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ABSTRACT

A UNIVERSAL ASYMMETRIC CATALYTIC AZIRIDINATION SYSTEM, AND
OTHER FORAYS IN CHIRAL CATALYSIS

By

Aman Ashvin Desai

A universal asymmetric catalytic aziridination system is described.
Contributions were made to the development of a robust, efficient and scalable
cis-selective aziridination of imines and diazoacetates. By simply switching to
diazoacetamides, the diastereoselectivity could be cleanly reversed, and the
corresponding trans-aziridines could be accessed efficiently. Thus, employing the
same imine and the same chiral catalyst, we can now independently access both
cis- and trans- aziridines with excellent yields, diastereoselectivities and
asymmetric inductions. The substrate scope is broad for both the cis- and trans-
selective aziridination protocols, and includes imines prepared from both electron
rich and electron deficient aromatic aldehydes, and also from 1°, 2° and 3°
aliphatic aldehydes. The face selectivity of the addition to the imine was found to
be independent of the diazo compounds. The (S)-VANOL or (S)-VAPOL catalyst
will cause both diazoesters and diazoacetamides to add to the Si-face of the
imine when cis-aziridines are formed, and both to add to the Re-face of the imine

when trans-aziridines are formed.



The stereochemistry determining step of the universal aziridination
reactions was studied using ONIOM(B3LYP/6-31G*:AM1) calculations in
collaboration with Dr. Mathew Vetticatt. The origin of cis-selectivity in reactions of
ethyldiazoacetate, and trans-selectivity in reactions of N-phenyldiazoacetamide,
was understood on the basis of the difference in specific non-covalent
interactions at the stereochemistry determining transition state. An H-bonding
interaction between the amidic hydrogen and an oxygen atom of the chiral
counterion was identified as the key interaction responsible for this reversal in
diastereoselectivity. KIE experiments subsequently provided evidence for a rate
limiting ring closure for the step-wise mechanism in the universal aziridination
reaction.

Other forays in chiral catalysis were also made. New structurally distinct
chiral Bronsted acids and ligands were prepared based on the framework of
VAPOL and VANOL. Development of other catalytic asymmetric reactions was
initiated, including the Darzens reaction, the transfer hydrogenation of quinolines,
and the rhodium catalyzed aziridination of olefins, with varying degrees of

success.



To,

Mom and Dad

(words would never be enough)



ACKNOWLEDGEMENTS

It is difficult to put the last five years in perspective, life has changed so
much. A PhD in the organic area at the Department of Chemistry, Michigan State
University has certainly been a life changing experience, and there are numerous
people to thank. Before getting to individuals, | must thank all the faculty,
especially the organic ones, for making the department a wonderful, no-
nonsense, and absolutely science driven institution. The friendly and completely
informal atmosphere between the professors and students makes it an absolute
pleasure and a lot of fun to work in this department. | must say | will be very sorry
to go away from this place which has taught me and given me so much.

The same feelings exist for my research group, that of Professor William
Waulff. Not only have | learned a tremendous amount of science from being under
his tutelage, but | have grown a lot in his group too. His completely hands-off
approach towards running his research group has helped me develop as a
researcher, and as a person. Right from the first year, he gave me a free hand to
pursue my wild dreams in asymmetric catalysis. Looking back, some of these
ideas of mine were pretty ludicrous, but he always encouraged me to pursue
them. At the same time, his door was always open and he has always been
available and ready to offer sound advice. Dr. Wulff has also infused in me an
appreciation of the fine things in life; be it fine wine, good fresh coffee, or fine
cheese. | have really enjoyed interacting with him, scientifically as well as

socially; he has been a great boss. In what has been the most important stage of




my education, | am sure | could not have learned more and grown more in any
other place than the research group of Professor William Wulff, and | will always
be extremely grateful.

Babak. Professor Babak Borhan. | vividly remember him patiently talking
to me for hours in his office in my first year in the program, and telling me that |
was an idiot for not pursing a PhD. His advice and those conversations were
instrumental in me deciding to stay for the PhD, and it has been the best decision
that | have made for my career so far. Babak has always been ready to offer
help, be it for chemistry or for anything else. His organic spectroscopy and
bioorganic chemistry courses were two of the best courses | have ever taken;
Babak is a great teacher and | have learned a lot from him. After a few glasses of
wine or margaritas, that Babak was Professor Babak Borhan would usually be
the farthest thought in my mind — it has truly been a pleasure interacting with,
working with and learning from Babak. | thank him for everything.

| also thank Professor Robert Maleczka was all the assorted help he has
provided through the years. | have bugged him quite a bit with questions about
the pharmaceutical / fine chemical industry, and other research related problems,
and he has always been spontaneous and very generous with his advice,
recommendations and suggestions.

| also thank Dr. Borhan and Dr. Maleczka for organizing the Wednesday
night mechanism clubs that | attended religiously until my fourth year. One of the
fondest memories | will take from this department will be sitting in a room,

drinking beer, joking with them, and proposing ridiculous structures and

vi



mechanisms, but learning an amazing amount of synthetic organic chemistry at
the same time. | am guessing that | will never be able to live down my “Sy2’s on
sp® centers” reaction mechanisms.

| thank Professor Aaron Odom for taking the time to be on my committee,
and | also apologize for failing in our collaborative project. | assure him it was not
due to a lack of effort on my part. | would like to thank Dr. Dan Holmes for being
an amazingly considerate boss, when | was the NMR TA under him for a few
years. | thank Ms. Lijun Chen in the Mass Spectrometry Facility at the
Department of Biochemistry for her kind help whenever | needed to get some
HRMS samples.

| must thank our collaborator, Dr. Mathew J. Vetticatt. Mathew is one of
my best friends from college and also my roommate from college. To be able to
collaborate with one of your best friends in science — | don't think it can get better
than that. | would also like to thank our other collaborators. Dr. Xiaoyong Li and
Professor Babak Borhan, and Dr. Supriyo Majumder and Professor Aaron Odom
- it was a lot of fun working with all of them.

The Wulff group has been just an amazing and rocking place to pursue a
PhD in, and there are quite a few Wulff group members to thank — past and
present. | would like to thank Dr. Keith Korthals for being my lab neighbor in my
early years, and patiently answering the million stupid questions that | used to
ask him all the time. Keith truly went out of his way to help me and train me in the
ways of organic synthesis; without his help | would have been a complete idiot in

the lab. Dr. Zhenjie Lu also helped me tremendously in the early years. She was

vii



always ready to drop whatever she was doing, and answer my questions. Zhenijie
was the perfect senior in the lab, always ready to help with a smile. | would also
like to thank Dr. Zhensheng Ding for his friendship, and his absolutely hilarious
jokes and drawings. Many a depressing day were lightened by Ding’s humor and
laughter. | thank Dr. Yu Zhang for his help and advice in my first year; it was Yu’s
project that | took up initially. Dr. Konstantinos Rampalakos (Kostas) and Dr.
Cory Newman were good friends, and good lab mates. | have had quite a few
wild memories in the company of Dr. Alex Predeus, we had fun hanging out
together.

From the present Wulff group, a big thank-you goes out to my two favorite
Chinese girls in the world — Li Huang and Hong Ren. They have been wonderful
companions in the group in the last few years. We have had great parties
together, and we have had countless heated discussions, arguments and talks.
Hong and Li have helped me a lot in my research, and they have helped me a lot
in my personal life too. There have been quite a few times when | was about to
do something very stupid that | would definitely regret later, and they have held
me back, quite forcefully at times. They have been extremely good friends, and |
do hope they will remain that way.

Quanxuan Zhang has been a good friend also. Yong Guan has been a
good lab mate in Room 529 all these years, and has always said yes whenever |
wanted anything. Munmun Mukherjee has been very kind with help and
suggestions whenever | have needed them. | would like to thank WenJdun Zhao

for very readily giving me her precious aziridine to play with. | had the good

viii



fortune to work with two post-doctoral research associates who had come to our
group for short periods of time. Dr. Maria Pascual and Dr. Roberto Moran-
Ramallal were fun to work with, and have become good friends. | thank all the
group members, past and present, for making the group a rocking place to be in.

| have been lucky to have numerous good friends through these years.
Allison Brown was one of my first friends in the chemistry department, and has
remained a close friend. We have had great times, partying, hanging out and
going through the rigors of grad school together. At the mention of hanging out
with friends, | have to mention our Cancun gang — Aman Kulshrestha, Luis Mori
Quiroz and Luis Sanchez - for all those Friday nights arguing about everything
under the moon over margaritas, chips and salsa, and Pollo Locos. They have
been wonderful friends, for multiple reasons, and grad school would have been
very boring without them. Hovig has been a good friend in the last few years, and
has thrown some amazing parties. Maryam and Borzoo have been good friends
too, and along with Monica, Alli, Hovig and Luis Mori formed our Crunchy’s gang.
Buckets of beer, perfect company, wonderful songs and rock and roll on the
karaoke will remain a hard combination to beat for a long time.

Monica Norberg. One of the most courageous and stubborn girls | have
ever met. It has been just wonderful having her by my side in the last few years.
My fondest memories from these years will be those shared with Monica. | have
learned a lot from her; she has made me a better person, both personally and
professionally. For all the love and support she has given me in these years, and

for all the great times we have had, | will always be grateful.



| have been very fortunate to have a wonderful family. My brother and my
sister-in-law have been solid supporters for whatever | have done, and | am sure
they will continue being so for all my life.

Finally, all of this would be meaningless if not for my Mom and Dad.
Words would never be enough for me to thank them, and | will not even try to do
it. All those hour long conversations on Sundays have gone a long way in getting
me to where | am today. Without Mom’s constant supply of wonderful food, |
would have probably starved before | got anywhere close to my PhD. They have
always believed in me, and have been absolutely selfless in their love,
encouragement and support, to the point where | have taken it for granted at
times. | only hope that | can give back to them a fraction of what they have given

to me in my life. This thesis and my PhD are dedicated to my Mom and Dad.



TABLE OF CONTENTS

LISTOF TABLES.........ooo ottt xiv
LIST OF FIGURES...........oooiiiiieiiiite sttt Xvi
LIST OF SCHEMES..........oooiiititcettee ettt sne s xvii
CHAPTER ONE
CHIRAL AZIRIDINES IN ORGANIC CHEMISTRY
1.1.Chiral aziridines as invaluable motifs in organic chemistry......................... 1
1.2. Major approaches towards chiral aziridines..............cccceeeveeeriiceniiicenennen. 2
1.3. The Wulff catalytic asymmetric aziridination system..............cccocccceeriennne 3
1.3.1. Proposed catalytic cycle in the Wulff aziridinations.......................... 4
1.4.Other chiral Bronsted acid catalyzed imine aziridination systems.............. 8
1.4.1. Maruoka’s trans-aziridination system...........c.ccccccceireiiiiniciiiencnneenn. 8
1.4.2. Zhong's trans-aziridination system............ccceccvivniiniieiiniiiniennnnen 10
1.4.3. Akiyama’s cis-aziridination System.............cccccoeveiieieiniinnncecnenne 11
1.5.CONCIUSIONS.......coriiiiiiieeernie ettt 12
CHAPTER TWO

CATALYTIC ASYMMETRIC CIS-AZIRIDINATION: STRENGHENING OLD
FRONTIERS, AND BUILDING NEW ONES

2.1.Revisiting the aziridinations with benzhydryl imines...............cc.cccoeiinnee 14
2.1.1. The reasons behind the revisit.........c.ccccccvrreveiiiiniieiieee e, 14
2.1.2. Asolvent study..........ccccoeiiiieiiiiiii e 16
2.1.3. The substrate scope in dichloromethane and toluene................... 17
2.1.4. Enhancement of asymmetric inductions at 0 °C............c..ccocvrennen. 20
2.1.5. Optically pure benzhydryl aziridines via crystallization.................. 21
2.1.6. Recovery of the VAPOL ligand post-aziridination...............ccccuceu... 22

2.2. Aziridinations with o-bromophenyl benzhydryl imine: First glimpses of
trans-aziridines...........ccooviiiiiiiiiiii e 26

2.3. Aziridinations with 5-nonylimine, dicyclohexylmethylimine and 5H-
dibenzo[a,d]cyclohepten-5-imine.............ccceevviirieriiieeeenriinne e 28

2.4.cis-2,3-Dicarbonylaziridines from the Wulff aziridination.......................... 30

2.5. A gram scale catalytic asymmetric aziridination process...............cccouu... 34

2.6. Failed attempts for the direct access to tri-substituted aziridines............. 37

CHAPTER THREE

CATALYTIC ASYMMETRIC TRANS-ARIDINATION: DEVELOPMENT OF A
UNIVERSAL AZIRIDINATION PROTOCOL

3.1 INrOdUCHION. .....eviiiiiriie e e 39
3.2.Initial attempts towards a catalytic asymmetric trans-aziridination........... 40
3.3.Large scale preparation of the MEDAM amine............cccccevvvevineeccrieennnn. 43

Xi



3.4. Catalytic asymmetric trans-aziridination: Development of a universal

aziridination ProtOCOI...............cocceeeemieiiiiinieeiniienei e 44
3.4.1. The initial optimization of the trans-aziridination protocoil.............. 45
3.4.2. The issue of trans-aziridine invertomers...........cccccceevuveeniiinnerninns 49
3.4.3. The diazoacetamide substrate SCOpe...........cccccvveermrrrenmirennrinieennne 51
3.4.4. The aryl imine substrate SCOpe.........cccccceeriiiiiiriiiiiciie e 54
3.4.5. The alkyl imine substrate SCOpe.............ccccvvuuvrrriiiiiiiiiniiiinneenan 57
3.4.6. Puzzling aziridination reactions of two substrates......................... 61
3.4.7. Temperature vs. diastereoselectivity in the trans-aziridinations....62
3.4.8. All four stereoisomers of 3-aziridine-2-carboxylates...................... 64
3.4.9. TfOH catalyzed aziridination reactions..........cccccccvevevevnreerenniinninnee 65
3.4.10. General absolute configurations in the universal aziridination.....66
3.4.11. Attempts at deprotection of the trans-aziridines............cc..ccuueeen. 69
3.4.12. Puzzling origins of the stereoselections in our universal
AZINAINANON. ..ot 71

CHAPTER FOUR
CATALYTIC ASYMMETRIC TRANSFER HYDROGENATION OF 2-
QUINOLINES: AN EXPERIMENTAL AND COMPUTATIONAL STUDY

7 358 T [ ) 1o (3T To o TR PP 72
4.2. The different attempts in the optimization study.............ccccccevrvviiiiiininnnns 73
4.3. Confirmation of the VAPOL-B3; spiro-boroxinate active catalyst............... 78
4.4, Self-assembly of a family of B3 catalysts for the quinoline reductions......81
4.5. Asymmetric transfer hydrogenation of 2-phenylquinoline.............c........... 84
4.6. Transition state analysis via computational chemistry..............ccccoccceinee 84
4.7.Future directions for the project.............cccovvviiiiiiiiiiiiiec e, 86
CHAPTER FIVE

NEW DERIVATIVES OF VAPOL AND VANOL: STRUCTURALLY DISTINCT
VAULTED CHIRAL LIGANDS AND BRONSTED ACID CATALYSTS

5.1.INtroduCtioN..........ccooiiiiiiiiiiiiir e 89
5.2. New Bransted acid derivatives of VANOL...........cccccccrviieeiniiinniiceniinnne 92
5.3. New Bransted acid derivatives of VAPOL...........cccccceiiiiiiicrinniiiireeen, 93
5.4. A new family of vaulted ligands — 8,8'-diaryl VANOL derivatives............. 94
5.5. CONCIUSIONS.......coviveiiiiriiiieeiiresireeeee et e st eeseree s s e see e e s saseeessaeessareesnnens 99
CHAPTER SIX
OTHER FORAYS IN CHIRAL CATALYSIS
6.1. Asymmetric catalysis via chiral dirhodium catalysts.............c.ccccccuereunnn. 101
6.2. Organocatalytic asymmetric aziridination mediated by chiral Bransted acid
CAtAlYSES. ... 105
6.3. Asymmetric catalytic Darzens reaction.............c.cccccevvuiieeiiiiiiicecnicinnnnn, 107
CHAPTER SEVEN
COMPUTATIONAL CHEMISTRY AND UNIVERSAL AZIRIDINATION
7.1.Background and SignifiCance.............ccceeeeeieiriiniiiieinncrec e 111

Xii



7.2.Spectral data in support of the VANOL-B; boroxinate complex.............. 113

7.3. Exploring the geometry of the catalyst-imine complex................c.cc........ 116

7.4. Transition state Models............ccooceereiiiiiiiiiiii e 119

7.5. Mechanistic probes for the proposed transition state modeis................. 123

7.6.Conclusions and future direction............c.ccccevvvieriiiniriniiniennieieeee 126
CHAPTER EIGHT

KINETIC ISOTOPE EFFECTS AND MECHANISM OF THE AZIRIDINATION
REACTION

8.1. Transition state theory and kinetic isotope effects.............ccccocceeernnneen. 128
8.2.Design of experiment..............cccoiiriiiiieiiii s 130
8.3.Experimental KIES..........ccooiiiiiiiiiiiiiiieeretrecerer e 132
8.4.Predicted KIEs and interpretation.............ccccceevirieieiieniiiieeienncneeeeenins 133
8.5. Discussion and future experiments.............ccccoeeeevieriininienncneee e 135
CHAPTER NINE
RAMBLING FANTASIES OF AN ASYMMETRIC CATALYSIS
AFICIONADO.......cuiiiiiiiiiriiientte e s e s et sbbn e s sanees 138
APPENDICES
EXPERIMENTAL INFORMATION......ccccciiiiiiiiiiiiiicn it 144
REFERENCES........c.. oottt s 292

Xiii



LIST OF TABLES

Table 2.1 Repeating the aziridinations under the exact original conditions......... 15
Table 2.2 A solvent study for the basic aziridination system with imine 1b......... 16
Table 2.3 The substrate scope in dichloromethane...............c.ccccccnniininniiiinnnn. 18
Table 2.4 The substrate scope in toluene............cc.eeeueeeeiiiiiiieiii e 19
Table 2.5 Enhancement of asymmetric inductions at 0 °C...........cccoceeeieriennnee. 21
Table 2.6 Optically pure benzhydryl aziridines via crystallization........................ 21

Table 2.7 Recovery of 4 and 27 based on the equivalents of EDA 2 used.......... 23
Table 2.8 Cis- and trans-aziridines from aziridination of imine 1e....................... 26
Table 2.9 Contributions to the study to map the active site of our catalyst.......... 30

Table 2.10 cis-2,3-Dicarbonylaziridines from the Wulff aziridination protocol......31

Table 3.1 Optimization study for the trans-aziridination protocoil......................... 46
Table 3.2 Solvent study for the trans-aziridination protocol..............cccccceevveenneen. 48
Table 3.3 Ratio of invertomers for 60a in deuterated NMR solvents................... 50
Table 3.4 The diazoacetamide substrate scope...........ccccccceevieiiiiiiiiieieecccccineen, 51

Table 3.5 The aryl imine substrate SCOpPe............cccoevieriiiiniiiieiinee s 55
Table 3.6 Trans-aziridination of the cyclohexyl (2° alkyl) imine substrate........... 57
Table 3.7 Trans-aziridination of the t-butyl (3° alkyl) imine substrate.................. 59
Table 3.8 Trans-aziridination of other 1°, 2° and 3° alkyl BUDAM imines........... 60
Table 3.9 Temperature vs. diastereoselectivity in the trans-aziridinations.......... 63
Table 3.10 Attempts at deprotection of the trans-aziridines...............ccccccveneeen. 70
Table 4.1 The catalyst SCTEeN............cccoceeieienieiierecese e, 74
Table 4.2 Temperature/additives SCIEeN.............c.ccvevveererreeeecerieeeesreeeeeeeeenes 75

xiv




Table 4.3 The HantZSCh @Ster SCrEEN..........uuviieiemeeeeeeteeee et eeeeeeeeereeeaens 76

Table 4.4 Solvent screen for VAPOL-B; catalyst 12...........c.cccoveviiecieiieniieenee. 77
Table 4.5 Solvent screen for the VAPOL phosphoric acid catalyst 91................. 78
Table 4.6 Asymmetric transfer hydrogenation of 2-phenylquinoline 100............. 84

Table 6.1 Proof of principle for the asymmetric catalytic Darzens reaction....... 108

XV



LIST OF FIGURES

Figure 1.1 (S)-VANOL-B; catalyst — the active catalyst in Wulff aziridinations......7

Figure 4.1 "'B NMR and 'H NMR of complex 99................ccceeueririrvirireenresnennns 80
Figure 4.2 The enantioselectivity determining step, and the enantioselectivity

determining transition state calculated via ONIOM(B3LYP/6-31G*:AM1)........... 85
Figure 7.1 ''B NMR spectrum of the VANOL-B3 boroxinate complex............... 114
Figure 7.2 '"H NMR spectra of the VANOL-B; boroxinate complex.................... 115

Figure 7.3 NBO analysis of the (R)-VANOL-counterion performed at the
B3LYP/6-31G*//RHF/3-21G level of theory...........cccceecvvieieeccieeeeccceeee e 116

Figure 7.4 Division of ONIOM layers; Final geometries and relative energies of
four possible catalyst-imine COMPpIEXES.........c..ccoceeriiiiieiieiiiniiieenicceeee s 117

Figure 7.5 Transition structures TS1, TS2 and TS1 (ent.) accounting for the
diastereoselectivity and enantioselectivity in reactions of 9a and 2................... 121

Figure 7.6 Transition structures TS3, TS4 and TS4 (ent.) accounting for the
diastereoselectivity and enantioselectivity in reactions of 9a and 14a............... 122

Figure 7.7 Transition structures TS5 and TS6 accounting for the
diastereoselectivity in reaction of 9@ and 67..............ccccceevevverieiieniineeceniieeens 124

Figure 7.8 Transition structures TS7 and TS8 accounting for the
diastereoselectivity in reaction of 1b and 14a...............ccoccvviiiiieiiviiiiiicciininnn, 125

Figure 8.1 Experimental '*C KIEs (k12C/k13C, 25 °C) for the reactions of 9a with
Figure 8.2 Relevant transition structures for the theoretical interpretation of
experimental KIES............coo i 134

Figure 8.3 Comparison of experimental and predicted KIEs for the two key
tranSition SIIUCIUIES...........cccuiiiiiiiir e 134

XVi



LIST OF SCHEMES

Scheme 1.1 Chiral aziridines in natural products.............ccccoeveeiniiiineniccnee e, 1
Scheme 1.2 Aziridine-2-carboxylates as versatile synthetic intermediates........... 1
Scheme 1.3 Major approaches towards catalytic asymmetric aziridination........... 2
Scheme 1.4 The seminal Wulff catalytic asymmetric aziridination system............ 4
Scheme 1.5 Proposed catalytic cycle in the Wulff aziridinations........................... 6

Scheme 1.6 Maruoka’s trans-aziridination system with N-
phenyldiazoacetamide.............ccoooceiiiiiiiiiiire e 9

Scheme 1.7 Use of diazoacetate 19 by Maruoka furnishes the alkylation

PrOQUC.... .o e e e e e s s e e s e s e e e e e e e s e e e s e e e eeaaesaesenaasseesnssens 10
Scheme 1.8 Zhong’s trans-aziridination system with N-aryldiazoacetamides

8 . PSPPI 10
Scheme 1.9 Use of diazoacetate 19 by Terada furnishes the alkylation

o] (o [¥ o SR PP PP PPPPUPP RN 11
Scheme 1.10 Akiyama’s cis-aziridination system with ethyldiazoacetate 2......... 12
Scheme 2.1 Independent synthesis of VAPOL-EDA adduct 27.......................... 24
Scheme 2.2 The Curtius rearrangement for the recovery of VAPOL................... 25
Scheme 2.3 The Sml, mediated reduction for the recovery of VAPOL............... 25

Scheme 2.4 Absolute configuration determination and attempts at ozonalysis...27

Scheme 2.5 Proposals to further improve the asymmetric inductions in this

Scheme 2.7 Failed attempts for the direct access to tri-substituted aziridines....37
Scheme 2.8 Examples from Maruoka'’s tri-substituted aziridination study........... 38

Scheme 3.1 Proposed trans-aziridination with a-halosilylketene acetais............ 41

XVii



Scheme 3.2 Akiyama'’s protocol for racemic trifluoromethyl aziridines................ 43

Scheme 3.3 Large scale synthesis of the MEDAM amine.............ccccccevrvniennee. 44
Scheme 3.4 Cis-aziridination with N-methyl-N-benzyldiazoacetamide 67........... 53
Scheme 3.5 Puzzling aziridination reactions of two substrates........................... 62
Scheme 3.6 All four stereoisomers of 3-aziridine-2-carboxylates........................ 64
Scheme 3.7 TfOH catalyzed aziridination reactions..............ccccceceeriiiicnirennennne. 66
Scheme 3.8 Absolute configurations in the trans-selective aziridinations........... 68
Scheme 3.9 General absolute configurations in the universal aziridination......... 69
Scheme 4.1 A collaborative effort with the Odom group.............ccccceevvivievcnnnnne 72

Scheme 4.2 The active catalyst-quinoline complex in quinoline reductions........ 79

Scheme 4.3 Self-assembly of a family of B3 catalysts for the quinoline

FEAUCHIONS......coiiiiiiiiiiiiiicrr s sr e 82
Scheme 4.4 Future directions for the project............cccccceviviiiiieciieenniiec e, 86
Scheme 5.1 Chiral Bronsted acid catalysts from the BINOL scaffold.................. 89
Scheme 5.2 Structurally distinct vaulted biaryl diol ligands...........cc.ccccoeeunennee. 90
Scheme 5.3 Multi-gram scale synthesis of VANOL phosphoric acid 93.............. 92

Scheme 5.4 Multi-gram scale synthesis of N-triflyl VANOL phosphoramide 94..92
Scheme 5.5 Multi-gram scale synthesis of VAPOL phosphoric acid 91.............. 93
Scheme 5.6 Multi-gram scale synthesis of N-triflyl VAPOL phosphoramide 92..93

Scheme 5.7 N-benzene sulfonyl VAPOL phosphoramide Bronsted acid

CALAlYSES......eoiiiiiiiiee e e s 94
Scheme 5.8 A new family of structurally distinct vaulted ligands......................... 95
Scheme 5.9 Multi-gram scale synthesis of (S)-8,8'-Ph,VANOL 121.................... 97

Scheme 5.10 Preparation of Brensted acid derivatives of 8,8'-Ph,VANOL......... 98

xviii



Scheme 6.1 Proposed asymmetric aziridination with chiral dirhodium

CALAIYSES. ...eeriiiiiiiiii it e e 102
Scheme 6.2 Asymmetric aziridination with the Rhy(PO,BINOL), complex

) 1 PO PUO PP PROPP 103
Scheme 6.3 Asymmetric aziridination with the Rh,(PO.VANOL), complex

1 L PSSP 104
Scheme 6.4 Asymmetric cyclopropenation with the Rhx(PO.BINOL)4 complex

L L OSSPSR 105
Scheme 6.5 Asymmetric aziridination with VAPOL/VANOL chiral Brgnsted

- T Lo L= 3OO PP PP SPPPPORPPPPIN 106
Scheme 6.6 Attempted Darzens reaction with ethyldiazoacetate 2................... 108
Scheme 7.1 Universal catalytic asymmetric aziridination...............ccccecverrernnnen. 111

Scheme 7.2 General mechanism of aziridination reaction of imines and diazo

nucleophiles catalyzed by Lewis/Brensted acid............ccccceevvveereiircveeeinrinnennn. 112
Scheme 7.3 Generation of the VANOL-B; boroxinate complex...............cccuu..... 113
Scheme 8.1 Design of intermolecular product KIE measurement..................... 130
Scheme 9.1 Ishikawa'’s applications of non-activated trans-ester aziridines.....141

Scheme 9.2 Ackermann’s proof of principle for intramolecular

NYdroamination...........ccooiiiiiiiiiiiiei e 141
Scheme 9.3 Lectka’s flactam and Akiyama’s Mannich-type systems.............. 142
Scheme 9.4 Potential substrates for tri-substituted aziridination....................... 143

Images in this dissertation are presented in color.

XiX



CHAPTER ONE
CHIRAL AZIRIDINES IN ORGANIC CHEMISTRY

1.1 Chiral aziridines as invaluable motifs in organic chemistry

Aziridines are important 3-membered heterocycles, found in numerous
natural products with promising biological activities (Scheme 1.1).! Aziridines are
also invaluable building blocks in organic synthesis; by virtue of their inherent
ring strain, they participate readily in a multitude of stereoselective ring opening
and ring expansion reactions.>® Scheme 1.2 provides a snapshot of the multi-
dimensional reactivity of aziridine-2-carboxylates,?® which is the general motif
that we have targeted in our research.

Scheme 1.1 Chiral aziridines in natural products
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Scheme 1.2 Aziridine-2-carboxylates as versatile synthetic intermediates
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1.2 Major approaches towards chiral aziridines

Chiral aziridines could be conceptually obtained in one of two different
ways. The first approach would be to start from optically pure starting material,
i.e. utilize the chiral pool, and construct the aziridine motif thereon. The second
and alternative approach would be the way of catalytic asymmetric synthesis, i.e.
induce chirality with the help of chiral catalysts. There has been tremendous
growth in both these fields over the last few decades, and this growth has been
extensively detailed in several excellent reviews.?*

Scheme 1.3 Major approaches towards catalytic asymmetric aziridination
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Approaches towards catalytic asymmetric aziridination could be chiefly
differentiated into four categories (Scheme 1.3). From left to right, the first
approach involves the transfer of a nitrene from a chiral metal center to an
alkene. The second approach involves the transfer of a carbene from a chiral
metal center to an imine. Imine activation by a chiral Lewis or Brensted acid
catalyst and subsequent attack of a carbenoid species provides the third

approach towards the catalytic asymmetric synthesis of aziridines. The final, and



the most recently developed, approach entails the use of chiral enamine
organocatalysis.

The Wulff group has pioneered the third approach towards catalytic
asymmetric aziridination viz. the chiral Brensted acid catalyzed imine
aziridination approach. A detailed discussion on the state-of-art in the literature
for this approach will be included in subsequent sections of this chapter. Several
efficient and successful systems exist in the literature which furnish chiral
aziridines utilizing the other approaches depicted in Scheme 1.3. For details on
these systems, reference is given to two comprehensive reviews. Muller has
published an excellent compilation which reviews the entire field of catalytic
asymmetric aziridination till 2003,*® and Pellissier has done the same for the time
period between 2003 and 2009.%

1.3 The Wulff catalytic asymmetric aziridination system

Based on the pioneering studies of Brookhart and Templeton with achiral
Lewis acids in 1996,% our group in 1999 developed an efficient aziridination
protocol which was originally thought to involve a chiral Lewis acid catalyzed
addition of ethyl diazoacetate 2 to imines 1 (Scheme 1.4).° The catalyst was
prepared in-situ from the reaction of the vaulted ligands VAPOL 4 or VANOL 5
and triphenyl borate 6.

In the years since this aziridination protocol was discovered, an enormous
amount of work has been carried out in our group towards further developing this
methodology. Efforts towards fine-tuning numerous aspects of the reaction,

increasing the scope, elucidating the mechanism and the active catalyst



structure, and applying the reaction towards use in organic synthesis and
towards total synthesis of natural products have been undertaken.”'
Contributions to these efforts made during the period of this dissertation will be
discussed further in Chapter 2. A review of our early work in this field has been
published.'? The Wulff catalytic asymmetric cis-aziridination system, as it stands
today, is arguably the most studied and the most efficient and general catalytic
asymmetric aziridination protocol in the literature.

Scheme 1.4 The seminal Wulff catalytic asymmetric aziridination system
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1.3.1 Proposed catalytic cycle in the Wulff aziridinations

A significant part of this dissertation has been devoted to the study of the
mechanism of the Wulff aziridination. The origins of the enantio- and diastereo-
selections in our cis-selective as well as the newly developed trans- selective
aziridination systems have been studied in detail with the aid of computational

chemistry. While these studies will be discussed in later chapters, they merit at



this stage a brief discussion of the proposed catalytic cycle in our aziridination
reactions. Two previous group members, Yu Zhang and Gang Hu, spent a
considerable amount of time during their dissertations in attempting to solve the
structure of the active catalyst in our aziridination reactions. Their findings were
quite remarkable, and these are depicted in our proposed catalytic cycle,
e xe mplified for the (S}VAPOL ligand 4, the imine 9a and a general diazo

cormpound in Scheme 1.5.



Scheme 1.5 Proposed catalytic cycle in the Wulff aziridinations
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The active catalyst is prepared in-situ in the reaction from VAPOL 4 and

triDhenyl borate 6. In the initial years after the discovery of the aziridination



reaction, it was believed in our group that the active catalyst in our reactions
would resemble the meso-monoborate 7 (B4). However, we had no evidence to
support this hypothesis. After an extensive study based on high resolution mass
spectrury» analysis, 'H NMR and ''B NMR,® Yu Zhang was able to ascertain that
the procd uct of the initial reaction between VAPOL and triphenylborate was
actually & mixture of two species, the monoborate 7 (B1) as well as a linear
pyroborza e 8 (B). The pyroborate 8 (B;) was formed as the major species in the
reaction . Yu Zhang and Zhenjie Lu, another previous group member, were then
able to ©btain evidence that suggested that the pyroborate 8 (B,) was actually
the actinse catalytic species in our reaction.® Subsequently, Gang Hu tried to
gather Solid state evidence for this proposal by attempting to grow crystals of the
complex formed between the pyroborate 8 (B;) and a substrate imine 9a.''®
Much to our surprise, the crystals that he solved the structure for revealed an
entirely different complex — the spiroboroxinate catalyst-imine complex 10.'"

Figure 1.1 (5)-VAPOL-B; catalyst — the active catalyst in Wulff aziridinations

(S)-VAPOL-B3 catalyst

This discovery, and subsequent studies,"’ have since led us to believe
that the active catalyst in the Wulff aziridination reactions is actually a spiro-

boroxinate Brensted acid catalyst (Figure 1.1, (S)}-VAPOL-B; catalyst 12), and
7



not a Lewis acid catalyst as we had believed for several years. In our catalytic
cycle then, the catalyst-imine complex 10 reacts with the diazo compound to give
the catalyst-aziridine complex 11 (Scheme 1.5). It was not possible to detect
species 11 and this was presumed to be due to a more favorable binding of the
imine to 1t he catalyst than the aziridine which leads to turnover.'™
1.4 Othe= = chiral Bronsted acid catalyzed imine aziridination systems
T i 81 2008, the WuIff cis-aziridination system was the only example of a
chiral B r=»nsted acid catalyzed imine aziridination protocol. Since 2008, there has
been @ ¥Flurry of activity in this field, and three research groups have reported
imine a=Z i ridination systems catalyzed by different chiral Bransted acid catalysts.
1.41 Maruoka’s trans-aziridination system
I 2008, Maruoka reported the first trans-selective chiral Bransted acid
catalyzed aziridination of imines (Scheme 1.6)."® In their system, the reactions
between aryl N-Boc imines 13 and N-phenyldiazoacetamide 14a mediated by the
chiral BINOL dicarboxylic acid catalyst 15 furnished the corresponding trans-
aziridines 16a with excellent control of enantio- and diastereo- selectivities. It was
a beautiful system for the first example, but there were several significant
drawbacks. Only 8 examples were reported for the imine substrate scope, all of
Which were derived from aromatic aldehydes with a fixed substitution pattern and
€lectronic allowance. The yields were strictly moderate, and significant amounts
Of the enamines 17 were formed as side products. They proposed that transition

State 18 was favored due to hydrogen bonding between the Boc group of the



imine and the diazoacetamide N-H bond, which provided the observed trans
diastereoselectivity.
In a separate study, Maruoka has reported that if they use diazoacetates
instead ©f diazoacetamides, and use the same aryl N-Boc imines 13 and the
same B I INOL dicarboxylic acid catalyst 15 as in their trans-aziridination system,
they obt=ain the corresponding alkylation products (Scheme 1.7).'%
Scheme 1.6 Maruoka’s trans-aziridination system with N-phenyldiazoacetamide
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Scheme 1.7 Use of diazoacetate 19 by Maruoka furnishes the alkylation product
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1.4.2 Zh ©ng’s trans-aziridination system
P resumably taking the initiative from Maruoka’s seminal report,'® Zhong in
2009 reported a similar trans-selective aziridination protocol catalyzed by the
chiral BANOL phosphoric acid catalyst 21a (Scheme 1.8).'° Excellent control over
the enantio- and diastereo- selectivities was demonstrated, but the significant
improvements in Zhong's system over that of Maruoka’'s were the higher yields
forthe trans-aziridine products and the extremely short reaction times (10 min for
most substrates).
Scheme 1.8 Zhong's trans-aziridination system with N-aryldiazoacetamides 14
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Scheme 1.9 Use of diazoacetate 19 by Terada furnishes the alkylation product
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H <wever, as with Maruoka’s trans-aziridination system, Zhong'’s protocol
was s o limited to imines prepared from aromatic aldehydes with a fixed
substitution pattern and electronic allowance. Furthermore, in analogy to
Maruoka’s system again, Terada in a separate study has demonstrated that if
they use diazoacetates instead of diazoacetamides, and use similar imines and
the samme chiral BINOL phosphoric acid catalyst 21a as in Zhong's trans-
azirdination study, they obtain the corresponding alkylation products (Scheme
1.9).'
1.4.3 Akiyama’s cis-aziridination system
Akiyama in 2009 reported a cis-aziridination system between activated
imines 24 and ethyldiazoacetate 2, mediated by the chira<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>