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ABSTRACT

SYNTHESIS OF NEW AZIRIDINE DERIVATIVES AS POTENTIAL
PIPERAZINE PRECURSORS

Bayat, Duygu
M.S., Department of Chemistry

Supervisor: Prof. Dr. Ozdemir Dogan

July 2022, 03| pages

Aziridines are three-membered heterocyclic compounds. They have significant prop-
erties in organic chemistry and medicinal chemistry. Many natural products have
aziridines as medicines to treat various disorders. Especially, they are essential in-
termediates in the synthesis of heterocyclic frameworks. Moreover, aziridines can
be easily transformed into diverse types of biologically active compounds. Other
remarkable heterocyclic compounds are piperazines, known as six-membered rings
with two nitrogen atoms at 1,4-position in the structure. Similarly, critical phar-
macological compounds, especially some antibiotics, contain piperazine structures.
Aziridine-fused piperazine precursors are rare compounds due to their extremely high
ring strain. They have tremendous potential to be active biological compounds. In ad-
dition to that, aziridine-fused piperazine precursors can be easily converted to func-
tionalized piperazine structures. However, the characterizable and isolable ones are
limited in the literature. In this study, different aziridines were obtained by using
the Gabriel-Cromwell strategy. Starting with aryl vinyl ketones, bromination was
done first; then chiral aminoalcohol was reacted with dibromocompound to get chi-

ral aziridines. In order to replace hydroxyl group with amino group, hydroxy group



was tosylated and then reacted with azide. Reduction of azide leads to intramolecular
cyclization over the ketone carbonyl. As a result of this cyclization, novel aziridine-
fused piperazine imines were obtained in moderate to good yields (36-75%). This

strategy can be used for the synthesis of highly functionalized piperazine derivatives.

Keywords: Gabriel-Cromwell Reaction, aziridines, piperazine precursors.
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POTANSIYEL PIPERAZIN ON MADDELERI OLARAK YENI AZIRIDIN
TUREVLERININ SENTEZI

Bayat, Duygu
Yiiksek Lisans, Kimya Boliimii

Tez Yoneticisi: Prof. Dr. Ozdemir Dogan

Temmuz 2022 ,[95|sayfa

Aziridinler ii¢ tiyeli heterosiklik bilesiklerdir. Organik kimya ve tibbi kimyada 6nemli
ozelliklere sahiptirler. Bir¢cok dogal iiriin, cesitli bozukluklar1 tedavi etmek icin ilag
olarak aziridin icerir. Ozellikle heterosiklik bilesiklerin sentezinde 6nemli ara mad-
dedirler. Ayrica aziridinler, biyolojik olarak aktif bilesiklerin cesitli tiirlerine kolay-
likla donistiiriilebilirler. Diger dikkat cekici heterosiklik bilesikler, yapisinda 1,4-
konumunda iki nitrojen atomuna sahip alt1 iiyeli halkalar olarak bilinen piperazinler-
dir. Benzer sekilde, kritik farmakolojik bilesikler, 6zellikle bazi antibiyotikler, pipera-
zin yapilar igerir. Aziridin ile kaynasmis piperazin onciileri, son derece yiiksek halka
gerilimi nedeniyle nadir bilesiklerdir. Aktif biyolojik bilesikler olmak i¢in muazzam
bir potansiyele sahiptirler. Buna ek olarak aziridin kaynasmis piperazin onciileri fonk-
siyonel piperazin yapilarina kolayca doniistiiriilebilirler. Ancak karakterize edilebilir
ve izole edilebilir olanlar literatiirde sinirlidir. Bu ¢calismada Gabriel-Cromwell stra-
tejisi kullanilarak farkl aziridin bilegsikleri elde edilmistir. Aril vinil ketonlardan bas-
lanarak once bromlama tepkimesi yapilmis, sonrasinda olusan dibromo yapis1 kiral

aminoalkol ile tepkimeye girerek aziridin yapilar1 elde edilmistir. Hidroksil grubunun

vii



amino grubuna doniistiiriilmesi i¢in 6nce tosillenmis, arkasindan tosil grubu sodyum
azid ile tepkimeye girerek azid yapisi elde edilmistir. Azid grubunun indirgenmesi
asamasinda olusan amin yapisi keton karbonili iizerinden dogrudan molekiilici sikli-
zasyona gitmistir. Bu siklizasyon sonucunda aziridine kaynamis piperazin imin yapi-
lar1 orta ve iyi denilebilecek verimlerle (%36-75) sentezlenmislerdir. Bu strateji farkli

siibstite gruplari olan piperazin yapilarinin sentezinde kullanilabilir.

Anahtar Kelimeler: Gabriel-Cromwell Tepkimesi, aziridinler, piperazin onciileri.
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CHAPTER 1

INTRODUCTION

Biologically active materials attract attention due to their importance, especially in
pharmaceutical science. Various organic molecules are synthesized in this field on
both laboratory and industrial scales. Aziridines and their derivatives, some of the
potential biologically active molecules, catch deep interest. These small heterocycles
play a vital role in organic synthesis. Also, they are known as essential intermedi-
ates in synthesizing heterocyclic frameworks with the potential to be natural products
showing biological activities and pharmaceutical properties.” Piperazines are one of
the heterocyclic compounds prepared by using aziridines. They have unique struc-

tures with antibacterial activities.*

1.1 General look in aziridine

The aziridines are defined as saturated three-membered cyclic compounds having ni-
trogen and two carbon atoms (Figure [I.I). Aziridine has also been called azacy-
clopropane and ethylenimine.” Aziridine has been recognized as an essential hetero-

cyclic structure used to synthesize precious compounds having biological activities.

A\

Figure 1.1: Structure of the simple aziridine.



There are many natural and synthetic compounds with aziridine rings, such as mito-
mycins, ficellomycins, and azinomycins ( Figure .4 Moreover, aziridines possess
high reactivity due to their small-ring heterocyclic structure.” The high reactivity re-
sults from the interior angles of aziridines being 60° which is considerably less than
the preferential tetrahedral angle (109.5°). This angle strain makes the aziridine ring

unstable and susceptible to nucleophilic attack.

H3C N\
H3;CO. o -
3
O OH
L
HN H
N =
| H
H3C AcO,,, N o HsC
HO
Mitomycin C, an antitumour agent Ficellomycin, an antibiotic

Azinomycin B, antitumor antibiotic

H
CH N
3 OH O VAN

'LMM

; y% o

HN NH
Miraziridine A, an inhibited cathepsin B 2 Azicemicin A, an antimicrobial antibiotic

Figure 1.2: Some food and drugs containing an aziridine ring.

Many pharmaceutical compounds can be easily prepared by the ring opening of the
aziridine ring. For instance, pseudoephedrine, sphingosine, tamiflu, and oxaliplatin
have been synthesized by the opening of the aziridine ring. They are valuable ex-

amples of why aziridines are significant synthetic intermediates in organic synthesis

(Figure[1.3).
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Figure 1.3: Examples of important medicinal compound obtained by ring opening of

aziridines.

1.2 Heterocycles from aziridines by ring-opening

As mentioned before, low interior angles of the aziridines have ring strain, which
facilitates ring opening by nucleophiles. Especially, a variety of nucleophiles lead
to ring opening at either its a- or [-position in a regioselective manner. Both C-C
or C-N bonds of aziridine rings can undergo cleavage. The regioselectivity in the

ring-opening is based on substitution patterns of aziridine ring (Scheme [1.1)).

Generally, the electron-withdrawing groups (EWGs) on the ring trigger the cleavage
of the C-N bond. On the other hand, the electron-donating groups on the ring drive
cleavage of the C-C bond. In addition to these electronic effects, the steric effect

favors the nucleophilic attack on the ring.”
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Scheme 1.1: Cleavage of the C-C and the C-N bonds of aziridine.

As a result of the tendency of the ring-opening of aziridines and subsequent cycliza-
tion, the synthetic methodologies for the four-to seven-membered heterocyclic motifs
were discovered (Figure . Azetidines, (-lactams, pyrroles, imidazoles, oxazoles,
pyrimidines, pyrazines, oxazines, morpholines, thiomorpholines azepanes, benzodi-
azepines, benzoxazepines, and benzothiazepines were synthesized by the aforemen-

tioned methods.”
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Figure 1.4: Different heterocyclic compounds obtained from aziridines.




1.2.1 Pyrroles

Pyrroles are five-membered heterocyclic aromatic compounds. They can be used as
biosynthetic precursors to obtain several natural products, such as heme.® Pyrroles
can be used in different fields, including material science, non-linear optics, and
supramolecular chemistry.” Especially, polypyrroles are essential materials for syn-

thesizing molecular sensors and devices.

Pyrroles are also useful components of more complex macrocycles, including por-
phyrinogens, porphyrins of heme, chlorins, bacteriochlorins, and chlorophylls.'” The
work of Yoshida et al. can be given as an example of pyrrole synthesis from aziridines.™
As shown in Scheme[I.2] an electrophilic cyclization of N-tosyl or N-benzyl-substituted
propargylic aziridines form 3-iodopyrroles in the presence of platinum used as a cat-

alyst.

I>
18 10 mol%, PtCl, P

N 80 °C, 25-95% Rajgfﬁ
> 1
Ry /L\ [ /

MeCN/H,0 (10/1)

Scheme 1.2: Platinum-catalyzed iodocyclizations of the aziridines to pyrroles.

N-Tosyl-substituted aziridines are activated by coordination of platinum while io-
dine is preferred for the electrophilic activation of N-benzyl-substituted propargylic

aziridines (Scheme [1.3).]

n I

2
NaHCOg, dioxane,
. A 10-90 min, 100°C  I~Z"N-Bn
‘ >
1 —

X
X 68-95%

Scheme 1.3: Iodocyclizations of the aziridines in the presence of iodine.



Another efficient method for the synthesis of poly-functionalized pyrroles was per-
formed by Wang et al., which is a cascade of regioselective ring-opening of N-H
aziridines followed by [3+2]-cycloaddition with S-nitroolefins under aerobic condi-
tions (Scheme .12 In this work, the aziridine ring tends to undergo C-N/C-C
bond cleavage, which can be served as a good tool in synthesizing polysubstituted
pyrroles. Selective C—C bond cleavage of the aziridine gives azomethine ylide inter-
mediate, and then it reacts with trans-nitroalkenes through a copper-catalyzed [3 + 2]

annulation under aerobic conditions.

NO, Cu(OAc),, HyO (5 mol%) R, ;-'
H DMSO, 110°C, 18 h N
N Re 4+ (Z R, s | )—COR,
RS 41-83 % R4
R, Rg

Scheme 1.4: Copper acetate-catalyzed [3 + 2] annulation reaction of aziridines.

1.2.2 pB-Lactams

[-Lactams are four-membered cyclic amides, which are the crucial core structures of
several antibiotics. Also, they can be utilized as cholesterol absorption inhibitors'?
and S-lactamase inhibitors.’ Fontana and coworkers have reported o, 3-unsaturated
aziridines, which undergo Pd-catalyzed carbonylation reactions to give S-lactam deriva-
tives.™> Four isomeric 3-lactams at room temperature were synthesized by using viny-
laziridines with carbon monoxide, triphenyl phosphite, and trisdibenzylideneacetone
palladium (IIT) trichloromethane as a catalyst ( Scheme [I.5). As a result of this re-
action, trans-(E)-[3-lactam was obtained as the major product. Due to an enantioen-
riched aziridine, full chirality transfer is achieved. When this reaction was operated

under 50 bar CO, the S-lactam in favor of the trans-(Z)-isomer was observed.



0 0]
Ts. Ts<
Ry Pd,(dba)s. CHCI; (5 mol %) N N
N/_K PPh; (0.2 equiv.) ) F R,
2
Z

b CO (1bar) PhMe, r.t.,, 2 h R, o R,
TS/ 7} R2 > O
ans/eis 59-79 % (dr 76-100 %) By Ts< Ry
i b /\Rz 2
R, =4

Scheme 1.5: The palladium-catalyzed carbonylative ring-expansion of vinyl

aziridines for the synthesis of S-lactams.

1.2.3 Oxazolidin-2-ones

Oxazolidinones exhibiting biological and optical activities are critical organic com-
pounds. Important antibiotics consisting of oxazolidinones show excellent activity
against gram-positive bacteria.'® Some oxazolidinones demonstrate antimicrobial po-
tency for inhibition of bacterial protein synthesis by interacting with the aminoacyl-
t-RNA at the site of the ribosome.’™” Because of the importance of oxazolidinone
structure, many methods covering aziridine unit as a starting material have been re-
ported to get oxazolidinone molecules. One of them is for development of trans-1,3-
oxazolidin-2-ones succeeded by regio- and stereoselective transformation of trans-N-

alkylaziridine-2-carboxylates in good yields (Scheme|1.6)."8

R CICO,CHg, CH5CN, COOEt

N reflux, 12 h _ ph\(\N/
P YCOOEt 0—(\0

Scheme 1.6: Synthesis of oxazolidin-2-ones.



1.2.4 Benzodiazepines and benzoxazepines

Benzodiazepines formed by the fusion of a benzene ring and a diazepine are used
as psychoactive drugs such as chlordiazepoxide (Librium)."® Aziridines are the key
molecules for the synthesis of benzodiazepines. Ghorai and coworkers reported that
2,3,4,5-tetrahydro benzodiazepine derivatives could be synthesized successfully from
aziridines (Scheme. 2V They proposed that 2-bromobenzylamine attacks N-activated
aziridines with a Sy2-type reaction, which is followed by an intramolecular cycliza-
tion through Cu-mediated bond formation. Their methods are used to get target

molecules in high yields (up to 94% yield) and enantioselectivity (up to 99% ee).

RO,S

Soz 1. LICIO, (30 mol%) 2 N
©/\/ MeCN, D, 3.5-15 h 1 1
/L\ R
2. Cu-powder (1 equiv.)

DMSO. 120°C. 1-7 h NH

Scheme 1.7: Synthesis of benzodiazepines using N-activated aziridines with 2-

bromobenzylamine.

Benzoxazepine, oxazepine fused to the benzene ring, is generally considered a bio-
logically and pharmaceutically active structure. Benzoxazepines can also be obtained
from aziridine derivatives. Ghorai group has reported a similar reaction starting from
N-activated aziridines, and 2-bromobenzylalcohol in the presence of a copper catalyst

(Scheme |1.8)).%!

/_\ o ?3%(%22 Cul (10 mol%) I
N OH—8» o T L-proline (20 mol%) m’q
DCM, rt, 3-6 h \I/\H NaH (2.5 equiv.) R, g
R DMF, 90 °C, 12-16 h

Scheme 1.8: Synthesis of benzoxazepines from N-activated aziridines and 2-

bromobenzylalcohol.



1.3 Overview: Piperazine

Piperazine is a six-membered heterocyclic structure having two nitrogen atoms at
1,4-positions (Figure[I.5). The piperazines are a broad class of chemical compounds
with important pharmacological properties.“* Some antibiotics have the piperazine

2

ring, such as ciprofloxacin, pefloxacin, and rifamycin,?* are applied in therapeu-

22124 25126

tics.”? Antimycotic drugs like ketoconazole, circulatory system drugs, and
antiparasitic agents* also have piperazine scaffold in their structures. Moreover,
some piperazines consist of cephalosporin that are active towards both Gram-positive
and Gram-negative bacteria.?” That’s why piperazine synthesis is a critical issue in

organic chemistry.

HN

@H

Figure 1.5: Piperazine structure.
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1.4 General Methods for Piperazine Synthesis

There are various methods to form piperazines in the literature: N-alkylation,?® re-

duction of diketopiperazine,?” transition-metal-catalyzed piperazine synthesis,?" the
borrowing hydrogen strategy,?" and the reduction of pyrazines.”! In this section, the

relevant researches will be summarized.

1.4.1 N-Alkylation

Alkylation of amines is typically a good methodology to synthesize piperazines. The
synthesis of piperazines by using the alkylation of 1,2-diamine derivatives was devel-
oped by Aggarwal group.?® They found that the bromoethylsulfonium salt could be
a useful annulation agent to get six-membered 1,4-heterocyclic compounds having a

piperazine ring (Scheme|[1.9).

oTf

P -t R
NH SPh
R, + 2 EtsN (2-3 equiv.) NHL PNy N
C Base [ J/ -
NH-R; g I N — RiC
NG CH,Cl, | N
SkEha 0°Ctort Ry !
oTf Ro

Scheme 1.9: An annulation reaction for the synthesis of piperazines.
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1.4.2 Reduction of (Di)ketopiperazine

In 2015, Krasavin and co-workers introduced the application of the Castagnoli-Cushman
reaction with glutaric anhydride analogs.?? The Castagnoli-Cushman reaction is a re-
markable technique to get the piperazines containing heteroatoms in medicinal chem-
istry. In this strategy, cyclic anhydrides react with different kinds of imines. As a
result of the Castagnoli-Cushman reaction, the synthesis of oxopiperazines was pos-

sible in high yield and frans-stereoselectivity (Scheme[I.10).

SOAr
$O2Ar .COH

N
N . toluene i
RZ2 ~ —_—
/JA/ l\ . N"SR'  q10cc. 07 NTTR!
0o~ O "0 F}g

Scheme 1.10: Synthesis of oxopiperazines by the Castagnoli-Cushman reaction.

1.4.3 Borrowing Hydrogen Strategy

For the synthesis of piperazine, borrowing hydrogen strategy is another option. The
borrowing hydrogen strategy depends on diamines and diols. Ease of access to com-
mercially available amines and alcohols is the main advantage of this method. Also,
it offers a synthesis of piperazine without oxidants and reducing reagents. This re-
action provides the desired product in an environmentally-friendly way because the

only side product is water.*"

In 2007, Madsen and co-workers reported iridium catalyzed synthesis of piperazines
from diols using the borrowing hydrogen concept (Scheme [1.11)).°% Under this cat-
alytic condition, cyclocondensation takes place with different 1,2-diamines and 1,2-

diols to yield piperazine derivatives in high yield and stereoselectivity.
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0.5 mol%

H

NH; [Cp*IrClyl, N
O + Ho/\/OH - O, ] + 2H,0

“/NH, 5 mol% base ’/H

Scheme 1.11: Iridium catalyzed synthesis of a bicyclic piperazine from diols.

1.4.4 Reduction of Pyrazine

The enantioselective reduction of pyrazines to obtain the piperazines is not an easy
process. However, reducing pyrazines through hydrogenation or hydride reaction
is a clever and convenient method to synthesize enantioselective piperazines. That
was demonstrated by Rossen et al., which is one of the significant applications of
reduction of pyrazines (Scheme |1.12)).*! In this process, after partial hydrogenation
of the 2-fert-butylpyrazine amide, protection of nitrogens with N-Boc- and N-Cbz
groups were carried out. Through asymmetric hydrogenation, using (R)-BINAP-Rh

chiral catalyst, piperazine amide was obtained in good yields and enantioselectivity.
[(R)-BINAP(COD)Rh]TfO B°°

[ (2 mol%)
NH1Bu = [ NHBu MeOH, H, (70 bar), 40 °C [ NH1Bu
96%, 99% ee

Cbz Cbz (0]

Scheme 1.12: Asymmetric hydrogenation for the synthesis of a piperazine-2-

carboxamide.
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1.4.5 Transition-Metal-Catalyzed/Mediated Piperazine Synthesis

Many transition metals play an important role in the production of piperazines. Cop-
per, palladium, gold, ruthenium, iridium, and zirconium are commonly employed as a
catalyst to synthesize piperazine derivatives.”" Several methods have been published
by using transition metal-mediated protocols. For example, Vairaprakash and Peri-
asamy have reported an enantioselective synthesis of 2,3-diarylpiperazine derivatives
using the Ti(O'Pr),Cl,/Zn reagent.*® (£)-2,3-diarylpiperazines have been obtained
through intramolecular reductive coupling of diimines in the presence of Ti(O'Pr),Cl,/Zn

in 73-83% yield with dl/meso ratio >99% (Scheme|l.13).

Zn(0) Ar,  Ar
Ar Ar i . )—\
N i Lewis acid
—N N . HN NH
73 - 83 % yield
. Ar Ph Ph
S L-(+) Tartaricacid \
HN NH . N b

\_/  Partial resolution Enhancement of
enantiomeric purity 99 % ee

Scheme 1.13: Synthesis of (+)-2,3-diarylpiperazines.

Another study is the Pd(II)-catalyzed oxidative cyclization of alkenes reported by
Lu and Stahl. They described the synthesis of six-membered nitrogen heterocycles,
including morpholines, piperidines, piperazines, and piperazinones, with a Wacker-
type aerobic oxidative cyclization of alkenes.** They claimed that PA(DMSO),(TFA),
was a powerful catalyst for the oxidative cyclization in toluene. Expected products

were obtained in good yields by intermolecular oxidative amination of alkenes with

Pd(II) catalyst (Scheme [I.14).

14



5% Pd(DMSO),(TFA),

Ts
N
P N/\/N HTs = [
Ts O, (60 psi) —
toluene, 3A MS ¥s

60°C, 24 h

(71%)

Scheme 1.14: Piperizine synthesis by intermolecular oxidative amination of alkenes

with Pd(IT) catalyst.

Fukudome et al. reported the copper-catalyzed double amination of haloacetylenes

as an alternative way to get unsaturated piperazine compounds as shown in Scheme

35

Br TS Cul (5 mol%)

HNj (CHaNHMe), (\N/TS
+ -
| HN”  KgPO4 DMF oo N\)\R
R Ts 110°C,14h

R = CGH13 77%:
Ph 49%

Scheme 1.15: Copper-catalyzed 1,2-double amination of 1-halo-1-alkynes for the

synthesis of unsaturated piperazines.

The proposed reaction pathway for this methodology is given in Scheme[I.16] Alkyny-
lation of sulfonamide with halo-acetylene takes place first. Then, amination of the
acetylenic bond results. After protonation, the catalytic cycle is completed for the

six-membered N-heterocyclic structure formation.
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TsN
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Scheme 1.16: The proposed reaction pathway for Cu-catalyzed diamination of

alkynes.

Cochran and Michael have presented a diastereoselective palladium-catalyzed hy-
droamination reaction for the synthesis of 2,6-disubstituted piperazines.=® The use of
5 mol% Pd catalyst and 10 mol% AgBF, provided desired piperazine derivatives in
89-99% yields with excellent diastereoselectivities (Scheme [I.17).

5 mol % PPh_Z] +
N Cr
1 / N-P|d-CI R
(\N’Cbz 1 \—PPh, ‘AN’CDZ
N A N\)\
RZNX 10 mol % AgBF, CH,Cl, R? Me
room temperature

Iy

Scheme 1.17: Hydroamination of aminoalkenes for 2,6-disubstituted piperazines.
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1.4.6 Miscellaneous

Huang et al. have introduced synthesis of N-heteroalkyl-N’-tosylpiperazines through
one-pot cyclization.”” Distinct diamines having two active primary amine groups are
utilized with tosylbis(2-(tosyloxy)ethyl)amine in refluxing acetonitrile with potas-

sium carbonate, which resulted in the formation of ditosylpiperazine derivatives (Scheme

[L.18).

/- N/ \ /\ K2CO3, CH3CN
TsO N OTs + MeHN NHMe H3;C—N N—Ts
Ts reflux _/

Scheme 1.18: Piperazine synthesis reported by Huang et al.

They proposed the steps involved in this reaction, where intermediate b provides

piperazine c or dipiperazine f via intermediates d and e (Scheme|1.19).

/\ R1‘N NHR
— —\ - > 5 NHR2
TsO N (OTs RHN  NHR; \OTS
Ts a Ts b

l Ry=H

E%

NHRz NHR,

/ \ R,=l
Ts—N N/\/N N-Ts <2—[ j
__/

f

Scheme 1.19: Proposed steps for the formation of piperazine ¢ and dipiperazine f.

Sengupta et al. have reported a convenient, cheap, and safe method for the synthesis
of piperazine by condensation of N,N’-dibenzylethylenediamine with 3,4-dibromo-

butyronitrile in the presence of EtzN (Scheme|1.20).%
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NHCH,Ph

rPh
NHCH,Ph r Et3N, toluene N CN
( + Br\i/CN — [ j/\
J

Ph

Scheme 1.20: A convenient synthesis of a piperazine derivative.

An example of aziridines used in piperazine synthesis is the study of Manna and
Panda.”” They have reported an efficient synthetic strategy for the synthesis of enan-
tiomerically pure cis-2,5-disubstituted chiral piperazines by using Cu(OAc),, and

Cs,CO; at 100 °C (Scheme [1.21)).

Me

Me Me IES
Cu(OAc), 10 mol% Me
Cs,CO3, Dry DMF Me
TsN 0 N
Preheated at 100 °C, Ts
5-15 min

Me

Scheme 1.21: The reaction of asymmetric piperazine synthesis from aziridines.

Another example of piperazine synthesis starting from aziridine was reported by
Samanta and coworkers.*” They have developed four steps synthetic strategy to obtain
cis-2,5-disubstituted chiral piperazines by ring opening of chiral aziridines (Scheme
[[.22). The critical part of their strategy is the BF;.OEt,-mediated highly regioselec-
tive ring-opening of N-Ts chiral aziridines. This protocol explored the construction

of the piperazine core framework of the natural product (+)- piperazinomycin.
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Ts R

3 steps \/l PPhs, DEAD MsN/\_.\
/ 5 .-k/NTs
©

“R Gy THF,00C g
1h, 70-85 % :
Scheme 1.22: Synthesis of cis-2,5-disubstituted chiral piperazines by Samanta and

coworkers.

A good example of the enantioselective synthesis of piperazines was reported by

Trinchera et al.*!

As a result of using a catalytic amount of a Lewis acid (MgBr,)
with N-alkyl arylaziridines, a 1:1 mixture of diastereoisomers with the meso com-

pound was obtained in 40% yield with >97:3 enantiomeric ratio (Scheme [I.23).

H H

T1 /}\
MgBr, /*\
N R2/N N’R1 + R, N N’R1
0
o L\ MeoN, 60°C Ry N,H B N/Rz

2 5-90 h, 50-80 %

Ry H
Chiral
erup to 97:3

Scheme 1.23: Enantioselective synthesis of piperazines.
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1.4.7 Fused Aziridinyl Piperazine

The structure of 5,7-diaryl-1,4-diazabicyclo[4.4.0]het-4-ene was studied firstly in the
literature.*? Their methodology was associated with the reaction of chalcones with

ethylenediamine in the presence of methanol and triethylamine (Scheme[I.24).

Br O Ar

Et3N 4(]\\\

. [ ) + PN, N\)N
S B 2, CH4OH

Scheme 1.24: The method for synthesis of fused aziridinyl piperazine.

Jyothi et al. have introduced an improved strategy to get aziridines consisting of
a sydnone moiety (Scheme .43 Sydnones are known as novel mesoionic com-
pounds covering a 1,2,3-oxadiazole ring system. 2,3-dibromo-1-(3-arylsydnone-4-
yl)-3-arylpropane-1-ones were preferred as starting materials. As a result of their
work, uncommon aziridines consisting of a sydnone moiety and a piperazine frame-

work have been reported.

R
o
O N- \©\
Ar ¥ l}l En H2N\/\NH2 TEA/EtOH
o -HZO -2HBr N/

Br Br O

Scheme 1.25: Synthesis of fused aziridinyl piperazine or aziridines consisting of a

sydnone moiety.

Muzalevskiy et al. have established an effective strategy for the synthesis of 1,4-
diazabicyclo [4.1.0] hept-4-enes with N-unsubstituted 1,2-diamines.** They have iso-

lated all the heterocyclic products as a single diastereomer (Scheme[I.26). The corre-
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sponding 1,4-diazabicyclo[4

.1.0]-4-ene derivatives were obtained in good yields for

either fluorinated or non-fluorinated bromoenones in high stereoselectivity.

Fh, gn Ph  Ph Ph  Ph
H,N  NH, N> /\N . ot /(N
—————————
NEt, THF R o
3, SO P & h
o) dr 42:58
Ph/\)LR — R = 4-NO,CgH, (78%)
Br Ph sPh
H oA H 1
HN  NH, O:NiH quH
. +
NEt; THF N\ 7 N” R
3, ENTR H

R = CF5 (75%) dr 65:35
R = 4-NO,CgH, (71%) dr 77:23

Scheme 1.26: Reaction of 2-bromoenones with chiral diamines.

One of the fundamental ways to synthesize aziridinylpiperazines is related to the use
of traditional diamino compounds such as 1,2-phenylenediamine and 1,2- ethylene-
diamine (Scheme[1.27).%5 To synthesize aziridinylpiperazine derivatives, the bromo-
derivatives of chalcones were reacted with diamines hydrochloric acid salts in methanol
with triethylamine. Cyclopropylethylenediamine and phenylethylenediamine were

used to obtain fused aziridinyl piperazine derivatives in 44-69% yield.

Br O L A
2 ™ Et-N _(I/j.}
'Ar)\)LAr' _|_ H‘?N\)(NH e Sl ‘Ar \)Nr
Br 2. CHZOH N ARy

Ro

Scheme 1.27: Use of diamines for the synthesis of aziridine fused piperazine.
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1.5 Aim of the study

To the best of our knowledge, there is no convenient strategy to prepare aziridine-
fused piperazines derivatives. A few examples cover the synthesis of aziridine-fused
piperazine precursors via activated aziridines as a starting material in the literature.
However, none of these studies was based on systematic aziridine synthesis. Some
report the synthesis of particular ones, and the others are limited to a few examples

of forms of aziridines in low yields at longer reaction times.

This thesis focuses on synthesizing aziridine-fused piperazine precursors by employ-
ing simple reactions (Scheme [I.28). In order to synthesize the derivatives of poten-
tially biologically active aziridine fused-piperazine precursors, we planned to start
with aryl-substituted acetophenone derivatives such as acetophenone (1a), 4-methyl-
acetophenone (1b), 4-chloroacetophenone (1c¢), 4-bromoacetophe-none (1d), and 4-
methoxyacetophenone (1e). The next step of our plan was the conversion of acetophe-
nones to aryl vinyl ketones 2 by an aldol reaction. In the third step, simple bromina-
tion of aryl vinyl ketones was expected to form dibromo compounds 3. The reaction
of these compounds with (§)-(-)-2-amino-3-phenyl-1-propanol via Gabriel-Cromwell
reaction was expected to form chiral aziridine derivatives 4-8.4%#” Tosylation to form
9-13, and then Sn2 reaction with azide to get compound 14-18, followed by azide
reduction, were planned to replace hydroxyl group to amino group to yield aziridine
bearing free amine. The final step in our plan was the intramolecular condensation to
yield 19-22.
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Scheme 1.28: Synthesis plan for the aziridine-fused piperazine precursors.
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CHAPTER 2

RESULTS AND DISCUSSION

2.1 Synthesis of chiral aziridine

The first step for the preparation of chiral aziridine started with the synthesis of aryl
vinyl ketones 2a-e. To obtain aryl vinyl ketones, different starting materials, ace-
tophenone (1a), 4-methyl acetophenone (1b), 4-chloro acetophenone (1c¢), 4-bromo
acetophenone (1d), and 4-methoxy acetophenone (le) were used. Acetophenone
derivatives 1a-e and paraformaldehyde were reacted in dry THF at reflux with triflu-
oroacetic acid and diisopropylamine (Scheme [2.1)). The expected aryl vinyl ketones

2a-e were obtained in moderate yields, 40, 44, 30, 46, and 35% yield, respectively.*®

0 (HCHO)n o)
i-PryNH-TFA —
cat. TFA, THF, reflux, 8h
R R
1a-e 2 a-e

R = H, CH, Br, Cl, MeO

Scheme 2.1: Synthesis of aryl vinyl ketone derivatives 2a-e.

Aryl vinyl ketones were used as the starting materials in bromination step. Simple
bromine addition to vinyl ketones 2a-e yielded dibromo compounds 3a-e in high
yield (83-95%) after quenching with sodium thiosulfate and extraction with DCM-
H,O0. Isolated dibromo compounds were pure enough to be used for the next step,

and no further purification was needed after extraction (Scheme [2.2).
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(0] O Br
/O)K/ Bra W
DCM, 0.3 M, rt, 15 min
R R Br

2a-e 3 a-e
R =H, CHg Cl, Br, MeO

O Br O Br o Br O bBr O Br

3a (90%) 8br(B0%%) 3c (95%) 3d (83%) 3e (95%)

Scheme 2.2: Bromination of aryl vinyl ketone derivatives 2a-e.

The synthesis of chiral aziridines 4 was achieved in the third step by reacting dibromo

compound 3a-e and the chiral aminoalcohol via Gabriel-Cromwell reaction (Scheme
2.3).

OH

B
H2 i HO/\. n

A
Et;3N, 0.2 M, DCM, 0°C 30 min.

o)
3 a-e 4-8
R =H, CHs Cl, Br, MeO

\Bn
: HO CI\ : r : 0. :
4 (65%) 5 (70%) 6 (77%) 7 (75%) 8 (89%)

Scheme 2.3: Aziridination of «, #-dibromo ketones by Gabriel-Cromwell reaction.

Aziridination reaction provided the desired products as a mixture of diastereomers A
and B, which were separated by silica column chromatography. Their structures were
confirmed by 'H, 3C NMR, and IR spectroscopy. IR spectrum of the ketones showed
a very intense and broad peak around 3200 cm™ for the hydroxy group. The intense

signal around 1670 cm™! was the indication of the ketone carbonyl. Moreover, pres-
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ence of carbonyl group was also confirmed by '*C NMR, where the carbonyl carbons

resonated between 195-196 ppm depending on the substituent on the aromatic unit.

o} 0 o}
)v Br, EtsN NHZR1 5 HoH
R — R Br m. R - N-R,

HBr S
Br Br R
Br
o Ri /" H Ry 0 (NHR1

Scheme 2.4: Proposed mechanism for aziridination by Gabriel-Cromwell reaction.

The reaction mechanism shown in Scheme [2.4] was proposed for the aziridination
from a-bromovinyl ketone. Simple bromine addition forms a dibromo product which
undergoes HBr elimination with Et;N to yield a-bromo compound. In the next step,
conjugate addition of amine, removal of proton followed by SN2 displacement of
bromide completes aziridination mechanism. By using this method and employing a
chiral amine, (S)-(-)-2-amino-3-phenyl-1-propanol, five new aziridinyl ketones were

synthesized as a mixture of diastereomers in 65 to 95% yields.

2.2 Synthesis of aziridine fused piperazine precursors

For the synthesis of piperazine precursors, hydroxyl group of aziridines 4-8 was con-
verted to tosylate 9-13 (Scheme by simple treatment of alcohol with TsCl in the

presence of Et;N at room temperature in 77-96% isolated yields.
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Scheme 2.5: Tosylation of aziridines.

The next step for the piperazine precursors was the conversion of tosylates to azides.
For this purpose; tosylates were treated with NaN3 in DMF at 60 °C overnight (Scheme
[2.6). This reaction was performed for all the tosylates 9-13 to synthesize the corre-
sponding azides 14-18 in 64-93% yields. The formation of azide was easily confirmed
by IR spectroscopy, where azide signal was observed at 2160-2120 cm™ depending

on the structure.

Bn
Tso/ﬁ-‘ — . WBn
3,
N DMF, 0.2 M R 3/\N
60°C, 24h
0 o}
9-13 14-18
14A (75%) 15A (85% 16A (64% 17A (73% 18A 88 %
14B  (93%) 15B  (91%) 16B  (69%) 17B  (74%) 18B 90 %

Scheme 2.6: Conversion of the tosylates 9-13 to the corresponding azides 14-18.

For reaching the piperazine precursors, the next step was the reduction of azides to
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amines. This step was carried out with 10% Pd/C in EtOAc (Scheme [2.7).

Pd/C, H2 /©/‘\Q
EtOAC, 1. 02 M

14- 18 19-22
\Bn
N W
@Q m Q)"“ J@A‘“
19A (53%) 20A (36%) 21A (61%) 22A (66:/0
19B (54%) 20B (53%) 21B  (75%) 22B (63%)

Scheme 2.7: Formation of piperazine precursors 19-22 by reduction of azides.

Reduction of azide did not yield expected amine; instead, aziridine fused piperazine
precursors 19-22 were obtained. The structure of the piperazine precursors was con-
firmed by NMR and IR spectroscopies. In '3C NMR spectrum, ketone carbonyl at
around 190 ppm disappeared, and an imine carbon at 165 ppm was observed. In IR
spectrum, carbonyl stretching vibration at around 1670 cm™ disappeared and C=N
stretching vibration around 1612-1624 cm™!, typical value for imine groups,** was
observed. Another indication for reduction of azide group was the disappearance of
azide signal at 2160-2120 cm™ in IR spectrum. These data are consistent with the

literature where similar structures were reported.*

We think that as soon as the azide group is reduced, it undergoes intramolecular cy-
clization by a condensation reaction taking place between intermediate primary amine

and ketone carbonyl.

As a result of this intramolecular cyclization, eight novel chiral piperazine precursors
were synthesized in up to 75% yield. Although the stereochemistry of starting chiral
amino alcohol is known, we have not yet confirmed the stereochemistry at aziridine

carbon.
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CHAPTER 3

CONCLUSIONS

As a result of this study, novel aziridine fused chiral piperazine precursors were syn-
thesized in 36-75% yield. For the synthesis of these compounds, simple starting ma-
terials (aryl methyl ketones) and straightforward reactions (aldol, bromination, conju-
gate addition, inter and intramolecular Sy2 reactions) were used to obtain reasonably
complex tri-substituted chiral piperazine precursors. In future work, absolute stere-
ochemistry will be determined by X-ray analysis, and HRMS will be performed to
further prove the structures of the final compounds. In addition, piperazine precur-
sors will be converted to piperazines, and aziridine ring opening reactions will be

carried out in due course in our group.
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CHAPTER 4

EXPERIMENTAL

4.1 Materials and Instrumentation

All reagents were supplied from Sigma-Aldrich, Across, and Merck. Solvents and
reagents were used after they were purified and dried. The reaction mixtures were
monitored by TLC (250 Im Silica Gel 60 F254 plates) under UV light at 254 nm.
Synthesized products were purified by flash column chromatography on Silica Gel 60
(Merck, 230—400 mesh ASTM). Brucker Spectrospin Avance III DPX-400 instrument
at (400 MHz for 'H) and (100 MHz for !3C) relative to TMS was employed to detect
'H and *C NMR spectra of synthesized compounds. The H NMR data are reported
as chemical shifts (§, ppm) relative to tetramethylsilane (6 0.00). IR spectra were

interpreted by using Bruker Platinum ATR-IR instruments.

4.2 General Experimental Procedure

4.2.1 General method for the synthesis of aryl vinyl ketone derivatives

The corresponding acetophenone (1.0 equiv.) and paraformaldehyde (2.0 equiv.)
were dissolved in dry THF (1.0 M). Then, diisopropylamine (1.0 equiv.) was added
to it. Lastly, trifluoroacetic acid (0.1 equiv.) was added to the reaction mixture. The
reaction mixture was stirred at reflux for 2 h. After 2 hours, the color of the reaction
converted to transparent. The reaction was left to cool at room temperature. The rest
of the paraformaldehyde (2.0 equiv.) was added at room temperature. Then, the reac-

tion mixture was left to stir at reflux for 6 h. The reaction mixture was cooled at room
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temperature. The solvent was removed under reduced pressure. It was dissolved in
DCM and washed with 1N HCI, 1N NaOH, and brine, respectively. The reaction mix-
ture was dried over Na,SO, and then concentrated under vacuum. The crude product
was purified by silica gel column chromatography (Hexane-EtOAc, 20:1). All the

data for acetophenone substituted ketones were in accordance with the literature.*®

4.2.2 General method for the synthesis of «,3-dibromo ketones

Aryl vinyl ketone 2a (560 mg, 4.24 mmol) was dissolved in DCM (14 ml). Br, (0.2
ml, 4.28 mmol) was added over it. The reaction mixture was left to stir at room
temperature for 1 h. It was quenched by a saturated sodium thiosulfate solution. The
reaction mixture was extracted with DCM/water. The organic phase was collected

and dried over Na,SO,. Lastly, it was evaporated under vacuum.

4.2.3 General method for the synthesis of chiral aziridine

a,3-dibromo ketone 3a (1.1 g, 3.8 mmol) was dissolved in DCM (19 ml) and then
cooled to 0 °C in ice-bath. Et;N (0.8 ml, 5.7 mmol) was added over the reaction
mixture and left to stir for 30 min. (S)-(-)-2-Amino-3-phenyl-1-propanol (1.14 g,
7.53 mmol) was added and left to stir at ambient temperature for 15-20 min. TLC
demonstrated no starting material was left in the reaction medium. Two stereoisomers
were formed (Aziridine A and B). Then, the reaction was aborted. It was concentrated

under vacuum and purified by silica gel column chromatography (EtOAc—Hexane).

4.2.3.1 Characterization of (1-((S)-1-hydroxy-3-phenyl propan-2-yl) aziridin-
2-yl) (phenyl) methanone (4A, 4B)

Ho/\“‘B"
N

A A

(o)
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Aziridine ketones 4A-4B were synthesized according to the general procedure for

synthesis of chiral aziridines. It was obtained in 65 % overall yield.

Yellow solid, 4A, R; = 0.36 (1:1 Hexane/EtOAc). 'H NMR (400 MHz, CDCl;): ¢
8.03 (d, J =7.2 Hz, 2H), 7.92 — 6.94 (m, 8H), 3.79 (dd, J = 12.0, 4.7 Hz, 1H), 3.70
(dd, J = 11.7, 5.6 Hz, 1H), 3.15 (d, J = 4.2 Hz, 1H), 3.00 (dd, J = 13.7, 7.4 Hz,
1H), 2.95 (dd, J = 13.4, 6.5 Hz, 1H), 2.68 (br, 1H), 2.23 (d, J = 3.2 Hz, 1H), 1.96 (s
(broad), 1H), 1.66 (d, J = 6.8 Hz, 1H). 3*C NMR (100 MHz, CDCl;): § 196.2, 138.6,
136.6, 133.5, 129.5 (2xC), 128.7 (2xC), 128.5 (2xC), 128.4 (2xC), 126.4,72.4, 64.9,
40.4, 38.0, 35.1. IR (neat, cm™), 3262, 3058, 2925, 2856, 1687, 1597, 1450, 1400,
1233, 1148, 1047, 878, 760, 696.

Yellow solid, mp: 148-154 °C, 4B, R; = 0.11 (1:1 Hexane/EtOAc), 'H NMR (400
MHz, CDCLy): § 7.68 (m, 2H), 7.56 (m, 1H), 7.41 (m, 2H), 7.18 (m, 2H), 7.11 (m,
2H), 7.01 (m, 1H), 3.87 (dd, J = 11.2, 4.2 Hz 1H), 3.81 (dd, J = 11.3, 4.0 Hz 1H),
3.03 (d, J = 8.3 Hz, 1H), 3.03 (dd, J = 13.7, 5.2 Hz 1H), 2.92 (dd, J = 13.6, 8.4 Hz
1H), 2.66 (dd, J = 6.6, 3.2 Hz 1H), 2.21 (s, (broad), 1H), 1.93 (d, J = 6.5 Hz 1H). 13C
NMR (100 MHz, CDCl,): § 196.3, 138.8, 136.6, 133.2, 129.4 (2xC), 128.6 (2xC),
128.4 (2xC), 128.2 (2xC), 126.3, 72.4, 65.4, 39.7, 38.5, 35.7. IR (neat, cm™), 3283,
2922, 2887, 1673, 1596, 1448, 1400, 1230, 1058, 967, 746, 698.

4.2.3.2 Characterization of (1- ((S) -1-hydroxy -3- phenyl propan -2-yl) aziridin
-2-yl) (p-tolyl) methanone (SA, 5B)

Ho/\“‘Bn
N

A

(0]

Aziridine ketones SA-5B were synthesized according to the general procedure for

synthesis of chiral aziridines. It was obtained in 70 % overall yield.

Yellow solid, mp: 110-115 °C, 5A, R; = 0.63 (EtOAc), '"H NMR (400 MHz, CDCl;):
0791 (d, J =8.0 Hz, 2H), 7.34 — 7.30 (m, 2H), 7.27 (m, 5H), 3.77 (dd, / = 11.5, 3.4
Hz 1H), 3.76 (dd, J = 11.5, 3.4 Hz 1H), 3.70 (dd, J = 11.5, 5.0 Hz 1H), 3.13 (dd, J
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=6.7,3.2 Hz, 1H), 3.03 (dd, J = 13.4, 7.5 Hz, 1H), 2.94 (dd, J = 13.4, 6.5 Hz, 1H),
2.43 (s, 3H), 2.20 (s, (broad), 1H), 1.94 (m, 1H), 1.62 (d, J = 6.7 Hz, 1H). *C NMR
(100 MHz, CDCl;): 6 195.7, 144.3, 138.6, 133.9, 129.4 (2xC), 129.2 (2xC), 128.4
(2xC), 128.3 (2xC), 126.3, 72.4, 64.6, 40.1, 37.8, 35.1, 21.6. IR (neat, cm!), 3241,
3026, 2923, 2857, 1687, 1493, 1413, 1237, 1180, 1048, 970, 791, 696.

White solid, mp: 136-141 °C, 5B, R; = 0.25 (EtOAc), IR (neat, cm™"), 3278, 3038,
2982, 2917, 2865, 1673, 1605, 1411, 1237, 1058, 1012, 966, 794, 745. 'H NMR
(400 MHz, CDCl3): 6 7.59 (d, J = 7.9 Hz, 2H), 7.23 = 7.11 (m, 6H), 7.04 (t, J = 7.1
Hz, 1H), 3.84 (dd, J = 11.1, 3.9 Hz 1H), 3.78 (dd, J/ = 11.4, 4.7 Hz 1H), 3.03 — 2.96
(m, 1H), 2.91 (dd, J = 13.6, 8.0 Hz, 1H), 2.70 — 2.64 (m, 1H), 2.43 (s, 3H), 2.20 (s,
(broad), 1H), 1.95 (d, J = 4.5 Hz, 1H), 1.89 (d, J = 6.4 Hz, 1H). 3*C NMR (100 MHz,
CDCl3): 6 195.8, 144.1, 138.7, 134.1, 129.4 (2xC), 129.1 (2xC), 128.6 (2xC), 128.3
(2xC), 126.3, 72.3, 65.3, 39.5, 38.4, 35.6, 21.7.

4.2.3.3 Characterization of (4-chloro phenyl) (1-((S) -1- hydroxy -3- phenyl
propan -2-yl) aziridin-2-yl) methanone (6A, 6B)

Ho/\-“Bn
N

o5

(o}

Aziridine ketones 6A-6B were synthesized according to the general procedure for

synthesis of chiral aziridines. It was obtained in 77 % overall yield.

Yellow solid, 6A, R; = 0.50 (EtOAc), '"H NMR (400 MHz, CDCl;): § 7.95 (d, J = 8.6
Hz,2H), 7.44 (d, J = 8.6 Hz 2H), 7.37 - 7.22 (m, 5H), 3.74 (m, 2H), 3.10 (dd, J = 6.3,
2.9 Hz, 1H), 3.01 (dd, J = 13.5, 7.2 Hz, 1H), 2.94 (dd, J = 13.5, 6.7 Hz, 1H), 2.20 (d,
J =2.3 Hz, 1H), 2.00 — 1.89 (m, 1H), 1.63 (d, J = 6.5 Hz, 1H). '*C NMR (100 MHz,
CDCl3): 6 195.1, 139.8, 138.5, 134.7, 129.6 (2xC), 129.4 (2xC), 128.8 (2xC), 128.4
(2xC), 126.3, 72.5, 64.7, 40.2, 37.8, 35.2.

Yellow solid, mp: 134-140 °C, 6B, R; = 0.20 (EtOAc), 'H NMR (400 MHz, CDCls)
0747 (d, J =8.5Hz, 2H), 7.27 (d, J = 8.5 Hz, 2H), 7.07 (d, J = 7.3 Hz, 2H), 7.00 (t,
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J=17.5Hz 2H), 691 (t,J =7.2 Hz, 1H), 3.84 (dd, J = 10.9, 3.8 Hz, 1H), 3.78 (dd, J
=7.9, 4.7 Hz, 1H), 3.16 (s, (broad), 1H), 2.93 (dd, J = 13.7, 4.5 Hz, 1H), 2.81 (dd, J
=13.6, 9.0 Hz, 1H), 2.44 (dd, J = 6.5, 3.0 Hz, 1H), 2.11 — 2.07 (m, 1H), 1.90 (d, J =
6.7 Hz, 1H), 1.83 (d, J = 6.6 Hz, 1H). 3*C NMR (100 MHz, CDCls): § 195.2, 139.7,
138.9, 134.7, 129.58 (2xC), 129.4 (2xC), 128.7 (2xC), 128.6 (2xC), 126.4, 72.3, 65.5,
39.6, 38.6, 35.7. IR (neat, cm™), 3280, 2989, 2920, 2868, 1674, 1587, 1407, 1241,
1227, 1091, 1060, 1009, 747, 702.

4.2.3.4 Characterization of (4-bromo phenyl)(1-((S) -1-hydroxy-3- phenyl propan
-2-yl) aziridin-2-yl) methanone (7A, 7B)

Br HO/\.\\Bn

N

Aziridine ketones 7A-7B were synthesized according to the general procedure for

synthesis of chiral aziridines. It was obtained in 75 % overall yield.

Yellow solid, mp: 143-146 °C, 7A, R; = 0.70 (EtOAc), 'H NMR (400 MHz, CDCl;):
0 7.81 (d, J =8.5 Hz, 2H), 7.52 (d, J = 8.5 Hz, 2H), 7.28 - 7.18 (m, 5H), 3.66 (dd,
J=113,3.5Hz 1H), 3.62 (dd, J = 11.1, 5.3 Hz 1H), 3.00 (dd, J = 6.6, 3.2 Hz, 1H),
290 (dd, J=13.2,7.3 Hz, 1H), 2.85 (dd, J = 13.3, 6.5 Hz, 1H), 2.13 (s, (broad), 1H),
1.90 - 1.87 (m, 1H), 1.55 (d, J = 6.4 Hz, 1H). 3*C NMR (100 MHz, CDCl;): § 195.4,
138.5, 135.3, 132.0, 129.9, 129.5, 128.7, 128.5, 126.5, 72.44, 64.9, 40.3, 38.0, 35.2.
IR (neat, cm™), 3235, 3024, 2924, 2858, 1691, 1584, 1408, 1359, 1223, 1047, 1008,
969, 749, 699.

Reddish solid, mp: 130-136 °C, 7B, R; = 0.25 (EtOAc), 'H NMR (400 MHz, CDCl5):
0 7.43 (m, 4H), 7.08 (d, J = 7.3 Hz, 2H), 7.02 (t, J/ = 7.4 Hz, 2H), 6.93 (t, J = 7.1
Hz, 1H), 3.77 (dd, J = 11.3, 3.9 Hz, 1H), 3.73 (dd, J = 11.1, 4.6 Hz, 1H), 2.92 (dd, J
=13.7, 4.7 Hz, 1H), 2.81 (dd, J = 13.7, 8.8 Hz, 1H), 2.44 (dd, J = 6.3, 2.9 Hz, 1H),
2.10 (s, (broad), 1H), 1.89 (m, 1H), 1.82 (d, J = 6.6 Hz 1H). *C NMR (100 MHz,
CDCl;): 6 195.3, 138.7, 135.2, 131.7 (2xC), 129.7 (2xC), 129.3 (2xC), 128.6 (2xC),
128.4, 126.4, 72.2, 65.7, 39.6, 38.6, 35.6. IR (neat, cm™), 3281, 2985, 2921, 2868,
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1673, 1582, 1404, 1241, 1226, 1060, 1007, 965, 747, 707.

4.2.3.5 Characterization of (1-((S)-1-hydroxy -3-phenyl propan-2-yl) aziridin-
2-yl) (4-methoxyphenyl) methanone (8A, 8B)

Ho/\“‘Bn
N

MeO :

(o)

Aziridine ketones 8A-8B were synthesized according to the general procedure for

synthesis of chiral aziridines. It was obtained in 89 % overall yield.

Yellow solid, mp: 144-148 °C, 8A, R; = 0.68 (4:0.1 EtOAc/MeOH),'H NMR (400
MHz, CDCl,): ¢ 8.04 (d, J = 8.9 Hz, 2H), 7.30 - 7.20 (m, J = 13.9, 6.7 Hz, 5H), 6.93
(d, J =8.9 Hz, 2H), 3.87 (s, 3H), 3.74 (dd, J = 11.5, 3.6 Hz, 1H), 3.69 (dd, J = 11.5,
5.6 Hz, 1H), 3.05 (dd, J/ = 6.9, 3.2 Hz, 1H), 3.00 (dd, J = 13.5, 7.7 Hz, 1H), 2.94 (dd,
J =138, 6.7 Hz, 1H), 2.21 (d, J = 3.2 Hz, 1H), 1.99 — 1.86 (m, 1H), 1.62 (d, J =
6.7 Hz, 1H). *C NMR (100 MHz, CDCls); 194.4, 163.8, 138.6, 130.6 (2xC), 129.4
(2xC), 128.3 (2xC), 126.3 (2xC), 113.8 (2xC), 72.3, 64.7, 55.4, 40.1, 37.8, 34.7. IR
(neat, cm™), 3241, 3004, 2927, 2857, 1683, 1601, 1421, 1240, 1058, 1025, 970, 797,
700.

Orange solid, mp: 117-125 °C, 8B, R; = 0.40 (4:0.1 EtOAc/MeOH), 'H NMR (400
MHz, CDCls); 6 7.69 (d, J = 8.8 Hz, 2H), 7.18 (d, J = 7.5 Hz, 2H), 7.13 (t, J = 7.6
Hz, 2H), 7.04 (t, J = 7.3 Hz, 1H), 6.88 (d, J = 8.8 Hz, 2H), 3.90 (s, 3H), 3.85 (dd, J
=11.0, 4.0 Hz 1H), 3.79 (dd, J = 11.4, 5.1 Hz 1H), 3.01 (dd, J = 3,5 Hz, 1H), 2.91
(dd,J =13.7,8.2Hz, 1H), 2.63 (d, J/ = 6.8, 3.2 Hz, 1H), 2.20 (br, 1H), 1.96 - 1.93 (m,
1H), 1.88 (d, J = 6.6 Hz, 1H). *C NMR (100 MHz, CDCls): § 194.5, 163.6, 138.7,
130.4 (2xC), 129.2 (2xC), 128.4 (2xC), 126.1 (2xC), 113.4 (2xC), 72.3, 65.2, 55.4,
39.2, 38.3, 35.2. IR (neat, cm™), 3230, 3006, 2921, 2869, 1670, 1600, 1465, 1247,
1179, 1062, 977, 754, 699.
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4.2.4 General method for tosylation of hydroxyl-functionalized aziridine

Prepared aziridine 4A (200 mg, 0.711 mmol) was dissolved in DCM (3.0 ml). Then,
Et;N (0.2 ml, 1.78 mmol) was added to the reaction mixture. Next, TsCI (339 mg,
1.78 mmol) was added over it. It was allowed to stir at room temperature for 24h.
The reaction mixture was monitored by TLC. There was no starting material in the
reaction medium. The reaction was aborted and purified by silica gel column chro-

matography (EtOAc—Hexane).

4.2.4.1 Characterization of (2S)-2-(2-benzoyl aziridin-1-yl) -3- phenylpropyl -
4- methylbenzenesulfonate (9A, 9B)

TsO/\"‘Bn
N

(o)

Aziridine ketones 4A-4B were converted to new aziridine derivatives 9A-9B bearing

a tosylate group according to the general procedure for tosylation of the aziridines.

It was obtained in 80 % yield as yellow oily compound, 9A, R; = 0.30 (3:1 Hexane/E-
tOAc). '"H NMR (400 MHz, CDCl): § 8.08 (d, J = 7.4 Hz, 2H), 7.64 (t, J = 7.0 Hz,
1H), 7.58 - 7.45 (m, 4H), 7.37 - 7.25 (m, 4H), 7.22 - 7.13 (m, 3H), 4.14 (dd, J = 10.2,
3.6 Hz, 1H), 4.03 (dd, J = 10.1, 8.0 Hz 1H), 3.28 (dd, J = 6.4, 3.2 Hz, 1H), 2.92 (dd,
J =13.8, 7.1 Hz, 1H), 2.81 (dd, J = 13.9, 6.8 Hz, 1H), 2.38 (s, 3H), 2.31- 2.20 (m,
1H), 2.15 (d, J = 3.0 Hz, 1H), 1.48 (d, J = 6.6 Hz, 1H). '3C NMR (100 MHz, CDCl;):
0 195.7, 144.8, 137.1, 136.6, 133.4, 132.0, 129.7 (2xC), 129.2 (2xC), 128.6 (2xC),
128.6 (2xC), 128.4 (2xC), 127.7 (2xC), 126.6, 72.6, 69.3, 39.6, 38.1, 34.8, 21.5. IR
(neat, cm), 3009, 3262, 1596, 1450, 1353, 1228, 1174, 1004, 970, 838, 751, 696.

It was obtained in 90 % yield as yellow oily compound, 9B, R; = 0.25 (3:1 Hexane/E-
tOAc). 'H NMR (400 MHz, CDCl;): § 7.73 (d, J = 8.2 Hz, 2H), 7.52 (d, J = 7.5 Hz,
2H),7.45 (t,J =7.4 Hz, 1H), 7.40 - 7.21 (m, 4H), 7.06 - 6.92 (m, 4H), 6.87 (t, J = 6.6
Hz, 1H), 4.12 (dd, J = 10.1, 6.7 Hz, 1H), 4.04 (dd, J = 10.0, 5.4 Hz, 1H), 2.82 (dd, J
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=13.7, 4.2 Hz, 1H), 2.65 (dd, J = 13.7, 9.0 Hz, 1H), 2.45 (dd, J = 6.7, 3.2 Hz, 1H),
2.38 (s, 3H), 2.20 - 2.06 (m, 1H), 2.00 (d, J = 3.0 Hz, 1H), 1.81 (d, J = 6.7 Hz, 1H).
3C NMR (100 MHz, CDCls): 6 195.8, 145.2, 137.3, 136.40, 133.2, 132.6, 130.0
(2xC),129.3 (2xC), 128.7 (2xC), 128.3 (2xC), 128.1 (2xC), 128.0 (2xC), 126.6, 72.4,
68.9, 39.5, 38.8, 35.4, 21.6. IR (neat, cm), 3031, 1675, 1596, 1450, 1357, 1233,
1175, 1019, 970, 746, 692.

4.2.4.2 Characterization of (2S)-2-(2-( 4-methyl benzoyl) aziridin-1 -yl) -3- phenyl
propyl 4-methylbenzenesulfonate (10A, 10B)

Tso/\"‘Bn
N

(o}

Aziridine ketones 5A-5B were converted to new aziridine derivatives 10A-10B bear-

ing a tosylate group according to the general procedure for tosylation of the aziridines.

It was obtained in 95 % yield as yellow oily compound, 10A, R; = 0.74 (EtOAc).
'"H NMR (400 MHz, CDCl3): ¢ 7.88 (d, J = 8.2 Hz, 2H), 7.42 (d, J = 8.3 Hz, 2H),
7.27 - 7.13 (m, 5H), 7.11 - 7.06 (m, 4H), 4.06 (dd, J = 10.1, 3.6 Hz 1H), 3.93 (dd,
J =938, 83 Hz, 1H), 3.16 (dd, J = 6.5, 3.2 Hz, 1H), 2.82 (dd, J = 13.9, 7.0 Hz
1H), 2.71 (dd, J = 13.9, 6.8 Hz, 1H), 2.36 (s, 3H), 2.32 (s, 3H), 2.19 - 2.10 (m, 1H),
2.04 (d, J = 2.7 Hz, 1H), 1.37 (d, J = 6.6 Hz, 1H). *C NMR (100 MHz, CDCl;):
0 195.4, 144.9, 144.4, 137.2, 134.3, 132.1, 129.8 (2xC), 129.4 (2xC), 129.4 (2xC),
128.7 (2xC), 128.6 (2xC), 127.8 (2xC), 126.9, 72.8, 69.4, 39.6, 38.3, 34.8, 21.8. IR
(neat, cm™!), 3029, 1676, 1604, 1495, 1357, 1234, 1174, 1096, 973, 939, 813, 754,
701.

It was obtained in 85 % yield as yellow oily compound, 10B, R; = 0.47 (3:1 Hex-
ane/EtOAc). 'H NMR (400 MHz, CDCls): ¢ 7.73 (d, J = 8.2 Hz, 2H), 7.43 (d, J
= 8.2 Hz, 2H), 7.29 (d, J = 8.0 Hz, 2H), 7.08 (d, J = 7.9, 2H) 7.02 - 6.98 (m, 4H),
6.94 — 6.87 (m, 1H), 4.12 (dd, J = 10.1, 6.6 Hz, 1H), 4.04 (dd, J = 10.1, 5.5 Hz 1H),
2.82(dd, J =13.7,4.4 Hz 1H), 2.66 (dd, J = 13.7, 8.8 Hz 1H), 2.45 (dd, J = 6.8, 3.3
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Hz 1H), 2.41 (s, 3H), 2.32 (s, 3H), 2.18 — 2.09 (m, 1H), 1.99 (d, J = 6.4 Hz, 1H),
1.80 (d, J = 6.7 Hz, 1H). *C NMR (100 MHz, CDCl3): § 195.2, 145.1, 144.1, 137.3,
134.0, 132.7, 130.0 (2xC), 129.3 (2xC), 129.0 (2xC), 128.7 (2xC), 128.3 (2xC), 128.0
(2xC), 126.6, 72.4, 69.0, 39.4, 38.7, 35.3, 21.7. IR (neat, cm™), 3031, 2922, 1673,
1605, 1494, 1356, 1236, 1175, 1097, 968, 814, 751.

4.2.4.3 Characterization of (2S)-2-(2-(4-chlorobenzoyl) aziridin-1- yl)-3-phenyl
propyl 4-methylbenzenesulfonate (11A, 11B)

wBn
cl Tso/\N

(o)

Aziridine ketones 6A-6B were converted to new aziridine derivatives 11A-11B bear-

ing a tosylate group according to the general procedure for tosylation of the aziridines.

It was obtained in 94 % yield as yellow oily compound, 11A, Ry = 0.50 (5:1 Hex-
ane/EtOAc). 'H NMR (400 MHz, CDCl3): § 7.87 (d, J = 8.7 Hz, 2H), 7.45 - 7.39
(m, 4H), 7.29 — 7.13 (m, 4H), 7.10 - 7.09 (m, 3H), 4.06 (dd, J = 10.2, 3.4 Hz, 1H),
3.96 (dd, J =10.2, 8.2 Hz, 1H), 3.11 (dd, J = 6.6, 3.3 Hz, 1H), 2.83 (dd, J = 13.9, 7.0
Hz, 1H), 2.71 (dd, J = 13.9, 6.9 Hz, 1H), 2.39 (s, 3H), 2.18 (dd, J/ = 7.2, 3.3 Hz, 1H),
2.06 (dd, J =7.2,3.3 Hz 1H), 1.40 (d, J = 7.6 Hz, 1H). 3C NMR (100 MHz, CDCl5):
0 195.1, 145.1, 139.5, 137.1, 134.7, 132.3, 129.8 (2xC), 129.7 (2xC), 129.2 (2xC),
128.9 (2xC), 128.6 (2xC), 127.6 (2xC), 126.8, 72.4, 69.1, 39.7, 37.8, 34.8, 21.4. IR
(neat, cm™'), 3029, 1680, 1589, 1357, 1226, 1174, 1092, 947, 940, 836, 749.

It was obtained in 77 % yield as yellow oily compound, 11B, R; = 0.45 (5:1 Hex-
ane/EtOAc). 'H NMR (400 MHz, CDCl;) 6 8.01 —7.90 (m, 2H), 7.42 (ddd, J = 18.3,
10.6, 5.6 Hz, 4H), 7.26 — 7.16 (m, 3H), 7.11 (dd, J/ = 11.8, 7.2 Hz, 4H), 4.07 (m, 1H),
4.02 -3.90 (m, 1H), 3.14 (ddd, J = 13.2, 6.5, 3.2 Hz, 1H), 2.91 — 2.79 (m, 1H), 2.78
—2.66 (m, 1H), 2.30 (s, J = 7.6 Hz, 3H), 2.16 (dd, J = 8.8, 6.0 Hz, 1H), 2.08 (dd, J =
12.8, 3.1 Hz, 1H), 1.47 — 1.36 (m, 1H). 3C NMR (100 MHz, CDCl;): § 194.5, 163.9,
138.7, 130.7 (2xC), 129.5 (2xC), 128.5 (2xC), 126.4 (2xC), 113.9 (2xC), 72.3, 64.9,
55.3,40.2, 38.0, 34.8. IR (neat, cm™), 3029, 2922, 1681, 1589, 1357.58, 1226, 1174,
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1091, 969, 837, 813, 748.

4.2.4.4 Characterization of (2S)-2-(2-(4-bromobenzoyl)aziridin-1- yl)-3-phenyl
propyl 4-methylbenzenesulfonate (12A, 12B)

wBn
Br TsO/\N

(o)

Aziridine ketones 7A-7B were converted to new aziridine derivatives 12A-12B bear-

ing a tosylate group according to the general procedure for tosylation of the aziridines.

It was obtained in 87 % yield as yellow oily compound, 12A, Ry = 0.65 (1:1 Hex-
ane/EtOAc). '"H NMR (400 MHz, CDCl;): § 7.95 (d, J = 8.5 Hz, 2H), 7.66 (d, J =
8.5 Hz, 2H), 7.51 (d, J = 8.3 Hz, 2H), 7.30 (dd, J = 14.6, 6.5 Hz, 4H), 7.19(d, J = 7.2
Hz, 4H),4.16 (dd, J =10.2, 3.4 Hz, 1H), 4.05 (dd, J = 10.1, 8.2 Hz, 1H), 3.21 (dd, J =
6.6, 3.2 Hz, 1H), 2.92 (dd, J = 13.9, 7.0 Hz, 1H), 2.80 (dd, J = 13.8, 6.8 Hz, 1H), 2.41
(s, 3H), 2.28 (dd, J = 7.2, 2.8 Hz, 1H), 2.24 (dd, J = 6.8, 3.4 Hz 1H), 1.50 (d, / = 6.5
Hz, 1H). 3C NMR (100 MHz, CDCls): § 195.1, 145.0, 137.0, 135.3, 132.2, 132.0
(2xC), 130.0 (2xC), 129.9 (2xC), 129.3 (2xC), 128.7, 128.7 (2xC), 127.8, (2xC),
126.9, 72.6, 69.5, 39.8, 38.2, 34.9, 21.9. IR (neat, cm™!), 3028, 2923, 1680, 1584,
1356, 1223, 1174, 1069, 974, 835, 749.

It was obtained in 94 % yield as yellow oily compound, 12B, R; = 0.57 (1:1 Hex-
ane/EtOAc). '"H NMR (400 MHz, CDCl3): § 7.74 (d, J = 8.3 Hz, 2H), 7.42 (d, J =
8.5 Hz, 2H), 7.36 (d, J = 8.7 Hz, 2H), 7.30 (d, J = 8.0 Hz, 2H), 7.14 - 6.94 (m, 4H),
6.94 - 6.85 (m, 1H), 4.13 (dd, J = 10.1, 6.7 Hz, 1H), 4.05 (dd, J = 10.1, 5.4 Hz, 1H),
2.83(dd, J =13.7,3.9 Hz, 1H), 2.63 (dd, J = 13.6, 9.5 Hz, 1H), 2.40 (s, 3H), 2.34 (dd,
J=6.6,3.2Hz, 1H), 2.19-2.10 (m, 1H), 1.99 (d, J/ =2.9 Hz, 1H), 1.82 (d, J/ = 6.7 Hz,
1H). 3C NMR (100 MHz, CDCl5): § 194.7, 145.2, 137.3, 135.1, 132.6, 131.6 (2xC),
130.0 (2xC), 129.6 (2xC), 129.3 (2xC), 128.7 (2xC), 128.5, 128.0 (2xC), 126.6, 72.6,
69.0, 39.5, 38.4,34.9,21.2. IR (neat, cm™'), 2976, 1682, 1584, 1357, 1226, 1069, 968,
837, 748.
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4.2.4.5 Characterization of (2S)-2-(2-(4-methoxybenzoyl)aziridi-1- yl)-3-phenyl
propyl 4-methylbenzenesulfonate (13A, 13B)

“Bn
MeO TsO/\N

(0]

Aziridine ketones 8A-8B were converted to new aziridine derivatives 13A-13B bear-

ing a tosylate group according to the general procedure for tosylation of the aziridines.

It was obtained in 96 % yield as yellow oily compound, 13A, Ry = 0.40 (5:1 Hex-
ane/EtOAc). '"H NMR (400 MHz, CDCl3): § 8.06 (d, J = 9.0 Hz, 2H), 7.47 (d, J =
8.1 Hz, 2H), 7.34 — 7.22 (m, 3H), 7.12 - 7.05 (m, 4H), 6.98 (d, J/ = 9.0 Hz, 2H), 4.11
(dd, J =10.1, 3.5 Hz, 1H), 4.00 (dd, J = 10.0, 8.2 Hz, 1H), 3.89 (s, 3H), 3.14 (dd, J =
6.6,3.3 Hz, 1H),2.88 (dd, J =13.9,7.0 Hz, 1H), 2.79 (dd, J = 13.9, 6.9 Hz, 1H), 2.37
(s, 3H), 2.22 (dd, J = 7.0, 3.5 Hz, 1H), 2.13 (d, J/ = 3.3 Hz, 1H), 1.43 (d, J = 6.5 Hz,
1H). C NMR (100 MHz, CDCl5): 6 194.1, 163.9, 144.9, 137.3, 132.1, 130.9 (2xC),
129.9, 129.8 (2xC), 129.4 (2xC), 128.7 (2xC), 127.8 (2xC), 126.8, 113.9 (2xC), 72.8,
69.5, 55.6,39.4, 38.3, 34.5, 21.6. IR (neat, cm™), 2979, 1671, 1598, 1357, 1172, 974,
749.

It was obtained in 85 % yield as yellow oily compound, 13B, R; =0.30 (5:1 Hexane/E-
tOAc). '"H NMR (400 MHz, CDCl;): § 7.83 (d, J = 8.1 Hz, 2H), 7.62 (d, J = 8.9 Hz,
2H), 7.39 (d, J = 8.0 Hz, 2H), 7.09 (d, J/ = 4.2 Hz, 4H), 6.90 - 6.81 (m, 1H), 6.85 (d, J
=8.9 Hz, 2H), 4.22 (dd, J = 10.1, 6.6 Hz, 1H), 4.14 (dd, J = 10.1, 5.5 Hz, 1H), 3.89 (s,
3H), 2.92 (dd, J = 13.7,4.3 Hz, 1H), 2.75 (dd, J = 13.7, 8.9 Hz, 1H), 2.52 (d, J/ = 3.1
Hz, 1H), 2.49 (s, 3H), 2.25 - 2.18 (m, 1H), 2.08 (d, J/ = 3.2 Hz, 1H), 1.87 (d, J = 6.8
Hz, 1H). *C NMR (100 MHz, CDCI3): § 193.9, 163.5, 145.0, 137.2, 132.5, 130.3
(2xC), 129.9 (2xC), 129.2 (2xC), 128.5 (2x(C), 127.9 (2xC), 126.5, 113.4 (2xC), 72.3,
68.8,55.4,39.1,38.5, 35.0, 21.6. IR (neat, cm™"), 2923, 1672, 1598, 1357, 1171, 968,
749.
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4.2.5 General method for nucleophilic azidation

Tosyl-attached aziridine 9A (350 mg, 0.804 mmol) was dissolved in DMF (4.02 ml).
NaNj (261 mg, 4.02 mmol) was directly added. The reaction mixture was left to stir
at 60 °C overnight. Next, it was monitored by TLC. There was no starting material in
the reaction medium. The solvent was removed by evaporating at 75 °C for 20 min.
The crude product was washed with water and then purified by silica gel column

chromatography (EtOAc—Hexane).

4.2.5.1 Characterization of (1-((S)-1-azido-3-phenyl propan-2-yl) aziridin-2-yl)
(phenyl) methanone (14A, 14B)

N3/\|"\Bn
A

0]

The conversion of tosylate groups 9A-9B to azide groups 14A-14B was performed

according to the general method for nucleophilic azidation.

It was obtained in 75 % yield as yellow solid, mp: 64 °C, 14A, R; = 0.60 (3:1 Hex-
ane/EtOAc). '"H NMR (400 MHz, CDCls): § 8.09 (d, J = 7.0 Hz, 2H), 7.62 (t, J =
7.5 Hz, 1H), 7.51 (t, J = 7.6 Hz, 2H), 7.38 — 7.30 (m, 2H), 7.31 — 7.21 (m, 3H), 3.50
(dd, J =12.8, 6.7 Hz 1H), 3.46 (dd, J = 12.5, 4.7 Hz, 1H), 3.22 (dd, J = 6.6, 3.3 Hz,
1H), 3.01 (dd, J = 13.7, 6.6 Hz, 1H), 2.93 (dd, J = 13.7, 7.1 Hz, 1H), 2.26 (d, J =
3.2 Hz, 1H), 2.01 — 1.93 (m, 1H), 1.59 (d, J = 6.6 Hz, 1H). '3C NMR (100 MHz,
CDCl;): 0 195.8, 137.8, 136.8, 133.4, 129.4 (2xC), 128.7 (2xC), 128.6 (2xC), 128.3
(2xC), 126.8, 70.4, 55.3, 40.4, 39.4, 35.3. IR (neat, cm™),3032, 2982, 2936, 2886,
2100, 1672, 1594, 1408, 1233, 1016, 991, 738, 689.

It was obtained in 93 % yield as yellow solid, 14B, R; = 0.52 (4:1 Hexane/EtOAc). 'H
NMR (400 MHz, CDCls): 6 7.69 (d, J = 8.2 Hz, 2H), 7.57 (t, J = 7.4 Hz, 1H), 7.48 —
7.32 (m, 2H), 7.13 (dt, J = 15.1, 7.5 Hz, 3H), 7.07 - 6.95 (m, 1H), 3.61 (dd, J = 13.8,
4.6 Hz, 1H), 3.50 (dd, J =13.8, 4.6 Hz 1H), 2.98 (dd, J = 13.7, 4.7 Hz, 1H), 2.87 (dd,
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J=8.0,5.6 Hz, 1H), 2.62 (dd, J = 6.1, 2.9 Hz, 1H), 2.24 (d, J/ = 3.2 Hz, 1H), 2.10 -
1.95 (m, 1H), 1.93 (d, J = 6.7 Hz 1H). '*C NMR (100 MHz, CDCls: ¢ 195.7, 137.7,
136.4, 133.1, 129.2 (2xC), 128.6 (2xC), 128.3 (2xC), 128.1 (2xC), 126.5, 69.9, 55.3,
39.8, 39.7, 35.6. IR (neat, cm™), 3028, 2920, 2096, 1680, 1597, 1449, 1400, 1226,
1015, 965, 741, 741, 695.

4.2.5.2 Characterization of (1-((S)-1-azido-3-phenyl propan-2-yl) aziridin-2-yl)
(p-tolyl) methanone (15A, 15B)

The conversion of tosylate groups 10A-10B to azide groups 15A-15B was performed

according to the general method for nucleophilic azidation.

It was obtained in 85 % yield as yellow solid, mp: 60-63 °C, 15A, R; = 0.60 (5:1
Hexane/EtOAc). "H NMR (400 MHz, CDCls): 6 7.90 (d, J = 8.2 Hz,2H), 7.31 - 7.19
(m, 4H), 7.17 - 7.10 (m, 3H), 3.40 (dd, J = 12.7, 6.6 Hz, 1H), 3.35 (dd, J = 12.9, 5.7
Hz, 1H), 3.10 (dd, J = 6.6, 3.3 Hz, 1H), 2.91 (dd, J = 13.7, 6.6 Hz, 1H), 2.83 (dd, J
=13.8, 7.2 Hz, 1H) 2.35 (s, 3H), 2.15 (d, J/ =2.3 Hz, 1H), 1.84 (dd, J = 11.8, 6.8 Hz
1H), 1.47 (d, J = 7.9 Hz, 1H). 3C NMR (100 MHz, CDCls): § 195.3, 144.3, 137.9,
134.4, 129.4 (2xC), 129.4 (2xC), 128.6 (2xC), 128.4 (2XC), 126.7, 70.4, 55.3, 40.2,
39.4,35.2, 21.7. IR (neat, cm™), 3028, 2921, 2096, 1680, 1597, 1449, 1226, 1015,
741, 695.

It was obtained in 91 % yield as yellow solid, 15B, Ry = 0.75 (3:1 Hexane/EtOAc).
"H NMR (400 MHz, CDCls): 6 7.52 (d, J = 8.2 Hz, 2H), 7.11 (d, J = 8.0 Hz, 2H),
7.05 (d, J = 6.6 Hz, 4H), 6.99 — 6.91 (m, 1H), 3.51 (dd, J = 12.4, 6.7 Hz, 1H), 3.39
(dd, J = 12.5, 5.4 Hz, 1H), 2.88 (dd, J = 13.7, 5.1 Hz, 1H), 2.79 (dd, J = 13.7, 8.1
Hz 1H), 2.53 (dd, J = 6.8, 3.3 Hz, 1H), 2.34 (s, 3H), 2.16 (d, / = 2.0 Hz, 1H), 1.97
(dd, J = 11.6, 5.2 Hz 1H), 1.81 (d, J = 8.1 Hz 1H). '*C NMR (100 MHz, CDCl5):
0 195.3, 144.1, 137.8, 134.1, 129.3 (2xC), 129.1 (2xC), 128.7 (2xC), 128.3 (2xC),
126.6, 70.1, 55.4, 39.9, 39.8, 35.6, 21.7. IR (neat, cm™), 3033, 2913, 2838, 2102,
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1671, 1605, 1441, 1232, 1012, 749, 701.

4.2.5.3 Characterization of (1-((S)-1-azido-3-phenyl propan-2-yl) aziridin-2-yl)
(4-chlorophenyl) methanone (16A, 16B)

Ns/\.\\B”
N

o

(o)

The conversion of tosylate groups 11A-11B to azide groups 16A-16B was performed

according to the general method for nucleophilic azidation.

It was obtained in 64 % yield as yellow solid, 16A, Ry = 0.60 (3:1 Hexane/EtOAc).
'"H NMR (400 MHz, CDCls): 6 8.04 (d, J = 8.3 Hz, 2H), 7.48 (d, J = 8.3 Hz, 2H),
7.39 - 7.31 (m, 2H), 7.31 — 7.14 (m, 3H), 3.56 - 3.39 (m, 2H), 3.16 (dd, J = 6.7, 3.3
Hz 1H), 3.00 (dd, J = 13.7, 6.6 Hz 1H), 2.91 (dd, J = 13.8, 7.2 Hz 1H), 2.25 (d, J
= 3.2 Hz, 1H), 2.04 — 1.85 (m, 1H), 1.60 (d, J = 6.6 Hz, 1H). >*C NMR (100 MHz,
CDCl;): 0 194.6, 139.8, 137.5, 134.9, 129.6 (2xC), 129.3 (2xC), 128.9 (2xC), 128.5
(2xC), 126.7, 70.2, 55.2, 40.5, 39.2, 35.1. IR (neat, cm!), 3028, 2917, 2852, 2828,
2101, 1683, 1589, 1407, 1349, 1227, 1089, 993.

It was obtained in 69 % yield as yellow solid, 16B, Ry = 0.50 (3:1 Hexane/EtOAc).
'"H NMR (400 MHz, CDCl3): § 7.65 — 7.41 (m, 2H), 7.28 (d, J = 8.7 Hz, 2H), 7.10
- 6.99 (m, 4H), 6.98 — 6.87 (m, 1H), 3.52 (dd, J = 12.5, 6.6 Hz, 1H), 3.41 (dd, J =
12.5, 5.4 Hz, 1H), 2.89 (dd, J = 13.7, 4.5 Hz, 1H), 2.77 (dd, J = 13.7, 8.8 Hz, 1H),
242 (dd,J =6.7,3.3 Hz, 1H), 2.15 (d, / = 3.2 Hz, 1H), 1.95 - 1.85 (m, 1H), 1.83 (d,
J = 5.4 Hz, 1H). *C NMR (100 MHz, CDCl3): § 194.2, 139.6, 137.8, 134.7, 129.5
(2xC), 129.2 (2xC), 128.6 (2xC), 128.5 (2xC), 126.5, 70.0, 55.6, 40.0, 39.7, 35.4. IR
(neat, cm™'), 3028, 2922, 2098, 1681, 1588, 1410, 1287, 1224, 1157, 1090, 1011.
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4.2.5.4 Characterization of (1-((S)-1-azido-3-phenyl propan-2-yl) aziridin-2-yl)
(4-bromo phenyl) methanone (17A, 17B)

Na/\"‘Bn
N

o

(o)

The conversion of tosylate groups 12A-12B to azide groups 17A-17B was performed

according to the general method for nucleophilic azidation.

It was obtained in 73 % yield as yellow solid, mp: 105.3 °C, 17A, R; = 0.64 (3:1
Hexane/EtOAc). '"H NMR (400 MHz, CDCl;): § 7.95 — 7.75 (m, 2H), 7.69 — 7.50
(m, 2H), 7.37 - 7.20 (m, 2H), 7.20 — 7.07 (m, 3H), 3.40 (dd, J = 12.7, 7.0 Hz 1H),
3.37(dd, J =12.8,4.8 Hz 1H), 3.04 (dd, J = 6.6, 3.3 Hz, 1H), 2.90 (dd, J = 13.7, 6.6
Hz, 1H), 2.81 (dd, J = 13.7, 7.2 Hz, 1H), 2.15 (d, J = 2.04 Hz, 1H), 1.87 (dd, J =
11.5, 6.6 Hz, 1H), 1.45 (t, J = 32.1 Hz, 1H). *C NMR (100 MHz, CDCl5): § 195.0,
137.6, 135.4, 132.0 (2xC), 129.7 (2xC), 129.4 (2xC), 128.7 (2xC), 126.8 (2xC), 70.3,
55.3, 40.5, 39.3, 35.2. IR (neat, cm™), 3075, 3027, 2944, 2915, 2826, 2100, 1682,
1584, 1442, 1348, 1225, 1068.

It was obtained in 74 % yield as yellow solid, mp: 66.2 °C, 17B, Ry = 0.45 (3:1
Hexane/EtOAc). '"H NMR (400 MHz, CDCl;): § 7.55 - 7.38 (m, 4H), 7.15 - 6.99 (m,
4H), 6.98 - 6.88 (m, 1H), 3.51 (dd, J = 12.5, 6.6 Hz, 1H), 3.41 (dd, J = 12.5, 5.5 Hz,
1H), 2.89 (dd, J = 13.7, 4.5 Hz, 1H), 2.76 (dd, J = 13.7, 8.8 Hz, 1H), 2.41 (dd, J =
6.7, 3.3 Hz, 1H), 2.15 (d, J/ = 2.0 Hz, 1H), 1.98 — 1.87 (m, 1H), 1.83 (d, J/ = 5.4 Hz,
1H). 3C NMR (100 MHz, CDCl3): § 194.9, 137.9, 135.1, 131.7 (2xC), 129.7 (2xC),
129.3 (2xC), 128.7 (2xC), 128.4, 126.7, 69.9, 55.5, 40.1, 39.8, 35.6. IR (neat, cm™'),
3031, 2985, 2942, 2908, 2854, 2109, 1672, 1582, 1404, 1357, 1224, 1066, 1001, 982,
752, 702.
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4.2.5.5 Characterization of (1-((S)-1-azido-3-phenyl propan-2-yl) aziridin-2-yl)
(4-methoxyphenyl)methanone (18A, 18B)

wBn
MeO NS/\N

T A

(o)

The conversion of tosylate groups 13A-13B to azide groups 18A-18B was performed

according to the general method for nucleophilic azidation.

It was obtained in 88 % yield as yellow solid, 18A, Ry = 0.48 (5:1 Hexane/EtOAc).
'"H NMR (400 MHz, CDCl;): § 8.09 (d, J = 8.9 Hz, 1H), 7.38 — 7.20 (m, 3H), 7.01
—6.94 (m, 2H), 3.90 (s, 2H), 3.49 (dd, J = 12.9, 8.1 Hz 1H), 3.45 (dd, J = 13.0, 5.3
Hz 1H) 3.17 (dd, J = 6.6, 3.3 Hz, 1H), 3.00 (dd, J = 13.7, 6.6 Hz, 1H), 2.92 (dd, J =
13.7,7.2 Hz, 1H), 2.25 (d, J/ = 2.1 Hz, 1H), 2.01 — 1.90 (m, 1H), 1.55 (d, J/ = 5.3 Hz,
1H). *C NMR (100 MHz, CDCl3): § 194.1, 163.8, 137.9, 130.7 (2xC), 129.9, 129.4
(2xC), 128.6 (2xC), 126.7, 113.9 (2xC), 70.4, 55.5, 55.3, 40.1, 39.4, 34.9. IR (neat,
cm!), 2922, 2840, 2096, 1575, 1423, 1235, 1169, 1022, 842.

It was obtained in 90 % yield as yellow solid, mp: 60-61 °C, 18B, R; = 0.42 (5:1
Hexane/EtOAc). 'H NMR (400 MHz, CDCls): § 7.70 (d, J = 8.9 Hz, 2H), 7.19 —
7.10 (m, 4H), 7.09 - 7.02 (m, 1H), 6.94 — 6.85 (m, 2H), 3.89 (s, 3H), 3.60 (dd, J =
12.4, 6.7 Hz, 1H), 3.48 (dd, J = 12.4, 5.5 Hz, 1H), 2.97 (dd, J = 13.7, 5.0 Hz, 1H),
2.88 (dd, J = 13.7, 8.2 Hz, 1H), 2.58 (dd, J = 6.7, 3.3 Hz, 1H), 2.25 (d, J = 2.0 Hz,
1H), 2.03 — 1.91 (m, 1H), 1.89 (d, J = 5.4 Hz, 1H). *C NMR (100 MHz, CDCl;):
0 194.1, 163.6, 137.9, 130.5 (2xC), 129.7, 129.4 (2xC), 128.7 (2xC), 126.6, 113.6
(2xC), 70.1, 55.5, 55.38, 39.8, 39.7, 35.4. IR (neat, cm!), 2941, 2912, 2843, 2103,
1661, 1594, 1452, 1309, 1237, 1170, 1020, 981, 751, 703.

4.2.6 General method for azide reduction to amine

After completed azidation step, starting material 14A (166 mg, 0.54 mmol) was dis-
solved in EtOAc (2.7 ml). Palladium 10 % on carbon powder (32 mg) was added. It

was left to stir under hydrogen gas at room temperature for 10 h. The reaction was
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aborted. It was filtered via a celite and concentrated in vacuum. Next, it was purified

by silica gel column chromatography (EtOAc—Hexane).

4.2.7 Characterization of (2S)-2-benzyl-5-phenyl-1,4-diazabicyclo[4.1.0] hept-
4-ene (19A, 19B)

wBn

Aziridine-fused piperazine precursors 19A-19B were isolated according to the gen-

eral method for azide 14A-14B reduction to amine.

It was obtained in 53 % yield as white solid, 19A, R; = 0.40 (1:1 Hexane/EtOAc). 'H
NMR (400 MHz, CDCl3) ¢ 7.74 — 7.70 (m, 2H), 7.40 — 7.33 (m, 3H), 7.29 — 7.15 (m,
5H), 3.85 — 3.77 (m, 1H), 3.14 — 3.06 (m, 2H), 3.05 — 2.97 (m, 1H), 2.86 (dd, J =
13.6, 6.5 Hz, 1H), 2.75 (dd, J = 13.6, 5.7 Hz, 1H), 2.17 (d, J = 2.9 Hz, 1H), 2.07 (d,
J =5.7 Hz, 1H). 3C NMR (100 MHz, CDCl;): § 166.8, 138.6, 138.1, 138.1, 130.4,
129.2 (2xC), 128.5 (2xC), 128.5 (2xC), 126.6, 126.4 (2xC), 50.5, 47.5, 39.9, 30.5,
25.4. IR (neat, cm!), 3026, 2914, 2849, 1627, 1492, 1445, 1244, 1065, 999, 751,
694.

It was obtained in 54 % yield as yellow solid, 19B, R; = 0.28 (1:1 Hexane/EtOAc).
'"H NMR (400 MHz, CDCl3) § 7.94 — 7.65 (m, 2H), 7.49 — 7.30 (m, 3H), 7.29 — 7.20
(m, 2H), 7.20 — 7.09 (m, 3H), 3.69 (dd, J = 16.6, 3.3 Hz, 1H), 3.44 (dd, J = 16.6, 5.5
Hz, 1H), 3.08 (dd, J = 8.5, 5.9 Hz, 1H), 2.91 (dd, J = 5.6, 3.5 Hz 1H), 2.85 (dd, J =
13.5,6.5Hz 1H) 2.57 (dd, J = 13.5, 6.5 Hz, 1H), 2.21 (d,J =5.9 Hz, 1H), 2.15(d, J =
3.4 Hz, 1H). *C NMR (100 MHz, CDCls) § 166.8, 139.0, 138.5, 130.4, 129.5 (2xC),
128.5 (2xC), 128.4 (2xC), 126.3, 126.3 (2xC), 54.5, 46.6, 40.7, 30.7, 28.4. IR (neat,
cml), 3024, 3002, 2929, 2860, 1606, 1665, 1565, 1453, 1250, 1126, 1054, 972, 822,
754, 728.
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4.2.8 Characterization of (2S)-2-benzyl-5-(p-tolyl)-1,4- diazabicyclo [4.1.0] hept
-4-ene (20A, 20B)

Aziridine-fused piperazine precursors 20A-20B were isolated according to the gen-

eral method for azide 15A-15B reduction to amine.

It was obtained in 36 % yield as yellow liquid, 20A, R; = 0.36 (1:1 Hexane/EtOAc).
'H NMR (400 MHz, CDCl3) § 7.77 (d, J = 8.1 Hz, 2H), 7.40 — 7.16 (m, 7H), 3.88
(d, J = 12.9 Hz, 1H), 3.24 — 3.14 (m, 1H), 3.12 (d, J = 3.9 Hz, 1H), 2.95 (dd, J =
13.6, 6.5 Hz, 1H), 2.84 (dd, J = 13.6, 5.7 Hz, 1H), 2.41 (s, 3H), 2.25 (d, J = 3.1 Hz,
1H), 2.15 (d, J = 5.8 Hz, 1H), 1.37 — 1.22 (m, 1H). 3C NMR (100 MHz, CDCls)
0 166.6, 140.8, 138.1, 135.8, 129.23 (2xC), 129.2 (2xC), 128.5 (2xC), 126.6, 126.4
(2xC), 50.5, 47.5, 39.9, 30.4, 25.4, 21.5. IR (neat, cm™), 3026, 2923, 2854, 1670,
1604, 1568, 1453, 1235, 1181, 1062, 916, 816, 744, 670.

It was obtained in 53 % yield as yellow liquid, 20B, Ry = 0.20 (1:1 Hexane/EtOAc).
'H NMR (400 MHz, CDCl3) § 7.66 (d, J = 8.1 Hz, 2H), 7.27 — 7.11 (m, 7H), 3.63
(dd, J =16.5, 3.1 Hz, 1H), 3.41 (dd, J = 16.5, 5.4 Hz, 1H), 3.06 — 2.96 (m, 1H), 2.87
(dd, J = 6.5, 3.1 Hz, 1H), 2.55 (dd, J = 13.5, 8.1 Hz, 1H), 2.32 (s, 3H), 2.27 (d, J
=14.0 Hz, 1H), 2.17 (d, J = 5.9 Hz, 1H), 2.09 (d, J = 3.4 Hz, 1H). 13C NMR (100
MHz, CDCl;) § 166.3, 140.5, 139.2, 135.9, 129.4 (2xC), 129.2 (2xC), 128.4 (2xC),
126.4, 126.1 (2xC), 55.1, 46.9, 40.6, 30.5, 28.4, 21.6. IR (neat, cm™!), 3026, 2921,
1667, 1622, 1448, 1385, 1249, 1177, 1056, 973, 950, 770, 747, 731, 694.

4.2.9 Characterization of (2S) -2-benzyl-5- (4-chlorophenyl) -1,4- diazabicyclo
[4.1.0] hept-4-ene (21A, 21B)
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Aziridine-fused piperazine precursors 21A-21B were isolated according to the gen-

eral method for azide 16A-16B reduction to amine.

It was obtained in 61 % yield as white solid, 21A, R; = 0.30 (3:1 Hexane/EtOAc). 'H
NMR (400 MHz, CDCly) 6 7.77 (d, J = 8.4 Hz, 2H), 7.41 (d, J = 8.5 Hz, 2H), 7.36 —
7.30 (m, 2H), 7.28 (d, J = 7.2 Hz, 2H), 7.22 (d, J = 8.1 Hz, 1H), 3.89 (d, J/ = 13.5 Hz,
1H), 3.16 (dd, J = 10.8, 6.4 Hz, 1H), 3.08 (dd, J = 11.04, 8.4 Hz, 1H), 2.94 (dd, J =
13.6, 6.2 Hz 1H), 2.83 (dd, J = 13.7, 5.8 Hz 1H), 2.28 (d, J/ = 2.6 Hz 1H), 2.23 (dd, J
=7.9, 3.1 Hz, 1H), 2.18 (d, J = 6.3 Hz, 1H). *C NMR (100 MHz, CDCl;): 6 165.9,
137.9, 133.9, 129.2 (2xC), 128.8 (2xC), 128.5 (2xC), 127.8 (2xC), 126.7 (2xC),55.0,
50.5, 39.8, 30.3, 29.7. IR (neat, cm!), 3028, 2920, 1621, 1591, 1449, 1404, 1250,
1088, 827, 722, 704.

It was obtained in 75 % yield as white solid, 21B, R; = 0.25 (3:1 Hexane/EtOAc). 'H
NMR (400 MHz, CDCl;): 6 7.81 (d, J = 8.5 Hz 2H), 7.44 (d, J = 8.5 Hz 2H), 7.33 (t,
J =17.5Hz2H), 7.24 (m, 3H), 3.78 (dd, J = 16.6, 3.2 Hz, 1H), 3.52 (dd, J = 16.7, 5.6
Hz, 1H), 3.23 - 3.30 (m, 1H), 2.96 (dd, J = 13.6, 6.2 Hz 1H), 2.92 (dd, J = 13.7, 5.8
Hz 1H), 2.66 (dd, J = 13.6, 8.0 Hz, 1H), 2.32 (d, / = 5.8 Hz, 1H), 2.22 (d, J = 3.3 Hz,
1H). 13C NMR (100 MHz, CDCl3) § 165.7, 138.7, 136.5, 129.2 (2xC), 128.6 (2xC),
128.3 (2xC), 127.5 (2xC), 126.3 (2xC), 54.3, 46.77, 40.6, 30.6, 28.1. IR (neat, cm™'),
3030, 2921, 2856 1617, 1490, 1404, 1250, 1086, 829, 723, 707.

4.2.10 Characterization of (2S)-2-benzyl-5-(4-methoxyphenyl) -1,4- diazabicy-
clo [4.1.0] hept-4-ene (22A, 22B)

Aziridine-fused piperazine precursors 22A-22B were isolated according to the gen-

eral method for azide 18A-18B reduction to amine.

It was obtained in 66 % yield as yellow solid, mp: 117.0-117.8 °C, 22A, R; = 0.36
(1:1 Hexane/EtOAc). 'H NMR (400 MHz, CDCl;): 6 7.83 — 7.74 (m, 2H), 7.39 —
7.22 (m, 5H), 6.99 — 6.90 (m, 2H), 3.86 (s, 3H), 3.72 (d, J = 2.1 Hz, 1H), 3.13 - 3.02
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(m, 2H), 3.06 - 2.93 (m, 1H), 2.94 (dd, J = 13.6, 6.6 Hz, 1H), 2.82 (dd, J = 13.7, 5.8
Hz, 1H), 2.23 (d, J = 3.1 Hz, 1H), 2.11 (d, J = 5.7 Hz, 1H). 3C NMR (100 MHz,
CDCly): § 165.2, 161.3, 138.4, 131.7, 129.2 (2xC), 128.5 (2xC), 127.8 (2xC), 126.5,
113.8 (2xC), 55.4, 50.5, 47.7, 40.0, 30.3, 25.1. IR (neat, cm’!), 3011, 2941, 2898,
2838, 1621, 1456, 1252, 1175, 1021, 961, 940, 751, 736, 716, 699.

It was obtained in 63 % yield as dark-orange solid, mp: 100.9 °C, 22B, R; = 0.20 (1:1
Hexane/EtOAc). 'H NMR (400 MHz, CDCl;): 6 7.84 (d, J = 8.8 Hz, 2H), 7.38 —
7.19 (m, 5H), 6.97 (d, J = 8.9 Hz, 2H), 3.88 (s, 3H), 3.72 (dd, J =15.9, 3.0 Hz, 1H),
3.52 (dd, J = 16.5, 5.4 Hz, 1H), 3.14 - 3.07 (m, 1H), 2.96 (dd, J = 6.5 Hz 1H), 2.93
(dd, J =13.8, 6.5 Hz 1H), 2.67 (dd, J = 13.5, 8.0 Hz, 1H), 2.28 (d, J = 5.9 Hz, 1H),
2.18 (d, J = 3.4 Hz, 1H). '3C NMR (100 MHz, CDCl;): § 165.5, 161.3, 139.0, 131.2,
129.25 (2xC), 128.3 (2xC), 127.6 (2xC), 126.1, 113.6 (2xC), 55.3, 54.9, 46.8, 40.7,
30.8, 28.1. IR (neat, cm™), 2998, 2931, 2863, 1604, 1453, 1247, 1171, 1128, 973,
952.18, 754, 740, 703.
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APPENDIX

NMR Spectrum of Compounds

NMR Spectrum of Aziridine Ketones
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Figure 4.1: '"H NMR Spectrum of Compound 4A.
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Figure 4.2: '3C NMR Spectrum of Compound 4A.
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Figure 4.3: '"H NMR Spectrum of Compound 4B.
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Figure 4.4: '3C NMR Spectrum of Compound 4B.
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Figure 4.5: '"H NMR Spectrum of Compound 5A.
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Figure 4.7: '"H NMR Spectrum of Compound 5B.
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Figure 4.9: '"H NMR Spectrum of Compound 6A.
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Figure 4.11: '"H NMR Spectrum of Compound 6B.
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Figure 4.12: '3C NMR Spectrum of Compound 6B.
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Figure 4.13: '"H NMR Spectrum of Compound 7A.
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Figure 4.15: '"H NMR Spectrum of Compound 7B.
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Figure 4.17: '"H NMR Spectrum of Compound 8A.
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Figure 4.18: '3C NMR Spectrum of Compound 8A.
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Figure 4.19: '"H NMR Spectrum of Compound 8B.
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Figure 4.20: '3*C NMR Spectrum of Compound 8B.
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Figure 4.21: '"H NMR Spectrum of Compound 9A.
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Figure 4.22: '3C NMR Spectrum of Compound 9A.
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Figure 4.23: '"H NMR Spectrum of Compound 9B.
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Figure 4.24: '3C NMR Spectrum of Compound 9B.
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Figure 4.25: '"H NMR Spectrum of Compound 10A.
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Figure 4.26: '3*C NMR Spectrum of Compound 10A.
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Figure 4.27: '"H NMR Spectrum of Compound 10B.
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Figure 4.29: '"H NMR Spectrum of Compound 11A.
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Figure 4.30: '3C NMR Spectrum of Compound 11A.
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Figure 4.31: 'H NMR Spectrum of Compound 11B.
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Figure 4.32: '3C NMR Spectrum of Compound 11B.
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Figure 4.33: '"H NMR Spectrum of Compound 12A.
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Figure 4.34: '3*C NMR Spectrum of Compound 12A.
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Figure 4.35: 'H NMR Spectrum of Compound 12B.
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Figure 4.36: '*C NMR Spectrum of Compound 12B.
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Figure 4.37: '"H NMR Spectrum of Compound 13A.
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Figure 4.38: '*C NMR Spectrum of Compound 13A.
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Figure 4.39: '"H NMR Spectrum of Compound 13B.
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Figure 4.40: '3C NMR Spectrum of Compound 13B.
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Figure 4.41: '"H NMR Spectrum of Compound 14A.
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Figure 4.43: '"H NMR Spectrum of Compound 14B.
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Figure 4.44: '3C NMR Spectrum of Compound 14B.
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Figure 4.45: '"H NMR Spectrum of Compound 15A.
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Figure 4.46: '3*C NMR Spectrum of Compound 15A.

Figure 4.47: '"H NMR Spectrum of Compound 15B.
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Figure 4.48: '*C NMR Spectrum of Compound 15B.

Na/\l.\

|
J LJ/’ V M I A T \LJJ U L _/"/J W \/J ‘\,./" A

T T T T T T T T T T T r T
8.0 725 70 6.5 6.0 5.5 50 4.5 4.0 3.5 3.0 25 20 1.5 1.0
f1 (ppm)

Figure 4.49: '"H NMR Spectrum of Compound 16A.
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Figure 4.50: '3*C NMR Spectrum of Compound 16A.
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Figure 4.51: '"H NMR Spectrum of Compound 16B.
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Figure 4.52: 1*C NMR Spectrum of Compound 16B.
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Figure 4.53: '"H NMR Spectrum of Compound 17A.
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Figure 4.54: '3C NMR Spectrum of Compound 17A.

(0]

1] | | J

f \q ‘ Jh ) I
I | o ey A
—— e . et b b
g 88 2% g% & 8BR
¥ nle ] =e |8 =83
. v . v : ——r v r v
75 70 65 60 55 50 45 40 35 30 25 20 15 10

f1 (ppm)

Figure 4.55: '"H NMR Spectrum of Compound 17B.
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Figure 4.56: '*C NMR Spectrum of Compound 17B.
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Figure 4.57: '"H NMR Spectrum of Compound 18A.
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Figure 4.58: '3*C NMR Spectrum of Compound 18A.
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Figure 4.59: 'H NMR Spectrum of Compound 18B.
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Figure 4.61: '"H NMR Spectrum of Compound 19A.
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Figure 4.62: '3*C NMR Spectrum of Compound 19A.
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Figure 4.63: '"H NMR Spectrum of Compound 19B.
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Figure 4.65: '"H NMR Spectrum of Compound 20A..
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Figure 4.66: '*C NMR Spectrum of Compound 20A.
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Figure 4.67: '"H NMR Spectrum of Compound 20B.
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Figure 4.68: 1*°C NMR Spectrum of Compound 20B.
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Figure 4.69: '"H NMR Spectrum of Compound 21A.

91



;
1id 100 ad aa 7a & 50 40
i {ppen)

T T T T T T T T T T T T
160 150 140 130 120 30

Figure 4.70: '*C NMR Spectrum of Compound 21A.
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Figure 4.71: '"H NMR Spectrum of Compound 21B.
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Figure 4.72: '3C NMR Spectrum of Compound 21B.
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Figure 4.73: '"H NMR Spectrum of Compound 22A.
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Figure 4.74: '3*C NMR Spectrum of Compound 22A.
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Figure 4.75: '"H NMR Spectrum of Compound 22B.
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