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ABSTRACT

ENANTIOSELECTIVE SYN THESIS OF FURYL-SUBSTITUTED
PYRROLIDINES

Araz, Mihrimah
Master of SciengeChemistry
SupervisorProf. Dr¥ zdemi r Doj an

August 201967 pages

Asymmetric 1,3Dipolar Cycloaddition (DC) reactions of azomethine ylides are
importantfor the synthesis gfyrrolidines. These reactionsaygive enantiomerically
pure compounds in the presence of a chiral catalyssingle step. Thereforenany
groups have studied this reaction to synthesize-satystituted pyrrolidines in
enantiomerically rich form. Althougte arylsubstituted pyrrolidie synthesis is very
common,the studies involvinghe heteraryl-substituted pyrrolidines amguite rare.

In general, groups studying these reactions mainly focus on theusfituted
pyrrolidines and include one or two examples involving the hetdrsabstituted
pyrrolidines. Therefore, it is important to synthesize different derivatives of
heteroarysubstituted pyrrolidines and develop a chiral catalyst that produces these
compounds in high yieklandenantioselectivitiesOur groupis also involvel in this

field and developed two different types of chiral ligands, one is knovierasenyl
aziridinyl methanol EAM) and the other one is the phosphorous derivative of these
ligands. Using both ligands, our group reported the enantioselective sgrahasyt
substituted pyrrolidines in good yields and enantioselectivities. In this thediswere
applied our FAM ligands (four diastereomers) amdnew derivative namely 1-
naphthyl ferrocenyl aziridinyl methanol-NFAM, also four diastereomersip the
enantioselective synthesis of fuisiibstituted pyrrolidineby using 1,3DC reaction



of azomethine ylides. Our studies showed B ligands can catalyze the 1[8C
reaction of azomethine ylides to fofaryl-substituted pyrrolidines up to 87% yiad

and 72% enantioselectiyit

Keywords: Asymmetric synthesis, Azomethine ylides, Fesybstituted pyrrolidine

derivatives.
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Asimetrik 1,3di pol ar hal kas al katéel ma tepki mel
tepkimelerdir. Bu tepkimeler kiral katal:
bil ekikler verirler. Bu sebeplhbeakbéinmd-aonk ¢
zengin aril s¢bstit¢egye pirolidin sentezl
sent ezi yaygén ol maséna rajmen heteroar:
ol duk-a azdér. Genel de bu tepki nedyee i -
pirolidinlere odaklanméxkxl ardér ve bu - al
yalnézca bir veya i ki °rneji bul unmakt
pirolidinlerin farkIlé -exkitlerinin sente
enantiose-icilikte sentezl enmesinde kul |
°nemlidir. Grubumuz da bu alanda -al @ékmé
Bu kiral ligandlar ferosenil aziridinil metanoFAM) |l igandl aré ve bu
fosfor |l u t¢revlieridir. Bu | igandlaré kull ai
i yi olan aril s¢bstitegye pirolidinlerin e
kapsaménda furil Ss¢bstidti pype araz hmme tkiars aly
tepkimek r i met al il e koordine olan ve grubu

aziridinil metanolFAM) ol ar ak adl andér él an ve d°rt
ve bu | igand]l ar enafti tergsersl azriginl metamdllegNFAMY e 1
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ol arak r @alddrmndyi ne doert di astereomer. ol a
ger-eklextirilmiktir. ¢al e kKFARI méizgarkd | aa@al i z

kull anél ar ak ydippgedlaaasr alsdImeasdlk Klgt3el ma tepki

vV e %7 2 enantiose-ficnilli ] e ¢ katdiatr ¢ ywel agiamol i di 1
edi |l mi ktir
Anahtar KelimelerAsi metri k sentez, Azometin yilidler

terevli eri
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CHAPTER 1

INTRODUCTION

1.1.Enantiomerically pure compounds

Chirality isanimportant propertpf asymmetrypased on moleculaymmetry.
When the molecule and its mirror image are-saperposable, it is called as a chiral
molecule. This property of molecule is important in many areas such as biochemistry,
organic chemistry and especially pharmaceutical chemistry because owidaiblo
molecules are chiral molecules such as DNA, amino acids and sugars. Also, these
mirror images are called enantiomefdg(re 1). They have same physical and
chemical properties such as boiling or melting point, polarity, density etc. However,

their adour, flavour and most importantly their biological activities can be different.

Figure 1. Enantiomers

The artificial sweetener aspartame has two enantiomers. WhegsggmBRame
is tasteless, taste of-dspartame is sweétln addition, R-(-)-carvone smells like

spearmint whiles-(-)-carvone smells like carawayVhen chiral molecules are used



as drugs, they may behave differently. For example, for treatment of rheumatoid
arthritis, D-penicillamine is used in chelation therapy whilg@enicillamine is toxic
because of its inhibition of action of pyridoxine, an essential B vitdrmerefore,

synthesis of enantiopure compouwns important.

Enantiomerically pure compounds can be synthesized using different methods.
Those include lang with resolution of racematethe synthetic transformation from
enantiopure starting compound &hd stereoseletive reactions using chiral reagents
or auxiliariest metal catalysts, organocatalysts and biocatalysts. Recently, the most
commonly used methods are metal catalyst (rat@bl ligand) and organocatalysts.
Use of chiral catalyst is preferabledause sall amount of a chiral catalyst can

produce a large amount of enantiopure product.
1.2. Asymmetric Cycloaddition Chemistry

As well ascyclic organic compounds, heterocyclic compounds are important
in organic chemistry. Heteroatom in the ring gives these rstelio compounds
physical and chemical propertidéferentfrom that of allcarbonring analogs. They
are found in numerous natural products and biochemical systems such as nucleic acids
which carry the genetic information. Also, pigments, vitamins arttbiatics are
examples of heterocycles like hallucinogens. These heterocyclic compounds can be
used as drugs, pesticides, dyes and plasticsaddition, they may show different
biological activities. Therefore, especially fimeemberedN-heterocycles areery
important for scientist. The cycloaddition reaction is one of the common and efficient
method for synthesizing heterocycles in high stereoselectivity in a single step.

1.2.1.1,3Dipolar Cycloaddition (1,3-DC) Reactions

1,3-Dipolar Cycloaddition 1,3-DC) reaction of azomethine ylides like Diels
Alder reaction is the most efficient method to constructmeamberedN-heterocyclic
compounds. This reaction is a highly atom economical process because two new

carboncarbon bonds and up to four stereogenic centan be formed at the same

time® In this type of reaction, 158 i pol e al so known as ylide,

4



reacts with a di pol arlosghemelgyrrol@line foenhaton t r o n

by 1,3DC reaction of an azomethine ylide with a dgrophile is given as an example.

( N\

H
N
/=\ 1,3-DC R~ "~ CO,Me
RoN_COMe + ¢ Y Reaction \;_Z/
e . . X Y
\ 1,3-Dipole Dipolarophile Pyrrolidine |

Schemel. Pyrrolidine formation by 1:DC reaction

1.2.1.1.1,3Dipoles or Ylides

General representation of id®oles is@a-b-costructurg(Figure 2) They have
a delocalized electron over three atoms and a positive charge. Also, Pichon and co
workersstatedthat 1,3-dipolesshould include 3 atoms with at least one heterodtom.
There are two main groups of id$pole which are allyhnion type and

propargyl/allenytanion type.

The allylanion type of 1,3lipole has a bent structure. It has four electrons in
three parallel porbitals which are perpendicular to plane of the dipole. The central
at o mcam e oxygen, nitrogen or sulphur. Two resondoo®s are obtained in
octet structure. In these structures, three centers have an electron octet. Also, other
t wo resonanceadd @d ndst om Itwdhs cn 6el ectron s
(Figure2 and 3.8



Allyl-Anion Type 1,3-Dipole

//b(? © S) by
Octet-structure a- c a~ ¢
Sextet-structure @ _b._ © © b ®

a c a_ ¢

Propargyl/allenyl-Anion Type 1,3-Dipole

® ®
aEb—c@ a=b—c

Figure 2. Theresonancetructures of 1,3lipoles

On the other handhe propargyl/allenyanion type of 1,3lipole has a linear
structure. Unlike allylanion type of 1,3lipole, inthistypg he cent r al atom Ob
be just nitrogen. In addition, the former orbital is not directly involved in the resonance
structures because this type has an extra

the allenyl anion type molecular orbital (M@igures 2 and4).2
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Figure 4. The propargyléllenyl-aniontype 1,3dipole

Azomethine ylides are one type of albhion type 1,3lipoles. They are

nitrogenbased dipoles. Pyrrolidines and pyrrolines, 4membered\-heterocycles,

can be synthesized by 1[BC reaction of azomethine ylide. By this reaction, four new

stereocentrexan be obtained with high stereand regioselectivity. Therefore,

azomethine ylides are common reagents used in total synthesis and pharmaceuticals.

They are produceih situand trapped immediately with dipolarophiles because they

are very reactive ancstable(Scheme 1§

In this thesis work, 1;®C reactions of heteroargubstituted azomethine

ylide with different dipolarophiles were studied to synthesize {fsufstituted

pyrrolidine which is a fivenemberedN-heterocycle.

1.2.1.2 Dipolarophile

In order to produce heterocyclic rings from azomethine ylides in a concerted
mechanism, dipolarophiles are used in-D0,&
systems. There are many different types of dipolarophiles such as alkenes, ketones,

react.

allylic halides, alkynesind so orasshown inFigure5.

ons.

They

ar

e

2
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R, RZ DR, O AX

0 NR,
=—R;, <  OMe /\OAR RIAR%

\.

Figure 5. Differenttypes ofdipolarophilesused in 1,3DC reaction

1.2.1.3.Pyrrolidine

Pyrrolidines, fivemembered heterocycles-igure 6), are found in many
natural products and pharmaceuticals. Their synthesis is very important for scientists
because they are biologically active compounds. There are many methods to
synthesize pyrrolidines. An effective way to synthesize pyrrolidines iDC,3
reaction of azomethine ylides with dipolarophiles in the presence of a metal catalyst.
In general, small amount of metal catalyst can produce large number of chiral

pyrrolidines.

R4 F‘?3

Figure 6. Structure ofyrrolidine



1.2.1.4.0rganocatalyst and Metatbased Catalyst

There are two types of catalysts being used for asymmetric synthesis.
Organocatalysts are low molecular weight organic molecules and small amount of
organocatalyst can catalyze a chemical reaction. @ogaalysts have important roles
in the construction of enantiopure compoutftiEheir low toxicity and insensitivity
to moisture and oxygen are advantages in synthesizing pharmaceutical

intermediates?!

Other catalyst is the methhsed chiralcatalyst. Chiral ligands forming
complexes with transition metals provitte chiral environment fothe asymmetric

synthesis.
1.3. Mechanistic Approach to 1,3Dipolar Cycloaddition Reaction

Huisgen and his colleagues stated that mechanism d4»@,Bsactions is a
concerted process. They also claimed that the reaction needs small activation
enthalpy to produce cycloadduct and the reactions oflip@es with alkene are
stereospecifically suprafacial. Therefore, their studies showed that tHBC1,3
reactions proceed through a concerted pathway. In the concerPB& X&action, the
stereochemistry of final cycloadduct and that of dipole and dipolarophile are
invariable. When trandipolarophile reacts with dipole, trangcloadduct is obtained.

To get only ciscycloadduct, ciglipolarophile should be useBigure?).

On the other hand, at the beginning, Firestone claimed th&@ &actions
have stepwise mechanism via diradical intermedihtowever, in this mechanism,
180A r o tCibbrid takes mate inQliradical intermediate state so the mofture
cis- andtrans cycloadduct can be obtaineigure8). Therefore, the stereospecifity
of the reaction is ruined. At the end, Firestone accepted th&t y@actions proceed

through concerted mechanist.



Concerted Mechanism
.

[4s + 2s]

- 8@8;8

Figure 7. Concertednechanism of 1;®C reaction

®
@a/ b\\c + /=
R; R,

Stepwise Mechanism

Ri " R,
rotation of C-C bond

t

Figure 8. Stepwisemechanism of 1 8C reaction

The transition state of concerted -D& reaction is controlled bjrontier
molecular orbitals (FMO) of dipole and dipolarophile. Based on the FMO energies

between dipole and dipolarophile interactions, Sustman stated that there are three

types of 1,3DC reaction Figure9).®
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Figure 9. Theclassification of 1,3DC reactions based on FMOs

In type 1 reactions, there is an interaction between H@M©Oand
LUMOipolarophile @nd for carbonyl ylide, azomethine imines and azomethine ylides;
this type of reaction is representative.

In type 2, both energy gaps of dipole and dipolarophile are similar. As a result,
two-way interactions can take place. One of them is HOMO of dipplale and
LUMO of dipole. The other one is LUMO of dipolarophile with HOMO of dipole.
This is typical for nitrones, nitrile oxides and azides.

In the case of type 3, HOMfpviarophieinteracts with LUMQipole Nitrous oxide
or ozone reacts wittlipolarophiles via this type of interactions.

Electrondonating or electromithdrawing groups on dipolarophile or dipole
can affect 1,8C reaction. Because these groups can change FMO energies. As a
result, 1,3DC reaction can proce@adifferent HOMOLUMO pathwayg either type
1, type 2 or type 3In type 1, electromwithdrawing group (EWG) on dipolarophile
reduces the energy of LUMfpbiarophileSO the reaction is accelerated. However, when
dipolarophile including electredonating group (EDG) is udereaction is decelerated
because of the raised energy of HOMEXrophie'® In the case of type 2, both EDG
and EWG groups on dipolarophile accelerate the reaction as EDG raise energy of the
HOMO whereas EWG lowers the energy of LUMOn type 3, EDGon dipolarophile

10



raises the energy of HOMO of the dipolaroph@ensequentlythe rate of the reaction
increases®

1.4.1,3Dipolar Cycloaddition Reaction of Azomethine Ylides

Azomethine ylides are the kind of bent allyl antype 1,3dipoles and they
conta n 4 electrons di st r iNeCugtoeptf Gemeradly; theyy h e
are formedn situ due to their high reactivity. There are different ways to generate
azomethine ylides, such as condensation of aldehyde with &mihatolysis or
thermolsis of aziridine€! deprotonation of iminium sal&, or most commonly

proton abstraction from imineS¢heme2).?

R

Scheme2. Protonabstraction frommine

1.5.Enantioselective 1,3DC Reactions of Azomethine Ylides Using Chiral

Catalysts

In the field of pharmaceuticals and agrochemicals, enantioselective synthesis
is the key process to obtain enantiomerically pure compounds, because different
enantiomers may have different biologicatigties Using asymmetric catalysis for
cycloaddition reactions, enantiomerically pure compounds can be synthesized in one
step. This cycloaddition reactionasvery atom economical way to create more than
one stereogeni c -Coe nhto nedes stepnrtk®Ct reaction fC
azomethine ylides with dipolarophiles in the presence of a chiral catalyst leads to the
formation of pyrrolidines enantioselective{§§cheme3). The catalyst used in the
reaction is dissociated from the cycloadduct and it eanded for another catalytic

cycle.
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M-L* (Catalyst) R~ N CO,Me

R~>N_COMe + R2_ R, \;_Z*/

@

.| o
> Rl\//I:I\\A\OMe
.

R; R;

+

(M=metal, L= ligand)

Schemes. Pyrrolidinesynthesisusingchiral catalyst

In general, azomethine ylides afiminoesters are used in 1LBC reactions
because they can leasily stabilized in the presence of a Lewis acid catalyst that
coordinates easily to azomethine ylide. Different metals such as Ag, Cu atahZn
coordinate both to the ligand and azomethine ylide.

Since the first study reported by Grigg anebearkersin 199124 many groups
studied 1,3DC reaction of azomethine ylides using different chiral ligands and metals.
Al t hough Gddingt jnlseusimg mekaligand chiral catalyst in catalytic
amount, it was the first study in literature. Using chingnganese and cobalt
complexes, enantioselectivity could be achieved irRDIC3reactions of azomethine
ylides derived froma-iminoester. They obtained up to 96% ee and the yields were
ranged between 484% Schemed).
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; NER NR
ArAN)\[(OMe + X Chiral Ligand Ar :«CO,M N Aru, WCO,Me
O =/ Metal Salt, rt U A

~

X X
96% ee

Ph .Me thp fPth

3

HO/_\N
] N

Bn
Chiral Ligands

Schemed. Grigg andco-workers'study

1.6.Asymmetric 1,3 Dipolar Cycloaddition Reactions Using Ferrocenéased

Chiral Ligands in Literature

Ferrocene and its derivatives have been widely ggszk the discovery of
ferrocene in 1950%.Due to structural inertness to many reaction conditions, it is used
in all fields of organometallic chemistry. Ferrocene based chiral ligands have been
used in asymmetric synthesis. Adequate rigidity, ease aobatization, planar
chirality when substituteavith a chiral unit, steric bulkiness, thermal stability and
tolerance to oxygen and moisture makes ferrocene derivatives a suitable chiral ligand

for asymmetric synthesfs.

In one of the studies, chiraJ2tP,N-bidentate ferrocene based ligand was used
for 1,3DC reactions involving different imines (precursors of intermediate
azomethine ylides) and dipolarophiles. This chiral ligand providedsabhgdtituted
pyrrolidine structures in up to 93% enantiesgivity (Schemes).?’
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N\
oy O
R O R 7 N\
Chiral Ligand (6 mol%) N0 N
R=Br, CL.OMe 4 0Ac (5 mol%) onte| &
h EGN, rt, DCM, 24h N | ="~PPh,
e} Fe
O%C n H @
|
R, Chiral Ligand
R,= Me, Ph

Schemeb. Utepova anato-workers'study

In other study, chiral ferrocerimased phosphiii@hosphoramidite ligand
having a stereogenk-center was used fanantioselective Ag(itatalyzed [3+2]

cycloaddition reaction of azomethine ylides. This catalyst system also provided aryl
substituted pyrrolidines in up to 99% enantioselectiviighiemes).2®

AgOAc (3 mol%)
Ars 2N _CO;R " PPFAPhos (3.3 mol%)

MeOZC,
+

EtN (10 %)
M602C

CO,Me  Et,0,-25°C, 15 h

H

\\COZMC

AR S ICOR

PPFAPhos

()
pie

O
P
Fe v 0
<=

Scheme6. Yu andco-workers'study

Zhou et al. reported anoth&rrocene derived,Sbidentateligand for the
asymmetric 1,8DC reaction yielding aryl substituted pyrrolidines in up %%

enantioselectivitySchemer).?°
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AgOAc

Ox"\=0
PPN f 0 IIth o Ligand \—, N
Ph™ N CO,Me \V\_/v/ Solvent O
= Ph" E “CO,Me

Pth =

?ASQR

&2 R=H, CI, OMe, Me
Chiral Ligand

Scheme7. Zeng and Zhou'study

Zhou et al. reported another study by using ferrocene bhisBéidentate

ligands which provided pyrrolidines up to 98%enantioselectivit{Schemes).*°

0
RvaCOZMe AgOAC MeOZC COzMe \I\?' ‘Bn
+ Ligand (Z’g‘ Fe "P(4-CF,C¢H,),
/=\ Et,0, -25 °C R COMe <22 [ivand
MeO,C  CO,Me N igan

Scheme8. Use offerroceneébasedN,P-bidentatdigandreported byhougroup

Our group also studied,3-DC reactions of azomethine ylides by using
ferrocenyl aziridinyl methanoHAM ) chiral ligands with Zn used as the metal source
and reported arysubstituted pyrrolidines in up to 95%aartioselectivity Scheme
9).31
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POFAMG6 (6 mol%)

0 AgOAc (1.5 mol%) s
\)J\ oy Ar\’g——z*/cone
Ar N A
N OMe i-Pr,NE (10 mol%) NS
DCM, -20°C
Ar = phenyl, 2-naphthyl, 1-naphthyl,
-methoxyphenyl
p-methoxypneny H I;:t P//O
QH\(\Ph
SN 2
FCM
POFAM6

Scheme9. Use ofFAM ligands in 1,3DC reaction ofazomethineylides

Our group reported another study by using phosphorous derivatives\vbf
ligands with Ag. This catalyst system gave aryl substituted pyrrolidines in up to 89%
enantioselectivity$chemel 0).%?

FAM
o Zn(OTH) H
T /N * *
N OMe Et;N X Y
DCM, -20°C

Ar = phenyl, 2-naphthyl,
p-methoxyphenyl

Schemel0. Use ofphosphorouslerivative ofFAM ligands in 1,3DC reaction of
azomethineylides
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1.7.Metal CatalysedAsymmetric 1,3-Dipolar Cycloaddition Reactionsinvolving
Heteroaryl Substituted Pyrrolidine Synthesis

Heterocyclic compounds in general ab#logically active compounds.
Therefore, having heteroaryl group in pyrrolidine structure is expected to improve the
biological activity of these compounds. As mentioned before the synthesis of chiral
heteroarylsubstituted pyrrolidines is limited. OnetbEse studies was reported by Oh
and colleagues. This group used silver and copper as the metal sources with rather
complex chiral ligand and reported 85% enantioselectivity with aetybutyl

acrylate for the furyl and thiofurgubstitutedpyrrolidines Schemell, only two
examples§?

0 H
vaCOZMe M (10 mol%) T\
X . Chiral ligand (10 mol%) < CO,Me

— toluene, rt
tBUOZC/_ tBquC

M= Cu, X= 0 80% yield, 85 %ee
o OMe M= Cu, X= S 64% yield, 88 %ee
OMe M= Ag, X=0 71% yield, 77 %ee
M= Ag, X=S 74% yield, 83 %ee

chiral

HO op ligand

Schemell Synthesis ofuryl- andthiofuryl-pyrrolidines byOh andco-workers

Related with the heteroargubstituted pyrrolidinesynthesis by 1-BC
reaction Carretero and cworkers reported up to 99% enantioselectivity of the

product by using phosphorous based chiral ligand witH{Sehemel2, only two
examples§*
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&N CO,M /R i 7\ E
z N~ AAUMe CO,Me
X AgOAc (5 mol%) | Sy >~ N-COMe| i [;)\5_7' ?

+
Ph\(/N _ Ligand (5.5 mol%) 171 Ph (3M in MeO,C IEIHC,IOPItlh
O‘g/\Ph Toluene, -10 °C  |Ph™ >0 MeOH)
6] X=0 70% yield, 99% ee

o X=1S90% yield, 99% ee

.y

0] PAr )
Chiral

2
O PAI'Z
4 O Ligand
0]

Ar=4-CH;0-3,5-('Bu),C¢H,

Schemel2. Carretero ando-workers'study

In another study, Deng et al. used copper salt foiDC3reaction to get
heteroaryl substituted pyrrolidines in up to 97% enantioselectivity. Theyhathd
pyridinyl- and fluoro-substituteddipolarophilewhich is not a commonly useshe

(Schemel3, onlytwo examples§®

/1 \
()?\QNVCOZMG C':uBF4 (5 mOl%) /X\ N COZMe
N Ligand (5.5 mol%) 0, N
_ Etzo, CSCO3, -30 °C MCOQC F @
N =

MeO,C  F Cl 1| X=0099% yield, 97% ee
\©\/\/( X=1S 90% yield, 95% ece

NN
Me 5 OH

-,

Chiral Ph
ligand Ph

Schemel3. Deng andco-workers'study
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1.8.Aim of The Study

Synthesis of pyrrolidines in enantiomerically pure forms by efficient and
economical way is importamtue tobiological activity ofthese compound4,3-DC
reaction of azomethine ylides is one of the best methods to synthesize pyrrolidine
structures.In literature, different metal catalysts (metehiral ligand) have been
developed and used successfully for-D@ reaction of azomethine ylides with
dipolarophiles to synthesize aistibstituted pyrrolidineddowever, there arenly a
few examples reported ititerature for the enantioselective synthesis of furyl
substituted pyrrolidines using the same chemigtherefore, we aimed to explore this
chemistry to synthesize variety of furstibstituted pyrrolidines. In doing swe
wanted to uséAM chiral ligards developed by our group. Besidssreening the
known FAM ligands, we also wanted to synthesize newafphthylsubstituted
derivative of these ligand$,lFAM, four diastereome)dn this thesis. Basically, total
of 12 structurally and stereochemicallyfdientFAM ligands PFAM, CFAM, and
INFAM, each composed of four diastereomerg&rerscreenedwith an aim to
syntheszefuryl-substituted pyrrolidine€Scheme 2).
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Chiral Ligand A H O
O Metal N
/ \ cla % %
0 N ome roem O N L ¢
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R, R,
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N
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* *

PFAM1-4 CFAM1-4 1-NFAM1-4

Fc: Ferrocenyl

Schemeld. Metalcatalyzed asymmetric synthesis of fusybstituted pyrrolidines
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CHAPTER 2

RESULTS AND DISCUSSION

2.1.Synthesis of New 1-Napthyl-Ferrocenyl-Aziridinyl -Methanol (1NFAM)
Ligands

1-NFAM ligands were synthesizelly following the literature procedure
reported by Dogais research groufi. This synthesis started with the Frie@afts
reaction of ferrocene and acryloyl chloridethe presence of a mixed Lewis acid
MesAl-AlCls, which provided acryloyl ferrocen8 in 97% yield.Then, bromination
of acryloyl ferrocen& in DCM at-7 8 Athis protocol was developed by our group,
gavethedesired product in 95% vyield (Scheme5).2°

O O Br
<& O Me;Al AlCI @)\% Br @\/
Fle + \)J\ 2 . o 3’ Fle 2 Fle Br
- Cl DCM,0C A pem-7sec o
Fc-H
1 2 3 4

Schemel5. Synthesisandbrominationof acryloyl ferrocene

The next step was the aziridine fornatireactionby using the modified
GabriekCromwell reactior?’ First, dibromo compound4 was stirred with
trimethylamineto obtaina-bromoacryloyl ferroceng by elimination ofHBr. Then,
addition of(R)-1-naphtylethylamines to thereaction flask formed diastereomeric

mixture of aziridinyl ketoneg and8. These ketones were purified and separated easily
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by flash column chromatography and obtaine&6f6and 42% yield, respectively
(Scheméel6).

O Br (0] \NH

4 5 7 8
56% 42%

Schemel6. Synthesis oéziridinyl ketones by GabrigCromwellreaction

The last step for the synthesis BNFAM ligands was the reduction die
carbonyl group. This reduction was achieved under different reaction conditions by
using a procedure developed diorean groug® As a result, all four diastereomers
of ketones7 and8 were obtained as shown in SchenTe lh assigninghe absolute
configuratiors of 1-NFAM ligands, we madanalogy with our previously synthesized
FAM ligands based on NMR data aRdvalues orTLC.% Ketone?7, first isomer on
TLC, was reduced biNaBH4 at-7 8CAn MeOH to getl-NFAM 1 chiral ligand9 in
92% yield. Using L-selectride as the reducing reagenfTHF at -7 8CAthe same
ketone7 gavel-NFAM 2 ligand10in 71%yield. On the othehand, reduction of the
second keton® by usingLiAlHsa t Cift PHF provided a diastereomeric mixture of
1-NFAM 3 ligand 11 and1-NFAM 4 ligand 12 in 28% and62% yields, respectively,
after flash column chromatography.
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ZHC12

mh oﬁ oa O

1-NFAM1 1-NFAM2 1-NFAM3 1-NFAM4
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Schemel?. Reduction ofaziridinyl ketones

Besidesl-NFAM1 -4 chiral ligandsCFAM1-4 andPFAM1-4 chiral ligands
were also synthesized by using the same proceduaresder b synthesiz€?FAM1-
4 chiral ligands, $)}1-phenylethylamine was used in aziridination stepiaratderto
synthesizeCFAM1-4 chiral ligands (R)-cyclohexylethylamine was used in the
aziridination stepthe structuresof these chiral ligandare shown in Figure 10. As a
result of all these syntheses, total of 12 stereoisomerically and structurally different

ligands were in hand to be tested in asymmetri;3eactions of furysubstituted

azomethine ylides.
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Figure 10. Structures oPFAM andCFAM ligands

2.2.Synthesis of FurylSubstitued Imino Ester

Methyl (E)-2-((furan-2-ylmethylene)amino)acetata,furyl-substitutedmino
ester 13, was synthesized as reportedliterature® by using furfural and glycine
methyl estef® The crude furysubstituted iminoester3 was pure enough to be used
without any purification in 1;BC reaction $cheméel8).

Schemel8. Synthesis ofminoester13
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