]

19 ) The intriguing influence of the @ substituent on the catalytic performance of DHQ&laid derivatives was
examined in collaboration with Prof. G. Uccello-Bata from this Department, by combining catalgsiperiments
with mono- and bidimensional NMR measurements atdpyine (55aand154) and anthraquinon&) model
compounds. Because this topic lays somewhat outisedscope of the present Thesis, no data willrbsgmted here.
Nonetheless, it can be said that, at variance Mattature conclusions, the evidence gained in sustudy pointed to a
more specific role of the @ substituent than just enforcing a preferentiattiga conformation of the alkaloid units.
For further details, se®) Balzano, F.; Jumde, R. P.; Mandoli, A.; Masi, $mi,/D.; Uccello-Barretta, GChirality
2011,23, 784-795.
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convenience) were supposed to be beneficial foroagss taking place in a medium that
contains a relatively large amount (2 vol%) of naetbi.

DY g
w@ HWH

o
O ODHQD

158¢ ODHQD

Figure 41. IPB-catalyst used irmeseanhydride ring opening

Considering that both PS and PEG materials arecootpatible with EO, the
catalysis runs were carried out in THF or tolueBg.using 20 mol% of the supported
catalyst at -20°C*H NMR analysis revealed a rather incomplete coreerrsf themeso
substratel71 after 48 h standard reaction time (51 and 62% féiFTand toluene,
respectively). As a consequence, after filtratiof the supported catalysts the
chromatographic purification of the crude produibraled the hemiestet72 in only fair
yields (48 and 59%, respectively). Moreover, chitlPLC analysis of purifiedl72
demonstrated that the enantiomeric purity of thedpct was significantly lower (70 and
72%, respectively) than attained with the comméraiganocatalysB under comparable
conditions (93 and 83%, respectively; see Tableeritries 5 and 6). Clearly, the not
negligible background ‘racemic’ reaction observedhe process under exam (see Table 7,
entry 12), combined with the reduced catalytic\aistidisplayed by the supported catalyst,
could be largely responsible for the diminishedngiogelectivity provided byl58c with
respect taB. In this respect, it is interesting to note thahmtioselectivity observed in the
reaction catalyzed by58cin toluene (72%e9 is almost perfectly matching the result (74%
e@ calculated by the superimposition of the backgtbueaction to an enantioselective
process catalyzed by an IPB anthraquinone derwatith an asymmetric induction ability

analogous t®.'*" This latter observation suggested that from thetpaf view of both the

197 provided the two processes proceed independehéyresult of the background reaction can be tagmoximatively
equal to the outcome of the blank run (see Tabénify 12),.e. 6% conversion in 48 h, 0%e Therefore, the substrate
conversion due to the IPB catalyst should amourahtout (62 — 6)% = 56% in 48 h. By assuming for gsbpported
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product yield and its enantiomeric purity, the wdea larger loading of the supported
catalyst could be a possible approach for improwvimg outcome of the reaction under
exam. Nonetheless, the practical shortcomings f ¢blution and some limitations in
recycling (see 5.6.2, below) discouraged its adopii this work.

In conclusion, a brief comparison with the IPB taits reported to date for the
asymmetric methanolysis afeseanhydrides seems appropriate. As a matter of,fab&c
afforded results that are similar or somewhat beaifethose described by the groups of
Sartori (native QD) and Deng (QN anthraquinone @tivith alkaloid derivatives anchored
onto siliceous supports through the-G position'®*?Indeed, when the process was
carried out in THF or EO, for 16-72 h between -20 and -30°C, these liteeatiPB
catalysts afforded variable conversions or yields§5%) and generally fagevalues (52-
67% eg in the opening of different bicyclimeseanhydrides (includingl7l). On the
contrary, the materidl58cinvestigated in this Thesis proved less effecthan the QD or
QN anthraquinone ethers by Han and co-workers, ibilmed on silica-gel through thesC
Cyo positiont®* Despite the similarity with the Deng’s IPB catalyke latter materials
provided up to 73% conversion and 92%in the methanolysis af71 under optimized
conditions (72 h at -10°C). Interestingly, in thaster work a strong influence of the solvent
was also observee,.g.with THF leading to substantially lower converso@4vs. 76%)
but highereevalues (88/s.80%) than EO, in the reactions carried out at -30°C for 72 h.
Clearly, these literature precedents indicatedpibesibility of improving the results with
158chby further optimizing the reaction medium. Nonétiss, the relatively narrow solvent
compatibility window of PS materials suggested fh&ire advances in this direction would
probably require also some re-design of the suppahitecture, perhaps by reduction of

the cross-linking degree of the macromolecular nétw

units a chiral discrimination ability similar toghof the soluble catalyStunder the same conditions (82% see Table
7, entry 6) the overall enantiomeric purity of freduct can be estimated as: (0.56 x 83% + 0.0%)(0.56 + 0.06) =
74%ee
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5.3. Dynamic kinetic resolution of mandelic acid devatives

Despite of tremendous progress in the field of amgtnic synthesis, the kinetic
resolution of the racemates is still the most ingoatrindustrial approach to the synthesis of
enantiomerically pure produtt According to the 1996 IUPAC recommendationkiretic
resolution(KR) is defined as “The achievement of partiakomplete resolution by virtue
of unequal rates of reaction of the enantiomera mcemate with a chiral agent (reagent,
catalyst, solvent, etc.}®? In the simplest cases of KR, the enantiomers ef rdtemic
mixture interact with a chiral reagent or catalystgenerate two diastereomeric transition
states. The free energies of these competing timmstates define the rate constanfer
conversion of the fast-reacting and slow-reactingstrate enantiomer®.¢. Sg and S,
respectively, Figure 42). Ideally, when the rakigi/ksow (equal toke or the reaction
enantioselectivity) is large enough, the transfaromaof S in the corresponding produck P
can be attained, while the latter substrate enauatio(S) is recovered in the unchanged

form 200,201

f
SRi. Pr Sk, Sg= substrate enantiomers

Ss slow Ps Pg, Ps=product enantiomers

Figure 42. Classical Kinetic Resolution

The history of KR date back in 1858, when Pastdageoved that fermentation of
racemic ammonium tartrate withPenicillium glaucum selectively destroys the
dextrorotatory isomet’? Later in 1890, Fischer studied other enzymatiolteg®n of
carbohydrates, and correctly realized that the rahtd-hexoses are consumed upon
fermentation with brewer’s yeast, whereaslteaantiomers remain unchand@d.

The first example of the KR phenomenon with nonematyc reagents was reported
a few years later. Marckwald and McKenzie obsereedntioselective esterification of

racemic mandelic acid by (-)-menthol upon heatheyreactants, and were able to recover a

18 pellissier, HTetrahedror2011, 67, 3769-3802.

19%3) Moss, G. PPure and Applied Chemistfy996 68, 2193-2222h) Robinson, D. E. J. E.; Bull, S. Detrahedron:
Asymmetn2003 14, 1407-1446¢) Breuer, M.; Ditrich, K.; Habicher, T.; Hauer, BXesseler, M.; Stuermer, R.;
Zelinski, T.Angewandte Chemie International Editid004 43, 788-824 ) Vedejs, E.; Jure, MAngewandte Chemie
International Edition2005 44, 3974-4001.

200 pelissier, HAdvanced Synthesis & Cataly&i811, 353 659-676.

2lyedejs, E.; Jure, MAngewandte Chemie International EditidB05 44, 3974-4001.

202\, L. PasteurComptes Rendus Hebdomadaires des Seances de hfieailEs Sciencd$858 46, 615-618.

203 Fischer, EBerichte der Deutschen Chemischen Gesellsdi@sg 23, 370-394.
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small amount of the less-reactivemandelic acid in pure form after multiple
crystallizations. ®* A milestone in the use of KR for the preparatiof tighly
enantioenriched substances came in 1981 when $bkarpind co-workers reported the
resolution of racemic allylic alcohol substrates thwi diisopropyl tartrate/tert-
butylhydroperoxide (TBHP)/Ti(OiPAY”

The major limitation of classical KR is that the ximaum theoretical yield with
respect to the racemic mixture is 50%. Attemptsovercome this problem led to the
evolution of classical KR intalynamic kinetic resolutiofDKR), i.e. a process that
combines the resolution step of KR with amsitu equilibration (racemization) of the
stereochemically-labile substrate enantiomers (€igiB). Provided the latter process is
faster than the reaction of the slow-reacting sabst{(S) with the chiral reagent or catalyst
(Curtin-Hammett kinetics), $Sis no longer allowed to accumulate. Instead, it is
continuously transformed into the fast-reacting ntioaner (&), whose further
enantioselective transformation can eventually edrille whole process to the complete
conversion of the racemic substrate. In princifdKR has therefore the potential of
combining a high yield (with respect to the sulistracemic mixture) with the attainment

of a product Rof high enantiomeric purity.

Sk fast

Ssﬂ Psgr+ Pss Pgr, Ps = product diastereoisomers

Prr + Prs Sg, Sg = substrate enantiomers

Figure 43. Enantioselective synthesis of diasteragimer via DKR

Perhaps the first example of DKR appeared in a 1968y by Weygand and co-
workers, involving the reaction of racemic azlaemmvith chiral amino estef% but it was
not until the classic 1989 work by Noyori and corkers on the asymmetric hydrogenation
of racemicf-dicarbonyl compounds, that the tefdynamic kinetic resolution” appeared in

the literature®’

204 Marckwald, M.; Mc., K., AlexBerichte der Deutschen Chemischen Gesellsdl 32, 2130-36.

205 Martin, V. S.; Woodard, S. S.; Katsuki, T.; Yamadla Ikeda, M.; Sharpless, K. Bournal of the American Chemical
Societyl981, 103 6237-40

28 \Weygand, F.; Steglich, W.; Barocio, d. I. L., Retrahedron, Supplemeh®66 No. § 9-13.

207 Noyori, R.; Ikeda, T.; Ohkuma, T.; Widhalm, M.;tiinura, M.; Takaya, H.; Akutagawa, S.; Sayo, NitcSd.; et, a.
Journal of the American Chemical Soci#889 111, 9134-5.
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Scheme 44. One of the first examples of DKR by Weggd et aI.206

Since then the concept has been applied more amé timees, both in enzymatic
and nonenzymatic reactioff&>°*Concerning the latter, a noteworthy advancemeyor
the classical DKR with chiral metal complexes, ilwves the use of asymmetric
organocatalyst?®?**In this respect, modifie€inchonaalkaloids have played a major role
since the 2001 seminal report by Deng and co-weridrere the asymmetric cyanation of
ketones was shown to involve a KR of cyanohidrierimediate$® Shortly after, the same
group described the alcoholytic DKR @fc-5-aryl-1,3-dioxolane-2,4-dioned {8 Scheme
45)?™ |nterestingly, in this study the commercially dshle anthraquinone ether
(DHQD),AQN was shown to perform a dual roleg. promoting both the KR of the
substrate enantiomers, by the enantioselectivearaning, and tha situ racemization of
the slow-reacting 5-aryl-1,3-dioxolane-2,4-diondiode. Consequently, the-hydroxy
ester productd 79 could be obtained in good yields (61-85%) and hiih enantiomeric
purity (up to 96%ed, opening the way to a host of other applicatioh€inchonaalkaloid

derivatives in metal-free DKR processes??

2083) Noyori, R.; Tokunaga, M.; Kitamura, MBulletin of Chemical Society of Japdi995 68, 36-56;b) Ward, R. S.
Tetrahedron: Asymmetrd995 6, 1475-1490¢) Caddick, S.; Jenkins, KChemical Society Reviel®96 25, 447-456;
d) Huerta, F. F.; Minidis, A. B. E.;. Backvall, J.&hemical Society Revie001, 30, 321-331; e) Gihani, M. T. El;
Williams, J. M. JCurrent Opinion in Chemical Biology1999,3, 11-15; f) Pellissier, HTetrahedror2008 64, 1563-
1601.

2093) Backvall, J.-E. inAsymmetric Synthesis — The Essentials, Wiley-VGhhim,2006 b) Martin-Matute, B.;
Backvall, J.-ECurrent Opinion in Chemical Biolog3007, 11, 226-232c) Kamal, A.; Azhar, M. A.; Krisnaji, T.;
Malik, M. S.; Azeeza, SCoordination Chemistry Revie2008 252, 569-592d) Ahn, Y.; Ko, S.-B.; Kim, M.-J.; Park,
J.Coordination Chemistry Revie2008 252 647-658¢) Martin-Matute, B.; Backvall, J.-En: Asymmetric Organic
Synthesis with Enzymes, Wiley- VCH, Weinh2@8 89-113;f) Karvembu, R.; Prabhakaran, R.; Tamizh, M. M.;
Natarajan, KComptes Rendus Chin€09 12, 951-9629) Lee, J. H.; Han, K.; Kim, M.-J.; Park,Buropean Journal
of Organic Chemistrg01Q 999-1015.

210Tjan, S.-K.; Deng, LJournal of the American Chemical Socigf01, 123 6195-6196.

2'Tang, L.; Deng, LJournal of the American Chemical Soci2602 124, 2870-2871.

2123) Hang, J.; Li, H.; Deng, LOrganic Letter2002 4, 3321-3324b) Hayakawa, Y.; Hyodo, M.; Kimura, K.; Kataoka,
M. Chemical Communicatior 003 1704-1705¢) Shibata, N.; Matsunaga, M.; Nakagawa, M.; Fukuzdmi,
Nakamura, S.; Toru, Tournal of the American Chemical Soci2805 127, 1374-1375¢d) Tian, S.-K.; Deng, L.
Tetrahedror2006 62, 11320-11330¢) Peschiulli, A.; Quigley, C.; Tallon, S. n.; Gun’ké, K.; Connon, S. Journal
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e}
Ar Cat. (10 mol%)
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4-24h
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178

Scheme 45. DKR of 5-aryl-1,3-dioxolane-2,4-diones.

Given the interest of enantioenriched mandelic amdlogs in the synthesis of
biologically interesting natural and unnatural campdst®®*'® the remarkable DKR
transformation described above was also selectedsdoeening the scope of the IPB
alkaloid derivatives of this Thesis. It has howeuer be anticipated that several
shortcomings were met already at the stage of vaduation of alkaloid’s soluble model
derivatives. As described in the next paragrapbsehproblems discouraged the present

study from actually reaching the heterogeneoudysasgphase.

5.3.1 Screening of soluble models 155a and 160&he DKR of rac-5-
phenyl-1,3-dioxolane-2,4-dione.

In order to benchmark the alkaloid derivative agtWwork in the said DKR process,
rac-5-phenyl-1,3-dioxolane-2,4-dionel&1) was selected as the reference substrate.
Because the original conditions for the reactiob@E -78°C) seemed hardly compatible
with IPB organocatalysts on PS supports, a prelmyinrscreening in the homogeneous
phase was decided in order to investigate the teféedcadopting a higher reaction
temperature (-20°C) or solvents with a better P& patibility (CHCl,, THF). In this
regard it is worth noting that an example was ideliiin the Deng contribution, where the
4-(iso-propyl)phenyl derivative was reacted for 8 h &°@ to provide the corresponding 4-
substituted mandelate in 68% yield and 9&% Moreover, the use of THF was also
mentioned in one case (DKR of 1-naphthyl derivativi iso-propyl alcohol at -40°C), but

no systematic study of the solvent influence cdadcactually found in the published work.

of Organic Chemistrg008 73, 6409-6412f) Wang, J.; Xie, H.; Li, H.; Zu, L.; Wang, WAngewandte Chemie
International Edition2008 47, 4177-4179g) Lee, J. W.; Ryu, T. H.; Oh, J. S.; Bae, H. Y.;dlad. B.; Song, C. E.
Chemical Communicatior 009 7224—-7226h) Wakayama, M.; Ellman, J. AJournal of Organic Chemisti009 74,
2646-2650.

213 Coppola, G. M.; Schuster, H. &Hydroxy Acids in Enantioselective Synthesis; VAdeinheim1997.
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The racemic substrate81 was prepared by the published procedure (Tabfé'8),
consisting in the room temperature condensatiomaoémic mandelic acid180) with
triphosgene in THF, in the presence of activatedrabal. Filtration of reaction mixture
followed by solvent evaporation affordd@1 that, according to the literatut€, was used
in the catalysis runs without any further purifioat

The latter (Table 8) were carried out following fheng protocof:* with 10 mol%
of any of the new alkaloid catalyd65a or 160a dry ethanol (1.5 equiv.), and in the
presence of 4Anolecular sieves. After stirring at -20°C for 27465the acidic workup of
the mixture and thélash chromatography purification of the crude provided esterl82
The identity of the compound was confirmed by NMRiles its enantiomer composition
was ascertained by CSP-HPLC

Table 8. Dynamic kinetic resolution of 5-phenyl-1,3lioxolane-2,4-dione.

(0] o
Cat. (10mol%),
CCI,0COOCCI o
OH 3 3 MS(4A ) OCH,CHs
H

1 8?) acnvafre:;r:rcoal, ‘(|)81 (0] Etogog()esmeq)
-209C

Entry Catalyst Solvent Time Yield [%] Ee [%]
1 155a Et,O 62 32 46
2 155a CH,Cl, 27 53 48
3 155a THF 27 <5 Nr
4 160a Et,O-THF (3:0.24) 65 14 56
5  (DHQDZAQN Et,0 21 28 90

a) Isolated yield after flash chromatography b) B8P-HPLC (Chiralcel OD-H, 1 ml min n-hexane:IPA = 95:5, 220

nm)

An initial run in EO at -20°C with the QD dimeric pyridazine derivatib5aled
to a very slow reaction that, after 62 h stirriegentually providedl82 in low yield and
with only a modest enantiomeric purity (Table 8irerl). The switch to CkCl, as the
reaction medium afforded a comparatively fastectiea but no noticeable increase of the
ee of the isolated product could be attained alsoeurtdese conditions (Table 8, entry 2).
On the contrary, repeated attempts of running ¢laetron in THF unexpectedly resulted in
the isolation of only trace amounts of the prodieble 8, entry 3): In consideration of the
literature precedent noted above, no reasonablaregon can be provided at the moment

for this rather surprising finding.
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The use of the monomeric alkaloid organocataly®®a in a EtO-THF (3:0.24)
mixture improved somewhat the enantioselectivitytioé reaction (Table 8, entry 4).
However, also in this case the prodli82 could be isolated only in minute amounts after
65 h reaction time.

Overall, the new organocatalyst§2aand160aappear therefore poorly fit for the
catalysis of the DKR reaction under exam. Arguatilys result could be a consequence of
the quite different structure of the ®@-substituent of the derivatives in this work, with
respect to the anthraquinone unit in the litera(elQD),AQN-8 organocatalyst. In this
regard, it is interesting to note that an additiona with commercial (DHQDAQN under
the very same conditions employed in the first expent described above @&, -20°C)
confirmed the possibility of attaining a substangaantioselectivity in the DKR of the
benchmark substrate81 (Table 8, entry 5). Not unexpectedly, tbeattained in this case
appears to match that observed under the samdoreainditions in the DKR of the
closely related 4igo-propyl)phenyl-1,3-dioxolane-2,4-dione derivativeted abové'*
While this result substantiates the superior asymmeéduction ability of the alkaloid
derivatives embedding the anthraquinone core, Wagh stressing that, in our hands, the
mandelate product was isolated in a much-reducdd gven in this run.

Although the latter result suggested the posgpitift employing IPB alkaloid
derivatives of the anthraquinone type in the reactunder exam, the difficulties
encountered in attaining acceptable yields in thedgeneous phase prompted us to turn

the attention to alternative transformations catadlybyCinchonaalkaloid derivatives.
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5.4. Asymmetric halolactonization reaction

The lactonization of unsaturated acids, mediateélbgtrophiles, is a powerful and
long-standing process for the regio- and stereoBedéefunctionalization of carbon-carbon
double bond$*

Although extensive efforts have been made to erplbese cycloadditions under a
variety of condition$!® very few examples of their enantioselective versiere disclosed.

In 1992 the Taguchi group reported a first reagemtrolled enantioselective
halolactonization (65%8¢), where an alkenoic acid was cyclized under thmaof iodine
and astoichiometricamount of a chiral titanium complé¥ In 2003, Kang and co-workers
described the asymmetric iodoetherification of a#e and alkynes withN-
chlorosuccinimide, in the presence of a cobalt-rsasgalyst*!’

After the disclosure of this work, a few more rdpoappeared describing the
asymmetric halolactonization of unsaturated sutestf® Amongst these, several
transformations involvin@ginchonaalkaloids were published? most of which make use,
however, of more than a stoichiometric amount efc¢hiral derivative. An exception in this

regard is represented by the recent organocatadytantioselective chlorolactonization

214 Reviews and books) Cardillo, G.; Orena, MTetrahedronl99Q 46, 3321-3408b) Mulzer, J.; Altenback, H. J.;
Braun, M.; Krohn, K.; Reissig, H. Wrganic Synthesis HighlightsvCH: Weinheim,1991; p 157;c) Robin, S.;
Rousseau, Gletrahedronl998 54, 13681-13736; lodolactonizatiora) Bougault, JComptes Rendus Hebdomadaires
des Seances de I'Academie des Sciel@@4$ 139, 864-867b) Bougault, JAnnales de Chimie et de Physidi8909
15, 296;c) Bougault, JAnnales de Chimie et de Physidi#11, 22, 125-1364d) Linstead, R. P.; May, C. Journal of
the Chemical Society927, 2565-2579¢) Van, T., Eugene E.; Shamma, 8durnal of the American Chemical Society
1954 76, 2315-2317) Klein, J.Journal of the American Chemical Soci#859 81, 3611-3614g) Campos, M. d. M;
do, A., L.Archiv der Pharmazie und Berichte der DeutschenrPlazeutischen Gesellschafi65 298, 92-100;
Bromolactonizationa) Fittig, R.; Spenzer, J. Qustus Liebigs Annalen der Cheri894 283 66-79 and 79-81h)

Fittig, R. Justus Liebigs Annalen der Cherti#94 283 47-65;c) Hjelt, E.Justus Liebigs Annalen der Chenfé6, 52-
77;d) Stobbe, H.; Kohimann, P.; Noetzel, Bustus Liebigs Annalen der Cheri#99 308 89-114;
ChlorolactonizationThere are relatively few examples regarding theversion of unsaturated acids into
chlorolactones, se®) Berti, G.Gazzetta Chimica Italian2951, 81, 305-314)) Berti, G.Tetrahedronl958§ 4, 393-

402

215 jJaganathan, A.; Garzan, A.; Whitehead, D. C.;I8aR. J.; Borhan, BAngewandte Chemie International Edition
2011, 50, 2593-2596. (and ref. cited therin).

216 Kitagawa, O.; Hanano, T.; Tanabe, K.; Shiro, Magtichi, T.Journal of the Chemical Society, Chemical
Communication4992 1005-1007.

27Kang, S. H.; Lee, S. B.; Park, C. Bburnal of the American Chemical Soci2603 125, 15748-15749.

2183) Chen, G.; Ma, SAngewandte Chemie International Editid1Q 49, 8306-8308b) Murai, K.; Matsushita, T.:
Nakamura, A.; Fukushima, S.; Shimura, M.; FujiddaAngewandte Chemie International Editid®81Q 49, 9174-
9177;c) Veitch, G. E.; Jacobsen, E. Angewandte Chemie International Editid@1Q 49, 7332-7335.

219 3) Wilkinson, S. C.; Lozano, O.; Schuler, M.; PachddoC.; Salmon, R.; Gouverneur, V. Angewandte Chemie
International Edition2009 48, 7083-7086b) Zhang, W.; Zheng, S.; Liu, N.; Werness, J. B.; §uk A.; Tang, W.
Journal of the American Chemical Soci281Q 132 3664-3665¢) Zhou, L.; Tan, C. K.; Jiang, X.; Chen, F.; Yeung,
Y.-Y. Journal of the American Chemical Soci281Q 132 15474-15476.
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described by Borhan and co-worké?.According to this protocol (Scheme 46), 4-
substituted pent-4-enoic acid$8@ undergo a smooth cyclization when treated with a
source of electrophilic chlorine in the presenceaafatalytic amount (1-10 mol%) of the
commercialCinchonaalkaloid PHAL derivatives. Optimization experimgntevealed that
best results could be achieved at -40°C, in therclactonization of 4-arylpent-4-enoic
acids devoid of electron-releasing substituentstlum aromatic ring. Essential for the
attainment of good yields (68-86%) and enantioseigc values (74-90%ee was also the
use of N,N’-dichlorodiphenylhydantoin (DCDPH189 as the achiral chlorine source,
benzoic acid (1 equivalent) as an achiral additargln-hexane-CHGJ (1:1) as the reaction
medium. Moreover, even though the use of as Bisld mol% of (DHQDPHAL provided
very similar results as the standard 10 mol% lagdihe switch to the pseudoenantiomeric
(DHQN),PHAL organocatalyst afforded a much reduced ensalativity (.. 77%eevs.
89%eein the chlorolactonization of 4-phenylpent-4-enaoid).

Besides allowing the preparation of an array oinéinanriched chlorolactones, that
may find use as chiral building blocks in the swsis of natural producté® one of the
striking features of the reaction under exam wasviery short reaction time: Most of the
substrates were completely converted in 30-180 mahjle for the 4-fluorophenyl

derivative a reaction time as short as 2 min wpsned!

o 0

Ph% N/¥o ) [/ N:N\/U;A

Ph \

(1.1 eq.) DCDPH- 189 9 0 Z
)L/\ (DHQD),PHAL (0.1 eq.) o) MeO
Aot Gl bt ¥4
R COzH Benzoic acid (1 eq.) R OO

188 CHCI3:Hex (1:1), -40°C, cl
R = Ph, p-OMe-CgHs, 30-180 min. 6
p-Me-CgHy, p-Ph-CgHy,
p-Napth-CgHy4, p-CI-CgHy,
p-F-CeHy, p-CF3-CgHy,

190

Scheme 46. (DHQD)PHAL mediated chlorolactonization

Given the similarity between the PHAL aromatic spawmf the literature
organocatalyst and the pyridazine scaffold developethis Thesis, the possibility was
considered of employing the new IRBnchonaalkaloid derivatives in the aforementioned

reaction. As usual, before attempting to perforne #hictual heterogeneous catalysis

220\Whitehead, D. C.: Yousefi, R.; Jaganathan, A.;jBor B.Journal of the American Chemical Soci21Q 132 3298-
3300.
221 Gribble, G. W Accounts of Chemical Reseatk$98 31, 141-152.
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experiments, a preliminary evaluation of the cdialyefficiency of a proper model
compound 1559 was therefore decided. The results of this suareysummarized in the

next paragraph.

5.4.1 Screening of the soluble model 155a in theyasmetric
chlorolactonization of 4-(4-fluorophenyl)pent-4-ena acid.

In order to evaluate the suitability of the pyrittezscaffold for the promotion of
asymmetric chlorolactonization reactions, the selU@D derivativel55awas selected as
the representative organocatalyst structure. Forchrearking the performances of the
latter, the optimized Borhan conditions were chosgth 4-(4-fluorophenyl)pent-4-enoic
acid (188 as the substrate and DCDP189) as the chlorine source.

After preparation of both reagentd89, 191) by literature method<??% the
catalysis runs (Table 9) were carried out followthg literature proceduf@® Accordingly,
the catalysii55a(0.1 equiv.)and the chlorinating aget89 (1.1 equiv.) were stirred at -40°
C for 30 min in an appropriate solvent (Table 8)lofwed by addition of the substrai®1
and benzoic acid (1 equiv.). The resulting solutwas kept at same temperature until
complete conversion df91 (TLC monitoring).

Afterwards, the crude product was obtained by basitaction of any acidic
component, followed by silica-gel filtration and aporation of the volatiles. The
determination of the enantiomeric excess of therofctonel90 was performed by CSP-
HPLC as describet®

An initial run with the pyridazine organocatalysb5a under reaction conditions
otherwise identical to the literature ones, affartiee producfi90in good isolated yield but
only moderate enantiomeric excess (Table 9, entry 1

Because the influence of the solvent nature wasnéisfly unknown also for this
reaction’?* a brief evaluation of alternative reaction mediswarried out. As befor&55a
was tested in a few solvents whose compatibilitghwPS materials could eventually
facilitate the subsequent extension to IPB cataly¥fith this aim four more runs were
performed, using THF, toluene, GCand pure CHGI(Table 9entries 2-5).

222 Takemiya, A.; Hartwig, J. Rournal of the American Chemical Soci2f06 128 6042-6043.

22 \hitehead, D. C.; Staples, R. J.; BorhanT8trahedron Letter009 50, 656-658.

224|n the cited study (Ref. 220)an extensive paraltiitive and cosolvent screening was mentionethbactual data
were reported for solvents other thansCH, CHCL, andn-Hex-CHCE (1:1). To highlight the importance of the
solvent nature in this kind of reactions it cambed, however, thatvitching from CHCJ to CH,Cl, (the other
conditions being the same) resulted in a ~13-2é%rop.
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Interestingly, while the reaction in THF affordedich reduced yield anele values
(Table 9entry 2) and the use of CQdr toluene (Table 9, entries 3-4) provided nednly
same enantioselectivity as in the initial run,gn#icant increase of the enantiomeric purity
of 190 was observed in neat CHQITable 9, entry 5). Even with this modificationgeth
pyridazine organocatalysi55a proved however less effective than the commercial
phthalazine ether (DHQBRHAL. In this respect it is worth noting that adincontrol
experiment carried out under the very same reaatimmitions as in the Borhan wao¥,
afforded in our hands the chlorolactdr®) with 83%ee(Table 9, entry 6).

Table 9. Chlorolactonization of 4-(4-fluorophenyl)gnt-4-enoic acid
o el
N
Phi J~o
PH “\' o
Cl
(1.1 eq.) DCDPH- 189

cat. (QD),PYZ-model Q
CO,H 155a (0.1 eq.) /@\\\m“'
Cl
F Benzoic acid (1 eq.) E

Solvent, -40°C
191 192
Entry Catalyst Solvent Time [min.]  Yield [%] Ee [%]
1 155a n-Hex-CHCE (1:1) 90 88 55
2 155a THF 90 50 12
3 155a Toluene overnight 88 55
4°¢ 155a CCl, 90 66 52
5 155a CHCl; 120 79 70
6  (DHQD)RPHAL n-Hex-CHCE (1:1) 90 96 83

a) Isolated yield after flash chromatography, b)@$P-HPLC (Chiralcel OJ, ImL/min, n-hexane:IPA =5220nm), c)
reaction run at r.t. because G@kezes at -40°C.

Albeit somewhat lower than the 898¢literature valué® these results suggested
that the apparently modest structural changes omggdrom the 1,4-phthalazine
heterocyclic spacer of the literature organocatalyshe 1,4-pyridazine one in this work
had a significant adverse effect on the chiral atidun degree in the reaction under exam.
Given the large gap between the bestobtained in this exploratory screening and the
levels currently deemed of synthetic interest,dbeision was therefore taken to avoid the
testing of IPB catalysts and, instead, to turnattention to the more promising asymmetric

a-amination of oxindoles described in the next peapQ.
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5.5. Asymmetrica-amination of 2-oxindoles

2-Oxindoles are important building blocks for theegaration of biological active
compounds and their structural motif is found inwale array of natural producté
Amongst the many derivatives, 3-substituted 3-ar@iraxindoles posses a particular
interest in view of their potential pharmaceuticag??®

The preparation of the latter class of compounds leen achieved by various
methods like the cyclization aj-chlorinated aniline&?’ the alkylation or addition to 2-
oxindoles?”® and otherd”® Moreover, enantioenriched 3-amino-2-oxindoles haeen
recently obtained by effective catalytic enanties@l/ea-amination reactions of racemic 3-
substituted-2-oxindoles, in the presence of eittféral metal complexé® or Cinchona
alkaloid derivativeg>" %%

The latter approach, due to the independent workhefCherf?'® Zhou?**® and
Barbas I11%%° groups is particularly interesting as it providegieneral catalytic route for
the construction of a stereo-defined C-N bond at®@3 quaternary carbon (Scheme 47).
The protocols developed in these studies look ratimailar in that they all involve the use
of dimeric alkaloid derivatives as the chiral orgeatalyst. Nevertheless, the catalyst,

substrate, and reactant scopes appear also somesvhplementary: For instance, while in

225 Marti, C.; Carreira, E. MEuropean Journal of Organic Chemis2903 2003 2209-2219.

226 a) Heimgartner, HAngewandte Chemie International Edition in Engll€®1, 30, 238-264b) Malinakova, H. C.;
Liebeskind, L. SOrganic Letter200Q 2, 4083-4086¢) Ochi, M.; Kawasaki, K.; Kataoka, H.; Uchio, Y.; i, H.
Biochemical and Biophysical Research Communicati}d, 283 1118-1123d) Bagul, T. D.; Lakshmaiah, G.;
Kawabata, T.; Fuji, KOrganic Letter2001, 4, 249-251¢) Hewawasam, P.; Erway, M.; Moon, S. L.; Knipe, J.;
Weiner, H.; Boissard, C. G.; Post-Munson, D. JoG@; Huang, S.; Gribkoff, V. K.; Meanwell, N. Bournal of
Medicinal Chemistry2002 45, 1487-1499f) Suzuki, H.; Morita, H.; Shiro, M.; Kobayashi, JTetrahedror2004 60,
2489-2495p) Bernard, K.; Bogliolo, S. p.; Ehrenfeld,Bxitish Journal of Pharmacolog®005 144, 1037-1050h)
Ding, K.; Lu, Y.; Nikolovska-Coleska, Z.; Qiu, Ding, Y.; Gao, W.; Stuckey, J.; Krajewski, K.; Ral] P. P.; Tomita,
Y.; Parrish, D. A.; Deschamps, J. R.; WangJ&irnal of the American Chemical Soci2805 127, 10130-10131i)
Abadi, A. H.; Abou-Seri, S. M.; Abdel-Rahman, D; Elein, C.; Lozach, O.; Meijer, LEuropean Journal of Medicinal
Chemistry2006 41, 296-305j) Reisman, S. E.; Ready, J. M.; Weiss, M. M.; HasuékaHirata, M.; Tamaki, K;
Ovaska, T. V.; Smith, C. J.; Wood, J.Jaurnal of the American Chemical Soci2808 130, 2087-2100.

227 For selected examples, sagdia, Y.-X.; Hillgren, J. M.; Watson, E. L.; MarsteS. P.; Kundig, E. RChemical
Communication008 4040-4042; b) Marsden, S. P.; Watson, E. L.; RawA. Organic Letters2008 10, 2905-2908;
¢) Watson, E. L.; Marsden, S. P.; Raw, STAtrahedron Letter2009 50, 3318-3320.

228 For selected examples, sagMiyabe, H.; Yamaoka, Y.; Takemoto, Yhe Journal of Organic ChemistB005 70,
3324-3327p) Emura, T.; Esaki, T.; Tachibana, K.; Shimizu, Me Journal of Organic Chemist3p06 71, 8559-
8564;c) Sun, C.; Lin, X.; Weinreb, S. M:he Journal of Organic ChemistB006 71, 3159-3166.

229 For selected examples segO'Connor, S. J.; Liu, ZSynlet2003 2003 2135,2138b) Bella, A. F.; Slawin, A. M. Z.;
Walton, J. CThe Journal of Organic Chemist&004 69, 5926-5933¢) Qian, Z.-Q.; Zhou, F.; Du, T.-P.; Wang, B.-L.;
Ding, M.; Zhao, X.-L.; Zhou, JChemical Communicatior)09 6753-6755 (and references cited therein.)

2303) Mouri, S.; Chen, Z.; Mitsunuma, H.; Furutachi, Mlatsunaga, S.; Shibasaki, Mburnal of the American Chemical
Society201Q 132 1255-1257h)Yang, Z.; Wang, Z.; Bai, S.; Shen, K.; Chen, Dy,LX.; Lin, L.; Feng, XChemistry
A European Journa201Q 16, 6632-6637.

#13) Cheng, L.; Liu, L.; Wang, D.; Chen, Y.-Qrganic Letters2009 11, 3874-3877b) Bui, T.; Borregan, M.; Barbas,
C. F.The Journal of Organic Chemist®p09 74, 8935-8938.
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the case of Zhou the best results (82-9d8owere obtained in the-amination ofN-
unprotected 2-oxindoles with diisopropyl azodicasfdate (DIAD, 195b) in the presence of
PYR-type catalyst$9), both Chen and Barbas Ill found that the PHAL eilt§ was far
superior (76-99%ee of other screened alkaloid derivatives. Moreowehjle the former
group focused again on the reactionNatinprotected 2-oxindoles with DIAD, the latter
found advantageous to use a Boc omM\Bderivative of 2-oxindoleas the reaction substrate,

and diethyl azodicarboxylate (DEAD959, as the aminating agent.

ot
R2 THCOOR3 MeO
2 0 Il\llCOOR3 cinchona alkaloid \
—_— O
N1 + NCOOR? solvent, rt ’
194 k1 24-48 h N
3. 1 N
195a R? = Et (DEAD) 196 R
195b R = j-Pr (DIED) (o}

R' =H, Me, Boc, Bn

2 MeO.
R< = alkyl, allyl, homoallyl, propargyl,
benzyl, phenyl, naphthyl, thienyl.

Scheme 47. Asymmeria-amination of 3-substituted 2-oxindoles

Interestingly, the three investigations providedoatlifferent solutions for what it
concerns the optimal solvent an reaction tempezator the case of the Zhou work, best
results were achieved in GEl, at -10°C, with toluene, ED, THF, ori-PrOH leading to a
large drop of the enantioselectivity. On the camtrahe conditions recommended in the
Chen study required to run the reaction at r.tl,ih2-trichloroethane, as the latter proved
marginally superior to 1,2-dicloroethane as a suivmut much better than &, toluene,
and hexane. Finally, in the Barbas Ill contributim initial optimization screening led to
the use of BED at r.t. Surprisingly enough, in view of the poesults obtained in the other
two studies, in this case ethereal solventsEind, similarly, THF) proved in fact largely
superior to toluene, MeCN, AcOEt, diglyme, and,ezsally, CHCl,.

The o-amination mechanism hypothesized by Barbas anch GBeheme 483"
involves the deprotonation of the racemic substrd®d by the Cinchona alkaloid
organocatalyst to give a zwitterionic enola&4a. The latter would exist as a tight contact
ion pair with the chiral base, so that its reactwith the electrophilic azodicarboxylate

could proceed with a strict control of the configtion of the newly forming quaternary
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stereocentre. Upon protonation, the intermedit@db would then lead to the desired

productl96 and release the catalyst back into the cycle.

R' 194
RZ
NHCOOR \\ o @
NCOOR 0 R'sNH
R1194a
NCOOR
NCOOR
R*3N = Cinchona Alkaloid 3NH NCOOR
NCOOR
“{ 194a

R!

Scheme 48. Proposed mechanism of tlhkeamination reaction

Overall, the aforementioned asymmetric transforomtippears interesting not only
because of the synthetic relevance of enantioezgicB-amino-2-oxindoles with a
guaternary stereocentre, but also in view of thpedrmental simplicity, the very mild
reaction conditions, and the innocuous charactémepostulated reactive intermediates.

Considering also that at the beginning of this Thae example of an heterogeneous
a-amination of 2-oxindoles could be found in thersture, this attractive enantioselective
process was therefore selected for further scrgetire modified Cinchona alkaloid

derivatives developed in the present work.

5.5.1. Asymmetrica-amination of 3-substituted-2-oxindoles.
Given the structural analogy with the most effeetRHAL organocatalysts in the
Chen and Barbas Il studies, the pyridazine-scdfiwhs chosen as the most promising
motif for to the development of a heterogeneousiverof the reaction. With this aim, the
usual preliminary screening in the homogeneous eohass carried out with the alkaloid
derivativesl55aas the soluble models of the supported chirabunitPB materials.
In consideration of the somewhat highes values, the the Barbas IIl conditions

were adopted for testing the modified alkaloid ox@zatalyst. In turn, this required to
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prepare a set of 2-oxindole substrates that wetair@ad by the literature procedures

summarized in the Scheme 44:73%%%

o) (6]
Benzyl Bromide (1.2 eq.)
A
NaH (1.05 eq.) NHoNH,.H,0 o
o) o reflux N
N DMF, 0°C N Bn
H Bn
197 198 199

_—
\ Y X
B / X
AN H Pyrrolidine NaBH,
o ‘ (10 mol%) o o
+ R — MeOH, rt
N / F MeOH, reflux N E‘n
X

Bn Bn
2002 x=H 202a, x=H,
» X= 202b, x = 4-Me,
199 200D, x=4-Me 201 202¢, x = 3-OMe,
200c, x=3-OMe 202d, x = 4-OMe
200d, x=4-OMe 2026’ X = 4-Cl '
200e, x= 4-Cl 202f YX =4-F Y
200f, x=4-F '
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Scheme 49. Preparation of 3-substituted-2-oxindokubstrates

#23ano, D.; Nagata, K.; Itoh, Qrganic Letter2008 10, 1593-1595.
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The N-benzylation of Isatin 197), followed by hydrazine reduction of the C3
carbonyl afforded the protected 2-oxinddl®9 (Scheme 494y that was used as a
common intermediate in the preparation of racemlisgates bearing at C3 a (substituted)
benzyl group or a (substituted) allyl one. For themer series of derivative4,99 was
condensed with an aromatic aldehy@8Qa-f in presence of pyrrolidine and the resulting
intermediate201 was reduced with sodium borohydride to the cowadmg 3-substitited
oxindole 202a-f (Scheme 49B§! Overall, this procedure proved more convenien tie
direct (‘hydrogen borrowing’) benzylation @B9 with benzyl alcohol and catalytic amount
of RuCk,?**initially employed for the preparation 862a(Scheme 49C).

Starting from199, the 3-allyl and 3-cinnamyl derivatives of 1-belk2yoxindole
were prepared by deprotonation with NaH and alkytabf the resulting enolate with the
competent allylic bromide (Scheme 498).

1-benzyl-3-methyl-2-oxindole 202i)) was prepared by adding phenylmagnesium
iodide toN-benzylisatin {98 followed by the reductive deoxygenation (Scherg&)4>*
The 1-Boc-3-methyl-2-oxindole202)) was obtained by N-benzylation of commercial
racemic 3-methyl-2-oxindole202K) (Scheme 49F*

The initial testing of the QD alkaloid derivatiit®5ain the asymmetria-amination
of 1,3-dibenzyl-2-oxindole 2029 was carried out under the original Barbas Il
conditions®? In this respect it is worth noting that, due te fhck of precise data in the
published procedure, a decision had to be takerthigt stage about the substrate
concentration. By comparison with other organogttal transformations involving
Cinchona alkaloid derivatives?’**° this variable was set at 0.04 M in the initial
experiments. Accordingly, racemR02a was stirred in EOD at r.t., with DEAD as the
aminating agent and 10 mol% of the soluble orgatabgst (Table 10). Under these
conditions, the produ@03awas isolated in good yield and with a high enangdc excess
(Table 10, entry 1). Albeit slightly lower than weped for the (DHQDPHAL
organocatalyst (96% yield, 99%e,%'" this result established the suitability of the
pyridazine scaffold for the catalysis of the reactunder exam.

Because RO is a solvent of low compatibility with PS matdsiathe next goal of

this initial screening was to find an alternativeaction medium. On the basis of the

23 jensen, T.; Madsen, Bournal of Organic Chemistr§009 74, 3990-3992.
B4Huang, A.; Kodanko, J. J.; Overman, L.JBurnal of the American Chemical Soci2f04 126, 14043-14053.
2% Rajeswaran, W. G.; Cohen, L. Fetrahedron 998 54, 11375-11380.
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literature precedents (see previous paragraphhCGHand THF were selected for this
purpose.

In the former solvent, the benchmark reactior2@2a showed a much slower rate
together with some reduction of the prodeet(Table 10, entry 2). At variance with Zhou
and Chen studies wittN-unprotected 2-oxindol€€?*?*!2the use of a slightly polar,
chlorinated solvent appeared therefore less efiet¢hian an ether one. While these findings
resemble the conclusions of the Barbas Il invesitog, it is nonetheless worth noting that
the only a-amination reaction in Ci€l, described in the latter work (1-Boc-3-methyl-2-

2310 than found

oxindole as the substrate) resulted in a much l@mantioselectivity (2%€
here.

The intriguing influence of the reaction medium the catalysis outcome was
confirmed in when the-amination of202a was examined in THF (Table 10, entry 4).
Under these conditions, the substrate conversios faster than in C¥Cl, but, rather
disappointingly, the produ@&03awas obtained in a substantially diministesthan in the
previous runs. While the enantioselectivity reduttcould be somewhat anticipated on the
basis of the Barbas Il results, tee drop on going from EO to THF as the reaction
solvent (compare entries 1 and 3 in Table 10) Wwesettimes larger than observed for the
substrate/organocatalyst combination of the liteeastudy.

However, further optimization of the reaction cdimis led to the felicitous
discovery that a reduction of the solvent volume laabeneficial effect on the catalytic
reaction. Indeed, when tleeamination of202awas repeated with just half the amount of
the THF used in the previous run (Table 10, endytde expected increase in rate was
accompanied by the complete recovery of the higimasetric induction ability displayed
by 155ain the initial experiment in ED (see Table 10, entry 1).

At present no supporting data can be put forwardpfoviding a rationale of this
quite strong influence of the reactant concentmatddoreover, the only literature precedent
dealing with concentration effects in the reactiomder exam could be found in the Chen
paperr*'?In that contribution, however, bettee values were actually achieved by diluting
the reaction mixture from 1 M to 0.1 M.

For the time being, it is nonetheless temptingpecslate that the enantioselectivity
increase in more concentrated solutions could leetdweither the competition between the
catalyzed enantioselectivee-amination and the corresponding background (uiyzzad)

process or, alternatively, to association phenonmaraving the reactants or the catalyst. In
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the former hypothesis, a stronger kinetic depenelemcthe solvent volume of the catalyzed
reaction €.g. first order in both the substrate and the catafgsicentration) over the
uncatalyzed onee(g. first order in the substrate concentration onlyjuld suffice for
accounting the highere obtained in the run with less solvent. Alterndiyy¢he departure
from the postulated catalytic cycle (Scheme 48)abe imagined, leading to a mechanistic
scheme where more than one molecule of substratatalyst (and, possibly, product) were
involved?3®

Regardless of the exact reasons of the large @seldctivity increase into
concentrated THF solutions, the practical implmatof this finding was the possibility of
running the heterogeneous reactions in a solventpatible with PS supports. Before
moving to this final stage, the substrate scope wgdored in more detail under the
optimized reaction conditions. With this aim, theamination of various 3-subtituted-2-
oxindoles in the presence of the soluble organbethd55awas studied. In general, these
experiments were carried out as described abovethét notable exception that, for a better
comparison with the subsequent heterogeneous satalyns Yide infrg, the catalyst
loading was raised to 20 mol% and the reactionsewsgrformed in an even more
concentrated manner (0.14 M).

The additional results obtained in this screenieyealed that the modified
pyridazine organocatalyst could induce a significdagree of enantioselectivity in the
reaction of different substrates bearing a sulistitiboenzyl group at C3 (, entries 5-9). The
replacement of the latter with an allyl, cinnangt,even a simple methyl group was well
tolerated, as confirmed by the attainment of > &% all cases (Table 10, entries 10-12).
On the contrary, the&x-amination of Boc-protected or unprotected 3-meftygixindole
resulted in a reduction of the enantioselectiviipl{le 10, entries 13-14), particularly
evident in the case of the latter substrate. Siiyijléhe use of bulkier azodicarboxylic esters
as DIAD led to 40%ee (Table 10, entry 15) and was therefore excludednhfiarther

screening runs.

238 As anticipated, no supporting evidence for angheke hypotheses could be obtained in this worthifnrespect it
should be noted that, in the presence of minuteuain@®.1%) anyCinchonacatalyst (DHQD)PHAL), the background
reaction betweef02aand DEAD is extremely slow (<10% in 304h) and tiarefore account for only a limited part of
the observeéechanges. Similarly, attempts to evidence catalyb#trate/azodicarboxylate/ product interactions by
NMR did not provide conclusive results.
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Table 10. Screening of soluble pyridazine organocallysts in the asymmetrica-amination of 2-oxindole substrates.

-

202

R2
DEAD, 195a (1.2 eq)
cat. 155a

solvent, rt
\ 28-66 hr
R!

2

RQ (NCOOEt
©f>‘°
N

203

NHCOOEt

L

155 a : (QD),PYZ-Tr

OAlk

Entry [Ln‘:f)‘ﬁ%ig Substrate (8 F) Solvent C[M]® t[h] Yield [%]*° ee[%]°"
1 10 202a(Bn, Bn) EtO 0.04 48 82(96) 95 (99)
2 10 202a(Bn, Bn) CHCl, 004 66 35 85

3 10 202a(Bn, Bn) THF 004 48 72 77

4 10 202a(Bn, Bn) THF 0.08 48 90 96

5 20 202b(Bn, 4-Me-benzyl)  THF 014 48 %6 91(n.r.§

6 20 202c(Bn, 3-MeO-benzyl) THF 0.14 48 98 85 (n.r.
7 20 202d(Bn, 4-MeO-benzyl) THF 0.14 48 ~quant 89 (n.r
8 20 202e(Bn, 4-Cl-benzyl) THF 0.14 48 ~qudnt 89 (n.rf
9 20 202f (Bn, 4-F-benzyl) THF 014 48 ~qudnt 92(n.rS
10 20 202g(Bn, Allyl) THF 0.14 48 ~quant 91 (94)
11 20 202h(Bn, Cinnamyl) THF 0.14 48 ~quant 87 (91)
12 20 202i (Bn, Me) THF 0.14 48 ~quant 86 (76)
13 20 202j (Boc, Me) THF 014 48 75 73 (91)
14 20 202k (H, Me) THF 0.14 48 88 17 (78)
15 10 202a(Bn, Bn) THF 0.14 48 70 40 (93)

a) Substrate concentration; b) Isolated yield afltesh chromatography; c) In parentheses, besttitee values
with PHAL organocatalysts under comparable cona#ifRefs. 231a and 231b]; d) By CSP-HPLC (Chirat@Bt
H, n-hexane:IPA = 97:3, 0.5mL/min, 254nm), the @ibrg enantiomer hady configuration; e) The literature

reaction was run at -20°C; 818eat 4°C; f) Not reported in the literature.

As summarized in the Table 10, the data colleatetthis screening appear to mirror

quite well the results described by the Barbagrdup. In most cases, teevalues attained

with 155afell within a few percent of those provided by fREIAL organocatalyst and, in

the reaction of the 3-methyl substituted substefi2i (Table 10, entry 12), a significant

boost of the enantioselectivity could even be aadeover the literature result. On the

contrary, thex-amination of the Boc protected derivati®@2j (Table 10, entry 13) proved

less enantioselective than the reported one. kadase, it has to be considered, however,

that the result included in Table 10 refers to thaction run at -20°C; when the-

amination of202j was carried out at 4°C, the reported enantiomeguidty was 81%ee
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only. 2™ Interestingly, the latter result was deemed ttectfthe stronger tendency towards
enolisation of the Boc protected derivativ&ywhich eventually leads to a relatively more
significant background reaction.

Finally, the use of unprotected substrates vea€xamined in the Barbas Il paper
but some comparison is nevertheless possible Withaiork of the Chen grou3*? In this
respect, it can be noted that while theamination 0f202k under optimized conditions (10
mol% PHAL organocatalyst, DIAD, 0.1 M in 1,1,2-tnioroethane, r.t.) afforde2D3k with
79% ee,the same reaction with DEAD in GEl, or DIAD in ELO gave the product with
31-39% ee only. Considering the apparent difficulty of atiaig synthetically usefuee
values with unprotected and Boc-protected 2-oxiaddérivatives Z02j and 202k), no
further attempt was made in this work for explorthg a-amination of substrates bearing
anN-substituent other than the benzyl group.

Having demonstrated the suitability of the pyridezscaffold for building effective
organocatalysts for the-amination reaction, the use of IPB systems wasneéxad next
(Table 11). With this aim, the best conditions IHF were chosen as the starting point.
Nevertheless, due to the significant concentraéitiact noted above, a brief preliminary
optimization of the heterogeneous reactio2@Zawas carried out also in this c#Se.

Starting at 0.08 M substrate concentration with mo6l% of the insoluble QD
derivative156a/x the produc03awas formed with good enantiomeric purity (Table 11
entry 1). However, even after some prolonged readime the yield turned out to be only
moderate under these conditions. Therefore, adurin was carried out by doubling the
catalyst loading (Table 11, entry 2). This simptamge proved effective in increasing the
conversion, which was further improved by progneslyi raising the substrate
concentration first to 0.14 M (Table 11, entry 3dahen to 0.20 M (Table 11, entry 4).
Considering that a 0.14 M a practically completevarsion could be attained in 48 and that
the enantioselectivity was marginally superior tiathe other run&*® these conditions (20
mol% catalyst, 0.14 M substrate concentration, 481¢h reaction time at r.t.) were adopted

in the subsequent experiments.

%37 For the effect of thél-protecting group on the acidity of C3 methine probf 2-oxindole, see Bui, T.; Syed, S.;
Barbas, C. FJournal of the American Chemical Socig§09 131, 8758-8759

28 Heterogeneity tests by standard filtration experita were carried out concurrently: In all casesatalytic activity
was found in the solution.

23|t has to be noted that, due to some tailing eféhantiomer HPLC peaks, the repored are affected by an
uncertainty of approx. +1% of the stated value.
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Table 11. Heterogeneoua-amination of 1-benzyl-2-oxindoles

folels)
" NHCOOEY O\\
DEAD, 195a (1.2 eq.) R NCOOEt N \ | \’i‘
cat. 156a/x (0.2 eq.) N N\\ N
0 o N i
N\ THF, t, t. N 0QD
Bn Bn 156alx :
alx : (QD),PYZ-Trix
202a-h 203a-h
Entry '[-n?gﬁ%’]g Substrate (B C[M]® t[h] Yield [%]°¢ ee[%]"
1 10  202a(Bn) 008 64 51(90) 92 (96)
2 20 202a(Bn) 0.08 48 72 92
3 20  202a(Bn) 0.15 48 81 (90) 95 (96)
4 20  202a(Bn) 020 48 96 93
5 20°  202b(4-Me-benzyl) 0.14 48 84 (96) 91 (91)
6 20°  202c(3-MeO-benzyl) 0.14 48 99 (98) 81 (85)
7 20°  202d(4-MeO-benzyl) 0.14 48 93 (>99) 89 (89)
8 20° 202e(4-Cl-benzyl) 0.14 48 >99 (>99) 89 (89)
9 20°  202f (4-F-benzyl) 0.14 48 >99(>99) 91 (92)
10 20°  202g(Allyl) 0.14 48 92 (>99) 91 (91)
11 20°  202h(Cinnamyl) 0.14 48 91 (>99) 89 (87)
12 20°  202i(Me) 0.14 48 99 (>99) 85 (86)

a) Substrate concentration; b) Isolated yield aftstl chromatography; c) In parentheses, data odtaimgéer comparable
conditions with the soluble model catal{&5a d) By CSP-HPLC, the prevailing enantiomer h&ddpnfiguration; e)
Recycled organocatalyst was used.

The screening of the IPB organocatalyii§a/xin the asymmetria-amination of
1-benzyl-2-oxindole substrates bearing differentsGBstituents afforded the additional data
shown in the Table 11 (entries 5-12).

In general, the results obtained in the heterogenephase proved very
satisfactory both in terms of products yield (ngaguantitative in many cases) and
enantiomeric purity (81-95%6. For benzyl-substituted substrates the correspgnd
products were generally obtained in around ¥¥4The only exception in this regard was
the 3-methoxybenzyl derivativé02c (Table 11, entry 6) that, already in the homogeseo
phase, had actually proved to afford a somewhatniBited enantioselectivity. Similarly,
while thea-amination of the substrat@®2gand202h, with an unsaturated C3 substituent,
led to approximately 90%e (Table 11, entries 10-11), some reduction of then&omeric
purity was observed for the product obtained fromless hindered 3-methyl substra@3i
(Table 11, entry 12). Also in this case, howevee, dutcome of the heterogeneous reaction

could be substantially anticipated from the resifiithe homogeneous one with the soluble
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model 155a In this respect it interesting to note that, &rthe cases examined, tee
values attained with the supported organocatalystched within the experimental
uncertainties those provided by its soluble modehgound.

In conclusion, this second part of the investigatcmnfirmed the possibility of
achieving for the first time a highly enantioseteeti-amination of 3-substituted 1-benzyl-
2-oxindoles by the use of an insoluble and recyelalbganocatalyst. Concerning this last
aspect, it is worth noting that eight of the erstrod Table 11 were obtained by running the
reaction with the IPB derivative recovered from m@evous run. While these findings
already suggest a good recyclability of the sumubelkaloid derivative, this topic will be
examined in more detail in the next paragraphs.
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5.6. Recycling study of IPBEinchonaalkaloid catalysts

Having established convenient routes for the pedpar of a set of IPESinchona
alkaloid derivatives and their excellent perform@nén competent asymmetric
transformations, the last goal of this Thesis wasxplore the extent to which the supported
organocatalysts could be actually reused. As natetthe onset of this work (see 1.5 and
Figure 20), this -usually neglected- aspect is ttwless very important in the perspective
of large-scale applications of IPB catalysts. lis tiegard it should be stressed again that at
the beginning of the present investigation the @X¥gmple of substantial recycling of an
immobilized asymmetric catalyst (60 reaction cycheas that reported by Lectka and co-
workers® however, due to the use of more than stoichiometmounts of the alkaloid
derivative b4ab), such a study essentially failed to demonstratéear-cut advantage in
terms of catalyst productivity over the correspagdsoluble organocatalystsWhile this
Thesis was in progress, more convincing resultsewdsclosed by Hashimoto and co-
workers with the polymer supported [RB-PTTL)] complex204. 24°

By using an ‘Argonaut quest-210’ parallel synthesitor easy separation and reuse
of the polymer beads, the Japanese group was &bliaming 100 reaction cycles in the
enantioselective C-H insertion of a digxdetoester (Scheme 50), with practically

unchanged yield (86-90%) aeévalues (91-92%) over the whole run series.

94 5 1T
D00
0o

Me,
0 Rh!! catalyst (204) WwPh
2 (2 mol%) Io)
Me —_— OH S
O O CH,Cly, 23°C (
CO,Me — - o AN o

O+Rh—Q N
0 X—( | ) °

N O1Rh—0O
N (6}
204
BE

Polymer-supported chiral dirhodium(ll) catalyst

Scheme 50. Enantioselective C-H insertion with reclable Rh(ll) catalyst 204

20 Takeda, K.; Oohara, T.; Anada, M.; Nambu, H.; Himstio, S.Angewandte Chemie, International Editi2®1Q 49,
6979-6983
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To the best of our knowledge, this study represbatmost successful recycling
reported to date for a recoverable asymmetric gsttalf any kind. As such, it undoubtedly
set an important milestone in the field that, rdgmhly, appears to exceed by far the limits
proposed by Connon and co-workers for attainingtpral relevance (see 1.5).

Nevertheless, even these impressive results etildd some unanswered questions,
the most notable of which wera)(if a clear productivity increment over the homogeus
conditions could be achieved by the use of the ¢BRilyst and how this could affect the
producteeand @) if catalyst immobilized onto cross-linked polyrrmarpports could be used
longer than the ~34 h total reaction time achiewethe literature contribution. Given the
interest of these issues for practical applicat@and because none of them could be easily
solved on the basis of literature precedents, ailddtinvestigation was carried out in this

Thesis work.

5.6.1. Recycling in the dimerization of ketenes.

As anticipated in 5.1.2, the preliminary screeniidPB alkaloid derivatives in the
asymmetric dimerization of ketenes had already lired some limited recycling of the
supported catalyst. Irrespective of the naturehef thiral derivative (either dimeric or
monomeric) and the support material (either gektgp macroporous), these experiments
demonstrated that the IPB organocatalysts couldréassed two times without any
appreciable degradation of their activity or enasgiectivity (Table 6). Nonetheless, further
recycling with the experimental set-up used in ¢hiegtial runs proved difficult, because of
the grinding of polymer beads under magnetic stxrEspecially for the gel-type materials,
already after 2—3 cycles this led to exceedinglierded filtration times (>1 h) and to a
poor retention of the worn particles by the glags f

For this reason, a new series of experiments wended with fresh batches of
supported alkaloid derivatives, using an orbitakshg bench for reaction mixing (Figure
44). With this simple modification IPB catalyst dage was prevented to large extent,
leading to a very fast filtration time (< 2min) any case. Moreover, the replacement of
magnetic stirring by gentle shaking did not appeaimpact negatively on the catalyst
efficiency, as confirmed by the analogous isolayézld and ee values recorded in the

dimerization of methylketene under alternative ¢tods (compare Figure 44 and Table 6).
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When the monomeric alkaloid derivative on the Meid supportl59a (5 mol%)
was tested with this modified stirring set-up, ttegtalytic activity of the IPB system
appeared to be largely preserved over five reactigdes (Figure 44-a). However,
especially after the fourth run a noticeable desgeaf the producte was observed (from
96% eein the first run to 76% e in the last one), which considerably limits theqircal
utility of this type of IPB organocatalyst.

From this point of view, the pyridazine derivatiygerformed significantly better. In
the case of the organocatalj&6a/y immobilized onto the ArgoPore type of resin, atfir
series of experiments carried out at 2.5 mol% logdiFigure 44-b) provided a nearly
constant product yield (around 50%) over nine tieactycles. Even though also in this
case a progressive reduction of the enantioseigciivas evidenced in the course of the
successive runs (from 96 to 8086, increasing of the catalyst loading to 5 mol%g(Fe
44-c) proved sufficient for maintaining the prodectantiomeric purity at higher than 90%
eeover eight reaction cycles.

When new set of experiments was started with tHayge pyridazine derivative
156a/x (2 mol%), an even better recycling profile was obed, which allowed to isolate
the valuable of the polypropionate precur&@d (R = Me) with good yield and excellent
enantioselectivity in the course of 20 reactionleyqFigure 44-d). In particular, this IPB
organocatalyst showed no evidence of decreasesiprtiduct yield (56 = 5%) anek (96.6
+ 0.5%) up to the 13 run. Thereafter a slight negatrend in the catalytic performances
began which, however, did not prevent the attairtroé respectable 48% yield and 90%
eeeven in the last ruff?

From the above discussion, it is clear that thenigine gel-type (Merrifield) bis-
alkaloid materiall56a/xshowed greater stability than analogous ArgoPgpe-156a/y, on
the contrary, the mono-alkaloid derivati¥®9aturned out to perform substantially worse,
in recycling, than the former class of IPB organalyst. Although no evidence can be
provided at present for rationalizing these obderaa, it is worth observing that the
relatively large difference in stability amongsetdifferent derivatives could hardly be
predicted on the basis of their structure affR@herefore, the importance of evaluating the

IPB catalyst stability on a case by case basit¢dbs stressed.

241 standard filtration experiments excluded any sigant catalytic activity in the solution (for déi see Experimental
section)

242 For the lower stability of the monomeric alkal@idrivative159a it is tempting to speculate that the problem rhay
the 1,2,3-triazol-1-ylmethyl substituent aCd-The benzylic nature of the latter could provetipatarly sensitive to the
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Limiting the discussion to the best performing suped derivativel56a/x the repeated use
of the recoverable organocatalyst appeared capdbleading to a definitive increase of

productivity P (vide infrg over analogous soluble alkaloid derivatives.

DIPEA (1equiv.) 167

o)
o Cat. o
\)k (2.5 mol%)
R —_—
Cl CH,Cly, 1t £, R R

CHoCly, 1t, t5
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Figure 44. Catalyst recycling in the dimerization & ketenes with a) 159a (5 mol%); b) 156aly (2.5 nfdl); c) 156aly
(5 mol%) and d) 156a/x (2 mol%).

In particular, by making use of the results by €alvith 5 mol% of various
monomeric alkaloid derivatives (see 3/1}it can be estimated that the best result in the
homogeneous phase corresponded to the isolatiabaft 8 mol of the produdt70 (R =
Me) per mol of the chiral catalyst, with the fornfeving areeof 97% P~8@97%e8.

presence of strong electrophiles (acid chloridéer&) and nucleophiles (chloride ions) in the rieacmixture, which

would lead to the progressive detachment of theathnits from the resin. On the contrary, for wktatoncerns the
different recycling profile of the same pyridaziderivative onto alternative PS support§§a/xvs.156a/y), it can be
thought that the fully swollen gel-type polymer Bsavould undergo a significantly reduced mechanieahage, as
compare to the rigid ArgoPore material. Becaus¢hefr brittleness, the latter could easily breakvdceven under
gentle shaking condition, eventually leading to lites of significant amounts of the supported oogatalyst already
after a few reaction cycles. Unfortunately, du¢h® difficult evaluation of the alkaloid loading ib6a/x 156a/y; and

159aby direct means (microanalysis or IR spectroscopg)proof could be gained in the present Thesisrier to

confirm or confute the hypotheses above.
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By contrast, the repeated useldi6a/x over 20 reaction cycles afforded over one
order of magnitude more product per mol of alkaloidnocatalyst®® albeit with a
somewhat reduced enantiomeric purity (see Figurd)44n principle the same resuite.
increase oP and reduction of the produet could be attained in the homogeneous phase
by reducing the loading of the soluble catalysart8ig from this observation, a series of
experiments were designed for exploring the ratatiip between catalyst amount dflde
performance in the benchmark dimerization of mégagne®** With this aim the
phthalazine ethe6 was initially selected as the soluble organocatalfFigure 45-a),
prompted in this choice by its similarity with tH®B derivative 156a/x and by its
commercial availability. In order to make a compan with the original Calter’s catalysts,
a second set of experiments were subsequentlyedaout with the simpler monomeric
derivative205. Albeit not commercially availabl@05was easily prepared from DHQD”

with the advantage of a much lower cost than
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Figure 45. Asymmetric dimerization of methylketendn the presence of the soluble derivative 6.

The results of the tests with revealed that the reaction of methylketene could
tolerate a nearly twofold reduction of the catalgstding below the 2.5 mol% level without
any major erosion of theeof the productl70(R = Me). However, further lowering of the
alkaloid amount resulted in a rapid degradatiopesformances, with an abrupt decrease of
isolated yields ancee values when the loading was reduced below the 1%melel.
Provided the different content in terms of alkalordts is taken into account, a very similar
trend was observed f@05 Together with the results already discussed forstineening of

alkaloid model compounds (see Table 5), theserfgglisuggested that the nature db 9-

243 For the sake of comparison between monomeric amelrit organocatalysts, in this section Bhealues were
calculated with reference to 1 mol of alkaloid &nit
244 Cancogni, D.; Mandoli, A.; Jumde, R. P.; Pini,IlDpressEuropean Journal of Organic Chemis2Q12
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substituent exerted a minor influence on the catslgf the reaction under exam, both in
terms of product yield and  enantiomeric  purity. THfere, the
productivity/enantioselectivity relationship atfdifent loadings of the soluble catalyst was
evaluated in the case 6fonly and, for the sake of comparison, plotted ieeaP graph
(Figure 46)*°

The outcome of this analysis, shown as the brokewecin the Figure 46, revealed
that the use of 2.5 mol% of the soluble commeibgivative6 afforded resultsR~6@94%
eg which appear similar to the literature data noaddve. The reduction of the catalyst
loading to 1 mol% led to some improvement of thedpictivity without a major penalty in
terms of enantiomeric puritfP¢12@92%ee. However, due to the anticipated relationship
between alkaloid amount and catalytic performar{€&gure 45), this favorable trend did
not keep valid on moving to the loading low-endioeg In this respect it is worth noting
that, besides the enantioselectivity reduction réhatively largeP values scored by the use
of 0.1 mol% of6 (P~70@60%e@ actually corresponded to the isolation of unsati®ory
amounts (28% vyield) of the produt?0 (R = Me). Hence, in the reaction under exam a
moderate reduction of the catalyst loading appeanrgable option for increasing the
productivity of the alkaloid derivative, which hower cannot be pursued much below the 1
mol% threshold (where 56% isolated yield was ote@)A*®

100
L O RISMAASEE
90 | ‘8L 1 mol%
/‘\ ‘m.. < 0.5 mol%
_ 80 e 0.2mol%
9 2.5 mol%
Y70
60 ¥ <—0.1mol%
50 -
40 T T T T T T 1
0 20 60 80 100 120 140
P or Pn [mol/mol]

245 For the runs employing the soluble organocat&lyste productivity® was calculated as:

0,
nyrg Nee V0

Malk  2'ng 2:100

where,nak, Ne, andngggare the amounts (moles) of alkaloid units, cataystnd the acid chlorid&66 (R = Me) used in
the homogeneous runs, whilg;o andy% are the amount (moles) and the isolated yield efpthrified Weinreb amide
productl70(R = Me), respectively.

246 The monomeric TMS-ethe205 proved somewhat more effective thénas it could provideP~11@97%ee (54%
isolated yield) andP~17@93%ee (35% isolated yield) at 2.5 and 1 mol% loadingpextively. However, examination
of theFigure 45 revealed that the reduction of the catalyst logdialow the 1 mol% was impractical also in thisecas
In this respect, it is worth noting that attemputsricrease yield 0170 (R = Me) by prolonging the dimerizatiagntime
were fruitless, possibly because of the evapordties of the volatile methylketene intermediate.
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Figure 46. Enantioselectivityvs. productivity for soluble (6) and IPB (156a/x) cataysts (for the meaning ofP, P,,

and eg see the text).

The establishment of theee-Prelationship for the soluble cataly&set the stage for
a better assessment of the IPB matdrtdia/x For this purpose, theeand yield data of the
heterogeneous runs were converted Pi@eepairs, defined as the productivit,) and
weight-averaged enantiomeric excessg for a virtual gross-sample df70aobtained by
ideally pooling together those isolated up tortkta run?*’

By this approach, the cumulative productivity ok theterogeneous system was
represented by the rightmost point of the solidreun the

Figuress and turned out to b, ~136@95% ee Comparison of these figures with
the results for the soluble derivative revealedt ttinee repeated use of the supported
organocatalyst56a/x(2 mol%) was capable of affording larger thanigfes more product
than6 (2.5 mol%), the enantiomeric purity of the isolatedide being essentially the same
(94-95%e8@).24®

Of course, the judgment whether the productivitgréase attained with the IPB
organocatalysi56a/x were sufficient for justifying its preparation areal scenario is an
issue that would require a comprehensive evaluatiomany other aspectg.(. cost of
156a/x overall reaction time, etc.). From this pointviaéw, the P@ee analysis protocol
described herein is not expected, therefore, ta beiversal criterion for drawing this kind
of conclusions. Nonetheless, in all the cases (tike present one) where the chiral
organocatalyst is by far the most expensive chdmicaolved in the asymmetric
transformation, it is unquestionable the capacitynoreasing its productivity may be of
prime importance in a practical perspective. Moegp¥t is worth noting that the perhaps
not impressivé® enhancement was not the only advantage of the ppBoach described in

this work: Because of the stereochemical labilitythee -dicarbonyl compound&70, the

247 The cumulative productivit, and the averaged enantiomeric exaesaftern reaction cycles -carried out by using, in
each run, the same amounig moles) of the acid chloride substrags (R = Me) and the recovered supported alkaloid
derivative (initial amouni;sgox Moles) - were calculated as:

n n n n
2(ny70); X(y%); Znyz0);-ee;  2(y%); - ee;
_ __™Me6 i1 andee = =1 _ il
" nak 2Mmisearc 2:100 o S(n170); S(%);
=1 =1

where,n;7q €€, and §%); are the amount (moles), the enantiomeric exceskthe percentage yield, respectively, of the
purified Weinreb amide produtt70 (R = Me) isolated in theth run.

248 Comparison with the results provided by the momieriBMS-ether205 (Figure 45-b) as well as the model compound
155b (P~6@95% ee, see Table 5, entry 2) confirmed that also for theskible organocatalysts a one order of
magnitude productivity increment could be attaibgdecycling the IPB derivativé56a/x
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reaction under exam is one of those cases (seahete the separation and recovery of the
alkaloid derivative by an acidic work-up is outgpfestion. For this reason, in the published
procedure a chromatographic separation was reqfredliminating the chiral catalysts.
Arguably, the latter constitutes the major contaminin the crude product after removal of
water-soluble co- and by-products by washing witipkh = 7 buffer solution. On the
contrary, the use of the IPB organocatalysts of work allowed the prompt separation of
the alkaloid derivative, already after the ketemaatization stage. Hence, practically pure
Weinreb ketoamides could be obtained after therakewtork-up, without the need of

further chromatographic purifications.

5.6.2. Recycling in the alcoholysis aheseanhydrides.

Despite the preliminary screening of the anthrag@core alkaloid derivativE58c
in the asymmetric opening ofis-1,2,3,6-tetrahydrophthalic anhydride afforded only
moderateee values (see 5.2.2), its reuse was nonethelesybeieamined. With this aim,
the recovered material was employed in three mame to give the results summarized in
the Figure 47.

Unfortunately, after the first run (which afford@@d2 with 72%eée the enantiomeric
purity of the product dropped down to 62%and levelled around this value in the next two
experiments. At present, no evidence can be predefdr rationalizing this trend.
Nevertheless, the observations above about thé/tatactivity make the catalyst leaching
an improbable cause of the observed phenomenorcetdre effect has to be related most
likely to some modification of the alkaloid deria, perhaps reflecting the unsolved
guestion of how the basic organocatalyst could keegking in a reaction mixture that is
accumulating progressively larger amounts of adiag@roduct (see 5.2). In this respect, it
is interesting to note that control experimentseeded that the alkaloids immobilized onto
PS resins had a strong tendency to scavenge fremnsdlution a relatively large fraction
(34%) of the produciL72 formed in the reaction mixturé® Even if treatment with an
excess of triethylamine in toluene proved suffitiem releasing the captured hemiestér,
the procedure was not completely effective, howevear restoring the initial

enantioselectivity.
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Figure 47. Recycling inmeseanhydride ring opening using catalyst 158c.

In conclusion, the IPB organocatalyii8c showed a reasonable recyclability and,
also from this point of view, provided results tlaaé very similar to those of the catalysts
by Sartori and Deng groups (52-6%éin the course of 3-5 reaction cyclé¥?already
discussed in 5.5.2. On the contrad58c proved less effective than the Han IPB
organocatalyst on silica-g&° which could provide 70-73% vyield and 89-93% across
five reaction cycles withcis-hexahydrophthalic anhydride. Given the limited ying
demonstrated also in such literature study, it ntey therefore concluded that the
development of a completely satisfactory recoveralthaloid catalyst for the alcoholysis of
meseanhydrides remains, for the moment, an open pnoble

5.6.3. Recycling in the asymmetria-amination reaction

As anticipated, the supported pyridazine catalyatl lshowed their reusability
potential already in the course of the substrateesing for the asymmetrac-amination of
oxindoles (see 5.5.1). At variance with the metle of meseanhydrides, discussed in
the previous paragraph, tlee values attained in the aforementioned process al@
synthetically interesting. Hence, a detailed exatnim of recycling for the most effective
IPB organocatalystslb6a/y) was decided, adopting for this purpose B@ee analysis
protocol described in 5.6.1. As for the dimerizatiof ketenes, this involved on one hand
the study of the influence of the loading of th&ubte organocataly€ on the productivity

and the enantioselectivity of the process; on tinerohand, the extended recycling of the
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immobilized alkaloid derivative. For benchmarkirge tresults in the alternative scenarios,
the a-amination of 1,3-dibenzyl-2-oxindole2@2g with DEAD (1958 under optimized
conditions was selected (Figure 48).

Concerning the former aspect, the experiments wvatiable amounts o6 (Figure
48) showed that the reaction could tolerate a tyvéwit reduction of the catalyst loading
below the literature 10 mol% level® before any significant erosion of thee of the
product203awas observed. On the contrary, further loweringhefalkaloid amount below
the 0.5 mol% limit resulted in a noticeable degteaaof performance, with a sudden
decrease of theevalue. As expected, the rate of tlheamination decreased progressively
with the reduction of the catalyst amount; in tlase of the lowest loadings, this resulted
into a largely incomplete conversion of the sulistt®2a after the standard 48 h reaction
time. In order to compensate for this effect, tinesrwith 0.1-5 mol% o6 were extended up
to 300 h: As shown in the Figure 48, this modificatcould only partially alleviate the
problem, as only 61% product could be isolated dvem the reaction carried out with 1
mol% of 6.

Therefore, in the reaction under exam the simutiasettainment of high product
yields andee values in a reasonable time seemed to requires® than 5 mol% of the

soluble catalyss.

NHCOOEt

Bn Bn |
DEAD, 195a (1.2 eq.) @NCOOEt
cat. 156a/x (x. eq.)
0 o
N\ THF (0.15M), 29°C N
48n \
202a Bn 203a Bn

100 +
90 -
80 -

ee

yield )OS
6

0 1 2 3 4 5 6 7 8 9 10
cat. Loading [mol%]

Figure 48. Asymmetrica-amination of 202a in the presence of variable amans of the soluble derivative 6 (the data
corresponding to 0.1-5 mol% of catalyst were obtaied with 300 h reaction time)

Concerning the extended use of the supported satdlye decision was made to
recyclel56a/xas long as theeof the produc203aproved not less than 90%. As shown in
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the Figure 49, much to our delight this event didd occur before the 100th reaction cycle.
Moreover, while the initial experiments (cycles @) &fforded somewhat variable yield and
ee values, probably because of fluctuations in thenraemperature, thermostating the
reaction mixture at 29°C (cycles 31-100) allowed #itainment of remarkably constant
results. Under these conditions, a complete coreis 202awas obtained after 48 i (

65 h in the weekends) and the prod2@Bawas obtained in a nearly quantitative yield and

93.5+1.5%eethroughout the recycle series.

100 4
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[%]
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Figure 49. Recycling of 156a/x (20 mol%) in the-amination reaction of 202a

Conversion of the results of the homogeneous (Eig®) and heterogeneous runs
(Figure 49) intoP @eeand P,@eepairs by the same procedure described in 5%8l&d to
the trends summarized in the Figure 50.

Examination of the enantioselectivitys. productivity curves for6 and 156a/x
revealed that, also in this case, the immobilizgstesn could provide a definitively larger
amount of product per mole of organocatalyst, tt@nsoluble one. Interestingly, when the
comparison was made at the same level of enantiorperity of 203a(93%eeor eg, the
enhancement of productivity was about one ordermafgnitude P~60@93% ee vs.
P100~484@92%ee for 6 and 156a/x respectively). In this respect, it should be heosve
pointed out that the reference results in the hanegus phase correspond to the use of
0.5-1 mol% of the soluble catalysés As noted before, under these conditions dhe
amination of202awas largely incomplete even after 300 h reactime {31-61% yield, see
Figure 48). On the contrary, the optimized usehef supported catalyst led to a complete

conversion and nearly quantitative product yielthia standard reaction time of 48 h. In the

249 Because only dimeric organocatalysts were exairfimethis reaction, the andP,, productivity values reported

in the present section are calculated with resipettte amount (moles) @ and of the chiral derivative contained in the
materiall56a/x respectively. The productivities per alkaloidtuarie obviously one half of the state@ndP, values.
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process under exam, in addition to the larger prtydty the IPB system appears therefore
capable of a more effective use of the expensiaetamts involved in the asymmetric

transformation.

100 - 10 mol% g olu

s 1 mol%

o $ et .
__ 80 0.5mol%
9 ‘
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Figure 50. Enantioselectivityvs. productivity for 6 at various loadings (broken curve) and in the recycles of 156a/x
(20 mol%,; solid curve) in the asymmetrica-amination of 202a (for the conditions, see Figuréd8; for the meaning of

P, Pn, and eg see the text).

Further examination of the Figure 50 showed that pinoductivity increase in
heterogeneous runs was even larger (between 284%&fald) when the homogeneous runs
with 5-10 mol% of6 were taken as the comparison term. However, ircéise of the latter
the enantiomeric purity of the product resultedlidly higher (95-96%€ than in any of
theheterogeneous runs. Overall, the commercial solpilealazine ethed appeared hence
to posses somewhat better chiral discriminatiotitplthan 156a/x which, nevertheless,
could not attain the 99%e reported by Barbas Ill and co-workers for the tieacof 202a
in E,0. 2P

Because the attainment of enantiomeric puritieth@ high-end region could be a
very important issue for practical applicationsp@sgally in the pharmaceutical field), an
attempt was made in this work to raise ¢ge@f 203aby recrystallization. With this aim, the
combined samples from the 100 reaction cycles (38%determined on the pooled
fractions) were dissolved in hot MTBE and then abd to cool to room temperature.

Under these conditions a small amount of crystadgsewformed that, by chiral HPLC
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analysis, turned out to be nearly racei8a On the contrary, evaporation of the mother
liquors provided the product in 75% yield and >96@&5>°

Interestingly, a similar phenomenon had been olesehefore by Zhou and co-
workers for unprotected 3-benzyl oxindole proditt, thus suggesting that the
stereochemical purification of the kind describeddn could be possible for a whole range
of oxindole derivatives.

In closing, a comparison with the IPB Rh(ll) comp04 of Hashimoto and co-
workers (p. 156§° seems appropriate. As anticipated, the suppore@limatalyst of the
Japanese group proved fully recyclable across @f§, without any noticeable decrease of
activity (86-90% vyield) or enantioselectivity (92% eg. In the published study, a
homogeneous run with the corresponding solublelysitawas also reported to provide
very similar results (89% vyield, 91%¢€), which allow to estimate a 100-fold productivity
increase by the use of the supported catalysth@léxperiments carried out with the same 2
mol% loading). Nonetheless, due to the lack of acpual evaluation of the influence of the
soluble Rh(Il) complex amount on the catalysis genfance, a comprehensive decision on
the relative merits of homogeneous and heterogeneaialytic systems seems hard to be
reached in this cadé®

In spite of the remarkable number of reaction cy,céesecond observation that can
be made concerns the overall operative time of #8mmetric catalysts. In the case of
204, the relatively rapid reaction under exam alloweadomplete each catalysis run in 20
min and the whole cycle series in less than twasd@4 h). While the implementation of
such a fast process may be undoubtedly convenient & practical point of view, the
limited time-span of the literature study makedes$s than obvious if a “practitioner
interested only in its use as a tool” (to use Cormavords§® could ever be convinced to

prepare a recoverable catalyst with such a modestdral horizon.

201t is interesting to note that the behavior ofeimanerically enriche@03aupon crystallization does not seem to match
to any of the limit phase-diagrams for enantiomarixtures (Jacques, J.; Collet, A.; Wilen, S. Ehantiomers,
Racemates, and Resolutigndohn Wiley and Sons, 1981). Indeed, while ¢baglomerateprovide enantiomerically
pure product as the crystalline material and tieemac mixture in the mother liquors, even in theerslative casetrue
racemater racemic compoundighe mother liquors cannot contain a product ptlran a given eutectic composition.
Hence, for the compound under exam two explanatiamsbe considereda)(the behavior is that of a true racemate,
with an eutectic composition very close to 108@qpossibly, because of the much higher stabilityaaemic crystals
over the enantiopure ones) ob) (the crystallization of the racemic product was cmufaster than for the
enantiomerically pure and equilibrium was not allyuattained under the working conditions.

1 Thus, as noted at the beginning of this sectioa,use of less soluble catalyst could afford dgwgdod results
and, therefore, a potentially large increase of pheductivity of the homogeneous system. In thispeet, it is
interesting to note that the heterogeneous rune earied out with a four times larger reactiongi(20 min) than for
the homogeneous one (5 min).
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From this point of view, the findings of this Thesiork appear by far more
exhaustive, as the 100 cycles with the IPB orgatadyst 156a/x actually correspond to
more than 5300 h of operation time, over 10 montkarly, this result is a direct
consequence of the long reaction times of the argatalytic transformation examined in
this work,i.e. a feature that can be considered more a nuis&aced practical advantage.
As a matter of facts, this nonetheless allowedemahstrate for the first time the multi-
thousand hours flawless use of an IPB asymmetrialysts. Considering that several
factors can negatively affect the recycling of supgd systemse(g. leaching, chemical
degradation, mechanical wearing, etc.), this redafhonstrates that -in favourable cases
and with proper condition optimization- an IPB angaatalyst can attain an operational life
much longer than thought possible at the beginafrtbis Thesis.

Finally, it has to be remarked that the reportedppration of the IPB Rh(ll)
complex204 was somewhat cumbersome, involving a low-yielditagistical preparation of
the necessary unsymmetrical dirhodium precursag, liandling of a sensitive styrene
monomers, and at least four chromatographic patiba steps (two of which on metal-
containing intermediate$f° In spite of the excellent catalytic performanced an
recyclability, the literature system appears ttaeethardly amenable of scale-up and so
misses one of the three important features fortjpacusage. At present, the material
156a/xseems therefore the only demonstrated case whgséastory preparation, catalysis
performance, and durability could be conjugatedtiwha single IPB asymmetric catalyst

architecture.
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5.7 Conclusions

In summary, the different IPB alkaloid derivatiy@epared in this Thesis work were
tested as chiral catalysts in five different mdtak asymmetric transformationsge.
dimerization of keteneslcoholysis ofmeseanhydrides, dynamic kinetic resolution of 5-
phenyl-1,3-dioxolane-2,4-dione, halolactonizatieaation, andi-amination of 2-oxindoles.
Even if satisfactory catalytic performance were achieved in all cases, fair to excellent
results could be attained at least in three ofetkemined transformations (methanolysis of
cis-1,2,3,6-tetrahydrophthalic anhydride: >99 yiald%ee dimerization of ketenes: 70 %
yield, 97%ee a-amination of 2-oxindoles: >99 % yield, 968¢.

Recycling of the IPB organocatalyst was also stlidhedetail in the best cases, with
results that turned out to be strongly dependartherarchitecture of catalytic material and
the nature of the catalyzed reaction. Overall, aidagine dimeric alkaloid ethers
immobilized onto Merrifield resin 166a/¥) proved the most effective and recyclable
system: In addition of being efficiently reusedt2fies in the dimerization of mehylketene,
in the asymmetrica-amination of 1,3-dibenzyl-2-oxindole this kind ahaterials
successfully underwent 100 reaction cycles overerttoein 5300 h of operation time.

To the best of our knowledge, these findings regreshe longest recycling ever
reported for an IPB asymmetric catalyst, which ré@hbly extend the temporal horizon of
known recoverable systems by about two orders ginihade.

Finally, aP@eeprotocol was introduced in this work for the comgan of IPB
asymmetric catalyst with their homogeneous couattsp Basically this analysis involves
the extensive recycling of the former and the stofdhe catalytic performance of the latter,
at variable loadings. By these means, a produgtintrease of about one order of
magnitude could be demonstrated for the best IRRrwcatalysts (the enantiomeric purity
of the product being the same), over the altereatifvmerely reducing the amount of the
soluble catalyst in the homogeneous process. Asdntiiis analysis is not expected to give
the ultimate answer on which option would be chasea real scenario. Nonetheless, the
approach takes the judgement between soluble amallized catalytic systems on a more
meaningful, quantitative ground than the custon@rgnparison between (a few) recycle

runs and the results under standard (often unageitthinomogeneous conditions. As such,
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the proposed protocol will hopefully help to incseahe interest and the credibility of the
field of IPB asymmetric systems.
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Conclusions

As stated in the Introduction, the main theme of Trhesis was the development of
Cinchonaalkaloid derivatives covalently bound to insolulsiepports (IPB systems) and
their use in catalytic heterogeneous asymmetricstomations.

Even if this topic has been much explored in tis¢ flarty years, the ambition of the
present work was to demonstrate the practical bdegiof this approach. Starting from an
analysis of the state of the art in this fieldstlad to focus the efforts on the development of
new IPB derivatives featuring a simple and scalapleparation, good catalytic
performanceand an efficient recyclingvithin the same material architectur&Vith this
aim, three specific goals were outlinédThe introduction of preparation procedures of the
IPB systems devoid of obvious scale-up limitatiod&ke, but not limited to,
chromatographic purification stepsi; the attainment of >90%e in the catalyzed
asymmetric processi) the demonstration of at least 20 reaction cyaliés minimal or no
reduction of the catalytic efficiency.

Overall, the insights gained in the course of thesent Thesis appear to fulfil quite
well the minimal requirements stated above. In,fdet main achievements of this work can

be briefly summarized as follows:

i) Preparation of IPB Cinchona derivatives.

The initial hypothesis in this work was that thepper-catalyzedclick addition
between azides and alkynes could significantly owprthe covalent linking of chiral
derivatives onto organic insoluble supports. Basedhis idea, the preparation of a set of
Cinchonaalkaloid provided with a terminal alkyne group wasgestigated. These included
simple 90O propargyl ethers, for which the scale-up to kilmgramounts had been already
demonstrated in the literature, as well as new daorgerivatives embedding a pyridazine,
1,3,5-triazine, or anthraquinone (hetero)aromapiacer group between the two alkaloid
units.

In general, all these anchorable compounds couldltained by procedures that
made use of cheap chemicals (the native alkalamglie all cases the most expensive one)
in reliable and, usually, rather high-yielding réaas. The purification of the anchorable
derivatives, and all of the intermediates towardsent, proved also generally

straightforward: When the crude product was noedlly used in the next step, or for
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anchoring, it normally consisted in the recrystallion of the substance; in any case,
chromatography purification could be avoided in slgathesis of all the alkaloid derivatives
whose immobilization proved worthwhile. These featuallowed the prompt preparation of
different QD, QN, DHQD, and DHQN ethers of the paoyyl, anthraquinone, and
pyridazine type, with the actual demonstration of@tigram scale synthesis in the case of
the latter. Taking into account the literature paents for 9 propargyl ethers, as well as
the lack of any obvious bottleneck for the anthmagoe ones, these findings clearly
indicated the possibility of scaling-up the firg¢s of any covalent immobilization strategy
of Cinchonaalkaloids,i.e. the synthesis of derivatives suitable for anctgrin

In this regard, the dimeric 1,3,5-triazine ethersaduced in this work could be
deemed an exception. Even in that case, however,ctioice to subject the crude
compounds to column chromatography was dictatedeniy the need of analytical
samples, for characterization purposes, than bl peaty issues. Due to the somewhat
lower performance with respect to the other orgatadgsts, no specific efforts were
devoted herein to demonstrate their large-scal@apatgion. Nonetheless, if competent
catalytic applications of alkaloid ethers belonginghis class were to be discovered in the
future, the procedure outlined in this Thesis caalictady be employed as a basis for a
convenient synthesis of anchorable derivativesieinew 1,3,5-triazine type.

Concerning the insoluble supports, the attentios mainly focused on the use of
Merrifield resins. In addition to solvent compalillyi considerations, this choice was
prompted by the widespread use of this type of r@$e their low cost, and the easy
introduction of the azide groups required for @k anchoring. Because the support
architecture can have a significant effect on tléviy of the immobilized catalyst,
polystyrene beads with macroporous morphology (Ragé" resin) or with oligo(ethylene
oxide) crosslinks were also examined. While thiefatad to be prepared in house, the use
of materials of the former two kinds proved pardidely handy and allowed to obtaalick
supports in a fully scalable manner from the conumaéchloromethyl resins.

Finally, the last step of the immobilization seqgeeonfirmed the initial hypothesis
about the convenience of tbkck strategy: By simply shaking the alkaloid derivatwvith
the azido resins in the presence of Cu(l) saltssfaatory results were generally attained,
which became excellent in the immobilization of somwf the chiral derivatives onto

Merrifield and polar cross-linked materials. In besases, this allowed to score
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unprecedented anchoring yields and alkaloid loajinghich represent a substantial
improvement of the present possibilities in thédfie

i) Performance of IPB Cinchona alkaloids

Guided by literature precedents, a number of orgatadytic enantioselective
transformations were considered in order to fingliaptions of the new materials
developed in this Thesis. After a preliminary soiag with soluble model compounds, the
attention was mainly focused on two reactions tivataddition to provide synthetically
useful chiral products, could match the >96&performance criterion stated above. These
were the asymmetric dimerization of ketenes andithenination of 2-oxindoles.

Much to our delight, the pyridazine-type of orgaaiatysts on Merrifield resins
proved effective in both transformations and alldwe obtain up to 81% yield and 978¢
in the case of the former, and up to >99% vyield @b%beeg in the latter.

In addition to represent the first example of hegeneous versions of the said
reactions, thoroughly performed comparison expetnimerevealed that the supported
alkaloid derivatives could display very similar uéts (especially enantioselectivity) as their
soluble model compounds (or similar homogeneousirargatalysts from the literature).
Therefore, the choice dflick chemistry as the anchoring technique can be judged
posteriori to provide materials well fit for high catalytiperformance in metal-free
transformations.

Fulfilling the second goal outlined at the onsethaf work, these findings provided a
suitable playground where to tackle the third, bgually important, issue of catalyst

recycling.

iii) Recovery and recycling of the IPB Cinchonaadtkd organocatalysts.

Reuse of some of the IPB organocatalysts in thenamstric dimerization of ketenes
revealed some interesting structure-dependent bmirawvith best results (20 reaction
cycles with> 90% eg attained in the case of a pyridazine derivatimeoadhe Merrifield
resin.

While these findings can be considered notewortigo in view of the current
standards in the field of IPB asymmetric catalysts&en better results were possible in the
a-amination of 2-oxindoles: In this case, 100 consee cycles could be effectively

performed for this reaction, still obtaining thepexted product in high yield and
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enantiomeric purity. Remarkably, these experimemee carried out over 10 months, with
the catalyst exposed to reaction conditions forentban 5300 h!

In our opinion this last result stands as one efriost important achievements of
the present Thesis because it demonstrates thdeast in favourable cases, an IPB
asymmetric catalyst can keep working effectively fouch longer (about two orders of
magnitude) than believed at the beginning of thiskwIn this respect, it should be noted
that, besides witnessing high chemical stabilitglamthe reaction conditions, this result
showed that optimization of the stirring techniquoaild be a key point in order to obtain
extended serviceability, even with polystyrene make

In summary, a class of IPB alkaloid organocatalgstsid be eventually developed
(the pyridazine ethers onto the Merrifield resiwfich appear to nicely combine within a
single material architecture easy and scalablegpagipn, high catalytic performance, and
sustained recycling.

From this point of view, the general goals of thisrk, as stated in the Introduction,
were undoubtedly met. Moreover, because the baguirements for IPB systems were set
with the aim to push significantly ahead the lindas of the materials reported to date,
these findings can be considered advancementseifiigll. Further developments in this
direction can be foreseen, including the use ofntlest durable supported organocatalysts
under continuous mini- and micro-flow conditions.

Of course, whether the aims and the results of Thissis can be considered an
appropriate answer to the needs of practical agjubics, in general, is a conclusion that
goes well beyond the scope of the present studyisrregard, it was already noted that the
choice of specific limits for performance and rdoyg bears some great deal of
arbitrariness. In a real scenario, many other facieould come also into play: Some (the
more onerous preparation, the somewhat lower datafctivity) disfavouring the IPB
approach, other (the simplified purification, thighter overall productivity) that could let
the balance to lean decisively in favour of it.

Finally, it could be argued that the achievemerdscdbed herein are likely to
depend largely on the specific catalyst's structaral the chemistry involved in the
catalyzed reactions. This is certainly true andgtregliction can be made that the exciting
results obtained in selected organocatalytic asymené&ransformations withCinchona
alkaloid derivatives could not be extended, by daeqd far, to any catalytic system or

enantioselective process.
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Nonetheless, we hope that the methods and thehissigined in this work will help
to boost the interest towards IPB asymmetric catalyand to increase the general

appreciation of this field.
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7.1. General Methods and Materials

All the reactions involving sensitive compounds &earried out under dryJNin
flame-dried glassware. Solvents were freshly digstibefore the use from the proper drying
agent™? If not noted otherwise, the compounds were comiaycavailable and used as
received. For the heterogeneous reactions carrigtd umder shaking conditions, a
Scienceware SpindriVeorbital shaking platform was used.

TLC analyses were carried out with Merck 6Qss;Fplates (0.2 mm) and
chromatography purifications with Macherey-Nagekh grade silica-gel (230-400 mesh).
Melting points (uncorrected) were measured witheg&cRert hot stage apparatus.

Unless otherwise notetH and™*C NMR spectra were recorded as CP&blutions
on a Varian XL 300 instrument and are reported pmpelative to TMS 'H) or to the
solvent {°C, CDCk at 77.16 ppmj>® Data were reported as follows: chemical shift,
multiplicity, coupling constants and integratios, £ singlet, d = doublet, t = triplet, q =
guartet, m = multiplet, dd = doublet of doubletddd= doublet of doublet of doublets, dt =
doublet of triplets, td = triplet of doublets and=bbroad).

Electron ionization mass analyses [MS (El)] werefggened on a Varian Saturn
2000 spectrometer, interfaced with a Varian 3808ckgmatograph. IR spectra were
recorded using a Perkin-Elmer Spectrum GX FT-IR;wavenumber of the principal peaks
are reported in cth Electrospray mass analyses were carried outeirpdisitive ion mode
[MS(ESI")] on methanolic solutions, with a Perkin-Elmer<ScApi 3000 spectrometer.

For the GC analyses a BP-1 column (25 m) on a R<tkner Autosystem gas
chromatograph was used, with nitrogen as the cagas. HPLC analyses were carried out
on a Jasco PU-1580 chromatograph, equipped with\&A575 detector. Optical rotation
were measured as solutions in 1 dm cells at theusod line, using a Jasco DIP360
polarimeter.

Elemental analyses were performed in duplicateghbymicroanalytical laboratory

of the Dipartimento di Scienze e Tecnologie Chimidell’'Universita degli Studi di Udine
(Italy).

252 Armarego, W. L. F.; Chai, Qurification of Laboratory Chemicals, 5th Editip@utterworth-Heinemann, 2003.
3 Gottlieb, H. E.; Kotlyar, V.; Nudelman, Ahe Journal of Organic Chemisft997, 62, 7512-7515
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N,O-dimethylhydroxylamin®* was obtained by literature methods. The redi%a (2%
cross-linking, 2.3 mmol CI'§ and121b(1.46mmol Cl &) were purchased from Aldrich.

7.2. Experimental section for chapter-2

7.2.1 Preparation of clickable pyridazine-coreCinchonaalkaloid-
derivatives (100a,b,c and 101).

7.2.1.a Preparation of 3,6-dichloro-1,2,4,5-tetrane (96)

Step-I. Preparation of 92.

To a 500 mL three-necked round bottom flask, eoedpwith a reflux
ﬁf‘“‘”g' condenser were introduced 200 mL of 1,4-dioxane2 38 (0.4 mol) of
B guanidine hydrochloride91 and 68.2 g (1.36 mole) of hydrazine
monohydrate. The mixture was heated to reflux undagnetic stirring for 2 hours. A
formed plentiful pinkish-white precipitate, afteoating, was filtered through medium

porosity glass frit, washed with dioxane and dueder reduced pressure o4O Mobile

white powder was obtained 54 g (96% yield).
mp 228-230°C [Lit 230°C{"

Step-Il. Preparation of 93.
me To a 1L three-necked round bottom flask, equippéth & reflux condenser
/ % and dropping funnel were introduced 54 g (0.38 nabIP2 and 383 mL of
water. The apparatus was flushed with nitrogenstigpension was vigorously
NN+ Stirred until complete dissolution of the solidsen 78.6 g (0.76 mol) of 2,4-
Ve N pentanedione (acetylacetone) were added dropwideigourse of 1 h, at the
end obtaining a clear yellow solution. After 30 oties of stirring at room
temperature, the mixture was heated to 70°C for duning which time light
yellow solid was precipitated from the solution, igi) after cooling the mixture was

separated by filtration through G3 glass frit. Aftgashing with portions of water and

#4Beak, P.; Basha, A.; Kokko, B.; Loo, Dournal of the American Chemical Soci#886 108 6016-6023
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drying at 60°C (0.05 mmHg) for 5 h with Kugelrotpparatus, the product was isolated as
pale-yellow solid 38.5g (66% vyield).

mp 145-149°C [Lit 150°C}°®°

TLC Ry =0.40 (silica gel, CkCly).

'H NMR (300 MHz, CDCY): & = 8.07 (s, 2H), 5.97 (br ¢, = 0.84 Hz, 2H), 2.48 (d] =
0.84 Hz, 6H), 2.22 (s, 6H).

13C NMR (75 MHz,CDC}): 8 = 150.0, 145.8, 142.4, 109.9, 13.9, 13.6.

Step-lll. Preparation of 94.
A mixture of Pb(NQ)2, (48 g) and sand (36 g) is placed in a Pyrex tubef(a

Me

N
—

typical assembly (Figure 51) used for N@oduction. The tube (a) was heated

b=

with flame, NQ production was started by decomposition of Pb{N@ith

\
e

E\ I red-brown fumes which was forwarded towards Schieibe (c) through trap
" KN (b) by a slow stream of compressed air. The reactimceeded with the
\ 4 bubbling of NQ in a Schlenk tube containing a suspension of §0.18 mol)

"¢ of 93 in 134 mL of N-methyl-pyrrolidoneafter few seconds the gradual

change in colour of suspension to bright red wasenked. The heating was stopped after
almost complete decomposition of Pb(§Ondicated by the ceasing of red-brown fumes.
The reaction was monitored on TLC, observing a detepzonversion by disappearance of
starting93.

The red suspension was introduced in 500 mL w#iersolid precipitated was filtered and

washed with water and dried under vacuum ow€:§ The product was isolated as red

solid 37 g (76 % vyield).
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Pb(NO4)s + Sand

Figure 51 Typical assembly for NQ production

mp 226-229 ° C [Lit 226°C{*"

TLC Rs=~ 0 (silica gel, CbLCly).

'H NMR (300 MHz, CDC}): 5= 6.17 (s, 2H), 2.68 (s, 6H), 2.36 (s, 6H).
3C NMR (75 MHz, CDC}) 5=159.2, 154.4, 143.7, 111.8, 14.6, 13.8.

Step-1V Preparation of 95.
_nn, In@ 500 ml three-necked round bottom flask, egegwith a reflux condenser
and dropping funnel, 36 g (0.133 mol) i and 350 mL of CBECN were
,‘u\ n  Iintroduced under nitrogen flow. Under vigorous rgty to the resulting red
HN solution was added, dropwise, 14.25 mL of hydrahipérate. After the addition,
the brown mixture was refluxed for 20 minutes ameintallowed to cool to room
temperature. The solid formed was separated btfh, washed with small portions of
CHsCN and then dried at 0.05 mmHg, obtaining 15.7 3%8yield) of95 as a red-brown

solid.

mp 150-156°C [Lit 146-147°C, 160-162°¢]
13C NMR (75 MHz, DMSO-@): & = 163.3.

25 Marcus, H. J.; Remanick, Aournal of Organic Chemistr{f963 28, 2372-1375.
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Step-1V Preparation of 96.
o Inall two-neck round bottom flask, fitted wittdeopping funnel, were introduced
N/KN under nitrogen flow 15.7 g (0.11 mol) 86 and 450 mL of CECN. After cooling
~N"to 0°C in an ice bath, to the resulting red suspensas added, over 30 minutes, a
“ solution of 51.13 g (0.22 mol) of trichloroisocyaituacid (TCCA) in 300 mL of
CHsCN. The solution turned to orange colour and a evisblid was precipitated. The
suspension was allowed to warm to room temperatmce the solid was removed by
filtration. The filtrate, carefully concentrated lifie rotary evaporator, was purified by
dissolving, under B in minimum amount of boiling heptane (100 mL) ditigred in a hot
condition to remove small amounts of undissolveowor material. After cooling to room
temperature, bright orange crystals were formectiwinas separated by filtration, washed
with small portions oh-pentane and dried briefly at about 10 mmHg, olingi®.3 g of96
as a bright orange solid. By concentrating the otliquor and repeating the
recrystallization, two more crops of crystals wexeovered, 2.77 g with 73 % overall yield.

mp 130-149°C [Lit 146-147°C}"?
13C NMR (75 MHz, CDC}): 5=168.1.

7.2.1.b. Preparation of 3,6-dichloro-4-(hex-5-ynypyridazine (99)

o A Schlenk tube was charged under nitrogen with 4.@26.5 mmol)
P
h‘,/ ‘ 7 of 96, 17.5 mL (132 mmol, 5 equiv.) of 1,7-octadiy®8 and dry
NN toluene (55 mL). The resulting orange solution Wwaated at 100 °C,

“ following the consumption 096 from the color fading and by GC.

After full conversion (6 h), the dark-yellow soloti was filtered through a medium porosity
glass frit to remove small amounts of dark insatubilaterial which on the frit was rinsed
with 3 x 3 mL of toluene. The combined filtratesrevelistilled under reduced pressure (10
mmHg) to recover the toluene and excess of 1,7dogcta. The pale brown residue was
dried under high vacuum (0.05 mmHg) and then pdiby recrystallization from boiling
n-heptane (55 mL, cooling into an ice bath was neglifor obtaining a solid product). The
clear crystals were separated by filtration, washéith little pentane, and dried under
vacuum (0.05 mmHg) to providi® as a pale orange solid 4.65 g (76% yield).

mp 38-40°C;
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TLC R;=0.52 (SiQ, CH,CL);

'H NMR (CDClL, 300 MHz):5 =7.49 (s, 1H), 2.79 (fl = 7.5 Hz, 2H), 2.30 (dtl, = 6.9 Hz,
Jp = 2.7 Hz, 2H), 2.01 (1 = 2.7 Hz, 1H); 1.91-1.77 (m, 2H), 1.73-1.61 (m,)2H

13C NMR (CDCl, 75 MHz): 8 = 156.8, 155.7, 144.0, 129.0, 83.3, 69.0, 31.65,276.4,
17.9. MS (El):m/z(%) = 230 (10), 228 (15), 195 (66), 193 (100),39).

anal. calcd. for gH10CIbN, : C 52.42, H 4.40, CI 30.95, N 12.23. found: C652.H 4.45,
Cl 30.65, N 12.14.

7.2.1.c. Preparation of 4-(Hex-5-yn-1-yl)-3,6-bis(kaloid)pyridazine (100a,b and c).
General procedureA 500-mL three-necked flask, fitted with
a Dean-Stark apparatus, was charged under nitragghn
4.40 g (19.2 mmol) 099, 12.5 g (~38.5 mmol, 2 equiv.) of
QD/DHQD/DHQN, 2.21 g (39.4 mmol, 2.05 equiv.) of KO

pellets and 250 mL of toluene. The mixture wasuseftl for

\

4 h with azeotropic removal of water, cooled to moo
temperature, and then treated with water (200 nilh)e

organic components were extracted withGe{3 x 200 mL)

and the organic phase was washed with brine (30xml).

100a, b, c

After drying (NaSQy) the volatiles were removed with a rotary evapmréd givel00g b

or ¢ as a brownish solid foams, containirigl NMR analysis) small amount of solvent and
starting alkaloid. These crude materials were tiyeamployed in the subsequent anchoring
step. For characterization purposes, small samfdas 0.5 g) were purified by flash
chromatography (Si£ AcOEt : MeOH= 7:3+1% ENH), obtaining100a b or c as

colourless solid foams.

4-(Hex-5-yn-1-yl)-3,6-bis(9-O-quinidinyl)pyridazin€100a) 14.20 g crude (85% pure by
H

NMR, 78% yield);

TLC R =0.37 (SiQ, AcOEt : MeOH =7 : 3 + 0.5% RtH);

'H NMR (300 MHz, CDCY) 6 = 8.64 (d,J = 4.6 Hz, 2H), 7.95 (d] = 9.3 Hz, 2H), 7.47 (d,
J=2.3 Hz, 1H), 7.42 (d] = 2.3 Hz, 1H), 7.30-7.39 (m, 4H), 6.89-6.68 (m,)36103-5.83
(m, 2H), 5.05-4.93 (m, 4H), 3.87 (s, 3H), 3.86 3bl), 3.43-3.20 (m, 2H), 3.03-2.57 (m,
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10H), 2.30 (dtJ, = 6.6 Hz,J, = 2.6 Hz, 2H), 2.26-2.14 (m, 2H), 2.01 J& 2.7 Hz, 1H),
1.96-1.73 (m, 6H), 1.73-1.62 (m, 2H) 1.60-1.37 6ir).

¥C NMR (150 MHz, CDC},) § = 160.8, 159.5, 158.9, 157.6, 157.5, 147.1, 148,56,
144.51, 140.2, 139.8, 135.5, 131.3, 127.3, 1221,7, 121.5, 118.7, 118.3, 114.6, 114.5,
102.0, 101.7, 83.6, 75.7, 68.8, 59.9, 59.7, 555,549.7, 49.5, 49.2, 49.1, 39.7, 39.6, 28.7,
27.8, 26.2, 23.8, 22.9.

MS (ESI*) m/z= 827.4 [M+N4], 805.6 [M+H'].

[a]p®° = -120 (c = 1.0, CbCL).

3,6-Bis(10,11-dihydro-9-O-quinidinyl)-4-(hex-5-yn-{l)pyridazine (100k)16.13 g crude
(80% pure byH NMR, 85% yield).

TLC R =0.27 (SiQ, AcOEt: MeOH = 7 : 3 + 0.5% BMH)

'"H NMR (300 MHz, CDC}) & = 8.69 (dJ = 4.4 Hz, 2H), 8.00 (d] = 9.2 Hz, 2H), 7.52 (d,

J = 2.6 Hz, 1H), 7.47 (d) = 2.6 Hz, 1H), 7.41-7.33 (m, 4H), 6.82-6.70 (m,)3BL88 (s,
3H), 3.87 (s, 3H), 3.42-3.18 (m, 2H), 3.02-2.45 (®OH), 2.30 (dt), = 6.6 Hz,J,= 2.6 Hz,
2H), 2.01 (tJ = 2.6 Hz, 1H), 1.94-1.21 (m, 20H), 0.89-0.76 (m)6H

13C NMR (75 MHz, CDC}) 6 = 161.2, 159.9, 157.7, 147.5, 145.4, 145.2, 144192.87,
135.7, 131.7, 127.8, 127.6, 121.9, 121.7, 119.8,8,1102.6, 102.3, 83.9, 76.3, 75.5, 69.0,
60.5, 60.3, 55.8, 55.7, 51.1, 50.2, 50.0, 37.7168729.0, 28.2, 27.6, 27.5, 26.8, 26.4, 26.3,
25.5, 24.4, 23.6, 18.4, 12.1.

MS (ESI*) m/z= 832.0 [M+N4d], 809.9 [M+H]

[a]p*° = -66.9 (c = 0.80, C}Cl,).

3,6-Bis(10,11-dihydro-9-O-quininyl)-4-(hex-5-yn-13pyridazine (100c) 2.2g crude (92%
pure by'H NMR, 89% yield).

TLC R =0.39 (SiQ, AcOEt: MeOH =7 : 3 + 1% HE\IH)

'H NMR (300 MHz, CDC}) 5 = 8.65 (ddJ = 4.5, 2.6 Hz, 2H), 7.98 (dd,= 9.2, 1.7 Hz,
2H), 7.51 (ddJ = 4.3, 2.8 Hz, 2H), 7.44 — 7.31 (m, 4H), 6.87 686(m, 3H), 3.87 (s, 6H),
3.45 — 3.25 (m, 2H), 3.15 — 2.88 (m, 4H), 2.65 {d; 7.1, 1.6 Hz, 2H), 2.59 — 2.42 (m,
2H), 2.34 — 2.19 (m, 4H), 2.00 @,= 2.6 Hz, 1H), 1.90 — 1.53 (m, 12H), 1.50 — 1.89 (
10H), 0.84 — 0.77 (t, 6H).

3C NMR (75 MHz, CDC}) & = 161.2, 159.8, 157.8, 157.7, 147.6, 147.4, 145439,
144.8, 144.8, 135.8, 131.5, 127.5, 127.4, 121.9,82119.1, 118.9, 118.8, 118.6, 102.3,

191



7. Experimental Section

102.2, 101.3, 83.8, 77.3, 77.1, 76.4, 69.0, 6(D10,668.5, 58.5, 55.8, 55.8, 42.8, 42.8, 37.6,
29.0, 28.7, 28.5, 28.2, 27.8, 27.8, 26.9, 25.5,228.9, 18.4, 12.2.

MS (ESI') m/z= 810 [M+H'], 405.4 [M+2H]

[a]p?’= +106.76 (c = 0.5, CiTl,)

6-Chloro-4-(Hex-5-yn-1-yl)-3-(9-O-quinidinyl)pyridaine (101) (0.053 g, 17% vyield)

TLC Ry = 0.75 (SiQ, AcOEt : MeOH =7 : 3 + 0.5%
Et,NH).

'H NMR (600 MHz, CDC}) & = 8.66 (d,J = 4.6 Hz, 1H),
7.98 (d,J=6.7 Hz, 1H), 7.52 (d] = 2.6 Hz, 1H), 7.37 (d] =
4.6 Hz, 1H), 7.35 (ddJa= 6.7 Hz,J, = 2.6 Hz, 1H), 7.11 (d,
Ja = 4.4 Hz, 1H), 6.91 (s, 1H), 6.05 (ddi,= 17.4 Hz,J, =
10.4 Hz,J. = 7.3 Hz, 1H), 5.12 (m, 1H), 5.09 (ddi},= 17.4
Hz Jp=c = 1.6 Hz, 1H), 3.97 (s, 3H), 3.39 (m, 1H), 3.06 (Hl), 2.95 (m, 1H), 2.86 (m, 1H),
2.78 (m, 1H), 2.65 (m, 2H), 2.27 (m, 1H), 2.25 @Hl), 2.06 (m, 1H), 1.97 (fl.=p = 2.7 Hz,
1H), 1.84 (m, 1H), 1.76 (m, 2H), 1.61 (m, 2H), =68 (m, 2H), 1.54 (m, 1H).

13C NMR (150 MHz, CDC}) 6 = 163.7, 157.9, 152.6, 147.3, 144.7, 144.3, 14B46,3,
131.7,127.2,121.9, 118.5, 118.1, 114.9, 101.8,88.5, 69.0, 59.7, 55.7, 49.9, 49.3, 39.7,
31.9,27.9, 27.7, 26.7, 26.6, 23.1, 18.1.

MS (ESI") m/z= 517.3 [M+H].

[a]p®° = -85.7 (c = 1.28, C}Cl,).

\

7.2.2 Preparation of clickable triazine-core dimert Cinchonaalkaloid-
derivatives (106a,b).

7.2.2-a. Attempts to prepare the 2,4-bis(10,11-diklyo-9-O-quinidinyl)-6-chloro-1,3,5-
triazine (107).
o . opHon a) With KOH in tolueneA 100 mL three necked round bottom flask,
Tj\l/ equipped with Dean-Stark apparatus were charge@ruNg flow with
Somon 1.33 g (4.05 mmol) of DHQD, 0.23 g (4.05 mmol) dDH pellets, 0.37 g
(2.00 mmol) of triclorotriazindd02 and 30 mL of anhydrous toluene. The suspension was
heated to reflux for 4 h, resulting in a yellow-wo mixture. A sample of the suspension

was treated with pD, extracted with AcOEt, dried over p&O,, evaporated at reduced
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pressure and analyzed Hy NMR. Since the recorded spectrum showed the peesef at
least 6-7 different alkaloids species, whose sgyadiributable to the methoxy group with
overlapping of broad resonances, the reaction maxttas not processed further.

b) With NaH in THE In a 50 mL two-necked round bottom flask, fittaith a reflux
condenser, were introduced undes fiow 1.33 g (4.05 mmol) of DHQD, 10 mL of
anhydrous THF followed by 0.1880 g (~ 4.5 mmol)NdH (55%, dispersed in mineral
oil). The suspension was vigorously stirred unigkdlution of most of the solid and the gas
evolution ceased (15-30 min). After addition of 0@ (2.00 mmol) of triclorotriazin&02,
the resulting cloudy solution was heated to refix18 h or in a subsequent trial, kept at
room temperature for 90 h. In both cases, samjle=action mixtures were treated with
H,O, extracted with AcOEt, dried over P04, evaporated under reduced pressure and
analyzed by'H NMR. The spectra of the two tests showed esdbniientical results and
signals of the main alkaloids different from thasfethe precursor DHQD. The reaction
mixture was treated with 10 mL of,8, extracted with 4x 25 mL AcOEt, dried over
NaSQO, and volatiles were removed to the rotary evapordtbus was obtained 1.56 g of
crude product as a yellow solid foam, which wagestted to flash chromatography ($jO
AcOEt: CHOH = 8:2 — 6:4, then CHOH: CH,Cl, = 1: 1). Two main fractions were
collected, which provided a single spot by TLC geal. One at R= 0.42 (0.440 g) showed
broadening of the NMR peaks and very low intensftynost of the characteristic signals of
the alkaloid units which were expected to fall e area (2-9 ppm). The other gt=R0.16
(0.500 g) provided a more resolved spectrum butyelver, still characterized by the
overlapping and broadening of signals, also the(ES") spectrum of the both samples did
not showed the m/z values expected for the depiredict.

TLC: R= 0.16 (SiQ, ACOEt : CHOH = 7:3 + 1% ENH).

'H NMR (300 MHz, CDC}4, major resonances)= 8.60 (d,J = 11.0 Hz), 7.99 (dd] = 9.2,
3.7 Hz), 7.26 (ddd) = 47.2, 23.8, 3.5 Hz), 6.28 (s, 8H), 4.11 J& 7.1 Hz), 4.05 — 2.86
(m), 3.18 (s), 2.03 (s, 11H), 1.83 @= 6.8 Hz), 1.67 (s), 3.21 — -0.99 (m, 315H), 1(&2
17H), 1.35 (s), 1.25 (8 = 7.1 Hz), 2.46 —-0.99 (m).

MS(ESI") m/z= 309.4, 327.3, 347.4, 782.9.
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7.2.2-b. Preparation of 2,4-dichloro-6-(prop-2-ynybxy)-1,3,5-triazine(108a).
In a 25 mL two-necked round bottom flask, equippeth a reflux
\/OYNYCI condenser, were introduced under fidw 2.25 g (12.0 mmol) of TCT
N\(N 102 12 mL of anhydrous THF and 2.8 mL (17 mmol) inPBA. The
“ resulting solution was vigorously stirred at rooemperature for 5 min
and then added with 0.54 mL (9.4 mmol) of proparagibhol105g observing a distinct
turbidity in a few minutes. The resulting suspensi@s left under stirring for 18 h and then
filtered through a pad Celite, washing the residita three portions of THF. The solvent
was removed on the rotary evaporator and the yedibwbtained (2.56 g) was subjected to
flash chromatography (SO petroleum ether: AcOEt = 6:1). From the chromedpbic
separation two components were recovered which stiprespectively, individual spots at
R: = 0.59 and 0.69. After evaporation of the solvieatn the more retained fractions the
desired productl08a 0.963 g (50.4%) was obtained, as a clear solid ngayhysical
constants and spectroscopic properties in agreemignthose of literaturé*
From the fractions of less retained compound wdaiodd 0.602 g of a colourless
solid, which by NMR and MS analyses, proved toh®e4,6-dichloro-N-ethyl-N-isopropyl-
1,3,5 -triazine-2-amin&Q8gq.

Productl08a

mp 41°C [Lit. mp = 40-41°C}*

TLC, R =0.59 (SiQ, petrolium ether : AcCOEt = 6:1).

'H NMR (300 MHz, CDC}) 6 = 5.09 (dJ = 2,4 Hz, 2H), 2.58 (] = 2.4 Hz, 1H).
13C NMR (75 MHz, CDC}) 6 = 172.8, 170.5, 77.0, 75.7, 57.4.

Productl08c
J\ mp 57-58°C.
/\N _ . . . A
TLC, Ry =0.69 (SiQ, petrolium ether : AcOEt = 6:1).
i\N 'H NMR (300 MHz, CDC}) & = 4.90 (hetp) = 6.8 Hz, 1H), 3.49 (q] = 7.1
=
N9 Hz, 2H); 1,23 (dJ = 6.8 Hz, 6H), 1.22 () = 7.0 Hz, 3H).
13C NMR (50 MHz, CDC}) & = 169.9, 169.6, 163.8, 47.9, 37.8, 20.1, 14.0.
GC (DB-1701, N 15 psi, 100°C for 2 min, then 10°C rlimp to 280°C)r, area%: 13.4

min, > 98%.
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GC-MS m/z (intensity): 94.2 (15), 191.2 (30), 193.2 (19)52D(17), 219.3 (100), 221.1
(85), 234.0 (17), 235.1 (12), 235.9 (12).
MS(ESI*) m/z= 235.1, 237.1 [M+H.

7.2.2-c. Preparation of 2,4-dichloro-6-(but-3-ynylay)-1,3,5-triazine (108b)
/\/OWN\ c Ina25 mL two-rTecked round bottom flask, equippéth a reflux

N N condenser, were introduced undeg flNw, 2.25 g (12 mmol) of TCT

d 102 12 mL of anhydrous THF and 2.80 mL (17 mmol) in

DIPEA. The resulting solution was vigorously stidrat room temperature for 5 min and
then added with 0.66 g (9.4 mmol) of alcolObb, observing a marked turbidity in a few
minutes. The resulting suspension was left undemst for 18 h and then filtered through a
pad of Celite, washing the residue with three podiof THF. The solvent was removed on
rotary evaporator and the yellow oil obtained (2.¢3 was subjected to flash
chromatography (Si§) petroleum ether: AcOEt = 6:1). The fractions edmihg only one
component at R 0.45 were combined and evaporated, giving 1.92¢006) of the desired
product 108b as a clear solid having a purity GC> 98%. From thmeomatographic
separation were also retrieved 0.22 g of a compaohbatwas identical to the produt®8c
isolated in the preparation ©08a
mp 50-54°C.
TLC, R = 0.45 (SiQ, petroleum ether: AcOEt = 6:1).
'H NMR (300 MHz, CDC}) 5 = 4.58 (t,J = 6.9, 2H), 2.72 (dtJ.= 6.9,J, = 2.7, 2H),
2.03 (t,J=2.7, 1H).
13C NMR (50 MHz, CDC}) 6 = 172.74, 170.86, 78.78, 70.97, 67.71, 18.89.
GC (DB-1701, 15 psi N100°C for 2 min, then 10°C mifnup to 280°C)tg, area%: 12.1
min, > 98%.
GC-MS m/z (intensity) = 50.2 (24), 51.2 (25), 52.3 (60),5838), 154.1 (37), 182.1 (60),
184.1 (21), 218.0 (100), 219.9 (65).
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7.2.2-d. Preparation of 2,4-bis(10,11-dihydro-9-O4ginidinyl)-6-(prop-2-ynyloxy)-
1,3,5-triazine (106a).

In a 25 mL two-neck round bottom flask, fitted with

a reflux condenser, were introduced underflisiw
ove 0.67 g (2.05 mmol) DHQD, 10 mL of THF and
0.01 g (2.05 mmol) of NaH 55% (w/w) in mineral

oil. The resulting suspension was heated to reflux,

e O,

JLC
]

MeO

until the dissolution of most of the solid and e#&s of gas evolution (about 15
min). After cooling to room temperature, were ad@e2lg (1.00 mmol) of the heterocyclic
spacerl08aand the almost clear yellow solution stirred aedtkd at reflux, for 18h. After
verifying by TLC the disappearance of the precuddif8a the yellow-brown mixture was
carefully hydrolyzed with 10 mL of water and extet with 4x 20 mL of AcOEt (due to
the formation of emulsions was useful to add 5 rilbrine to the aqueous phase). After
drying on NaSQy, the solvent was removed by rotary evaporatorbt@aio crude product
(0.672 g) as solid foam. TLC analysis of crude stveeveral major spots and NMR
spectrum was rather complex. Therefore, the patibon was attempted by flash
chromatography (Si§) AcOEt : CHOH = 80:20 + 0.5% ENH, then AcOEt : CHOH :
CH.Cl, = 60:30:10 + 0.5% ENH), obtaining 4 fractions of major components atR.13
(0.117 g), 0.15 (0.180 g), 0.21 (0.156 g) and @BH81 g), none of these fractions showed,
however, @8H NMR spectrum consistent with the structure of¢hmpoundlO6a

7.2.2-e. Preparation of 2,4-bis(10,11-dihydro-9-Ognidinyl)-6-(but-3-ynyloxy)-1,3,5-
triazine (106b)

In a two-necked round bottom flask, 25 mL, fitted
N with a reflux condenser, were introduced under N
flow 0.69 g (2.1 mmol) DHQD, 10 mL of THF and
0.08 g (2.0 mmol) of NaH 55% (w/w) in mineral
oil. The resulting suspension was heated to refioix,

OMe

30 minutes, until the solution is pale yellow, blig
opalescent. After cooling at room temperature vegiged 0.22 g (1.0 mmol) of heterocyclic

spacerl08h, and the solution was kept stirring for 48 h ahedemperature.
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The resulting suspension was treated with 10 mlvatler and organic compounds were
extracted with 420 mL AcOEt. After drying on N&QO,, the volatile components were
removed on the rotary evaporator, getting the cprdeuct (0.65 g) as yellow-brown solid
foam. Purified by flash chromatography (Si@H,Cl,:CH;OH = 95:5 + 0.2% ENH) has
provided a fraction ofLl06b 0.31 g (38.8%) as a pale-yellow solid foam, whi¢iC

analysis gave single spot.

TLC, R = 0.52 (SiQ, CH,Cly: CHsOH = 90:10 + 0.5% ENH).

'H NMR (300 MHz, CDC}) & = 8.66 (dJ = 4.5 Hz, 2H), 8.00 (d] = 9.2 Hz, 2H), 7.39 (Br
s, 2H), 7.35 (dd), = 9.1,J, = 2.6 Hz, 2H), 7.29 (d] = 4.6 Hz, 2H), 6.61 (d Bd = 4.3 Hz,
2H), 3.85-4.12 (m, 2H), 3.90 (s, 6H), 3.15-3.35 @H), 2.50-2 , 95 (m, 8H), 2.15-2.40 (m,
2H), 1.91 (t,J = 2.7 Hz, 1H), 1.65-1.90 (m, 4H); 1.30-1.60 (mH).20.88 (t,J = 6.9 Hz,
6H).

¥C NMR (75 MHz, CDCH) & = 172.5, 172.3, 157.7, 147.3, 144.5, 143.3, 13126.6,
121.8, 118.5, 101.3, 78.8, 77.9, 70.2, 65.6, 595, 50.8, 49.9, 37.1, 29.5, 26.9, 25.7,
25.1,22.9, 18.4, 11.9.

MS(ESI") m/z= 309.2, 399.5 [M+2H, 798.5 [M+H'].

[a]p?" = -74.4 (c = 1.0, CkCl,).

7.2.3 Preparation of the clickable anthraquinone-c@ dimeric Cinchona
alkaloid-derivatives (114b).

7.2.3-a. Preparation of the 4-(6-(trimethylsilyl)h&-5-ynyloxy)phenylboronic acid (115)

HOS,~O" a) With K;CO;s in acetone In a 50 mL two-necked round bottom
flask, fitted with refluxed condenser, were introdd under M
flow 150 mg (1.09 mmol) of hydroxyphenylboronic &dil6 152
O\/\/\ mg (1.1 mmol, 1 equiv.) of ¥COs;, 5 mL acetone and 294.5 mg
(2.09 mmol, 1 equiv.113c The resulting suspension heated to
reflux for 20h, excess of base®0O; 76.1 mg (0.55 mmol, 0.5 equiv.) add3c58.9 mg
(0.218 mmol, 0.2 equiv.) was added to improve theversion and kept running at same
conditions for additional 16 h. As no further impement in conversion was observed by
'H NMR, reaction was cooled to room temperatureatilels were removed in vacuo, the

resulting crude was treated with 20 mL of HCL-delditand organic components were
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extracted with 3 x 20 mL of AcOEt, combined orgalagers were dried over NaO,,
solvents were removed on rotary evaporator andvbite crude (400 mg) obtained was
purified by flash chromatography (SiOHex:EtOAc = 2:1) providing pure fractions of
productl15(170 mg, 54% vyield).

b) With K;CO; in DMF: A 100 mL Schlenk tube, were charged underfibw with 0.8 g
(5.8 mmol) 4-hydroxyphenylboronic acidl6 0.963 g (6.96 mmol, 1.2 equiv.,®O;, 10
mL anhydrous DMF and 1.706 g (6.09 mmol, 1.05 eQui¢3¢ 2 mL DMF was used to
wash the walls of Schlenk tube. The resulting sasjo@ kept stirring at room temperature
(24 h), followed by heating at 50-65°C until contpleconsumption ofL16 (117h) as
monitored by TLC and confirmed Byl NMR. The resulting reaction mixture was treated
with 75 mL HCL diluted and extracted withx425 mL AcOEt. After drying over N&Oy
the volatiles were removed on rotary evaporataive muddy crudd15(~ 3 g).'H NMR
analysis of the crude showed the presence of ras@MF. The crude was further treated
with water (50 mL) and extracted withx325 mL CHCI,, combined organic phases were
washed with brine, after drying over )}, solvents were removed on rotary evaporator
and dried thoroughly under reduced pressure (0.3Hg)mThe crude was dissolved in
MTBE and filtered from G4 glass frit to remove usgblved material, after removal of
solvent, the product15obtained in almost pure form Bi# NMR as off-white solid (1.4 g,
83 % yield)

TLC, R =0.21 (SiQ, Hex : EtOAc = 2:1).

'H NMR (300 MHz, CDC}) § = 8.15 (dJ = 8.3 Hz, 2H), 7.00 (d] = 8.4 Hz, 2H), 4.08 (t,
J=6.2 Hz, 2H), 2.34 (i = 7.0 Hz, 2H), 2.08 — 1.84 (m, 2H), 1.83 — 1.63 2i), 0.16 (s,
9H).

13C NMR (75 MHz, CDC}) & = 162.8, 137.6, 135.3, 114.1, 107.0, 85.1, 684,25.3,
19.8, 0.3.
MS(ESI') m/z= 335.1 [M+HCOQ

7.2.3-b. Preparation of the 6-bromo-1,4-bis(10,11#aydro-9-O-quinidinyl)-
anthracene-9,10-dione (110)

a) With nBuLi in THF: A typical procedure of
Bolm was followed. In a 100 mL Schilenk tube,
ove Were introduced under Nlow 1.34 g (4.1 mmol,
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2.5 equiv.) DHQD and 40 mL anhydrous THF, the sofutvas cooled to -18°C and 1.8 mL
(4.2 mmol, 2.5 equiv.) of 1.9 MBuLi in hexane was added slowly over 15 min (soluti
became dark red in colour at the enchBfiLi addition). To this solution then 0.53 g (1.64
mmol) of 6-bromo-1,4-difluoroanthracene-9,10-did@ was added and reaction mixture
was warmed to room temperature, stirred for 18 &rnved to ca. 40°C and stirred for
another 2 h. With this procedure as judged from ®r@'H NMR, reaction was largely
incomplete even after 36 h at 40°C. The THF wasovem from the reaction mixture on
rotary evaporator, added @El, + water (25 + 25 mL), organic phase was separateld a
agqueous phase was washed 4 x 20 mL ofCGIH Combined organic phases were washed
with brine and dried over N80, volatiles were removed in vacuo and brown crude
obtained was subjected to flash chromatography »(S&H,Cl,:MeOH = 10:1 + 0.5%
Et,NH then CHCI:MeOH = 8:2 + 0.5% ENH) has provided a fractions @fLl0as yellow
solid (0.6 g, 39 % yield), which NMR data was inregment with those reported in

literature®™®

b) With NaH in DMF: In a 100 mL Schlenk tube, were introduced undgfldv 1.09 g
(3.17 mmol, 2.05 equiv.) DHQD (95%) and 20 mL DM#Erred until complete dissolution
(15 min). The resulting solution was cooled to @i 0.156g (3.25 mmol, 2.1 equiv.) of
NaH (50 % in mineral oil) was added in one portamd stirred for 10 min at same
temperature> 10 min at rt—15 min at 50°C and 15 min at 60°C to obtained alrolesr
solution (reaction mixture turned light red aftelddion of NaH and became pale-yellow in
color after complete dissolution). To the solutadrroom temperature was added 6-bromo-
1,4-difluoroanthracene-9,10-diod@9 (the solution turned green in colour after additadn
109 and remained brown after 30 min) and kept stiramgame temperature. Complete
conversion to a single spot was observed on TLEr df8h, which was confirmed B
NMR. The reaction was quenched by adding 50 mL matel extracted with 4 x 25 mL
EtOAc, combined organic phases were dried ovelSRa and volatiles were removed on
rotary evaporator, thus providing gummy crude, Wwhiwas stripped by Ci€l, and
thoroughly dried under high vacuum 0.5 mmHg (to seenexcess of DMF) to give foamy
yellow productl10in crude form, containing small amount of residDMF and unreacted
DHQD (87% pure byH NMR, 95% vyield).
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The spectroscopic data of productO was in agreement with those reported in
literature®™® this crude material was directly employed in thesequent Suzuki-coupling

step.

7.2.3-c. Preparation of the 1,4-bis(10,11-dihydro-@-quinidinyl)-6-(4-(hex-5-ynyloxy)
phenyl)anthracene-9,10-dione (114b)

Step-l A two-necked round bottom flask, 100 mL,
equipped with refluxed condenser was subjected to
six vacuum/nitrogen cycle and charged with 700 mg
(0.695 mmol) ofl10(87% purity), 348.9 mg (1.202
mmol, 1.72 equiv.) of boronic acid derivatiid5,
339.8 mg (3.206 mmol, 4.6 equiv.) XzO; and
69.45 mg (0.0601 mmol, 8.6 mol%).

The reaction vessel with all solids was again

degassed by six vacuum/nitrogen cycle and added
solvents (dry toluene 35 mL, EtOH 3.5 mL andOH3.5 mL). The resulting reaction
mixture heated to reflux for 4h, overnight at r§ monitored by TLC the complete
conversion was observed by disappearancklOf(R; = 0.35) and new spot was emerged
just above starting (R= 0.38) in 4h. The reaction was quenched by addib@® mL water,
agueous layer was removed and organic layer waBeadasith 5 x 50 mL of HCL (10%)),
combined HCL washing were neutralized (NaHf@nd extracted with 5 x 50 mL of
EtOAc, obtaining small amount of compound which wessealed as DHQD byH NMR
(present in starting10).

The white precipitate formed in the neutralizedesmns layer was extracted with 2 x
25 mL CHCI,, combined organic layers were dried over®@;, volatiles were removed
on rotary evaporator and drying under reduced preq9.5 mmHg) provided produtfi4a
in essentially pure form byH NMR (550 mg, 72 % yield). The crude material ditg
employed to subsequent deprotection step. For ctesization purposes small amount of
sample was purified by flash chromatography (SEXOAc:MeOH = 9:1 + 0.5 % BE\IH),

obtainingll4aas a yellow powder.

TLC, R = 0.38 (SiQ, CH:Cl,: MeOH = 9:1 + 0.5 % ENH)
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'H NMR (300 MHz, CDC}) § = 8.58 (d,J = 4.2 Hz, 2H), 8.38 (s, 1H), 8.21 @@= 8.1 Hz,
1H), 8.09 — 7.85 (m, 3H), 7.65 (@7 8.4 Hz, 2H), 7.56 — 7.20 (m, 6H), 6.98 Jd; 8.3 Hz,
2H), 6.72 (s, 2H), 6.14 (br s, 2H), 4.01Jt 6.0 Hz, 2H), 3.86 (s, 6H), 3.30 — 3.05 (m, 2H),
3.03 — 2.65 (m, 6H), 2.65 — 2.39 (m, 4H), 2.29&,6.9 Hz, 2H), 1.98 — 1.81 (m, 2H), 1.80
—1.64 (m, 4H), 1.65 — 1.21 (m, 12H), 0.76)(& 7.0 Hz, 6H), 0.12 (s, 9H).

3C NMR (75 MHz, CDCH#) 6 = 183.0, 182.5, 159.7, 158.2, 151.18, 151.14,5,4145.7,
144.62, 142.65, 142.5, 134.7, 132.3, 131.9, 131134,0, 128.3, 127.0, 126.4 123.8, 123.6,
122.0, 120.7, 120.5, 119.1 (br), 115.0, 106.8,3,084.9, 79.4 (br), 67.5, 60.1, 55.8, 50.7,
49.9, 42.8, 39.9, 37.6, 28.3, 26.8, 26.5, 25.14,29.5, 12.06, 12.02, 0.17.

MS(ESI") m/z= 550.8 [M+2H], 791.5 [M-DHQD"], 1028.0 [M=TMS+H], 1103.8

[M+H"]

[a]p?’ = -530.02 (c = 0.525, Gil,).

Step-ll-deprotection In a 100 mL two-necked round bottom flask, underfldw were
introduced 550 mg (0.499 mmol) (DHQBRN-TMS-1143 MeOH : CHCI, = 25:5 mL,
stirred vigorously until complete dissolution (10njn To the resulting solution was added
82.8 mg (0.599 mmol, 1.2 equiv.),®O;. Complete deprotection to single spot slightly
more retained (R= 0.22) than starting on TLC was achieved in 64 h.

The solvents were removed on rotary evaporatoultieg crude was dissolved in 20 mL
CH.CIl, and treated with 20 mL 4@, organic phase separated and aqueous phase was
washed 3 x 10 mL Cji€l,. Combined organic phases were washed with brineg dver
NaSO, and volatiles were removed on rotary evaporattioi@d by thorough drying
under reduced pressure (0.5 mmHg), provided degesteproductl14b in almost pure
form by 'H NMR (> 99% vyield).

TLC, R = 0.22 (SiQ, EtOAC : MeOH = 7:3 + 1 % ENH)

'H NMR (300 MHz, CDC4) § = 8.62 (d,J = 4.4 Hz, 2H), 8.40 (s, 1H), 8.24 @@= 8.2 Hz,
1H), 8.18 — 7.88 (m, 3H), 7.67 (@= 8.6 Hz, 2H), 7.59 — 7.27 (m, 6H), 7.00 Jc& 8.6 Hz,
2H), 6.72 (s, 2H), 6.01 (s, 2H), 4.02 Jt= 6.2 Hz, 2H), 3.90 (s, 6H), 3.31 — 3.08 (m, 2H),
2.99 — 2.72 (m, 6H), 2.73 — 2.58 (M, 2H), 2.47 {peH), 2.26 (td,) = 6.8, 2.4 Hz, 2H),
1.98 (t,J = 2.1 Hz, 1H), 1.96 — 1.83 (m, 2H), 1.82 — 1.64 4H), 1.65 — 1.29 (m, 12H),
0.81 (t,J = 7.1 Hz, 6H).
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13C NMR (75 MHz, CDC}) & = 183.1, 182.6, 159.7, 158.2, 151.3, 151.2, 14¥45.7,
144.72, 143.07, 143.03, 134.8, 132.5, 132.0, 13B5,1, 128.4, 127.1, 126.6, 123.9, 123.7,
122.0, 120.7, 120.5, 119.3 (br), 101.0, 84.0, 1819, 68.8, 67.5, 60.5, 55.9, 51.0, 50.2,
37.8,29.7, 28.3, 27.2, 26.6, 25.1, 24.6, 18.216,212.13.

MS(ESI") m/z= 514.7 [M+2H"], 719.3 [M—DHQD'], 1029.7 [M+H].

[a]p®° = -341.88 (c = 0.5, CiTl,).

7.2.4. Preparation of the clickable propargylCinchonaalkaloid-
derivatives (120a and 120Db).

Preparation of clickable propargyl alkaloid (120a and 120b).
A 100 mL Schlenk tube, under,Nitmosphere, were charged with
1.62 g (5 mmol) of QN/QD, dry DMF 30 mL and stirrad0°C until
ove complete dissolution of solid (~ 20 min). To theolsal reaction
mixture (0°C) was added 0.48 g NaH (10 mmol, 50%nineral oil).
1203 oPQD= 8R, 95 After cessation of KHevolution (2.5 h), 0.71 g (6 mmol) of propargyl

120b OPQN =8s, 9R
bromide was added dropwise over a period of 30 miile maintaining the temperature

below 0°C, followed by stirring overnight at rooemntperature. Water (50 mL) was added
to quench the reaction, followed by extraction widtluene (50 mL). The toluene layer was
washed with brine (20 mL), concentrated, and inecak QD, crude was stirred with
activated charcoal in toluene and filtered thro@hglass frit, rinse with small amount of
toluene and concentrated on rotary evaporatorryetatlization attempt of crud&20a (as
reported) was failed, crude was passed throughl gradl of silica with (EtOAc:MeOH =
8:2 + 1% EiNH), providing productl20a (propargyl quinidine) in essentially pure form
(1.64g, 91% vyield). In case of QN, crude was digsolin minimum amount of boiling
hexane, filtered to remove insoluble materialsultesy reaction mixture was treated with
2N HCL, organic phase was separated, aqueous piasemade basic (NaHGDand
extracted with 4 x 30 mL Ci€l,, combined organic phases were dried ovesSdg
filtered, concentrated on rotary evaporator folldvy thorough drying under vacuum (0.5
mmHg), provided produc20b (propargyl quinine) (1.8 g, quant. yield). Spestrapic data
for 120aand120b (*H NMR, *C NMR) were identical to those reported in literattt’
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7.3. Experimental section for chapter-3

7.3.1. Preparation of azidomethyl Merrifield (122x)and ArgoPore™
(122y) resins

The conditions of Lober were adopt¥da Schlenk tube was charged with the resin
121aor 121b (9.2 mmol Cl), 2.99 g (46 mmol, 5 eq.) of NaMnd dry DMSO (40 mL).
After briefly evacuating at 5 mmHg for degassing #olids, the resulting pale-yellow
suspension (containing some undissolved Nahas heated for 64 h at 60°C, under
nitrogen and with slow magnetic stirring. The mnetavas cooled to r.t., diluted with water
(20 mL), and filtered through a medium porosity sgldrit. The polymer residue was
washed with water (2x20 mL), MeOH (4x20 mL), dryHH4x20mL) and dry-CkCl,
(4%x20 mL). After drying to constant weight undecuam (0.05 mmHg), the materidl@l1a
and121lbwere obtained as a white solid and a yellow lghwder, respectively. The resins
were characterized by IR as KBr disks (showing @zttetching at 2095 ¢th and by
elemental analysis.
121a 95% recovery yield; anal. found: C 81.02 + 0H3%.72 + 0.13, N 9.27 £ 0.06. (2.20
+0.013 mmol N3 g).
121b 98% recovery yield; anal. found: C 86.09 + 0H27.41 + 0.13, N 3.77 + 0.05. (0.90
+ 0.010 mmol N3 g).

7.3.2 Synthesis of azidomethylstyrene and of oligethylene oxide) polar
monomers and cross-linker.

Preparation of the monomers:

7.3.2-a. Synthesis of 1,12-bis(4-vinylphenyl)-2,5]8 -tetraoxadodecane (127)
In a three-necked round bottom flask, 500 mL, ep@dipowith
: i dropping funnel 25 mL, underXlow, were introduced 5.4 mL
| K // (6.1g, 40 mmol) triethyleneglycdl31, 4.4 g (92 mmol, 50%
0/&0\%0 w/w in mineral oil) of NaH, 0.15 mL of nitrobenzeme80 mL
2 of dry DMF.
The resulting suspension stirred at 0°C for 30 rfalpwed by 2.5 h at room temperature,

through dropping funnel 13.2 mL (14.2g, 92 mmol) afloromethylstyrenel30 was
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introduced dropwise over a period of 5 min at 0P@e reaction mixture kept stirring at
same temperature for 1h and room temperature fdr. #dter completion, as monitored by
TLC analysis (SiQ CH,Cl,:n-hexane = 1:3), reaction was quenched by adding 2@fm
ice-cold water. The organic phase was separatech@nelous phase was extracted with 40
mL of CHCl,. The combined organic phases were washed withrveatd dried over
NaSOq, volatiles were removed on rotary evaporator,dife crude obtained was purified
by filtration through small pad of silica with (G&l, : n-hexane = 1:3,—~ AcOEt),
obtaining 14:13 g (37 mmol) of produt®7 (metdpara = 70/30 mixture)as amber oil (
92% yield).

TLC Rr =0.24 (SiQ, CHCI,: n-hexane = 1:3)

'H NMR (300 MHz, CDC}) & = 7.25 (m, 8H), 6.65 (m, 2H), 5.71 (m, 2H), 5.18, @H),
4.47 (s, 4H), 3.57 (m, 12H).

13C NMR (75 MHz, CDC}) & = 138.3, 137.7, 137.3, 136.5, 136.4, 136.2, 12827,5,
126.8, 125.9, 125.1, 113.6, 113.4, 72.7, 72.5,, 802, 69.1.

7.3.2-b. Synthesis of 1-((2-(2-methoxyethoxy)ethoxgethyl)-4-vinylbenzene (128)

7 In a three-necked round bottom flask, 500 mL, eo@db with
| N dropping funnel 25 mL, under,Nwere introduced 4.7 mL (4.84 g,
&O/\/o\/\o/ 40 mmol) of ethylene glycol)-methyl-eth&B2 2.6 g (52 mmol,
50% wi/w in mineral oil) of NaH, 0.15 mL of nitrobeene in 80
mL of dry DMF. The resulting suspension stirredat for 30 min, followed by 2.5 h at
room temperature, through dropping funnel 6.7 m& i@mol) of chloromethylstyren£30
was introduced dropwise over a period of 5 min°at. he reaction mixture kept stirring at
same temperature for 1h and room temperature fdr.&8er completion, as monitored by
TLC analysis (Si@ CHCE), reaction was quenched by adding 20 mL of icelaohter.
The organic phase was separated and aqueous phasxtracted with 40 mL of GBl..
The combined organic phases were washed with veatérdried over N&O,, volatiles
were removed on rotary evaporator, the oily crutiaioed was purified by filtration
through small pad of silica with (GBl,:n-hexane = 1:2,» CHClk— AcOEt), obtaining
9.11 g (38.5 mmol) of produ@R8(metdpara = 70/30 mixture)as amber oil ( 96% yield).

TLC R: = 0.26 (SiQ, CHCk)
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'H NMR (300 MHz, CDC}) § = 7.33 (m, 4H), 6.70 (m, 2H), 5.78 (m, 1H), 5.25, (LH),
4.55 (m, 1H), 3.65 (m,6H), 3.55 @@= 5.4 Hz, 1H), 3.54 (d] = 6.6 Hz, 1H), 3.38 (s, 3H).
%C NMR (75 MHz, CDC4) & = 138.29, 137.64, 137.26, 136.50, 136.43, 136128,18,
127.53, 126.79, 125.83, 125.12, 125.08, 113.55,301F2.66, 72.50, 71.59, 70.30, 70.19,
69.13, 69.09, 58.58.

7.3.2-c. Synthesis of azidomethyl styrene (129)

In a 250 mL round bottom flask, under > N flow, were
N introduced, 0.89 g (5.9 mmol) of sodium iodide dssolved in90 mL of
| & (DMSO). To the resulting solution were added 7.4 (B2 mmol)

N3

of chloromethylstyren&30, and 6.8 g (104 mmol) NaNReaction kept stirring at

=

80°C for 15 h. After completion, as monitored onClLthe reaction was cooled to room
temperature and quenched by adding 20 ml of watel arganic components were
extracted with 50 mL of ED, the separated organic phase was dried oveg8@®afiltered
and volatiles were removed on rotary evaporatoterAfhorough drying the produd®9
obtained as clear oil in almost pure form 7.63 @.94mmol, 92 % yield). The product

was used as such without further purification ihsmguent steps.

'H NMR (300 MHz, CDC}) & = 7.41 (d, J=8.1, 2H), 7.25 (dJ=8.1, 2H), 6.71
(dd, J=10.7, 17.8, 1H), 5.75 (d,=17.8, 1H), 5.25 (d] = 10.7, 1H), 4.29 (s, 2H).
13C NMR (75 MHz, CDC}) & = 138.3, 136.9, 135.4, 129.1, 127.3, 115.1, 55.2.

7.3.3 Preparation azido-functionalized polystyrensupports with
oligo(ethylene oxide) cross linkers (133v and 133z)

7.3.3-a. Synthesis of polymer (133v)
In a Schlenk tube, 200 mL, equipped with magnetic

stirrer, was introduced 0.5 g of polyvinylalcohé\{A)
\A \J and dissolved in 120 mL of J, the resulting reaction
Na R a1 ? mixture was degassed by bubbling nitrogen at 8@C3 f

1 \\}/ \4{ h, providing perfectly clear solution, which watoaled to
return to room temperature. In another Schlenk,td®® mL, were introduced under, N

flow, 0.30 g of AIBN, 553 g (14.5 mmol) of 1,12dsf4-vinylphenyl)-2,5,8,11-
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tetraoxadodecan®27 and dissolved in 10 mL of THF. To this mixture \ehstirring, were
added a solution of 3.85 g (24.2 mmol) azidomethwsne 129 in 30 mL of
chlorobenzene. Complete reaction mixture was degabyg Freeze-Pump-Thaw technique
and kept under N

The suspension polymerization apparatus was selj@otseveral vacuum-nitrogen
cycles and while maintained it under, khe mixture of comonomers from the second
Schlenk and 6.7 mL (58 mmol) of styrene were inticetl and with the vigorous stirring,
the aqueous solution of PVA was added slowly thiotig dropping funnel. After complete
addition, the assembly was cooled to 0°C and m@achixture was stirred vigorously for 1
h, and heated to 80°C for 24 h. After cooling tlymerized material was filtered through
a G2 glass frit and washed successively wig® ldt room temperature, 70°G®, CH;OH,
THF and CHCI,, and dried under vacuum (0.1 mmHg). The polyd®@3v was obtained
14.7 g (95% vyield) in the form of yellow beads.

IR: 2095 cn stretching of azido group.

7.3.3-b. Synthesis of polymer (1332)

In a Schlenk tube, 200 mL, equipped with magnetic
stirrer, was introduced 0.52 g of polyvinylalcohol
(PVA) and dissolved in 120 mL of B, the resulting
reaction mixture was degassed by bubbling nitragen

(0] (0] O
S \Po\}} 80°C for 3 h, providing perfectly clear solutionhish
o 2

was allowed to return to room temperature.

Io_ 1332 In another Schlenk tube, 100 mL, were introduced
under N flow, 0.31 g of AIBN, 3.82 g (10 mmol) of 1,12-Bisvinylphenyl)-2,5,8,11-
tetraoxadodecane 127 and dissolved in 7 mL of d#f.TTo this mixture while stirring,
were added a solution of 4.78 g (30 mmol) azidogistirene 129 and 7.1 g (30 mmol) of
1-((2-(2-methoxyethoxy)ethoxy)methyl)-4-vinylbeneen 128 in 35 mL of
chlorobenzene. Complete reaction mixture was degaby Freez&umpThawtechnique
and kept under N

The suspension polymerization apparatus was selojeotseveral vacuum-nitrogen
cycles and while maintained it undeg, tthe mixture of comonomers from the first Schlenk

was introduced and with the vigorous stirring, #gueous solution of PVA was added
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slowly through dropping funnel. After complete aduh, the assembly was cooled to 0°C
and reaction mixture was stirred vigorously for lamd heated to 80°C for 24 h. After
cooling, the polymerized material was filtered tgh a G2 glass frit and washed
successively with D at room temperature, 70°C,®, CHOH, THF and CHCIl,, and
dried under vacuum (0.1 mmHg). The polyri8Bzwas obtained 15.2 g (97% yield) in the
form of yellow beads.

IR: 2095 cn stretching of azido group.

7.4.4. Preparation of polymeric monolith (134)

The polymerization mixtures containing 1 wt% initia (AIBN), monomers
(azidomethyl styren&29, styrene, and divinylbenzene) and porogenic stévénluene and
dodecanol) with different compositions (Table 1y&eurged with KNfor 15 min in order
to remove oxygen. The stainless steel column (HPLEE sealed at one end, filled with
the mixture under B then sealed on the other end, and placed intecaleposition into a
preheated oven or oil bath at temperature (60-80P8¢ polymerization was allowed to
proceed for 24 h. The seals were removed, thewaseprovided with fittings, attached to
the high-pressure pump, and tried to remove thegmoric solvents and any other soluble
compound remained in the polymer rod after polymsion, by passing THF. In most of
the cases, very high backpressure and low pernitgabil solvent through polymer rod

were noted.
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7.4.5. Preparation of poly-HIPE

A dropping funnel equipped with stopcock sidearngFe 52) and overhead stirrer
(fitted with a D-shaped PTFE paddle) was chargedeum, with, 0.210 g (20 wt%) of
AMST 129 0.840g (80 wt%)of DVB and 0.205 g (25% of organic monomers) ob#an
monooleate Span-80, and stirred at 300 rpm. Theagusolution prepared separately by
dissolving 0.256 g (0.95 mmol) of the initiator tassium persulfate’(}5,0g) and 0.384 g
(6.57 mmol) of NaCl in 25 mL of de-ionized water 2& was purged with Nfor 10 min
and added slowly in organic phase by syringe (10).mAfter complete addition of the
aqueous phase, the stirring continued at same sjoeetl h to produce homogeneous
emulsion. The glass mold was closed undeah kept in preheated oven at 60°C for 2 d.
After cooling, the column was washed with wateresal/times followed by THF (200 mL)
and CHCN.
IR: 2095 cn stretching of azido group.

Figure 52: polyHIPE glass mold.
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7.4. Experimental section for chapter-4

7.4.1 Preparation of pyridazine-core dimeric€inchonaalkaloid soluble
model compounds (155a,b,c).

General procedure: A Schlenk tube was charged under With (1.20 mmol) of crude
1003 100bor 1006 0.33 g (2.4 mmol, 2 equiv.) of benzyl azfd& 11.4 mg (0.06 mmol, 5
mol%) of Cul, 0.19 ml (1.20 mmol, 1 eq.) of DIPEAd(20 mL) of dried CkKCl,. The
resulting solution was kept stirring overnight atand then treated with 30% ammonia
solution (10 mL) to remove the copper salt. The pliases were separated and the aqueous
layer was extracted with GBI, (2x5 mL). The combined organic extracts were dried
(Na&SOy) and then concentrated with rotary evaporator. dé residue was purified by
flash chromatography (SYOACOEt : MeOH = 7 : 3 + 1% HBYIH), obtaining the products
1553 155band155cas solid foams.

4-(4-(1-Benzyl-1H-1,2,3-triazol-4-yl)butyl)-3,6-bi§9-O-quinidinyl) pyridazine (155a):
73% yield;

TLC Ry = 0.26 (SiQ, AcOEt: MeOH =7 : 3 + 0.5% BRtH);

'H NMR (300 MHz, CDC}) & = 8.66 (d,J = 4.2 Hz, 1H), 8.65 (d,
J=4.2 Hz, 1H), 7.98 (d] = 9.3 Hz, 1H), 7.97 (d] = 9.3 Hz, 1H),
7.48 (d,J = 2.3 Hz, 1H), 7.43 (d) = 2.3 Hz, 1H), 7.41-7.23 (m,
9H), 7.20 (s, 1H), 6.83-6.73 (m, 3H), 6.14-5.77 @hl), 5.51 (s,
2H), 5.00-4.85 (m, 4H), 3.87 (s, 3H), 3.84 (s, 38188-3.15 (m, 2H), 3.00-2.50 (m, 12H),
2.33-2.06 (m, 2H), 2.02-1.58 (m, 6H), 1.59-1.29 @id), 1.26-1.00 (m, 2H);

13C NMR (75 MHz, CDC}) & = 161.1, 159.8, 157.8, 157.7, 148.1, 147.5, 14545.0,
144.8, 144.7, 140.6, 140.2, 135.97, 135.98, 1316,2, 128.8, 128.1, 127.6, 127.4, 121.9,
121.8, 120.7, 119.0, 118.6, 114.9, 114.7, 102.2,41076.1, 60.6, 60.0, 55.8, 55.7, 54.1,
50.0, 49.8, 49.5, 40.0, 39.0, 29.3, 29.2, 28.19,277 .4, 26.6, 26.5, 25.6, 24.2, 23.4;

MS (ESI") m/z = 938.8 [M+H]; [0]o® = -101 (c = 0.75, CKCly).

155a: (QD),PYZ-Tr

256 Aptoni, P.; Hed, Y.; Nordberg, A.; Nystrom, D.;rvaH., Hans; Hult, A.; Malkoch, MAngewandte Chemie,
International Edition2009 48, 2126-
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4-(4-(1-Benzyl-1H-1,2,3-triazol-4-yl)butyl)-3,6-bi§10,11-dihydro-9-O-quinidinyl)
pyridazine (155b): 66% vyield;
TLC Rf =0.24 (SiQ, AcOEt : MeOH =7 : 3 + 0.5% BiH);
@TN O\DZQD 'H NMR (300 MHz, CDC}) & = 8.65 (d,J = 4.5 Hz, 1H), 8.64
o M, b (d,3= 45 Hz, 1H), 7.97 (d] = 9.2 Hz, 1H), 7.96 (d] = 9.2 Hz,
* Soneo  1H), 7.49 (dJ = 2.6 Hz, 1H), 7.45 (d] = 2.5 Hz, 1H), 7.39-7.22
1550 : (DHQD),PYZ-Tr
(m, 9H), 7.19 (s, 1H), 6.84-6.69 (m, 3H), 5.492Hl), 3.86 (s,
3H), 3.83 (s, 3H), 3.41-3.19 (m, 2H), 2.95-2.50 {rAH), 1.95-1.61 (m, 7H), 1.61-1.26 (m,
13H), 0.86-0.72 (m, 6H);
13C NMR (75 MHz, CDC}) ¢ = 161.1, 159.9, 157.9, 157.7, 148.2, 147.6, 14542.9,
144.8, 136.0, 135.1, 131.7, 129.3, 128.9, 128.2,712127.5, 122.1, 121.9, 120.8, 118.9,
118.8, 102.48, 102.07, 89.4, 76.2, 75.7, 66.1,,6804&, 56.0, 55.9, 54.3, 51.0, 50.2, 50.1,
37.6, 37.4, 29.36, 29.32, 27.4, 27.3, 26.4, 2662,25.5, 24.2, 23.2, 15.5, 12.2, 12.1,
MS (ESI") m/z = 943.2 [M+H];
[a]p®° = -88.1 (c = 1.0, CkCl,).

4-(4-(1-Benzyl-1H-1,2,3-triazol-4-yl)butyl)-3,6-bi§10,11-dihydro-9-O-quininyl)
pyridazine (155c):(crude sample) 74% vyield,;
ooron TLC Ry =0.37 (SiQ, ACOEt : MeOH = 7 : 3 + 1% BEH);
'H NMR (300 MHz, CDC}) & = 8.65 (m, 2H), 7.96 (d] = 9.2
f Hz, 2H), 7.50 (m, 2H), 7.42 — 7.28 (m, 6H), 7.28.20 (m, 2H),

550 ooz 7.18 (s, 1H), 6.86 — 6.64 (m, 3H), 5.48 (s, 2H363(s, 3H), 3.84
(s, 3H), 3.48 — 3.21 (m, 2H), 3.14 — 2.86 (m, 4MR1 — 2.69 (m, 2H), 2.69 — 2.58 (m, 2H),
2.57 — 2.41 (m, 2H), 2.36 — 2.19 (m, 2H), 1.88471(m, 12H), 1.46 — 1.19 (m, 9H), 0.79
(t, J= 7.0 Hz, 6H).
13C NMR (75 MHz, CDC}) 6 = 161.2, 159.8, 157.7, 157.7, 148.0, 147.4, 14543.9,
144.8, 144.8, 136.0, 134.9, 131.5, 129.1, 128.3,12127.4, 121.8, 121.7, 120.6, 119.0,
118.9, 118.7, 102.3, 102.2, 76.3, 60.0, 58.5, 5848, 55.7, 54.1, 42.8, 42.7, 37.6, 29.2,
29.1, 28.6, 28.5, 27.8, 27.7, 27.4, 25.5, 25.51,223.8, 12.1.
MS (ESI") m/z= 943.3 [M+H], 471.8 [M+2H]
[a]p? = +123.82 (c = 0.5, CiEL,)
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7.4.2. Preparation of the pyridazine-core monomeri€inchonaalkaloid
soluble model compound (154).

4-(4-(1-benzyl-1H-1,2,3-triazol-4-yl)butyl)-6-chlopn-3-(9-O-quinidinyl)pyridazine (154)

A 25-ml Schlenk tube was charged under dry nitrogéh 1.00 g
of the crude mixture ofLl00a and 101 (~1.1 and 0.23 mmol,
respectively), 0.33 g (2.4 mmol) benzyl azide, 3@ (13umol,

154 (QD)PYZ-Tr ~1 mol %) of CuCl, 0.0048 g (18mol, 1 mol %) of (R)-Mono-

Phos and THF (11 ml). After stirring overnight dt,rthe solution was concentrated with a

rotary evaporator and the dark residue (1.123 gctly subjected télash-chromatography
(SiO,, AcOEL : MeOH =8 : 2 + 0.5% BitH) to givel55a(0.112 g, ~75%) ant54 (0.556
g, ~54%) as colorless solid foams. The chromatdgcapnd spectral properties @b5a

were identical to the previously reported onese(64l.])

For154 TLC R = 0.53 (SiQ, ACOEt : MeOH = 8 : 2 + 0.5% BMH).

'H NMR (300 MHz, CDC}) & = 8.65 (dJ = 4.50 Hz, 1H); 7.97 (d] = 9.21 Hz, 1H) ; 7.52
(d, J = 2.44 Hz, 1H); 7.40=7.29 (m, 5H); 7.27-7.17 (1H);27.13-7.04 (m, 1H); 6.89 (s,
1H); 6.05 (dddJ, = 17.32,Jp = 10.45,J. = 7.24 Hz, 1H); 5.46 (s, 2H); 5.14-5.03 (m, 2H);
3.95 (s, 3H); 3.51-3.32 (m, 1H); 3.11-2.78 (m, 4M}8-2.67 (m, 3H); 2.63 (§, = 7.38
Hz, 1H) 2.63 (M, 1H); 2.28 (da=p = 7.66 Hz,J. = 7.48 Hz, 1H); 2.03 (dd, = 12.52 Hz,},

= 9.43 Hz, 1H); 1.89-1.79 (m, 1H), 1.79-1.62 (m),4H62—1.52 (m, 3H); 1.35-1.15 (m,
1H).

¥3C NMR (75 MHz,CDC}) & = 163.8, 157.9, 152.5, 147.8, 147.3, 144.6, 142488,
140.3,

134.8, 131.6, 129.0, 128.6, 127.9, 127.2, 121.0,71218.3, 114.9, 101.6, 77.5, 77.1, 76.7,
59.7, 55.7, 54.0, 49.9, 49.4, 39.7, 32.2, 28.9,277.3, 26.4, 25.2, 23.4, 23.4.

MS (ESI") m/z= 651.3 [M+H].

[a]p®° = -77.6 (c = 0.75, C}Cl,).
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7.4.3. Preparation of IPB pyridazine-coreCinchonaalkaloid derivatives
(156a/x, 156aly, 156b/x, 156bly, 156c¢/x, 157alv7ak, 157¢/z).

General Procedure A Schlenk tube was charged with the resd2x,122y, 133v or 133z
(2 equiv. of N). After evacuation at 5 mmHg for 5 min, for degagsthe solids, freshly
distilled CH.CI, was added under nitrogen, followed by a solutibaroade100aor 100b or
100c(C = 0.5M, 1 equiv.) and Cul (5 mol%) and DIPEA (ueq) in CHCl,. The Schlenk
tube was closed under nitrogen and kept on anabriitaking platform or at slow stirring
for two-five days at room temperature. The mixtuvas filtered under air through a
medium porosity glass frit and washed several timéth portions of CHCl,, 30%
ammonia-THF, methanol, THF, and &,. After drying to constant weight under vacuum
(0.05 mmHg), the pale yellow resin was charactdrizg IR and the alkaloid loading was
determined by the mass difference between the esedvnaterial {56ax, 156dy, 156X,
156hy, 156dx, 157dv, 1574z, 157dz) and the starting azidomethyl resins (see Tab)e 12

Table 12: Preparation of immobilized pyridazine-coreCinchonaalkaloids on to the resins.

156bly : Alk = DHQD

156a/x : Alk = QD N—N ] 0 O N—N (] o)
156aly : Alk = QD \ \\P/ \P \\
156bix : Alk = DHQD N 2 N\ 0
( 2
o]

156¢ix : Alk = DHQN )4 187alv (
= 0QD
‘O X = Az!do Merrlfleld{;sm ) S /
y = Azido-ArgoPore ' resin QDO N/N QDO \ 157alz
157¢clz
/
Alkyne-alkaloid Azido-resins Functionalized Alkaloid loading Anchoring
polymer [mmol-g'] yield [%]
100a 122x 156a/x 0.41-0.70 87
100a 122y 156aly 0.26 47
100b 122x 156b/x 0.54 87
100b 122y 156bly 0.22 39
100c 122x 156¢/x 0.25 27
100a 133v 157alv 0.41 80
100a 133z 157a/z 0.50 81
100c 133z 157c¢/z 0.23 80
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7.4.4. Preparation of the anthraquinone-core&inchonaalkaloid soluble
model compound (158b).

Preparation of 1,4-bis(10,11-dihydro-9-O-quinidiny)-6-(4-(4-(1-benzyl-1H-1,2,3-
triazol-4-yl)butoxy)phenyl)anthracene-9,10-dione (%8b)

A Schlenk tube was charged underwith
1.38 mg (0.0073 mmol, 5 mol%) of Cul,
0.15 g (0.146 mmol) of crudél4b after
degassing were added dried £ (2
mL), 25.5 puL (0.146 mmol, 1 equiv.)
DIPEA and stirred for 15 min at rt. To the
resulting brownish-yellow reaction mixture
was added 0.039 g (0.292 mmol, 2 equiv.)

of benzyl azide and second portion of dried

CH.CI, (3 mL). The resulting solution was kept stirringemight at r.t and then treated
with 30% ammonia solution (10 mL) to remove the mapsalt. The two phases were
separated and the aqueous layer was extractedGHZCI2 (3 x 5 mL). The combined
organic extracts were dried (M&0,) and then concentrated with rotary evaporator. The
dark residue was purified by flash chromatogragip{, CH.Cl, : MeOH =10 : 1 + 0.5%
Et,NH), obtaining the produdt58b (0.136 g, 81% vyield) as yellow solid.

TLC R: = 0.40 (SiQ, CHClp: MeOH = 9 : 1 + 0.5% EBNH)

'H NMR (300 MHz, CDC}) § = 8.65 (d,J = 4.4 Hz, 2H), 8.41 (d] = 1.6 Hz, 1H), 8.26 (d,
J=8.1 Hz, 1H), 8.02 (d] = 9.3 Hz, 2H), 7.97 (ddl. = 8.2,J, = 1.8 Hz, 1H), 7.69 (d] =
8.8 Hz, 2H), 7.51 (dJ = 4.5 Hz, 2H), 7.46 — 7.33 (m, 7H), 7.29 — 7.21 4i), 7.01 (d,) =
8.8 Hz, 2H), 6.68 (s, 2H), 5.94 (br. s, 2H), 5.50H), 4.06 (t] = 5.3 Hz, 2H), 3.92 (s,
6H), 3.33 — 3.16 (M, 2H), 2.93 — 2.61 (m, 10H)42(g, 2H), 1.97 — 1.83 (m, 3H), 1.78 (s,
2H), 1.67 — 1.34 (m, 12H), 0.83 (tth= 7.2,Jp = 2.1 Hz, 6H).

13C NMR (151 MHz, CDCY) § =183.2, 182.7, 159.8, 158.2, 151.3, 148.4, 14748,8,
144.8, 143.2, 135.0, 134.9, 132.5, 132.2, 132.2,6,3131.2, 129.2, 128.7, 128.5, 128.5,
128.1, 127.2, 126.7, 126.7, 124.0, 123.8, 122.0,712120.5, 119.4, 115.2, 101.0, 80.2,
70.7, 67.8, 60.6, 60.6, 55.9, 54.1, 51.2, 50.39,379.8, 28.9, 27.3, 26.7, 26.7, 26.1, 25.5,
24.7,12.2,12.2.
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MS (ESI*) m/z= 581.6 [M+2H"], 852.5 [M - DHQD'], 1161.8 [M+H]
[a]p?” = -371.43 (c = 0.51, Ci€ly)

7.4.5. Preparation of IPB anthraquinone-coreCinchonaalkaloid
derivatives (158a, 158c).

‘O = Azido-Merrifield resin 122x

Schlenk tube was charged with the 0.242 g (0.430Inin5 equiv. of &) of resin
122x After evacuation at 5 mmHg for 5 min, for degagsthe solids, freshly distilled
CH.ClI, (3 mL) was added under nitrogen, followed by brishryellow reaction mixture of
crudel00b0.3 g (0.291 mmol, 1 equiv.) and 2.8 mg (0.0145Mmmanol%) of Cul and 54
uL (0.291 mmol, 1 equiv.) of DIPEA in dried-G8l, (4 mL). The Schlenk tube was closed
under nitrogen and kept stirring (slow) for fiveydaat room temperature. The mixture was
fillered under air through a medium porosity gléss and washed several times with
portions of CHCI,, 30% ammonia-THF, methanol, THF, and £H. After drying to
constant weight under vacuum (0.05 mmHg), the yehesin was characterized by IR and
the alkaloid loading was determined by the mademihce between the recovered material
(1589 and starting azido-Merrifield resifi22x (17 % anchoring yield, 0.18 mmofg
loading of alkaloid).

Material 158c was prepared by same procedure described abovefapa varied
molar ratios between azido-redi3z0.145 g (0.29 mmol, 3 equiv.) and alkaloid derivati
100b0.1 g (0.097 mmol, 1equiv.). The mated&Bcwas isolated as described above (44%
anchoring yield, 0.22 mmolJoading of alkaloidLO0b).
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7.4.6. Preparation of propargylCinchonaalkaloid soluble model
derivatives (160a and 160b)

Preparation of 1-benzyl-4-(quinidinyl/quininyl)-1H-1,2,3-triazole (160a/160b)
(QD)P-Tr (160a): A Schlenk tube was charged under N
with 13.2 mg (6.9umol, 5 mol%) of Cul, 0.5 g (1.38
mmol) of 120a((QD)P), after degassing were added dried
ome CHyCI; (5 mL), 0.24 mL (1.38 mmol, 1 equiv.) of DIPEA
and stirred for 15 min at rt. To the resulting bnisi

160a: (QD)P-Tr (8R, 9S) . .
160b: (@P-Tr 85, 97)  solution were added 0.367 g (2.76 mmol, 2 equiV.) o

benzyl azide and second portion of dried,CH (15 mL). The resulting solution was kept
stirring for 22 h at r.t and then treated with 3@#monia solution (25 mL) to remove the
copper salt. The two phases were separated anddireous layer was extracted with
CHxCl, (2x25 mL). The combined organic extracts were dri®aS0O;) and then
concentrated with rotary evaporator. The dark tesidas purified by flash chromatography
(SiO,, EtOAC : MeOH = 7 : 3 + 1% BENIH), obtaining the product60a(0.389 g, 78 %
yield) as a colorless solid.

TLC Rf =0.29 (SiQ, EtOAc: MeOH =8 : 2 + 1 % ENH)

'H NMR (300 MHz, CDCY) & = 8.74 (d,J = 4.5 Hz, 1H), 8.04 (d] = 9.2 Hz, 1H), 7.53 —
7.41 (m, 2H), 7.41 — 7.30 (m, 5H), 7.29 — 7.19 2id), 5.90 (dddJ, = 17.5,J, = 10.3,J. =
7.5 Hz, 1H), 5.51 (s, 2H), 5.31 @z 3.1 Hz, 1H), 5.05 — 4.82 (m, 2H), 4.56 (dg= 25.6,
Jy=12.0 Hz, 2H), 3.91 (s, 3H), 3.17 (m, 1H), 3.04 (Hl), 2.94 — 2.60 (m, 4H), 2.19 (dd,
Ja=16.9,J,= 8.1 Hz, 1H), 1.96 (br. dd,= 13.2, 9.0 Hz, 1H), 1.71 (br. s, 1H), 1.59 — 1.35
(m, 2H), 1.34 — 1.09 (m, 1H).

13C NMR (75 MHz, CDC}) 6 = 157.8, 147.7, 145.3, 144.7, 144.3, 140.7, 13434.,.9,
129.2, 128.8, 128.0, 127.4, 122.5, 121.8, 119.@,411101.2, 81.1, 63.0, 59.9, 55.7, 54.2,
50.2, 49.5, 40.0, 28.1, 26.5, 22.0.

MS (ESI") m/z =496.3 [M+H].

[a]p® = 128.2 (c = 1.015, Ci€l,)

(QN)P-Tr (160b): The soluble model derivativd60b was prepared by same procedure

reported above fat60g with an exception of running reaction on redusedle (1.1 mmol
of (QN)P @20b)and the loading of other components corresponidiig@0b).
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'H NMR (300 MHz, CDC}) & = 8.73 (dJ = 4.4 Hz, 1H), 8.03 (d] = 9.7 Hz, 1H), 7.45 (d,
J= 4.3 Hz, 1H), 7.41 — 7.30 (m, 6H), 7.28 — 7.17 i), 5.70 (dddJ, = 17.6,J, = 10.0,J;

= 7.8 Hz, 1H), 5.51 (s, 2H), 5.29 (s, 1H), 4.92, @d= 13.2,J, = 9.4 Hz, 2H), 4.53 (ddl, =
31.2,J, = 12.1 Hz, 2H), 3.92 (s, 3H), 3.42 — 3.22 (m, 1BP2 — 2.94 (m, 2H), 2.73 — 2.49
(m, 2H), 2.26 (br. s, 1H), 1.76 (s, 1H), 1.72 -41(&, 3H), 1.54 — 1.34 (m, 1H).

¥3C NMR (75 MHz, CDC}) & = 157.9, 147.6, 144.9, 144.7, 144.1, 141.5, 1343,.9,
129.1, 128.8, 128.1, 127.4, 122.7, 121.9, 119.3,5/1101.4, 80.4, 62.6, 60.2, 56.9, 56.1,
54.2,43.1,39.7, 27.7, 27.5, 22.8.

MS (ESI") m/z =496.9 [M+H].

[a]p?’ = - 53.4 (c = 1.02, CLl,)

7.4.7. Preparation of IPB propargylCinchonaalkaloid derivatives (159a
and 159b)

(QD)P-Tr/x (159a): Schlenk tube was charged with the 0.5

g (1.1 mmol, 2 equiv. of Y of resin122x After evacuation

at 5 mmHg for 5 min, for degassing the solids, Hhes
ove  distilled CHCI, (5 mL) was added under nitrogen, followed

by brownish solution of propargyl alkaloidZ0aor 120b)

159a: (QD)P-Tr/x

159b : (QN)P-Trix 0.2 g (0.55 mmol), 5.3 mg (248nol, 5 mol%) of Cul and

K)=Azido-MerrifieIdresin 122X“ 95 pL (0.55 mmol, 1 equiv.) of DIPEA in dried-GBI, (5

mL). The Schlenk tube was closed under nitrogenkampd stirring (slow) for four days at

room temperature. The mixture was filtered undettabugh a medium porosity glass frit
and washed several times with portions of,Ch, 30% ammonia-THF, methanol, THF,
and CHCI,. After drying to constant weight under vacuum $rmHg), the yellow resin
was characterized by IR and the alkaloid loading watermined by the mass difference
between the recovered materidb®a)and starting azido-Merrifield resii22x). The pale-
yellow functionalized resin1699 was recoveredvith 97 % anchoring yield and 0.77
mmol.g* loading of alkaloid).

(QN)P-Tr/x (159b). The IPB catalystl59b was prepared using the above reported

procedure forl59g with an exception of running reaction on compaedy large-scale
(2.52 mmol of (QN)PX20b) and loading of other components correspondintt). The
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pale-yellow functionalized resiri$9b) was recovered with 64% anchoring yield and 0.69
mmol.g* loading of alkaloid).

7.4.8. Preparation of the 1,3,5-triazine-cor€inchonaalkaloid soluble
model derivative (161).

Preparation of 2,4-bis(10,11-dihydro-9-O-quinidiny)-6-(2-(1-benzyl-1H-1,2,3-triazol-
4-yl)ethoxy)-1,3,5-triazine (161)

A Schlenk tube was charged under With 2
mg (10umol, ~5 mol%) of Cul, 0.1352 g (0.17
mmol) of 106b, after degassing were added
dried CHCI, (2 mL), followed by 27uL (0.16
mmol, ~1 eq.) of DIPEA and 50L (0.34 mmol,
2 equiv.) of benzyl azide. The resulting yellow
solution was kept stirring for 20 h at rt. After

complete conversion 0f06b as confirmed by

TLC, the reaction mixture was directly loaded
on silica column and the crude was purifiedflagh-chromatography (Si§) CH.Cl,, then
CH.CI»:CH30H = 8:2— 7:3 + 0,5% EMNH) obtaining 0.1125 g (71,1%) of produdi6()

as a colorless solid foam which provided singlet sipoTLC.

TLC R;=0.55 (SiQ, CH,Cl,: CHzOH = 7:3 + 0.5% ENH).
'"H NMR (300 MHz, CDC}) & = 8.63 (d,J = 4.2 Hz, 2H), 7.94 (1) = 9.2 Hz, 2H), 7.40 (br.
d,J = 2.4 Hz, 2H), 7.10-7.36 (m, 9H), 6.99 (s, 1HEB(br. s, 2H), 5.39 (s, 2H), 4.20-4.35
(m, 1H), 3.87-4.02 (m, 1H), 3.85 (s, 6H), 3.15-3(8% 2H), 2.50-2.95 (m, 10H), 1.65-1.90
(m, 4H), 1.30-1.60 (m, 12H), 0.85 {t= 7, 0 Hz, 6H).

3C NMR (75 MHz, CDC}) & = 172.6, 172.5, 157.8, 147.5, 144.5, 143.8, 13134,7,
129.0, 128.7, 128.6, 127.9, 127.3, 126.9, 121.7,712118.7, 101.6, 78.1, 66.9, 59.7, 55.6,
53.9, 50.9, 50.1, 37.4, 27.2, 25.8, 25.3, 23.31.12.

MS (ESI") m/z 466.9 [M+2H"], 931.8 [M+H'], 954.0 [M+N4].

[a]p?’ = - 62.8 (c = 1.0, ChCly).
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7.5. Experimental section for chapter-5

7.5.1. Catalytic asymmetric dimerization of ketenes

7.5.1-a. Homogeneous catalytic asymmetric dimerizan of ketene.

General procedure: To any of the soluble model-alkaloid derivativiEsba-¢ 161 (0.025
mmol) or154, 160ab (0.05 mmol) in anhydrous GBI, (10 mL) under nitrogen was added
DIPEA (1.0 mmol), followed by the appropriate acldoride166 (5.0 mmol). After stirring
for time t; at room temperature, 3 (0.50 mmol) of HN(OMe)Me and 0.0047 g (0.05
mmol) of 2-hydroxypyridine were added to the remttmixture. The mixture was then
stirred for timet, at room temperature, after which pH 7 buffer solutoncentrate (5 mL)
was added. The organic layer was removed and theoag layer was extracted with
CH.CI, (4 x 10 mL). The combined organic layers were dl(ifaS0Q,), concentrated on
rotary evaporator, and the residue was purifiedfiligation through small pad of silica
(EtOAc/hexanes, 2:1). The evaluation of enantiocnewmposition of the isolated products
170(R = Me) andL70 (R = Et) were carried out according to the Cadteonditions-’"® A
direct enantiomer separation method by chiral HRidDld be developed also for the
compoundlL70 (R = i-Pr): [220 nm, Phenomenex Lux Cellulose-Riom, 0.5 mL mift of

n-hexane : 2-propanol = 99 : 1, (R)-enantiomer 4 3&in, (S)-enantiomer = 35.2 min].

7.5.1-b. Heterogeneous catalytic asymmetric dimeition of ketenes.

General Procedure A Schlenk tube fitted with a medium porosity gldst and stopcock
side arm (Figure 53), was charged under nitrogeh iAB-catalyst 156a/x-y, 156b/x-y or
156¢/x 0.025 mmol supported bis-alkaloid derivative, &61%) or ((59a-b/x 0.05 mmol
supported mono-alkaloid derivative, 5 mol%) and @ieCl, (10 mL), followed by 17QL
(2.0 mmol) of DIPEA and acid chloride (distilledqrto use)166 (1.0 mmol). The Schlenk
was closed under nitrogen and kept on an orbitlisly platform, at room temperature, for
the timet; (Table 6). Then the mixture was filtered through enclosed frit, collecting the
filtrate and CHCI, rinses (2 x 2.5 mL) into a dry Schlenk tube. Thmbined filtrates were
treated under nitrogen with 3L (0.50 mmol) of HN(OMe)Me and 0.0047 g (0.05 mmol)
of 2-hydroxypyridine and the resulting solution v&tisred at room temperature for the time
t, (Table 6). Foree determination, a sample of the reaction mixtur@@0nL) was passed

through small pad of silica gel witlthexane:AcOEt = 2:1 (3 x 1 mL), evaporated with a
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nitrogen flow and dissolved in 2-propanol for HPEGalysis. The remaining part of the
solution was worked-up as described abB¥® purifying the productl70 by filtration
through silica gel. After brief drying under vacu{trmmHg), the frit-retained polymeric

material was returned into the flask and directgdiin further catalysis cycles.

Figure 53. Schlenk tube used for heterogeneous asgratric transformations.

7.5.1-c Catalytic activity control experiments.

To confirm the heterogeneous nature of the camglysvo sets of filtration
experiments were carried out:
Heterogeneity test-1: A 50 mL flask fitted with a medium porosity glasg and stopcock
side arm, was charged under nitrogen viif6a-b/x or 156a-b/y (0.025 mmol supported
alkaloid derivative, 2.5 mol%) and dry @El, (10 mL), sealed under nitrogen and kept for
1 day, at room temperature, on an orbital shakiatfggm. Then the mixture was filtered
under nitrogen through the enclosed frit, collegtine filtrate into a dry Schlenk tube where
it was treated with 166 (R = Me) (84, 1 mmol) and DIPEA (17QL, 1 mmol). After
stirring for 6 h at room temperature, NH(OMe)Me (3L, 0.50 mmol) and 2-
hydroxypyridine (0.0047g, 0.05 mmol) were added #nedresulting solution was stirred for
2 h at room temperature. The isolation of 170 (RMe&) and the ee determination were
performed as described above, obtaining the prosutdw yields (0.017-0.027 g , 20-
31%) and enantiomeric purity (< 1% ee). If magneaticring was employed in the first
stage, a larger enantioselectivity was observehdrfiltrate (57% ee).
Heterogeneity test-11: A 25 mL Schlenk tube fitted with a medium porogtass frit and
stopcock side arm, was charged under nitrogen ®biba-b/x or 156a-b/y (0.025 mmol
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supported alkaloid derivative, 2.5 mol%), dry £&H (10 mL), 166 (R = Me) (87L, 1
mmol), and DIPEA (17@L, 1 mmol). The tube was sealed under nitrogenkapd for 1 h

at room temperature, on an orbital shaking platfofimen the mixture was filtered under
nitrogen through the enclosed frit, collecting figate into a dry Schlenk tube where it
was stirred for further 5 h at room temperaturéeAédddition of NH(OMe)Me (31L, 0.50
mmol) and 2-hydroxypyridine (0.0047g, 0.05 mmdfg tesulting solution was stirred for 2
h at room temperature. The isolation bf0 (R = Me) and the ee determination were
performed as described above, obtaining the prodiitht91-98% ee, but in much reduced
yield (0.017-0.020 g, 20-23%) in comparison witlyukar heterogeneous catalysis runs.
(Table 6).

7.5.2. Asymmetric methanolysis of cis-1,2,3,6-tetngdrophthalic
anhydride.

H
Cat £ COH
o) + MeOH — 5
solvent, -20°C

48h £ Co,Me

~ I

2

iy
-

7.5.2-a. Homogeneous catalytic asymmetric methanaig of cis-1,2,3,6-
tetrahydrophthalic anhydride.

General procedure: A 25-ml Schlenk tube was charged under nitrogeth whe soluble
alkaloid catalys8, 154, 1553 160 or 161 (for the exact amounts see Table 7) and 0.0761 g
(0.50 mmol) of171 After cooling to -20°C, the dry solvent (10 mlasvadded and the
mixture was kept stirring for 15 min, whereupon tmenplete dissolution of the solids was
generally observed. 202L (5 mmol, and 10 equiv.) of dry MeOH was added &mel
resulting solution was stirred at the same tempesdbr 48 h. The reaction was quenched
by adding 2N HCI (4 ml) and, after separation & thyers, the organic one was washed
with a second portion of 2N HCI (4 ml). The aqueaashings were back-extracted with
AcOEt (2 x 5 ml) and the combined organic phaseésddfNaSQ:). The volatiles were
removed with a rotary evaporator, and the reaatmmversion was determined By NMR

of the residue. The crude product was then puritigdflash chromatography (SiO
petrolium ether:AcOEt = 3:1 + 0.5% trifluoroace#icid) to give product (+)-(1R; 29)¢2

as a viscous olil that solidified on standing. Theadute configuration of the product was
confirmed by comparing its optical rotatory poweithwthe literature valué®’ After
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dissolution iniso-propyl alcohol (IPA, 0.1 ml), the enantiomeric quusition of the sample
was determined by HPLC analysis [210 nm, Daicet&tél OJ, 1 ml mitl, (n-hexane:IPA
= 95:5+0.1% trifluoroacetic acid)r[{1R; 29-172 = 10.7 min; §[(1S 2R)-172 = 16.2

min.]

7.5.2-b. Heterogeneous catalytic asymmetric methalysis of cis-1,2,3,6-
tetrahydrophthalic anhydride.

General procedure A Schlenk tube fitted with a medium porosity gfdrit and stopcock
side arm (Figure 53), was charged with 0.149 g3®.6imol, 0.2 equiv.) of IPB-catalyst
(1589 and 0.025 g (0.164 mmol) of anhydriderl, after evacuation, at 5 mmHg for
degassing the solids, dry toluene (5 mL) was adotetr nitrogen and kept stirring at slow
speed until complete dissolution bf1 (10 min). The Schlenk tube was cooled to -20°C and
then added in one portion 38 (0.821 mmol, 5 equiv.) of dry MeOH followed bycssmd
portion of toluene (1.6 mL) from the walls, the etk tube was closed under nitrogen and
kept stirring at slow speed at same temperatured®h. Then the mixture was filtered
through the enclosed frit in a conical flask conitag water and the catalyst washed by
CH.CIl, (3 x 5 mL). Organic phase was removed and aquebase was washed with
CH.CI; (2 x 5 mL) and combined organic phases dried,$8g. The volatiles were
removed with a rotary evaporator, the reaction eosion was determined B NMR of
the residue. The crude product was then purifiefldsh chromatography (Si§) petrolium
ether. AcCOEt = 3:1 + 0.5% trifluoroacetic acid) gove product (+)-(1R; 2S)72 as a
viscous oil that solidified on standing. Enantiormecomposition of the product was
evaluated as described before. After drying unéeuum (5 mmHg), the frit-retained IPB-

catalyst was returned into the flask and directigdiin further catalysis cycles.

7.5.3. General procedure for soluble modeGinchonaalkaloid-catalyzed
dynamic kinetic resolution of 5-phenyl-1,3-dioxolae-2,4-dione.

@ P cat (1omol), ©
(14 MS(4A%) HKOCHch3
0
182

EtOH (1.5 eq),

Solvent
181 O -20°C

In a Schlenk tube a mixture of 0.089 g (0.5 mmdlbghenyl-1,3-dioxolane-2,4-
diones 181) and 4 A molecular sieves (50 mg) in anhydrousesdl (Table 8) (25 mL) was

stirred at room temperature for 15 minutes, theslatbto -20°C, after which the soluble
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model-Cinchonaalkaloid derivatives8, 155aor 160 (0.05 mmol, 0.1 equiv.) was added to
the mixture. The resulting mixture was stirred &mother 5 minutes and then gl (0.75
mmol, 1.5 equiv.) of ethanol was added in one paortiThe resulting reaction mixture was
stirred at same temperature for time given in Tabl®eaction was quenched by adding
HCI (2N, 5.0 mL) dropwise. The resulting mixture svallowed to warm to room
temperature. The organic phase was collected, wastie aqueous HCI (2 N, 2 x 5.0 mL)
and the aqueous phase was extract withGIH2 x 5.0 mL). The combined organic phase
was washed with brine, dried (M#0,) and concentrated. The residue was subjected to
flash chromatography (Si§) n-hexane:AcOEt = 4:1) to give the final proddd2 The
enantiomeric composition of the sample was detegthioy CSP-HPLC analysis [220 nm,
Chiralcel OD-H, 1 mL mit, (n-hexane:IPA = 95:5)xt= 17.18 min (major),xt= 8.8 min

(minor).]

7.5.4. General procedure for soluble modéeGinchonaalkaloid-catalyzed
chlorolactonization of 4-(4-fluorophenyl)-pent-4-emwic acid.

o cl

/
N
F’“I J~o
Ph ’\\l

Cl
(1.1 eq.) DCDPH- 189

cat. (QD),PYZ-model
CO,H 155a (0.1 eq.)
. Benzoic acid (1 eq.)

Solvent, -40°C
191

General procedure To a Schenk tube was added 0.0094 g (0.01 mmbleQuiv) of
catalyst155g 32 mg (0.11 mmol, 1.1 equiv) of DCDPH89), and 12 mg (0.1 mmol, 1
equiv) of benzoic acid. These reagents were dissoin appropriate solventc(2 mL) (see
Table 9 for solvents used) and cooled to -40°C t¢exelig. Nb). The resulting -40°C
solution was stirred for ca. 20-30 minutes at whiate 0.018 g (0.1 mmol, 1 equiv) of the
alkenoic acid 191) was added in one portion. The resulting mixtueesgtirred at -40°C
and monitored by TLC (see Table 9 for reaction §in&he reaction mixture was poured
into a 60 mL separatory funnel and diluted with,CH (10 mL). The organics were then
washed with 0.1 M ag. NaOH (10 mL). The aqueousHdayas extracted with Gigl, (10
mL). The combined organics were dried §8@,) and concentrated by rotary evaporation.
The crude isolate was then purifiedftash chromatography (Si®n-hexane:AcOEt = 8:2).
The enantiomeric excess of the products was datedrby CSP-HPLC analysis [220nm,
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Chiralcel OJ, 1mL/min, rthexane:IPA = 95:5):xt= 30.41 min (major),gt = 39.73 min

(minor)]

7.5.5.a-Amination of 2-oxindoles.

7.5.5-a. Synthesis of substrates.

1-Benzyl isatin (198)*

o To a three-necked round bottom flask (250 mL) watded under nitrogen,

CE&O 11.04 g (75 mmol) of isatinl@7) and DMF (150 mL) stirred until complete
N

N dissolution of197. The resulting bright orange solution was coole@C by
the use an ice/water bath, 3.78 g (78.7 mmol, E@&iv.) of NaH (50% dispersion in
mineral oil) was added portionwise resulting ineep purple solution. The solution was
stirred until any effervescence had ceased (~50.nfia this, 10.71 mL (90 mmol, 1.2
equiv.) of benzyl bromide was added in a dropwissnner and the resulting red-brown
mixture was stirred for an additional 50 min at 01Q. of HO was added to precipitate the
product. The product was filtered through glass diied under reduced pressure (0.5
mmHg) and recrystallized from 125 mL EtOH. Titleoguct (98 was obtained as bright
orange needles 13.9 g, additional crop of prodwd wbtained from mother liquor 0.67 g
of, (combined yield = 82%).

1-Benzyl-1,2-dihydroindol-2-one (199§

To a 100 mL round bottom flask were added 10 gniddol) of 198and 46.5
%O mL of hydrazine hydrate. The resulting suspensias fhieated to reflux until
the gassn evolution had stopped (5 h). The reactiottune went from orange via green to
yellow within this time. The reaction mixture walkoaed to cool to ambient temperature
treated with HO (75 mL) and extracted with GBI, (3 x 75 mL). The combined organic
phases were dried over M0, filtered, and concentrated under reduced presfute
mmHg). The yellow crude was recrystallized from@t7.3 g of product99was obtained

as heavy off-white needles (75% yield)
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General procedure for 3-alkylation of N-Bn oxindoles:

a) By ‘borrowing hydrogen’ method (with [RuStH0]):%*® In a 7-mL thick-walled screw-
cap vial were added, 0.00954 g (0.046 mmol, 0.@Rvegof [RuCk- xH0], 0.024 g (0.092
mmol, 0.04 equiv.) of PR0.0115 (0.23 mmol, 0.1 equiv.) of NaOH, 0.512 @ (@&mol, 1
equiv.) of199 and 0.26 mL (2.53 mmol, 1.1 equiv.) of the beralgiohol. The vial was
purged with nitrogen and sealed with a screw-cdye mixture was placed in a preheated
oil bath to 110°C and stirred for 39 h or unkl NMR of the crude reaction mixture showed
complete consumption of the oxindole. The reactiorture was allowed to cool to room
temperature followed by dilution with GBI, (10 mL). SiQwas added and the suspension
was concentrated under reduced pressure to aff@oWwaer that was purified by use of
flash chromatography (Si£) n-Hexane:EtOAc = 7:3). The product 1,3-dibenzylimald-
one Q029 was obtained asrownish solid (0.44 g, 61% vyield).

1,3-dibenzylindolin-2-one(202a§*
b) By condensatiorof 199 with an aromatic aldehyde followed by
O reduction with (NaBk): In a round bottom flask (100 mL), under
O o nitrogen were added, 2.0 g (8.96 mmol, 1 equiv.129 and methanol
B (18 mL), stirred until complete dissolution 49 To the resulting
solution were added 94 (0.896 mmol, 0.1 equiv.) of pyrrolidine and OrBL (8.96 mmaol,
1 equiv.) of benzaldehyde and the mixture was ldetdereflux for 2 h (until complete
consumption ofl99, by TLC) and cooled to room temperature. To tl@boyv solution was
added 1.69 g (44.79 mmol, 5 equiv.) of NaBi portions and the color faded and
disappeared in 1 hour. The reaction was quenchedabgr and extracted with ethyl acetate
(2 x 50 mL). The organic layer was dried ¢(S@y), filtered, and dried to give a white crude
product 2028 which was almost pure B NMR (2.48 g, 88% yield).
Oxindoles202b-f were synthesized analogously, all these products werified by
flash chromatographic technique.

1-benzyl-3-(4-methylbenzyl)indolin-2-one (202b)(>99% vyield)
o, TLC Ri=0.77 (SiQ, petrolium ether: EtOAc = 3:1).
O 'H NMR (300 MHz, CDC}) 6 = 7.28 — 7.18 (m, 3H), 7.16 — 7.07
O o (m, 1H), 7.04 (s, 4H), 7.02 — 6.90 (m, 4H), 6.57)¢ 7.8 Hz, 1H),
Bn 5.09 (d,J = 15.8 Hz, 1H), 4.64 (d] = 15.8 Hz, 1H), 3.86 (ddl, =
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7.9,J, = 4.3 Hz, 1H), 3.50 (ddl, = 13.6,J, =4.3 Hz, 1H), 3.15 (dd], = 13.6,J, = 8.0 Hz,
1H), 2.35 (s, 3H).
13C NMR (75 MHz, CDC}) & = 176.9, 143.4, 136.0, 135.6, 134.3, 129.5, 128285,
128.3, 127.8, 127.3, 127.0, 124.4, 122.0, 109.0,,48.5, 36.1, 21.1.
MS (ESI") m/z = 328.2 [M+H].
1-benzyl-3-(3-methoxybenzyl)indolin-2-one (202c)77% yield).
« O TLC R:= 0.5 (SiQ, petrolium ether: EtOAc = 3:1),
° 'H NMR (300 MHz, CDC}) & = 7.29 — 7.18 (m, 3H), 7.18 — 7.06 (m, 2H),
O o 7.04-6.90 (m, 4H), 6.77 (m, 2H), 6.68 — 6.62 {H), 6.57 (dJ = 7.8
N Hz, 1H), 5.06 (dy = 15.8 Hz, 1H), 4.64 (d] = 15.8 Hz, 1H), 3.86 (ddl,

=8.1,J, = 4.3 Hz, 1H), 3.65 (s, 3H), 3.50 (d#},= 13.6,J, = 4.3 Hz, 1H), 3.12 (ddl, =
13.6,J, = 8.1 Hz, 1H).
13C NMR (75 MHz, CDC}) & = 176.6, 159.4, 143.4, 138.8, 135.6, 129.0, 12828.2,
127.7,127.1, 126.8, 124.3, 121.9, 114.7, 112.8,.81%4.9, 46.8, 43.4, 36.4.
MS (ESI") m/z = 344.1 [M+H]

1-benzyl-3-(4-methoxybenzyl)indolin-2-one (202d)88% yield).
TLC Ri=0.42 (SiQ, n-hexane: ethyl acetate = 3:1),
'H NMR (300 MHz, CDC}) § = 7.30 — 7.16 (m, 3H), 7.16 — 6.95 (m, 5H),
O 6.95 — 6.82 (m, 2H), 6.81 — 6.68 (M, 2H), 6.56)d, 7.7 Hz, 1H), 5.11 (d]
= 15.9 Hz, 1H), 4.58 (d) = 15.9 Hz, 1H), 3.83 (ddl, = 7.4,J, = 4.2 Hz,
O ¢ 1H), 3.76 (s, 3H), 3.46 (ddy = 13.7,J, = 4.2 Hz, 1H), 3.20 (ddl, = 13.7,
Jp= 7.5 Hz, 1H).
3¢ NMR (75 MHz, CDC}) 6 = 176.6, 158.2, 143.3, 135.4, 130.5, 129.0, 12828.1,
127.7,127.1, 126.7, 124.2, 121.9, 113.4, 108.8,%%4.1, 43.2, 35.3.
MS (ESI) m/z = 344.0 [M+H]

Bn

1-benzyl-3-(4-chlorobenzyl)indolin-2-one (202e)40% yield).
“ TLC Rr=0.26 (SiQ, n-hexane: ethyl acetate = 6:1).
O 'H NMR (300 MHz, CDC}) & = 7.30 — 7.18 (m, 3H), 7.18 — 7.06 (m, 4H),
7.02 (d,J = 8.2 Hz, 3H), 6.86 (ddl, = 6.7,J, =2.1 Hz, 2H), 6.56 (d] = 8.1
O . Hz 1H), 5.10 (dJ = 15.9 Hz, 1H), 4.55 (d] = 15.9 Hz, 1H), 3.85 (ddl =
6.9, = 4.4 Hz, 1H), 3.34 (ddd, = 20.7,J, =13.6,J. = 5.7 Hz, 2H).
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13C NMR (75 MHz, CDC}) & = 176.3, 143.5, 135.6, 135.5, 132.5, 131.0, 12828.2,
128.0, 127.7, 127.3, 126.8, 124.2, 122.1, 109.@®,48.5, 35.5.
MS (ESIN m/z = 348.1 [M+H]

1-benzyl-3-(4-fluorobenzyl)indolin-2-one (202f){89% yield)
F TLC Ri=0.29 (SiQ, petroleum ether: ethyl acetate = 6:1).
O 'H NMR (300 MHz, CDC}) 8 = 7.28 — 7.17 (m, 3H), 7.17 — 6.96 (m, 5H),

6.95 — 6.80 (m, 4H), 6.62 — 6.52 (m, 1H), 5.09)(d¢,15.9 Hz, 1H), 4.57 (d

O /° =158Hz, 1H), 3.84 (ddl = 7.0,J, =4.3 Hz, 1H), 3.35 (dddl = 20.8,J, =

Bn

13.7,J. = 5.7 Hz, 2H).

3C NMR (75 MHz, CDCI3)s = 176.4, 163.3, 160.0, 143.4, 135.4, 132.7, 13234,1,

131.0, 128.4, 127.9, 127.7,127.2, 126.7, 124.2,00215.0, 114.7, 108.9, 46.9, 43.3, 35.3.

MS (ESI) m/z = 332.0 [M+H].

General procedure of the synthesis of 3-allyl and-8innamyl oxindole derivatives**°

In a Schenk tube under nitrogen were added 0.448 gimol) of benzyl-1,2-
dihydroindol-2-one 199 and DMF (8 mL), after stirring to the solution svadded at 0°C,
0.106 g (2.2 mmol, 1.1 equiv.) of NaH (50 % disp®rsn mineral oil) and the mixture was
stirred for 5 minutes at same temperature. Aftly)-sor cinnamyl-bromide (1.0 equiv.)
was added to the solution at -60°C, the mixture Wwather stirred for overnight. The
reaction was quenched by the addition gbHand the mixture was extracted with Ci.
The organic layer was washed with brine, dried dv&SO, and the solvent was removed
by evaporation. The residue was purifiedflash chromatography (Si§) n-hexane: ethyl
acetate = 6:1 foe02gand 3:1 for202h) to give the corresponding alkylated compounds
202gand202h(13% and 50% yield respectively).
3-allyl-1-benzylindolin-2-one (202g¥°" (13% yield)

/

N
Bn

1-benzyl-3-cinnamylindolin-2-one (202h)(50% yield).

7 Thomson, J. E.; Kyle, A. F.; Ling, K. B.; Smith, B.; Slawin, A. M. Z.; Smith, A. DTetrahedror201Q 66, 3801-
3813.
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TLC Rf=0.4 (SiQ, n-hexane: ethyl acetate = 3:1),
O \ 'H NMR (300 MHz, CDC}) 6 = 7.40 — 7.02 (m, 13H), 6.72 @= 7.7
Hz, 1H), 6.57 (dJ = 15.8 Hz, 1H), 6.26 — 5.99 (m, 1H), 5.20 J& 15.8
O o Hz, 1H), 4.71 (dJ = 15.7 Hz, 1H), 3.75 (] = 5.6 Hz, 1H), 3.27 — 2.80
B (m, 2H).
13C NMR (75 MHz, CDC}) & = 176.9, 143.3, 136.9, 135.6, 133.4, 128.5, 1218,2,
127.8,127.3,127.2, 126.9, 126.1, 124.9, 124.9,2,208.9, 45.6, 43.5, 34.0.
MS (ESI") m/z = 340.1 [M+H]

1-benzyl-3-methylindolin-2-one (202iF3*

N
Bn

1-boc-3-methylindolin-2-one (202j*°

7.5.5-b. General procedure for soluble modédGinchonaalkaloid-catalyzeda-amination
of oxindoles (homogeneous).

NHCOOEt OAlk
R2 R2 |
DEAD, 195a (1.2 eq) NCOOEt N Y
cat. 1565a N/ \ | |
O — > o) N\ N
N
N solvent, rt N 4

\ 28-66 hr
R Y OAlk
202a+ 203a

155a ; (QD),PYZ-Tr

A Schlenk tube was charged under nitrogen atmosplvéh 18.8 mg (0.02 mmol,
0.2 equiv.) of model soluble catalyst (QRYZ (1559, 3-substituted oxindol.1 mmol),
and 0.75 mL of dried-THF, after was added 5{L5(0.12 mmol, 1.2 equiv.) of DEAD
(40% in toluene). The resulting solution was stires rt for 48 h. and then directly purified
by flash column chromatography (Si@etroleum ether: ethyl acetate = 3:1) to affdrel t
desired products. Structure was confirmed Y NMR, *C NMR, [MS (ESI+)].

Enantiomeric excess were calculated by use of CBPcHanalysis.
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7.5.5-c. General procedure for IPBCinchonaalkaloid-catalyzeda-amination of
oxindoles (heterogeneous):

NHCOOEt OAlk
R2 R2 |

DEAD, 195a (1.2 eq) WNCOOE N NN
cat. 155a N/ \ ’ |
o ——M - O \\ /N
N
N solvent, rt N 4

\ 28-66 hr \ "

20224 " 203aj R'
156a/x : (QD),PYZ-Tr/x

A 10 mL Schlenk tube fitted with a medium porosifiass frit and stopcock side
arm (Figure 53), was charged under nitrogen witl® 289 (0.02 mmol, 0.2 equiv) of IPB-
catalyst {56a/x,0.7 mmol @ of supported alkaloid derivative), 3-substitutethdole (0.1
mmol) in 0.75 mL THF. To this stirred mixture addgd.5uL (0.12 mmol, 1.2 equiv.) of
DEAD (195a 40% in toluene) and reaction was stirred at oy speed at 29°C for 48 h.
The reaction mixture was filtered through frit, lected into a test-tube and rinses with (2 x
5 mL) THF. Combined filtrate were concentrated ppr@ax. 1mL and directly purified by
flash column chromatography (SiOpetroleum ether: ethyl acetate = 3:1). The polyme
material retained by frit was dried briefly undeduced pressure 5 mmHg and was used for
subsequent reactions.

The detailed characterizations of new compoundgjiasn below:

(S)-diethyl1-(1-benzyl-3-(4-methylbenzyl)-2-oxoindoh-3-yl)hydrazine-1,2-
dicarboxylate (203b):
White solid, TLC R; = 0.25 (SiQ, n-hexane: ethyl acetate = 3:1),
Nicoet *H NMR (300 MHz, CDCY) § = 7.96 (d,J = 6.6 Hz, 1H), 7.32 (s, 1H),
o  7.14 (m, 2H), 7.10 — 7.04 (m, 2H), 6.79 Jcs 7.9 Hz, 2H), 6.76 — 6.70
B (m, 2H), 6.60 (dJ = 8.0 Hz, 2H), 6.25 (d] = 7.4 Hz, 1H), 4.59 (ddl,
= 69.3,J, = 16.0 Hz, 2H), 4.41 — 4.19 (m, 2H), 4.07 — 3.84 2H), 3.32 (ddJ, = 62.7,J, =
12.1 Hz, 2H), 2.25 (s, 3H), 1.35 {t= 7.1 Hz, 3H), 0.95 (t] = 7.0 Hz, 3H).
3¢ NMR (75 MHz, CDC}) 6 = 176.2, 157.3, 154.1, 143.0, 136.4, 135.4, 13029,8,
129.7, 128.7, 128.5, 128.4, 127.1, 126.9, 124.3,8,2008.8, 70.0, 62.7, 62.4, 44.30, 41.25,
21.21, 14.6, 14.1.
MS (ESI") m/z= 502.3 [M+H]
[a] b?°= + 47.54 (c = 1, CkCly).
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CSP-HPLC (254 nm, Chiralpak OD-H, flow rate = 0.&/min, 30°C, hexanefrOH =
97:3): k = 19.12 min (major) &= 27.57 min (minor).

(S)-diethyl-1-(1-benzyl-3-(3-methoxybenzyl)-2-oxoindm-3-yl)hydrazine-1,2-
dicarboxylate (203c):

TLC R;=0.19 (SiQ, petrolium ether : ethyl acetate = 3:1),
NeoE ' ™M NMR (300 MHz, CDCY) & = 7.99 (dJ = 7.0 Hz, 1H), 7.40 — 7.21
(m, 1H), 7.24 — 7.00 (m, 5H), 6.94 {t= 7.8 Hz, 1H), 6.69 (d] = 8.4
Hz, 3H), 6.45 (d,) = 7.4 Hz, 1H), 6.26 (dJ = 7.2 Hz, 1H), 6.11 (s,
1H), 4.59 (ddJs = 50.2,J, = 16.1 Hz, 2H), 4.45 — 4.12 (m, 2H), 4.14 — 3.88 2H), 3.44
(s, 3H- Ome + d, 1H), 3.23 (d,= 12.0 Hz, 1H), 1.36 (§ = 7.1 Hz, 3H), 0.95 () = 6.4
Hz, 3H).
13C NMR (75 MHz, CDC}) 6 = 176.0, 158.9, 157.4, 154.1, 143.1, 135.4, 13123.9,
128.7, 128.7, 128.5, 127.1, 126.7, 124.5, 123.2,8,2114.8, 114.1, 108.9, 70.0, 62.8, 62.4,
55.0,44.2,41.7, 14.6, 14.1.
MS (ESI") m/z = 518.2 [M+H]
[a] p2°= +18.43 (c = 1.005, CiEl,).
CSP-HPLC (254 nm, Chiralpak OD-H, flow rate = 0.%/min, 30°C, hexanefrOH =
97:3) & = 23.39 min (major) &= 37.37 min (minor).

O

Bn

(S)-diethyl-1-(1-benzyl-3-(4-methoxybenzyl)-2-oxoindm-3-yl)hydrazine-1,2-
dicarboxylate (203d):
TLC R;=0.16 (SiQ, petrolium ether : ethyl acetate = 3:1),

N 'H NMR (300 MHz, CDC}) 6 = 7.97 (d,J = 7.3 Hz, 1H), 7.45 (s,
o 1H), 7.24 — 6.96 (m, 5H), 6.84 — 6.40 (m, 6H), 6(@7J = 6.9 Hz,

B 1H), 4.61 (ddJ, = 76.9,J, = 16.2 Hz, 2H), 4.41 — 4.14 (m, 2H), 4.09
—3.87 (m, 2H), 3.70 (s, 3H), 3.31 (dd,= 66.2,J, = 12.2 Hz, 2H), 1.35 (1] = 7.1 Hz, 3H),
1.12 —0.82 (m, 3H).
13C NMR (75 MHz, CDC#) § 182.1, 176.2, 158.7, 157.3, 154.1, 142.9, 1333,6, 129.8,
128.7, 128.4, 127.1, 126.8, 124.7, 124.5 122.9,211108.9, 70.0, 62.7, 62.4, 55.0, 44.2,
40.8, 14.6, 14.1.
MS (ESI") m/z = 540.5 [M+Na], 518.2 [M+H.
[a] o2’ = + 48.64 (c = 1.005, Cigl,).
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CSP-HPLC (254 nm, Chiralpak OD-H, flow rate = 0.&/min, 30°C, hexanefrOH =
97:3) & = 30.80 min (major) &= 54.15 min (minor).

(S)-diethyl-1-(1-benzyl-3-(4-chlorobenzyl)-2-oxoindah-3-yl)hydrazine-1,2
dicarboxylate (203e):
TLC Rr =0.21 (SiQ petroleum ether: ethyl acetate = 3:1),

o 'H NMR (300 MHz, CDCY) & = 8.16 — 7.81 (m, 1H), 7.33 (s, 1H),
o 7.24-7.11 (m, 3H), 7.16 — 7.00 (m, 2H), 6.94)(¢,8.3 Hz, 2H), 6.81

—6.67 (m, 2H), 6.63 (dl = 8.3 Hz, 2H), 6.31 (ddl,= 5.6,J,= 2.8 Hz,
1H), 4.75 (dJ = 16.0 Hz, 1H), 4.47 (dl = 16.0 Hz, 1H), 4.32 (ddds= 20.9,J,= 10.4,J.=
7.0 Hz, 2H), 4.13 — 3.81 (m, 2H), 3.32 (ddF 65.1,J,= 12.1 Hz, 2H), 1.35 (1] = 7.1 Hz,
3H), 0.96 (tJ = 6.7 Hz, 3H).
13C NMR (75 MHz, CDC}) 6 = 175.9, 157.3, 154.1, 143.1, 135.4, 133.2, 13231,.9,
131.6, 129.6, 129.0, 128.5, 127.9, 127.3, 127.0,612123.0, 109.0, 69.8, 62.8, 62.5, 44.4,
41.0, 14.6, 14.1.
MS (ESI") m/z=522.1 [M+H]
[a] p2°= + 47.97 (c = 0.995, Cigl,).
CSP-HPLC (254 nm, Chiralpak OD-H, flow rate = 0.%/min, 30°C, hexanefrOH =
97:3) &k = 22.26 min (major) &= 32,19 min (minor).

(S)-diethyl-1-(1-benzyl-3-(4-flurobenzyl)-2-oxoindoln-3-yl)hydrazine-1,2-
dicarboxylate (203f):
TLC Rr =0.24 (SiQ, petrolium ether: ethyl acetate = 3:1),

et 1H NMR (300 MHz, CDCY) § = 8.06 — 7.87 (m, 1H), 7.34 (s, 1H), 7.24
o —7.11 (m, 3H), 7.13 — 6.93 (m, 2H), 6.85 — 6.71 Pi), 6.65 (dJ =

B 7.1 Hz, 4H), 6.39 — 6.22 (m, 1H), 4.58 (dd= 41.7,J, =16.0 Hz, 2H),
4.44 — 4.21 (m, 2H), 4.08 — 3.86 (m, 2H), 3.32 ({id; 67.8,J, = 12.2 Hz, 2H), 1.35 (1] =
7.1 Hz, 3H), 0.95 (tJ = 8.1 Hz, 3H).
13C NMR (75 MHz, CDC}) 6 = 175.9, 163.7, 160.5, 157.3, 154.1, 142.8, 13532.1,
132.0, 129.5, 128.9, 128.5, 127.3, 126.9, 124.8,0,2.14.7, 114.5, 108.9, 69.8, 62.8, 62.5,
44.2,40.8, 14.6, 14.1.
MS (ESI") m/z = 506.4 [M+H]
[a] p?'= + 5.52 (c = 1.0, CkCly).
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CSP-HPLC (254 nm, Chiralpak OD-H, flow rate = 0.&/min, 30°C, hexanefrOH =
97:3) & = 23.65 min (major) &= 32.92 min (minor).

231



