APPLICATIONS OF ASYMMETRIC CATALYSIS AND GREEN CHEMISTRY
PRINCIPLES TOWARDS HE SYNTHESIS OF CHIRL MULTIFUNCTIONAL
ALCOHOLS AND ORGANORUORINE COMPOUNDS

A Dissertation
submitted to the Faculty of the
Graduate School of Arts and Sciences
of Georgetown University
in partial fulfillment of the requirements for the
degree of
Doctor of Philosophy
in Chemistry

By

Menachem S Moskowita.S.

WashingtonpD.C.
Decembefl, 2018



Copyright2018by Menachem S Moskowitz
All Rights Reserved



APPLICATIONSOFASYMMETRIC CATALYSIS AND GREENCHEMISTRY PRINCIPLES
TOWARDSTHE SYNTHESISOFCHIRAL MULTIFUNCTIONAL ALCOHOLSAND
ORGANOFLUORINECOMPOUNDS
Menachem S MoskowitM.S.
Thesis Advisor:Christian Wolf Ph.D.
ABSTRACT
Asymmetric reaction development and synthesis of chiral building blocks are fundamental to

the pharmaceutical arajrochemical sciences. Specifically, the field of asymmetric catalysis has
amassed a growing body of reactions that permit the stereoselective introduction of complex
functionalities into organic compounds. In this dissertation, the optimization of two
enantioselective reactions catalyzed by a readily available chiral catalyst was achieved. It was
shown that the asymmetric Reformatsky reaction between ethyl iodoacetate and aldehydes in the
presence of a bisoxazolidine ligand, dimethylzinc and air produtted 8hydroxy3-(4-
aryl)propanoates in high yields and in 75 to 80% ee at room temperature within one hour. The
scalable asymmetric addition of ynamides to isatins in the presence of the same ligand and
copper(l) triflate produces novel, highly function&hydroxy-2-oxoindolines in high yields and

89 to 98% ee in a basee environment. This reaction simplifies access to multifunctional 3

hydroxyoxindoles and natural products suchSggChimonamidine.

Green chemistry syntheses that are environmenttatlign and address the increasing emphasis
on operational safety, waste minimization and efficiency have become generally important in
recent years. To this end, a highly diastereoselective organocatalytic method that preduces 3
fluoro-3 dydroxy-3 , -Bisdxindoles in protic solvents at room temperature, without the need of

chromatographic product purification was developed. The reaction occurs within 30 minutes in the



presence 10 mol% of triethylamine as catalyst and the bisoxindole formation can bevgbaled

compromising yields and diastereoselectivity.

The successful role of organofluorines and organochlorines in the pharmaceutical and
agrochemical industries requires the development of new synthetic methodologies. An efficient
organocatalytic metltbthat achieves decarboxylative cyanomethylation using cyanoacetic acid
and difluoromethyl and trifluoromethyketones in the presence of catalytic amounts of
tri et hyl armydiogynitriles ing@9% yields without concomitant water elimination
wasaccomplished. The reaction protocol is scalable and was extended to an asymmetric Mannich
reaction with aert-butylsulfinyl difluoromethyl ketimine derivative. A mild catalytic procedure
accomplished by detrifluoroacetylatiue situ generation of dihalagnated enolates from readily
available geminal diols was developed and used to prepare bromochlorofluoromethyl ketones in
82-98% vyield. The synthetic utility of these ketones was showcased withyigilgling

dibromoalkenylations, Wittig and Horn@vadsworh-Emmons reactions.

As a result of the continuing difficulty with the regulated use of atropisomeric compounds, a
chiral DHPLC study was undertaken. Theamiumn enantiomerization of(b-tolyl)naphthalene
and 2cyclohexyt2 -@limethylaminobiphenyl betweelO °C and 35 °C, generating characteristic

HPLC elution profiles was investigated. Computer simulation of the experimentally obtained

chromatograms all owed deter mi nat iV%as93@kJmolhe Gi

and 88.4 kJ/mol, respavely.

k



ACKNOWLEDGEMENTS

With characteristic consistency Dr. Christian Wolf has provided from the first day to the last
day of my tenure support, guidance and direction at every juncture. Through his encouragement,
this work was made possible even in the face of personal hardshipsld like to express my
appreciation and gratitude for the opportunities afforded to me and for the knowledge and

experience imparted to me.

| would like to thank my thesis committee members, Dr. Timothy Warren, Dr. Travis Holman

and Dr. Jennifer Sift for their patience and advice throughout.

Many professors have provided invaluable assistance through their instructive courses and their
personal support. | would especially like to thank Dr. Steven Metallo, the Director of Graduate
Studies, for higireless efforts in ensuring that graduate students need only concern themselves

with their work.

Current and former group members have helped create an environment in which to grow and
succeed. | would like to give special thanks to Dr. Kimberly Ye&@jméngler, Dr. Daniel lwaniuk,
Dr. Hanhui Xu, Dr. Andrea Cook and Dr. Balaraman Kaluvu without whom this achievement
would not have been possible. Their work provided the foundation for my own and their inspiration

and guidance taught me the patience acdd$ necessary to achieve success.

There are those individuals who work in the background ensuring that the department runs like
a welloiled machine. | would like to thank the current and former administrative staff of the
Department of Chemistry, the &tuate School of the Arts and Sciences and Georgetown

University. | want to give special thanks to Ms. Kay Bayne, Ms. Inez Traylor, Ms. Yen Miller,



Ms. Valencia Boyd, Ms. Tabi Lemlem, Ms. Jacquelyn Pruitt, Mr. John Ndiritu, Ms. Nga Le and

Dr. Mohammed ltain

| would also like to thank the National Science Foundation and the Georgetown Environment

Initiative for providing funding for my work.

Finally, | would like to thank my family and especially my brother Ely for their encouragement
and support througbickness and health. It is a rare circumstance to have ones work and interest
combined into a singular focus. It is even rarer for ones work, interest and family to be united. |
would like to thank my colleague, friend and spouse Yushra Thanzeel for gbetopty of a

lifetime.

Vi



TABLE OF CONTENTS

Chapter 1. Trends and Challenges in Medicinal Chemistry.........cccooeeeeiiiieeeiciiiiieeee e 1
1.1. The IMmportance Of CRITAILY............uuuiiiiiiiiiiieee e erer e e e e e e e 1
1.2. Green Chemistry and Sustainable ProCesses.............uuuvvvicccvevivieiviiiiiiiiieeeeeeeeens 10
1.3. Fluorinated COMPOUNGS .......uuuuiiiiiiiiiiiiiieeeiittrie e e e e e e e e e e emer e e e e e e e e e e e e e e e e e e s s e nmnnas 15

Chapter 2. ODJECHIVES. .....oiiiiiiiiie et ee e 20

Chapter 3. Bisoxazolidine Catalyzed Enantioselective Reformatsky Reaction............... 23
G0 N [ o (o To [FTox 1 o] o AP O PR P PP PPPPPPPPRI 23
3.2. RESUILS QN0 DISCUSSION. ... .uuuiiiiiiiiiiiieeiieeetitbteete ettt et e e e e e e e e eeer et e et e e e e e e e e e e e e e s e s s s s ammne s 24
3.3 CONCIUSION. ...ttt ettt rmmee et e e e et e e et e e e et e e e e e e e ann 29
3.4. Experimental SECHQN...........cooiiiiiiieeeeeee e 29

3.4.1. General PORAUIES.......cooi it eeee ettt eeees e e e e e e e e e e e e e emmees 29
3.4.2. Syntheses and CharacterizatiQnS...........c.uuuiiiiiiieeee e eeeee e 30

Chapter 4. Organocatal ytic St dinkedBsexindoles86 v e

g R 1 11 o o 13 o 1) o PSS PPPURRPRR 36
4.2. RESUItS @Nd DISCUSSION.......uuuiiiiiee e ceeeeee e et reee e e e e e e e e e eeeeeeebeennemmne e 37
G T @0 [ 11153 (o] RSOSSN 44
4.4, EXperimental SECHQN...........oovviiiiiiimr e err e e e e e e e e e e e e e anenr s 44

vii

Sy



A.4.1. GENEIAl PrOCEUULES ... ettt eeaeees 44

4.4.2. Large Scale Synthesis Of.3 ... ..o e 45
4.4.3. Syntheses and CharacteriZatiQmIS............uueeeeeeeiieeeiiiiiieiei et e e e e 45
4.4.4. Crystallographidnalysis of Selected Products..............cccovvvvviimeer e eeveeeeeeeins 55

Chapter 5. Organocatalytic Decarboxylative Cyanomethylation of Difluoromethgl

Trifluoromethyl KELONES. .......coo i e eeenee e 56
5.1, INEFOTUCTION. ...ttt e e et e e e e eeemr e e e et e e e e e e eeeeas 56
5.2. RESUILS N0 DISCUSHIO........cciiiutiiiiieeiiiieeeeitte et e e e ettt e e e emmme e e e e e e e eeeeeme s 58
RS T O] o Tox 11 5] o] o F PP TP PP PPPRPPPPP 63
5.4, EXPeriMmental SECHQMN. ......cuuiiiiiiiiii e eeee e 63

5.4.1. General PrOCRAULES........coiiiiiiiiiiit ettt eesr e e e e e e e e neeans 63
5.4.2. Syntheses and CharacterizatiQns................coovvvieeeeeeeieeieeeeeee e 64
5.4.3. Crystallographic Analysif Selected ProductS........cccooeeiviieeiiiieececiieiiee e 71

Chapter 6. Enant i o raEsubistiuted BiphenylsKA Dyremnic Chsal HPEC 2, 2 6

LA VZ=1S3 1o P= o o OO URPPUPRDY 472
G I [T (0 To [ o4 1 o] o PP PP 024
6.2. RESUILS aNd DiSCUSSION........ceeviiiiiiiiniiimmreeeeeeeetrase s e e e e e e smmnssnnassaaeaeeeeaeeeeeeesaneneens 74
LIRS T 0] o Tod 1] o] o U PRPPPPPPPPPPPPPPP 79
6.4. EXperimental SECHQN. .......coooi it e 80



B.4.1. GENEIAlI PrOCEAULES. ... oo e veemens 80

0.4.2. DHPLC CharaCteriZAtiONS. . ... oo eaans 80

Chapter 7. Detrifluoroacetylative Generation of Halogenated Enolates: Practical Access to

Perhalogenated Ketones and AIKENES...........oooo oo 85
4% R 41 1 (oo (U Tt 1 o] o TR PPPP PP 85
7.2. RESUILS N0 DISCUSSION.......eviiiiiiiiiiiiiieeeete ettt e e smmne e aneeanas 87
4R T ©Xo ] g Tox [T 1] 0] o FOR PP PPPPPPPP P 93
7.4, EXperimental SECHQN.......cccooii i eeeeeee e 94

7.4.1. General INfOrMATION.......coiiiiiiieee e bbb 94
7.4.2. Syntheses and CharacterizatiQns..............oooouiierer i 94
7.4.3. Crystallographic Analysis of Selected Products............ccccooeeiieeevvvnviinnienennn. 101

Chapter 8. Catalytic Enantioselective Ynamide Addition to Isatins.............cccceevvcmeennnnns 102
8. L. INETOTUCTION. ...ttt e e e e e e e emer e e e e e e e e e eeeeeas 102
8.2. RESUILS aNd DISCUSSION.......uuuiiiiiiiiiiiieeieeeittit ettt e e e e e e emer e et e e e e e e e e e e e e 103
8.3, CONCIUSIO. ...ttt e e e e e e e e e rmmme e e e e 112
8.4, EXPeriMmental SECHQMN. .......uviiiiiiiiei e 113

8.4.1. General INfOrMAtIONL.........oviiiiiiiiie e s 113
8.4.2. Catalytic Asymmetric Addition of Ynamides to Isatins............cccocevvvvimemeennnnnn. 113
8.4.3. Product Syntheses and Characterizations...........cccovueesieeeruvverniiiinieeeeeeeeeeeeaas 114

iX



8.4.4. Product Derivatization and Characterization..........cooeeveeeeeceeeeeeeeeeeeeeeeeeenn.

8.4.5. CrystallographiC ANAIYSIS..........uuiiiiiiiiiiiii e

References and Notes



LIST OFFIGURES

Figure 1.1. Structures of Quime, Progesterone and Penicllin.............ccoovvviiiiiiiiieiiiinnnns 1
Figure 1.2. Multildlion dollar blocKbUSEEr drUgS.........uiiiiiiiiiieie e 3
Figure 1.3. Structures of commaealty available statin analogues.............cccccvvivceeveeennnns 6
Figure 1.4. Compactin and tleeolution of statin analoguEeS...............eeevviiiiiceciiiiiieeiieeeeeen. 8
Figure 1.5Structure of Sildenafil.............oooiiiiiiiiee e 12
Figure 1.6. Structures ahportant organofluorine drugs............ccoovvvvviiiie e 16
Figure 1.7. Elewophilic fluorinatingreagents..............uuuueiiiiiiiiieeeiiiiiieieeeeeeee e 18
Figure 3.1. Structure of DISOXazZOlAINE.4........oeviiiiiiiiiiii e 25
Figure 3.2. Radical generation and subsequentdtom of the methylzinc enolate.............. 26
Figure 4.1. Structures of Maxipost and bidlog a | | y -higoxindoles.....3..,..3.0........ 37

Figure 4.2.

Figure 4.3.

Figure 5.1.

Figure 5.2.

Figure 6.1.

Figure 6.2.

Figure 6.3.

Xray st r udisoxindele 1&6.1...... S T o JE 41

Crystal structure ofRBuoro-3-hydroxy-1,1-dimethyt[3,3-biindoline}2,2-dione,

........................................................................................................................ 55
Structures of €1%,493, (+)ZK 216348, Efavirenz and Eflornithine.................. 57
Crystal structure of@hloro-4,4-difluoro-3-hydroxy-3-phenylbutanenitrile (i7.....71
Enantiomerization mechanism of axially chiral biaryls................coovvemrnnnnnnin. 74
Structures of the biaryls invgated (0P).......ccoouvviriiiiiiiiieee e 75
Experimentally obtainddHPLC elution profiles with 6...............ccooeviiiiiiieeen.. 76

Xi



Figure 6.4. Experimentally obtained DH®lelution profiles with 7...............cooevviiiiiieeen. 77

Figure 6.5. Eyring plots for 6 (left) and(dght)...........ccooooeiiiiiiiiiie e 79
Figure 6.6. DHPLC characterizations ef@dTolyl)naphthalene, @t 35 °C..........cceeeeeereeee. 81
Figure 6.7. DHPLC characterizations ef@&Tolyl)naphthalene, @t 30 °C..............ccceeeee. 81
Figure 6.8. DHPLC characterizations e{dtTolyl)naphthalene, @t 25 °C..........ccccccvveeeeeen. 82
Figure 6.9. DHPLC characterizations e{dtTolyl)naphthalene, @t 20 °C...........cccccevvveeeeeen. 82

Figure 6.10. DHPLC characterizations e€§clohexyt2 -@imethylaminobiphenyl, 7

Figure 6.12. DHPLC characterizations e€gclohexyl2 -@limethylaminobiphenyl, 7

=L I T O PP P PP PTPT T PPRPPRRPTPI 84

Figure 6.13. DHPLC characterizations e€§clohexyt2 -@imethylaminobiphenyl, 7

= L IO PP PP PP PP PP 84

Figure 7.1 Crystal structure oBenzyl E)-4-bromo4-chloro-4-fluoro-3-(naphthalef2-yl)but-2-

(T o= 1 (1 ) TSP 101
Figure 8.1. Previous work towarttee synthesis of chimonamidine...............ccccccvvieeenneee. 102
Figure 8.2. Chiral ligands used in tagymmetric addition of ynamides......................uuuce. 104
Figure 8.3. Substrate scope oé thatalytic asymmetric additian...............cooevvivvieeeneinnnnen. 109

Xii



Figure 8.4. Crystal structure df)(N-((3-Hydroxy-1-methyl2-oxoindolin-3-yl)ethynyl»N,4-

dimethylbenzenesulfonamide (L6l.........ooo i 134

Figure 8.5. Crystal structure 8fHydroxy-1-methyt3-(2-(methylamino)phenyl)pyrrolidi2-one

Xiii



LIST OFSCHEMES

Scheme 1.1. Racemization of Thalidomudeler physiological conditions................ccc..c...... 2
Scheme 1.2. Mdmanism of action for OMePrazole..............eeeeeeiiiiieeeriiiiiiiiiiieeeeeee e 4
Scheme 1.3. Final steps irettotal synthesis of Omeprezale............ccooeeiiivieeeeiiie e, 5

Scheme 1.4. Enantioselective synthesis of Esomeprazole from the oxidation of sulfide.13

Scheme Bb. Rate limiting step ithe biosynthesis of cholesterol...............cccceeiiiiccciiiiiiinnnns 7
Scheme 1.6. Synthesis of the chsigle chain from tascorbic acid...............ccccooviiiieeen L 9
Scheme 1.7. Pa#norr synthesis of Atorvastatin..............ooooooiiiiiicmee e 10
Scheme 1.8. Catalytic oxidation pfimary and secondary alcohals.................cooviiiceeee. 11
Scheme 1.9. Copper catalyzed oxidatiba Rosuvastatin intermediate............................. 12
Scheme 1.10nitial synthesis of Sildenafil..................uiiiiiicee e 13
Scheme 1.11. Comercial synthesis of Sildenafil...........cccccoiiiiiec e, 15
Scheme 1.12. Synthesis of fluated precursors of gibberellins.................ooooi. 18
Scheme 1.13. Synthesis of fltasone propionate...........ccccoeeeeeiiiiieeeiiiie e 19
Scheme 3.1. Asymmetric Reformatsky reaction using 1 and.2...........ccccevvvieemriivnvvnnnnnne. 24

Scheme 3.2. Bisoxazolidine catalyzed Reformatshkygtren with 4bromobenzaldehyde......26

Scheme 4. 1. Prydget bisexandotes-Iy {onlyoneZEdantiomer is shown)....40

Scheme 4.2. Additions f§-Boc imine 18 and the Michael acceptor.22.............ccccccevvvueeen. 43

Xiv



Scheme 5.1. Decarboxylative cyanomethylation/condensatiatriffuoromethyl

oot (0] 0] L= 0] o 1= P 58
Scheme 5.2Substrate scope of the cyanomethylation of trifluoroniététones.................... 61
Scheme 5.3Decarboxylative cyanomethgtion of difluoromethyl ketones...............ccc...... 62
Scheme 5.4. Decarboxylative cyanomethylation of 6 and.8..............cccooiveeeiiccceeennnnn. 63

Scheme 7.1. Synthesis of bromochlorofluoromettefived alcohols, ketones and alkenes.86

Scheme 2. Synthesis of-aryl 2-chloro-2,4,4,4tetrafluorobutand.,3-diones 36 by stepwise

chlorination/fluorination ofrifluoromethylated 1,2l0NES...........c.cevviiiiiiiiiiiicceiieeeee 88

Scheme 7.3n situcleavage of 3 and formation of 8 and.O.............cccooeiiiiicecicicceeee . 89

Scheme 7.4. Copper catalyzed synithe$ bromochlorofluoromethyl ketones 8 and1@.....91

Scheme 7.5. Results of dibromoalkenylations (Dr. Balaraman Kaluvu), Wittig and Horner
WadsworthEmmons reactions of bromochlorofluoromethyl ketones. Crystallographic analysis

Of 17 ShOWSE-CONFIQUIALION......coiiiiii et e e e e e e e e e eeeeee e 93

Scheme 8.1. Retrosynthetic analysis for the synthesmittifunctional 3hydroxyoxindoles103

Scheme 8.2. Reduction of theamideisatin addition products................ccccvviviceeiiieeeeeens 110

Scheme 8.3. Synthesis of chimonamidines by the re@ucieavage of the sulfonamide....111

SchemeB.4. Derivatization of thgnamideisatin addition product................ccooovviieceieennnn. 112

XV



LIST OFTABLES

Table 3.1Bisoxazolidine catalyzed enaoselective Reformatsky reaction......................... 27

Table 4.1. Optimization of the organocatalyti€bond formation witliN-phenyt3-

fluorooXinNdole, 1, ANd ISALIN, .2 .. .ccuiii i e e e e e e e e e e e e e e e e anenneas 38
Table 5.1 Optimization of the cyanomethylation of 2,2rfluoroacebphenone.................... 59
Table 7.1. Optimization of the cleavage/bromination sequence using hydrate.3............ 90

Table 8.1. Screening of the catalytic system for the asymnaeltition of ynamides to

(K572 11 PP PPPPP PRI 105
Table 8.2. Optimization of IsatiN-substitution temperature and reaction time................. 106
Table 8.30ptimization of the SOIVENL.............oooiiiiiiie 107
Table 8.4. Screenind ahiral bisoxazolidine [igands..............ccuvviiiiiiieeeiiiiiiiiieeee 108

XVi



LIST OFABBREVIATIONS

ABNO 9-azabicyclo[3.3.1]Jnonank-oxyl

ACN acetonitrile

Ac acetyl

Ar aryl

BINAP 2 , -lsdiphenylphosphine]l , -dindphthalene
BINOL 1 ,-dinBlphthalene , -@oNj

Bn benzyl

Boc tert-butyloxycarbonyl

"Bu n-butyl

'‘Bu tert-butyl

Bz benzoyl

DABCO 1,4-diazabicyclo[2.2.2]octane

DAST (diethylamino)sulfur trifluoride

DBU 1,8-diazabicyclo[5.4.0]lunde@-ene

DCM dichloromethane

DHPLC dynamic high performance liquzhromatography
DIPEA N,N-diisopropylethylamine

DMAP 4-(dimethylamino)pyridine

DMSO dimethyl sulfoxide

dr diastereomeric ratio

XVii



EDG

ee

Et

GC

GMP

cGMP

HIV

HMG-CoA

HPLC

HWE

LDL

LHMDS

Me

mCPBA

NADPH

NBS

NCS

NFSI

NMI

NMP

NMR

PDE

electron withdrawing group
enantiomeric excess

ethyl

gaschromatography

guanosine monophosphate

cyclic guanosine monophosphate
human immunodeficiencyirus
3-hydroxy-3-methytglutarylcoenzyme A
high performance liquid chromatography
Horneii Wadswortfi Emmonsreaction
low-density lipoproteins

lithium bis(trimethylsilyl)amide

methyl

metachloroperbenzoic acid
nicotinamide adenine dinucleotide phosphate
N-bromosuccinimide
N-chlorosuccinimide
N-fluorobenzenesulfonimide
N-methylimidazole
N-methyl2-pyrrolidone

nuclear magnetic resonance

phosphodiesterase

Xviii



RME

SFC

TBAF

TBDMS

TEMPO

THF

TLC

TMEDA

T™MS

Tf

Tol

Ts

uv

paramethoxyphenyl

isopropyl

phenyl

reaction mass efficiency
supercritical fluid chromatography
tetra-N-butylammonium fluoride
tert-butyldimethylsilyl
2,2,6,6tetramethylpiperidine -bxyl
tetrahydrofuran

thin layerchromatography

N,N,N NjXgtramethylethylenediamine
tetramethylsilane
trifluoromethanesulfonate
toluene

toluenesulfonyl

ultraviolet

XiX



Chapter 1. Trends and Challenges inVledicinal Chemistry
1.1. The Importance of Qirality

Friedrich Wohler challenged the philosophical idea of vitalism with the synthesis of the
natural product ureand grounded the constituents of living organisms firmly in chemistry.
Although it took time for the implications of this discovery to be accepted, this past century has
seen the syntheses of an abundance of natural products and pharmaceuticals that are essential to
our quality of life such a4-3 (Figure 1.1¢ Many syntheét methods have been developed to
improvethe biological activity otompounds isolated from nature aodconstruct entirely new
classes ofcompounds.Efforts to further refine synthetic methods and to make increasingly

challenging target compounds aregoimg?

R H
7]/N H S

T Me
(0]

CO,H
3

<

Quinine Progesterone Penicillin

Figure 1.1. Structures of Quinine, Progesterone and Penicillin.

The presence of chirality in many biologically active compounds including agrochemicals,
flavors, fragrances and especially pharmaceuticals, presents a synthetic challenge. Enantiomers
may have dramatically dissimilar physiological effects. The enantiosharfiavor molecule may
provide an entirely distinct smell and taste. Unfortunately, the difference may be less benign with
one enantiomer acting as a beneficial drug and the other having extremely detrimental effects. This
latter scenario was realizenl the pharmaceutical Thalidomide that was administered to pregnant
woman in the 1960s for the relief of morning sickness. WhileRlemantiomer4a, exhibited

1



sedative properties, th® enantiomer,4b, is teratogenic and causegvere birth defects. In
addition, it was found that th& enantiomer racemizasmder physiological conditions causing
severe side effectsgardless of which enantiomerasiministered (Scheme 14Yhis example
underscores the importance of chirality and dynamic stereochenmdttii@necssity of synthetic

methodology developmefdr the construction of enantiomerically pure compounds.

0O O o O
NH Physiological Conditions HN
N (0] o N
(0) o
4b

4a

Schemel.l. Racemization of Thalidomide under physiologicahditions.

An analysis of market trends for the production of chiral molecules shows a dramatic
increase in the development of single enantiomer drugs with a concurrent decrease in the marketing
of racemates between 1985 and 2B Tis is in part due tthe increased efficacy and reduced
adverse effects of some single enantiomer drug molecules as well as an increased effort to protect
the consumer through governmental regulations for the marketing of racemates. Among the most
successful multibillion dolla dr ugs i ncluding Pfizerds Atorva:
Esomeprazole (Nexium), the majority are sold as single enantiomers (Figut@he2$ynthetic
challenges presented by these two drugs illustrates the difficulties that may be encauncté¢ned

ingenious solutions that were devised.
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Figure 1.2. Multibillion dollar blockbuster drugs.

Omeprazole (Prilosec) is a protpnmp inhibitor that was marketed in 1988 for the
treatment of acid related diseases such as excessive gastric acid resulting in symptoms ranging
from mild heartburn to life threatening peptic ulcers. The chemical structuntains a chiral
sulfoxide group and the drug was synthesized and sold as a racemateittmstudy of the two
enantiomers showed identical deesponse curves for the inhibition of acid production from
isolated gastric glands. The mechanism of oactivas well studied and it was found that
omeprazole§, behaves as a prodrug that is converted into an achiral sulfen8migen exposure
to an acidic environment (Scheme 1”2Yhile this drug was proven to be a success, it also showed
a significant wariability in its efficacy amongst a range of individuals with some patients requiring
higher or multiple doses to achieve similar results. After screening several hundred derivatives in
an effort to increase the bioavailability of omeprazole, it was fabatlonly a single compound
surpassed omeprazole in its effectiveness. This compound was Esomepra&#eatiteomer of
omeprazole. Even thoughe active form of the drug &chiral, theenantiomers of the prodrug are

metabolized to different degreessulting in pharmaceuticals with different therapeutic vafues.
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Schemel.2. Mechanism of action for Omeprazole.

This discovery led to the need to develop a measymthesizing the pure enantiomer of
the chiral sulfoxide. Initial methods to obtain Esomeprazole were accomplisiwedjtththe
resolution of racemic @eprazol€. This process was not economically feasible on an industrial

scale due to the 50% loss of mé&ikand the development of an enantioselective synthesis was

required.

In the original total synthesis of Omepraz8l¢he final oxidation makes use of MCPBA
to convert sulfidel to the racemic sulfoxide (Scheme 1.3). Under the guidance of Sverker von
Unge, the asymmetric oxidation of sulfidewas explored. Building upon the work of Barry
Sharpless for the epoxidation of allylic alcohols, Henri Kagan had developed &hpdifcedure
for the highly enantioselectivexidation of sulfides to sulfoxidés.The unmodified Sharpless
reagent resulted in racemic product while the inclusion of one equivalent of water or the use of
two equivalents of diethyl tartrate provided enantioselectivities of up to 93%. Unfortunately, the
use of this method for the oxidati@f 1 yielded racemic product. Most reported examples of

sulfide oxidation require the sulfide atom to bear two very differently sized gvahiph might
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explain thdack of success with3. Anotherimportantgoal was to develoa catalytic method that
would be economically feasible at industrial scales. All current literature procedures required

stoichiometric quantities of the titanium complex.

- jons
/©i )—SH * NaOH,_ \1e0 \—QMe
11 Me OMe
/
CPBA /(ji PN
mCPBA_ N \—g\:%—Me
6

Me OMe
Schemel.3. Final steps irthe total synthesis of Omeprezole.

After careful screening of reaction variables, three innovations were introduced that
independently increased the asymmetric induction. The preparation of the titanium complex was
conducted in the presencel8, thetitanium complex was equilibrated at elevated temperatures
and the oxidation was performed in the presence of an amine. The resulting sulfoxide was obtained
catalytically in 92% yield and 94% ee after one hour and with a sulfoxide to sulfone ratio of 76:1.
This remarkable achievement was extended to seven different Esomeprazole analogues (Scheme

1.4)12

(0]
I

>—s N Ti(‘OPr),/(S,S)-DET/water )—s N
¥ - PhC(CH;),00H/DIPEA K -
MeO \ / Me > MeO o \ / Me
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N
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toluene, 25 °C, 1 h

13 Me OMe 6 Me OMe

Esomeprazole

Schemel.4. Enantioselectiveynthesis of Esomeprazole from the oxidation of sulfigle



Atorvastatin (Lipitor) is a member of a class of pharmaceuticals known as statins that have
transformed the field of cardiovascular medicinal care (Figure'dB)e significance of this
achievemat can be framed by recognizing that heart disease was reported by the Centers for

Disease Control and Prevention as the leading cause of death within the United States &4 of 2016.

(0] ONa
HO (0] HO HO (0
0 - 0 . 0 .
Me/>»,)k Me/>»,)J\O Me/>)J\ 0]

1 B 1 - H - H

Me H Me Me H Me Me Me

HO Me""

14 15
Lovastatin Pravastatin Simvastatin

16

Figure 1.3. Structures of commercially available statin analogues.

Since the 1950s, the epidemiological connection between cholesterol in the form of low density
lipoprotein (LDL) and coronary atherosclerosis has been well studied and uhesstood that
patients with higher levels of blood cholesterol were more prone to myocardial infarction within a
few yearst® The regulation of cholesterol metabolism within the body proceeds by the suppression
of de novo synthesis when blood levels tueietary sources meet the required levels. However
even with the excessive ingestion of dietary cholesterol, it was found that liver production still
surpasses this quantityThis suggested that the most effective means of lowering the cholesterol
in blood plasma would be the disruption of its biosynthesis using its own feedback mechanism.
Cholesterol synthesis is fatdied by the action of HMKE0A reductase that catalyzes the rate
limiting transformation of HM@&CO0A into mevalonate (Scheme 1.5). Inkidm of this reaction

was tageted since changes in HMGOA reductase activity were correlated with the overall rate

of the thirty step synthesis of cholesterol from acebgnzyme'’
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rate limiting step

cholesterol

Schemel.5. Rate limiting step in the biosynthesis of cholesterol.

Statins were first isolated as natural products from fungi cultures and showed remarkable
ability at lowering cholesterol. They exhibit motifs structurally similar to HRGA in their acid
form and behave as cqtitive inhibitors of HMGCOoA reductase. The original statin, Compactin
was abandoned due to issues of toxicity, but its high potency enshrined it as a $Egdesd..4,
19).18 Under the directiorof A. K. Willard, researchtowards the development of structurally
simplified synthetic analogudsegan withan analysis of the structure activity relationships for
various statin derivative@Figure 1.4,20).1° While the compounds evaluated in the study only
showed moderatefficacy as drugs, their relative potency provided insight into the structural
features that affectdtie binding to the enzyme. An analysis of these simplified analogues by B.
D. Roth et al. further suggested that the main feature required for binding laege lipophilic
group tethered with a specific orientation to-ay#iroxypyran2-one scaffold. A pyrrole ring was
selected as the opposing terminus due to the synthetic versatility it would provide with respect to
the introduction of various substitus (Figure 1.421).2° During initial studies, positions 2 and 5
in the pyrrole ring were varied to compare different substitution patterns. Subsequent optimization
at positions 3 and 4 resulted in a compound with aav&lue of 0.025 puM that slightly iproved

upon existing therapeuti cs sevalue bf0.6839 pMI€he drkgd s Me



was synthesized as a racemate with respect to the orientation dfyeogkypyran2-one and the
breakthrough with regartb its efficacy was only discared upon its resolution. Th& R)
enantiomer now marketed as Lipitor showed af V@lue of 0.007 pM while theSS) enantiomer

showed an 16 value of only 0.44 pM!

Compactin

Figure 1.4. Compactin and thevolution of statin analogues.

Similar to the synthesis of Esomeprazole, it was necessary to develop an asymmetric
methodology for the large scale production of Atorvastatin. P. Bower conceived of tral@ole
as ultimately the union of two fragments connected by a tether, the pyrrole scaffold and the chiral
side chain. The convergent synthesis of both fragments proceeded from commercially available
starting material and underwent stepwise transformatmalktain the required intermediates. The
initial chirality was incorporated into the side chain by using an enantiopure compound available
from the chiral pool. The construction of the chiral side chain begins with the synth25iaof
documented by M. Sletzinger for the assembly of s20iff The hydrogen peroxide degradation
of L-ascorbic acid22, into L-threonic acid23, was followed by treatment with hydrobromic acid
and methanol and selective hydrogenolysis yielding compa&irérotection oR5with TBDMS
followed by substitution of the bromide with NaCN gave the niibeafter deprotection with

TBAF. A crossclaisen condensation with the preformed lithiated enolate, }@CHBuU, provided



a c c e s-hydraxyestei?7. Diastaeoselective reduction in a cryogenic reactor followed by
protection of the chiral diol resulted in the intermedi@® in >99.5% ee and 100:1 dr.
Recrystallization was used to increase the dr to 350Reduction of the nitrile to the amine

resulted in tke protected chiral side cha29.

HO OH OH H,, Pd/C
0
HO - 0 H,0,/K,CO, HO\)\/COZK HBr/HOAc _ Br CO,Me NaOAC/AcOH
— T MeOH EtOAc
HO 22 OH 23 OH 24 Br
OH 1. TBDMSCI OH OH O
Imidizole/DMAP LiCH,CO,'Bu _ N
—_— >
Br\)\/COZMe 2. NaCN, DMSO NC\)\/COZME THF \)\)J\CHZCOztBu
25 3. TBAF, HOAc, THF 26 27
Me Me Me Me
00 06
1. NaBH/Et,BOMe, MeOH NC\/'\/'\ H, (50 psi), Raney-Ni W
2. Me,C(OMe),/MeSO,0H 28 CH,CO,'Bu MeOH H,N 29 CH,CO,Bu

Schemel.6. Synthesis of the chiral side chain fromakcorbic acid.

The final construction of the pyrrole ring was accomplished by aHdaak reaction between the
diketone scaffold containing the substitution of the resultant ring and the chiral sid@@kzan
anchors the tethered chiral side chain to the heterotgcheme 1.73* This convergent synthesis
features yields greater than 75% at every step, avoids the use of chromatographic purification and

is scalable to ton quantities to meet the needs of a drug with one the highest lifetime sales.
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Atorvastatin \

Schemel.7. PaatKnorr synthesis of Atorvastatin.
1.2. Green Chemistry and Sustainable i®®cesses

In recent years, synthetic chemists have become increasingly aware of environmental
consquenced which has led to the development of sustainable processes and green chemistry
guidelines?® Sustainability mandates that the rate of use for a given resource cannot exceed the
rate at which it is naturally replaced and the generation of wastetaxueed the rate at which it
is redressed’ Green chemistry as defined by the Environmental Protection Agency is the
development of products and methods that reduce or exclude the use or production of hazardous
chemicals’® These two disciplines are nonlg fields in their own right, but provide guiding

principles applicable to all areas of chemical research.

Despite increasingly stringent worldwide environmental regulations, concerns regarding
the future of our biosphere have continued to rise as®Malhile many scientists have seen the
value in pursuing a greener approach to production, it took years before clearly stated strategies
and tactics emergedl n 1998, Paul Anastas and John Warne
of Gr een Ch e miedigseadalbothev proposhls th recome enshrined as the defining
guide3! A consortium of pharmaceutical companies realizing that they share green chemistry

interests sought to foster global collaboration for the development of sustainable methodologies
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and educational initiatives. The Green Chemistry Institute Pharmaceutical Roundtable was formed
in 2005 and currently includes corporations such as AstraZeneca, Btigod Squibb,
GlaxoSmithKline, Novartis, Pfizer and many others. Among other accomgigispthey have

supported the development of many green reactions that serve to replace hazardous‘methods.

f Cu(MeCN),OTf/ 32 (5 mol%) iz
R DOH MeCN, 25 °C, air R X0
82-97%
R! = aryl or alkyl OMe
R? = aryl, alkyl or H AN 1 mol%
N/ AN OMe 33
|
No ..
3 WA o
ABNO

Schemel.8. Catalytic oxidation of primary and secondary alcofiéls.

A representative example is the oxidation of alcohols to aldehydes and ketones which
traditionally requires toxic and environmentally hazarsl chemicals such as chromium salts in
stoichiometric quantities. A range of copper catalysts using either 2t8ifaethylpiperidine-1
oxyl (TEMPOQO) or 9azabicyclo[3.3.1honaneN-oxyl (ABNO), 33, with air as the stoichiometric
oxidant were developday Stahl to replace the conventional oxidants (Schemé?II8)s method
was then further improved by the incorporation of the more economical copper iodide and the use
of lower catalyst loadings with its application showcased in the catalytic oxidati@naof

intermediate in the total synthesis of Rosuvastatin (Crestor) (Schenié 1.9).
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Me Me Me Me
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SO,Me 0 SO,Me
2 F 98% 2 ¥
34 35

Schemel.9. Copper catalyzed oxidation of a Rosuvastatin intermediate.

It is important teensure that these green methods are commercially viable on an industrial
scale. The success of this approach can be observed by an analysis of the commercial synthetic
route for the lifestyle drug Sildenafil (Viagra) (Figure 1°5)n 1998, both the UnitkStates and
the European Union approved the drug Sildenafil for the treatment of male erectile dysfunction
and it has since become one of the fastest selling pharmaceuticals. The drug acts as a
phosphodiesterase (PDE) enzyme inhibitor which is itselforesple for the transformation of
cyclic guanosine monophosphate (cGMP) to guanosine monophosphate (GMP). During sexual
stimulation, the release of nitric oxide induces the synthesis of cGMP which reduces the
intracellular C&" ion concentration leading tolecreased smooth muscle contractility. By
inhibiting the action of PDE in the hydrolysis of cGMP, Sildenafil enhances the natural action of

nitric oxide and allows for the treatment of any dysfunction in this prdéess.

Sildenafil, 36

OZS\N/\
A,

(<

Figure 1.5. Structure of Sildenafil.
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The initial synthesis of Sildenafil used for early clinical trials was an important
achievement, but could not be used at the industrial scale due to a number of coctetimgi
the use of hazardous materials such as thionyl chloride (Scheme 1.10). Chlorosulfonation of high
molecular weight compounds requires the use of large quench volumes resulting in a large increase
in the production of aqueous waste. The use of $@QGhe later synthetic stages also requires
multiple recrystallizations for its removal from the final product which further increases waste
production. The reduction & using SnCJ, the use of SOGlas solvent in the amide formation
of 39 and the shaequantity of chlorinated solvent waste presented additional obstacles towards
the development of a viable commercial synthesis. The largest concern was that this linear total

synthesis resulted in only a 7.5% total yield fr8ar>

To combat these issues, a more efficient convergent synthesis was envisioned (Scheme
1.11)2® The SnCireduction was abandoned in favor of a cleaner catalytic hydrogenat&h of
excess use of thionyl chloride was reduced to stoichiometric amounts in toluene and chlorinated
solvent were entirely eliminated@he use of the eardgtageand therefore less expensive material

43for the chlorosulfonation mitigatedgses from hydrolysis durirextended quench tinfe.

o I\I/Ie o Me
N

N N
HO  \ ,° HNoO, HO SOCI,/NH; H,N L. SnCl,/EtOH
37 H,S0, O.N 2. 2-ethoxybenzoyl chloride
2 18 pyridine/CH,Cl,
Me Me
o)
HzNOC \
_NaOH/H,0, _ AN\ CISO;H N-methylpiperazine
EtO =N 36
Me
4 Me 42

50,C1
Schemel.10. Initial synthesis of Sildenaff®
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A comparison of the commercial and initial syntheses is striking. For the production of
1000 kg of Sildenafil, the total solvent volume has been reduced from 125,000 L to 13,500 L while
therange of solvents has been reduced from six including dichloromethane to tebloonated
solvents. The volume of aqueous waste produced was decreased by a factor of five and the overall
synthetic yield was increased to 76%. In order to quantify thaesfty and sustainability of these
methods, Reaction Mass Efficiency (RME), the ratio of the mass of product to the mass of reactants
was analyzed’ The RME was increased from 10% to 2@%ore than doubling the efficiency.
The environmental impact was dywed by calculating the Process Mass Intensity (PMI) which is
defined as the ratio of the total mass of materials to the mass of isolated pfddistmetric is
directly related to the important Environmental Factefg&ior), where PMI = E + Iyhich serves
to provide a quantitative measut@ describe theadherenceof a procesdo green chemistry
principles. A comparison of the PMI calculated for the two synthetic routes resulted in a decrease
from an initial value of 134 to 16. Previoustiie need for green chemistry hHagken undeniable,
but feasibility in its implementation débeen questioned. The revised synthesis of Sildenafil, with

reported sales of 1.2 billion dollars in 2017 alone, proved that it is a realistic and achievable goal.
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Schemel.11. Commercial synthesis of Sildenadfl.
1.3. Fluorinated Compounds

In the design of medicinal agents with increased efficacy and redimecity,
bioisosterism represents a unique approach that has become prevalent in the pharmaceutical
industry?® This concepboriginates from the developmeat structure activity relationships and
allows for rational modification of existing compourid®ioisosters can be defined as groups of
molecular functionalities that may be exchanged with one another to elicit similar physiological
properties with beneficial deviatioA$.Within this field, theintroduction of organofluorine
derivatives of natural pradts and pharmaceuticals has come to dominate one quarter of

manufactured drug®. Organofluorine analogues in 2008 included 30% of the most successful
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drugs on the mark&tand have contributed to the treatment of a wide range of diseases including

depressin, cancer, bacterial and viral infections and inflammatory diseases (Figutg 1.6).

H H
Ay b
L L
(0]
Ph g
48 CF, Cl1

Fluoxetine (Prozac) 50 | |

Me OH

F
CF; Flurithromycin (Pharmacia)

Fulvestrant (Falsodex)

Figure 1.6. Structures of important organofluorine drugs.

Fluoxetine (Prozac)48, is anantidepressant marketed for the treatment of obsessive
compulsive disorder and bulimia. These diseases have been linked to low levels of the
neurotransmitter serotonin and this drug acts as a selective serotonin reuptake inhibitor that allows
the neurotrasmitter to continue to activate its egator. In a comparison ofdoxetine to its non
fluorinated analogue, the presence of the trifluoromethyl group in the phenolic ring yields a six
time increase in the inhibition of the reuptake mecharifsBrythromych, a highly effective
antibiotic used for the treatment of severe infections, is incompatible with the treatment of gastritis
caused by an inféion with Helicobacter pylori This compound decomposes under the highly
acidic conditions present in the storhand concentrations of the drug in tissues are too low to be
effective. Flurithromycin (Pharmaciad9, the fluorinated analogue ofr{ghromycin, possesses
enhanced stability under acidic conditions resulting in longer biologicatlitealfhigher

bioavalability and increased tissue concentratibh€Efavirenz (Sustiva),50, is a reverse
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transcriptase inhibdr used in the treatment bfiVV infections by suppressing replication of the
virus. The trifluormethyl group in the molecule lowers the pkthe cydic carbamatéN-H which
increases thkydrogen bonding interactisiand therefore the binding to the target pratéiiach
of these drugs presents different mechanisms by which fluorine contributes to sineeapeutic

effects

Fluorinated f uncti onal i ti es owe their uni que p
electronegativity and small van der Waals radius. With a van der Waals radius of 1.47 A, the
element has been used to replace both hydrogen and oxygen with radii &f ar@D1.524,
respetively.*’ These fluorinated analogues have been shown to possess greater metabolic stability,
distinct physiochemical properties, increased binding affinity and bioavaildBilletabolic
stability is achieved by decreasing the mol ec
monooxygenases or by reduced reactivity at a metabolically active neighboriffUsitigue
properties are a direesult of the high electronegativity that can alter the polarity of nearby groups
and induce a conformational bias in the compound. Binding of the molecule with a target protein
is not interrupted due to the similarity in size, but the dissimilarith@f@F motif may improve
the affinity and selectivity for this interaction by affecting hydrogen bonding interactions. The
effect on plkand increased lipophilicity can also impact bioavailability by allowing the molecule
to better permeate certain memtaarenhancing its absorption and distribufidithe primary
limitations in the development of fluorine containing drugs are the syntheticiched they

present.

The pharmaceutical significance of organofluorine compounds has stimulated the
development of novel methods for the construction of fluorinated compounds. The two main

classifications of synthetic methods are dirigbrinationsand the use of fluorine containing
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building blocks®® Direct methods involve the transformation of aHGbond into a & bond
through the use of either an electrophilic or nucleophilic fluorinating reagent. Nucleophilic
fluorinating reagents can be alkafhetal fluorides, tetrasubstituted ammonium salts or
deoxyfluorination reagents such as diethylaminosulfur trifluoride (DASTScheme 1.12). The

latter require careful handling as they are highly reacfive.

Me
FsS\N)DAST
L
54 Ny

DCM, 0 °C, 30 min

Schemel.12. Synthesis of fluorinated precursors of gibberelfihs.

Electrophilic fluorinating reagents are usudiyfluoro species and behave as a formal source of

F". Two of the most commonly used reagents are the commercially available Selectflidr and
fluorobisphenlsulfonimide (NFSI) (Figure 1.7). The use of building blocks for the construction

of organofluorines theoretically involves traditional chemical tramsé&tion, but with the caveat

that the fluorine substitutions tends to introduce uncharacteristic behavior. Reactions that may

work for nonfluorinated analogues may need to be optimized for these sub$trates.

S
AN BF, Cl
o e 2000
' S 9N
N o N®/ © Ph” Ph
55 | OTf | BF, b
F F 56 57
Selectfluor NFSI

Figure 1.7. Electrophilic fluorinating reagents.
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Fluticasone propionate is a glucocorticoid stexedeloped for use against a wide range
of antrinflammatory disease¥.It is one of two active ingredients marketed as part of the Advair
Diskus inhaler for the treatment of asthma and it has earned fourth place in the top selling
pharmaceuticals of 2008ithr 3.6 billion dollars in sales. It has also been used topically for the
treatment of inflammation in patients with psoriasis and dermatb3dw structure contains a
steroid scaffold with three distinct fluorine substituents, two located on chiral centers. The
construction of this organofluorine pharmaceutical uses both types of direct fluorination as well as
the inclusion of fluorine througbuilding blocks (Scheme 1.13). The introduction of fluorine into
58 proceeds through electrophilic fluorination by the reaction of Selectfluor wit-aiu

generated conjugated enol acetate.

Selectfluor,
Z0Ac, EN

Schemel.13. Synthesis of fluticasone propiondte.

The addition of the second fluorine ird8 is accomplished by a nucleophilic fluorination of the
epoxide ring with hydrofluoric acid. The third fluorine is introducefi2as part of a fluoromethyl

building block to give the final drug3.
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Chapter 2. Objectives

The continued development of synthetic methlbds allowed chemists to construct natural
products and synthetic analogues with a wide variety of applications in the health and natural
sciences. Often the complex structure displaying set@national groups and chirality centers
creates a major symttic challenge. The disparity between biological effects of enantiomers
generally requires thatrugs be synthesized in enantiopure form. The incorporation of fluorine
into medicinal compounds provides an important means for increasing the efficacyrugf a d
without compromising existing interactions. However, the synthesis of organoflucemesns
difficult because the fluorine moiety can drasticalffect the reactivity and stability of organic
compoundsThe introduction of geen chemistry methodsgsents anothahallenge. Traditional
methods often include the use of hazardous materials and may generate large amounts of waste.
For environmental protection, it is essential for chemists to develop alternative syntheses that are

sustainable and adhexegreen chemistry principles.

The main objectives of this thesis were:

(1) The development of catalytic enantioselective procedures for the synthesis of

important chiral building blocks

a. At the beginning of this work, existing methods for the catalytic ensgigotive
Reformatsky reaction were limited to two procedures using commercially available
chiral ligands. It was envisioned that the development of an inexpensive high yielding
procedure with high stereoselectivity would advance this import&ht6nd faming

reaction.
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b. The catalytic asymmetric addition of terminal ynamides had begnaccomplished
with aldehydes and trifluoromethWetones. Given the synthetic versatility of the
polarized triple bond and the biological significance ely8lroxyoxindoles, the
addition of terminal ynamides to isatins would alle®w access tabiologically

important classes @ompounds.

c. Atropisomerign presents unique difficulties in the development of single enantiomer
drugspartly because of the possibility of racemization reacti$PLC studies can
illuminaterotational energy barrietBat can be used to desigonfrontationally stable

compounds

(2) The establishment of synthetic methods usintuorine and other halogen containing

compounds

a. At the onset of this workhe use of cgromethylation for the synthesis of fluorinated
b-hydroxynitrileswas elusive due tancontrolledformation ofeliminationproducts.
The development & procedure that resolves this issumild provide a route to these

highly functionalized compounds.

b. Perhalogenated compoundse important for the synthesis of future drugs ead
provide an incredible amount of synthetic sadility. A streamlned synthesis of
compoundsexhibiting fluorine, chlorine and bromirend the development of their

utility would introducenew building blocks for synthetic chemistry
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(3) The application of green chemistry principles towards the developnm of important

compounds

a. Bisoxindoles represent a biologically significant scaffold and the construction of
fluorinated analoguemay expand the existing library of medicinal compountise
development of a green synthesisthodwould provide furthemomentum towards

safe and environmentally benign production of pharmaceutically relevant targets.
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Chapter 3. Bisoxazolidine Catalyzed Enantioselective Reformatsky Reactibn
3.1. Introduction

The cl assical Re f or rhydtosylesterstheoaghb indera of zimcr od u c e
i n t-halo ds$ters and subsequent nucleophilic addition of the zinc enolate to aldehydes or ketones.
Since its introduction in 1887, this reaction has become one of the most successfutadsban
bond formations and it has found numerougtlisgtic applications which oacertainly be attributed
to itsremarkable functional group tolerance and generally mild reaction conditibhe.advance
of procedures that generate zinc enolates under homogeneous conditions, for example in the
presence oflimethylzinc, set the stage for asymmetric varidhRrior to 2008 few examples of
diastereoselectiveand enantioselectivteRe f or mat sky reactions were K
were generally low unless stoichiometric amounts of chiral ligands wereAibeglakthrough in
the development of catalytic enantioselective procedures was made when Cozzi and Feringa
reported that ephedrine and BINOL derivatiteand? effectively catalyze the M&n-promoted
addition of ethyl iodoacetate to aromatic aldehydesthe presence of air otert-butyl
hydroperoxide which accelerate the zinc enolate generdti@mploying 25 mol% ofN-
pyrrolidinylephedrine and catalytic amounts of triphenylphosphine oxide in the Reformatsky
reaction between ethyl iodoacetat e -hgdnogy3-benzal
(4-bromophenyl)propanoats, in 40% yield and 84% ee after 100 hodisringaet al. were able

to produce in the presence of 20 mol% ?fin 70% yield and 80% ee (Sched&).>®

" Reproduced with permission fradn Org. Chem2011, 76, 63726376. Copyright 2011 American Chemical
Society.
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3.2. Results and Discussion

The synthesis of bisoxazolididdrom aminoindanol and cyclohexadiowasreportedby
Wolf et al. in 2006 and sincethen several applications of thig-€ymmetricN,O-diketal in

asymmetric catalysisavebeenshown(Figure3.1).>° This ligand catalyzes the

1 (25 mol%)
‘BuOOH (30 mol%)
Ph;P=0 (20 mol%) OH

o o
o -25°C, 100 h
LIS : OEt
OEt Mezzn, 02
Br Br

3,40%, 84% ee

2 (20 mol%) OH O
_25°C,1h_
QJ\ OFEt
OEt Mezzn, 02
Br 3,70%, 80% ee
I l T™MS

OH

QOH

Scheme3.1. Asymmetric Reformatsky reaction usifigand?2.

dimethylzinemediated enantioselective alkynylation of a wide range of aldehydes towards
propargylic alcohol s it has alse beere usédesuctesshylly i thd s
alkylation of aldehydewith Me;Zn and E4Zn .t in the asymmetric Henry reaction which can be
performed either in the presence of excess of dimethylzinc or ¢atalyiounts of copper(l)
acetaté? in the nitroaldol reaction of trifluoromethyl ketones abkketo esters andnh an

agymmetric FriedelCrafts reactiorf?
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Based on the success with asymmetric reactions involving organozinc sjtewias,
decided to introducé into the Reformatsky reaction. During optimizatidgnyasrealized that 4
bromobenzaldehyde is significantly less prone to decomposition than benzaldehyide and

therefore a better choice for method development.

\\O HN'
[N} INH O\\
(+)-4

Figure 3.1. Strudure of bisoxazolidind.

The Reformatsky reaction proved to be very sensitive to unusual parameters, such as the size of
the flask used, the timing of the exposure to air and the addition sequence of dimethylzinc. It is
generally assumed that dimethyl ziand oxygen generate a methyl radical which initiates the
formation of theReformatsky reagent (Figure2p.4 Sincedioxygen has to diffuse into the reaction
mixture to affect the radical process, the subsequent production of the intermediate methylzinc
enolate is dependent on several parameters including flask size and reaction volume which
determine the surface areafa gadiquid interfacelt wasfound that a change in the parameters
mentioned above and in the rate of addition of the aldehyde or in the amount of ethyl iodoacetate
strongly affect yields. For example, when the amount of ethyl iodoacetate was redncéwd

to one equivalent no product was isolated. Addition of stoichiometric amounts of
trimethoxyborane led to a 10% increase in yield which may be attributed to formation of a borate
complex with the Reformatsky product. This transmetalation processdsfazilitate catalyst

turnover and avoid interference of the alkoxide formed with the catalytically active zinéezomp
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By contrast, it wabserved that the enawdelectivity of thisreaction was considerably less

sensitive and variation ofthereacth t e mper at ur e bet ween 0O and 35

Figure 3.2. Radical generation and subsequent formation of the methylzinc enolate.

Careful optimization of solvent, catalyst loading, introduction of air, concentration of ethyl
iodoacetate, amount of dimethylzinc and trimethoxyborane, and the addition sequence of the latter
and the substrate resulted in a procedure that gives ellydr8xy-3-(4-bromophenyl)propanoate,

3, in 90% yield and 78% ee (Schem@&)3This method involves only 10 mol% of the ligand and

is completed at lmm temperature within one hour.

Scheme3.2. Bisoxazolidine catalyzed Reformatsky reaction withromobenzaldehyde.

The scope of this method was explored by screening various aldehyde substrates (Table
3.1). Benzaldehyde gave ethyhydroxy-3-(4-bromophenyl)propanae, 5, in 79% yield and 77%
ee (Table 3.1entry 1) and similar results were obtained with a range of other aromatic aldehydes.

Il n general, yields up to 94% were achieved
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