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ABSTRACT

SYNTHESIS OF AZIRIDINE 2-PHOSPHONATES AND THEIR BI@GICAL
ACTIVITIES

Babiz, Hakan
M.S., Depagtmh of Chemistry

Supervisor: Prof. Dr. Ozdemir Ran

September 20174 pages

A systematic study was carried out for the synthesiaziridine 2-phosphonates by
using two methods. First method is the classicdiri@aCromwell reaction and the
second one is the modified version of Gabriel-Crathweaction which was
developed in this thesis. In the first method, Vipjiosphonate was used as the
starting material, then it was brominated to g@tdibromoethyl phosphonate. HBr
elimination from this compound, then reaction wdlifferent primary amines gave
desired aziridinyl phosphonates in good yields. the second method, easily
available acetyl phosphonate was used as thengfariaterial which was reacted
with DBU and tosyl chloride to get-tosylated vinyl phosphonate. Reaction of this
compound with the same amines gave aziridinyl phosates in good yields, as
well. Biological activities of all newly synthesidecompounds were studied against

different bacteria.

Key words: Aziridinyl phosphonates, Gabriel-Cromlvehction, biological activity.



Oz

AZIRIDINE 2-FOSFONATLARIN SENTEZVE BIYOLOJIK AKTIVITELERI

Babiz, Hakan
Yuksek Lisansiiya Boluma

Tez Yoneticisi: Prof. Dr. Ozdemir @an

Eylul 2010, 74 sayfa

Aziridin 2-fosfonatlarin sentezi icin iki ayri ydn kullanilarak sistematik bir
calisma yapimgtir. Birinci yontem klasik Gabriel-Cromwell tepkirsieve ikinci
yontem bu tez kapsaminda g#filmis olan modifiye Gabriel-Cromwell
tepkimesidir. Birinci yontemde bngic maddesi olarak vinil fosfonat kullanikmi
ve bu maddenin bromlanmasiyla 1,2-dibromoetil foato elde edilmtir. Bu
bilesikten HBr ayrilmasi sonra farkli birinci derece atarle tepkimesiyle beklenen
aziridinil fosfonatlar iyi verimlerle elde edilstir. ikinci yontemde ise bulunmasi
daha kolay asetil fosfonat gangic maddesi olarak kullanilgtir. Bu bilesigin DBU
ve tosil klorur ile tepkimesinden-tosillenmg vinil fosfonat elde edilnstir. Bu
bilesigin ayni aminlerle tepkimesinden de beklenen aziilidiosfonatlar yine iyi
verimlerle elde edilmtir. Sentezlenen tim yeni bgi&lerin biyolojik aktiviteleri

farkl bakteriler Gzerinde ¢alimistir.

Anahtar kelimeler: aziridinil fosfonatlar, Gabri€romwell reaksiyonu, biyolojik
aktivite.
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CHAPTER 1

INTRODUCTION

The chemistry of three-membered ring heterocy@spgcially epoxides and
aziridines, has attracted the attention of synthetiemists for more than a century.
This is primarily due to the essentially high reatt of these small-ring
heterocycles, which makes them versatile speciesganic synthesis [1]. The main
target of this study was to synthesize functiomaiznitrogen-containing three-
membered rings. Aziridined are saturated three-membered ring compounds
containing two carbons and one nitrogen atom (Eiduc Aziridine has also been

called as azacyclopropane and ethylenimine.

H
|

N
JARN
1

Figure 1. Structure of simple aziridine.

The aziridine moieties are commonly used in synshés chemical bond
expansions and functional group transformationse Blgnthetic applications of
aziridines usually take advantage of their ringistiby reaction with nucleophiles to
afford functional ring opened products, or openthg rings to produce reactive
intermediates such as dipoles or radicals to yosidoaddition products. In these

cases, the aziridine functionalities serve as stittbuilding blocks to be further



transformed into more valuable products. Activatwinaziridine ring is usually
necessary for ring opening reactions. As well, te&kiibit better stability towards
oxidation. So that, aziridine functionalities shownusual chemoselectivities,

regioselectivities or stereoselectivities in vagaransformations [2].
1.1 Properties of aziridines

Three-membered ring structure of aziridines has itwportant impacts on
their properties. It causes a substantial incredsmg-strain energy (26.8 kcal/mol)
[3]. The strain is contributed by the distortionbmind angle from an ideal tetrahedral
angle, (Baeyer Strain), eclipsing strain of nonexh substituent groups on the ring
(Pitzer Strain), and the transannular van der Wiaédsactions of groups attached to
the non-adjacent ring atoms (Prelog Strain) (Fig)rgt].

Baeyer Strain Pltzer Strain Prelog Strain

)
R R, rR Ry ) ( Ro

N NH ~
Ri H Rs R4R3 R4 |N| Rs

Figure 2. Types of strain in aziridine structures.

1.1.1 Structure of aziridines

Similar to other strained rings, the most remarkafdature of aziridine
structures is that the bond angles deviate away tie regular tetrahedral angle of
109° in order to fit their 60° triangular structareX-ray crystallography indicates
that the average bond length of C-C bond in azigsliis 1.480 A and C-N bond is
1.472 A. The value for C-C bond is between thedsiah values o€sp*Csp® (1.33



A) andCsp®-Csp® (1.54 A); whereas, the value for C-N is closeh® standard values
of Csp®-Nsp® (1.469 A) [5].

1.1.2 Acidity of aziridines

The basicity of aziridine nitrogen can be corralate the pKy of the
molecule, in which the pi is defined as the pKvalue of corresponding conjugate
acid [6]. The comparison between simple aziridlnand other amine species are

illustrated in Figures.

H
NH H §
Ph” ~Ph VAN O
2 1 3
PKan=7.2 PK,y = 7.98 pKay = 11.2

Figure 3. Comparisons of the pK,y values.

The basicity of aziridine nitrogen lone pair isrsfggcantly lower than that of
piperidine 3. The pky value of aziridine is closer to the correspondisp]
hybridized imine2. This can be explained by the higlsesharacter component in its
hybridization.

1.1.3 Spectroscopic Properties of aziridines

The existence of ring strain in aziridine has beether confirmed by infra-
red spectroscopy, this is reflected in the incraastne C-H vibrational frequency

from 1465 crl to 1475 crit and a decrease in the N-H vibrational frequency to



1441 cmt* which is lower than that observed for secondarinem (1460 cil). The

calculated dipole moment value for aziridine is222040 D [7].

Aziridines have conformationally flexible nitrogeatom. Therefore, NMR
spectroscopy has found wide application in the ystuof structure and
stereochemistry of aziridines. The use of vicimalt@n-proton coupling constants of
2-6 Hz for trans protons and of 5-9 Hz foris protons has enabled the
stereochemistry at C-2 and C-3 to be determinedeweral substituted aziridine

molecules.

1.2 Synthetic Methods for Aziridines

Aziridine derivatives have been prepared by a nurabenportant methods.

1.2.1 Addition to Alkenes

Nitrogen atom transfer to alkenes is a mostly almpgaapproach for the
synthesis of aziridines due to the availabilityabéfinic starting materials and the
nature of such a route. There are two common metlfimdthe addition of nitrene

and nitrenoid to alkenes, including a one or a sigp mechanism [8].

1.2.1.1Addition of Nitrenes and Nitrenoids to Alkenes

There are two common ways in this subcategory, luiwg one or two step
mechanisms. Nitrenes and metalonitrenes can bedaddalkenes directly used for
the aziridination. However nonmetallic nitrenoidsually react through an addition-

elimination process (Scheme 1) [9].



Direct aziridination of alkenes

H
R, X-N_ Rz
Vs Re R#Rs
R R4N=MLn N,
R1 R1 R4
Michael-like aziridination of alkenes
_H
R, X-N_ Ry Ry
Rs XR a/Q
Z 4 . R
Ry Ry R Ri R4

X=N$ OSO,R, Hal

Scheme 1Aziridination via nitrene addition to alkenes.

1.2.1.2Aziridines by Addition-Elimination Processes

Gabriel-Cromwell aziridine synthesis involves nwghgilic addition of a
formal nitrene equivalent to a 2-haloacrylate onikir reagent [10]. Hence, there is

a Michael addition, followed by protonation andgddosure.

\ N
jOQS 2) Et3N 0,8
Br
4 5

Scheme2. Azirdination via addition-elimination processes.

Asymmetric alternatives of Gabriel-Cromwell azirnidi synthesis have been
reported N-(2-Bromo)acryloyl camphor sultasy for instance, reacts with amines to

provideN-substituted (aziridinyl)acylsultants(Scheme 2) [11,1Z]1.



1.2.2 Addition to Imines

Since alkenes are quite important precursors todages, especially about
stereoselective reactions, significantly advancasehbeen made in this arena
through the addition reactions to imine which cam $ubdivided into three
categories concerning the reactions of imines wdhbenesga-haloenolates and
ylides [9].

1.2.2.1Carbene Methodology

Reactions between carbenes or carbenoids and imiaes useful method for
aziridine synthesis. Other than carbenes and caitbgnylides have similarly been
used for aziridinations of imines; in all classédhos reaction type the mechanism
commonly consist of a stepwise addition-eliminatipnocess, instead of a

synchronous bond-forming event.

Ph F|’h
N,CH,CO,Et 9 ,L N
A\ _Ph CuPFg(CH5CN), 10 / \ + A
- “, & “,
Ph N EtO,C Ph EtO,C Ph

Scheme3. Aziridination via carbene.

Organic chemists have newly paying attention te #riea of research, but
there has been an impressive activity in the swmhef aziridine with carbene
methodology. Simple (i. e., unstabilized) carbesaffer from the problems of



nitrenes. For that reason, most reported proceduses carbenoids as carbene
source. The majority of recent reports have focuspdn reactions between
a-diazoesters and imines in the presence of a rahgatalysts [9]. In one of the
earliest reports of enantioselective carbene-imeations, for instance, Jacobsen
and Finney reported that ethyl diazoacetteacts withN-arylaldimines6 in the
presence of copper(l) hexafluorophospHaievith ordinary stereoselectivity to give

N-arylaziridine carboxylates, 8(Scheme 3) [13].

1.2.2.2Aza-Darzens and Analogous Reactions

The reaction of sulfur (and analogous iodine yliti4]) with imines to form
aziridines is a Darzens-like reaction. Such ylideact to givep-sulfonium or
B-iodonium amide anions, which are not isolated,aratinstead allowed to react by
ring-closure to give aziridines directly. Thus, €piChakovsky sulfonium ylide
have been used in asymmetric aziridination reastwinchiral sulfinyl iminesl2.
Stockman et al. deduced the initial findings of €&Ruano [15,16] and Davis [17]
and found that a range of aryl, aliphatic, and vemjridines could be prepared in
good yield and with high stereoselectivity (SchethgL8].

0 °
-y Me,S*I S—t-Bu
O/\N t-Bu  NaH DMSO <:>'<l\l 65% yield
20°C >95% de
12 13

Scheme4. Aziridination via aza-Darzen reaction.



1.2.2.3Ylide-mediated aziridination

o 0., sut-Bu
s, S
N™ "~ t-Bu SMéjl ~ N
| Riay/ \
Ry™ "Ry NaH, DMSO RZ\“‘
14 15
R'=H, Me, Et

R2= p-MeOPh, 2-Py, 3-Py, 2-Fu, Cy, n-Pent, Ph, n-Hex

Schemeb. Ylide-mediated aziridination.

In addition to carbenes, carbenoids arddaloenolates, ylides have also been
commonly used for asymmetric aziridine syntheswrtisty from imines. The
reaction among an imine and an ylide results ametéollowing by ring-closing to
form aziridine by the elimination of the heteroatarontaining leaving group
originating from the ylide. Stockman et al. havereleped asymmetric reactions of
dimethylsulfonium methylide derived from trimethyt®onium iodide with a wide
range of aromatic, heterocyclic and aliphattwutylsulfinylaldiminesl4, providing
the corresponding chiral aziridines in good yields and diastereoselectivities
[18,19] as shown in (Scheme 5).

1.2.3 Addition to Azirines

Azirines are three membered heterocyahsaturated (i.e. they contain a
double bond) compounds containing a nitrogen atooh related to the saturated
analogue aziridine. Substituted azirines are vilesedmpounds [20], and have been
used for the synthesis of substituted aziridineivdérves. Reactivity of these
compounds is caused by ring strain of three-rirggesy, the electron rich C=N bond

and the nitrogen lone pair. Asymmetric nucleophifiddition to azirines is a
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N |
3 NH 17
/Q(H C - N L\ CO,Et

CO,Et
2 Na,CO; MeCN N H
16 18
o T e
R - n N N N N
(hH= N/ N \)\\ TNy T |
/ N N i [ cHo || N
\Q \C\ 7 W N NS NI 7
60% 41% 21% 83% 59%  60% 62%

Scheme6. Aziridine formation from azirines.

potentially striking entry to enantio enriched aiime synthesis. Alves et al. have
developed nucleophilic additions of nitrogen hetgotes17 to a chiral B-azirine-
2-carboxylic estell6, giving access to optically active aziridine este8 showed in
(Scheme 6) [21].

1.2.4 Aziridines through Cyclization

1.2.4.1From Epoxides

In 2004, Ishikawa et al. demonstrated that it wassjble to directly convert
chiral epoxides into chiral aziridines by using gaines20 as a nitrene source [22].
The reaction of guanidin20 with the epoxidel9 was supposed to afford a betaine
specie21, depicted in (Scheme 7), which produced the cparding aziridine22
via a spiro intermediate. This process proceedadnviersion of configuration at the

asymmetric carbon oriR}-styrene oxide with high chirality control (96%)ee
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Scheme 7Aziridination starting from epoxide.

1.2.4.2From 1,2-Aminoalcohols and 1,2-Aminohalides

In 1888, Gabriel reported that aziridines could grepared in a two-step
process, by chlorination of ethanolamines with tilglachloride, followed by alkali-
induced cyclization [23,24]. Wenker reported thaating of ethanolamin23 with
96% sulfuric acid at high temperature formgdminoethyl sulphuric acid; it was

distilled from aqueous base to get aziridine it (Scheme 8).

H
(o]
HO\/\NH2 1) H2804’ >250 C ’{l
2)KOH, distillation =
23 1

Scheme 8Aziridination starting from 1,2-Aminoalcohols.

10



1.2.4.3From 1,2-Azidoalcohols

Since the development of new asymmetric epoxidéheges, there has been
a ready supply of enantiomerically pure epoxiddseré have been abundant reports

of multistep preparation of aziridines from theseqorrsors. Particularly, phosphine

W —7, +
Ri Ra Ri Rz Rj Rz
24 25
PR,
MeCN, rt
N CHACN II§3 II§3
S A Q0 NH 4 HNT O
R; Rs -
R; R, R; R,
27 26

Scheme 9Aziridination starting from 1,2-Azidoalcohols.

mediated ring closures of azidoalcohols, obtairrednfchiral epoxide24 by ring
opening reactions through the usage of nucleopaiide sources, have been widely
examined. Treatment of hydroxyazid&swith trialkylphosphine or triarylphosphine
produce oxazaphospholidine26, which are rapidly formed. However
oxazaphospholidine26 slowly formedN-unsubstituted aziridine®7 by heating in

acetonitrile (Scheme 9).
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1.3 Aziridine 2-phosphonates

The importance of synthetic amino acids in the ifrcation of peptides to
improve bioactivity and stability and their utiliip peptide therapeutics makes the
asymmetric synthesis af- and 3-amino phosphonic acids a significant objective.
a-amino phosphonic acids are considered to be satgsegor amino acids and as
such exhibit a broad range of biological activitj@é-28]. For example, they have
found usage as enzyme inhibitors [29-31], and esfegs therein [32,33], haptens for
catalytic antibodies [34], antibacterial agents,B8&, anti-HIV agents[37-39] and
biotrytcides [40].

R, R,
R! A H H A H
H PO(©OR), R' PO(OR),

28 29

Scheme 10trans- and cis-aziridine-2-phosphonates.

Moreover, aziridines have been widely used asatgschiral building
blocks for the synthesis of a variety of biologigadnd pharmaceutically important
molecules. More recently, methods for the synthe$esmalogous chiral nonracemic
trans-aziridine-2-phosphonate28 and cis-aziridine-2-phosphonate29 have been
developed, and their uses as chiral building bldwkee also emerged (Scheme 10)

[41].
Chiral aziridines have found widespread use inmigaynthesis [42-44]. The

strained three-membered ring readily opens witleksaat stereo- and regiocontrol to

afford a wide variety of more stable ring-openediing-expanded chiral amines.

12



R2R1 9 (Pl R!' 10
HP(ORb c-2 R'-z 2 _P(OR), Cc-3 R2 P(OR),

—_— 3
3 R? R3 R
H,oN x R X] l}l [X] X NH,
Z
B-Amino Phosphonate Z= Activating Group a-Amino Phosphonate

Schemell. Ring opening of aziridine 2-phosphonate with C-2 and C-3 attack.

Consequently, aziridine 2-phosphonates are expéatbd important sources
of diversely substituted amino phosphonates. Atibweof the aziridine nitrogen by
an electron-withdrawing group, by protonation, grlewis acids promotes either
C-2 attack to givg-amino phosphonates or C-3 attack to givemino phosphonates
(Scheme 11). The stereo- and regioselectivity terdeéned by the ring substituents
and the reaction conditions, with the majority afcleophiles expected to react at
C-3.

1.3.1 Synthesis of Aziridine 2-Phosphonates

1.3.1.1Ring Closure by Nucleophilic Substitution

The simplest way to make the aziridine-2-phospheméat by intramolecular
nucleophilic substitution of a hydroxy or a halogemction by an amino group.
a,p-unsaturated phosphonates can serve as a temgplatrdduce the necessary
functionalities to perform this intramolecular nremphilic substitution. Fast
bromination of diethyl vinylphosphona&® using bromine in CGJ gave the crude
dibromo compoun@1. Followed by reaction with aqueous ammonia anddiydis
gave the produc32. Reaction of vinyl bromid&2 with liquid ammonia in a sealed

tube at room temperature gave the aziridiBéScheme 12) [45].
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Q Br,/ CCl o Dry NH
H,C=CHP(OEt), —2——% H,C-CHP(OEY), WHB 393s
Br Br -Her
30 31
P NHs(iq) 0
HoC—~CH—P(OEt), H,C=CP(OEt),
N sealed tube ér
|
H 33 32

Scheme 12Aziridination with ring closing by nuclephilic sulisition.

Larcheveque and co-workers reported that the nphiko addition of

phosphites ta-aminoaldehyde84 gavea-hydroxy amino phosphonat&% and 36
(Scheme 13) [46]. The best diastereoselectivity 82148 gyn:anti) with a yield of
75%. The mixture of diastereomers was mesylated aftet separation35 was

cyclized to give exclusively the aziridine 2-phosphtes37.

NHBoc  (OEt),P-OSiMe; Bocs\H o
PN Lewis acid, CH,Cl, R ||:|>\
R” >CHO R~ R-OEt
2.4 OF!
(5)-34 (15,25)-35
1. MsCl
2. K,CO4
DMF
I|300
\N/
R= Bn, {-BuOBn, C3H, - OEt
(CHs),CHCHj, (CH3),CH R p-OH
o)
(2R, 39)-37

NH O

L
~OFt
* R/\(AD/H OEt

(1R,25)-36

Schemel3. Synthesis oN-Boc Aziridine 2-phosphonate.
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Davis and McCoull developed a new approach forasymmetric synthesis
of aziridine 2-phosphonates via enantiopure sutfines (Scheme 14) [47]. A
Darzens-type reaction was utilized to obtain tireekmembered aziridine ring. The
phosphonate group was introduced by treating diethshloromethylphosphonate
39 with LIHMDS followed by the addition of §)-(+)-N-(benzylidene)-

QS, H H
CICH,P(O)(OEL), 39, 141y~ °~NH Q/OEt NaH ph)WKP/OEt

LIHMDS, -78 °C Ph)\r IB\OEt "é‘ ('3'\0Et

Cl /6\p—TonI
Lo H (18,2R)~(+)-40 (2S,3R)-(-)-42
S-N= .
p-Tolyl”> N7 pp Yield: %59 Yield: %76
(S)-(+)-38
L oy H CIF?’
ICH,P(O)(OEt), 39 p—TonI/S\NH 0 g Nat )WQOEFt
LIHMDS, -78 °C Z Ph
' Ph " “OEt N H
¢ ’g\p-To|y|
(1R.2R)-(+)-41 (2R,3R)-(-)-43
Yield: %41 Yield: %75

Schemel4. Synthesis of aziridine 2-phosphonates via enantiopure sulfinimines.

toluenesulfinamide38. The diastereomer40 and41 could be separated by column
chromatography in 58% and 40% vyield, respectivBliyng closure was performed

using NaH, resulting in diastereomdizand43in 76% and 75% vyield, respectively.

A racemic pathway consisted of the stereoselecsiysthesis of 3-aryl
aziridine-2-phosphonates 46 via the reaction of diethyl 1-lithio-I-
chloromethylphosphona#4 and aromatic imined5 (Scheme 15) [48]. The major,
cis-aziridine, was separated by column chromatographgive the racemic 3-aryl
aziridine 2-phosphonatés.
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Li _
Ar;—C=N-Ar
_~o OEt  n-Buli ot TR 48 2 5 A NpcOE
ClI” PLoR ClPLlog ——— > AT P~OEt
I L ~OEt 30-95% 3
0 0
44 46

Ar'= Ph, m-CIPh, p-CIPh, m-NO,Ph, p-NO,Ph, 0-CH3Ph, p-CH30Ph
Ar?= Ph, p-BrPh

Scheme 15Synthesis of 3-aryl aziridine 2-phosphonats).(

1.3.1.2Aziridination using Nitrenes

Aziridination of vinylphosphonates with nitreneagents is also a commonly
used strategy for the synthesis of aziridine 2-phogsates. As a nitrene precusor,
ethyl N-{[4-nitrobenzene)sulphonyl]oxy}carbamate (NSONHED 48 was used to
form the aziridine (Scheme 16) [49]. The aziridioatreactions were carried out
with generation of the (ethoxycarbonyl)nitrene dylimination of 48 with CaO.
Aziridination of thea,-unsaturated phosphonic estéiisgave the expected aziridine
phosphonatd9 with yield of 14-45%. There was no reaction whiea R in47 was a
phenyl group.

CO,Et
0] 0]
D OEt  NSNHCO,Et 48 N [IOEt
AR ~
R™™X OEt Ca0o RA OEt
R =H, Me, Ph 5-24 h. Yield: % 14-45
47 (£)-49

Scheme 16Aziridination via nitrene source (NSONHGEXY) (48).
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The same type of aziridination via a nitrene precumwas used by Kim and
Rhie (Scheme 17) [50]. In their cass-(p-toluenesulfonyl)imino]phenyliodonane
(PhI=NTs)51 and a copper catalyst were used to fdftosyl substituted aziridine
2-phosphonaté?2 starting from vinylphosphonates0. Aziridination of thea,f-
unsaturated phosphonic esters gave the expectedirszi2-phosphonateith yield

of 82-95% (Table 1).

o) Ts o
g OEt - Cu(OTf) N §-OEt
R™X-"OFEt =NTs AL
CH4CN R OFt
50 51 (+)-52

R= Ph, p-CIPh, 1-naptyl, 2-naphtyl

Schemel?. Aziridination via nitrene source (PhI=NTH1).

Table 1.Aziridination via nitrene source (PhI=NT(®1).

R % Yield

Ph 82
p-CICeH,4 95
1-Naphthyl 87
2-Naphthyl 85
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1.3.1.3Aziridination using Carbenoids

Reaction of the azadiends3 with an excess of diazomethane led to the
generation of 1-vinyl aziridine 2-phosphonatg3-54 in low yields (Scheme 18)
[51]. As carbenes are known to react with differentls of olefins, no formation of

the corresponding cyclopropane was detected ircdss.

R1
R o] R )\
)1\/N ||:|) 5 eq. CH2N2 2 N 9
R2 A X \E)OEt / \ ’P\\OEt
ether OEt
53 (2)-54

Ry Ry = Et
R1 Rz =(CHy)s

Schemel8. Aziridination using Carbenoids.

1.3.1.4Reduction of H Azirine-2-Phosphonates

Palacious et al. reported the synthesis of tHea2irine 2-phosphonatest
from tosyl oximess5 by a Neber reaction (Scheme 19) [51,52]. This ggsovas
also extended to the asymmetric synthesis of @66 when stochiometric amounts
of chiral bases (quinidine, sparteine, quinine,rbgdinidine) were used. However,
the enantiomeric excess varied from 2% to 52%.r€deaction of these azirines with

NaBH, led to the corresponding aziridine 2-phosphonates

18



TsO H
(.), base N NaBH,4 lll

| M\ H - Hi N\
R P\agft 70-95% RAP\ ogt 8182% HRA:\
ee 2-52% d OEt AN
55 (25)-56 (25,3R)-57
R= Me, Et, Ph

SchemelS. Reduction of I Azirine-2-Phosphonate§7).

1.4 Aim of the work

One of the reason of why aziridines have attragreat interest to chemists
for many years is that their easy transformatioto idiverse compounds. Their
presence as structural subunits in natural compoundht be given as another
reason. Therefore, they have found applicationsar@gumor active compounds,
precursors for chiral ligands and chiral buildintpdiks for the construction of
various chiral nitrogen compounds, such as chiratinas, amino acids,

-aminosulfonic acids, amino alcohols, alkaloi@dactam antibiotics, etc [53].

Although aziridine phosphonates are very importaompounds, there are
limited numbers of studies reporting the synthedishese compounds. Moreover,
none of these studies are systematic aziridinehsgig, some of them report the
synthesis of very specific ones and the otherslianiéed with a few examples or
forms aziridines in low yields at longer reactioames. Therefore it is necessary to
develop a method for the synthesis of aziridine sphonates having general
applicability. There is also no study reporting thi®logical activities of these
compounds. Therefore we also aimed to investigatebiological activities of the

synthesized aziridine phosphonates.
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CHAPTER 2

RESULTS AND DISCUSSION

2.1 Synthesis of aziridines

In this study, we synthesizédtsubtituted aziridine 2-phosphonates by using
two different methods. Firstly, we developed a nemthod for the synthesis of
aziridine 2-phosphonates by using a modificationGabriel-Cromwell reaction.
Secondly; Gabriel-Cromwell reaction was used ineortb synthesize aziridine 2-
phosphonates starting from vinyl phosphonate.

2.1.1 Synthesis of aziridines starting from ae-tosylated vinyl

phosphonate

With the aim of synthesizing our target moleculéswas necessary to

synthesizei-tosylated vinyl phosphonate first.

2.1.1.1Synthesis ofa-tosylated vinyl phosphonate

In order to prepare-tosylated vinyl phosphonate, acetyl phosphonate wa
used as the starting material which can be syrtaddrom triethoxyphosphine and

acetyl chloride by Michaelis-Arbuzov reaction.
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2.1.1.1.1Mechanism of Michaelis-Arbuzov reaction

Rz
| X - —C RO-P-C|  + RiX
OR; OR1O OR, O
58 60 61 62

Scheme2C. Mechanism of Michaelis-Arbuzov reaction.

The Michaelis-Arbuzov reaction is initiated withet addition-elimination
reaction of the nucleophilic phospht8 with the electrophilic acyl halidg9 to give
a phosphonium intermedia6®. The displaced halide anion reacts vj& Seaction
with the phosphonium intermediate to give the dekiphosphonatél and alkyl
halide62 (Scheme 20).

According to Michaelis—Arbuzov reaction, we trehtieiethylphosphite63
with acethyl chlorides4 under argon gas and 0°C, we obtained acetyl plospé
65 in high purity and high vyield after purificatios¢heme 21)'H and**C NMR
results confirmed the structure of acetyl phospt®6a NMR spectra are shown in

Figure A.1 and Figure A.2 of Appendix A.

Furthermore, we also tried to synthesize acetylsphonates starting from
trimethylphosphite, but synthesis of aziridines nirothis compound was not

i
0°C—>70°C
EtO P, + Et0-P
OEt Cl under Ar EtO
63 64 65 O

Scheme 21Synthesis of acetylphosphon&t®
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successful. In addition, we also tried the synthes$iacryloyl phosphonate starting
from acryloyl chloride, but the product formatioid ehot take place.

2.1.1.1.2Synthesis ofa-tosylated vinyl phosphonate

For the synthesis of-tosylated vinyl phosphonat&6, we treated acetyl
phosphonaté5 with p-toluenesulfonyl chloride in the presence of a baserder to
increase yields we did some optimization studies(@ 2). We changed the solvent,

base, concentration, and equivalents. First ofNl{; was tried as the base but the

5 0°C—~ rt. I

-P + -P
Ego, \n/ TsCl Base Etgtd
0 Solvent OTs
65 66

Scheme22. Synthesis ofi-tosylatedvinyl phosphonats.

product formation could not be increased more 8&¥ yield. So, DBU was used as
the second base which gave the product in bettdd ¥87%). After determining the

proper base, different solvents (DCM, THF, DMF, {LN) were used. Among the
solvents employed, acetonitrile gave the highestdyiFinally, equivalents of the

base and TsCl were changed. Better results wersneiot when 1.5 equivalents of
both substrates were used. After these studies,offtanum conditions were

determined to be: DBU (1.5 equiv.), TsCI (1.5 equiconcentration (0.2M), and

CH3CN as the solvent.
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Table 2.Synthesis ofi-tosylated vinyl phosphona{é6).

Entry DB'U Et#\l Solvent Ts(.ZI Molarity Time  Yield

(Equiv.)  (Equiv.) (Equiv.) [M] (hours) (%)
1 --- 1.5 DCM 15 0.43 72 18.0
2 --- 2.4 DCM 1.2 0.83 72 38.0
3 1.0 --- THF 15 0.5 2.5 57,7
4 1.0 --- DMF 15 0.3 2.5 37.9
5 1.0 --- THF 15 0.2 16 56.4
6 1.50 THF 1.1 0.2 3.0 69.2
7 1.50 CHCN 1.1 0.2 3.0 74.9
8 1.50 CHCN 1.5 0.2 3.0 87.0

2.1.1.1.3Synthesis of aziridine 2-phosphonate derivatives

For the synthesis of aziridine 2-phosphonatemsylated vinyl phosphonate

66 in acetonitrile was mixed with DBU. Then, reactiomnixture was treated with

primary amines to obtaiN-subtituted aziridines (Scheme 23). In order tawbbest

result, some optimization studies were performedjhest yields were obtained

when DBU was used as the base ang@\Has the solvent. The reactions were also

performed under solvent free conditions.

e} R
P oeue7 o N
BIOS Y + RNH; —2==" Ero-Pn/\
OTs EtO
66 68

Scheme23. Synthesis of aziridine 2-phosphonabés
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cyclohexylamine formed the aziridines in higheslgs without a solvent. Absolute
stereochemistry of aziridines synthesized frdRr4-amino-1-butanol {1 and 72)
and R)-1-phenylethylamine?3 and74) were not assigned. The results of aziridine

synthesis were summarized in Table 3.

Table 3.Synthesis of aziridines fromtosylated vinyl phosphonatéq).

Amine Amine DBU Molarity Time Product Yield
(Equiv.)  (Equiv)  (Solvent)  (h) (%)
©\ 1.4 10  Nosolvent 24h. N -~ 875
NH, 0™\
67
NS
H, 1.4 1.0  Nosolvent 24h. LV"\S’_\“ 88.4
68
7]
f)' 2.0 1.0 L0 48 h ) N3 92.0
. . . P~ .
e, (CH3CN) o \o%
69
O
, 1.4 1.0 No solvent 24 h. A/,':‘\BO/\ 85.2
\
70
Ho/f\IOI
HTNS 50 1.0 10(CHG) 72h.  &Ro™ 711
NH, AN
71,72
2.0 1.0 L0 72h g 82.0
3 . . . Q/P\O/\ .
NH, (CH3CN) \0_\
73,74
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In the proposed mechanism, first step is the dditamn (conjugate addition)
of primary amine, followed by the protonation @fosition. Ring closure by\2
displacement of tosylate results in the formatidnpmtonated aziridine. Finally,

proton transfer to the base gives neutral aziridipdosphonates.

/—\
5 o
N
T A FLNHRﬁD:;,
EtO’P e Et0-P + RNH, — EtO-FX Eto/ NS
EtC \[( Ts=Cl_ EtO EtO
O\/ OTs OTs OTS

N2

0,

R N H R o
1 M0 g (o
[l N I N TsO- EtO’ \K

P
EO0 Eid OTs

Figure 4. Proposed mechanism for aziridination.

This mechanism is very similar to the mechanisnthef Gabriel-Cromwell
reaction which has only two differences. FirstGabriel-Cromwell reaction starting
material is vinyl phosphonate while in our methaartsng material is acetyl
phosphonate. Second, Gabriel-Cromwell reaction bea®ide as the leaving group

while in our method tosylate is the leaving group.

All the aziridines were characterized By, *C NMR, and HRMS. For
example on theH NMR spectrum (Figure A.6 in Appendix A) of diethg-
benzylaziridin-2-ylphosphonat®&7), phenyl protons gives signals between 7.07 and
7.40 ppm as multiplet. GHbrotons of ethoxy group resonate between 3.71-dp4
as multiplets. There is an AB system for the banzytotons at 3.24 and 3.55 with
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the coupling constant gf= 13.0 Hz. At 2.12 ppm, CH proton of aziridinegigives
doublet of doublet with the coupling constantsJef 3.5 and 9.2 Hz due to the
coupling with phosphorus. GHprotons of aziridine ring give signals between91.3
1.77 ppm as multiplets. The signals of £ ethoxide are at 1.13 and 1.20 ppm as
triplets.

N

eto-P~/\
EtO
* NH, 67 (87.5%)
HO/\V \
fo) *OH 9 N
p_N Et0-P~/\
EtO~ T~/ \ EtO
EtO
71,72 (71.1%) 73,74 (82.0%)
Diastereomer Diastereomer

Figure 5. Synthesized aziridine 2-phosphonates.

On the **C NMR spectrum (Figure A.7 in Appendix A) of diethy-
benzylaziridin-2-ylphosphonate67), phenyl carbons resonate at 127.34, 128.28,
128.38, 137.78 ppm. Benzylic carbon resonates .2765pm as doubled£ 7.3 Hz).
CH; carbons of ethoxy groups give doublets at 61.96629 ppmJ= 6.1 and 6.2
Hz). These couplings are due to the phosphoruspg®@hl carbon of aziridine ring

gives signal at 31.92 ppm with the coupling cons@inJ= 216.9 Hz due to the
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phosphorus. Finally, CHcarbons of ethoxy groups give signals at 16.33 Eh89
ppm as singlets. On tH&P NMR, a signal was observed at 22.48 ppm as single
HRMS results also support the aziridine structure.

For the characterization of diethyl (1-(1-hydroxdn-2-yl)aziridin-2-
yl)phosphonate?l), a COSY spectrum was taken (Figure 6). CH pratioaziridine
ring at 2.01 ppm (appeared as a doublet) havertdss-peaks with one of the GH
proton of aziridine ring (appeared as a ddd at pptaJ= 2.6, 6.6 and 20.5 Hz). The
other cross-peaks of the same proton was observid the other CH proton
(resonated at 1.57 ppm as a triplet,7.1 Hz).
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Figure 6. COSY Spectrum of aziridinél
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We have also tried to form aziridines startingniraromatic amines, liquid
ammonia, hydrazines, armtoluene sulfonamide (PTSA). Unfortunately, none of
them formed the desired aziridine. Starting makemeere collected. The reason for

this result could be the lower nucleophilicity bése amine sources.

2.1.2 One-pot synthesis of aziridine 2-phosphonate

In order to synthesize aziridines by a one-pot treacwithout isolating
a-tosylated vinyl phosphona6 (Scheme 24), acetyl phosphon&t was stirred
with TsCl and DBU, following that amine was addédorder to increase the yield
some optimization studies were carried out as suizethin Table 4. As can be seen
from this table, changing the equivalentT&Cl or using the different solvent the

yields of aziridines could not be increase to nthen 62%.

: oor [0 2
Etgt’olla +Tscl OC=rt Et0-P RNH,_ Et0- P~/
o) DBU B0 O1s EtO

65 66 68

Scheme24. Synthesis of aziridine-phosphonate with single st

Table 4.0ne-pot synthesis of aziridine 2-phosphonate.

Entry Amine (Equiv.) (EquuCi:\I/.) (E%?JiL\J/.) Molarity T(lrr]r;e \E:)Zl)d
1 BenzylAmine 1.1 TsCl 1.1 1.0(DCM) 67 39.0
2 BenzylAmine 1.1 TsCl 2.0 1.0(DCM) 67 62.0
3 BenzylAmine 1.1 TsCl 2.0 0.5(DCM) 73 40.0
4 BenzylAmine 1.1MsCl 2.0 0.5(DCM) 73 13.0
5 BenzylAmine 1.1 TsCl 2.0 1.0(CHgJI 70 49.2
6 BenzylAmine 1.5 TsCl 2.0 1.0(THF) 25 49.5
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2.1.3 Synthesis of aziridines starting from 1,2-dibromothyl
phosphonate via Gabriel-Cromwell reaction

For the synthesis of aziridine 2-phosphon&i@&sGabriel-Cromwell reaction
was used. 1,2 dibromoethyl phosphonaéen acetonitrile was mixed with triethyl
amine forp-elimination of HBr. Then reaction with differentimary amines gave

desired aziridinyl phosphonates in good yields €8oh 25).

R
I EtaN
Br PB%F t RNH3 80°C A/B\OEt
\
Br 2 OEt
76 68

Scheme2t. Synthesis of aziridine-2-phosphonaéés

The proposed mechanism of Gabriel-Cromwell readiaies place in 5 steps
starting from a,f-unsaturated carbonyl compound (Figure 7). Firgpsis the
bromination of unsaturated group. Second stepp-slimination of HBr by

H

0 o) 0
J\/ Br, EtsN NH,R1 5 +N,H
R — R Br or. R "Ry
HBr .
Br Br R
Br

Figure 7. Mechanism of Gabriel-Cromwell reaction.
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triethylamine. Third step is 1,4-addition of primamine followed by-protonation.
Fourth step is ring closure byy& displacement of bromide. Fifth step is the

deprotonation of aziridine nitrogen to form azinei2-carboxylate.

2.1.3.1 Synthesis of starting material 1,2-dibromoethyl pbsphonate

With the aim of synthesizing 1,2-dibromoethyl pblosnate 76,
commercially available diethyl vinylphosphonatb was dissolved in C¥Cl, and
the reaction mixture was cooled to 0°C. Bromine a@dded to this solution (Scheme
26). After the reaction was judged to be compldigd'LC, the crude product was

purified by flash chromatography using silica gel.

0
| Il
xR0t + B —— R-OEt
OEt Br OEt

Br
75 76

Scheme 26Synthesis of 1,2-dibromoethylphosphonéée

2.1.3.2Synthesis of aziridine derivatives

1,2-Dibromoethylphosphonaté/6 was treated with NEt to form
a-bromovinyl phosphonate. Without isolating this qmund, primary amine was
added to the same reaction flask to yield desiraddame 68 (Scheme 27). The

results of aziridine synthesis were summarizedabld 5.
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1 .2 equiv. 0 3.0 equiv. |
R-OEt yp\\OEt (BOeaquv) I
Br OEt CH,CN OEt 0 [/ \-N-OFt
3 3h., 80°C OBt
Br (0.55M) Br
76 66 68

Scheme 27Synthesis of aziridine derivativés.

Table 5.Synthesis of aziridine 2-phosphonates starting fdogthyl 1,2-
dibromoethylphosphonat&®).

Amine Product Yield (%)
O
q N P\Bo/\ 85.4
NH, N
67
N
P~
NH, = \oo—\ 79.3
68
/]
a © o)
° A/IFI’\\O/\ 73.4
NH, 0\
69
NS
NH, Q/P\BO_/\\ 95.9
70
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Table 5. Continued

Amine Product Yield (%)

HO

/Y\IOI
HOTNE AR 90.9

NH, ™\
71,72
A g
: I\ Peo™ 71.4
NH, 0\
73,74

2.1.4 Synthesis ofN-H aziridine 2-phosphonate by benzyl cleavage

In order to synthesis dfl-H aziridine 2-phosphonaté7, first we tried our
method. Treatment af-tosylated vinyl phosphonat6 with liquid ammonia in the
presence of DBU didn’t form the expected produtErtsng material was recovered
(Scheme 28).

I NH; (g) or (1) o H
Et0-P : LN
EtO S VAN
OTs DBU E90
66 77

Scheme28. Synthetic approach ™-H aziridine 2-phosphonaié’.
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Therefore we used initially synthesized-benzyl substituted aziridine.
Cleavage of benzyl group from aziridine nitrogenRu/C-catalyzed hydrogenolysis

gave desiredN-H aziridine.

o Pd/C (cat.) 0 'T'
n | N
/P\A Ha (@) EtO” P\Q
E96 MeOH 20
67 77
Yield: 62%

Scheme28. Synthesis oN-H aziridine-2-phosphonafté’ with Pd/C
catalyst.

2.1.5 Comparision of two methods

The results of our method and classical Gabrielr@vell reaction are
summarized in Table 5. The main difference betwbertwo methods is the starting
material. Our method starts with easily availabbet@l phosphonate. The other
method starts with vinyl phosphonate which is difft to synthesize and expensive.
In terms of yields, our method forms the productsbetter yields for isopropyl
amine, furfuryl amine, and methylbenzyl amine. Difeer method forms the product
in better yields for cyclohexyl amine and 2-aminbtitanol. When we look at the
reaction times our method requires 24-48 h. bubther method requires only 3h.
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Table 6. Comparison of aziridine synthesis methods.

Aziridines from a-tosyl Aziridines from 1,2-
vinyl phosphonates dibromoethylphosphonate
Amine Amine DBU Molarity Time Yield | Amine NEt; Molarity Time Yield
(equiv.) (equiv.) (Solvent) (h.) (%) (equiv.) (equiv.) (Solvent) (h.) (%)
0.55
Benzyl Amine 1.4 1.0 No solvent 24 875 3.0 1.2 3.0 854
(CH:CN)
Isopropyl 0.55
) 1.4 1.0 No solvent 24 884 3.0 1.2 3.0 793
Amine (CH:CN)
Furfury 20 10 Lo 8 920 30 12 O 30 734
Amine ' "~ (CHCN) ' ' © (CHCN) '
Cyclohexyl 0.55
] 1.4 1.0 No solvent 24 88.9 3.0 1.2 3.0 959
Amine (CH5CN)
2-Amino-1- 1.0 0.55
2.0 1.0 72 702 3.0 1.2 3.0 909
Butanol (CH3CN) (CHsCN)
MethylBenzyl 10 0.55
] 2.0 1.0 72 820 3.0 1.2 3.0 714
Amine (CHsCN) (CH:CN)

2.1.6 The antibacterial activities of the compounds

After synthesizing the aziridines, biological attes were tested against
different bacteria. The antibacterial activitiesa#iridine 2-phosphonates’, 68,
69, 70, 71, 72, 73, 74, 77 were tested by performing disc diffusion assayq.[54
Bacillus subtilis, Escherichia coli DH5«, isolate Fs48 (Gordonia spp), Fs30
(Brevundimonas spp), Fs24 (Kocuria spp) were grown in nutrient broth (Merck,
Germany) 24 hours at 28 °C. Fs48, 30 and 24 weflatésl from freshwater fish
surface mucus and identified at genus level with diBosomal DNA sequencing.
The 100uL volumes from liquid cultures were spreaded onitriant agar in plates

(Merck, Germany).
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A 100 puL volume from each aziridine 2-phosphonate wasotires in 400ul
25% DMSO (DMSO final concentration was 20%). 80 volumes from DMSO
dissolved aziridine 2-phosphonate were incorporatesterile disc filters. The discs
contained aziridine 2-phosphonates and only 25% DM&ntrol) were introduced
into the middle of the bacteria inoculated agafasas in petri plates. The cultures
were incubated 24 hours at 28 °C. Each aziridipld&sphonate type was tested in
triplicates for each of the five bacteria. The deens of growth inhibition zones

were measured and expressed in mm + standard idevitTable 7.

Table 7.Antibacterial activities of aziridines tested agih bacteria.

Inhibition zone diameters (mm)

AZIRIDINES  Bacillus Escherichia GOF%‘L?“& Brevfsgi?nonas Kgiﬁﬁa
subtilis coli
spp spp spp
P,T 19.33 9.00 15.66 16.00 19.00
Et0-P~/\
EtO +1.15 +0.00 +3.78 +3.60 +2.64
68
o Bn
NN 10.00 8.00 13.00 13.66 18.00
Eto-P~/\
EO +0.00 +0.00 +0.00 +1.15 +1.73
67
9.66 10.00 23.33 14.33 18.33
1 N
Etgt’g RVARN +0.57 +0.00 +2.88 +0.57 +2.88
70
O
~
KQ 10.33 13.33 14.66 15.00 14.66
| N
P
B t057  +0.88 057 £0.00 £0.57
69
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Table 7. Continued

Inhibition zone diameters (mm)

AZIRIDINES  Bacillus Escherichia GOFrSd‘L?“a Brevfrfgi?nonas Kgiﬁﬁa
subtilis coli
spp Spp Spp
«_Ph
Q\Nr 11.66 12.00 16.33 13.33 19.00
Eto-P~/\
Etd +1.15 +0.00 +151 +0.57 +1.00
73
« _Ph
Q\Nr 10.00 13.00 13.33 13.66 12.00
Eto-P~/\
Etd +0.00 +1.00 +1.15 +1.15 +2.00
74
Y OH
0 /\N& 11.00 1066  11.00 20.00 25.00
Eto-P~/\
EtO +2.00 +1.15 +1.41 +0.00 +0.00
71
9/\@“ 1700 2000 1533 13.00 18.66
Et0-P~/\
Etd +0.00 +0.00 +4.61 +3.46 +1.51
72
o H
2 11.33 11.33 11.66 12.33 12.33
Eto-P~/\
EtO +2.30 +2.30 +2.88 +2 51 +2 51
77

As can be seen from Table Ms;isopropyl substituted aziridin@8 showed
high activity againsBacillus subtilis and Fs24 Kocuria spp. N-benzyl substituted
aziridines67 andN-cyclohexyl substituted aziridiné® showed high activity against
Fs24 Kocuria spp. N-furfuryl substituted aziridine$9 showed similar activities
against all five bacteria. In the case Mf(1-phenylethyl) substituted aziridine
diastereomerg3 and74, diastereomer3 showed high activity againks24 Kocuria

spp., other diastereomét4 showed similar activities against all five baceNVhen
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we look at the other diastereomeric azirididésnd72, diastereomerl showed the
highest activity againdts30 Brevundimonas spp and Fs24 Kocuria spp., the other
diastereomer72 showed the highest activitiy again&scherichia coli and Fs24

Kocuria spp. Finally; N-H substituted aziriding7 showed similar activities against
all five bacteria.
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CHAPTER 3

CONCLUSION

As a result, we developed a new method for thehsgms of aziridine 2-
phosphonates and synthesized seven diffekeatbstituted aziridine derivatives.
Two of these aziridines are chiral. The method btgex in this study starts with
easily available acetyl phosphonate. Conversiorthi compound tau-tosylated
vinyl phopsphonate was easily achieved by treatmatht DBU and tosyl chloride.
Reaction of this compound with primary amines gdesired aziridines in 70-92%
yield.

We have also used classical Gabriel-Cromwell reactor the synthesis of
same aziridines that were obtained in 71-96% yikddially this method was used
only for the synthesis oN-H aziridinyl phosphonate. When two methods are
compared, our method starts from the easily avialabmpound, starting material
(vinyl phosphonate) of Gabriel-Cromwell reaction v other hand is difficult to
synthesize and highly expensive. In terms of yielisth methods gave similar
results. The main advantage of Gabriel-Cromwelttiea is the time, reactions are
finished in 3 h.

The antibacterial activities of synthesized azieli were tested for the first
time in this study by performing disc diffusion ags in collaboration with Biology
Department. These studies showed that aziridineateres have different activities
against different bacteria. The substituent onrii@gen has a strong effect on the
activity. The stereochemistry is also importantastieromers/1, 72 and 73, 74
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showed different activity against bacteria. Esgécir the diastereomerg3 and
74, there is a significant difference in terms ofilbatterial activity.
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CHAPTER 4

EXPERIMENTAL

4.1 Instrumentation

Following instruments and materials were used foe purification and

characterization of products during the study.

'H, ¥*c and*P NMR spectra were obtained in CRTCl, (1:1) solvent
system, recorded in a Brucker Spectrospin Avanck¥-BB0 Ultra shield instrument
at 400 MHz, 100 MHz and 162 MHz respectively. ThENMR data reported as
chemical shifts  ppm) relative to tetramethylsilané Q.00), peak multiplicity
(abbreviations are as follows: s, singlet; d, detld, triplet; g, quartet; m, multiplet;
br, broad) and coupling constants in Hertz integtatumber of protons. IF'C
NMR, the chemical shifts were reported relativeCiDCl; triplet centered at 77.0
ppm. IR spectra are reported in reciprocal cengmse(cm’). High resolution mass

data were obtained using electron impact (El) iathan.

Optical rotations were measured in a 1 dm cell gg@nRudolph Research
Analytical Autopol Ill, automatic polarimeter atespfied temperatures.

Flash chromatography was performed using E. Meilakasgel 60 (particle
size: 0.040-0.063 mm, 230-400 mesh ASTM). Reactwase monitored by TLC
using 250 um Silica Gel 60,4 plates and visualized by UV-light at 254 nm.
Phosphomolybdic acid in ethanol and ninhydrin wsedufor TLC dye. The relative
portions of solvents are in volume:volume ratiocduge column chromatography as
eluent.

40



4.2 Synthesis and Characterization of Compounds

4.2.1 Synthesis and Characterization of 1-(diethoxyphosghvinyl 4-

methylbenzenesulfona(é6)

To a dry two-necked round bottom flask with
a magnetic stir bar under ;Natmospher, diethyl

O

P~o"

\( \OO acetylphosphonate (100 pL, 0.616 mmol) and 4-
oTs~ \

66

methylbenzene-1-sulfonyl chloride (176 mg, 0.924
mmol, 1.5 equiv.) in CECN (2.7 ml) was addedhe
reaction flask was cooled t8@ in an ice-water bath.

Then, 1,8-diazabicyclo[5.4.0Jundec-7-ene (141 pl9280 mmol, 1.5 equiv.) was
slowly added. The resulting mixture was stirredcam temperature for 3 hours. At
the end of this time, extraction was done with wated CHCI,. The combined
organic layers were dried over MggQ@oncentrated, and purified by flash column
chromatography on silica gel (EtOAc; R 0.69) to yield 1-(diethoxyphosphoryl)
vinyl 4-methylbenzenesulfonatég) (179 mg, 0.535 mmol, 87 % yield) as a light
yellow solid.*H NMR § 7.77 (d,J = 8.3 Hz, 2H), 7.28 (d] = 8.1 Hz, 2H), 5.89 (ddd,
J=12.8, 11.8, 2.6 Hz, 2H), 4.10-3.84 (m, 4H), A%13H), 1.24 (t) = 7.1 Hz, 6H).
13C NMR § 147.21 (Ar), 144.95 (Ar), 133.43 (GBP), 129.64 (Ar), 128.44 (Ar),
118.98 (d,Jp.c = 23.16 Hz), 62.86 (C¥H3), 62.81 (CHCHs), 21.64 (CHAr),
16.18 (CHCH,), 16.12 (CHCH,).*'P NMR & 5.238. HRMS-EI (m/z): calcd for
C13H1006PSNa (M+N4): 357.0538; found: 357.0527.

4.2.2 Synthesis of aziridin-2-ylphosphonate by modified @briel-

Cromwell reaction
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4.2.2.1 Synthesis and Characterization of diethyl 1-berzgitdin-2-
ylphosphonaté67)

A mixture of 1-(diethoxyphosphoryl)vinyl 4-
methylbenzenesulfonate6g 278 mg, 0.83 mmol)
b S and 1,8-diazabicyclo[5.4.0Jundec-7-ene (127 pL,
A/P\BO/\ 0.83 mmol, 1.0 equiv.) was stirred at room

67 temperature. Then benzylamine (127 pL, 1.16 mmol,

1.4 equiv.) was added and the resulting mixture was

stirred at room temperature for 24 hours. The crude
product was purified by silica gel chromatograpByJAc, R = 0.1) to yield diethyl
1-benzylaziridin-2-ylphosphonate (195 mg, 0,723 mBa@ % vyield) as a colorless
oil. *H NMR & 7.40-7.07 (m, 5H), 4.14-3.71 (m, 4H), 3.55Jc¢ 13.0 Hz, 1H),
3.24 (d,J = 13.0 Hz, 1H), 2.12 (dd,= 9.2, 3.5 Hz, 1H), 1.77-1.39 (m, 2H), 1.20 (t,
J=7.0 Hz, 3H), 1.13 (&) = 7.1 Hz, 3H)!*C NMR & 137.78 (CH), 128.38 (CH),
128.28 (CH), 127.34 (CH), 65.27 (d,= 7.3 Hz, CHPh), 62.29 (d, J = 6.2 Hz,
CH,CHs), 61.96 (dJ = 6.1 Hz, CHCHj3), 31.92 (dJ = 5.3 Hz, CHN), 31.71 (dJp.
c = 216.9 Hz, PCH), 16.39 (GH 16.33 (CH). *'P NMR § 22.48 . IR (neat, ct)
3062, 2981, 2930, 2906, 1454, 1019, 766. HRMS-HE)ntalcd for GsH2:NOsP
(M+H™"): 270.1259; found: 270.1254.

4.2.2.2Synthesis and Characterization of diethyl 1-isoplagridin-2-

ylphosphonategg)
A mixture of 1-(diethoxyphosphoryl)vinyl 4-
0 methylbenzenesulfonate6§, 282 mg, 0.843 mmol)
A/B\\o/\ and 1,8-diazabicyclo[5.4.0lundec-7-ene (128.7 puL,
O_\ 0.843 mmol, 1.0 equiv.) was stirred at room
%8 temperature. Then isopropylamine (100.6 pL, 1.181
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mmol, 1.4 equiv.) was added and the resulting méxtwas stirred at room
temperature for 24 hours. The crude product wasifigdir by silica gel
chromatography (EtOAc, [R= 0.14) to yield diethyl 1-isopropylaziridin-2-
ylphosphonate (165 mg, 0.746 mmol, 88.4 % yieldpamlorless oil'H NMR §
4.17-3.94 (m, 4H), 2.00 (ddd,= 8.9, 3.5, 1.0 Hz, 1H), 1.45 (td,= 7.1, 1.1 Hz,
1H), 1.41-1.32 (m, 2H), 1.27 @,= 7.1 Hz, 6H), 1.10 (d] = 8.9 Hz, 3H), 1.08 (d]

= 8.9 Hz, 3H)¥C NMR 5 62.36 (d,J = 7.1 Hz, CH(CH),), 62.18 (d,J = 6.4 Hz,
CH,CHs), 61.67 (dJ = 6.3 Hz, CHCHj3), 31.36 (dJp.c = 219.3 Hz, PCH), 31.07 (d,
J = 5.2 Hz, CHN), 21.87 (C), 16.36 (C#), 16.30 (CH), 16.23 (CH). *P NMR &
23.11. IR(neat, ci) 3345, 2970, 2931, 2874, 1370, 1234, 1024, 970MBFE|
(m/z): calcd for GH2:NOsP (M+H"): 222.1259; found: 222.1251.

4.2.2.3Synthesis and Characterization of diethyl 1-(fukan-
ylmethyl)aziridin-2-ylphosphonat@9)

A mixture of 1-(diethoxyphosphoryl)vinyl 4-

/
o | methylbenzenesulfonat&g, 887 mg, 2.65 mmol) in
NI CH3CN (0.9 ml) and 1,8-diazabicyclo[5.4.0]undec-7-
AV o i . :
o—\ ene (397 pL, 2.65 mmol, 1.0 equiv.) was stirred at
69 room temperature. Then furfurylamine (469 pL, 5.30

mmol, 2.0 equiv.) was added and the resulting

mixture was stirred at room temperature for 24 kour
The crude product was purified by silica gel chrtogeaphy (EtOAc, R= 0.24) to
yield diethyl 1-(furan-2-ylmethyl)aziridin-2-ylphpionate (642 mg, 2.47 mmol, 93
% yield) as a colorless ofiH NMR § 7.29 (dd,J = 1.8, 0.8 Hz, 1H), 6.25 (dd,=
3.2, 1.8 Hz, 1H), 6.21 (d, = 3.2 Hz, 1H), 4.07-3.92 (m, 4H), 3.62 &+ 13.9 Hz,
1H), 3.29 (d,J = 13.9 Hz, 1H), 2.09 (ddd, = 9.2, 3.2, 1.2 Hz, 1H), 1.70-1.56 (m,
2H), 1.24 (tJ = 7.1 Hz, 3H), 1.19 () = 7.1 Hz, 3H)X*C NMR & 151.22 (OCCH),
142.09 (OCHCH), 110.25 (CHCO), 108.35 (CHCHO), 82@l, J = 6.2 Hz,
CH,CHs), 62.01 (dJ = 6.1 Hz, CHCHs), 56.27 (dJ = 7.5 Hz, CHCCH), 31.23 (d,
J=5.4 Hz, CHCHP), 31.03 (dJp.c= 216.7 Hz), 16.43 (Ch), 16.37 (CH).*'P NMR
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6 22.40. IR(neat, Cfﬁ 3113, 2983, 2931, 2908, 1505, 1243, 1017, 796MBHEI
(m/z): calcd for GiH1gNO4P (M+H'): 260.1052; found: 260.1058.

4.2.2.4 Synthesis and Characterization of diethyl 1-cyckyfteziridin-
2-ylphosphonaté€70)

A mixture of 1-(diethoxyphosphoryl)vinyl 4-
methylbenzenesulfonatéq, 302 g, 0.903 mmol) and

0 1,8-diazabicyclo[5.4.0Jundec-7-ene (135 pL, 0.903
N
[NR-0 : .
o—\ mmol, 1.0 equiv.) was stirred at room temperature.
70 Then cyclohexylamine (145 pL, 1.265 mmol, 1.4

equiv.) was added and the resulting mixture was

stirred at room temperature for 24 hours. The crude
product was purified by silica gel chromatograpiatQAc, R = 0.29) to yield
diethyl 1-cyclohexylaziridin-2-ylphosphonate (289ng, 0.803 mmol, 88.9 % yield)
as a colorless otH NMR § 4.15-3.99 (m, 4H), 2.04-1.95 (m, 1H), 1.73 (m, 4H)
1.58-1.31 (m, 5H), 1.27 (8 = 7.0 Hz, 3H), 1.26 (t) = 7.0 Hz, 3H), 1.21-0.97 (m,
4H). *C NMR § 70.08 (d,J = 6.7 Hz, CHNCHP), 62.29 (d, = 6.3 Hz, CHCHj),
61.82 (dJ= 6.3 Hz, CHCHg), 32.41 (CHCHCH,), 30.78 (dJp.c = 219.2 Hz, PCH),
30.59 (dJ = 5.2 Hz, CHNCH), 25.93 (CHCH,CH), 24.46 (CHCH,CH,CH), 16.45
(d, J= 6.1 Hz, CHCH,), 16.36 (dJ= 6.2 Hz, CHCH,). *P NMR § 23.36. IR(neat,
cm?) 2980, 2927, 2854, 1449, 1245, 1022, 961. HRMSGHEIz): calcd for
C1oHosNOsP (M+H"): 262.1572; found: 262.15609.
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4.2.2.5 Synthesis and Characterization of diethyl 1-(1-ptethyl)
aziridin-2-ylphosphonaté/3, 74

A mixture of 1-(diethoxyphosphoryl)vinyl 4-
@V methylbenzenesulfonatég, 541 mg, 1.62 mmol) in
N Q CH3CN (0.94 ml) and 1,8-diazabicyclo[5.4.0Jundec-
[NR-0" . .
o—\ 7-ene (247 pL, 1.62 mmol, 1.0 equiv.) was stirred a
;i room temperature. Then 1-phenylethanamine (417

puL, 3.24 mmol 2.0 equiv.) was added and the
resulting mixture was stirred at room temperatare f
24 hours. The crude product was purified by siebchromatography (EtOAc:R
0.38) to yield diethyl 1-(1-phenylethyl)aziridinys@phosphonate 73) (224.7 mg,
0.796 mmol, 49.2 % yield) as a colorless fil2'= +44 ¢, 0.1, CHCL,); *H NMR 5
7.34-7.08 (m, 5H), 4.21-4.01 (m, 4H), 2.35Jq, 6.5 Hz, 1H), 1.97 (dd] = 8.9, 3.3
Hz, 1H), 1.55 (dddJ = 19.3, 6.8, 3.6 Hz, 1H), 1.45 (= 7.0 Hz, 1H), 1.39 (d] =
6.5 Hz, 3H), 1.29 (&) = 7.0 Hz, 6H)C NMR & 143.79 (Ph), 128.28 (Ph), 127.14
(Ph), 126.58 (Ph), 70.97 (d= 7.1 Hz, CHPh), 62.41 (d,= 6.5 Hz, CHOP), 62.19
(d, J = 6.3 Hz, CHOP), 32.59 (dJp.c = 218.6 Hz, CHP), 31.53 (d, = 5.2 Hz,
CHN), 23.54 (CHCH), 16.52 (dJp.c = 5.7 Hz, CHCH,), 16.46 (dJp.c = 5.8 Hz,
CHsCH,).3'P NMR § 22.76. IR(neat, ci) 3060, 2978, 2929, 2906, 1245, 1021,
961. HRMS-ElI (m/z): calcd for GH»NOsPNa (M+Nd): 306.1235; found:
306.1237.

Diethyl 1-(1-phenylethyl)aziridin-2-ylphosphonat&) was purified (EtOAc,
Rr = 0.14) to yield (149.3 mg, 0,529 mmol, 32.6 %ldjeas a colorless oilfo]’'=
+26 (, 0.1, CHCL,); 'H NMR & 7.40-7.10 (m, 5H), 3.96-3.54 (m, 4H), 2.32Jg,
6.5 Hz, 1H), 2.19 (dd] = 9.1, 3.6 Hz, 1H), 1.60 (§,= 7.0 Hz, 1H), 1.52 — 1.42 (m,
1H), 1.40 (dJ = 6.6 Hz, 3H), 1.12 (t) = 7.1 Hz, 3H), 1.03 (t) = 7.1 Hz, 3H)*C
NMR 6 143.21 (Ph), 128.23 (Ph), 127.34 (Ph), 127.13,(Ph}32 (d,J = 6.9 Hz,
CHsCH), 62.14 (dJ = 6.2 Hz, CHCHs), 61.48 (dJ = 6.0 Hz, CHCHs), 31.97 (dJ
= 5.2 Hz, CHN), 31.28 (dJp.c = 216.4 Hz, CHP), 22.93 (GBH), 16.30 (CHCH,),
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16.23 (CHCH,). *'P NMR § 21.49. IR(neat, cil) 3060, 2978, 2929, 2906, 1246,
1022, 954. HRMS-EI (m/z): calcd for gH,:NOsPNa (M+N4d): 306.1235; found:
306.1225.

4.2.2.6Synthesis and Characterization of diethyl (1-(1+boygtbutan-2-
yhaziridin-2-yl)phosphonater(,72

A mixture of 1-(diethoxyphosphoryl)vinyl 4-
HO™ N\ methylbenzenesulfonat&g, 918 mg, 2.74 mmol) in
O . .
N 'I:I’\\O/\ CHsCl3 (0.9 ml) and 1,8-diazabicyclo[5.4.0]lundec-7-
- O_\ ene (419 pL, 2.74 mmol, 1.0 equiv.) was stirred at
72 room temperature. Then 2-aminobutan-1-ol (527 uL,

5.48 mmol 2.0 equiv.) was added and the resulting

mixture was stirred at room temperature for 24 kour
The crude product was purified by silica gel chrtogeaphy (EtOAc/MeOH=10:1,
R =0.32) to yield diethyl 1-(1-phenylethyl)aziridiyylphosphonate7(l) (210 mg,
0.839 mmol, 30.6 % yield) as a colorless fill>'= -63 , 0.1, CHCL,); *H NMR &
4.20-4.01 (m, 4H), 3.68-3.53 (m, 2H), 3.33 (s, 1H)1 (dd,J = 8.9, 3.6 Hz, 1H),
1.72 (ddd,J = 20.5, 6.6, 3.6 Hz, 1H), 1.57 @,= 7.1 Hz, 1H), 1.50-1.42 (m, 2H),
1.37-1.32 (m, 1H), 1.30 #,= 7.1 Hz, 3H), 1.26 () = 7.1 Hz, 3H), 0.88 (1) = 7.5
Hz, 3H).**C NMR § 72.52 (dJ = 6.8 Hz, CHCHOH), 65.52 (CHOH), 63.01 (d,]
= 6.0 Hz, CHCHj3), 62.08 (dJ = 6.6 Hz, CHCHa), 31.11 (dJp.c = 218.3 Hz), 29.53
(d,J =5.9 Hz, CHN), 24.65 (CHCHN), 16.35 (d,JJ = 2.8 Hz, CHCH,0), 16.30 (d,
J = 2.2 Hz, CHCH,0), 10.47 (CHCH,CH). *'P NMR § 23.84. IR(neat, cil) 3403,
2977, 2933, 2877, 1233, 1019, 965, 795. HRMS-Ek)ntdalcd for GoH23sNO4P
(M+H"): 252.1364; found: 252.13509.

Diethyl 1-(1-phenylethyl)aziridin-2-ylphosphonate 72 was purified

(EtOAc/MeOH=10:1, R=0.25) to yield (281 mg, 1.123 mmol, 41.0 % yie&d) a
colorless oil.[a]'= +38 ¢, 0.1, CHCL,); *H NMR & 4.15-4.00 (m, 4H), 3.68-3.55
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(m, 2H), 2.37 (s, 1H), 2.09 (dd,= 9.1, 3.6 Hz, 1H), 1.67 (§,= 7.1 Hz, 1H), 1.64—
1.57 (m, 1H), 1.55-1.43 (m, 2H), 1.37-1.31 (m, 1HR1-1.28 (m, 3H), 1.28-1.24
(m, 3H), 0.89 (tJ = 7.5 Hz, 3H).*C NMR & 73.08 (d,J = 6.7 Hz, CHCHOH),
63.85 (CHOH), 62.52 (dJ = 6.4 Hz, CHO), 62.00 (dJ = 6.3 Hz, CHO), 31.34
(CH2N), 29.73 (d,Jp.c = 219.5 Hz), 23.93 (C¥HN), 16.45 (d,Jp.c = 5.9 Hz,
CH3CH?2), 16.39 (dJp.c= 6.1 Hz, CHCH,), 10.26 (CHCH,CH). *'P NMR & 22.86.
IR(neat, crit) 3394, 2979, 2931, 2878, 1233, 1019, 964, 795. ISF (m/z): calcd
for C1oH2aNOLP (M+H"): 252.1364; found: 252.1354.

4.2.3 Synthesis and Characterization of diethyl azirighin-
ylphosphonate with cleavage of diethyl 1-benzyldiir2-

ylphosphonaté77)
Diethyl 1-benzylaziridin-2-ylphosphonat&7
H o 50 mg, 0.186 mmol,1 equiv.) and Palladium on
N ||
Q/P\(\)o/\ Charcoal, (50mg 10% wt.Pd) was dissolved in
77_\ CH3OH (0.63ml, 0.3M) under Natmospher. Then H

gas inserted to reaction medium. When the reaction
was complete according to TLC control, the mixture
was filtered through celite and the solvent wasaesd in vacuum. The crude
product purified by silica gel chromatography (BtZMeOH = 4:1) to yield diethyl
aziridin-2-ylphosphonate (23 mg, 0.128 mmol, 62.0yi#d) as a colerless oitH
NMR & 4.11-3.91 (m, 4H), 1.89 (d,= 11.1 Hz, 1H), 1.79-1.61 (m, 2H), 1.30-1.15
(m, 6H). *C NMR § 62.03 (t,J = 5.5 Hz), 22.54 (dJ = 2.4 Hz), 21.97 (dJp.c =
195.6 Hz), 16.38 (Ck), 16.32 (CH). *P NMR & 27.15. IR(neat, ci) 3450, 3256,
2983, 2909, 1235, 1018, 958. HRMS-EI (m/z): caled €HisNOsP (M+H"):
180.0783; found: 180.0789.
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4.2.4 Synthesis

Characterization of diethyl 1,2-

dibromoethylphosphona(&6)

Br (|3|
P\(\)O/\
Br _\

76

Diethyl vinylphosphonate76, 0.2 mL, 1.243
mmol) was added into a pre-dried two necked flask
and was dissolved in GBI, (13 mL) and the
reaction mixture cooled to 0°C. Br(0.83.1 mL,
1.665 mmol, 1.3 equiv. in 2.4 mL G@l,) was added

to this solution. After 30 minutes the reaction was

judged to be complete by TLC. Then the crude prbaas purified by silica gel
chromatography (EtOAc) to yield of diethyl 1,2-ddbmoethylphosphonate (382.8
mg, 1.181 mmol, 95.0% yield) as a light yellow . NMR & 4.26—4.12 (m, 4H),
4.03-3.88 (m, 2H), 3.61-3.48 (m, 1H), 1.33)( 7.0 Hz, 6H)*C NMR & 64.01 (d,

J = 7.0 Hz, CHCHg), 63.70 (d,J = 6.9 Hz, CHCHs), 41.88 (d,Jp.c = 150.8 Hz),
31.72 (CHBYr), 16.37 (CHCH,), 16.32 (CHCH,). *'P NMR$ 15.27.

4.2.5 Synthesis of aziridin-2-ylphosphonate by using Galwel-

Cromwell reaction

4.2.5.1Synthesis and Characterization of diethyl 1-bereyitin-2-
ylphosphonaté67)

=

N |
/AR
o=

67

Diethyl 1,2-dibromoethylphosphonate 76(
329 mg, 1.015 mmol) was weighed into a pre-dried
two necked flask and was dissolved in{CN (1.85
mL). NEt (169 puL, 1.219 mmol, 1.2 equiv.) was
added at room temperature. After addition of base,
white solids observed. Then benzylamine (332.8 pL,

3.047 mmol, 3.0 equiv.) was added and the resulting
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mixture was refluxed at 80-85°C for 3 hours. At #m& of this time, the reaction
mixture was treated with 0.1 N HCI (10 mL) and £ (10mL) was added. Two
layers were separated, and the aqueous layer watex] with CHCl, (2x10 mL).

The combined organic layers were dried ovep9@, concentrated under reduced
pressure, and purified by flash column chromatdgyapn silica gel (EtOAc, R=

0.1) to yield diethyl 1-benzylaziridin-2-ylphosphaia (233.6 mg, 0.867 mmol, 85.4
% vyield) as a colorless ofiH and**C NMR spectra are the same as the one reported

for the same compound on page 42.

4.2.5.2Synthesis and characterization of diethyl 1-isoglagridin-2-
ylphosphonaté68)

Diethyl 1,2-dibromoethylphosphonate 76(
222 mg, 0.685 mmol) was weighed into a pre-dried

Yo
N i}
A/P\BO/\ two necked flask and was dissolved in LN (1.25
68_\ mL). NEt (114 pL, 1.038 mmol, 1.2 equiv.) was

added at room temperature. After addition of base,
white solids observed. Then isopropylamine (175.1
pL, 2.055 mmol, 3.0 equiv.) was added and the tiegumixture was refluxed at 80-
85°C for 3 hours. At the end of this time, the teatmixture was treated with 0.1 N
HCI (10 mL) and CHCI, (10mL) was added. Two layers were separated, lamd t
aqueous layer was extracted with £ (2x10 mL). The combined organic layers
were dried over N&O,, concentrated under reduced pressure, and pubfidthsh
column chromatography on silica gel (EtOAc; R 0.14) to yield diethyl 1-
isopropylaziridin-2-ylphosphonate (120.2 mg, 0.54%nol, 79.3 % vyield) as a
colorless oil.*H and**C NMR spectra are the same as the one reportetidsame

compound on page 42.

49



4.2.5.3Synthesis and Characterization of diethyl 1-(fu2an-
ylmethyl)aziridin-2-ylphosphonat@9)

a
(0]

N

|
AL o i

O
69_\

Diethyl 1,2-dibromoethylphosphonate 76(
310 mg, 0.957 mmol) was weighed into a pre-dried
two necked flask and was dissolved in N (1.73
mL). NEt (159.2 pL, 1.148 mmol, 1.2 equiv.) was
added at room temperature. After addition of base,
white solids observed. Then furfurylamine (271 puL,

2.871 mmol, 3.0 equiv.) was added and the resulting

mixture was refluxed at 80-85°C for 3 hours. At #m& of this time, the reaction
mixture was treated with 0.1 N HCI (10 mL) and £ (10mL) was added. Two
layers were separated, and the aqueous layer watex] with CHCIl, (2x10 mL).

The combined organic layers were dried ovep@, concentrated under reduced

pressure, and purified by flash column chromatdgyamn silica gel (EtOAc, R=
0.24) to yield diethyl 1-(furan-2-ylmethyl)aziridia+ylphosphonate (182 mg, 0.702

mmol, 73.4 % vyield) as a colorless dtH and™*C NMR data are the same as the one

reported for the same compound on page 43

4.2.5.4 Synthesis and Characterization of diethyl 1-cyckyfteziridin-
2-ylphosphonate7Q)

N 1]
VANV

o™\
70

Diethyl 1,2-dibromoethylphosphonate76(
332 mg, 1.025 mmol) was weighed into a pre-dried
two necked flask and was dissolved in {CN (1.86
mL). NEt (170.5 pL, 1.23 mmol, 1.2 equiv.) was
added at room temperature. After addition of base,
white solids observed. Then cyclohexylamine (352.5

puL, 3.075 mmol, 3.0 equiv.) was added and the

resulting mixture was refluxed at 80-85°C for 3 ruAt the end of this time, the
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reaction mixture was treated with 0.1 N HCI (10 ndr)d CHCI, (10mL) was
added. Two layers were separated, and the aquagpeiswas extracted with GBI,
(2x10 mL). The combined organic layers were driegroNaSQO,, concentrated
under reduced pressure, and purified by flash colehromatography on silica gel
(EtOAc, R = 0.29) to yield diethyl 1-cyclohexylaziridin-2-yipsphonate (256.9 mg,
0.983 mmol, 95.9 % yield) as a colorless Hil.and**C NMR data are the same as

the one reported for the same compound on page 44.

4.2.5.5 Synthesis and Characterization of diethyl 1-(1-
phenylethyl)aziridin-2-ylphosphonaé3,74

Diethyl 1,2-dibromoethylphosphonatés( 323.3 mg,
©Y 0.998 mmol) was weighed into a pre-dried two
Q necked flask and was dissolved in T (1.87 mL).
AL o ,
o} NEt; (166 pL, 1.197 mmol, 1.2 equiv.) was added at
:’Ii room temperature. After addition of base, white

solids observed. Then 1-phenylethanamine (381.9

ML, 2.99 mmol, 3.0 equiv.) was added and the
resulting mixture was refluxed at 80-85°C for 3 rUAt the end of this time, the
reaction mixture was treated with 0.1 N HCI (10 ndr)d CHCI, (10mL) was
added. Two layers were separated, and the aquagpeiswas extracted with GBI,
(2x10 mL). The combined organic layers were driegroNaSQO,, concentrated
under reduced pressure, and purified by flash colehromatography on silica gel
(EtOAc, R = 0.38) to yield diethyl 1-(1-phenylethyl)aziriditrylphosphonate7Q@)
(103.6 mg, 0.367 mmol, 36.8% yield) as a colorwibs'H and**C NMR data are the

same as the one reported for the same compoupdgm45.
Diethyl 1-(1-phenylethyl)aziridin-2-ylphosphonat& was purified (EtOAc,

Rf = 0.14) to yield (99.2 mg, 0.351 mmol, 35.2% yjeid a colorless oitH, **C, 3'pP
NMR, IR(neat, crit) and HRMS-EI results were given at page 45.
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4.2.5.6Synthesis and Characterization of diethyl (1-(#ioxybutan-2-
yhaziridin-2-yl)phosphonaté/1,72

HO

7
72

|
/NP0

Diethyl 1,2-dibromoethylphosphonate 76(
333.8 mg, 1.030 mmol) was weighed into a pre-dried
two necked flask and was dissolved in Nl (1.87
mL). NEt (171.4 pL, 1.236 mmol, 1.2 equiv.) was
added at room temperature. After addition of base,
white solids observed. Then 2-aminobutan-1-ol (297

puL, 3.091 mmol, 3.0 equiv.) was added and the

resulting mixture was refluxed at 80-85°C for 3 At the end of this time, the

reaction mixture concentrated under reduced pressind purified by flash column
chromatography on silica gel (EtOAc/MeOH=10:%,7R.32) to yield diethyl (1-(1-

hydroxybutan-2-yl)aziridin-2-yl)phosphonatélj (131.1 mg, 0.521 mmol, 50.6 %
yield) as a colorless oitH and**C NMR data are the same as the one reported for

the same compound on page 46.

Diethyl (1-(1-hydroxybutan-2-yl)aziridin-2-yl)phplonate 72) was purified

by flash column chromatography on silica gel (EtdMeOH=10:1, R =0.25) to
yield (104.3 mg, 0.415 mmol, 40.3 % vyield) as aodeks oil.'H and**C NMR data

are the same as the one reported for the sameocmun page 46.
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APPENDIX A

NMR SPECTRUMS
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Figure A. 1.'H NMR spectrum of compour@b.
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Figure A. 2.*C NMR spectrum of compourgb.
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Figure A. 3.'"H NMR spectrum of compour@b.
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Figure A. 5.3 NMR spectrum of compourés.

59



T T T T T T T T T T T T T T
75 7.0 6.5 6.0 5.5 5.0 5 4.0 35 3.0 25 20 15 1.0
f1 (ppm)

Figure A. 6.'H NMR spectrum of compour@.

o
I
P N
Hac/\ P AVAAN
// o
HaC

e o A A

T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
f1 (ppm)

Figure A. 7.%*C NMR spectrum of compour@¥.
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Figure A. 9.'H NMR spectrum of compour@B.
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Figure A. 10.*C NMR spectrum of compourgs.

HsC. CHs
o T

I n

S~
HaC // o

HaC

T T T T T T T T T T T T T T T T T T T T T
20 10 o -10 -20 -30 -40 -50 -60 -70 -80
f1 (ppm)

Figure A. 11.%'P NMR spectrum of compourgs.
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Figure A. 12.*H NMR spectrum of compourp.
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Figure A. 13.%°C NMR spectrum of compour&®.
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Figure A. 15.*"H NMR spectrum of compouritD.
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Figure A. 16.3*C NMR spectrum of compouriD.
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Figure A. 17.%'P NMR spectrum of compouritd.
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Figure A. 18.'"H NMR spectrum of compouni3.
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Figure A. 19.%°C NMR spectrum of compouris.
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Figure A. 20.3'P NMR spectrum of compourts.
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Figure A. 21.*"H NMR spectrum of compourity.
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Figure A. 22.33C NMR spectrum of compourith.
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Figure A. 23.3'P NMR spectrum of compourid.
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Figure A. 24.*"H NMR spectrum of compourifiL.
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Figure A. 25.%°C NMR spectrum of compouritL.
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Figure A. 26.3'P NMR spectrum of compouri..
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Figure A. 27.'"H NMR spectrum of compounit®.
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Figure A. 28.3°C NMR spectrum of compouri®.
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Figure A. 29.%'P NMR spectrum of compourk®.
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Figure A. 31.°C NMR spectrum of compouriey.
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Figure A. 30.*H NMR spectrum of compourid7.
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Figure A. 32.3'P NMR spectrum of compouriy.

Br ﬁ)
Krp\\o
Br CHs
T T T T T T T T T T T T T T T T T T T T T T T T
5.4 5.2 5.0 48 46 4.4 4.2 4.0 38 36 4 8 26 2.4 22 20 18 16 1.4 12 10 0.8

3.2 3.0
f1 (ppm)

Figure A. 33.'H NMR spectrum of compouritb.
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Figure A. 34.2°C NMR spectrum of compourib.
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Figure A. 35.3'P NMR spectrum of compouritb.
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