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ABSTRACT

REGIOSELECTIVE RING OPENING REACTIONS OF AZIRIDINE  -2-

PHOSPHONATES AND AZIRIDINE BASED CHIRAL LIGANDS FOR
CATALYTIC, ASYMMETRIC AZOMETHINE YLIDE
CYCLOADDIT IONS AND AZA -HENRY REACTION

Beksultanova, Nurzhan
Doctor of PhilosophyChemistry
SupervisorProf. Dr.OzdemirDo J a n

July 2021 212 pages

Aziridines are small threemmembered heterocyclic compounds. They are
important as building blocks for many nitrogeantaining biologically active
compounds and as chiral ligands in metal catalyzed asymmetric synthesis of
different organic compounds. IndHfirst part of this thesis, we have studied the
ring opening reactions of various racemic and chiral aziri@ipdrosphonates.
Regioselective aziridine ring opening reaction with HCl forme@mino-b-

chlorophosphonatein 60-95 % yield and the same reaxtiwith alcohols in the

presence of 5O, formeda-amino b-alkoxyphosphonates in 391 % yield

In the second part of this thesis, we have studied the catalytic performance
of aziridine based chiral ligands with a transition metal for-difblar
cycloaddition (1,3DC) reaction of azomethine ylides with electron deficient

dipolarophiles for the syndisis of highly substituted pyrrolidine derivatives. As the



aziridine based chiral ligands our group synthesized a small library of ferrocenyl
aziridinyl methanol EAM) chiral compounds and tested their catalytic
performance in different reactions. Aftersening different transition metals and
12FAM ligands, it was found that AGFAM4 catalyst system forms pyrrolidine
derivatives in up to 95% yield with 99 % ee via the-D@G reaction of azomethine
ylides.

Finally, we have also tested the catalytic perfance ofFAM ligands for
the azaHenry reaction which is another importarfCbondforming process in
Organic Chemistry. Optimization studies for this reaction showed th&FAM 1
catalyst system works better for the addition of nitroalkanes tcdBibdituted

imines to give the expected products in up to 88 % yield with 71% ee.

Keywords:Aziridine-2-phosphonates, regioselective ring opening, chiral catalysts,

1,3-dipolar cycloaddition, az&lenry reaction.
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AZKRKRKOMMFONATLARI N ALANSE¢KCK HALKA Atc¢]|
TEPKKMELERK VE AZKRKDKN BAZLI KKRAL LK
KATALKTKK ASKMETRKK AZOMETKN YLKDLERKN
KATILMASINDAVEAZA -HENRY TEPKKMELERKNDE
KULLANILMASI

Beksultanova, Nurzhan
Doktora Kimya
Tez YOneticisiPr o f . Dr. ¥zdemir Dojan

Temmuz 2021212sayfa

Aziridinler ¢-1¢ halkaya sahip k¢- ¢k
azot i -eren biyolojik olarak aktif bir
maddel eridinkvédifl exklkd earignamet al katal iz
kiral l i gand ol ar ak kull anél maktadeéer. B

formunda ol a-8f ¢é afr &knn &t lagzn &n dhal ka a- &l ma |
HCI il e al anse-kimesig-amiadbk 48 oao &élomd o%bap | ar é
verimle ol ukt ur@Xveanr lag/jnéen d & pakli kel 4Her i | e

amino-b-alkoksifosfonatlaro3® 1 veri ml e el de edil miktir.

Bu tezin ikinci késménda aziridin ane
ge-i kK metald] varl éjénda azometin ylidler
di pol ar hal kaG)a |Itkeaptkeilmeas i( 1i,13e - okl u s ¢ bst

eldeedimse i ndeki performansl aré arakteéerél mext

Vil



ferroseni |l aziridinFAM) melt hkaam | k b+ 4 le kb ikrl ek ii rn

k¢t ephanesi grubumuzda olukturmuk ve fark
perf or mansillamiékntél rt.e sBtu e-dal ékmada i se farkl é
FAM ki r al |l i gandénénD@zoempki meyilndéeranatmagé
ve AgCFAM4 kat al i z°r sisteminin pirolidin yapél
bulan ee ile olukturduju g°r ¢l mgktegr.

Yine bu -alékma kapsaménda ayneée kiral |

Kimyada énemlibirGC b aj &€ ol ukt ur mdadenrydepkimesmedesi ol an a
denenmiktir. Kdeal kokull aréen belirtrl enmesi
PFAM1 ol duj u g°r ¢ bm} k awlsabstiénminBre eklenmesi

sonucunda beklenen ¢reéenler % 886i bul an vVve

edi |l mi ktir.

Anahtar KelimelerAziridin-2-f osf onat | ar , alanse-ici hal ka &

1,3-dipolar halkasal katlama, azéenry tepkimesi.
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A PhD is so much more than a degree. It can break you down into most vulnerable
form but has the potential to build you back together to become a resilient,
determined, humble, and knowledgeable researcher. Totepgs takes time and
patience. Please don6ét give up on your

about becoming who you are meant to be.
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CHAPTER 1

INTRODUCTION

1.1  Aziridine: Overview

Aziridines, which are nitrogen containing three membered saturated ring
systems(Figure 1) are one of the most valuable three membered heterocyclic

compounds in organic chemistry.

H
N
LN\

Figure 1. Structure of a simple aziridine

Functionalized aziridines are abundantly presenbiwmlogically active
natural products and synthetic drigsd have been widely used as important
intermediates in organic synthesis. The aziridine skeleton can be found in the
structures of mitomycins, ficellomycin and azinomydiRigure 2) whichdisplay
in vitro cytotoxicitie$3 and display significantn vivo antitumor activity?
Azinomycin A, in particular, also shows antibiotic activity against both gram

positive and gram negative bactetia.



H3CO /\n/CH3

o“

Mitomycin C Ficellomycin Azinomycin A

Figure 2. Aziridine compounds with biological activities

Aziridines can also serve as powerful tool fbe synthesis of variety of
nitrogen containing functionalities. The highly strained ring system of aziridines
makes it very advantageous for ring opening reactions with different nucleophiles.
Opening the aziridine ring can produce important organic camgs such as
amino acidg,amino alcohol$,pyrrolidines? pyrroles? b-lactams? and oxazole’?

as demonstrated Bchemel.
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Schemel. Aziridine ring opening products

Moreover, with the rapid development of asymmetric synthesis and
catalysis, aziridines have been utilized as chiral auxiliary agentsmaradiligands
for various organic tranformatiodsFor instance, Chen et al. used chiral aziridine
based tridentate ligand for the asymmetric Aldol reaction of aromatic aldehydes

and ketones using Zn(OBRs metal sourggscheme 232

R3

R2
4
N
" 5
R—- 'R
= N
\A-\\\RS
)]\ o) R3 R* OH O
+ B
aH AN Zn(0TH), AN

Acetone/water
RT

Scheme2. Asymmetric Aldol reaction with Zn/Tridentate aziridine ligand



Anothergood example for aziridine based chiral ligands is aziridino alcohol
ligands which were used as chiral ligands by Ansderson et al. in enantioselective

addition of diethylzinc to imine§Scheme 3}3

R
R,
Rs3 |<OH
N H
AFYN\P:Ph R, Ar_. _N___Ph
i Ph - Rﬁ/ P~Ph
R O R',Zn R O

Scheme3. Enantioselective addition of diethylzinc to imines using aziridino

alcohol ligands

1.2  Ring opening reactions of aziridines

Aziridines, similar to other thremembered heterocycles, are very
susceptible to ring opening due to the unique ring strain. Therefore, aziridines are
widely used in organic synthesis, acting as precursors to other complex nitrogen
containing organic moleculé$. Based on their activities in the ring opening
reactions, aziridines are mainly classified into two different groups as activated and

non-activated.

1.21 Activated aziridines

Aziridine ringbearing electron withdrawing group on nitrogen atumh as
acyl, sulfonyl, phosphoryl, etc. show high activity and easily undergo ring opening
reactions with nucleophiles, therefore called activated. The presence of electron
withdrawing unit increasesmng strain, making it more active for nucleophilic
attack. The ring opening reactions of activated aziridines has been intensively
studied. In the literature there are many examples of these type ajpérgngs

with a variety of nucleophile®:16 Althoughactivated aziridines are already prone



to undergo the ring opening with nucleophiles, the reaction could be facilitated in
the presence of Lewis acids. Literature findings show that, Lewishexseen
widely used in catalytic ring opening of aziridines with a number of nucleophiles,

including alcohols, thiols, azides, nitrile, éfc.

There are number of studies showing fofening of activated aziridines
by the nucleophilic addition of halogens. Yadav et al. has successfully performed
the ring opening of tosyl substitutexiridines by chloride, bromide and iodide

nucleophiles using indium (Ill) halid¢Scheme 4}718

Ts Ts\ /Ts
N InX3 X NH _  HN X
/\ CH4CN, rt. — —
R1 R2 R1 R2 R1 R2

Schemed4. Ring-opening of aziridine using InX

Activated aziridines could be converted to ring opening products, and with

further cyclization can produce intriguing products like azepines andindoles.

A recent study of Pradhan et al. tre ring-opening and cyclization of
activated aziridines producedepineindolesin onegpot and in a stereoselective
mannelScheme 5}8

N
. A\
R1AR2 1) LiCIO,, CH4CN, 80 °C O N

2) Cu powder, DMF, 120 °C =
3

Schemeb. Synthesis of azepinaziridines via ringopening cyclization



1.2.2 Non-activated aziridines

If N-functionalities are of electron donating character such as alkyl or aryl
groups, then the aziridine ring is classified as-activated and in order to achieve
ring opening product the heterocycle needs to be activated by Lewis acid or protic

acid prior b nucleophilic attack.

In recent years, rinrgpening products of neactivated aziridines have also
attracted considerable attention as valuable intermediates for further synthetic
elaboration. Moreover, the intermediate aziridinium ion provides integesti

opportunities for the selective synthesis of a variety of functionalized aAfines.

R1\N,E
aziridinium ion NU
a Ra
Ri E® R1,®E —
N AN
Nu 2

[
R,]/N\/\NU

Scheme6. General ringopening of aziridine ring

The aziridinium ion can be formed bifunctionalization of noractivated
aziridines with arelectrophile, i.e., Lewis acid or protic acid, which then can easily
be opened by different types of nucleophiles. Moreover, if-symmetric, 2
substituted aziridines are used, the issue of regioselectivity in the ring opening of
the corresponding interndé@te aziridinium ion becomes importaftAs it is
shown inScheme 6the ring opeimg can occur in two different positions and
therefore two different ringpened amines can be obtained. In other words, if ring

opening of intermediate aziridinium ion occur according to patt-aranched



amine is formed, and if reaction takes place &tiog to path bb-branched amine

can be obtained.

A good example demonstrating formation of both +oq@ening products is
a study reported by Gotor et al., where the Lewis acid catalyzed ring opening of 2
carbamoylaziridine led to a formation of batfbranched and-branched amines

in 3:1 ratio, respectivel{Scheme Y.21

Bn
. BFEt,0O Bn H OMe
_— = +
} MeO - ~N
“CONH, MeOH, heat " CONH, Bn CONH;
3:1

Scheme?. Ring opening of Zarbamoylaziridine to form isomeric amines

Generally, while aziridine ring is being activated by protic acid or Lewis
acids, atthe same time, nucleophiles are also coordinated with the acids, reducing
their nucleophilicity. As a result, the reactions aognder unfavorable conditions,
such as high temperature, long reaction time, and low yields. Under these
conditions, the ringppenings usually occur on the less substituted Bonds,

forming a-branched amine as a major product.

Although the ring openingf aziridine at more substituted carbon center is
not common, such examples can be also found in the liter&mrexample, Lee et
al. have performed regioselective ring opening of-activated aziridines using
TMSN3;, where azide is introduced to monebstituted carbon center ofdlyl

substituted aziridin€Scheme B22



Ph
TMSN

N —— Ph

AN

Scheme8. Ring-opening of noractivated aziridine by TMSN

Pankova eal. have reported an interesting route for the synthesis of spiro
fused polycyclic compounds via tdpolar cycloaddition reactio#?. For that,
themal ring opening of spirdused aziridine led to the formation of azomethine
ylide, which forms fused pyrrolidine structure with addition of dipofzhile
(Scheme 9).

O NPhth 0 N A
N’ CGHS
+ | N-Ph —— —
- —Q0
AN
o A 0 o7 N
Ph

Scheme9. Ringopening and B-DC reaction of spirdusedN-
phthalimidoaziridines

The ring opening of chiral aziridin2-carboxylates provides an excellent
route for the synthesis &famino acids and amino acid derivatives. One good use
of aziridine ring opening reaction is seiarthe synthesis of the antiepileptic drug
(R)-lacosamide. The key step is reported to be the ring opening reachibalk&/l

substituted aziridin€2R)-carboxylate with methanol, as showrSoheme 164



O

(6]
Ph 2 steps
o BF3-OEt RO/\)J\OEt—> MeoVLNHBn
NI o e 8

T

lacosamide

H Ph

SchemelO. Synthesis of R)-lacosamide by ringpening of aziridines

Although the literature has many examplesitg opening reactions of
aziridine-2-carboxylates, the same reactions studied with the azir@Hine

phosphonates are limited.

1.2.3 Aziridine -2-phosphonates

Aziridine-2-phosphonates can serve as a useful tool in synthesis of
aminophosphonic acids, which are the phosphorus analogs of amino acid.
Aziridine-2-phosphonates undergo riogening reactions like aziridine
carboxylates to formt}amino phosphonate derivatives, whenldwoled by the
hydrolysis aminophosphonic acids can be obtained. Biological activities of

aminophosphonic acids are welldwn 2>

Although there are far less studies on foypening of aziridine2-
phosphonates compared to carboxylates, still taezenteresting findings in the

literature that are worth mentioning.

Dolence et al. reported that the regioselective ring openingN-of

tosylaziridine2-phosphonates with carbon, nitrogen, sulfur, hydride, fluoride, and
phosphorus nucleophiles could prdegithe rapid production of a variety &f

substituteda-amino-phosphonategs&Scheme 1135



Nu~ /TS

Ts - HN
N - N
AN (CN° ! P(OEt),
P(OEt), N3", RNH", o
o) RS, H', F)

Schemell. Ring-opening of tosyl aziridinyl phosphonates with nucleophiles

An interesting ring transformation of aziridk®ephosphonates to
imidazolidinones was reported by Stevens éf @he ring opening of inyl-2-
phosphonoaziridines using methyl chloroformate yieldsrido-2-chloroethyl
phosphonate, which can be converted to correspondimgp2olidinones upon
heating in DMSQO(Scheme 12).

R4
0 —
Toam —— M
R P ogt - _OEt
(')' (X=0,NRy) B\OEt

Schemel2. Synthesis of dxalidinones from aziridin@-phosphonates

One other useful application of aziridine ringening reactionis selective

synthesis ofa,b-diaminoethylphosphonic acids from aziridi@ephosphonates,
which was reported by Weglaitomczak et al. along with the study of their

biological activitiegSchane 13)28
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MeYPh o 0
N _
o= > Me)\”/\fp\oolf

Ps NH
I OFEt 2
o)

Schemel3. Synthesis o, -diaminoethylphosphonic acid froaziridine-2-
phosphonate

In this part we have accepted the challenge to investigate th@peging
reactions of noactivated aziridin€-phosphonates, which was not reported in the

literature before.

1.3 1,3-Dipolar cycloaddition reaction

1,3-Dipolar cycloaddition reaction (1;BC), also known as [3+2]
cycloaddition has become one of the fundamental reactions in organic chemistry. It
is used in many aspects of chemistry, such as natural product synthesis, material
science, biochemistry, ettn a single step 1;BC can provide a fivenembered

heterocyclic ring by forming two new bonds and up to four new stereocenters.

Mechanistically 1,3-DC reactions work like DieAlder reaction; a 1,3
dipole, which bears positive and negative chargessitdnd third atom, reacts as

4p system with a dipolarophijéelivering 2 electrons, as shown Bcheme 14

R R1 1,3-DC Ri
N D ’ R
®z ,,Z/_\ Rs reaction A 3
iy @Y~ [ —— Y
\ N, X
(?X: @(‘\_/ R4 i R4
R2 R2 RZ
1,3-dipole

Schemel4. General representation of D& reaction
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1.31 Types of1,3-dipoles and dipolarophiles

The 1,3dipole, also known as an ylide, bears a positive and a negative
charge distributed over three atoms and hesldctrons. The most common atoms

incorporated in the 1;8ipole are nitrogen, carbon, oxygen or sulfur.

Representative examples of some commordip8les are shown iRigure
3, but other types of 1;8ipoles also exist. As representedFigure 3,1,3-dipoles
are divided into two groups, the allyl anion type which has a bent structure and the

propargyl anio type with a linear structure.

Allyl anion type

50 Rig O
Ri @) Rq Ri @ Rs Ri @0
=N =3 =N
R R3 R, R, R
Azomethine Thiocarbonyl .
. ; Nitrone
ylide ylide
Propargyl anion type
Ri @
R —
@ .. @ ©y)—N=N
R—=N-0" N—N=N R>_
©) 2
Nitrile oxide Azide Diazoalkane

Figure 3. Examples for 1,3lipoles

The dipolarophile in a 1;8ipolar cycloaddition is a reactive alkene moiety

containing » electrons. Thus, depending on which dipole that is presem,
unsaturated aldehydes, ketones, and esters, allylic alcohols, allylic halides, vinylic

ethers and alkynes are examples of dipolarophiles that react ré Bdilyre 4).1t

12



must be noted, hower, that other @-moieties such as carbonyls andimines also

can undergo cycloaddition with dipoles.

(0]
N
1

Figure 4. Examples of common dipolarophiles

Depending on the nature of the dipole anddip®larophile, the 1 &lipolar
cycloaddition reaction is controlled either by a LUMg3arophiley HOMOipoiey OF
a LUMO gipoler HOMO gipolarophiley INt€raction but in some cases a combination of

both interactions is involvet.

The 1,3dipolar cycloadditions play a crucial role in the enantioselective
preparation of five membetdneterocycles. In particular, the catalytic asymmetric
1,3-dipolar cycloaddition of azomethine ylides with activated olefins has become
one of the most useful and welstablished methods for the preparation of
enantioenriched substituted pyrrolidinessteuctural moiety widely presentin a

large variety of natural products and biologically active compoéhds.

1.32 Importance of pyrrolidine structures

There are mangxamples for the biologically active pyrrolidines known in
the literature. Asymmetric pyrrolidines can be found in the structures of many
important drugs such ag-kainic acid, {)-epibatidine, and acromelic aqiigure
5).

Kainic acid is thekainoid amino acids that are a potent class of
neuroexcitant compounds. It has been widely used as a tool in

neuropharmacolo@y to stimulate nerve cells and mimic disease states, such as

13



epilepsy33Al zhei mer 6s di s eas e  Ep@batdtlinekxhibitsi ngt on o s
remarkable analgesic properties being 200 times more potent than motpihine,

operates via nowpioid mechanismi® Acromelic acid, which is a pyrrolidine

carboxylic acid, exhibits remarkably potent neeseitatory activity via activation

of ionotropic glutamate receptors in the brin.

0]
NH
\ COOH
;{ ~—COyH H = Cl “ ;\‘COOH
. N /
NN LS
N H H
H
Kainic acid (-)-Epibatidine Acromelic acid

Figure 5. Examples of biologically important pyrrolidine structures

1.33 Asymmetric 1,3-dipolar cycloaddition reaction of azomethine ylide

The significance of the pyrrolidine structures has led to a greatdemand for
efficientsynthetic methods, especially those producing optically pure pyrrolidine
heterocycles. The catalytic asymmetric-tijBolar cycloaddition (1,C) reaction
of azomethine ylides with a diverse range of electleficient olefin
dipolarophiles provides ond the most powerful and expedient approaches for the
enantioselective construction of various highly functionalized and stereochemically

enriched pyrrolidine derivatives.

The pioneer work in asymmetric 1[BC reactions of azomethine ylides was
done by Grig and Allway in 19928 In this study, CoGland MgBk was used
with ephedrine as ligand to yield cycloadducts with3% egScheme 1ph

14
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Ph  Me

MeO,C,
N _oMe HO  NRR 2,
Ar” N + Z>coMe —— L)
{_o A N7 ICO,Me
/
M H

Schemel5. Asymmetric 1,3DC reaction done by Grigg afdiway

Since then, many different synthetic protocols for asymmetriedip®lar

reaction of azomethine ylides have been developed to date.

One good example for enantioselective -DG reaction reported by
Carretero etalScheme 16Th ey wused planar chiral ferr
(Fesulphos) in the Coatalyzed 1,3DC reaction of azomethine ylide with various
alkenes to form cycloadducts in good yield and excellent enantioselectivity, up to

99 % ee and exselectivity.

SBu
PPh
— < R
“ —
Ph/\N/\002Me + R R1 /ﬁ\
Ph="\\~ ~CO,Me
Cu(MeCN),ClO4 H

Et;N, THF, -10 °C

Schemel6. Enantioselective 1;BC using Fesulphe€u catalyst

Zhang et.al. have reported the synthesis of aryl and heteroaryl substituted
pyrrolidines via 1,3DC reaction usingarious well known chiral ligands such as
Trost ligand, BINAP, BICP, ett® When using a chiral bikerrocenyl amide
phosphine ligand shown BBcheme 17high selectivities and yields were achieved

in the reactions with different aryl substrates.

15



OQO@

NH HN =

PA AryP
Ee 2 MeO,C.  CO,Me

COMe X
NS
R/\N/\COZMe + [ > VU\
R N COzMe

CO,Me  AgOAc/chiral ligand
H

Schemel?. Synthesis of aryl and heteroaryl substituted pyrrolidines by Zhang et

al.

Sansano et alhave reported synthesis of various aryl and heteroaryl
substituted pyrrolidines using BINARg complex (Scheme 183}! They have
reported over 99 % ee for some products with good selectivities and yields for most
of the products. Interesting applications of the developed method was also

described in this work for the total synthesis of2js-disubstituted pyrrolidines.

L

Ar™ N
AgSbFg or AgTfa
toluene, 25 °C

Schemel8. Asymmetricl,3-DC reaction using BINAFAg complex

One of the most relevant applications of-D@& reaction is generation of
the key intermediate in the preparation of potent and promising inhibagasnst
hepatitis C virusfiCV), presented by Najera etll,3-DC reaction indicated as a

16



critical step in the synthesis of the biologically active target pyrrolidine. Desired
proline inhibitor can bachievedvith additional two step€&Scheme 19).

Ry

P O,
HO2C, R> N)ﬁ}/ Wang Resin
[ :
RSN % I +
CO,H
P 2 C0,Bu
Ry O

Schemel9. Retrosynthetic analysis of proline inhibitors

Our group is also involved in performing asymmetric-D@3 reactions
among other organic transformations. Bsymmetric cycloaddition of azomethine
ylide with zinc(ll)-based catalyst was reported by Dogan eSdheme 2033 In
this work, enantrich pyrrolidines were synthesized using ferrocenyl aziridinyl
methanol EAM) ligand with zinc triflate salt. Using 10 mol % of zinc salt and 12
mol % of chiral ligand products with high yields up to 94 % and high selectivity,

up to 95 % ee, werachieved.

OH
ArvaCOQMe Me H
. Zn(OTf), Ar\ﬁ/COZMe
/—/\ EtzN, DCM X Y
X Y .20 °C

Scheme20. Asymmetric 1,3DC reaction with ZAFAM catalyst
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Similar study on asymmetric 1-J3C reaction using aziridine based chiral
ligands reported by our group 201044 Catalytic system using phosphorous
derivatives ofFAM ligands,POFAM, with silver metal formed pyrrolidines in up
to 99% yield and 7?6 ee(Scheme 21).

H Et
on Y FPh:
- N (0]

H

Fe H
POFAM !
A N = gy oo
r X Y
N OMe AgOAc, DIPEA, DCM \Q/
-20°C, 18-72 h X Y

Scheme21. Asymmetric 1,3DC reaction using AQOA®OFAM catalyst

Although many intensive efforts have been devoted to developing
asymmetric 1,aDC reaction, still many researchers are interested in new synthetic
pathways to overcome the challenges of regitastereeand enantiocontrol of
this reaction. Being one of the interested groups, it was decided to perfeb1,3
reacticn of azomethine ylide with various dipolarophiles using silver salt and chiral
ligands of our synthesis. Herein, derivative$aM ligands fouralready reported
to the literature andightnew derivatives oFAM ligands, were synthesized, and

screened imsymmetric 1,3C reaction.

1.4 Importance of azaHenry reaction

The azaHenry reaction, also known as nikdannich reactiorf? is a
modified Henry reaction, in which the addition of nucleophilic nitroalkanes to

electrophilic imines takes plag8cheme 22).
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PG
Base or HN

-PG NO, Lewis acid
N| + r _ > NO,
)\ R R

]
R™ "H R,

Scheme22. General representation for al@nry reaction

Aza-Henry reaction is an important-C bondforming process, which
allows a straightforward entry to a variety of nitrogesntaining chiral/achiral
building blocks.Synthetically versatileb-nitroamines formed in this way can be
readily converted into a variety of useful compounds such-amino acidg'®
vicinal diamines*’ monoamined?® a-amino carbonyls, oximes, hydroxyl amines,
nitriles, which can produce various moieties present in biologically active

molecules and pharmaceuticéB&heme 23}?

R
HN 2
N.
R)\(/ OH
R1
_R
HN 2
R NHOH | - )\(NHz
/ 2
HN
Ry HN’Rz Ri
R NS
SN

Scheme23. b-amino nitroalkanes as versatile intermediates
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Due to the importance of enantiomerically pdramino nitroalkanes as
versatile intermediates in organic synthesispasiderable effort has been directed

over the last years toward the development of the catalytic asymmetric version of
the azaHenry reactiory?

141 Asymmetric azaHenry reaction

The first asymmetric azBlenry reaction was reported by Shibasaki and
coworkers2tIn which authors discovered that P=0O can coordinate to metal atom of
the catalyst, and therefofd-phosphonylimine type structures can be used as
electrophiles. In their study, theged ytterbium salt with binaphthol ligaigshown
in the scheme as semicircles) to achieve 91 % ee and 79 %Sukldme 24).

/4
H-O O-H
C{ /%\ ¢ IICiPh
o HN™ 2
p Sy PPz + CHaNO: Ar)VNOZ
toluene/THF
-40 °C

Scheme24. Firstasymmetric azélenry reaction by Shibasaki

Since then, there has been matgvelopments in this field and there are
tremendous number of examples for asymmetricteezay reaction with variety of

catalysts including both metal cataly$tsnd organocatalysts53

A good example for latter is the bifunctional thiourea derivatives, used
widely for such organic transformations. Wang et al. have reported asymmetric
azaHenry reaction using bifunctional thiourea catalyst with different nitroalkanes,
which resulted in a high selectivity, up to 99 % ee, and high y&dtleme 253>
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(;L S Ph
L )*\?Ph
N N

H H

.Boc N NR1R3 .Boc

N HN
| + CH3NO,
R)\H -20 °C, CH4CN R)\/Noz

Scheme25. Asymmetric azeHenry reaction usingifunctional thiourea

organocatalyst

Another organocatalyst widely used in organic transformations, BHNOL
derived phosphoric acid which can be also utilized in asymmetricHanay
reaction. One example for Bngted acid catalyzed a#denry reaction was reported
by Rueping et al(Scheme 26%* In this study N-PMP-Usiminoester was used in
BINOL-phosphoric acid catalyzed reaction with various nitroalkanes. Yields were
good to excellent, 583 %, together with high enantiomeric exces924%6 ee for

‘ SiPhs
! O._.0

major (anti) isomer.

~PZ
O~ "OH
PMP ‘O FMP
- : HN
N A~ SIPh3
+ R TNO > R
| 2 o .J\COZMe
MeO,C benzene, 30 °C :O
12-166 h NO2

Scheme26. Asymmetric azaHenry reaction using Brgnsted acid organocatalyst

A good example for thapplicational use of azidenry reaction can be the
synthesis of the potnatimi3pyblshedbylbMBtonethi bi t
al. (Scheme 273 They used chiral bisamidine catalyst to catalyze reaction

betweerN-Boc aryl imine and aryl nitromethane. The resulfgjitroamine was
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formed in exceptional yield and stereoselectivity, 13:1 dr and 91% ee. Further
series of amide bond formations and cydiza form the imidazoline ring
f ur ni snutktneBin@2 % overall yield.

MeO OMe MeO OMe

@X B

|
toluene, -78 °C
Cl
+
Cl

(-)-Nutlin-3

Scheme27. AzaHe nry reacti onnuiim3 synt hesis of

Moderatingb-amino nitroalkanes with high enantioselectivities is not an
easy witht-Boc protected imines and nitromethane by using organocatalysts due to
low conversions. Therefore, there are far more examples of enantioselective aza
Henry reaction using metal cataly since it is supposed that the dual Lewis
acid/Lewis basic functionality should facilitate both formation of the nitronate

anion and activation of the imirpé.
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Palomo et al. have reported a use of simymethylephedrine as chiral
ligand in the azadentry reaction of various Beprotected imines in neat
nitromethan€Scheme 283’ Apart from chiral ligand and metal source, Zn(O:I1)
DIPEA was used as aadditive at low temperature. The product formed in
excellent selectivities, 899 % ee with acceptéd to high yields, 538 %.
However, reaction with other nitroalkanes other than nitromethane was not
reported, and high catalyst loadings were required to achieve good selectivities

along with excessive use of nitroalkane.

OH

Me
- _Boc
N/Boc NMe, HN
| * CH;3NO, NO,
. Zn(OTf),, DIPEA, R
-20°C, 15-16 h

Scheme28. Zn(OTf),/N-methylephedrine catalyzed akgenry reaction

Trost et al. have reported an improved procedure in whigdinBvas used
as zinc source, to form binuclear zinc complex with chiral ligand, later known as
Trost ligand (Scheme 293 This azaHenry reaction proceeds with high
enantioselectivity when various carbamptetectel i mi nes ar e used,
to 99 % and yields up to 82 %. The scope of the reaction was also extended to
larger nitroalkanes with lower catalyst load and only 2.0 equivalence of
nitroalkane. The authors also highlighted the dual Leauisl/Lewisbasic

functionality of catalyst.
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Ph. o Me
Ph—T X/,

.CO;R
N 22

N02 CH3

Ph

Zn /Zn’o Ph
N O NC

R)l\HJrRr

- CO2Rz

NO,
3 THF, 20 °C to RT, 14 h  R;

Rs3

Scheme29. Asymmetric azeHenry reaction with bimetallizinc/Trost ligand

Most recently, Wang et al. have reported asymmetrideray reaction of

Boc-protected imines under ambient condition using similar dinuclear- zinc

AzePhenol catalystthus making the process amenable for wide range of

applicationgScheme 30%?

Ph.__OH HO___Ph
pg ];Ph
‘N OH N-

N Me

THF, RT, 12-24 h

_Boc
HN

Ar/l\Y/R

NO,

Scheme30. Asymmetric azeHenry with dinuclear zinéd\zePhenol catalyst

Although tremendousgfforts have already been spent in the literature on

establishing a proper reaction condition for-&i&nry reaction, thereis skiwork

to be done to achievine high degrees of stereocontrol, high reactivity, and low

catalyst loadingHaving that in mind, we wanted to study the performandediv
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ligands in asymmetric azldenry reaction of Bo@rotected imines with

nitroalkanes.

Some derivatives oFAM ligandsmentionedn this thesis, i.,ePFAM1-4,
has already been used in asymmetric Henry reaction and reported priorly in the
literature by our grougScheme 3139 The fact that this reaction led psoducts
with up to 97 % yield and 91 % ee, maeeM ligands a promising candidate as
chiral ligand for agmmetric azaHenry reaction.

?H\NrPh
oA~

Fe

= 1
RCHO + CHsNO, - rNO2

Et,Zn, THF, -50 °C

Scheme31. Asymmetric Henry reaction witRAM ligand

1.5 Aim of the study

The synthesis of both racemic and chiral aziriagphosphonates by
using themodified GabrielCromwell reaction and investigation of their biological
activities have been studied in previous wérldAs a continuation of previous
work, we are interested in the ring opening reactions of azir@ipeosphonates
with various nucleophiles. For that purpose, within the first part of the thesis we
aimed to study the ring opening reaction of chiratl aacemic aziridine-

phosphonates with different nucleophi{&heme 32).
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R _R

N 1) H* HN
VAN — > N _OEt
o 2) Nu- ’ MoEt

1 Ot 1

Scheme32. General scheme for ringpening of aziridine&2-phosphonate

In the second part of this thesis, we aimedntoestigate the potential of
aziridine based structures as chiral ligands. For this purpeselamed to use a
small library of 12FAM ligands synthesized by our group for the asymmetriec 1,3
dipolar cycloaddition (1, ®C) reaction of azomethine ylides with dipolarophiles to

form pyrrolidinegScheme 33).

PN OMe - AgOACc/FAM Ligand Ar—_N<_co,Me
Ar N / \ N A

Scheme33. 1,3-DC reacton using chiraFAM ligands and silver salt

As the second metalatalyzed asymmetric synthesis, we also wanted to test
the performance dfAM ligands for the azaHenry reaction usingBoc protected

imines and nitroalkaneScheme 3.

O
e} Zn/ FAM ligand HNJ\OtBu
AN + RCH2N02
Ar” "N” TOBu Ar

Scheme34. Asymmetric azeHenry reaction using ZFAM ligand catalyst
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CHAPTER 2

RESULTS AND DISCUSSION (PART I)

2.1  Synthesis of aziridine2-phosphonates

For the investigation of rinrgpening reactions of aziridif@ phosphonates
with different nucleophiles aziridin2-phosphonates were synthesized according to
the published procedure by our grotigrirst, vinyl phosphonat& undergoes
bromination reaction to give dibromo phosphonatewhich is converted to
aziridine 3 through HBr eliminationconjugate addition of RNk $2

displacement o&-bromide also known as Gabr€romwell reactiorfScheme 35).

Brp, DCM BT @ op¢ RNHy CHiCN R
i _OEt ., ogf ——— N [IOFEt

\/P\ ~
OEt goc,30min g, 85°C,3h. ‘" TOEt

1 2 3

Scheme35. Synthesis ohziridine2-phosphonates

By using this method, it was possible to prepare a series of azi2dine
phosphonates from different amines of racen3ia;d, and chiral nature3e-n
(Table 1) To obtain pure diastereomers of chiral aziridines synthesized agiéidin

phosphonate3e-n were separated by silica column chromatography.
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2.2 Ring-opening reaction of aziridine-2-phosphonates with HCI

The ring opening reaction of aziridk#phosphonate3 were studied using
gaseous HCI generateth situ. This reaction opened the aziridine ring

regioselectively to givérchloro-a-amino phosphonateks The results of this study

were summarized imable 1.

Table 1. Ring-opening reaction of aziridin2-phosphonates with HCI

©
R® “ci
R o HCI (g) NH,

N L OEt _ _OEt
L2 0Ft Et,0, RT LI™OEt
3a-n 4a-n
Entry Aziridine -2- Ring-opened Yield?

phosphonates products (%)
O
Ph ®
0 Ph” NH,"!
OEt
1 N p¢ _OEt 95
L3 0Ft L E\OEt
3a 4a
1 ®
o o
2 N DOEt N0 %P/OEt 94
Q/P\OEt 11 OEt
Cl O
3b 4b
Le. 8
? okt ek
N o,
l _OEt
3 AV o %ﬁ\oa 86
3c Cl. O
4c
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Table 1.Ring-opening reaction of aziridin2-phosphonates with HCtontinued

8

(0]
N B/OEt
LAN0oFt

H\P,OEt 93
11 OEt
(0]

.., _OEt 67

H\P/OEt 84
1 OEt

P’ 95
11 OEt
I O
49
M
MNNC)
®©
s
I t
Cl O
4h
M
Me ?iD =
Cl
NH,
y >‘/\
® Me H',,P,OEt 93
n>
& & OE
4i
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Table 1.Ring-opening reaction of aziridin2-phosphonates with HCt¢ntinued

M Me
Me © T ® ©
Me C
Me ' o N
10 N, I OEt H\ _OEt 74
[\ \OEt |
3j
M
e@ o
Me NH2CI
11 N E/OEt H\P/OEt 79
VAN = & (I)I\OEt
3k 4
M
°, ©
®© Cl
Me NH,
VAN 11 "OEt
Cl O
3l 41
OH HO o
® ¢l
Ph o NH,
13 N j-OFt PhH\P,OEt 79
OEt ||\OEt
3m Ccl O
4m
(|)H HO 5
B £t~ NH,C!
o 2
14 N ||/OEt /OEt 87
YAV OEt ' OEt
3n Cl
4n

jsolated yield.

First, the racemid\N-benzyl substituted aziridin2-phosphonate8a was
reacted with HCl in ether which gave a single regioisof@en 95 % yield(entry

1). After seeing that the ring opening reaction3aftakes place smoothly and
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efficiently, the other racemic aziridin2phosphonates having furfury8b,
isopropyl3c, and cyclohexyBd groups on the nitrogen were also subjected to the
same reaction. All these reactions led to the expected ring opening products in very
good yieldqentries 2 4). In repeating the same reactiwith the chiral aziridine-
phophonates3e-n (entries %14) again the ring opening reaction took place
smoothly as expectedto yield the correspondetloro-a-aminophosphonates in
good to excellent yields, 6@5%.

The ring opening reaction of all aziridirBzphosphonate8a-n with HCI
gas takes place in a very short reaction time, at room temperature and mostly with

no need for further purification.

221 Proposed reaction mechanism for the ring opening of aziridin-

phosphonates with HCI

The proposed mechanism for the aziridinefirpgening reaction is straight

forward as shown iBcheme 36.

o~ ©)
I?,/\H_Cl @$,H R\@ Cl
N- _ (N . NH,
“P(OEt) [ TP(OEY, H\f(OEt)z
Cr 0] Cl O

Scheme36. Proposed mechanism for the ringening reaction adziridine 2-

phosphonate with HCI

As it can be seen from ti&cheme 36nitrogen is protonated by HCI and

forms an aziridinium ion. Then, chloride ion acts as nucleophile and attacks the
aziridine ring from less hindered-position to form b-chloro-a-amino

phosphonate.
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2.3  Ring-opening reactions of aziridine2-phosphonates with alcohols.

The investigation of rin@pening reactions of neactivated aziridines
showed that the aziridine ring can be activated with the help of acids sgeh as
toluenesulfonic acid (TsOH) and sulfuric acid. Thus, using TsSOH ¢8®} it was
possible to do the ringpening reactions with alcohols succedgfuHowever, the
latter showed better yields, therefore all foygening reactions were carried out in

the presencefdd,SO,, and the results were summarizedable 2

Table 2. Ring-opening of aziridine&2-phosphonates with alcohols

R yR
R,OH
L\ _OEt R OJ\ _OEt
H,SO,4 (conc) || ~OEt
" OEt 294
3 O 5 ©
Entry R:i0OH Aziridine -2-phosphonate/ring opened products
Ol ™ F\)vb“‘t ©\
3a 3fw
e
Ph” > NH @
\_O H\ P(OEY), “NH
1 MeOH H\P(OEt)Z '
OMe O OMe O P(OEt),
OMe (
0 0]
>aa 9L % >ba, 84 % 5fa, 86 %
Me
P = NH =
Ph” “NH -
H\ CCQ\P(OEt) P NH
2 EtOH P(OEt) F(OEY: H\
OBt & OFt 0 P(OE)
5ab, 77 % OEt O
’ 5bb, 72 % 5fb, 82 %
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Table 2. Ring-opening of aziridin€-phosphonates with alcohdIsontinued)

Me
N — NH -
Ph” >NH -
H\ C(QKP(OEO PN
3  iProH P(OEY), o OEL2 H\
oPr & OPr o [ POED,;
0 ro
>ac 86 % Shc, 35 % 5fc, 55 %
Me
Ph” > :
Cﬁ Ph” “NH
4  BnOH P(OEY), % P(OEt), H\
OBn 5 OBn O OB P(OEt),
43 % 5bd, 81 % N O
Sad 43 % 5fd, 53 %
A~ Me
Ph” > NH =~ NH :
H\ CCQ\ Ph” “NH
- P(OEY) P(OEY), H\
5 /j)H A0 0 i 0 0 P(OED:
/\/O 0]
5ae 90 % 5be, 90 %
8 o0 S Sfe, 68 %

Me

Ph” NH

Ph” > NH
\ H\” P(OEt), C‘/\H\ H\P(OEt)z
6 o)

P(OEt, X _0

5af, 81 % 5bf, 75 % 5ff, 40 %

As can be seen fronTable 2 aziridine2-phosphonates having three
different groups on the nitrogen was studied. Racemic azirRHpleosphonate3a,
3band a chiral aziridin@-phosphonat8f all three gave the ring opening products
with methanolin 91%, 84 % and 86 % yield respety (entry 1). In the case of
ethyl alcohol as the nucleophile, the chiral aziriddegave the highest yield 82 %
(entry 2. With secondary alcohdPrOH benzyl substituted aziridinga was
isolated in 84 % yield and the others were in the acceptabtgefentry 3). When

33



benzyl alcohol was used as the nucleophile, desbretibstituted U-amino
phosphonate&ad, 5bd and 5fd were isolated in 59 %, 81% and 53 % yields
respectivelyentry 4. Allyl alcohol formed the ring opened products in good yields
for the first two aziridines3a (90 %) and3b (90 %), and in moderate yield for
aziridine 5fe (68 %, entry 5. Same ring opening reactions were also performed
with propargylic alcohol and thexpected productsaf and5bf were attained in
good yields, 81 % and 75 % respectively, but compdifhidias obtained albeit in
low yield (40 % entry 6.

2.3.1 Proposed reaction mechanism for the ring opening of aziridine-

phosphonates with alcohols

The proposd mechanism for $$0O, mediated ringppening reaction with
alcohols which is similar to rirgpening reaction with HCI. First, nitrogen is
protonated by acid and nucleophile present in the medium attacks to the less
hindered site. Formed amine salt is removed after extractidrparification on

silica gel, as shown iBcheme 37.

o~ S)
R, 7TH-080H R y R.® OSOsH R
N- S N — NH; 1, Extraction HN
A Q\ >
.l.D(OEt)2 ( .l.D(OEt)2 .l.D(OEt)2 2. Silica Gel H\.F:(OED2
(0] R'OH (0] OR' O OR' O

Scheme37. Proposed mechanism for80, mediated ringppening

2.4 Ring-opening of aziridine-2-phosphonates with other nucleophiles.

Since it has been established that the presence of a protic acid is enough to
activate the aziridine ring, the rirgpening reaction with acetic acid and

triflouroacetic acid (TFA) has been tested as well. As fordpgning with acetic
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acid, the formatio of expected produbtawas observedin 96 % yieldbcheme
38).

Bn

| 1. CH3COOH HN/R
o
LN opt —0C€ L aco Kokt
Pl 2. Silica gel Pl
11 "OEt 5 OEt
3a O 6a

Scheme38. Ring-opening reaction with acetic acid

However, ringopening reaction with TFA did not yield the expected

product, instead, hydrolyzed produéhydroxy-a-amino phosphonatéa was
obtained in 82 % yiel@Scheme 39).

Bn 1. CF4COOH R
N RT, acetone
LN _oEt — = HOJ\P/OEt
ﬁ\OEt 2. Extraction 5\0Et
3a 7a

Scheme39. Ring-opening with TFA

Trifloroacetate group is highly labile and hydrolysis takes place during flash

column chromatography on silica gel as reported in the literdture.
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CHAPTER 3

RESULTS AND DISCUSSION (PART I1)

3.1  Synthesis of FAM ligands

The small ligand library of chiral aziridinyl based ligands, ferrocenyl
aziridinyl methanol FAM) ligands were synthesized according to the procedure
previously reported by our gro® The g/nthetic pathway for the synthesis of
FAM ligands is shown ischeme 40

As it can be seen from thfecheme 40synthesis oFAM ligands begins
with the reaction of ferrocer8and acryloyl chlorid® in the presence of mixture
of AICI; and MeAl Lewis acids which yields acryloyl ferrocenE0 almost
guantitatively. Successful bromination of acryloyl ferrocen&&¢eC produces the
dibromo compound 1lin excellentyield. Treating diboromo compound wiEtN
eliminates HBr and formag-bromo compound 1awhich reacts with chiral amine
to provide a diastereomeric mixture of ketori&sand 13 that can be separated
easily by silica column chromatography. The reduction of kei@nender Luche
conditions using NaBH, as a reducing agent and Za@$ a chelating agerigrms
FAML1 as the only steroisomer. To obt&AM2 having opposite configuration at
the alcohol center it was necessary to uselectride. Reduction of ketod8 was
not as selective as in the cas&kefonel2. Thus, the use of-kelectride or LiAIH,
both providedrAM3 andFAM4 as a mixture that can be separable easily by silica
column chromatography.
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@ o) MesAl, AICI5 )J\/ Br,
Fe + \)J\CI DoM. 78 °C DCM Fe
@ T >95 % -78°C Br
Fc-H >95 %
8 9 10 11
Et3N
DCM
o o K “*R-NH,
N + N -
FC)‘ku FC)L
12 13
| |
LiAIH, L-Selectride L-Selectride LiAIH,
THF, -78 °C THF, -78 °C THF, -78 °C THF, -78 °C
OH E OH E OH E or
FC)\A FCM FC& FCM
FAM1 FAM2 FAM3 FAM4

Scheme40. Overall reaction pathway for the synthesisaiM ligands

Using synthetic pathway shown3theme 4(besides previously reported
chiralPFAM1-4 (R = phenyl, phenyl ferrocenyl aziridinyl methanol) ligands, new
derivativesNFAM1-4 (R = 1-naphtyl, naphthyl ferrocenyl aziridinyl methanol)
andCFAML1 -4 (R = cyclohexyl, cyclohexyl ferrocenyl aziridinyl methanol) were
also synthesized. For the synthesisNFAM series R)-1-naphthyl ethyl amine
was used as chiral amine, while for bEAM series R)-cyclohexyl ethyl amine
was utilized. With the synthesis of néwAM ligands, we had a small library of

twelve chiral ligands shown ifrigure 6
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OH N OH N OH N OH N
Fo FC& VAN FCJ\Q

PFAM1 PFAM2 PFAM3 PFAM4

NeBNeNVe RN
Fc/'\u Fc/-\u Fc& FCM
CFAM1 CFAM2 CFAM3 CFAM4
Fc/'\u Fc/-\u Fc& FCM
NFAM1 NFAM2 NFAM3 NFAM4

Figure 6. Structure of th&AM ligands

The absolute stereochemistried#fM ligands were determined by single
crystal X-ray analysis. The crystal structure BFAM1 was reported in the
literature43 The absolutetereochemistry of new ligandéFAM4 and CFAM3
were also determined bX-ray analysis, as shown igure 7aand Figure 7b,
respectivelyDisplacement ellipsoids are drawn at the 30 % probability level. The

intramolecular interaction is shown by dotteckkn

39



b)

Figure 7. X-ray structures o) NFAM4 andb) CFAM3

The absolute stereochemistry NFAM1, NFAM2, CFAM1 andCFAM2
at the alcohol center is based & values on TLCand 'H NMR signals of
ferrocenyl protons as shown in FigurelB.Figure 8 for all three ligands, i.e.,
PFAM1, NFAM1 and CFAM1, three protons of the substituted ferrocenyl ring
appear on the lethand side of the big singlet corresponding to five protons of the
unsubstituted ferrocenyl ring. On the other hand, P6#AM2, NFAM2 and
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CFAM2 one proton of substituted ferrocenyl risgoin the lefhand side and the
others are either overlapping or appearing on the-higinid side of the big signal.
Based on this observation, sinceFAM1 already confirmed byX-ray
crystallography, it was concluded that the stereochemistnyNBAM1 and
CFAM1, so alNFAM2 andCFAM2 are as shown iRkigure 6.

PFAM1 NFAM1 CFAM1 PFAM2 NFAM2 CFAM2

coam
A

T T T T
4.5 .0 4.5 4.0 4.5 4.0 4.5 4.0 4.5 4.0
f1 (ppm) fl (ppm) fl( fl( f1 (ppm; f1

Figure 8. Fraction of théH NMR spectrum corresponding to ferrocenyl protons of
FAM1 andFAM2 ligands

3.2  Optimization studies for 1,3dipolar cycloaddition reaction

After the synthesis ofwelve FAM ligands, we were ready to test their
performance as a chiral ligand first for the -tjpolar cycloaddition (1,3C)
reaction of azomethine ylides with electron deficientat@pophiles. We started

optimization studies by ligand screening using an adapted literature proéédure.
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According to this procedure phenyl substituted infidaandN-methylmaleimide
were reacted with 10 mol %AM ligand, 5 mol % AgOAc, 1.5 equiv. of
dipolarophile, 0.2 M reaction concentration in toluene, and 400 mg 4A molecular

sieves used as the drying agent for 100 mg irfiqe.

3.2.1 Ligand screening

The results of ligand screening studies were summariZEakite3. As can
be seen from th&able 3 in PFAM seriesPFAM1 showed 79 % vyield with
selectivity of 73 % e¢entry 1) which is close to that dPFAM4, that showed 76 %
ee, butonly 56 % yiel(entry 4. PFAM2 andPFAM3 showed lower selectivities

with numerical values close to each other, i.e., 43 % and 42 %, respe(ivielys
2and 3.

In case ofCFAM series, first two ligands showed the selectivities of 60 %
and 58 % with high yields over 90 @éntries 5 and 6 Reactions withCFAM3 and
CFAM4 yielded the products in 78 % ee and 77 % ee, respec{setyies 7 and
8). The latter showed high reaction yield of 96 %.

In NFAM series, ligands apart fronNFAM1 showed moderate
selectivities, while firstisomer gave 71 % ee with 72 % yfeftry 1). As seen in
entry 12 NFAM4 showed the lowest selectivity among these ligands giving only
40 % ee.

It is important to mention that the ligands with opposite configan at
alcohol center give products with opposite steedaxtivity, which are shown with

a negative sign iiable 3.
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Table 3. Ligand screening for 1;BC reaction

H
AgOAc (5 mol %) ©,,, N .\CO,Me
g /\WOMe /A/l FAM ligand (10 mol %) \GA

Me Toluene (0.2 M) O%NAO
14a 0°C-RT,20h I\I/Ie 15a
Entry Ligand y(i;::)ja (%j)

1 PFAM1 79 73
2 PFAM2 86 -43
3 PFAM3 91 42
4 PFAM4 56 -76
5 CFAM1 94 -60
6 CFAM2 92 58
7 CFAM3 63 -78
8 CFAM4 96 77
9 NFAM1 72 -71
10 NFAM2 91 67
11 NFAM3 70 -45
12 NFAM4 81 40

dsolated yieldPDetermined by chiral HPLC column.

Since CFAM3, CFAM4 and PFAM1 yielded the product in similar
selectivities, above 70 %, for further optimizations the ligand with highest reaction
yield was chosen. In other wordd-AM4 was decidedo be the ligand of choice
due to good selectivity of 77 % ee with high reaction yieldich is 96 %.
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3.2.2 Solvent screening

After determining proper ligand, reaction was repeated with different
solvents such as DCM, THF and toluene. In addition, reaction temperature was

changed from 0 te20 °C. The results of these studies are summarizéahie 4.

DCM and THF gave products with close yields and selectivities of 53 % ee
and 44 % ee, respectivelgntries 1 and 2 The reaction wittCFAM4 in toluene at
this temperature showed slight improvement in enantiomeric excess to 80 %

together with litle decrease in reaction yidlentry 3.

When reaction was carried out wRrAM1 andNFAM4 under the same
conditions, improvement in selectivity was not observed for the former, yet for the
latter the selectivity was improved drastically, from 40 % ee to 70 % ee, together
with sharp fall in yield from 81 % to 55 %. As a result, further optitiozes were
done with the ligand with higher selectivity, i.EFAM4, in toluene determined to

be the reaction solvent.
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Table 4. Solvent screening studies for L& reaction at20°C

H
0,
AQOAC (5 mol A)) ©//“ N ‘\\COZMe
FAM ligand (10 mol %) ()

© '?l solvent OAN/QO

Me 20°C, 20 h Ve

14a

15a
Ent Ligand Rxn conditions yield? ee
i g (%) (%)
1 CFAM4 DCM (0.2 M) 78 53
2 CFAM4 THF (0.2 M) 73 44
3 CFAM4 Toluene (0.2M) 89 80
4 PFAM1 Toluene (0.2M) 87 73
5 NFAM4 Toluene (0.2M) 55 70

Jsolated yield’Determined by chiral HPLC column.

3.2.3 Catalystloading optimizations

To find optimal amount dfFAM ligand and silver salt that are used in 1,3
DC reaction, different amounts GFAM4 and AgOAc, unless stated otherwise,

were examined aR0 °C and 0 °C, as summarizedTliable 5.

For the reactions a20 °C increasing the liganohetal amount did not bring
an increase in selectivity, 80 % ee at 10 mol % ligand (eatty 1) and 70 % ee at
20 mol % ligand loadgentry 2. Lowering the ligand load to 5 and 3 mol %
resulted in lower yield with almost sane® around 80 %entry 3 and % To
achieve higher yield with lower catalyst load, some attempts such as increasing the
dipolarophile equivalence from 1.5 to 2éntry 5 and increasing reaction time
from 18 h to 24 h were also triéentry 6. However, dlthese attempts resulted in

decrease in both yield and enantioselectivity.
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To increase yield with lower catalyst load three ligands that showed the
highest selectivities in ligand screening studies, IRFAM1, CFAM3 and
CFAM4, were tested at 0 *RT canditions with 5 mol % catalyst loads. Under
these reaction conditio&-AM4 ligand yielded the product with 86 % ee in 94 %
yield (entry 7). Just to note that decreasing the amourRBEAM1 did not give a
significant change in yield and selectiv{gntry 8 while decrease in the amount of
CFAMS resulted in lessening in selectivity from 78 % ee to 65 Yepty 9.

Since CFAM4 showed an increase in selectivity when the amount was
lowered © 5 mol % (entry 7) it was decided to further decrease ligand load.
Manipulating the amount d@FAM4, it was observed that 3 mol ZFAM4 with
1.5 mol % AgOAc positively affected both the yield and the enantioselectivity of
the product, 95 % and 94 % resfieely (entry 1Q. Further reduction in catalyst
amount to 2 mol % ligand and 1 mol % metal salt, resulted in a drop both in yield
and edentry 11J).

In order to examine the performance of other metal sources, the reaction
between azomethine ylide am#methylmaleimide was repeated with Zn(OJf)
and Cu(CHCN),BF, commonly used for these reactions. Unfortunately, both
metal salts resulted in the formation of racemic products with low yfelusies 12
and 13.
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Table 5. Catalyst load optimizations for 2[3C reaction

H
~ OMe ﬂ ©//,, N ‘\\COQMG
M/FAM ligand \ /
©/\N/\[r + O O g N <

o |\'\I/l|e Toluene, 20 h O%\N/:QO
14a Me 15a

Entry (;QI\&)) (Arr?ocl)'% Rxn Temperature  yield? e
1 20.0 10.0 -20°C 78 70
2 10.0 5.0 -20°C 89 80
3 5.0 2.5 -20°C 42 82
4 3.0 1.5 -20°C 30 80
¢ 5.0 2.5 -20°C 44 55
64 5.0 2.5 -20°C 33 66
7 5.0 2.5 0°C-RT 94 86
8° 5.0 2.5 0°C-RT 86 77
of 5.0 2.5 0°C-RT 74 -65
10 3.0 1.5 0°C-RT 95 94
11 2.0 1.0 0°C-RT 81 86
12 6.0 5.0 0°C-RT 51 rac
13 5.5 5.0 0°C-RT 28 rac

gsolated yield°Determined by chiral HPLC columf2.0 equiv. of dipolarophile
was useddReaction was carried out for 24®RFAM1 was used as ligand.
fCFAM3 was used as liganeZn(OTf), was used as the metal source.
hCu(CH:CN),BF,;wasused as the metaburce.
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3.24 Dipolarophile screening

After setting all reaction parameters D& reaction of azomethine ylide
was performed with different dipolarophiles as summariz&aivle 6 Beside SN-
methylmaleimide N-phenyl andN-benzylmaleimides were also tested in-DG
reaction under optimized conditions. As it can be seen from entries 2 and 3, the
selectivities of these maleimides were not as high as in the cade- of
methylmaleimide. The enantioselectivwas 48 % foN-benzimaleimide and 10
% for N-phenylmaleimide. When the reaction was carried out with dimethyl
maleate 88 % yield and 28 % ee was obse(gntty 4. For the reactions wittert-
butyl and methyl acrylatggntries 5 and @he reaction was resulted in modezat
yields and low selectivities of 50 % ee for the former and 16 % ee for the latter.
The reactions withrans-chalcone and vinyl sulfone gave racemic products with

low yields(entries 7 and 8
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Table 6. Dipolarophile screening table

o
)

AgOAc (1.5 mol %)
/:\ CFAM4 3 0 mol 0/0

@ ( 2\\002Me

Ri Re Toluene, 20 h
0°C-RT
14a 15a-22a
Entry  Product Dipolarophile yield? ee
I\I/Ie
1 15a oiN/v/o 95 94
Ph
2 16a oiN/v/o 79 10
I?n
3 17a o=N_o 91 48
/ - \
4 18a MeO,C CO,Me 88 28
5 19a ~ co,Bu 68 50
6 20a  Co,Me 51 16
Ph
7 2l1a — 30 rac
COPh
8 22a ~ s0,Ph 17 rac

dsolated yield°Determined by chiral HPLC column.
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3.25 Imine screening

Besides the dipolarophiles, we have also screened the imines obtained by
the condensation of glycine methyl ester with different aromatic aldehydes. For
that purpose, imines with maleimide dipolarophiles were reacted under optimized
reaction conditions. T results of these studies were summarizetainles 7, 8
and 9.

3.25.1 Reaction of different imines with N-methylmaleimide

After determining the optimum conditions, 1ID& reaction of azomethine
ylides obtained from different imines were screened first Withethylmaleimide

and the results were summarized able 7.

In Table 7 there are two ee values, one is reaction ee attafigation of
the cycloadducts by flash columnhromatography on silica gel and the other one is
the ee after recrystallization. Theabyadduct were recrystallized from DGM
Hexane or DCMEL,O. Depending on the structure either the major enantiomer
crystallized out or remained in the solution.

As slown in Table 7,phenyl substituted imine with-methylmaleimide
showed the highest reaction ee of 94 %, therefore, recrystallization was not tried
for this cycloadductentry 7). In the case of sterically more hindered naphthyl
imines(entries 2 and 362 % yield and 65 % ee was obtained for thedphthyl
case and 81 % yield and 75 % ee was obtained for-tlepBthyl case. The ee of
both cycloadducts was increased to 90 % and 97 % respectively upon
recrystallization. The reaction gi-tolyl and p-trifluoromethylphenyl substrates
yielded products in 50 % and 68 % with an ee of 71 % (increased to 80 %) and 73
% (increased to 96 %) respectivébntries 4 and b The effect of both electron
donating and withdrawing substituents on the aromatic ring wastigatel. Imine

with an electron donating methoxy group provided cycloadductin 65 % yield and
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69 % ee (increased to 97 %, entjy Btrong electron withdrawing nitro group, on

the other hand, gave the product in 90 % ee (increased to 99%) with 61% yield
(entry 7). The result op-bromophenyl substituted imine was very similar to that of
p-methoxyphenylimine case, entry 8. Imines with different groups at different
possitons of the aromatic ringymethoxy,m-bromo ando-chloro), formed the
products in 71 %91 % and 75 %, yields with moderate selectivities 66 %
(increased to 96 %), 76 % (increased to 86 %) and 61 % ee (increased to 90 %),
respectively(entries 911).
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Table 7. Substrate screening wittrmethylmaleimide

AgOAc (1.5 mol %)

Ari. N ..coM
/%N/\WOMe A CFAMA4 ( 3.0 mol %) Fro 7Ny COzMe
0

Me Toluene, 20 h Oé\N
o |
14a-k 0°C-RT Me 15a-k
I ee
Entry  Product Ar yield ee recryst

1 15a ©\ 95 94 94

2 15b 62 65 90
s
3 15¢ 81 75 o7
o
4 15d Me©—§ 50 71 80
5 15€ FscO§ 68 73 96
6 15f MeO@—E 65 69 97
7 159 ow@% 61 90 >99
8 15h or—(_ ) 61 65 99!

",

9 15i Q\ 71 66 96
MeO N

10 15] )©\ 91 76 86
Br N

Cl
11 15k ©i 75 61 90
o

dsolated yieldPDetermined by chiral HPLC columefee of reactiorfee of crystals
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3.25.2 Reactions withN-phenylmaleimide dipolarophile

Similar work was performed foX-phenylmaleimide with each substrate
under optimized conditions. The results of these studies are summarizaiole8.
As it can be seen froMable 8 although the yields are reasonably good, the overall
selectivities of the reactions are relatively mediocre, compared to studies with two
other maleimides. Fortunately, it was possible to increase the ee of all the

cycloadducts by recrystallization.

The first reaction of this series was done with phenylimine &hkd
phenylmaleimide which produced the cycloadduct in 79 % yield with 10 % ee
(incressed to 86 %, entry )1 In the case of the same dipolarophile with
naphthylimines corresponding pyrrolidine derivatives were isolated in reasonably
good yields but | ow eeb6bs. Fortunately, I
to 98 % ee by recrystatlation for napthyl cas€entry 2 and from 58 % to 99 %
for 2-napthyl case(entry 3. When the reaction was performed with the
substituted aromatic imines, in general, the yields were good exceptNid2
substituted one which formed the productin 19 % yeldry 7). However, low
eeds were obtained (erdgries48)10n the dther hand,liter s u
was possibleto increase the low ee of all these substrates above 90 % by
recrystallization except thp-methoxy case which remained at 66(&ntry 6.

Repeating the same reaction withmethoxy,m-bromo ando-chloro substrates
cycloadducts were obtained in good Ige (entries 911) but the
enantioselectivities were similar to the previous ones. Once again, itwas possible

to increase the eeb6bs of these cycloadduc
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Table 8. Imine screening witiN-phenylmaleimide

AgOAc (1.5 mol %) y com
AN OMe ﬂ CFAM4 (3.0 mol %) " (" ) T2e
Ar N/\[O( + 0770 - —
Ph Toluene, 20 h 04\N/§o
0°C - RT )
14a-k Ph 16a-k
Entry  Product yield? ee ee

recryst

Ar
1 16a ©\ 79 10 86

2 16b 85 45 08
s

3 16¢ 86 58 o
o

4 16d Me—<i:>>—§ 92 46 90

5 16e Fsc—<<::>——§ 83 24 96

6 16f MeO—{Ci)%—E 86 37 66

7 169 ozN—<<::>——§ 19 36 08

§ 08 48 97

",

8 16h Br

9 16i Q\ 85 37 81
MeO N
Q 95 47 86
Br N
Cl
11 16k ©i 68 38 03
o

7

10 16j

dsolated yieldPDetermined by chiral HPLC columfee of crystals.
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3.25.3 Reactions withN-benzylmaleimidedipolarophile

As the third dipolarophile we have uddédenzylmaleimide and screened
the same imines under optimized reaction conditions. The results of these studies

are showed ifable 9.

In this series, while phehgnd Enaphtyl imines formed the cycloadducts in
good yi el ds -naphthylimihefavmee thecycload@uctin acceptable
yield with good ee. For all these cycloadducts recrystallization increased the ee to
more than 90 %entries 13). Interestimgly, only for -naphthyl imine we isolated
the product as a diastereomeric mixture with 98/i/antiratio (entry 2. The
reaction withp-tolyl and p-triflomethylphenyl imines gave the cycloadducts in
moderate yields with the same ee, 60 %, which ine@as 99 % and 85 %
respectivelyentries 4 and p Among the othep-substituted iminesp-methoxy,
p-nitro andp-chloro,p-nitro-substituted imine formed the productin lowest yield
but acceptable eéentries 68). By applying a recrystallization procgst was
possible to increase eeb6s from 52 to 86
In the case ofm-methoxy, mbromo ando-chloro-substituted imines, the
cycloadducts were isol at e (ntiesn9ll).doid yi el d
previous series, it was possi bl e udsoby enri ch
recrystallization, from 63 to 91 %, 71 to 80 % and 62 to 99 % ee.
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Table 9. Substrate screening wititbenzylmaleimide

AgOAc (1.5 mol %) H

pr— A 11y, ‘\\CO M
A Sy OMe /A/l CFAM4 (3.0 mol %) ' (" Y~o2ve
N 4 o N~ O \
o)

| N =

Bn Toluene, 20 h Oé\N
0°C-RT !
14a-k Bn 17a-k
- ee
Entry  Product yield ee

recryst

Ar
1 17a ©\ 91 48 94

(2 60

2 17b 90 (dr:93/7) 96
s

3 17¢ 65 84 08
o

4 17d Me—«<::>»—§ 68 60 85

5 17e Fsc—<<::>——§ 79 60 >99

6 17f MeO—{Ci)%—E 90 52 86

7 179 ozN—<<::>——§ 19 74 03

$ 82 73 90

",

8 17h Br

9 17i O\ 84 63 91
MeO N
)©\ 93 71 80
Br N
Cl
11 17k @[ 82 62 >99
,43

7

10 17j

dsolated yield°Determined by chiral HPLC column.
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3.2.6 Proposed transition state

The structural andterochemical assignments of thecloygdducts were
made bycomparing with those found in the literatuBased on the stereochemistry

of known compounds, proposed transition state is demonstrafeglire 9.

According to this transition statEAM ligand, imine and the dipolarophile
are coordinated to silver in such a way that the cycloaddition takes place from the

si-side with respect to imine nitrogen in andemode.

endo-si attack y ;
)J\‘A/

R

Figure 9. Proposed transition state for AGAM catalyzed 1,$DC reaction
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CHAPTER 4

RESULTS AND DISCUSSION (PART I11)

4.1  Optimization studies for azaHenry reaction

4.11 Ligand screening for reaction of Boesubstituted imine with
nitromethane

As the first optimization, synthesizeldAM ligands were screened by
modified literature procedure used for asymmetric-deary reaction by using
Boc-imine, nitromethane and diethylziicThe results of these studies were
summarized imable 10.

As can be seen froifable 1Q for allFAM ligands good yields with low to
moderate enantioselectivities were obtained. Similar te(DIC3eaction screenings,
the ligands of opposite chiralities at alcohol center led to formation of products of
opposite steeoselectivity.

The highest yield (88 %) and selectivity (71 % ee) were observed with
PFAML ligand(entry 1). Although reasonable yields were achieved uBRgM2
(entry 2, CFAM1 (entry 5, CFAM4 (entry 8, and NFAM4 (entry 12 their
selectivities weredw. Therefore, further optimizations were performed by using
PFAML ligand.
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Table 10. Ligand screening studies for the adanry reaction

0] Et,Zn (20 mol %) 7
©A\N)Lofsu + CHgNO, TAM lgand (10 mol %) HY™ o
DCM, 0°C, 20 h
23a moz

24a

Entry Ligand Yield? (%) ee (%)
1 PFAM1 88 71
2 PFAM2 87 60
3 PFAM3 73 -25
4 PFAM4 68 -52
5 CFAM1 89 -35
6 CFAM2 70 .17
7 CFAM3 71 20
8 CFAM4 88 53
9 NFAM1 74 -40
10 NFAM2 86 -13
11 NFAM3 78 20
12 NFAM4 87 33

Jsolated yield’Determined by chiral HPLC column
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4.1.2 Solvent screening studies for the azélenry reaction

After selecting proper ligand, solvent screening studies were done using 8
different solvents and the results were summariz8aivie 11 Except chloroform
(entrydyi el ds were reasonable to good but ec¢
The promising result was obtained for DCM with 88% yield and 71%e ety 1).

Therefore, further optimizations were done in DCM.

Table 11. Solvent screeing studies

(o) Et,Zn (20 mol %)
° HN™ ~OB
\NJ\O’BU + CHuNG, PFAM1 (10 mol %) N u
solvent
0 OC, 20 h moz
23a 24a
Entry Solvent Yield? (%) ee (%)
1 DCM 88 71
2 THF 81 30
3 Et,O 78 27
4 Toluene 67 27
5 ACN 86 rac
6 DCE 86 40
7 CHCls 15 18
8 Hexane 88 53

Jsolated yieldPDetermined by chiral HPLC column.
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4.1.3 Optimization of reaction conditions in terms of iming nitromethane

ratio, effect of molecular sieves and temperature

To see the effect of molecular sieves (MS) on the reaction, we have added
different amounts of molecularesies to the reaction medium, thesults were
summarized inTable 12 Without MS(entry 1) the product was isolated in 81 %
yield with 43 % ee. On the other hand, by adding 3®fA MS to 100 mg imine
solution ee increased to 50 @ntry 2. By doubling the amount of MS 71 % ee
was resulted (entry 3. However, further increase in the amount of MS had a
negative effect on ee, with 90 m§4A MS ee was 64 % ee and with 120 A
MS ee was 61 % ee respectivéintries 4 andb Low selectivities, around 50 %,
were observed when 3A MS oreshed MS was uségentries 6 and )7

To find an optimal time for the formation of metajand complexation and
nitroalkane addition, stirring time was alteréthble 12).By keeping the metal
ligand complexation time at 30 minutes, we changedtithe intervals for the
addition of nitromethane and imine to the reaction medium. By adding
nitromethane 30 min. after medidand complexation and stirring for 30 min and
adding imine at this point, product was isolated in 88 % yield with 71 Yea&y
3). However, addition of nitromethane and imine together after 30 min
complexation lower ee (48 %) was obtair{entry 8. When the imine was added
60 min after nitromethane, further decrease in ee (34 %) was regaiiteyl9.

If no time was spared fahe metaligand complexation, the product was
formed in good yield (93 %) albeit low ee (48 éntry 10. Giving more time to
metatligand complexation, yield (88 %) was not affected significantly but the ee
remained low (38 %, entry }1

It was concludedhat the optimal time for the reaction was 30 min. for the
metatligand complexation then addition of nitromethane and another 30 min. for
the introduction of the imine at®C (entry 3. Reaction at room temperature gave
low selectivity, only 20 % egentry 12). Lowering the temperature td.0 °C, -20
°C and-78°C resulted in decrease bothin yield andezdries 1315).
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Table 12. Optimization of azeHenry reaction conditions

0 Et,Zn (20 mol %) i
\N)J\OtBu + CHoNO, _PFAMI (10 mol %) HNT 0By

@ DCM, 0 °C, 20 h ©/\

NO,
23a 24a
Entry Rxn conditions Yield? (%) e€ (%)

1 0°C 81 43
2 30 mg4A MS, 0°C 83 50
3¢ 60 mg4A MS, 0°C 88 71
4 90 mg4A MS, 0°C 78 64
5 120 mgdA MS, 0°C 79 61
6 60 mg3A MS, 0°C 82 47
7 60 mg meshed M$)°C 79 50
8 60 mg4A MS, 0°C 84 48
Qe 60 mg4A MS, 0°C 87 34
10 60 mg4A MS, 0°C 93 48
119 60 mg4A MS, 0°C 88 38
12 60 mg4A MS, RT 73 20
13 60 mg4A MS, -10°C 71 40
14 60 mg4A MS, -20°C 61 30
15 60 mg4A MS, -78°C 39 28

Jsolated yield.’Determined by chiral HPLC columtNitromethane was added
after 30 min ligand metal complexation time and imine was added after another 30
min.dimine was added together with nitrometha&haine was added 60 min after
nitromethane'Nitromethane was added together with ligaihitromethane was
added 60 min after the ligand.
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414 Optimization of catalyst load and imine/nitromethane ratio

The studies for the catalyst load and nitroalkane equivalence were
summarized iMable 13.

To see theeffect of catalyst load on reaction selectivity, 40 mol %ZEt
and 20 mol %°FAML1 ligand was used. With this catalyst load both the yield and
ee were lower than the the catalyst load which was half of this an(eninies 1
and 2. By using 10 mol % EZn and 5 mol %PFAM1 ligand product was
obtained as a racemic mixtugentry 3. In keeping the chiralligand at 10 mol %
and varying the amount of #Zn from 15 mol %, 10 mol % and 5 mol %
selectivity decreased from 34 %, 20 % to racefaidries 46).

Changing nitromethane equivalence by keeping the catalyst load at 20/10
mol % ZnPFAML1 ratio, did not improve the enantioselectivity. The reaction in
neat nitromethane resulted in 50 % ee with 90 % Yetdry 7). Using 25 equiv.,
10equiv.and® qui v. of nitromethane, 63 %, 47 % ar
respectivelyentries 810).

Repeating the reaction at 0.1 M and 0.3 M in DCM, did notincrease the ee
(entries11 and ). Therefore, the condition at entry 2 remained as optimal

condition fa the reaction.
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Table 13. Optimization of the catalyst load and nitromethane equivalence

O
0]
o )]\ Et,Zn/PFAM1 HN)J\OtBU
N”oBu  + CHsNO; :
DCM, 0°C, 20 h ©/\
NO,
23a 24a
Imine/ ZnEt,/Ligand . 142 (0 0
Entry MeNO, (mol %) Yield? (%) e€ (%)
1 1/20 40/20 64 46
2 1/20 20/10 88 71
3 1/20 10/5 80 rac
4 1/20 15/10 87 34
5 1/20 10/10 85 20
6 1/20 5/10 69 rac
7 neat 20/10 91 50
8 1/25 20/10 89 63
9 1/10 20/10 77 47
10 1/5 20/10 65 43
17¢ 1/20 20/10 74 68
1 1/20 20/10 87 44

dsolated yield°Determined by chiral HPLC columf0.1 Min DCM.40.3 M in
DCM.
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4.15 Additive screening for reaction of Bocprotected imine with

nitromethane

Lastly, the effect of the additive on the reaction was also studied. For this
purpose, different bases, DBWHu ni g0 s Base, triethyl ami
phosphine were used in 5 mol % amoufitable 14. Only PP and EN had a
positive effect on ee when used in 5 mo{éatries 5 and B Further optimizations
by changing the amount of these two additives didbrotg a positive result in
terms of ee therefore, we decided to use 5 mol 3l Ebr the imine screening

studies.

Table 14. Additive screening table

o) Et,Zn (20 mol %)
% HN™ ~OB
\N)J\O’Bu + CHyNO, _PFAMI (10 mol %) \ u
DCM, 0°C, 20 h
NO,
23a 24a
Entry Additive Yield? (%) e (%)
1 - 88 71
2 DBU (5 mol%) 77 rac
3 H¢eni gbs Base 91 60
4 PhsP (2.5 mol%) 73 63
5 PhsP (5 mol%) 62 73
6 PhsP (10 mol%) 85 65
7 EtsN (2.5 mol%) 82 60
8 EtsN (5 mol%) 76 77
9 EtsN (10 mol%) 77 73
10 EtN (20 mol%) 65 50

dsolated yield°Determined by chiral HPLC column.
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4.1.6 Imine substrate screening for azaHenry reaction

At this point, the optimized parameters were applied to differddudc
protected imine derivatives with nitromethane and the resultssuenenarizedn
Table 15 For this prpose, we have synthesized phenyhahthylp-nitrophenyl,
tolyl, p-methoxyphenylp-chloro and furyl imines. With all the imines, yields were
acceptable to good except fpichloro case which formed the productin 21 %
yield without theadditive and 23 % with the 5 mol %zBtadditive(entry 3). The
enantioselectivities for the new imines, however, were either very low or none
(entries 27).

Table 15. Imine substrate screening for az&nry reaction with nitromeéne

0O Et,Zn (20 mol %) 0
ArANJ\ofBu + CHaNO, PFAM1 (10 mol %) Hl;l O'Bu
DCM, 0°C, 20 h Ar
2329 24a-g NO,
Entry  Product Ar Yield? (%) ed (%)

1 24a @g 88 (76) 71(77)
2 24b g 74 (69) 46 (10)
3 24c om@% 21 (28) 6 (10)

4 24d MeO§ 93 (90) 32 (rac)
5 24e MeoOé 76 (83) rac (rac)

6 24f Cl@% 79 20
7 249 Q\f 74 16

dsolated yield without additive, numbersparenthesis were obtained with
additive (5 mol % EN). "Determined by chiral HPLC column
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4.1.7 Reaction of Boeprotected imines with nitroethane

In the last part of this study, the optimized parameters were applied to
imines bearing different aromatic groupsttwinitroethane. The results are

summarized iMable 16.

The reaction of phenyl substituted imine with nitroethane formed the
product with the highestyield (91 %) with a diastereomeric ratio of @&3Vfi/syn
(entry1). The enantioselectivity was foundiie 60 % for the major isomer and 10
% for the minor isomer, given in the parenthésigry 1). In the case of bulkier-2
naphthyl group, the product was formed in 54 % yield with 73&f/synratio.

The selectivity of the major isomer of this substratd4 %(entry 2. Introducing
electron donating methoxy group at para position the product was obtained in
moderate yield with 79/21 diasteromeric ratio and with a good enantioselectivity of

86 % ee for thanti-isomer(entry 4.

The reaction ofp-tolyl substituted imine provided the product in 74 %
yield with 85/15anti/synratio and good ee for both diastereomers, 75 % and 82 %
respectively(entry 3. Similarly, the reaction of furyl substituted imine gave the
productin accepible yield with with 71/29 diastereomeric ratio and acceptable to
excellent ee 64 % for thanti-product and more than 99 % for tegnproduct
(entry 5.
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Table 16. Reaction of Bogprotected imines with nitroethane

0
° Et,Zn (20 mol %) L
- PFAM1 (10 mol % HN™ ~0%Bu
Ar/\NJ\ofBu + CH3CH,NO, : o Me
DCM, 0°C, 20 h Ar T
23a-e 25a-e "o
Yield® dr e€ (%)
Entry  Product Ar (%) anti/syn  maj (min)

1 25a @—% 91 93/7 60 (10)
2 25hb . 54 73/27 34 (rac)

3 25¢ MeO§ 74 85/15  75(82)
4 25d MeO@% 75 79/21 86 (rac)

5 25e BN . 69 71/29 64 (>99)

gsolated yield°Determined by chiral HPLC column

69






CHAPTER 5

CONCLUSION

In the first part of this thesis, we have investigatad ring-opening
reactions of noractivated aziridines with different nucleophiles. Aziridide
phosphonates synthesized by the GakCielwmell reaction was teged with HCI
gas bubbled into the ether solution of aziridines. As a result of this process the
regioselective ringppening of aziridines took place to yiekichloro-a-amino
phosphonates in acceptable to good yield9506.

The ringopening reaction ofziridine2-phosphonates was also studied
with MeOH, EtOH,PrOH, BuOH, allyl alcohol and propargyl alcohol in the
presence of b80O;. In all the caseshering opening reactiosyielded the expected
b-alkoxy-a-amino phosphonates regioselectively in moderate to good yiel#d, 35
%. The same reaction with neat acetic acid and triflouroacetic acid gauve the

acetoxy and&-hydroxyaminophosphonates in 96 % and 82 % yields, respectively.

The second part of this this consisted of testing the performance of a
small library of 12FAM ligands with a transition metal in metal catalyzed
asymmetric synthesis. As the first reaction-D@ reaction of azomethine ylides
with various dipolarophiles was tried using silveretate with NFAM1 -4,
CFAM1-4 and PFAM1-4 chiral ligands. After standardptimization studies,
various imines were reacted wiMrmethy}, N-pheny}t andN-benzylmaleimide
used as the dipolarophiles in the presence ofC&A§\M4 catalyst system. The
yields of the products withN-methylmaleimide varied between8® % with the
enantioselectivities between-®2 %. In the case df-phenylmaleimide, 1,3DC
reaction of azomethine ylides provided pyrrolidine derivatives #9890 isdated
yield with 1058 % ee. In the case d-benzylmaleimide, cycloadducts were

isolated in 1993 % yield with 4884 % ee. The enantiomeric excess values of the
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cycloadducts were enriched by recrystallization (mostly around®0In a
comparison to prewus work?3new catalytic system AGFAM4 proved towork
better, since with lower catalyst load (3.0 molCsAM4 - 1.5 mol % AgOAC)
selectivity of 94 % ee and 95 % yield in a reaction of phenyl substituted imine with
N-methyl maleimide. Whereas, the saneaction yielded in 74 % ee using
previous catalytic system,i.e. 10 mol % of Zn(Q&iHd 11 mol % oPFAM1.43

To test thecatalytic performance ofFAM ligands, we have also studied
azaHenry reaction using EIn as the metal source. After optimization studies,
different substrates on the aromatic ring of the{Boines provided the products in
21-93 % yield with no selectivity or low selectivity exceipe phenyl case which
formed the productin 77 % ee.

Reaction of imines with nitroethane was also studied. The products were
isolated in acceptable yields (4 %) with reasonable diastereoselectivity
favoring theanti-product. The enantioselectivitiethe major isomers were in the
range of 3486 %.
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CHAPTER 6

EXPERIMENTAL SECTION

6.1 General consideratation

6.1.1 Materials and instrumentation

All reactions were performed in flardried glassware underratrogen
atmosphere. All solvents were freshly distilled. Products were purified by flash
column chromatography on Silica Gel 60 (Merck, P800 mesh ASTM). TLC
analyses were performed on 250 Im Silica Gel 60 F254 plates. Enantiomeric excess
(ee) was detenined by chiral HPLC analysis using a chiral stationanase 1H
NMR, 13C NMR and3!P NMR samples were prepared in C&hd recorded at
400 MHz, 100 MHz and 162 MHz, respectiveld NMR data are reported as

chemical shiftsq ppm) relative to tetrameyisilane @0.00).

6.2 General procedures

6.2.1 General procedure A Procedure for the ring opening reaction of

aziridine-2-phosphonate with HCI.

HCI (g) was generated by slow addition of concentrated HCI (37 %) over
concentrated k80, (98 %). Then situformed HCI gas was then bubbled into the
solution of aziridine2-phosphonates (200 mg) in diethyl ether (3 mL) at room
temperature for about five min at which point the solution became cloudy.
Evaporation of diethyl ether gave the highly viscous oily erbechloro-U-

aminophosphonatek-n which were crystallized from EtOAkexane.
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6.2.2 General procedureB. Procedure for the ring-opening reaction of

aziridine-2-phosphonates with alcohols

Concentrated p5O,was added drop by drdp (50 ¢l)
alkyl substituted aziridin@-phosphonate (200 mg) in alcohols (3.5 ml) reponted
Table 1.The mixture was heated at-&8% °C until disappearance of the starting
material as indicated by TLC. Crude product was purified by flash column
chromatography orsilica gel using EtOAc as the eluent. For the low boiling
alcohols (MeOH, EtOH aniPrOH) solvent was removed by rotary evaporator and
then the crude product was applied to the column. In the case of benzyl alcohol,
allyl alcohol and propargyl alcohol, ret'on mixture was applied directly to the
column. Basic workup by quenching the reaction mixture with saturated Nakl CO

solution was also tried but the yields were not affected significantly.

6.2.3 General procedure C Procedurefor 1,3-dipolar cycloaddition

reaction of azomethine ylides with dipolarophiles

Predried Schlenk tube was charged with ligand and imine under nitrogen
atmosphere, dissolved in a proper solvent, and cooled to O °Cliatbe After 15
mins of stirring silver acetate was added Schlemletras wrapped with aluminum
foil to keep reaction mixture in the dark. After stirring additionahdur 4A
molecular sieves (previously activated by keepirg B in 100 °C oven) were
added, followed by addition of dipolarophile. The resulting mixture stiaed for
2 additional hours at 0 °C and then-icath removed to let reaction mixture stir at
room temperature for additional 18 hours. The product was purified by silica
column chromatography.

74



6.2.4 General procedure D: procedurefor aza-Henry reaction of Boc-

protected imines with nitroalkanes

Predried Schlenk tube with activated 4A molecular sieves (previously
activated by keeping-8 h in 100 °C oven) was charged with ligand angZEt
under nitrogen atmosphere, dissolved in a proper solvent, and coddettin
cryostat. After 30 mins of stirring nitroalkane was added. After stirring additional
30 min imine was added. The resulting mixture was stirred for 20 additional hours

at 0 °C. The product was purified by silica column chromatography.

6.3 Synthesis ad characterization of aziridine-2-phosphonate ring

opening products

Aziridine ring-opening productda-n were synthesized according to general
procedure A, productSaaaf, 5ba-bf, and5fa-ff were synthesized according to

general procedure B.

6.3.1 Characterization of N-benzyt2-chloro-1-
(diethoxyphosphoryl)ethanaminium chlorid&s.

© ©  White solid, mp: 19%195 °C.R=0.52 (EtOAC)H NMR (400
NHZC;Et MHz, CDCE): ti11.2 9.9 (broad singlet, 2H, [HNHTI), 7.90
IOFI(OEt 7.68 (m, 2H), 7.507.33 (m, 3H), 4.56 (qJ = 13.3 Hz, 2H,
benzylic CH), 4.404.11 (m, 6H), 3.54 (ddd] =16.0, 6.1, 4.5
Hz, 1H, CHP), 1.39 (tdJ = 7.1, 3.0 Hz, 6H, BCH,CHj). 13C NMR (100 MHz,
CDC): 11130.6, 129.6,129.2, 128.6, 64.0 §g;p= 6.8 Hz, POCH), 63.86 (d Jci
»= 6.8 Hz, POCH), 52.5 (d Joip= 151.5 Hz, CHP), 49.9, 39.7 (GAI), 16.3 (d,
Joip = 5.4 Hz, POCKHCH,), 16.29 (d Jcip = 5.9 Hz, POCHCHs). 3P NMR (162
MHz, CDCl): i 15.3. IR (critl): 2982, 2588, 12501012, 976, 748. HRME
(m/z): calculated for GH2,CIoNO3P [M-CI]: 306.1020, found: 306.1026.

PR
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6.3.2 Characterization of -2hloro-1-(diethoxyphosphoryiN-(furan-2-
yimethyl)ethanaminium chloridetb).

® 8 White solid, mp: 116117 °C.R; = 0.50 (EtOAc).H NMR
Cf;jz/oa (400 MHz, CDC}): U 11.509.80 (broad signals, 2H,

(IPI)\OEt [HNH]*CI), 7.49 (dJ=1.2 Hz, 1H), 6.89 (d]=3.2 Hz, 1H),

6.43 (ddJ=3.3, 1.8 Hz, 1H), 4.66 (d=14.8 Hz, 2H, furfuryl

CH,), 4.40 4.28 (m, 4H, POChL), 4.24 (ddJ=13.2, 4.9 Hz, 2H), 3.62 (di,=

15.9,5.0 Hz, H, CHP), 1.41 (tdJ=7.0, 3.4 Hz, 6H, POC}H,). 13C NMR (100

MHz, CDCk): i144.1, 144.0,114.4,111.1,64.2d,p=6.4 Hz, POCH), 53.1

(d,Jcip= 151.8 Hz, CHP), 42.7 (d¢ip= 2.4 Hz, furfuryl CH), 39.7 (CHCI), 16.3

(d,Jcip=5.4 Hz, POCHCHa), 16.1 (d Jcip=5.9 Hz, POCHCHg). 3P NMR (162

MHz, CDCly): G 15.1. IR (cmtb): 2981, 2588, 1240, 1012, 746. HRNES (m/z):

calculated for GH2,CI.NO4P [M-CI]: 296.0813, found: 296.0828.

6.3.3 Characterization dfl-[2-chloro-1-(diethoxyphosphoryl)ethyl]propa?-

aminium chloride4c).

)\G) o White solid, mp: 138139 °C.R; = 0.47 (EtOAc).H NMR (400
NHZC|0Et MHz, CDCh): 1110.94 and 8.78 (two broad signals, 2H, [HNEI}
H\C.F’.):OEt ), 4.47-4.23 (m, 6H), 3.86 (dt)=12.7, 6.4Hz, 1H), 3.76 (dd,=
14.9,5.4 Hz, 1H, CHP), 1.61 (d=6.5Hz, 3H, CH), 1.55 (d,J =
6.5Hz, 3H, CH), 1.42 (t,J = 7.0, 3H, POCHCHs), 1.41 (t,J = 7.1, 3H,
POCHCHz;). 13C NMR(100 MHz, CDC}): i64.5 (d Jcip=6.7Hz, POCH), 64.2
(d, Jcip = 6.7Hz, POCH), 54.0 (d,Jcip = 153.1Hz, CHP), 52.1 (CHN), 39.9
(CH.CI), 19.9 (CH), 18.1 (CH), 16.3 (d Jcip=5.3Hz, POCHCHj3), 16.2 (d,Jcip
= 5.4 Hz, POCHCHa). 3P NMR (162 MHz, CDCl): G 16.0. IR (cmt): 2989,
1252, 1003, 980, 800. HRMBI (m/z): calculated for gH,,CI.NOsP [M-CI]:

258.1020, found: 258.1024.
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6.34 Characterization of N-[2-chloro-1-
(diethoxyphosphoryl)ethyl]lcyclohexanaminium chloride€l.

White solid, mp: 128129 °C.R=0.57 (EtOAc)IH NMR (400
O\ﬁHzg MHz, CDCk): 4 10.79 and 8.90 (two broadignals, 2H,
P:OEt [HNH]*CI), 4.354.13 (m, 6H), 3.72 (d1=15.0,4.8 Hz, 1H),
a6 °F 3.48 (t,J = 9.7 Hz, 1H), 2.32 (dJ = 9.7Hz, 1H), 2.24 (d) =
11.8 Hz, 1H), 1.94.76 (m, 4H), 1.67 (s, 1H), 1.33 (§ = 7.0 Hz, 6H,
POCHCHs), 1.231.12 (m, 3H)13C NMR (100MHz, CDCL): ti64.6 (d,Jcip=6.9
Hz, POCH), 64.3 (d Jcip= 6.8 Hz, POCH), 58.8, 53.4 (dJcip=153.2 Hz, CHP),
40.1 (CHCI), 30.1, 28.5,24.8, 24.7, 16.45 @;p=5.4 Hz, POCHCHg3), 16.41
(d, Joip = 5.7 Hz, POCHCHs). 3P NMR (162 MHz, CDCly): 1 15.7. IR (cm):
2937,1440,1253, 1009, 964.HRNE (m/z): calculated for GH26CI,NO3P [M-
Cl]: 298.1333, found: 298.1342.

6.3.5 Characterization ofR)-2-chloro-1-(diethoxyphosphoryk

Me o N-[(S)-1-phenylethyllethanaminium chloridé€).

P NH,C
H"’.F.’:SEI White solid, mp: 7071 C.Rf= 0.58 (EtOAc).| =729.86 (c
¢ o = 0.05, CHCY). *H NMR (400 MHz, CDC}): ¢11.0-10.2 (broad

signals, 2H, [HNH}ICI-), 7.82 (dJ= 7.1 Hz, 2H), 7.567.37 (m, 3H), 5.06 (qJ =
6.4 Hz, 1H, CHN), 4.41 (dg] = 14.2, 7.1 Hz, 2H, POCHl 4.354.26 (m, 1H),
4.26:4.12 (m, 2H, POCH), 3.25 (dtJ=13.6, 5.5 Hz, 1H, CHP), 2.06 (d,= 6.8
Hz, 3H, CH), 1.43 (t,J = 7.0 Hz, 3H, POCKCHj3), 1.35 (t,J = 7.0 Hz, 3H,
POCHCHzs). 13C NMR (100 MHz, CDC}): d136.1, 129.0 (dJcip = 13.9 Hz),
128.2 (dJcip=4.1 Hz), 126.0,64.2 (dcp=6.7 Hz, POCH), 63.4 (dJcip= 6.6
Hz, POCH), 59.2 (CHN), 54.1 (dJcip = 152.1 Hz, CHP), 40.0 (Cil), 21.1,
16.2 (dJcip=6.6 Hz, POCHCHj3), 16.1 (d Jcip=6.6 Hz, POCHCH,). 31P NMR
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(162MHz, CDCl): d15.6. IR (cml): 2992, 2581, 1251, 1012, 975, 702. HRMS
El (m/z): calculated for GH2,CI,NO3P [Mi Cl]: 320.1177, found: 320.1184.

6.3.6 Characterization of §)-2-chloro-1-(diethoxyphosphoryiN-[(S)-1-
phenylethyllethanaminium chloridéf.

Me@ o White crystal (84 % yield), mp: 119.4C. Rf = 0.67 (EtOACc).
P

PR ONHD | =116 (c = 1.0, CHG). *H NMR (400 MHz, CDCY): d/7.67
_OEt
H\ﬁ\oa (d,Jd= 6.9 Hz, 2H), 7.567.33 (m, 3H), 4.87 (q]= 6.8 Hz, 1H]
C

CHPh), 4.47 (td,) = 6.7, 12.2 Hz, 1Hj CH,CI), 4.43 4.13 (m,
4H, 1 OCH,CHj3), 3.98 (td,J = 6.4, 12.4 Hz, 1Hj CH.CI), 3.62 (dtJ=5.9, 17.5
Hz, 1H,i CHP(OELt)), 1.96 (d,J = 6.8 Hz, 3H,i CH5), 1.38 (t,J = 7.0 Hz, 3H}i
OCH,CHs), 1.36 (t,J = 7.0 Hz, 3H,i OCH,CHs). 13C NMR (100 MHz, CDC}):
d136.0, 129.7, 129.3 (2CH), 128.6 (2CH), 64.7 Jgl» = 6.8 Hz,i OCH,CH),
64.3 (d,Jcip=6.9 Hz,1 OCH,CHs), 60.3 (d Jcip= 4.4 Hz,i CH,CI), 54.4 (d Jcip=
149.9 Hz,i CHPO(OE®)), 39.4 { CHPh), 20.3 {(CHs), 16.4 (d,Jcip=5.7 Hz,i
OCH,CHs), 16.3 (d,Jcip = 5.7 Hz,i OCH,CHs). 3P NMR (162MHz, CDCl):
d16.7. IR (cml): 3064, 2981, 2187, 2125, 2013, 1248, 1224, 993, 703. HAAWS
(m/z): calculated for GH24Cl,NO3sP [M*]: 355.0871 and found: 355.0866.

6.3.7 Characterization of §)-2-chloro-1-(diethoxyphosphoryiN-[(R)-1-
(naphthaler2-yl)ethyllethanaminium chloride4q).

Me@ o Viscous oil. Rr = 0.6 (EtOAc). | = +3.1 (c = 0.05,

NHzC' CHCl). 1H NMR (400 MHz, CDC}): ¢/11.4-10.0 (broad
g“gzgg signal, 2H, [HNHICI'), 8.187.94 (m, 3H), 7.89 (dd] =

9.2, 6.2 Hz, 2H), 7.59.52 (m, 2H), 5.20 (q1= 7.7 Hz,

1H, CHN), 4.524.37 (m, 2H), 4.3@4.05 (m, 4H, POCH), 3.26 (dt,J = 13.3, 5.4
Hz, 1H), 2.10 (dJ = 3.7 Hz, 3H, CH), 1.45 (t,J= 7.0 Hz, 3H, POCKCH3), 1.31

(t, J = 7.0 Hz, 3H, POCKCH,). 13C NMR (100 MHz, CDC}): d133.3, 133.5,
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133.0, 129.6, 128.6, 128.1, 127.7, 126.8, 126.6, 124.7, 64 . &= 6.9 Hz,
POCH,), 63.6 (d,Jcip = 6.7 Hz, POCH), 59.6 (CHN), 54.4 (dJcip = 152.0 Hz,
CHP), 40.3 (CHCI), 21.3 (CH), 16.4 (d Jcip=5.6 Hz, POCHCHS3), 16.3 (d Jcip
= 5.4 Hz, POCHCH3). 3P NMR (162 MHz, CDCL): d16.1. IR (cml): 2980,
2598, 1249,1013, 976, 747. HRME (m/z): calculated for ¢gH26CI1NO3P [Mi

Cl]: 370.1333, found: 370.1350.

6.3.8 Characterization of R)-2-chloro-1-(diethoxyphosphoryiN-[(R)-1-
(naphthaler2-yl)ethyllethanaminium chloridedf).

Me Viscous 0il.R = 0.65 (EtOAc).| =+25.9(c=0.043,
®
NHZC' MeOH), IH NMR (400 MHz, CDC}): ¢8.00 (s, 1H),
., _OEt
H Plog; 7-95 (d.J=8.0 Hz, 1H), 7.967.86 (m, 2H), 7.48 (ddl =
Cl O

8.5, 1.4 Hz, 2H), 4.99 (q] = 5.7 Hz, 1H, CHN), 4.51
(dd,J=17.6,11.5Hz, 1H), 4.38.25 (m, 2H, POCHh), 4.16 (dgJ=14.2,7.1 Hz,
2H, POCH), 4.05 (td J=13.2,4.6 Hz, 1H), 3.57 (ddd=17.9,6.4,4.9 Hz, 1H,
CHP), 1.97 (dJ=6.6 Hz, 3H, CH), 1.37 (tJ= 7.0 Hz, 3H, POCKCHj3), 1.29 (t,
J=7.0 Hz, 3H, POCHKCHj). 33C NMR (100 MHz, CDC}): d133.6,133.3, 132.9,
129.2,128.3,128.0,127.5,126.8,126.5,124.8, 64 X%(d,= 6.9 Hz, POCH),
64.0 (d,Jcip=6.9 Hz, POCH), 59.9 (d Joip=5.4 Hz, CHN), 54.1 (dJcip=151.1
Hz, CHP), 39.5 (CKLCI), 20.4 (CH), 16.1 (t,Jcip = 6.1 Hz, POCHCH;3x2). 31P
NMR (162MHz, CDCl): d15.9. IR (cm?): 2980, 1235, 1039, 951, 745. HRMS
El (m/z): calculated for €H2sCILbNOsP [MiHCI] [Na]: 392.1158, found:
392.1148.
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6.3.9 Characterization ofR)-N-[(S)-2-chloro-1-(diethoxyphosphoryl)ethy#]
3,3-dimethylbutar2-aminium chloride 4i).

Me Viscous oil, R = 0.70 (EtOAc), | = +21.4 (c = 0.02,
Me%ﬁHzc' CHCL). 'H NMR (400 MHz, CDC}): d4.17-4.07 (m, 4H
MeMe J.,oEt ° ’ L

’ﬁiOEt POCH,), 3.81 (ddd,J=15.9, 11.6, 4.3 Hz, 1H), 3.74.64 (m,

© 1H), 3.30 (dtJ = 20.1, 4.5 Hz, 1H), 2.48 (dd,=12.6, 6.3
Hz), 1.27 (tJ= 7.0 Hz, 6H, POCKCH3), 0.91 (dJ=6.4 Hz, 3H, CH), 0.84 (s,
9H, C(CH)3). 133C NMR (100 MHz, DClg): d62.9 (d,Jcip = 7.0 Hz, POCH),
62.5 (d,Jcip = 6.5 Hz, POCH), 59.7 (d,Jcip = 11.0 Hz, CHN), 54.7 (dJcip =
157.1 Hz, CHP), 43.6 (dcp=5.1 Hz, CHCI), 34.4, 26.3 (C(Ch)3), 16.4 (d Jcip
= 4.9 Hz, POCHCH; x2), 14.7 (CH). 3P NMR (162 MHz, CDCl): d15.99. IR
(cm'1): 2970, 1242,1024, 965,749. HRME (m/z): calculated for GH2gCl,NOP
[M7 Cl]: 300.1495, found: 300.1484.

Cl

6.3.10Characterization of R)-N-[(R)-2-chloro-1-
Me (diethoxyphosphoryl)ethyB,3-dimethylbutar2-aminium
Mes AJHCl chloride @j).

e e
¢t o White solid, mp: 276276 C. Rf = 0.67 (EtOAc).| =1

32.48 (c =0.043, CHG). 'H NMR (400 MHz, CDC}): d4.954.86 (m, 1H), 4.41
4.32 (m, 3H), 4.324.24 (m, 2H), 4.10 (d] = 13.2 Hz, 1H), 3.43 (dd,=12.4, 5.9
Hz, 1H), 1.51 (d,) = 6.6 Hz, 3H, CH), 1.42 (g, = 6.8 Hz, 6H, POCLCHsR 2 ) ,
1.17 (sJ= 4.8 Hz, 9H, C(CH)3). 13C NMR (100 MHz, CDC}): d64.6 (d, Jcip =
6.8 Hz, POCH), 64.3, 63.7 (dJcip = 6.8 Hz, POCH), 53.7 (d,Jcip = 154.9 Hz,
CHP), 41.4 (dJcip=4.1 Hz, CHCI), 34.0, 26.0 (C(Ch)3), 16.1 (d Jcip=4.6 Hz,
POCHCHs), 16.0 (d,Jcip = 4.8 Hz, POCHCH3), 11.0.3P NMR (162 MHz,
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CDCl): d16.1. IR (cml): 2973, 2648, 1250, 1013, 980, 763. HREBE(mM/z):
calculated for GH,gCIoNO3sP [Mi Cl]: 300.1490, found: 300.1498.

6.3.11 Characterization of §-2-chloro-N-[(R)-(1-cyclohexylethyl}1-
(diethoxyphosphoryl)]ethanaminium chloricéky.

Me@ o White solid, mp: 182183 C. R = 0.55 (EtOAc),| =

O/LNHzc' +14.1 (c = 0.1, CHG). *H NMR (400 MHz, CDCY): ¢10.29

Higg 8.99 (broad signal, 2H, [HNHCTI), 4.57-4.06 (m, 6H,

© including POCH)), 3.75 (ddd,J=11.8, 9.0, 5.9 Hz, 1H), 3.55
(s, 1H), 2.021.62 (m, 6H), 1.49..36 (m, 9H), 1.38..23 (m, 2H), 1.201.05 (m,
3H).13C NMR (100 MHz, CDC}): d62.7 (d Jcip = 6.8Hz, POCH), 62.4 (d,Jcip
= 7.3 Hz, POCH), 55.5 (d Jcip=9.1 Hz, CHN), 53.9 (dlcip=156.1 Hz, CHP),
43.6 (d,Jcip= 6.4 Hz, CHCI), 42.3,29.4, 27.4,26.4, 26.2, 26.1, 16.2)gp=7.4
Hz, POCHCHs 7 2 3*P NMR (162 MHz, CDCh): d7.7. IR (cmil): 2924, 1240,
1021, 964. HRM&EI (m/z): calculated for GH3oCI,NO3P [Mi Cl]: 326.1646,
found: 326.1639.

6.3.12  Characterization of  R)-2-chloro-N-[(R)-(1-cyclohexylethyl}1-
(diethoxyphosphoryl)Jethanaminium chloridé)(

Me@ o White solid, mp: 101102 C. R = 0.60 (EtOACc), |
O/LNHzC' +0.21 (¢ = 0.1, CHG). 'H NMR (400 MHz, CDCY): d4.68-

Yy

,F,’\OE: 4.48 (m, 1H), 4.4%.16 (m, 5H), 3.95 (dd]1 = 9.9, 4.5 Hz,

1H), 3.493.38 (m, 1H), 2.0aL.60 (m, 6H), 1.570.96 (m,
14H).13C NMR (100 MHz, CDC}): d62.3 (d,Jcip = 6.7 Hz, POCH), 62.2 (d Jop
= 6.9 Hz, POCH), 55.8 (d Jcip=5.4 Hz), 54.4 (d)cip=156.8 Hz, CHP), 44.1,
42.7,29.2,27.4,26.2,26.1, 26.0, 16.2, 16.04a¢=4.5 Hz, POCHCH3 = 2 }'P
NMR (162 MHz, CDClL): d16.4. IR (cm?l): 2925, 1239, 1022, 964. HRMS
(m/z): calculated for GH3,CIoNOsP [Mi Cl]: 326.1646, found: 326.1663.
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6.3.13  Characterization of)-N-[(S)-2-chloro-1-(diethoxyphosphoryl)ethyi]-
hydroxy-3-phenylpropar2-aminium chloride 4m).

HO Viscous oil,R = 0.29 (EtOAc),| =117.7 (c =0.1, CHG).
ﬁHzg 1H NMR (400 MHz, CDC}): d7.387.25 (m, 5H), 4.451.05 (m,
Ph H\ﬁigg 6H), 4.033.77 (m, 4H), 3.34 (dd}=13.7, 6.6 Hz, 1H), 3.16 (dd,
Cl O J=13.6,8.2 Hz, 1H), 1.37 @,= 7.0 Hz, 3H, POCKCH,), 1.32
(t, J=7.0 Hz, 3H, POCKCHS5). 13C NMR (100 MHz, CDC}): d135.4, 129.1 (CH
~n2), 128.7 (CH J&p26.9HzIPOCH), 83,9 (dd4-=8.8 HA ,
POCH,), 62.0,59.0,54.2 (dp=152.3 Hz, CHP), 40.8, 34.8, 16.0 (&;p=5.6
Hz, POCHCH3x2).31P NMR (162MHz, CDCl): d16.0. IR (cn1): 3314, 2982,
1240, 1014, 977, 702. HRMBI (m/z): calculated for ¢H2cCILNO4P [Mi Cl]:
350.1282, found: 350.1299.

6.3.14 Characterization of R)-N-[(S)-2-chloro-1-
HO_ (diethoxyphosphoryl)ethyd]l-hydroxybutar2-aminium chloride
H ©
@ 4n).
Et” NH,C! (“n)
H\ _OEt
& U OEt Viscous oil R=0.22 (EtOAc).| =i14.86 (c=0.1, CHG).

IH NMR (400 MHz, CDCY): d4.49-4.22 (m, 6H), 3.99 (dJ = 5.1 Hz, 2H), 3.93
(d, J = 14.4 Hz, 1H), 3.58 (s, 1H), 2.6288 (m, 2H), 1.42 (t) = 6.8 Hz, 3H,
POCHCH3), 1.41 (t,J = 6.9 Hz, 3H, POCbCH3), 1.03 (t,J = 7.1Hz, 3H, CH).
13C NMR (100 MHz, CDCY): d64.4 (d Jip = 6.4Hz, POCH), 64.2 (d Jeip= 7.1
Hz, POCH), 62.6, 59.5, 53.1 (dcip = 150.8 Hz, CHP), 40.6, 20.1, 16.0 (g p =
5.7 Hz, POCHCH; 5 2 ) , 3P OIMR(162 MHz, CDCl): d15.2. IR (cnil):
3288, 2974, 1243, 1013, 977, 794. HREEm/z): calculated for GH2.ClLNO4P
[Mi CIJ: 288.1126, found288.1138.

82



6.3.15 Characterization of diethyl -benzylamino)2-
methoxyethylphosphonat&4a).

Ph” > NH Oily compound, R = 0.66 (EtOAc).'H NMR (400 MHz,
%P(OE% CDCly): 1i7.387.29 (4 Hm), 7.267.21 (1 H, m), 4.24.10 (4
OMe O H, m, (OCHCHz),), 3.98 (2H, ddJ = 31.6, 13.3 Hz, CLPh),

3.74i 3.58 (2H, m, CHOMe), 3.33 (3H, s, OC#), 3.14 (1H, ddd)=14.6,6.4, 3.7
Hz, CHPO), 1.68 (1H, br. s, NH), 1.34 (6H, 3t 1.5, 7.1 Hz(OCH,CHs)5,). 13C
NMR (100 MHz, CDC}): 1 139.6 (C), 128.1 (2xCH), 128.0 (2xCH), 126.8 (CH),
70.8 (dJcip=3.3 Hz, CHOMe), 61.95 (dJcip=6.7 Hz, PO(OCHKCHj3),), 61.91
(d, Jcip = 6.9 Hz, PO(OChKICHs),), 58.6 (OCH), 54.40 (d,Jcip = 154.1 Hz,
CHPO), 52.0 (dJcip = 7.4 Hz, CHPh), 16.2 (d,Jcip = 5.8 Hz, PO(OCKCHS5),).
31P NMR (162 MHz, CDCly): U 25.6. IR (cm ): 3449, 2981, 2905, 2852, 1233,
1019, 959, 736. HRMEI (m/z): calculated for GH2sNO4P [M+H]: 302.1521 and
found: 302.1529.

6.3.16  Characterization of diethyl{benzylamino)2-ethoxyethylphosphonate

(5ab).
Ph” > NH Oily compound,R = 0.53 (EtOAc).'H NMR (400 MHz,
P CDClL): u 7.477.25 (5H, m), 4.264.10 (4H, m,

P(OEt),
OEt o (PO(OCHCHa),), 3.99 (2H, ddJ = 32.3, 13.4 Hz, ChLPh),

3.81i 3.60 (2H, m, CHOCH,CHs), 3.47 (2H, g,)= 7.0 Hz, CHCH,0), 3.15 (H,
ddd,J=14.2, 6.6, 3.6 Hz, CHPO), 2.60 (1H, br. s, NH), 1.33 (6H] ét.1.5, 7.1
Hz, (OCHCHs)z), 1.18 (3H, t,J = 7.0 Hz, OCHCHs). 13C NMR (100 MHz,
CDCL): Ui 139.6 (C), 128.0 (4xCH), 127.0 (CH), 68.5 (&;p = 3.4 Hz,
CH,0CH,CHs), 66.1 (OCHCH3), 61.9 (tJcip = 8.1 Hz, PO(OCKCHs),), 54.3 (d,
Jeip= 154.3 Hz, CHPO), 51.9 (d¢ip= 7.4 Hz, CHPh), 16.14 (dJcip = 5.6 Hz,
PO(OCHCHs),), 16.12 (dJcip = 5.8 Hz, PO(OCKCHs),), 14.7 (CHCH,0). 31P
NMR (162MHz, CDCl): i 25.8. IR (cm }: 3451, 2977, 2868,1236, 1020, 958,
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699. HRMSEI (m/z): calculated for gH27/NO4P [M+H]: 316.1678 and found:
316.1671.

6.3.17  Characterization of diethyl -benzylamino)2-
isopropoxyethylphosphonatgdc).

Ph™ > NH Oily compound,R = 0.60 (EtOAc).'H NMR (400 MHz,
P(OEY) CDClk): u 7.427.27 (5H, m), 4.284.12 (4H, m,

. " 2
OPr o PO(OCHCHs),), 3.98 (2H, ddJ =28.7, 13.2 Hz, CkPh), 3.75

(1H, ddd, J = 16.6, 9.8, 3.6 Hz, CMDCH(CH),), 3.67 3.53 (2H, m,
CH,OCH(CH), and OCH(CH),), 3.15 (1H, ddd) = 14.1, 6.6, 3.6 Hz, CHPO),
2.72 (1H, br. s, NH), 1.33 (6H, dt= 0.8, 7.1 Hz, PO(OC}CHs),), 1.16 (3H, d J
= 4.4 Hz, OCH(CH),), 1.14 (3H, d,J = 4.4 Hz, OCH(CH),). 13C NMR (100
MHz, CDCE): 11 140.0 (C), 128.2 (4xCH), 126.9 (CH), 72.0 (OCH({J# 66.4 (d,
Jcip = 3.7 Hz, CHOCH(CH),), 62.10 (d Jcip=6.7 Hz, PO(OCHKHCHy),), 62.06
(d,Jcip=6.9 Hz, PO(OCHKCHj),), 55.0 (d Jcip=154.7 Hz, CHPO), 52.2 (d¢ip
= 7.5 Hz, CHPh), 22.0 (OCH(CH),), 21.9 (OCH(CH),), 16.40 (dJcip=5.6 Hz,
PO(OCHCHa),), 16.41 (d,Jcip = 5.8 Hz, PO(OCKCHs3),). 3P NMR (162 MHz,
CDCl): G 25.9. IR (cm ). 3324, 2974, 12361021, 959, 755, 699. HRMEI
(m/z): calculated for gH2gNO4P [M+H]: 330.1834 and found: 330.1840.

6.3.18Characterization of diethyl -fbenzylamino)2-
P > NH (benzoyloxy)ethylphosphonatgdd).

P(OEt)
OBn @ ’ Oily compound,R; = 0.45 (EtOAc).'H NMR (400 MHz,

CDCl): i1 7.37 7.22 (10H, m), 4.52 (2 H, dd,= 15.4, 13.2 Hz, OCkPh), 4.20
4.07 (4H, m, PO(OCHCHs),), 3.97 (2 H, ddJ =21.1, 13.3 Hz, NHCkPh), 3.81
(1H, ddd,J = 16.9, 10.0, 3.6 Hz, C#DCH,Ph), 3.72 (1H, dt] = 9.9, 6.5 Hz,
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CH,OCH,Ph), 3.18 (1H, ddd] = 15.0, 6.4, 3.6 Hz, CHPO), 1.95 (1H, br. s, NH),
1.30 (6H, dt,J = 8.6, 7.1 Hz, PO(OC}CHj3),). 13C NMR (100 MHz, CDC}): U
139.8 (C), 137.8C), 128.3,128.2,127.6,126.9, 73.1 (OLH), 68.6 (dJcip=3.4
Hz, CHLOCH,Ph), 62.2 (dJcip=6.8 Hz, PO(OCKLICHs),), 62.1 (d Jcip=6.9 Hz,
PO(OCHCHs),), 54.6 (d Jcip=154.7 Hz, CHPO), 52.1 (d¢ip= 7.8 Hz, CHPh),
16.4 (d,Jcip = 5.9 Hz,PO(OCHCHs),). 3P NMR (162 MHz, CDCly): 1i25.5. IR
(cm' 3. 3324, 2980, 1238, 1021, 958, 735, 697. HREIImM/z): calculated for
CooH20NO4P [M+H]: 378.1834 and found: 378.1835.

6.3.19  Characterization of diethyl 2-(allyloxy)-1-
(benzylamino)ethylphosphonatege).

Ph™ > NH Oily compound,R; = 0.34 (EtOAc).*H NMR (400 MHz,
P(OEY) CDCly): G7.397.28 (4H, m), 7.287.21 (1H, m), 5.88 (1H,
2
0 o0 ddt,J=16.0, 10.8, 5.6 Hz, Ci€HCH;0), 5.27 (1H, ddJ =

17.3,1.6 Hz, CLHCHCH;0), 5.18 (1H, dJ=10.4 Hz, CHCHCH,;0), 4.2174.10
(AH, m, PO(OCHCHg),), 4.05 3.92 (4H, m, CHCHCH,O and CHPh), 3.76 (1H,
ddd,J=16.5, 10.0, 3.6 Hz, CjDallyl), 3.67 (1H, dtJ=10.0, 6.5 Hz, CkDallyl),

3.16 (1H, dddJ=14.6, 6.5, 3.6 Hz, CHPO),99 (1H, br. s, NH), 1.33 (3H, ] =

7.0 Hz, PO(OCHCHa),), 1.32 (3H, tJ = 7.1 Hz, PO(OCHKCHs),). 13C NMR (100
MHz, CDCk): 1 139.7 (C), 134.1,128.1,126.7, 116.9 (;H 1.8 (OCH), 68.4 (d,
J= 3.5 Hz, CHOCH,allyl), 61.9 (t,Jcip=6.9 Hz, PO(OCKICHs),), 54.4 (d,Jcip

= 154.6 Hz, CHPO), 52.0 (dic;p = 7.6 Hz, CHPh), 16.29 (dJcip = 5.7 Hz,
PO(OCHCHz),), 16.25 (d,Jcip = 5.8 Hz, PO(OCHKCHj),). 3P NMR (162 MHz,

CDCl): U 25.5. IR (cm }: 3324, 2980, 1237, 1021, 958, 7389. HRMSEI

(m/z): calculated for gH,;NO4P [M+H]: 328.1678 and found: 328.1685.
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6.3.20 Characterization of  diethyl 1-(benzylamino)2-(prop-2-
ynyloxy)ethylphosphonatééf).

Ph™ > NH Oily compound,Rf = 0.42 (EtOAc).'H NMR (400 MHz,
o %P(OEUZ CDCL): U 7.40017.29 (5H, m), 4.244.10 (6H, m,
Nx_o © PO(OCHCHj3), and CHOCH,CCH), 4.01 (2H, dd) =19.6,

13.3 Hz, CHPh), 3.89 (1H, ddd]=17.8, 9.8, 3.5 Hz, HCCCI®CH,), 3.75 (1H,
dt,J=9.8, 6.3 Hz, HCCCKDCH,), 3.16 (1H,ddd)=15.6, 6.2, 3.5 Hz, CHPO),
2.44 (1H, tJ= 2.4 Hz, HCCCH20), 1.65 (1H, br. s, NH), 1.34 (6H,%, 7.0 Hz,
PO(OCHCHj),). 13C NMR (100 MHz, CDC}): i 139.6 (C), 128.2 (4xCH), 126.9
(CH), 79.2 (HCCCHO), 74.7 (HCCCHO), 68.1 (dJ=3.4 Hz, HCCCHOCH,),
62.2 (d,Jcip = 6.9 Hz, PO(OCHKCHj3),), 62.1 d,Jcip = 7.1 Hz, PO(OCHKCHj3),),
58.2 (HCCCHO), 54.4 (d,Jcip = 154.7 Hz, CHPO), 51.9 (dicip = 8.1 Hz,
CH,Ph), 16.39 (dJcip = 5.6 Hz, PO(OCHKCHj3),), 16.37 (d,Jcip = 5.8 Hz,
PO(OCHCHgy),). 31P NMR (162 MHz, CDCl): U 25.2. IR (cm?): 3288, 2981,
1232, 1019, 961, 735, 698. HRMS (nV/2): calculated for GH2sNO4P [M+H]:
326.1521 and found: 326.1530.

6.3.21Characterization of diethyl 1-((furan-2-

CﬁNH yl)methylamino}2-methoxyethylphosphonatélfa).
\-O H\

P(OEt),
OMe O Dark yellow oil, Rf = 0.27 (EtOAc).'H NMR (400 MHz

acetoned6): 1i7.47 (1H, ddJ=1.9, 1.0 Hz), 6.35 (1H, dd=3.2, 1.8 Hz), 6.27
(1H, d,J = 2.9 Hz), 4.174.03 (4H, m, PO(OCHKCHs),), 3.97 (2H, s, Cht furyl),
3.63 (1H, dddJ=12.5, 10.1, 3.6 Hz, C/€HPO), 3.53 (1H, ddd|=10.1, 7.5,6.4
Hz, CH,CHPO), 3.25 (3H, OCH), 3.15 (1H, dddJ = 13.3, 7.5, 3.5 Hz, CHPO),
2.76 (1H, br. s, NH), 1.28 (3H,3=7.1 Hz, PO(OCKCHs),), 1.27 (3H,tJ = 7.1
Hz, PO(OCHCH3),). 13C NMR (100 MHz, CDC}): & 153.3 (C), 141.8 (CH),
110.1 (CH), 107.4 (CH), 71.0 (dgip = 3.1 Hz, CHOCHs), 62.3 (d Joip= 6.8 Hz,
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PO(OCHCHg),), 58.7 (OCH3), 54.08 (dcp=155.4 Hz, CHPO), 44.9 (dcip =
7.3 Hz, CH-furyl), 16.42 (d Jcip=5.7 Hz PO(OCHCHs),). 31P NMR (162 MHz,
CDCl): G 25.4. IR (cm?): 3462, 2982, 1240, 1020, 960, 749. HREB(M/2):
calculated for calculated for;@H,3NOsP [M+H]: 292.1314 and found: 292.1303.

6.3.22  Characterization of diethyl  1-((furan-2-yl)methylaminoj2-
ethoxyethylphosphonaté&lfb).

CﬁNH Dark yellow oil, Rf = 0.32 (EtOAc).'"H NMR (400 MHz,
N0 H\P(OEUZ CDCly): {17.36 (1H, dJ=1.7 Hz), 6.31 (1H, dd] = 3.0, 1.9
OEt & Hz), 6.23 (1H, d,J = 3.0 Hz), 4.244.08 (4H, m,

PO(OCHCHz),), 3.98 (2H, qJ = 7.0 Hz, OCHCHjy), 3.74 3.60 (2H, m), 3.50

3.38 (2H, m), 3.19 (1H, ddd,=13.7, 6.4, 4.0 Hz, CHPO), 1.33 (6HJ£ 7.0 Hz,

PO(OCHCHg),), 1.17 (3H, t,J = 7.0 Hz CHCH,0). 13C NMR (100 MHz,

CDCl): 41153.1 (C), 141.8 (CH), 110.0(CH), 107.5(CH), 68.6)sgl» = 3.0 Hz,

CH3CH,OCH;), 66.3 (CHCH.0), 62.5 (d,Jcip = 6.8 Hz, PO(OCKCHy),), 62.4
(d,Jcip= 7.0 Hz, PO(OCHKCHj3),), 53.9 (d Jcip = 155.6 Hz, CHPO), 44.6 (dcip

= 7.4 Hz, CH-furyl), 16.32 (d Jcip=5.8 Hz, PO(OCHKCHj3),), 16.30 (d Jcip=5.8

Hz PO(OCHCHj3),), 14.9 (CHCH,0). 3P NMR (162 MHz, CDCl): U 25.6. IR
(cm'1): 3330, 2978, 1242, 1018, 959, 73@RMS-EIl (m/z): calculated for
calculated for @H2sNOsP [M+H]: 306.1470 and found: 306.1460.

6.3.23Characterization of diethyl 1-((furan-2-
C@t yl)methylamino}2-isopropoxyethylphosphonatgl{c).

_ P(OEt),
OPr o Dark yellow oil, Rf = 0.38 (EtOAc).'H NMR (400 MHz,
CDCl): 0 7.35 (1H, s), 6.31 (1H, dd, = 2.6, 2.0 Hz), 6.23 (1H, d,= 3.0 Hz),

4.22 4.11 (4H, m, PO(OCKCHs),), 4.00 (2H, ddJ = 25.5, 14.5 Hz, Chfuryl),

87



3.77 3.67 (1H, m, iPrOCH), 3.65 3.51 (2H, m, iPrOCkand (CH),CHO), 3.2Q
3.11 (1H, m, CHPO), 2.72 (1H, br. s, NH), 1.33 (6H,%,7.1, PO(OCHCHy3),),
1.14 (3H, d,J = 6.2 Hz, (CH),CHO), 1.10 (3H, dJ =6.2 Hz, (CH),CHO).13C
NMR (100MHz, CDCk): 01 153.0 (C), 141.8 (CH), 110.1 (CH), 107.5 (CH), 72.0
(CH3),CHO), 66.1 (d,Jcip = 2.5 Hz, (CH),CHOCH,), 62.6 (d,Jcip = 6.9 Hz,
PO(OCHCHg),), 62.4 (d,Jcip = 6.8 Hz, PO(OCHKICHs3),), 54.2 (d,Jcip = 155.6
Hz, CHPO), 44.5 (dJcp = 7.7 Hz, CH- furyl), 21.9 (CH),CHO), 21.7
(CH3),CHO), 16.30 (dJcip = 5.9 Hz PO(OCHCHs3),), 16.29 (d,Jcip = 5.8 Hz,
PO(OCHCHs3),). 3P NMR (162 MHz, CDCl): U 25.7. IR (ATR techniques,
cm'1): 3327,2973, 1241, 1020, 959, 736. HRIMAENV2): calculated focalculated
for C14H27NOsP [M+H]: 320.1627 and found: 320.1615.

6.3.24  Characterization of diethyl 1-((furan-2-yl)methylamino)2-
(benzyloxy)ethylphosphonat8lfd).

CﬁNH Dark yellow oil, Rf = 0.42 (EtOAc).'H NMR (400 MHz,
N0 %P(OE% CDCly): 117.39 7.28 (6H, m), 6.30 (1H, dd,=3.1, 1.9 Hz),
OBn O 6.21 (1H, d,J=2.6 Hz), 4.48 (2H, s, CiPh), 4.18 4.09 (4H,

m, PO(OCHCHs),), 3.97 (2H, dd) = 20.2 14.6 Hz CH-furyl), 3.81 3.67 (2H, m,
PhCHOCH,), 3.22 (1H, dddJ =14.0, 6.7, 3.8 Hz, CHPO), 1.81 (1H, br. s, NH),
1.31 (3H, tJ= 7.1 Hz, PO(OChKCHs)), 1.29 (3H, tJ= 7.1 Hz, PO(OCKCH3),).
13C NMR (100 MHz, CDC}): 11 153.2 (C), 141.7 (CH)137.7 (C), 128.2 (CH),
127.5 (4xCH), 110.0 (CH), 107.0 (CH), 72.9 (PhCH, 68.6 (BnOCH), 62.2 (d,
Jcip= 6.4 Hz, PO(OChCHs),), 62.1 (d Joip = 6.6 Hz, PO(OCHKCHs),), 54.07 (d,
Jeip= 156.0 Hz, CHPO), 44.7 (dcip= 7.7 Hz, CH-furyl), 16.3 (d,Jcip = 5.6 Hz,
PO(OCHCHay). 3P NMR (162 MHz, CDCL): i 25.2. IR (cmd): 3329, 2981,
2906, 1241, 1020, 959, 735. HRMB (m/z): calculated for calculated for
C18H27NOsP [M+H]: 368.1627 and found: 368.1610.

88



6.3.25  Characterization of diethyl 1-((furan-2-yl)ymethylamino)2-
(allyloxy)ethylphosphonatespe).

CﬁNH Dark yellow oil, Rf = 0.32 (EtOAc).1H NMR (400 MHz,
N0 H\P(OEt)z CDCL): 17.36 (1H, d,J=1.0 Hz), 6.31 (1H, dd1=3.0, 1.9
O O Hz), 6.23 (1H, dJ = 3.0 Hz), 5.88 (1H, ddd,= 22.8, 10.7,

5.6 Hz, CHCHCH;0), 5.27 (1H, ddJ=17.3, 1.6 Hz, CLCHCH,0), 5.18 (1H,
dd,J=10.4, 1.3 Hz, CLCHCH,0), 4.21 4.09 (4H, m, PO(OCHCHs),), 4.00 (2H,
dd, J = 20.9, 14.4 Hz, Chifuryl), 3.94 (2H, dd,) = 4.3, 1.3 Hz, CHCHCH,0),
3.76:3.70 (1H, m, CHCHCH,OCH;), 3.703.61 (1H, m, CHCHCH,OCH,), 3.19
(1H, ddd,J=13.8, 6.9, 3.7 Hz, CHPO), 2.07 (1H, br. s, NH), 1.33 (3H,%,7.1,
PO(OCHCHa),), 1.32 (3H, t,J = 7.0, PO(OCHCHs),). 13C NMR (100 MHz,
CDCL): U 153.2 (C), 141.7 (CHuryl), 134.2 (OCHCHCH,), 117.0
(OCH,CHCH,), 110.0 (CHfuryl), 107.3 (CHfuryl), 71.8 (OCHCHCH,), 68.5(d,
Jeip= 2.8 Hz, CHOCH,CHCH,), 62.21 (d Jcip= 6.5 Hz, PO(OChKICH3),), 62.17
(d,Jcip= 6.9 Hz, PO(OCHKCHjy),), 54.0 (d Jcip=155.9 Hz, CHPO), 44.7 (dcip
= 7.4 Hz, CH-furyl), 16.3 (d,Jcip = 5.2 Hz PO(OCHCHs),). 31P NMR (162 MHz,
CDCl): u 25.3. IR (cm?): 3402, 2981, 2909, 1240, 1020, 961, 737. HRES
(m/2): calculated for calculated for§H,sNOsP [M+H]: 318.1470 and found:
318.1472.

6.3.26  Characterization ofdiethyl 1-((furan-2-yl)methylamino}2-(prop-2-
ynyloxy)ethylphosphoate 6bf).

Dark yellow oil, Rf = 0.35 (EtOAc).1H NMR (400 MHz
Cf;fp(oa)z acetoned6): 17.46 (1H,ddJ=1.9,1.0 Hz), 6.35(1H, dt]
\o S =3.9, 1.9 Hz), 6.206.24 (1H, m), 4.17 (2H,dd=2.4, 1.0
Hz, HCCCHO), 4.16 4.06 (4H, m, PO(O8,CHj3),), 3.97
(2H, s, CH-furyl), 3.84 (1H, dddJ=13.0, 10.0, 3.4 Hz, HCCCG®CH,), 3.66
(1H, ddd,J=10.0, 7.5, 6.1 Hz, HCCGCH,), 3.16 (1H, ddd)=14.1, 7.5, 3.5
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Hz, CHPO), 3.00 (1H, f] = 2.4 Hz, HCCCHO), 2.84 (1H, br. s, NH), 1.28 (3H, t,
J = 7.1 Hz, PO(OCKCHs),), 1.27 (3H, tJ = 7.1 Hz, PO(OChCHs),). 13C NMR
(100 MHz, CDC4): i 153.2 (C), 141.8 (CH), 110.0 (CH), 107.4 (CH), 79.1
(HCCCH,0), 74.8 (HCCCHO), 68.3 (d,Jcip = 3.2 Hz, HCCCHOCH,), 62.33(d,
Jcip = 6.5 Hz, PO(OCHKCHj3),), 62.29 (d,Jcip = 6.8 Hz, PO(OCHECHa),), 58.2
(HCCCH0), 58.2 (dJcip=155.8 Hz, CHPO), 44.7(d¢;p=8.0 Hz, CH-furyl),
16.4 (d,Jcip = 5.8 Hz PO(OCHCHs),). 31P NMR (162 MHz, CDCL): 1124.9. IR
(cm'1): 3290,2910, 2982, 1237, 1018, 959, 737. HREE(mM/z): calculated for
calculated for G4H,3NOsP [M+H]: 316.1314 and found: 316.1311.

6.3.27  Characterization of (R)-diethyl 1-((S-1-phenylethylaminop-
methoxyethylphosphonatéfa).

Me Oily compound,| 8=1742.5 ¢£=0.025, CHGJ), Rf=0.49
“NH (EtOAC). 'H NMR (400 MHz, CDCY): i 7.42 7.22 (5H, m),

POEY, 422 3.97 (5H, m, CHPh and PO(OGBH;),), 3.72 (1H, ddd,
OMe G J= 25.4,10.0, 3.6 Hz, C4OCH,), 3.57 (LH, dddJ =10.0, 7.5,
4.1 Hz, CHOCH)), 3.38 (3H, s, OCH), 2.93 (LH, dtJ = 21.0, 3.8 Hz, CHPO),
2.39 (1H, br. s, NH), 1.35 (3H, d, = 6.5 Hz, CH), 1.32(3H, t, J = 5.9 Hz,
PO(OCHCH3),), 1.29 (3H, t,J = 5.9, PO(OCHCHs),). 13C NMR (100 MHz,
CDCh): {i 144.3 (C), 128.0 (2xCH), 126.72 (2xCH), 126.70 (CH), 69.7
(CHsOCHy), 62.1 (d,Jcip = 6.5 Hz, PO(OCKCHs),), 61.5 (d,Jeip = 6.7 Hz,
PO(OCHCHs),), 58.7(OCHy), 55.1 (d,Jcip = 14.2 Hz, CHPh), 52.3 (dicip =
156.3 Hz, CHPO), 24.3 (G} 16.1 (d,Jorp = 5.9 Hz, PO(OCKLCH),), 16.0 (d,
Joip = 6.2 Hz, PO(OCKCHS),). 31P NMR (162 MHz, CDCl): {i 26.0. IR (cn?):
3447, 2978, 2927, 1239, 1022, 960, 701. HREIS(M2): calculated for
CisH2NO,P [M+H]: 316.1678 and found: 316.1672.

Ph
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6.3.28 Characterization of (R)-diethyl 1-((S-1-phenylethylaminoR-
ethoxyethylphosphonatéfp).

Me Oily compound,  © =143.2 €=0.025, CHGJ), Rf= 0.52

Ph” O NH (EtOAC). 'H NMR (400 MHz, CDCY): i 7.39 7.21 (5H, m),
p(OEY, 423 3.95(5H, m, CHPh and PO(OGEHs),), 3.76 (1H, ddd,

OEt o J=24.3,10.1,3.6 Hz, CY£H,0CH), 3.62 (1H, dddJ = 10.1,
7.6, 4.4 Hz, CHCH,OCHy), 3.58 3.45 (2H, m, CHCH,0), 2.95 (1H, dt]=20.7,
4.0 Hz, CHPO), 1.35 (3H, dJ = 6.5 Hz, CH), 1.32 (3H, t,J = 5.8 Hz,
PO(OCHCHs),), 1.29 (3H, tJ = 5.8, PO(OCHCH,),), 1.21 (3H, tJ= 7.0 Hz,
OCH,CHs). 13C NMR (100 MHz, CDCY): &l 144.5 (C), 128.2 (2xCH), 127.0
(2xCH), 126.9 (CH), 67.7 (dlcip = 1.8 Hz, CHCH,OCHy), 66.6 (CHCH,0),
62.4 (d,Jcip = 6.5 Hz, PO(OCKCHs),), 61.7 (d Joip = 6.7 Hz, PO(OCHCHS3)5),
55.3 (d,Jcip = 14.2 Hz, CHPh), 52.6 (dcip = 156.4 Hz, CHPO), 24.5 (G} 16.3
(d, Jeip = 5.9 Hz, PO(OCHCH:),), 16.2 (d Jeip = 6.3 Hz, PO(OCKCH3),), 14.9
(CH3CH,0). 31P NMR (162 MHz, CDCl): 1 26.3. IR (cm): 3339, 2976, 2868,
1233, 1023, 959, 701HRMS-EI (m/2): calculated for GH,NOP [M+H]:
330.1834 and found: 330.1830.

6.3.29  Characterization of (R)-diethyl 1-((S-1-phenylethylaminoR-
isopropoxyethylphosphonatgft).

Oily compound,| 8=146.6 ¢ = 0.025, CHCI3)Rf=

: 0.57 (EtOAc).'H NMR (400 MHz, CDC4): Ui 7.40/ 7.20
H\ (5H, m), 4.203.96 (5H, m, CHPh and PO(OGEHS3),),
P(OEY), 375 (1H, ddd]=25.2, 9.9, 3.7 Hz, iPrOC#)j 3.661 3.54

(2H, m, iPrOCH and (CH),CHO), 2.92 (1H, dt] = 20.6,
3.9 Hz, CHPO), 1.35 (3H, dJ = 6.5 Hz, CH), 1.32 (3H, t,J = 6.2 Hz,
PO(OCHCH3),), 1.29 (3H, tJ = 5.4, PO(OCHCH3),), 1.18 (3H, dJ = 6.2 Hz,
(CHs),CHO), 1.16 (3H, dJ=6.2 Hz, (CH),CHO).13C NMR (100 MHz, CDC}):

OPr ¢
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0144.6 (C), 128.2 (2xCH), 127.0 (2xCH), 126.9 (CH), 72.042€HO), 65.2 (d,
Jeip = 2.2 Hz, CH),CHOCH,), 62.3 (d,Jcip = 6.4 Hz, PO(OCHKCHs),), 61.6 (d,
Jeip = 6.7 Hz, PO(OCHKCHs3),), 55.3 (d,Jcip = 14.2 Hz, CHPh), 52.8 (dgip =

156.8 Hz, CHPO), 24.6 (Cj 21.9 (CH),CHO), 21.8 (CH),CHO), 16.3 (d Jcip
= 6.0 Hz, PO(OCHKCHj3),), 16.2 (d Jcip = 6.4 Hz, PO(OChICHy),). 3P NMR (162
MHz, CDCl): G126.4. IR (cm1): 3446, 2972, 2928, 1240, 1024, 9391. HRMS

El (m/2): calculated for GH3:NO4P [M+H]: 344.1991 and found: 344.1983.

6.3.30 Characterization of (R)-diethyl 1-((S)-1-phenylethylaminoR-
(benzoyloxy)ethylphosphonatgf(l).

Me Light yellow oil, | 8=151.0 £=0.025, CHCI3)Rf= 0.61
“NH (EtOAC). *H NMR (400 MHz, CDCY): {i 7.401 7.22 (10H, m),
p(OEY, 4.56 (2H,dd])=34.7,12.1 Hz), 4.28.94 (5H, m, CHPh and
OBn & PO(OCHCHs),), 3.81 (1H, ddd,J = 25.7, 10.0, 3.6 Hz,
CH;OCH,Ph), 3.67 (1H, ddd]=10.0, 7.5, 4.0 Hz, C¥DCH,Ph), 2.94 (LH, dtj =
21.3, 3.7 Hz, CHPO), 2.26 (1H, br. s, NH), 1.32 (3H)&,6.5 Hz, CH), 1.27
(6H, dd,J = 12.5, 7.0 Hz, PO(OCKCH),). 13C NMR (LOOMHz, CDCl): {i144.3,
137.9, 128.2 (CH), 127.6 (CH), 127.5 (CH), 126.9 (CH), 73.1 (¥, 67.1
(BnOCHy), 62.5 (d,Jcip = 6.5 Hz, PO(OCKCHs),), 61.8 (d,Jeip = 6.8 Hz,
PO(OCHCH),), 55.2 (d,Jeip = 14.7 Hz, CHPh), 52.5 (dleip = 157.2 Hz,
CHPO), 24.6 (CH), 16.3 (d,Jeip = 6.1 Hz, PO(OCHCH3),), 16.2 (d Jeip = 6.3
Hz, PO(OCHCHS),). 3P NMR (162MHz, CDCl): {i25.9. IR (cml): 3328, 2977,
2904, 1241,1023, 960, 699. HRMES (nVz): calculated for gH3:NO4P [M+H]:
392.1991 andound: 392.1981.

Ph
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6.3.31  Characterization of (R)-diethyl 1-((S-1-phenylethylaminoR-
(allyloxy)ethylphosphonatesfe).

Me Oily compound,|] 8=143.56 ¢ =0.025, CHCI3)Rf=

Ph” > NH 0.85 (EtOAc).H NMR (400 MHz, CDC}): 11 7.397.21
.I?(OEt)Z (5H, m), 591 (1H, ddd,J = 22.6, 10.7, 5.5 Hz,

A~C 0 CH,CHCH,0), 5.30 (1H, dd,J = 17.2, 1.4 Hz,

CH,CHCH;0O), 5.20 (1H, d,J = 10.3 Hz, CHCHCH;0), 4.223.96 (7H, m,
OCH,CHCH,, CHPh and PO(OC}€Hs),), 3.79 (1H, ddd)=24.7, 10.0, 3.6 Hz,
CH.,0-allyl), 3.683.59 (1H, m, CHO-allyl), 2.94 (1H, dt,J = 21.0, 3.8 Hz,
CHPO), 2.19 (1H, br. s, NH), 1.36 (3H, 3z 6.5 Hz, CH), 1.32 (3H, tJ=5.6
Hz, PO(OCHCHs),), 1.29 (3H, t,J = 5.6 Hz, PO(OChCHs3),). 13C NMR (100
MHz, CDCh): Ui 144.4 (C), 134.4 (CLCHCH,0), 128.2 (CH), 126.0 (CH phenyl),
116.9 (CHCHCH,0), 72.1 (CHCHCH;0), 67.3 (CHOallyl), 62.4 (d,Jcip = 6.4
Hz, PO(OCHCH3),), 61.7 (d Joip=6.7 Hz, PO(OCKCH3),), 55.3 (d Jcip=14.4
Hz, CHPh), 52.5 (dJcip= 156.7 Hz, CHPO), 24.6 (G 16.4 (d Jcip= 6.0 Hz,
PO(OCHCHs),), 16.2 (d,Jcip = 6.3 Hz, PO(OCHKCH:),). 3P NMR (162 MHz,
CDCl): 25.9. IR (cm1): 3404, 2980, 2929, 1205, 1020, 982, 765, 702. HAS
(m/2): calculated for &H2gNO4P [M+H]: 342.1834 and found: 342.1837.

6.3.32  Characterization ofR)-diethyl 1-((S)-1-phenylethylamineR-(prop-2-
ynyloxy)ethylphosphonates(f).

Me Oily compound,  ©=147.70 €=0.025, CHCI3) Rf=

Ph”  NH 0.60 (EtOAc).'H NMR (400 MHz, CDC}): 11 7.42 7.21
“ P(OEY), (5H, m), 4.273.99 (7H, m, HCCCH20O, CHPh and
SN0 © (PO(OCHCHs),), 3.92 (1H, dddJ = 26.1, 9.8, 3.5 Hz,

HCCCHOCH,), 3.75 3.66 (1H, m, HCCCHOCH,), 2.94 (1H, dtJ=21.5, 3.7
Hz, CHPO), 2.46 (1H, f]= 2.3 Hz, HCC), 1.80 (1H, br. s, NH), 1.36 (3H, 35
6.5 Hz, CH), 1.33 (3H, t,J = 7.1 Hz, PO(OCHKCH3),), 1.29 (3H, tJ = 6.8 Hz,
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PO(OCHCHs3),). 3C NMR (100 MHz, CDCk): i 144.4 (C), 128.3 (CH), 127.1
(CH), 79.4 (HCCCHO), 74.6 (HCCCHO), 67.0 (d, Joip = 2.2 Hz
HCCCHOCH,), 62.5 (d,Jcip = 6.5 Hz, PO(OCHKCH3),), 61.9 (d,Jcip = 6.7 Hz,
PO(OCHCHs),), 58.4 (HCCCHO), 55.3 (dJcip = 14.6 Hz, CHPh), 52.4 (dici p

= 157.4 Hz, CHPO), 24.7 (G} 16.4 (dJcip="5.9 Hz, PO(OCKCHs),), 16.3 (d,
Jeip = 6.2 Hz, PO(OCKCHs),). 3P NMR (162 MHz, CDCL): i125.5. IR (cm?):
3285, 2978, 2097, 1237, 1021, 962, 764, 701. HRM®Wz): calculate for
C17H27NO,P [M+H]: 340.1678 and found: 340.1672.

6.3.33 Synthesis and characterization ofdiethyl 2-acetoxyl-

(benzylamino)ethylphosphonaigd).

Ph™ > NH A solution of N-benzyl aziridine2-phosphonate (200 mg) in
H\p(OEt)z acetic acid (2 ml) was heated until the disappearance of the
OAc starting compound (followed by TLC;&h). This reaction also

works at room temperature at anfger time 1618 h. The excess acetic acid was

evaporatedin vacuo and then the crude product was purified by column

chromatography using EtOAc as the eluent to give comp6aim96% yield as a

colorless oil.Rf = 0.63 (EtOAc).'H NMR (400 MHz, CDC}): u7.37 7.23 (5H,

m), 4.44 (1H, ddd) = 16.3, 11.6, 3.9 Hz, C}€OOCH,), 4.23 (1H, dtJ = 11.6,

6.9 Hz, CHCOOCH,), 4.20'4.12 (4H, m, PO(OCKCHj3),), 3.99 (2H, t,J = 13.7

Hz, CH,Ph), 3.19 (1H, ddd]=16.8, 6.6, 3.8 Hz, CHPO), 2.06 (3H, s, OCOgH

1.34 (6H dt,J = 7.1, 2.9 Hz, PO(OCKCHs),). 13C NMR (100 MHz, CDC}): U

170.7 (C=0), 139.5 (C), 128.4 (2xCH), 128.3 (2xCH), 127.1 (CH), 63.0dith =

5.8 Hz, CHOCO), 62.4 (dJcip=4.9 Hz, PO(OCHKCHj3),), 62.3 (dJcip=5.1 Hz,

PO(OCHCHgy),), 53.5 (d Jcip=152.6 Hz, CHPO), 52.1 (d¢ip = 8.0 Hz, CHPh),

20.9 (CHCO), 16.5 (t,Jcip = 5.4 Hz, PO(OCKCHs3),). 3P NMR (162 MHz,

CDCl): 4 22.7. IR (cm1): 3357, 2982, 2929, 1635, 1233, 1016, 960, 728. HRMS

El (m/2): calculated for &H2s,NNaGP [M+Na]: 352.129%nd found: 352.1312.
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6.3.34  Synthesis and characterization odliethyl 1-(benzylamino)2-

hydroxyethylphosphonat&§).

Ph™ > NH To a solution oN-benzyl aziridine2-phosphonate (200 mg) in
H\p(oEt)z acetone (3 ml) was added £LFOOH (0.1 ml). Then the mixture

OH O was stirred at room temperature overnight. In the morning tic

showed no starting material @it 16h). Solvent was evaporaitadracuathen the
crude product was flash chromatographed on silica gel using EtOAc as the eluent
to afford compoundain 82% yield as a colorless oftf=0.43 (EtOAc)H NMR
(400 MHz, CDC}): i 7.37 7.24 (5H, m), 4.264.09 (4H, m, PO(OCKCHs),), 3.96
(2H, dd,J = 39.7, 13.1 Hz, CbkPh), 3.82 (1H, ddd) = 16.4, 11.4, 5.0 Hz,
CH,0OH), 3.72 (1H, ddd)=11.4,9.9, 6.2 Hz, C}OH), 3.02 (1H, ddd,) = 14.6,
6.2, 5.0 Hz, CHPO), 2.49 (1H, br. s, OH), 1.34 (6H, dds 13.8, 6.9 Hz,
PO(OCHCHg),). 13C NMR (100 MHz, CDC}): 1 139.4 (C), 128.3 (2xCH), 128.2
(2xCH), 127.1 (CH), 62.4 (dlgip = 7.0 Hz, PO(OCHKCHa)y), 62.1 (d,Jcip = 7.1
Hz, PO(OCHCH3),), 60.0 (d,J = 4.3 Hz, CHOH), 55.7 (d,Jcip = 147.2 Hz,
CHPO), 52.0 (dJcip = 6.9 Hz, CHPh), 16.4 (tJcip = 5.7 Hz, PO(OCHKCHs3),).
31P NMR (162MHz, CDCl): 1126.3. IR (cm1): 3339 (broad), 2980, 2924, 1217,
1020, 960, 735, 698. HRMBEI (m/z): calculated for GsH23NO4P [M+H]:
288.1365 and found: 288.13609.

6.4  Synthesis and characterization of 1,&lipolar cycloaddition reaction

products

All 1,3-DC reaction productd5ak, 16ak, 17ak, and18a22a were
synthesized according to general procedure ClatRe configurations of
cycloadducts previously not reported in the literature, were assigned in analogy
with those already known, based on our judgement with regaktiNiMR, HPLC
and polarimetry data.
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6.4.1 Characterization of (@ 3R,3aS,6aR)-methyl 5-methyt4,6-dioxo-3-
phenyloctahydropyrrolo[3/4]pyrrole-1-carboxylate 159

. H Ccome Data are identical with those reported in the literafdred
(_7 2 NMR (400 MHz, CDC}) Ui 7.33 (s, 5H), 4.47 (d] = 8.6 Hz,

ofi %O 1H), 4.03 (dJ = 6.8 Hz, 1H), 3.86 (s, 3H), 3.54 {t= 7.2 Hz,

Me 1H), 3.41 (t,J = 8.1 Hz, 1H), 2.85 (s, 3H), 2.41 (s, 1HC

NMR (100 MHz, CDC}) i176.0, 174.8, 170.2, 136.8, 128.5 (2xC), 128.4, 127.1

(2xC), 64.1,61.7,52.4,49.5, 48.3, 25.1. HPLC (ChiralpakiASL mL/min, n+

hexaneAPrOH: 50/50] 220 nm) trmin= 8.7 MiN trma= 13.3 min.

6.4.2 Characterization of @ 3R,3&5,6aR)-methyl 5methyl3-(naphthalenl-
yl)-4,6-dioxooctahydropyrrolo[34]pyrrole 1-carboxylate 15b)

H Data are identical with those reported in likerature 44

”"(17“‘002""6 1H NMR (400 MHz, CDCJ) {i 7.89 (dd,J = 14.5, 8.3
Oé\:\N/’:QO Hz, 2H), 7.78 (dJ = 8.1 Hz, 1H), 7.65 (d) = 7.1 Hz,

Ve 1H), 7.52 (dtJ = 18.7, 6.9 Hz, 2H), 7.40 3,= 7.7 Hz,
1H), 4.95 (dJ=8.3 Hz, 1H), 3.96 (d]=6.7 Hz, 1H), 3.88 (s, 3H), 3.53 (di,=
32.8,7.6 Hz, 2H), 2.73 (s, 3H), 2.26 (s, 1HL NMR (100 MHz, CDG)) 41 176.1,
174.2,170.3,133.4,133.2,131.2,129.1, 128.5,126.4,125.7,125.5,123.3, 122
61.3, 59.7, 52.3, 47.9, 24.9. HPLC (Chiralpak-AS1.0 mL/min, nrhexaneh
PrOH: 50/50] 210 nm),trmin= 8.7 Mintrma= 18.4 min.

6.4.3 Characterization of @ 3R,3&5,6aR)-methyl5-methyl3-(naphthalen2-
yl)-4,6-dioxooctahydropyrrolo[34£]pyrrole-1-carboxylate 159

O H Data are identical with those reported in the
C ey COMe  araturess 1H NMR (400 MHz, CDCY) @i 7.84
ofz\NAo

AN

7.80 (m, 6H), 7.48 7.40 (m, 4H), 4.60 (dJ=8.5

|
Me
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Hz, 1H), 4.06 (dJ=6.5 Hz, 1H), 3.90 (s, 3H), 3.633.43 (m, 2H), 2.84 (s, 3H),
2.49 (s, 1H).13C NMR (100 MHz, CDGJ) i 176.1, 174.7, 170.3, 134.3, 133.4,
133.4,138.1,128.1,127.9,126.3, 126.2, 125.6, 125.4,64.1, 61.8,52.5,49.4,48.3,
25.1. HPLC (Chiralpak A%, 1.0 mL/min, nRhexaneAPrOH: 50/50] 210 nm),

trmin= 10.8 mMin trma= 20.0 min.

6.4.4 Characterization of @ 3R,3&5,6aR)-methyl5-methyt4,6-dioxo-3-(p-
tolyl)octahydropyrrolo[3,4c]pyrrole-1-carboxylate 15d)

Me H Data are identical with those reported in the
@"“@“‘C%Me literature®4 tH NMR (400 MHz,CDCl) i 7.20 (d,J
sz =8.0Hz, 2H), 7.14 (d]=7.9 Hz, 2H), 4.43 (dJ =
! 8.6 Hz, 1H), 4.01 (dJ=6.8 Hz, 1H), 3.86 (s, 3H),
3.53 (t,J =7.2 Hz, 1H), 3.38 (tJ =8.1 Hz, 1H), 2.86 (s, 3H), 2.33 (s, 3HC
NMR (100 MHz, CDC}) 1i176.1, 174.9, 170.338B.0, 133.7,129.2 (2xC), 127.0
(2xC), 64.0, 61.7, 52.4, 49.6, 48.3, 25.1, 21.3. HPLC (ChiralpakHA%.0
mL/min, n-hexaneAPrOH: 70/30] 210 nm)trmin= 22.6 Min trma= 27.1 Min.

6.4.5 Characterization of & 3R,3&5,6aR)-methyl 5methyt4,6-dioxo-3-(4-
(trif luoromethyl)phenyl)octahydropyrrolo[3@]pyrrole-1-carboxylate

(15¢
F30© § White solid, mp: 231232 C. | 8=1726.0 ¢=
I, WCOLM
(772" 0.025, CHCY), Rf=0.33 (1:1 Hex/EtOAC)H NMR
O;\iN/&o (400 MHz, CDC}) 1 7.60 (d,J = 8.2 Hz, 2H), 7.48 (d,
Me J=8.2 Hz, 2H), 4.53 (d] = 8.5 Hz, 1H), 4.07 (dJ =

6.9 Hz, 1H), 3.88 (s, 3H), 3.59 (= 7.3 Hz, 1H), 3.47 (} =8.1 Hz, 1H), 2.87 (s,
3H), 2.43 (s, 1H):3C NMR (100 MHz, CDGJ) i 175.8, 174.5,170.0, 140.9, 127.6
(4xC), 125.3 (g,) = 3.6 Hz), 63.5, 61.7, 52.5, 49.3, 472%.2. IR (cm): 3343,
3309, 2995, 2844, 1747, 1690, 1439, 1319, 1216, 1119, 821, 695. HER\B2):
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calculated for @Hi6F3N20O4 [M+H]: 357.1062 andfound 357.1067. HPLC
(Chiralpak ASH, 1.0 mL/min, nRhexaneAPrOH: 50/50] 210 nm) trmin="7.5 min,

trma= 11.5 min.

6.4.6 Characterization of @& 3R,3aS,6aR)-methyl 3(4-methoxyphenyhs-
methyt4,6-dioxooctahydropyrrolo[3;£4]pyrrole- 1-carboxylate 15f)

7.15 (m, 1H), 6.94 6.82 (m, 3H), 4.43 (d) = 8.6
e Hz, 1H), 4.01 (dJ =6.7 Hz, 1H), 3.86 (s, 3H), 3.78
(s, 3H), 3.53 (tJ = 7.2 Hz, 1H), 3.40 () = 8.1 Hz, 1H), 2.86 (s, 3H), 2.41 (s, 1H).
13C NMR (100 MHz, CDGJ) i1176.0, 174.7, 170.2, 159.7, 138.5, 129.4, 119.4,

113.4,113.0,63.9,61.6,55.3,52.3,49.5, 48.2, 20C (Chiralpak ASH, 1.0
mL/min, n-hexaneAPrOH: 70/30] 210 nm)trmin= 35.0 Min trma= 43.6 min.

Me0\© H Data are identical with those reported in the
" 7“‘C02Me literature®* 1H NMR (400 MHz, CDCY) i 7.351
OANAO

6.4.7 Characterization of @3R3aS6aR)-methyl 5methyl3-(4-
nitrophenyl}4,6-dioxooctahydropyrrolo[3,£]pyrrole-1-carboxylate

(159
02N© H Data are identical with those reported in the
" 7“‘002""6 literaturessH NMR (400 MHz, CDGJ) i1 8.21 (d,J

S = 8.7 Hz, 2H), 7.56 (d] = 8.7 Hz, 2H), 4.59 (dd] =

' 8.4, 4.6 Hz, 1H), 4.10 (dd,=6.8, 4.5 Hz, 1H), 3.89
(s, 3H), 3.61 (tJ = 7.3 Hz, 1H), 3.50 () = 8.1 Hz, 1H), 2.87 (s, 3H), 2.46 (s, 1H).
13C NMR (100 MHz, CDGJ) 11 175.5, 169.8, 166.7, 148.0, 144.4, 128.2 (2xC),
123.8 @xC), 63.1, 61.7, 52.6, 49.3, 47.7, 25.3. HPLC (ChiralpakHA<..0

mL/min, n-hexaneAPrOH: 50/50) 210 nm)trmin= 13.8 Min trma= 18.8 min.
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6.4.8 Characterization of (@ 3R 3aS,6aR)-methyl 3-(4-bromophenyhs-
methyt4,6-dioxooctahydropyrrolo[3;£]pyrrole-1-carboxylate 15h)

\Q Data are identical with those reported in the
< 7‘C02Me literaturess 1H NMR (400 MHz, CDCY) i 7.47 (d,J

= 8.4 Hz, 2H), 7.23 (d] = 8.4 Hz, 2H), 4.45 (ddJ =
Vo 8.3, 4.7 Hz, 1H), 4.07 4.03 (m, 1H), 3.88 (s, 3H),
3.57 (t,J = 7.2 Hz, 1H), 3.42 (i) = 8.1 Hz, 1H), 2.88 (s, 3H), 2.37 (s, 1HFC

O/\ /\O

NMR (100 MHz, CDC}) i 175.8, 174.6, 170.1, 135.9, 131.6 (2xC), 128.9 (2xC),

122.2,63.3,61.6,52.4,49.2, 48.6,2 HPLC (Chiralpak A$1, 1.0 mL/min, n
hexaneAPrOH: 50/50] 210 nm)trmin= 9.9 MiN trma= 17.2 min.

6.4.9 Characterization of @& 3R,3aS,6aR)-methyl 3(3-methoxyphenyhs-
methyt4,6-dioxooctahydropyrrolo[3£]pyrrole-1-carboxylate 15i)

H White solid, mp: 164165 C. | 8=i25.52 ¢=
. NS LCOMe
MeO 7 0.025, CHCJ), Rf= 0.26 (1:1 Hex/EtOAC)H NMR
O%Nko (400 MHz, CDC}) 1 7.331 7.21 (m, 1H), 6.98 6.82
Me (m, 4H), 4.44 (d) = 8.6 Hz, 1H), 4.03 (d]=6.7 Hz,

1H), 3.88 (s, 3H), 3.79 (s, 3H), 3.55 Jt= 7.2 Hz, 1H), 3.41 (t) = 8.1 Hz, 1H),
2.87 (s, 3H), 2.42 (s, 1H)13C NMR (100 MHz, CDGJ) i176.0, 174.7, 170.2,

1597,138.5,129.4,119.4,113.4, 113.0, 63.9, 61.6,55.3,52.3,49.5, 48.2,25.0. IR
(cm'1): 3333, 2986, 2863, 1748, 1693, 1597, 1443, 1382, 1218, 1095, 884, 778,

689. HRMSEI (m/2): calculated for gH19N2Os [M+H]: 319.1294 and found
319.1294. HPLC (Chirdpak ASH, 1.0 mL/min, rRhexaneAPrOH: 50/50] 210

NM), trmin= 14.9 Min trma= 20.7 min.
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6.4.10 Characterization of @&3R,3aS,6aR)-methyl 3-(3-bromophenyh5-
methyt4,6-dioxooctahydropyrrolo[3;£]pyrrole 1-carboxylate 15j)

/@ White solid, mp: 191192 C. | ©=170.08 ¢ =
(_7 nCOMe ) 025, CHCY), Rf = 0.43 (1:1Hex/EtOAC).H NMR

0/\ N (400 MHz, CDC}) i 7.50 (s, 1H), 7.43 (d] = 7.8 Hz,

|\'/|e 1H), 7.28 (dJ = 7.7 Hz, 1H), 7.21 (t) = 7.8 Hz, 1H),

4.44 (ddJ=8.6,4.9 Hz, 1H), 4.04 (dd=6.7, 4.7 Hz, 1H), 3.88 (s, 3H), 3.56Jt,
=7.2 Hz, 1H), 3.42 () = 8.1 Hz, H), 2.88 (s, 3H), 2.39 (s, 1H}3C NMR (100
MHz, CDCk) 11175.8,174.6,170.1, 139.3, 131.6,130.2, 130.0, 126.0, 122.8,63.3,
61.6,52.5,49.3, 48.0,25.2. IR (th 3343, 2988, 2901,1771, 1697,1432, 1382,
1242, 1082 868, 796. HRMSEI (mV/2): calculatel for CisH16BrN,O,4 [M+H]:
367.0293 and found: 367.0299PLC (Chiralpak ASH, 1.0 mL/min, Rhexane/

PrOH: 50/50] 210 nm),trmir= 9.3 Mintrma= 15.1 min.

6.4.11 Characterization of (@ 3R,3aS,6aR)-methyl 3-(2-chlorophenyh5-
methyt4,6-dioxooctahydropyrrolo[3;£4]pyrrole 1-carboxylate 15k)

H Data are identical with those reported in the literaftiid.
"M NMR (400 MHz, CDCY 17,51 (dd )= 6.8, 2.5 Hz, 1H),

7.39(ddJ=7.2,2.0Hz, 1H), 7.23 (ddd~=6.3, 3.4, 2.0
Me Hz, 2H), 4.72 (dJ = 8.4 Hz, 1H), 4.06 (dJ = 6.9 Hz,
1H), 3.86 (s, 3H), 3.70 (8 = 8.1 Hz,1H), 3.55 (t,J = 7.3 Hz, 1H), 2.79 (s, 3H),
2.34 (s, 1H).13C NMR (100 MHz, CDG) 11 176.0, 174.4, 170.2, 135.0, 133.3,
129.2,129.1,127.3,127.0,61.2,60.3,52.3, 47.6,46.6, 25.0. HPLC (Chiralpak AS
H, 1.0 mL/min, nhexaneAPrOH: 70/30,| 210 nm),trmin= 9.4 Min,trma= 18.3

min.
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6.4.12  Characterization of @3R3aS6aR)-methyl  4,6dioxo-3,5
diphenyloctahydropyrrolo[3;4]pyrrole 1-carboxylate 163

@ H Data are identical with those reported in the literafare

1 N \ v .

Y COMe 11y NMR (400 MHz, CDGJ) 11 7.48i 7.31 (m, 9H), 7.14
045\ /—:Qo (d,J=7.9Hz, 2H), 4.58 (d]=8.8 Hz, 1H), 4.11 (dJ =

Bh 6.6 Hz, 1H), 3.86 (s, 3H), 3.70 &= 7.2 Hz, 1H), 3.54 (t,
J= 8.3 Hz, 1H), 2.51 (s, 1H)C NMR (100 MHz, CDGJ) 11175.3, 173.8, 170.2,
136.8, 131.7, 129.1 (2xC)28.6, 128.5 (3xC), 127.2 (2xC), 126.2 (2xC), 64.3,
61.9, 52.4, 49.5, 48.4. HPLC (Chiralpak A& 1.0 mL/min, nhexaneAPrOH:

50/50,1 210 nm) trmin= 12.6 Min trma= 20.0 min.

6.4.13  Characterization of 33R,3aS,6aR)-methyl 3-(naphthalenl-yl)-4,6-
dioxo-5-phenyloctahydropyrrolo[3;4]pyrrole 1-carboxylate 16b)

H Data are identical with those reported in the literafére.
/u(N?.ncone 1H NMR (400 MHz, CDC}) 1i8.00 (dJ=8.4 Hz, 1H),
O s 7.87 (t,J=6.6 Hz, 2H), 7.80 (d]=8.2 Hz, 1H), 7.61
0N\ 0
N 7.42 (m, 3H), 7.29 (df] = 24.0, 6.8 Hz, 3H), 7.04 (dJ,
Ph

=7.7Hz, 2H),5.24 (d]=7.5Hz, 1H),4.20 (d1=5.0
Hz, 1H), 3.89 (s, 3H), 3.863.74 (m, 2H), 2.49 (s, 1H), 2.04 (s, 3HFC NMR
(100 MHz, CDC}) 1175.2,173.2,171.1, 133.5,133.4,131.7,131.3,129.1,128.9
(2xC), 128.6, 128.4,126.4,126.1 (2xC),125.7,125.4,123.4,122.5, 61.5, 59.9,
52.3,48.2,48.0. HPLC (Chiralpak A% 1.0 mL/min, rRhexaneAPrOH: 50/50/]
210 nm) trmin= 12.9 MiN trma= 27.2 min.

101



6.4.14  Characterization of & 3R 3aS,6aR)-methyl 3(naphthaler2-yl)-4,6-
dioxo-5-phenyloctahydropyrrolo[3;4]pyrrole 1-carboxylate {60

H Data are identical with those reported in the
""6-“002'\/'8 literature” tH NMR (400 MHz, CDC}) i 7.96 (s,
1H), 7.88i 7.79 (m, 3H), 7.56 7.43 (m, 3H), 7.39
N i 7.27 (m,3H), 7.11 (d]=8.0 Hz, 1H), 4.75 (dJ

= 8.8 Hz, 1H), 4.17 (dJ = 6.4 Hz, 1H), 3.90 (s,
3H), 3.80i 3.73 (m, 1H), 3.69 3.61 (m, 1H), 2.615, 1H).13C NMR (100 MHz,
CDCl) 01175.3, 173.7, 170.2, 134.5, 133.4, 133.3, 131.7 (2xC), 129.1, 128.5,
128.2, 128.0, 127.9, 126.4, 126.2, 126.1 (2xC), 125.7, 125.5, 64.2, 61.9, 52.4,
49.4,48.4. HPLC (Chiralpak AH, 1.0 mL/min, nhexaneAPrOH: 50/50, 210

NM), trmin= 14.2 MiN trma= 31.1 min.

6.4.15 Characterization of & 3R,3&5,6aR)-methyl 4,6dioxo-5-phenyt3-(p-
tolyl)octahydropyrrolo[3,4c]pyrrole-1-carboxylate 16d)

Data are identical with those reported in the
@ (_7 nCOMe iarature®® 1H NMR (400 MHz, CDCJ) U 7.45i
7.31(m, 6H), 7.23 7.11(m, 3H), 4.57 (dJ = 8.7
L Hz, 1H), 4.12 (dJ=6.7 Hz, 1H), 3.87 (s, 3H), 3.76
i 3.68 (m, 1H), 3.61 3.49 (m, 1H), 2.49 (s, 2H), 2.33 (s, 3H3C NMR (100
MHz, CDCk) 0 175.3, 173.8, 170.2, 138.0, 133.8, 131.7, 129.2 (2xC), 129.0
(2xC), 128.4, 127.0 (2xC), 126.2 (2xC), 64.1, 61.8,52.3,49.4, 48.4, 21.2. HPLC

(Chiralpak ASH, 1.0 mL/min, rRhexaneAPrOH: 50/50] 210 nm),trmin= 10.2

o/\\

min, trma= 18.6 min.

102



6.4.16  Characterizatio of (1S,3R,3&5,6aR)-methyl 4,6dioxo-5-phenylt3-(4-
(trifluoromethyl)phenyl)octahydropyrrolo[3;d]pyrrole-1-carboxylate
(169

7.55(m, 4H), 7.37 (d1=26.6, 7.3 Hz, 3H), 7.12
L (d,J= 8.0 Hz, 2H), 4.65 (d11=8.5 Hz, 1H), 4.17
(d,J=6.7 Hz, 1H), 3.88 (s, 3H), 3.76 {t= 7.3 Hz, 1H), 3.62 (t)= 8.2 Hz, 1H),
2.53 (s, 1H)13C NMR (100 MHz, CDGJ) Gi174.9, 173.5, 170.0, 140.9, 131.6,
129.3 (2xC), 128 (2xC), 127.7,126.2 (4xC), 1256 3.6 Hz), 63.8, 62.0,
52.6,49.3,48.1. HPLC (Chiralpak A%, 1.0 mL/min, rRhexaneAPrOH: 50/50)

210 nm) trmin= 9.6 MiNtrma= 15.9 min.

F3C\© H Data are identical with those reported in the

11y N W . - .

' COMe jiteraturess 1H NMR (400 MHz, CDCY) i 7.691
0N\ 0

6.4.17  Characterization of & 3R,3&5,6aR)-methyl 3(4-methoxypheny )4, 6-
dioxo-5-phenyloctahydropyrrolo[3;4]pyrrole- 1-carboxylate 16f)

Me0\© H Data are identical with those reported in the
ey C0Me e raturess 1H NMR (400 MHz, CDCY) Ui 7.441
o : Ngo 7.30 (m, 5H), 7.16 (d]=8.0 Hz, 2H), 6.88 (d] =
L 8.7 Hz, 2H), 4.55 (d]=8.8 Hz, 1H), 4.11 (dJ =
6.6 Hz, 1H), 3.86 (s, 3H), 3.78 (s, 3H), 3.7Q0(, 8.9 Hz, 1H), 3.51 () = 8.3 Hz,
1H), 2.47 (s, 1H)13C NMR (100 MHz, CDCJ) 1 175.3, 173.9, 170.3, 159.6,
131.7,129.2 (2xC), 128.7, 128.6, 12@4C), 126.2 (2xC), 113.9 (2xC), 63.9,
61.9, 55.3, 52.4, 49.5, 48.4. HPLC (Chiralpak-AS1.0 mL/min, rRhexaneh

AN

=0

PrOH: 60/40] 210 nm),trmir=16.3 Min trma= 24.4 min.
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6.4.18 Characterization of @&3R,3aS,6aR)-methyl 3-(4-nitrophenyl}4,6-
dioxo-5-phenyloctahydropyrrolo[3;4]pyrrole 1-carboxylate 169

O,N H Data are identical with those reported in the
Q"“@“‘COZM‘* literaturessH NMR (400 MHz, CDCJ) i 8.22 (d,J

S A =8.7Hz, 2H), 7.66 (d]=8.7 Hz, 2H), 7.47 7.30

Bh (m, 3H), 7.12 (d)= 7.9 Hz, 2H), 4.71 (dd] = 8.4,
4.4 Hz, 1H), 4.20 (dd1=6.6, 4.3 Hz, 1H), 3.88 (s, 3H), 3.781 7.3 Hz, 1H),
3.65 (t,J=8.2 Hz, 1H), 2.57 (s, 1H)C NMR (100 MHz, CDGJ) 1i174.7, 173.3,
169.8, 148.0, 144.4,131.5,129.3 (2xC), 128.9,128.2 (2xC), 126.2 (2xC), 123.9
(2xC), 633, 62.0, 52.6, 49.2, 47.8. HPLC (Chiralpak -AS 1.0 mL/min, n
hexaneAPrOH: 60/40]) 210 nm)trmin= 16.0 Min trma= 23.5 min.

6.4.19 Characterization of @3R,3aS,6aR)-methyl 3(4-bromophenyb4,6-
dioxo-5-phenyloctahydropyrrolo[3;4]pyrrole 1-carboxylate 16h)

Br\© H Data are identical with those reported in the
()9 iterature®siH NMR (400 MHz, CDGY) i 7.48 (d,J =
- 8.4 Hz, 2H), 7.40 ()= 7.5 Hz, 2H), 7.36 7.29 (m,

Ph 3H), 7.13 (d,J = 7.4 Hz, 2H), 4.54 (dJ = 8.7 Hz,
1H), 4.12 (d) = 6.7 Hz, 1H), 3.86 (s, 3H), 3.71 §t= 7.2 Hz, 1H), 3.54 (] = 8.2
Hz, 1H), 2.36 (s, 1H):3C NMR (100 MHz, CDGJ) 11175.0, 173.6,170.0, 135.9,
131.7 (2xC), 131.6,129.2%XE), 129.0 (2xC), 128.7, 126.2 (2xC), 122.4, 63.6,
61.9, 52.5, 49.2, 48.1. HPLC (Chiralpak A& 1.0 mL/min, nhexaneAPrOH:

60/40,1 210 NnM)trmin= 11.7 mMin trma= 22.6 min.
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6.4.20  Characterization of @, 3R,3&5,6aR)-methyl3-(3-methoxypheny )4, 6-
dioxo-5-phenyloctahydropyrrolo[3;4]pyrrole 1-carboxylate 16i)

H Data are identical with those reported in the

Q""@"‘COZMQ literature®® H NMR (400 MHz, CDCY) Ui 7.46i
S % 7.27 (m, 4H), 7.16 (dJ = 7.6 Hz, 2H), 7.10 6.97

Bh (m, 2H), 6.88 6.81 (m, 1H)4.58 (dd,J=8.8, 5.2
Hz, 1H), 4.13 (ddJ=6.5, 4.9 Hz, 1H), 3.88 (d,= 4.4 Hz, 3H), 3.76 (s, 3H), 3.72
(t, J= 7.1 Hz, 1H), 3.56 (t) = 8.3 Hz, 1H), 2.51 (s, 1H}3C NMR (100 MHz,
CDChL) u175.2, 173.7, 170.1, 159.8, 138.5, 131.7, 129.5, 129.1 (2xC), 128.5,
126.2 (2xC), 119.5, 113.7, 113.0, 64.1, 61.9, 55.3, 52.3, 49.4, 48.3. HPLC
(Chiralpak ASH, 1.0 mL/min, rRhexaneAPrOH: 50/50] 210 nm),trmin= 12.5

min, trma= 19.9 min.

6.4.21  Characterizaon of (1S,3R,3aS,6aR)-methyl 3(3-bromophenyh4,6-
dioxo-5-phenyloctahydropyrrolo[3;4]pyrrole 1-carboxylate 16))

H Data are identical with those reported in the literattire
1. NS WCO,Me
B ¢ 7 1H NMR (400 MHz, CDC}) Ui 7.64 (s, 1H), 7.4%5 7.29
O;\N/go (m, 5H), 7.261 7.20 (m, 1H), 7.14 (d]1=7.4 Hz, 2H),
Ph 4.52 (d,J=8.8 Hz, 1H), 4.09 (d]1=6.5 Hz, 1H), 3.85

(s, 3H), 3.69 (t= 7.1 Hz, 1H), 3.51 () = 8.3 Hz, 1H), 2.49 (s, 1H}:3C NMR
(100 MHz, CDC}) i 175.1, 173.7, 170.0, 139.5, 131181.6, 130.1 (2xC), 129.2
(2xC), 128.7, 126.3 (2xC), 126.2, 122.8, 63.3, 61.7, 52.5, 49.2, 48.1. HPLC

(Chiralpak ASH, 1.0 mL/min, rRhexaneAPrOH: 60/40] 210 nm),trmin= 12.5

min, trma= 23.8 min.
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6.4.22  Characterization of @3R,3aS,6a8R)-methyl 3-(2-chlorophenyh4,6-
dioxo-5-phenyloctahydropyrrolo[3;4]pyrrole 1-carboxylate 16Kk)

Data are identical with those reported in the literat@#el
§ 7 "COMe MR (400 MHz, CDCY) 11 7.67 (ddJ=5.9, 3.5 Hz, 1H),

0/\ A0 7.431 7.22 (m, 6H), 7.06 (d]=8.0 Hz, 2H), 4.83 (dd] =
F',h 8.4, 4.0 Hz, 1H), 4.13 (dd,= 6.5, 3.8 Hz, 1H), 3.86 (s,
3H), 3.82 (d,J = 8.1 Hz, 1H), 3.71 (&) = 7.3 Hz, 1H), 2.40 (s, 1H}3C NMR
(100 MHz, CDC} 1 175.2,173.4,170.1, 135.1,133.5,131.6, 129.4 (2xC), 129.1
(2xC), 128.6, 127.4, 127.1, 126.2 (2xC), 61.6, 60.7, 52.4, 47.8, 46.6. HPLC
(Chiralpak ASH, 1.0 mL/min, rRhexaneAPrOH: 50/50,] 210 nm),trmin= 8.2

min, trma= 14.5 min.

6.4.23  Characterization of(1S,3R,3aS,6aR)-methyl 5benzyt4,6-dioxo-3-
phenyloctahydropyrrolo[3;4]pyrrole-1-carboxylate 179

© H Data are identical with those reported in the literatdre.
(%M 1 NMR (400 MHzZ, CDCY) 17,517 6.92 (m, 10H), 4.63
S A i 4.40 (m,3H), 4.05 (dJ=6.9 Hz, 1H), 3.88 (s, 3H), 3.55
Bn (t, J= 7.3 Hz, 1H), 3.38 ()= 8.1 Hz, 1H), 2.36 (s, 1H).
13C NMR (100 MHz, CDGJ) 1175.7, 174.3,170.1, 136.5, 135.7, 129.1, 128.6,
128.4,128.2,128.0, 127.2,64.3,61.9,52.4, 49.4,48.4, 42.6. HEh@alpak
AS-H, 1.0 mL/min, rRhexaneAPrOH: 50/50, 220 nm),trmin= 8.2 mMin,trma=
14.7 min.
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6.4.24  Characterization of @ 3R,3&5,6aR)-methyl 5benzyt3-(naphthalenl-
yl)-4,6-dioxooctahydropyrrolo[34]pyrrole 1-carboxylate 17b)

O H White solid,mp: 197198 C.| 8=185.48¢=0.025,
", CO,M

Q (777" CHC), Rf=0.56 (1:1 Hex/EtOACKH NMR (400 MHz,

O;‘;N/&O CDCI3) 11 7.95 (d,J = 8.2 Hz, 1H), 7.88 (dJ = 8.7 Hz,

Bn 1H), 7.76 (d)=8.2 Hz, 1H), 7.59 7.39 (m, 3H), 7.32

7.20 (m, 6H), 5.16 (dJ = 8.2 Hz, 1H), 4.52 4.38 (m, 2H), 4.16 (d] = 6.5 Hz,

1H), 3.91 (s, 2H), 3.67 (df] = 27.5, 7.6 Hz, 2H), 2.39 (s, 1H¥C NMR (100

MHz, CDCk) 01175.7, 1738, 170.2, 135.7, 133.4, 132.8, 131.2, 129.2, 128.9,
128.5,128.4,127.9,126.4,125.7,125.5,123.5,122.3,61.6,59.9,52.4, 48.1,48.0,
42.5.IR (cn' 1): 3340, 2987, 1749, 1698, 1398, 1202, 1125, 702. HEM$M/2):
calculated for GH23N,O, [M+H]: 415.1658 and found 415.1637.HPLC
(Chiralpak ASH, 1.0 mL/min, rRhexaneAPrOH: 50/50] 220 nm), endotrmin=

10.7 min trma= 26.3 Min, eX0otrmin= 7.6 MiNntrma= 15.5 min.

6.4.25 Characterization of @ 3R,3&5,6aR)-methyl 5benzyt3-(naphthale n2-
y)-4,6-dioxooctahydropyrrolo[34]pyrrole 1-carboxylate {79

White solid,mp: 199200 C. | 8=791.2 ¢ =
“ (_7 "COMe ) 025, CHEY), Rf= 0.51 (1:1 Hex/EtOACEH NMR
0= =0 (400 MHz, CDCI3)ii 7.821 7.78 (m, 1H), 7.74
i 7.65 (M, 3H), 7.47 7.42 (m, 2H), 7.34 7.27 (m,
6H), 4.64i 4.59 (M, 1H), 4.55 4.46 (m, 2H), 4.12 4.07 (m, 1H), 3.90 (s, 3H),
3.641 3.57 (m, 1H), 3.52 3.43 (m, 1H), 2.47 (s, LH}3C NMR (100 MHz,
CDCl) {i175.7, 174.3, 170.1, 135.7, 133.2, 128.9, 128.6, 128.1, 127.9, 127.8,
126.1, 126.1, 125.7, 125.5, 64.2, 61.9, 52.4, 49.2, 48.3, 42.6. IR)(@839,

2979, 1733, 1694, 1346, 1202, 890, 758. HRMS(m/z): calculated for
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CosH23N204 [M+H]: 415.1658 and foundt15.1640HPLC (Chiralpak ASH, 1.0
mL/min, nthexaneAPrOH: 50/50] 220 nm) trmir=10.2 MiNn trma= 26.4 min.

6.4.26  Characterization of 3R, ,3&5,6aR)-methyl5-benzyt4,6-dioxo-3-(p-
tolyl)octahydropyrrolo[3,4]pyrrole-1-carboxylate 17d)

Me© H White solid,mp: 158159 C. | ©=148.64 ¢ =

()C%Me0.025, CHEY, Rf= 0.64 (1:1 Hex/EtOACEH NMR
O;;N;go (400 MHz, CDC}) Ui 7.367 7.25 (m, 5H), 7.03 (s,

Bn 4H), 4.53 (dd,J = 18.8, 14.0 Hz, 2H), 4.40 (dd,=

8.9, 3.5 Hz, 1H), 4.01 (dd~=7.3, 3.3 Hz, 1H), 3.87 (s, 3H), 3.53 §t= 7.3 Hz,

1H), 3.34 (tJ=8.1 Hz, 1H), 2.32 (s, 4H}3C NMR (100 MHz, CDQJ) G 175.7,
174.5,170.2,137.9,135.7,133.3,129.1, 129.1, 128.6,128.0, 127.1, 64.2, 61.9,
52.4,49.5,48.4,42.7,21.4. IR (th 3340, 2970, 2900, 1749, 1694, 1399, 1258,
1197, 800. HRM&EI (nVz): calcukted for G,H23N,O4 [M+H]: 379.1658 and
found: 379.1643. HPLC (Chiralpak ASH, 1.0 mL/min, nrhexaneAPrOH:

50/50,1 220 nm)trmir= 7.1 Mintrma= 13.8 min.

6.4.27  Characterization of 3R ,3&5,6aR)-methyl 5benzyt4,6-dioxo-3-(p-
tolyl)octahydropyrrolo[3,4c]pyrrole-1-carboxylate 176

F3C\© § White solid,mp: 189190°C. | 8=143.44 ¢=
Iy, -\\CO M
7" 0.0125, CHGJ), Rf = 0.59 (1:1 Hex/EtOAC)MH

NS NMR (400 MHz, CDC4) i 7.42 (d,J = 8.1 Hz, 2H),

Bn 7.30 (s, 5H), 7.24 (d] = 8.1 Hz, 2H), 4.52 (dd] =
42.0,14.0 Hz, 2H) 4.49 (d,= 8.6 Hz, 1H), 4.06 (d] = 6.8 Hz, 1H), 3.89 (s, 3H),
3.58 (t,J = 7.3 Hz, 1H), 3.41 (t) = 8.2 Hz, 1H), 2.35 (s, 1H}C NMR (100
MHz, CDCk) Ui 175.4, 174.1, 169.9, 140.8, 135.6, 129.1, 128.6, 128.1, 127.6,
125.3 (qJ=3.6 Hz), 63.4, 61.8,52.4, 49.0, 48.0, 43.7. IR (&)n3347, 2988,
2900, 1744, 1697, 1319, 1126, 1065, 817, 694. HRMBN/Z): calculated for
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CooH20F3N204 [M+H]: 433.1375 and found433.1365HPLC (Chiralpak ASH,
1.0 mL/min, rhexaneAPrOH: 50/50] 220 nm) trmin= 6.0 MiNn trma= 10.5 min.

6.4.28 Characterization of  (1S3R,3a8S,6aR)-methyl  5benzyt3-(4-
methoxyphenyb4,6-dioxooctahydropyrrolo[3,£]pyrrole-1-
carboxylate 171)

Meo\© § White solid,mp: 144145°C. | ®=i51.72 €=
(%M g 025, CHGY), Rf= 0.32 (1:1 Hex/EtOACHH NMR
Oé\i /;:“o (400 MHz, CDCI3)17.30 (9q,J=8.0,6.0 Hz, 5H),
Bn 7.02 (d,J = 8.5 Hz, 2H), 6.70 (d) = 8.6 Hz, 2H),
4.56 (dJ=14.0 Hz, 1H), 4.45 (dJ=14.0 Hz, 1H), 4.35 (d1 = 8.6 Hz, 1H), 3.97
(d,J= 6.9 Hz, 1H), 3.85 (s, 3H), 3.75(s, 3H), 3.49{,7.3 Hz, 1H), 3.28 (1] =
8.1 Hz, 1H), 2.28 (s, 1H):3C NMR (100 MHz, CDCJ) ti175.7, 174.5, 170.2,
159.3,135.7,129.0, 128.6,128.4, 128.3,.92713.7,63.8,61.7,55.1, 52.3,49.3,
48.3, 42.6. IR (crt): 3336, 2988, 2900, 1750, 1695, 1514, 1394, 1252, 1198,
1067, 812. HRMSEI (m/2): calculated for gH23N2Os [M+H]: 395.1607 and
found:395.16@. HPLC (Chiralpak ASH, 1.0 mL/min, nhexaneAPrOH: 50/50,
I 220 NnM) trmin= 11.2 Min trma= 17.1 min.

6.4.29  Characterization of & 3R,3&5,6aR)-methyl5-benzyt3-(4-nitrophenyl)
4,6-dioxooctahydropyrrolo[3£&]pyrrole-1-carboxylate 179

OZN\© H White solid,mp: 201202°C.| 8=140.88 ¢=
""(_7"‘C02Me 0.0125, CHGJ), Rf = 0.25 (1:1 Hex/EtOAc)'H
ofiN%O NMR (400 MHz, CDC4) i 8.00 (d,J = 8.7 Hz, 2H),
Bn 7.387 7.25 (m, 7H), 4.59 (d] = 14.0 Hz, 1H), 4.55

(d,J= 8.6 Hz, 1H), 4.42 (d] = 14.0 Hz, 1H), 4.09 (d]=6.5 Hz, 1H), 3.90 (s,
3H), 3.61 (tJ = 7.3 Hz, 1H), 3.45 () = 8.2 Hz, 1H), 2.41 (s, 1H)C NMR (100
MHz, CDCk) 11 175.2, 174.0, 169.8, 147.7, 144.2, 135.5, 129.1, 128.7, 128.3,
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128.1,123.6,63.1,61.8,52.5,49.1,47.8, 42.8. IR{£®332, 2946, 2839, 2159,
2030, 1747,1694, 1514,1344,1198, 1079, 858, HRAMS-EI (nV/2): calculated
for Cy1H20N306 [M+H]: 410.1352 and foundt10.1345HPLC (Chiralpak ASH,
1.0 mL/min, rhexaneAPrOH: 60/40] 220 nm) trmin= 15.6 Min trma= 21.4 min.

6.4.30 Characterization of & 3R,3aS,6aR)-methyl 5benzyt3-(4-
bromophenyb4,6-dioxooctahydropyrrolo[3£&]pyrrole-1-carboxylate
(A7h)

\© White solid, mp: 206207 C. | 8=1749.12 €=

Q "COaMe 0.025, CHCY), Rf=0.34 (1:1 Hex/EtOAc)H NMR
0/\ A0 (400 MHz, CDC}) 1i 7.361 7.24 (m, 7H), 6.99 (d] =

E'sn 8.4 Hz, 2H), 4.57 (dJ = 14.0 Hz, 1H), 4.45 (d] =

14.0 Hz, 1H), 4.39 (d]=8.6 Hz, 1H), 4.02 (d] = 6.8 Hz, 1H), 3.87 (s, 3H), 3.54

(t, J=7.3 Hz, 1H), 3.34 (1) =8.1 Hz, 1H), 2.30 (s, 1H}3C NMR (100 MHz,

CDCl) t175.5,174.2,170.0, 135.6, 135.6, 131.6, 129.1, 128.9, 128.7, 128.1,

122.1,63.6,61.8,52.5,49.1, 48.1,42.8. IR'®n8340, 2988, 2900, 1746, 1698,

1398, 1201, 1126, ¥, 698. HRMSEI (m/2): calculated for @H20BrN,O4

[M+H]: 443.0606 and found443.0606 HPLC (Chiralpak ASH, 1.0 mL/min, n

hexaneAPrOH: 60/40] 220 nm) trmin= 9.5 MiN trma= 20.3 min.

6.4.31  Characterization of & 3R,3aS,6aR)-methyl 5benzyt3-(3-
methoxymenyl)}4,6-dioxooctahydropyrrolo[3,&]pyrrole-1-
carboxylate 17i)

H White solid,mp: 148149°C. | 8=i37.92 €=
. NS LCOMe ~ _

MeO S _7 0.025, CHGJ), Rf= 0.56 (1:1 Hex/EtOAc}H NMR
oA A0 (400 MHz, CDC}) 11 7.33i 7.23 (m, 5H), 7.13 (1) =

Bn 8.3 Hz, 1H), 6.84 6.77 (m, 2H), 6.74 (d]1= 7.4 Hz,

1H), 4.59i 4.47 (m, 2H), 4.47 4.35 (m, 1H), 4.02 ()=5.8 Hz, 1H), 3.86 (s,
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3H), 3.68 (s, 3H)3.53 (tJ=7.3 Hz, 1H), 3.36 (1) = 8.1 Hz, 1H), 2.35 (s, 1H).

13C NMR (100 MHz, CDG)) 11175.7,174.3,170.1, 159.6, 138.1, 135.7, 129 .4,
128.9,128.7,127.9,119.5,113.6,112.9,64.3,61.9,55.2,52.4,49.4, 48.2, 42.7.
IR (cmi1): 3344, 2988, 2901,739, 1697, 1402, 1216,1079, 869, 694. HRHES

(mV2): calculated for H»3N,Os [M+H]: 395.1607 and found395.1608 HPLC
(Chiralpak ASH, 1.0 mL/min, rRhexaneAPrOH: 60/40] 220 nm),trmin=11.5

min, trma= 22.0 min.

6.4.32  Characterization of @3R3aS6aR)-methyl  5benzyt3-(3-
methoxyphenyb4,6-dioxooctahydropyrrolo[3,£]pyrrole-1-
carboxylate 17))

Q H White solid, mp: 120121 °C. | 8=137.04 €=
o ="M 0,025, CHEY, Rf= 0.45 (1:1 Hex/EtOAC)H NMR

oé\i /;:“o (400 MHz, CDC}) 1i 7.451 7.23 (m, 7H), 7.06 (dJ =
Bn 4.9 Hz, 2H), 4.58 4.44 (m, 2H), 4.37 (d) = 7.9 Hz,
1H), 4.01 (dJ=5.1 Hz, 1H), 3.85 (s, 3H), 3.52 §t= 7.3 Hz, 1H), 3.34 (= 8.1
Hz, 1H), 233 (s, 1H)13C NMR (100 MHz, CDGJ) 1175.5,174.1,169.9, 139.0,
135.6,131.4,130.2,129.9,128.8,128.7,128.0,126.0,122.5,63.42, 61.8, 52.4,
49.1,47.9,42.7. IR (cm): 3335, 2988, 2901, 1698, 1432, 1394, 1242, 1066, 868,
788, 699. HRMEEI (nV2): calculated for GH20BrN,O4 [M+H]: 443.0606 and
found:443.0608HPLC (Chiralpak ASH, 1.0 mL/min, nhexaneAPrOH: 50/50,

I 220 NnM) trmin= 10.2 Min trma= 19.6 min.
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6.4.33 Characterization of (@3R3aS6aR)-methyl 5-benzyt3-(2-
chlorophenyB4,6-dioxooctahydropyrrolo[3,£]pyrrole-1-carboxylate
(A7K)

White solid,mp: 158 159°C.| ©=i68.72 £=0.025,
wCO,M
< )2 CHCK), Rf= 0.84 (1:1 Hex/EtOACKH NMR (400 MHz,

o/\ Ao CDCly) 11 7.36 (d,J = 7.8 Hz, 1H), 7.32 7.15 (m, 7H),
E'sn 7.02 (t,J = 7.5 Hz, 1H), 4.71 (ddJ = 8.2, 4.1 Hz, 1H),

4.46 (9J=14.1 Hz, 2H), 4.05 (dd,= 6.6, 4.0 Hz, 1H), 3.86 (s, 3H), 3.67 (t~

8.1 Hz, 1H), 3.55 () = 7.3 Hz, 1H), 2.26 (s, 1H)3C NMR (100 MHz, CDC}) U
175.7,174.1,170.1,135.7,134.8,133.3,129.1,129.1,128.9, 128.6, 127.9, 127.4,
127.0,61.5,60.5,52.4,47.8, 46.5, 42F5(¢m 1): 3335, 2988, 2900, 1750, 1699,
1434,1395,1211, 1054, 759, 704. HRIEE[m/2): calculated for @H»,CIN,O4

[M+H]: 399.1112 and found399.1117HPLC (Chiralpak ASH, 1.0 mL/min, r

hexaneAPrOH: 60/40] 220 nm)trmin= 8.8 Min frma= 16.2 min.

6.4.34  Characterization of @ 3R ,4S5R)-trimethyl 5-phenylpyrrolidine2, 3,4
tricarboxylate {8a)

@ H Data are identical with those reported in the literatdre.
0 ‘COMe 111 NMR (400 MHz, CDGJ) 11 7.391 7.23 (m, 5H), 4.49

MeO,& CoMe  (d,J=6.8Hz 1H), 4.17 (d]=8.9 Hz, 1H), 3.81 (s, 3H),
3.76i 3.70 (m, 1H), 3.70 (s, 3H), 3.613.54 (m, 1H), 3.23 (s, 3H}C NMR
(100 MHz, CDC}) 1171.2,171.0,171.0, 137.2, 128.4 (2xC), 1278, 126.8 (2xC),
65.5, 62.3, 52.6, 52.2, 51.5, 51.1. HPLC (Chiralpak-tAS0.8 mL/min, n

hexaneAPrOH: 50/50] 205 nm)trmin= 7.0 Min trma= 12.2 min.
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6.4.35 Characterization of @4S,5R)-4-tert-butyl 2-methyl 5
phenylpyrrolidine2,4-dicarboxylate 199

1H NMR (400 MHz, CDC}) Ui 7.40i 7.21 (m, 5H), 4.47
tBuozé (d,J=7.8Hz, 1H), 3.95 (1)=8.4 Hz, 1H), 3.81 (s, 3H),
3.26 (tdJ=7.9,6.1 Hz, 1H), 2.88 (s, 1H), 2.44 (dt 13.2, 8.3 Hz, 1H), 2.35
2.27 (m, 1H), 1.02 (s, 9H}3C NMR (100 MHz, CDGJ) 1i173.7, 171.9, 139.4,
128.2(2xC), 127.4,127.3 (2xC), 80.6, 65.6, 60.0, 52.3,50.3, 34.2, 27.5 (3xC).
HPLC (Chiralpak OBH, 1.0 mL/min, nhexaneAPrOH: 80/20] 210 nm)frma~

H Data are identical with those reported in the literatdre.
/ iN; CO,Me
1y, w\ 2

8.7 min,trmir=12.6 min.

6.4.36  Characterization of @4S5R)-dimethyl 5phenylpyrrolidine2,4-
dicarboxylatg20a)

H Data are identical with those reported in the literatare.
@”"(b“‘coz""e 1H NMR (400 MHz, CDC}) (i 7.371 7.21 (m, 5H), 4.52
MeO,C (d,J= 7.8 Hz, 1H), 3.98 () = 8.1 Hz, 1H), 3.81 (s, 3H),
3.30(qJ=6.9 Hz, 1H), 3.20 (s, 3H), 2.95(s, 1H), 2.41(@# 7.4 Hz, 2H).13C
NMR (100 MHz, CDC}) 1173.7,173.0, 139.0, 128.1 (2xC), 127.5, 126.6 (2xC),
65.7, 59.8, 52.2, 51.2, 49.6, 33.2. HPLC (Chiralpak-©§D1.0 mL/min, R

hexaneAPrOH: 85/15] 210 nm)trma= 10.1 Minfrmi= 14.9 min.

6.4.37  Characterization of @ 3R,4S,5R)-methyl 4benzoyi3,5
diphenylpyrrolidine2-carboxylate 21a)

©, H comie Data are identical with those reported in the literafre.
’ ME2EE 14 NMR (400 MHz, CDCJ) 11 7.54 (d,J=8.1 Hz, 2H),
7.36 (dtJ=15.0, 6.2 Hz, 5H), 7.24 3,=7.6 Hz, 3H),
7.10 (ddJ=17.5, 6.8 Hz, 5H), 5.00 (d,= 8.7 Hz, 1H),
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4.52 (t,J= 8.1 Hz, 1H), 4.24 4.08 (m, 2H), 3.75 (s, 3H)3C NMR (100 MHz,
CDCly) Ui 198.8, 173.5, 140.9, 139.1, 137E32.9, 128.9 (2xC), 128.3 (2xC),

128.2 (2xC), 128.2 (2xC), 127.9 (2xC), 127.7, 127.5 (2xC), 127.3, 67.8, 66.8,

60.7,52.8,52.4. HPLC (Chiralpak G, 1.0 mL/min, nhexaneAPrOH: 80/20,

| 254 nm) trmin= 7.8 MiN trma= 15.2 min.

6.4.38  Characterization of @4S,55)-methyl 5phenyt4-
(phenylsulfonyl)pyrrolidine2-carboxylate 223

IH NMR (400 MHz, CDC{) U 7 7.414r7, 1H), 7.33
stz i 7.25 (m, 4H), 7.19 7.10 (m, 3H), 4.50 (d]= 6.6 Hz,

1H), 4.081 3.95 (m, 2H), 3.85 (s, 3H), 2.85 (ddilF
14.0, 8.0, 5.8 Hz, 1H), 2.66 (di,= 14.5, 8.5 Hz 1H). 13C NMR (100 MHz,
CDCl) u 172.5, 139. 4, 135. 7, 132. 9,
127.9,127.8(2xC),66.7,64.8,58.678, 52.7,31.8. HPLC (ChiralpatiA$.0
mL/min, n-hexaneAPrOH: 50/50] 210 nm)trma= 15.3 min trmin=22.0 min.

H Data are identical with those reported in the literafifre.
iN; WCO,Me

6.5  Synthesis and characterization of azadenry reaction products

All aza-Henry reaction product®4ag and 25ae were synthesized

according to general procedure D.

6.5.1 Characterization oftert-butyl (S)-(2-nitro-1-phenylethyl)carbamate
(249)

Data are identical with those reported in the literatdé¢l

. NMR (400 MHz, CDC}) ii 7.361 7.20 (m, 5H), 5.32 (br,
HN O'Bu

S __NO, 1H), 4.76 (br, 1H), 4.61 (d] = 10.9 Hz, 1H), 1.36 (s, 9H).
Ej/V 13C NMR (100 MHz, CDGJ) i154.9, 137.0, 129.3, 128.8,
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126.4, 80.8, 79.0, 52.9, 28.3. HPLC (Chiralpak-lAS1.0 mL/min, rRhexaneh
PrOH: %/5,1 210 nm),trmaj= 20.8 min trmin=42.8 min.

6.5.2 Characterization of tert-butyl (9-(1-(naphthaler2-yl)-2-
nitroethyl)carbamate?@b)

0 Data are identical with those reported in the literatd#el
HNJ\ofBu

N NMR (400 MHz, CDC}) G 7.947 7.73 (m, 4H), 7.65

NOz 7.32 (m, 3H), 5.53 (dJ = 16.7 Hz, 2H), 4.93 (br, 1H),
4.79 (d,J = 8.1 Hz, 1H), 1.45 (s, 9H}C NMR (100
MHz, CDCk) 11 155.0, 134.3, 133.3, 133.3, 129.4, 128.1, 127.8, 126.8, 126.8,

125.7, 123.9, 80.8, 79.0, 53.1, 28.4. HPLC (Chiralpak-iADL.0 mL/min, n
hexaneAPrOH: 90/10] 254 nm)trma= 18.2 Min trmin=22.8 min.

6.5.3 Characterization of tert-butyl (S-(2-nitro-1-(4-
nitrophenyl)ethyl)carbamat49

0o Data are identical witthose reported in the literatu.ré
HN™ "OBu IH NMR (400 MHz, CDCJ) i 8.25 (d,J = 8.1 Hz, 2H),

/©/VN°2 7.52 (d,J = 8.3 Hz, 2H), 5.67 (br, 1H), 5.48 (br, 1H),
O,N 4.89 (br, 1H), 4.78 (br, 1H), 1.45 (s, 9FIC NMR (100
MHz, CDCl) {i 154.8, 148.1,44.3, 127.5, 124.5,81.5, 78.5, 52.2, 28.4. HPLC

(Chiralpak AD-H, 1.0 mL/min, rhexaneAPrOH: 90/10| 254 nm),trmaj= 23.0

min, trmin=47.1 min.
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6.54 Characterization otert-butyl (S)-(2-nitro-1-(p-tolyl)ethyl)carbamate
(249

O Data are identical with those reported in the literat@re.
Hl;l)J\O’Bu 1H NMR (400 MHz, CDCJ) ii7.331 7.04 (m, 4H), 5.37

/©/VN02 (br, 2H), 4.81 (br, 1H), 4.67 (br, 1H), 2.33 (s, 3H), 1.43 (s,
Me 9H). 13C NMR (100 MHz, CDCJ) i 154.9, 138.6, 134.0,
1299, 126.3, 80.6, 79.0,52.8, 28.3, 21.2. HPLC (ChiralpakiOD.0 mL/min,
hexaneAPrOH: 95/5] 254 nm)trma=26.3 Min trmin=30.0 min.

6.5.5 Characterization of tert-butyl (S)-(1-(4-methoxyphenybh2-
nitroethyl)carbamate2de

O Data are identical with those reported in the literatéte
HN™ “0Bu 'H NMR (400 MHz, CDC{) 11 7.22 (dJ=8.7 Hz, 2H),

/©/VNO2 6.88 (d,J = 8.7 Hz, 2H), 5.27 (br, 2H), 4.83 (br, 1H),
MeO 4.66 (br, 1H), 3.79 (s, 3H), 1.43 (s, 9HJC NMR (100
MHz, CDCE) i159.9, 154.9, 129.0, 127.7, 114.6, 80.7, 79.0, 55.4, 52.6, 28.4.

HPLC (Chiralpak OH, 1.0 mL/min, shexaneAPrOH: 95/5] 210 nm),trmaj=
53.8 min trmin=63.2 min.

6.5.6 Characterization of tert-butyl (9-(1-(4-chlorophenyh2-
nitroethyl)carbamate2{@f)

0 Data are identical with those reported in the literatatel
HN™ ~0Bu NMR (400 MHz, CDC}) G 7.4471 7.14 (m, 4H), 5.52

/@/'VN% 4.97 (brm, 2H), 4.82 (br, 1H), 4.70 (br, 1H), 1.43 (s, 9H).
cl 13C NMR (100 MHz, CD(J) 11154.8, 134.7,129.7, 129.5,
127.9,81.1,78.8,52.3, 28MPLC (Chiralpak ADH, 1.0 mL/min, nrhexane/

PrOH: 90/10] 210 nm) trma=12.8 Min trmin=16.5 min.
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6.5.7 Characterization akert-butyl (R)-(1-(furan-2-yl)-2-nitroethyl)carbamate
(249

o} Data are identical with those reported in the literataréd
HNJ\ofBu NMR (400 MHz, CDC}) i 7.36 (s, 1H), 6.31 (dd,=11.9, 2.4
®/VNO2 Hz, 2H), 5.42 (br dJ = 23.2 Hz, 2H), 4.94 4.77 (br m, 1H),
Lo 4.72 (dd,J = 12.8, 5.6 Hz, 1H), 1.44 (s, 9H3C NMR (100
MHz, CDCk) 01154.8, 149.6, 142.9,110.807.9,80.9, 76.6, 47.3, 28.3. HPLC
(Chiralpak ODH, 1.0 mL/min, rhexaneAPrOH: 98/2,1 220 nm),trms= 23.4

min, trmin= 25.8 min.

6.5.8 Characterization of tert-butyl ((1IR,295)-2-nitro-1-
phenylpropyl)carbamate ba)

0o Data are identical with thoseported in the literatur® H
HNJ\OtBu NMR (400 MHz, CDC4) G 7.391 7.29 (m, 6Hsynand anti),
~Me 726 (dJ=7.3 Hz, 4Hsynandanti), 5.71 (br, 1Hsyn), 5.41
NO, (br, 1H, anti), 5.2771 5.17 (m, 1H,anti), 5.13 (br, 1Hsyn),
4.95 (br, 2H,synandanti), 1.52 (d,J=6.7 Hz, 6H,synandanti), 1.42 (s, 9H,
syn), 1.41 (s, 9Hanti). 13C NMR (100 MHz, CDGJ) i1 155.2, 137.6, 129.1, 128.6,
126.6, 86.9, 80.5, 57.2, 28.4, 17.1. HPLC (Chiralpak-tAD1.0 mL/min, A
hexaneAPrOH: 935,1 210 nm) sy trmaj= 19.6 Mintrmin=21.3 minanti: trma;
= 24.9 min trmin=32.4 min.
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6.5.9 Characterization  of tertbutyl ((1R2S)-1-(naphthaler2-yl)-2-
nitropropyl)carbamate26b)

O Data are identical with those reported in the literatére
HNJ\OfBu IH NMR (400 MHz, CDC)) 41 7.84 (dt,J =8.5, 4.3 Hz,
OO - Me 6H, synandanti), 7.73 (dJ=7.9 Hz, 2Hsynand anti),
NO, 7.50 (ddJ=5.2, 2.7 Hz, 4Hsynandanti), 7.36 (s, 2H,
synandanti), 5.78 (br, 1H,syn), 5.51 (br, 1Hanti), 5.457 5.35 (m, 1Hanti),
5.29 (br, 1H,syn), 5.06 (br, 2Hsynandanti), 1.56 (d,J = 6.5 Hz, 6H,synand
anti), 1.44 (s, 9Hanti), 1.43 (s, 9Hsyn).13C NMR (100 MHz, CD{J) G 155.1,
134.9,133.3,133.2,129.2,128.2,127.8.72126.6,126.1, 123.9, 86.8, 80.6,
57.6, 28.4, 17.3. HPLC (Chiralpak AD + Chiralpak ADQ 1.0 mL/min, n
hexaneAPrOH: 90/10) 220 nm),Syn trmin = 34.8 mMin,trmaj = 38.1 min,anti

trmin= 45.7 Min trmz=51.2 min.

6.5.10 Characterization of tert-butyl (1R,29)-2-nitro-1-(p-
tolyl)propyl)carbamate25¢)

o} Data are identical with those reported in the literattire
HNJ\O’Bu IH NMR (400 MHz, CDCJ) 41 7.247 7.06 (m, 8H,syn

~Me " andanti), 5.57 (br, 1Hsyn), 5.33 (br, 1Hanti), 5.14 (dd,
Me J=8.7,6.1 Hz, 1Hanti), 5.08 (br, 1Hsyn), 4.92 (br, 2H,
synandanti), 2.32 (s, 6Hsynandanti), 1.52 (d,J = 6.7 Hz, 6H synandanti),
1.42 (s, 9Hanti), 1.41 (s, 9Hsyn). 13C NMR (100 MHz, CDGJ) 1i155.0, 138.4,
134.5,129.8, 126.5, 86.9, 80.6,57.0,28.3,21.2,17.1. HPLC (Chiralpak IA, 1.0
mL/min, n-hexaneAPrOH: 95/5,| 220 nm),syn trms = 14.3 min,trmin = 15.9

min, anti: trmg= 20.0 MiN trmin=22.2 min.

NO,
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6.5.11 Characterization of tert-butyl ((1R,29)-1-(4-methoxyphenyh2-
nitropropyl)carbamate26d)

Data are identical with those reported in the literatére

0
H NMR (400 MHz, CDC}) t17.16 (d,J = 6.5 Hz, 2H,
HN™ ~O'B
Me ! syn), 7.14 (d,J=6.8 Hz, 2H,anti), 6.88 (d,J = 3.6 Hz,
S0 2H, syn), 6.86 (d,J = 3.9 Hz, 2H,anti), 5.51 (br, 1H,
2

MeO syr), 5.30 (d,)=8.9 Hz, 1Hanti), 5.10 (ddJ=8.8, 5.9

Hz, 1H, anti), 5.04 (br, 1H,syn), 4.90 (br, 2Hsynandanti), 3.79 (s,3H, syn),
3.79 (s, 3Hanti), 1.52 (d J=6.8 Hz, 6Hsynandanti), 1.42 (s, 9Hsyn), 1.41 (s,
9H, syn).13C NMR (100 MHz, CD(J) 11 159.66, 129.55, 127.76,114.52,114.46,
86.96, 86.06, 56.85, 55.42,28.38, 17.07. HPLC (Chiralpak AD + Chiralpak AD
H, 1.0 mL/min, rRhexaneAPrOH: 90/10] 220 nm)syn trmg= 38.1 Min,trmin =

42.3 minanti: trmg= 48.8 Min trmin=51.9 min.

6.5.12 Charaterization of tert-butyl ((1S,29)-1-(furan-2-yl)-2-
nitropropyl)carbamate26e)

j\ Data are identical with those reported in the literat@réd
HN™ “0Bu NMR (400 MHz, CDC}) U 7.36 (s, 2Hsynand anti), 6.341
N Me 6.31 (m, 2H,synandanti), 6.27 (d,J = 3.2 Hz, 2H,synand

\ -
©  NO; anti), 5.43 (dJ=8.1 Hz, 1Hsyn), 5.32 (s, 1Hanti), 5.25 (br,

1H, syn), 5.04 (br, 2Hsynandanti), 4.89 (br, 1Hanti), 1.55(tJ = 7.0 Hz, 6H,
synandanti), 1.44 (s, 8H, synandanti). 13C NMR (100 MHz, CDC}) G 155.2,
150.0, 142.9,110.7,108.1,84.5,80.78,51.7, 28.4, 16.4. HPLC (Chiralpak IA, 1.0
mL/min, n-hexaneAPrOH: 99/1, 220 nm),syn trmin = 36.2 Min,trms = 43.9

min, anti: trmg= 37.5 MiN trmin=52.3 min.
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APPENDICES

8.1 NMR Spectra for aziridine-2-phosphonate ring opening products
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Figure 26. 1H, 13C and31P spectra of compourishd
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Figure 27.1H, 13C and3!P spectra of compourkhe
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Figure 29. 1H, 13C and31P spectra of compourkba
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Figure 30. 1H, 13C and?1P spectra of compourtbb
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