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Abstract

The synthesis of functionalized azetidine molecules has been and will continue to be crucial in
advancing organic chemistry, as azetidine frameworks are among theatuadtie structural motifs
present in natural products acoimmercializedirugs. Due tdhis, the area of synthetic organic
chemistry is continuously striving to develop innovative techniques that surpass previous generations
in terms of cosand sustainabilityThe fundamental purpose of this thesis is to meet the ongoing
demand for the créian of supplementary techniques and alternatiVasrefore, this work presents

the diastereoselective approach for the synthesis of the functionalized azetidine molecules under
several conditiondnitially, a range of techniques were employed to develop effective and widely
recognizedporocedures fosynthesizingundamental daarylated azetidine compounds usiagious
Grignard reagentst last, established various approaches a c dithiaion éolloWed by

electrophile trapping of-arylated Nprotected azetidine anfilirtherapplications to peptide
formation.Also, selective 3arylated azetidine intermediates can be fortheoughstrainrelease
approactby adding nucleophilic organometallic species to in situ produced azabicyclobutanes. For
the Narylation of the resultant azetidines, single pot methods were further developed using
BuchwaldHartwig couplings or $Ar reactions.
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A. INTRODUCTION

1 Organometallic Chemistry

Organometallic compounds are chemical compounds that have at least one bond between a carbon
atom and a metal or metalloid atom, such as boron, silicon, or tin. While the first syathesis
organometallic compounacumented back to the 18th century, thedespread use was

popularized byictor Grignard's groundbreaking research on organomagnesium compounds in 1900
[1], for which he was awarded the Nobel Prize in 1€h\&r a century later, several compounds with
C-M bonds have been synthesized and examined, containing a broadfraagé alkaline,

alkalineand transition metals, as well as exhibiting significant structural variabilitiyeoarganic
counterpar{2-5].

The attractiveness of organometallic compounds lies in the intrinsic polarization cMH®so6d,

which can be best understood through the difference in electronegativity between the two atoms.
Carbon atom shows electronegativity value of 2.55 on the Pauling scale, the carbon atom exhibits
more electronegativity compared to any known metal or metalloid, therefore generallyag acts
nucleophile whetonded to a metal'he ionic character of the-M bond increases as the difference
between the two atonigecomes larger leading to a more reactive speigsto this, organolithium
compounds are extremely reactive substances that can even behave as nucleophiles for ethereal
solvents at ambient temperatimat theyhavealittle tolerance for functional groug$é]. On the

other handGrignard reagents exhibit lesser reactivity compared to organolithium compounds and
can be kept in ethereal solvents abam temperatutenhowever they have a higher tolerance for
functional group$7].

Moreover, vhen the hybridization of the organometallic species is altered, further tendencies
toleranceand reactivitycan be detected. Typically, the reactivity of organometallic compounds rises
as we go from G-M to Css>-M speciespecause the stabilization of the nucleophilic carbon atom
from the nucledecreases as thegpbital character increasf. Variousmethods can be employed

to access organometallic species such as oxidasegtion halogemmetal exchange

transmetalation, deprotonation of alkyr@egldeprotonation of aromatic ringrtholithiation) as

describedn the next paragraphs of my thesi



1.1 Oxidative Insertion

In the late 19th century, Franklaf@l and Grignardl] developed the first general approdch

creating organometallic reagents. This process involves the introduction of a metal, such as lithium
[10], zinc[9], or magnesiunpl], into a carborhalogen bond through oxidative insertion. In the case
of magnesium, this mechanism is commonly believed to occur through a radical SET (single electron
transfer) mechanisiii1]. Nevertheless, new quantechemical calculations have indicated the
significance of other processes, including a nucleophilic path&&y

To enhance the reaction progress, it is necessary to activate the typically oxidgmesium

turnings or powder. This can be achieved by using substances such as iodirdilmoimaethane

[13, 14]. Various methods have been listed for the synthésisganometallic compounds:

Firstly, the oxidative addition is a crucial reactistep that results in a formal change in the oxidation
state of the metdflg to Mg*?, through the transfer of two electrons from the metal to two newly

coordinating ligand§l5] as shown irscheme 1

R—Br Mg —— R))—.ér Mg — R Bre Mg E— R—Mg—~Br

-+
R—Br Li, —_— RJ_Br Li, —_— R Br Liy —_— R—1Li

Li—Br

Schemel. Mechanism for thexidative addition of magnesium into carbbalogen bonds.

1.2 Halogen-Metal Exchange Reactions

The halogermetal exchange is a highly convenient and fast methogl/fahesizingprganometallic
compounds. Since Prevost's discovery in 98] of brominemagnesium exchange reactions, it
has been found that various otheetals, including transition metals and lanthanides, can also
participate in metaéxchange processgks, 18]. A halogenmetal exchange refers to a process in
which an organometallic species and an organic halide are in equilibrium (S2ndihe
equilibrium direction is shifted based on the relative stability of the car®tal bonds, promoting

the production of the most stable organometallic regdht



R'—M + RZ—X - RZ2—M + R1—X

—~———

RZ—M > R'—M and/or R'—X > R2—X

Scheme2. A typical halogeametal exchange reaction.

The stability of the produced organometallic compound is primarily determined by the hybridization
of the carbon atom, as well as extra stabilizing indueth@gmesomerieffects. The order of

stability, from highest to lowest, is as follows: sp 2&p > SfFaryi> SPpim> SPsec™> SP tert [8]. The
direction of the exchange is primarily determined by the organic component, whereas the rate of the
exchange is heavily influenced by the electronegativity of the metal. As a result, a Halogen

exchange occurs more rapidly than a halegagneaim exchang§2(].

1.3 Transmetalation

Transmetalation emerged as a convenient alternatigeeate organometallic compounds that cannot
be synthesizedising oxidative insertion, haloganetal exchange processes, or directed metalation.
The transmetalation of an organometallic reagent to another organometallic compound can be
achieved by treating it with a metal salt, provided that the cation in the salt has greater

electronegativity than the metal in the original organometallic red@&r22], (Schemes).

R—M' + X——M? : R——M?2 + X—M'

Scheme3. The general transmetalation reaction.

Transmetalations serve two primary objectives: Initially, organometallic compounds that are
otherwise unstable can be converted into more sthletional group tolerant species

with modified reactivity{23]. Transmetalation results in the formation of organometallic
speciescapable of facilitating certain reactions, such as copatlyzed allylations dlegishi
crosscoupling reaction§24, 25|, in whichtransmetalation reactions also have a significant impact
on the catalytic cyclézurthermore, the process of rapidly generating organomagnesium

or organolithiumcompounds and then transmetalai®typically faster than alternative methods

used tosynthesizenmore covalenbrganometallic species, such as orghooon,-tin or -



siliconcompounds. This approach is also widklyoredin the field of organolanthaniddnemistry
[26-29].

1.4 Deprotonation of Alkynes

Alkynes,characterizethy Ci H bonds derived from sp orbitals, have the highest acidity among
hydrocarbons, with pi about equal to 29.hey carundergo deprotonation by more basic
organometallic compounds such as ethylmagnesium bromtagdlithium (Scheme 4)Alkynes
possess enough acidity to undergo deprotonation even by nitrogen bases. Another commonly
employed method for deprotonating alkynes involves the use of NgggHium amide), which is

generated by reacting sodium with liquid ammonia.

THF

Li + R—H

Y
Pl

R — H + R—Li

Schemed. The general reaction for the deprotonation of alljy.

1.5 Deprotonation of aromatic ring (Ortholithiation)

Butyllithium can abstrach proton under specific conditiorfisom s hybridizedcarbon atom of

aromatic ring, resulting in the formation of an aryllithium compound. The reason it works is that the
protons attached to $parbons are more acidic than the protons attached tagpons, although

they are significantly less acidic than alkyne protétmwyever, there is another factor inclugdéat a
proton to be eliminated, there must be a functional group adjacemiaited directing metalating

group (DMG)that contains oxygen or sometimes nitro¢gn The functional group facilitates the
attack ofbutyllithium toneighboringprotons.This is achieved by creating a complex with the

lithium atom(Lewis acid) (b). This islike how ether solvents dissolve Grignard reagents by

building complexes with their Lewis acidic metal ions. The ortholithiation reaction involves the
removal ofprotons located ortho to the functional grdapafter thatvarious electrophilegE) can be

substitutedd) as shown in Scheme 5



DMG ' DMG DMG DMG
O/ — O: i Oi - ©:
[ . ; —— :
H---R Li E

Schemeb. Reaction for the ortholithiation of aromatic rifgf].

Ortholithiation is advantageous since the starting matdoie$ not require the uséa halogen atom.
However, it is less generabmpared to the other methods we have mentioned for producing
organolithium compounds, as there are strict restrictions on the types of groups that the aromatic ring

must possess.
2 Azetidines

Synthetic chemical research continues to focus heavily on the synthesis and elaboration of saturated
nitrogencontaining heterocycles, which are among the most valuable structural motifs found in
natural products, commercialized drugs, and bioactive contjg$82, 33]. The increasing demand

for drugcandidates with improved degrees of saturation and-thireensionality has madsffective
access to substituted heterocycle derivatives even more important in recefi34jears

Azetidines, a class afnderexplored saturated-learing heterocycld85], are particularly

intriguing because they possess a good balance between strong molecular rigidity and satisfactory
stability, which enables effective modification of the pharmacological properties exhibited by
molecules containing this moie$6-38]. Several commercial applications attest to the fact that
synthetic chemists have historically paid far greater attention to the chemikighef and lower
homologues with respect to this femembered azheterocycld39-42]. Despite this, due to its
presence in several natural compouand drugs, the azetidine core is becoming increasingly
attractive to the pharmaceutical and agrochemical s§&dr43-45|.

Azetidines have also been used in certain applications as chiral auxiliaries and ligands in metal
catalyzed transformatiorigd6]. Among the many useful applicatiookthe azetidine ring, the most
notable examples are probably associated dvitigs like Ximelagatran (Exanta®) and Azelnipidine
(Calblock®), or with a wide range of and 2substituted azetidines exhibiting various
phamacological propertie$47-50], (Scheme. 6)
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Cardiovascular Activity o
(Boehringer Ingelheim Patent) )\

Azelnipidine, Calblock
(Ca*2 - channel blocker)

Scheme6. Examples of biologically active drugsd natural substancegludingazetidine.

2.1 Synthesisof azetidines

Azetidine can bsynthesizedrom the easily obtainabledzabicyclo[1.1.0]butane (ABB), which has
a significant strain in the-®I-C dihedral angle€Scheme 7)Consequently, ABB is regarded as a
highly reactive entity that rapidly reaatsth various nucleophiles artdenelectrophiles, resulting in

the formation of a varietgf functionalized azetidind%1].



Br n-BuLi

Br\)\/NHzHBr _78 OC, 1.5 h

Schemey. Strainreleased driven synthesis of azetidines using ABB.

Several methodsave beemeportedfor the synthesisf functionalizedazetidines, due to their high
reactivity. Also, highring strain in azetidines, makeghermodynamically anticipated that these
monomers would undergo ring opening and polymerizaBawtions, resulting in the formation of

high moleculatweight polymerg52]. Hence, there exist sonp@tential methods for producing
functionalized azetidines, -lactamodductonangng cycl i zat |
expansion or contractid®3]. The creation of reliable synthetic techniques to okdastidiness

undoubtedly highly valuable. Nonetheless, several azetidine preparation techniques have been

documented throughout the last several decggs

2.2 ULithiation of azetidines

During the 1970s and 1980s, Seebach et al. conducted significant research in this area by working
with azetidines that had electrenthdrawing groups (EWG) on both the nitrogen atom and the
Ca,h ence a cG-H borady enhgncily its acidifg5-57], (Scheme 8)

H Base

' —_—
! N

H AS

............................................................................

\N¢O 0 N
Ph
P

Seebach, 1977 Ph
1
Seebach, 1981 Seebach, 1990

2 3

Scheme8.Fi r st r epor tlehidtedeazeadngsl es of U



These protocols have a number of disadvantages, though, such as the carcinogenicity linked to the
lithiation of N-nitrosoazetidind usingLDA (THF, -78 °C)[57] and the poor prospects for the
development of an asymmetric application becauséBat.i to attain the metallation of N
(triphenylacetyl)azetiding (THF, - 40 °C), [56, 5§]. Furthermore, a carbamoyl3Lshift was noticed

after competitive orthdithiation at the triphenylacetyl protecting group. Moreover, at that time no
beneficial synthetic applications were repoited.

More systemat i c ilithiatienoftNipmtacted azetidgineshave judt receriily been
conducted, allowing for a greater awareness of their reactivity, and promeidganistic insights

that may help overcome the knowledge gap.

2.3 Activati on/Electrophilic substitution of azetidines

Hodgson publ i s-lthéatonirapmng sequersesiri 2010 atthpdsition of

azetidines containing the unique Seeba&®EN-thiopivaloyl activating grou|pe0]. The thioamide

5 can be madby simply N-protecting azetidind with pivaloyl chloride and then treating with32.

Excellent yields of Zubstituted azetidinégai k were obtained by lithiation withBuLi/TMEDA in

THF at 178 AC followed by trapping With sever .

tBu tBu

)%s sBuLi (1.2 eq.) )QS
[NH 1) PivCl, DMAP, Et;N D\l TMEDA (2.4 eq.) N
2) P,Ss, py, 70 °C THF (6 mI/mmol)
-78 °C, 30 min E
then E*

\

4 5




tBu

tBu

tBu

)*s S S S
N N N N
|\\\\H
D SiMes SnMes wWOH
Ph
6a (97 %)? 6b (91%) 6¢ (86 %)
6d (87 %)
tBu tBu tBu tBu
S S S S
N N N N H
OH CO,Me Me
-CICgH
e Me p 64
0/.\C 0,
6f (61 A)) 69 (93 /°) 6h (68%)b
6e (94 %)
tBu tBu tBu
S S S

ENK« 1
Bn \ Bu

6i (81 %) 6j (79 %) 6k (83 %)

Schemel. Presentgreparation, lithiation, and electrophilic trapping eftbpivalamideb. The
yields provided are specifically for the product that has been sepaf&@#h D, determined byH
NMR and GGMS. ®PMain diastereomerslsolated asnethyl ester after reacting with TMSCHN
DMAP = 4-dimethylaminopyridine, py = pyridin@ndPiv = pivaloyl.

Numeroudistinct electrophiles were supported by this technique, including alkyl halides, carbonyl
derivatives (such as enolizable ones like acetone), andagilgistannyl chloride®rochiral

aldehydes were used in the reactions, which produced prdituatsi6h as the primary

diastereomers

Unlike the comparable aziridines, it was found that diffeEBMG containinghitrogen atom, such as
Boc, tBuSQ, t-BuSOand PO(OEW),
unsubstituted azetiding¢81].

wer e not s uilithiation/trappingons uc c e s s f |
The Nthiopivaloyl group was unquestionably crucial to the success of this

transformationsincewhen the corresponding pivalamide derivative was metadategosition,



only the attack of-8uLi at the carbonyl group was detected, whereas the use of LTMP resulted in
only unreacted starting materielowever, the authors propose that it can be foarnke

c o mb i n a{pasition activationthnd a decreased or evenexdstent susceptibility of the

lithium base to attack the thiocarbonyl group. It is importaetphasizéhat this procedure also
enabled an efficient asymmetric variation by substituting TMEDA with various chiral lig&agds

The process of lithiation of fthiopivaloyl azetidiné using Alexakis' trangsyclohexane diamine
(RR)}7[62inELO resul t ed i n-meéthylazetidogR)6g with a igh widld ol96%
and an enantiomeric ratio of 80:28chemel0), after being trappedith Mel.

h Me
Bu tBu 5 ,L :
/Ks sBuLi (1.2 eq.) %s i NN |
I:T (R,R)-7 (1.2 eq.) N : :
—_— ! y tBu !
Et,0, -78 °C q/,Me ! NS
30 min H | :
5 then Mel ! Me
(R)-6g (96 %) ; (R,R)-7
1 Alexakis' diamine K
er: 80:20

(-) - sparteine 8 9 10

Not effective ligands

Schemel0. N-thiopivaloyl azetidines undergoesinasymmetridithiation-methylationsequence.

Nevertheless, the use o f-spartensgiompwlnebased ligaadSandi g a n
10, along with different solvents (both ethereal and-atirereal), led to decreased enantiomeric

ratios. The stereo selectivity of the reaction was different fronottsdrved previouslytilizing N-

Boc pyrrolidine and NBoc piperidine, along with-B u L | aspadtein@ior)(R,R)-7 [63-66].

10



2.4 Removalof N-thiopivaloyl group

TheN-thiopivaloyl protecting group was successfully removed from azet@linsing Md.i.

Furthermore, conversion into the equivalent pivalam@eas also performed by employing

CH3COsH (Schemell), [60].

® ©
NH, ! MeLi (5 eq.)
[k THF, 5h, 0 °C
Bn then HC1
11
81 %

N AcOH/H,0, N
—>
EL CH,Cl,, 4h D

12

93 %

Schemell Removalandtransformatiorof the Nthiopivaloyl group.

2.5 Alpha-Lithiation/Electrophilic substitution of N-thiopivaloylazetidin-3-ol

After some time, the author applied the same lithiation methodthoddivaloylazetidin3-ol 13,

which enabled the synthesis of a variety «ubstituted dhydroxyazetidined4a e with good

diastereoselectivitScheme 12)interestingly, the cissomer was the predominant product only

when deuteration was involvg@7].
tBu

Jn

HO

s

13

tBu

sBuLi (3 eq.) s
TMEDA (6 eq.) N
—_——
THF (3 ml/mmol) ;//

/,
-78 °C, 30 min HO “E
then E*

14

11



tBu tBu tBu

S S S
N N N
H
7N “ OH
HO D HO Me HO
Ph
14a 14b (72 %)
(91 %, 100 % D) dr: 69:31¢ 14c (72 OA))
dr: 90:102 dr: 75:25°
tBu tBu
N S N S
H' oH
////
MeOZOC COzMe HO
p-ClCGH4
14d (68 %) 14e (81 %)
dr: 75:25° dr: 57:43°

Schemel?2. Electrophilic incorporatiomto N-thiopivaloylazetidir3-ol 13. The yields mentioned
are specifically for the product that has been separ®atio of cis/trans isomers is indicated, with
the dominant diastereoisomer being depicted.maprdiastereoisomer displayed has a
cis/transratic®. PMixture of epimers at the sidghain carbinol, with the majaliasterecisomer being

depicted.

For the reaction to achieve the best result, it was necessary to utilize 3 equivaldédibioflise to

the existence of the free hydroxyl substituent, and highvecentration needed compared to the case
of unsubstituted Mhiopivaloyl azetidiné. The optimal thermal condition was found to-B8 °C,

while higher temperatures resulted in decreased diastereomeric ratios, and no substantial
improvement was detected at lower temperatures either. Furthermore, the presence of TMEDA in
THF was also detenined b be essential for achieving gogields. The use of Mander's reagent
(methyl cyanoformate) resulted in the formation ela@d Omethoxycarbonylated azetidiidd,

found attractive, due to thlehanceof obtainingazetidinebased amino acids.

2.6 Deprotection of 2-Substituted N-thiopivaloylazetidin-3-ol

T h esulstituted azetidindl4 can be efficiently deprotected by employing MeLi in THF with
TMEDA at 0 °C. This method yields a 92% conversion filgtg and the product is separated as the
hydrochloride sall5, as shown in Scheni&. The conversion af4gto pivalamidel6 was achieved

with a yield of 81%using MeCQH as a facilitator.

12



tBU i) MeLi, THF, 0 °C HO Bn

)Q i) HCI, MeOH
S 15,92 %

HO Bn t-Bu
H,0, 0 °C [N
///
HO ‘Bn
16, 81 %

Schemel3. Removalandconversiomof thethioamide to amide conversion

2.7 Electrophilic trapping/Deprotection of N-Botc azetidine

In 2015, Hodgson and coworkers also reported on the efficacy of thmiterythiocarbonyl group
(Botc) i n f acdithidtidnaltowing depratecion under milé condlitions
simultaneously68]. The compound MBotc-azetidinel6 was produced with a high yield of 88% by
reacting the easily accessible dithiocarbonic acigi®butyl esterl5 with azetidined, as shown in
Scheme 3. No evidence of the formation of tidghiocarbamate, as described in the reaction of
tertiary alkyl xanthate esters with amirjé8], was foundN-Botc-azetidinel5 can be lithiated
effectively and then reacted with various electrophiles to prociscdb&ituted NBoc-azetidinesl7

a-j, (Scheme 3).

SMe

)\ OBu-t OBu-t
S OBu-t )%S sBuLi (1.3 eq.) \A\s

ETH 15(1.1 eq.) _ ET TMEDA (2.4 eq.) N

Pentane THF (5 ml/mmol) R
0°Ctort,25h 16 -78 °C, 30 min E
4 88 % then E*
17a-j
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OBu-t OBu-t OBu-t OBu-t

D SiMe3 SnMe3
17a (90 %)? 17b (76 %) 17¢ (75 %)
17d (74 %)P-°
OBu-t OBu-t OBu-t OBu-t
\\H \\H
\" \PXe
OH OH Me
-CICgH
Me Me p-MeOCgH, p 64
179 (79 %)
17e (65 %) 17F (57 %)>° 17h (69 %)P~

17i (53 %) 17j (77 %)

o) CFs
Me rt, 1h Me
179 quant. 18

N TFA —NH, :
—_ 1
D CH,Cl, l l

Deprotection of a-methyl N-Botc-azetidine 179

Schemel3. Preparation, lithiation, and electrophitrapping NBotc azetidinel6. 17gis

deprotected using TFA. The yields mentioned are specifically for the product that has been
separatedf95 % D, determined by mass spectroméuly (70:30), and the dominant diastereomer is
displayed®1.0 equivalent of BuLi was used.
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Remarkably, the processes of silylation, stannylation, alkylation, and reaction with carbonyl
compounds proceeded without difficulty. However, there was a modest decrease in the yields when
dealing with electrophiles that were more electrieh, such as{anisaldehyde. As previously stated,
N-Botc-azetidines were successfully deprotected under awildic conditions without any ring
opening det ect ed.-mathyliNSotoazetdingl # hpwhiehdwvaswangformed)

into Umethytazetidinel8 using TFA.

2.8 EnantioselectiveU-electrophilic substitution of N-Botc-azetidine

Alexakis' DIANANE 19( N, N ,-éwdy,emtldgtramethyd2,5-diaminonorbornang)70] was found

to be the most effective chiral ligand for tReBotc-azetidineenantioselectivérelectrophilic
substitutionl6. Wh e n ¢ o mpsparteiree 8 and trafwgiclphexane diamingR,R)-7, exhibits

high levels of asymmetric induction, with an enantiomeric ratio of up to 92:8, as stated in Scheme
14.

t-BuO t-BuO
S sBuLi (1.3 eq.) S
I:l,\l 19 (1.3 eq.) _ N
Pentance I:K
-78 °C (-98 °C for Mel) E
then E*

(R)-179: E = Me (45%; er: 91:9)
(S)-17d: E = PhCHOH (88%; er: 85:15)
(S)-17e: E = Me,COH (64%; er: 92:8)

NMe2
19 NMe2

Alexakis' DIANANE

Schemel4. The lithiated NBotc-azetidinelbu nd er go e s e n-alatttophtdics el ect i ve

substitution
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The enantioselectivity of the reaction seems to be solely dependent on experimental conditions, such
as the reaction temperature ditisiation time.Asymmetric methylation proceeded well at a

temperature 0f98 °C with a lithiation time of 1 hour, usingANANE 19in pentane. Similarly,

lithiation and subsequent reaction with benzaldehyde resulted in high enantiomeric ratios at a
temperature of78 °C, with a lithiation time of 1 hour. In the instance of acetasgmnmetric

trapping required a longer liltion time of 3 hours and a low temperature7& °C

2.9 2, 3disubstituted azetidines

Azabicyclo[1.1.0]butanes (ABBs) are significant synthetic agents used to create functionalized
azetidines. Azabicyclo[1.1.0]butanes typically undergo transformations that entail breaking the
connection between carbon atom 3 and nitrogen atom, enablingpthifcation of the azacycles at
positions 1 and 3. Significant progress in the subject has recently resulted in the development of new
strained compounds derived from ABB%$e discovery of a fast effective method for synthesizing
azetidines was expectéalresult in a greater utilization of these compounds in biomedical research.
Research has demonstrated thatzabicyclo[1.1.0]butanes can be used as highly effective
intermediates for the rapid synthesis offoisctionalized azetidindsg 1-75].

Nagao and other researchers have demonstrated that ABB can be seized by different nucleophiles to
synthesize functionalized azetidirf@§-89]. Baran has recently demonstrated that ABB can undergo

amination using "turbo amides" in a epetway [90, 91], Scheme 15

N E
BB iprvgelLic BB ] LN
|
H ! - Bn-
THF, 2, 1t MgCI.LiCI -78 °C to rt, overnight; N
20 then E* Bn
21 92
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S

OBn q R Bn,
N
Bn/h Bn—N Bn—N Qb

Boc ‘Boc Boc

23; 45 % 24;42 % 25; 50 % 26; 47 %

o Gt o

N N

NN . M
c

N O N
T}
""azetidinylated "’ (Ar = 3,4-Cl,-phenyl)

Bo
quipazine 27; 51 % ““azetidinylated”’ "a.zeti.dinylated”
sertraline 28; 45 % nortriptyline 29; 45 %

Schemelb. Strianrelease azetidinylation @minecontaining substrates

Gianatassio et.al in 201preseneda general technique for the direct alkylation of 1
azabicyclo[1.1.0]butane (ABB). The biisnctionalized azetidines can be readily prepared by
reacting organometal reagents with Cu(@Btheme &. This technique enables the synthesis of
azetidines containing allyl, alkyl, benzyl, and visybstituents. The catalyst system wather
expanded t@ziridines and spirocycles. A multitude of building blocks and -dikegmolecules were

efficiently synthesized with high gid[92].

R-MX /E
Br PhLi Cu(OTf), cat. N
Br\)\/NHZ'HBr _
-78°C, 1hr —N -78°Ctort, 16 h;
then E* R
30

1 R=1, 2 alkyl, vinyl, allyl, benzyl
1 Compatable with RMgX, RMgX.LiCl, and RZnBr reagents

1 Variety of electrophiles tolerated
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30a (39 %)

F

Cl

30d (56 %)

30b (50 %)

Ts Ts

30c (60 %)

Bel!

Ts

30e (50 %)

Schemel®6. Direct alkylation at 3 position of azetidines.

It is important to mention that Boc can be uasdn electrophilén comparison t@iperidines

which are common ring systems and are widespreathrketed drugs, azetidines are rarely used as

a core scaffold93-95]. The lack of azetidines as a commonly used structure can be attributed to their

limited ease of synthesj95].

2.10Carbon-Carbon bond formation of azetidines

A common approach faynthesizing3-substituted azetidines involves crasgipling reactions

using palladium catalysts and phosphine ligands. This meitiiaesthe appropriate-godo

azetidine as a starting material and proceeds through the formation of organometallic

intermediate$96]. In this procedure, an azetidizenc complex must be formed prior to the

following reaction with an appropriate aryl halide or benzyl chloride (ScH&ne

I

31

activated Zn

THF, t, 45 min

32

Pd,(dba)s (1 mol%)

P(2-furyl)3 (4 mol %) Boc
XAr (1.2 eq.) _ N
THF, 2h, 65 °C J
X =1,Br Ar
33
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.Boc .Boc

.B .Boc _B
N N N~ Co¢ N N~ BoC
X NT X
| N l = N| =
& NC N

33a, (63 %) 33b, (60 %) 33c, (46 %) 33d, (63 %) 33e, (47 %)
E ( ) 1) activated Zn :
: THF, rt, 45 min :

: Boc 1) activated Zn 2) CuCN.2LiCl :

' - ; _Boc .
: N SR /QN R AL min/\ﬁNBoc :
. Ph - :
: Pd,(dba)s (1 mol %) | ! then 7 :

E 5 P(2-furyl); (4 mol%) 21 \/\Br E
i PhCOCI (1.2eq.) \ ) eocion 5
: THF, 2h, rt '
: 34 (38 %) 35 (58 %)

________________________________________________________________________________________________

Schemelb5. Thereactioninvolvesthe useof Pd(0) to facilitate cross coupling atrdnsmetalation
with CuCN-2LiCl of organozincspecies31 generated from azetidind&eaction is conducted at room
temperatureThe organozinc speci@2 can easily undergwansmetalatiomnvith CUCN-2LiCl in

THF. Upon reaction with allyl bromide, it produces azetid@bavith a moderatgield.

In addition, there have been reports of niadahlyzedorocesses using a ligand, which have allowed
the synthesis of-Bunctionalised azetidines. However, the success of these procedures has been
restricted 97, 98], (Schemele).

In 2008, Duncton published a noteworthycrowaveassisted Suzuki coupling to introduce

functional groups at the-@ position of 3iodo-azetidine31[97]. The reaction involving various aryl
boronic acids occurred e presence of catalytiantities of nicke(ll) iodide and trans-
aminocyclohexanol as a ligand (Schetbea).

Molander demonstrated the feasibility of conducting a reductive cross coupling régction

employing airstable Ni (II) sources along with a diamine ligand, an inorganic salt as an additive, and
a reducing metal. The objective was to introduce (heterbhalhgles at the € position of the

azetidine rind98]. This reaction pathway is depicted in Schelbeb.
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OH
U (6 mol %)
/NH

2
Boc Nily (6 mol %)

N Ar-B (OH), 2eq) _ N’
):‘ NaHMDS (2 eq.) ):‘
I iPrOH, 80 °C, ml, 30 min Ar
31 33

a: Alkyl-Aryl Suzuki coupling

caliicali el ol

33f, (51 %) 33g, (50 %) 33h, (24 %)
33i, (50 %)

_Boc _Boc _Boc
N N N
0]
< J
F (0] N

M
33j, (57 %) 33k, (45 %)
331, (25 %)

[Ni]
,Boc ,Boc

N solvent, 60 °C, 18 h N
):‘ (Het)Ar-Br J:‘

Br Ar (Het)

36 33

b: Reductive cross-coupling

NoalievaliN-col

33m, (48 %)? 33n, (30 %)° 330, (36 %)°

Schemel6. Methodsutilizing nickelto produce3-aryl azetidinesNiCl,.glymeg10 mol%), 4
ethylpirydine (50 mol%)phenanthroline (20 mol%), MeOH (0.2 MNil 2 (10 mol%),NaBF; (50
mol%), Mn (2 eq.)di-tBu-bipyridine (10 mol%), DMA (0.2 M), 4-ethylpyridine(1 eq.),

Mn (2 eq.),andMgCl> (1 eq.).
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Reports have described effective techniques for the coupliagetiiine31 using inexpensive cobalt
oriron catalysts and easily accessible organomagnesium chemicals, without the need for any extra
phosphine ligandpt7, 99]. Cossy and coworkergvealed that both Cogdnd FeCl catalysts

facilitate the efficient reaction between azetiddieand a wide range of (hetero)aryl Grignard

reagents, generally with similar performanf@9], (Schemel?).

( )
[cat| f \ I :
_Boc (Het)Ar-MgBr Boc : NMe,
N (12-2eq) _ N ; ;
J:l THF, 0°Ctort, 2 h ):1 : :
| Ar : ) I
1 //// 1
31 : NMe, |
. 33 J :
! 37 :
N J

_Boc Boc

N/
. FO/Q

33q, 68 %?; 74 %"

33p, 81 %?; 84 %° 33r, 79 %?; 83 %"

MesN Fs;C BocO
33s,79 %?; 74 %" 33t, 95 %2 ; 81 %” 33u, 84 %?
N,Boc N,Boc N,Boc
MeO
© AN ~
P \ s
33v, 92 %?; 86 %P 33w, 90 %2 ; 90 %" 33w, 91 %?
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Diastereoselective cross-coupling:

/ [cat.] /
Ph-MgBr (1.2 eq.) | N
|| -
. THF, -10 °C, 2 h

5\5‘5 ”///// Me / "’///// Me
| // Ph //

Me Me
38 39
dr: 75 : 25 (cis/trans) dr®: 10 : 90 (cis/trans)

dr®: 7 : 93 (cis/trans)

Schemel?. Iron- and cobalfacilitatedarylation of azetidinescat.] = CoC# (5 mol%)."[cat.] =
FeCk (10 mol%). Ts = Tosyl.

The products were obtained in significant quantities, and the technique demonstrated a high tolerance
for a wide range of functional groups. However, it was necessary to employ 3géiRiR)-

tetramethyl cyclohexafh,2-diamine). Surprisingly, when 2dsubstituted iodeazetidine38 (dr:

75:25 cis/trans) was reacted with PhMgBr in the presence of both catalytic systems, the intended
product39was successfully produced witHavorabletrans diastereoselectivity (Sched. The

authors predicted that the change in stereochemistry could be attributed to the formation of a radical
intermediate at carbe3.

In addition, Rueping published an approach tisaisFe(aca) as the catalyst. Furthermore, this

approach proved efficiemtnd chemoselectiv&electivity,and it was able to withstand a wide range

of (hetero)aryl, alkyl, and vinyGrignard reagents. It also accommodated various protective groups

on the nitrogen atorf#7], as shown in Schenis.

................................................................................

E Fe (acac); (10 mol%) r N E
5 PG RMgBr (3 eq.) PG 5
: N TMEDA (3 eq.) N :
1 > 1
: J THF, 2 h, -20 °C ):, :
: l R :
5 31: PG = Boc | 33,41,42 | 5
! 40a: PG = CHPh, :
i 40b: PG = Cbz 5

...............................................................................
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PG PG

PG PG
N N /:N /O//:/N
Me l I X

33x: PG = Boc (60 %) 33y: PG = Boc (66 %) 33z: PG = Boc (69 %) PG = CHPh,
41a: PG = CHPh, (67 %) 41b: PG = CHPh, (60 %)  41c: PG = CHPh, (64 %) 41d: X = tBu (56 %)
1 mmol scale: (66 %) 42b: PG = Cbz (66 %) 41e: X = Ph (32 %)
42a: PG = Cbz (64 %) 41f: X = F (61 %)
Me
P .PG .PG .PG
N G N N N
A A Me
Me Me
PG = CHPh, PG = CHPh, PG = CHPh,
419 (62 %) 41h (74 %) 41i (37 %) PG = CHPh;

41j (40 %)

X N-PC N-PC n-PC N
<O]©//:/ MeO /
Y © EOC
PG = CHPh, PG = CHPh, PG = CHPh, PG = CHPh,
41k: X = iPr, X = H (96 %)  41m (85 %) 41n (65 %) 410 (54 %)

411: X = Y = Me (69 %)

Ph
0,
Ph Fe (acac)z (10 mol %) )\ )j\
)\ 4-fluoropheny-MgBr (3 eq.) N Ph N N/\/
/C/N Ph TMEDA (3 eq.) 1. Phosgene H
> . ——
| THF, 2 h, -20 °C 2. Allyl amine
F F
40a 41f 43
Commercially available 61 % Activity against:
-epilepsy
-anxiety
-neuodegeration
\ y,

Schemel8 1 nvol ves Ruepi rauplisgusing &rignadlireagentsandsysthetic

application of pharmaceutical importance.

The synthetic capabilities of this pathway can be highlighted in view of its effective use in the

concise formal synthesis of the complex moled@ewhich has pharmacological action against
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central nervous system illnesgd3] (Schemel8). The patented method for preparing this molecule
(and similar compounds) involves three steps, two days of effort, and two chromatographic
separations. This process yields intermedidfenith an overall cumulative yield of 42947].
Remarkably, through thetilization of the advanced irenatalyzed crossoupling method directly

on the commercially available iodid€a, Rueping and coworkers were able to obtain comp88nhd
with a yield of 61%. The latter can be readily transformed into the required molQotitea

documented protecting group exchange proceiie

2.11Carbon-Nitrogen bond formation

The carbonnitrogen crossoupling reaction is a crucial and necessary conversion in organic
synthesis because arylamines, one of its products, are essential building blocks of many medicines,
natural products, and other biologically active substamgshwald and Hartwig presented a wide
range of ligandsn addition to the typicalu andPdcatalystghat were crucial in the development of

this significant €N coupling procesdn organic chemistry, a crog®upling reaction is the joining

of two fragments together with the help of a metal catalysta®alyzed crossoupling reactions

have been identified as being particularly significant in the field of organic synthégi401].

Using a range of commercially available Pd complexes and ligands, a variety of commonly used Pd
catalyzed crossouplingreactionscan now be carried out in water under ambient

andmild conditions. Among the most oftentilized Ci C bond producing reactions are these

coupling bond transformations, which include Sonogashira, Heck, Negishi,i SazdiStille

However, the €N bond's creation is important because it creates a pathway for the amine linkages to
be introduced into organic compourid®2-105. A lot of functional groups and materials, including
medicines, agrochemicalkgvors dyesperfumesegtc., contain CN bondg[106, 107]. Pd catalysts

have also been widely used for the purpose of erogpling reaction§108 109. In 1983, Migita et

al. stated the achievement of a¢&dalyzed €N coupling procesgL1(. But Buchwald and Hartwig
earned all the credit and horfor their consecutive articles from 1994 until the late 2000s that
demonstrated and validated the extent of this evolufiba.limitations of conventional techniques
(nucleophilic substitution, reductive amination, etc.) for the synthesis of aroni&tib@hds are the

main cause of the reaction's synthetic applicability. Most of these strategies struggled with a narrow
range @ substrates and lacked the tolerance of various functional gidiapy. reactions carried out

and documented over time, following a methodology first created by Buchwald and Hartwig, today

make it possible teynthesizearyl amines more easily and eféaitly.
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The more harsh processes (such as the Goldberg redcihri 12, nucleophilic aromatic
substitution, etc.) have been improved by it; as a result, the list of poteilad@nd formations is
expandind113, (Schemel9).

Pd catalyst F|<2
X Base N
7N ¥ Ligand X R3
R1T + R2/ \RB - R1L
/ /
45
44 46

R': Electron-donating and -withdrawing groups.
R2: Alkyl, Aryl, H.

R3: Alkyl, Aryl.

X: 1, Br, Cl, OTf.

Schemel9. General reaction for the formation Bl catalyzed-N bond

Important structural motifs found in substances with biological activity and organic electronic
materialsare arylamined6[114-118. Through the Pgatatalyzed coupling reactions of amines with

aryl halides, the Buchwaldartwig (BH) amination is a chemical reaction used in organic chemistry
to create €N bondsSince it has been widely and successfully used in both indurstirpcademia,

it is currently regarded as one of the most potent synthetic methodologies in organic cljéafstry

For the crossoupling processes that result in the productionidi Gonds, a variety of affordable
homogenous anldeterogeneouBd catalysts have been employed over {ib2€)]. Pd[121, 127, Ni

[123, and CY124] species have all been successfully employed as catalysts in coupling processes
for the production of CN and G O via nucleophilic aromatic substitution with aryl halided.has

been proven to be superior in most circumstances, but it has several drawbacks, including toxicity,
which is costly and damaging to the environment. As a result, it is not economical to use Pd in large

scale productionScheme 20
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Pd Ar

X

Ar NHR'R?
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(Oxidative addition)
(Reductive elimination)

L—Pd L—FPd

/N

NR'R? 5 x

NHR'R?
NaX + t-BuOH 2

(Deprotonation) (Amine coordination)

NaO-t-Bu Ar
d<
NHR'R?

L
~
P
<

6

Scheme20. Sketch of thdBuchwaldHartwig aminatiorcatalytic cycle

Nowadays, highly active and recyclable heterogeneous Pd nanoparticles are developed and widely
employed to get beyond these drawbddiZs]. The BH reaction is frequently employed in the

synthesis of novel compounds and the production of various materials, particularly in drug research,
and it exhibits a very flexible catalytic technique to create airld Bonds[126. Since the reaction's
discovery, research and development have concentrated on designing advantageous and appropriate
ligands and preatalysts to locate a broad range of compatible subsfit@d.31]. Using

palladium(ll) acetate as a catalyst and a large, elecitbriigand, the amination process proceeds

rapidly [137].
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3 Objectives

The aim of the first projeas to developthe stereoselective synthesis3-arylated2-substituted

azetidine compoundssing various Grignard reagents and electrophllesre has been an

increasing interest in strained ring structures in recent years, particularly because they are being used
in drug discovery program$he facile modulation of their structure enables access to a broad

platform of functionalized substratéidherefore, mitial focusis to prepare various Grignard reagents

and further complementary approachasthe formation of darylated azetidinelsy means of

strained-azabicyclo[1.1.0]butangysten48 as shown infScheme21.

B @\
f n-Buli 49

Bre_A\_ NH,.HBr

Y
N

47
48

50

Scheme21. Formation of3-arylatedazetidines using Grignard reagents.

Use of protectig/activatinggroups may lead to the formation®#rylatedN-protectedazetidines
that directs the substitution of various electrophiles at the alpha position of az€ttiheme 2).

PG

—NH
—I Directing/Activating group

X

\—
N\

FG

[PG = Botc, Thiopivaloyl]
50 51

Scheme22. Substitution of protecting groups Grarylatedazetidines.
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The R group attached to scaffo? causes a steric hindrance on one of the two diastereotopic faces
of the azetidinas shown in Figurd. Consequently, we anticipate that the metalation process will be

morefavorableon the side with less hindrance (opposite th R

steric hinderence

t-Bu

deprotonation

on this side

should be favored
52 )

Figure 1. Displays the favourable deprotonation side opposite' gr&updue to steric hindrance.

The mainwork would belHithiation and then electrophile trapping etBylatedN-protected
azetidine by employing various conditions and electrophiles to control the yield of the desired
product At last,evaluaion of the diastereoselectiviig going to checla t  tpdsi#ion bf 3arylated
N-protected azetiding$Scheme 2). As statedthe producB-arylated azetidine&-carboxylic acid

can beurtherused to form peptide chaifis33.

PG PG

s-BuLi, TMEDA

-

A
m

E*
' , ’ .

51 53

Scheme23. Uithiation/electrophilic substitutioB-arylatedN-protected azetidinassing various
conditions and electrophiles.

In the second project our goal isitbroduc ex-situ generateducleophilic organometallic species
onto azabicyclobutandkat are formed in the reaction mixtuceselectivelycreate3-arylated
azetidine intermediates by the release of stMoreover, creation of a highly effective method for
thel,3-bis-arylation of azetidines firstly throughu&r approachScheme 2. A novel arylation at
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position 3 will be carried out using arylmagnesium reagents, by modifying the solvent system to
prevent the formation of unwanted produdiseseexperimens are expected taccommodate

various functional groups.

Br . “u ~ ‘H
n-BuLi N 49 MgX NMgX X N
Br NHyHBr ————— 7 —
nucleophilic ‘ (SNAT)
strain-release ili
i nucleophilic

aromatic substitution

in situ
generated 54 55

Scheme24. Nucleophilic aromatisubstitutions (&Ar) of 3-arylated aetidines

Furthermore, ’bsequent advancements in the development of single pot techniques fer the N
arylation of azetidinewill be carried ouby usingBuchwaldHartwig couplings Scheme 25

Efficient and flexible methods for creatinghCbondswill be used enabling the synthesis of a wide
range of chemical building blocks. These building blocks include analogues of drug compounds,
which is a significant advancement towards incorporating rigigisp structures in drug discovery

programs.

MgX NMgX l
N 49 g

nucleophilic [Pd ] car

ca

strain-release Buchwald-Hartwig

X

in situ 54
generated 56

Scheme25. C-N bond formation oB-arylazetidins viaBuchwald Hartwig coupling
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B. Results and Discussion

1 Stereoselectiveapproach for the electrophilic U-substitution of 3-arylated

azetidines

1.1 Introduction

To enhance the effectiveness of potential drugs, present medicinal chemists are progressively
applyingan unconventionastructural pattemsuch as small and straingdg structures.

The ease of operatiomild reaction conditions, loweost preparation, argtereoselectivity
demonstrated by straielease reagenli&e cyclobutanesbicyclo[1.1.1]pentanesr 1-
azabicyclo[1.1.0]butanexpedite their widespread ulgH]. In comparison, azetidines present a bit
flexibility and more acceptance to functional groups hence, adaption to various drug compounds
makes it notablerigure2. In this study, we have developedathod, to utilizehe stored potential
energyandharnessing the inherent reactivitiithehighly strainedC-N bondof azetidinedy

treating withsignificantnucleophilesand further utilization irproteinchemistry.On a broader scale,

a wide range of reagents can be envisioned usiagrtéthod

~7

cyclobutane bicyclo[1.1.1]pentanes 1-azabicyclo[1.1.0]butane
e very rigid e Very rigid e molecular rigidity
e not flexible e not flexible o bit flexible

e more functional
group tolerance

Strain release reagents:

e small, strained building blocks

e 'spring loaded™
readily prepared from commercially
available materials on large scale

e Pharmaceutical importance

Figure 2. Strainrelease reagentse formedicinal discovery
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As aubstituted azetidines pose difficulties in their synthesis but are of great importance and currently
attract attention as bioactive compounds. Additionally, they have been employed as ligands in metal
catalyzed reactions and as chiral auxiliaf@%& 95,134.The i ni t i al i nstance of
lithiationi trapping proceswas presented by Hodgsan201Q [60]. This process involved the

addition of a lithium atom at thef@sition of azetidines that had the distinctive Seeb§88]I\-

thiopivaloyl activating groupHighly favorable results were achieved by employing lithiation with s
BuLi/ TMEDA in THF at 178 AC, followed by capt:
30 minutes, resulting in the production e$@bstituted azetidindg§0]. Furthermore, electrophilic
substitution on azetidine was investigated using chiral ligands resulting high enantiosel&cjvity

Later, the authoemployedthelithiation approach on Nhiopivaloylazetidin3-ol, resulting in the

synthesis of a range ofsibstituted dhydroxyazetidined4 (Scheme 8). The process consistently
achieved a high level of traitBastereoselectivit}67]. As studied 3-hydroxy- or 3-alkoxyazetidine

motif can be found in a numbdrugcandidate$45, 135 as well as imatural compoundfs 36,

137].

Recently the same authatated thathe compoundteBut oxyt hi ocar bonyl (Bot
lithiation and the addition of electrophiles teBwtc-azetidine Easy deprotectionf N-Botc

compoundcan be carried outsing TFA (EtOH, reflux, 12 h]138. Alternatively, e removal of

the Nthiopivaloyl group demands the use of severe conditions, such as MeLi (5 equivalents), THF,

at 0 °C for a duration of 5 houf87].

To the best of ouknowledgewe were thdirst to performthe diastereoselective synthesiss-
arylated2-substitutedazetidine compoundssing various functionalized aromatic Grignard reagents

and a variety of electrophiles (Schent. Both the protecting groups {Blotc and NtPiv) enabled

us to impart various electrophilesthe alpha position of azetidines with hgglectivity.
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a) previous work i Stereoselective synthesis eB2ibstituted 3Hydroxyazetidines

.....................

t-Bu

S s-BuLi (3 eq.), TMEDA (6 eq.)

N
| I o
THF (3 ml/mmol), -78 °C, 30 min

then E*, -78 °C, 30 min
then rt, 30 min

13

b
N >/

b) recent work T Lithiation-Electrophilic substitution olN-tert-Butoxythiocarbonylazetidirse

t-BuO t-BuO
\ S s-BuLi (1.3 eq.), TMEDA (2.4 eq.) N S
D THF (5 ml/mmol), -78 °C, 30 min I:k
then E* E
16 17

a) this work - Stereoselective electrophiktibstitution of3-arylatedN-protectedazetidines

S S
)J\ s-Buli (1.2 eq.) )J\
N Bu-t TMEDA (2.4 eq.) N Bu-t
| A THF, 30 min (-78 °C) | N %
// then E* //
FG FG
57 58
S S
s-BuLi (1.2 eq.)
N~ OBu-t TMEDA (2.4 eq.) N~ OBu-t
| N THF, 30 min (-78 °C) | N %
// then E* //
FG FG
59 60

Scheme26. Comparison among previous and current work fithiation/electrophilic substitution
of azetidines
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1.2 Optimization and Scopeof the lithiation/electrophilic trapping of azetidines

At first, we havesuccessfully synthesized the starting materialerbployingstrain release
approach. For this, variofignctionalizedaromatic Grignard reagents weng¢roducedonto azetidine
scaffoldthen directing groups (tPand Botg¢ were imparted further to achieves@bstituted N
protected azetidings9, 57 (Scheme 2). N-Botc protected 3ubstituted azetiding§9a - 59¢) were
successfully synthesized but the synthesidfand59e did not work possiblylue to thenature of
substituents attached with the aromatic ring syskenthermore, NPiv protected 3ubstituted
azetidineg57ai 57f) weresuccessfully synthesized bagainthe synthesifrom (57g7 57) did not

work possiblybecause aothe same reasasdiscussedScheme 2).

S
\S)GIIOJ< (1.2 eq.) JSI\OJ<

THF, EtsN (5 eq.)

Y
Q

59
NH
®
50
S
N
‘ TMACI (1.1 eq.) )J\’<

Pyridine, P,S5 (1.25 eq.) C/
R’

57

33



Xk Ak Xk
o o

59a (35 %) 59b (31 %) 59c¢ (29 %)
Xk Ik
N~ O N)J\O
o
\
MeO S
59d (Not Formed) 59e (Not Formed)
S S S
o ¥ )@LNJK o T
MeO
57a (77 %) 57b (39 %) 57c (72 %)
S S S
F Cl CF30
57d (32 %) 57e (22 %) 57f (37 %)
S S S
veeal Nkﬁ Ioal
0 O . O CF3
579 (Not Formed) 57h (Not Formed) 57i (Not formed)

Scheme27. Synthesis of Norotected3-subsituted azetidinassing Botc and tPiv groups

This work showsn-depth study of the fprotecting/activating groug®otc, tPiv) that are not often
employed for deprotonation at the alpha position to the nitrogen[d@®7, 139, Table 1 In the
conversion of compoundl to B, N-Boc-azetidineexhibited inertness towards lithium amides (LDA
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or LTMP, LTMP=lithium 2,2,6,&etramethylpiperidideqlso he use of-BuLi, s-BulLi, t-
BuLi/TMEDA was ineffectiveas shown irentry 1 (Table 1)The remarkable diastereoselectivity
achievedor N-Botc (> 98% D)entry 2 as itis not typically observed faziridines[61], N-Boc-
pyrrolidine, or NBoc-piperidineg14(. As well, the N-thiopivaloyl groupwhich has not beemuch
investigatedefore[59, 141] alsoplays a crucial roleentry 3 Further the reaction was examined
using different equivalents of electrophiles and by changing reactionTihreeoptimum yields
measuredor both directing groupwhen 2 eq. of Trimethylsilyl chloride {Ewasaddedn the
reaction mixture at78°C for 30 min and stirred reaction further 8% minfrom -78°C to rt entry
2, 3 The use of reduced amount of TMEDA reedlin low yieldsandthe product does nédrm
without it. The experiments conducted in@tandtoluenewas not significant, which can be

attributed to the limited solubility of the deprotonated species.

Table 1. Optimization ofUHithiation/electrophilic substitutiomat 3-arylatedN-protected azetidines

N’PG TMEDA (2.4 eq.), THF N/PG
s-BuLi (1.2 eq.), 30 min (-78 °C)
TMSCI (x equiv.), Time g ;’s|—

A B
Entry PG Time E*(eq.) Yield (%) dr
1 Boc 30 min C 0D€¢Q-
2 Botc” 30 min 81:1
3 t-PivP 30 min q Tp 171
4 Botc 1h C Qp 80:1
5 t-Piv 1lh G TT 17:1
6 t-Piv 30 min o oy 16:1
7 Botc 30 min o Qp 80:1
8 Botc 1h o U X 78:1
9 t-Piv 1h o o X 151

aReactions performed withBuli, s-Buli, t-Buli/TMEDA, lithium amides (LDA, LTMP) under
THF, diethyl ether andoluene as a solverfiReactions performed in THF using TMEDA (2.4 eq.),
s-BuLi (1.2 eq.) at7 8 ( 3 0 thenE"112)eq.)ati3@ min). Diastereoselective ratio (dr) is

estimated usingH NMR spectrum.
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The starting materid1is Achiral as it does not have astgreocenter. On the other hand, the

electrophilic substitution produéB has twostereocentre§cheme &.

PG PG PG
N/ N/ /
s-BulLi E* N
/ / u,’// / ",,/,
&9 & ™ & %
51 53
Achiral Chiral
PG PG
/ /
—N ) —N
| Diastereomers
/ .,,,// /
& & %
53a 53b
PG PG
/ /
N| Diastereomers N
\\\\“ ’I,,/ \\\\‘
R’ (= R' E
53¢ 53d

Scheme28. Possible stereoisomers ofpMotected 2,3lisubsituted azetidine.

Remar kabl vy, Botc

protectiohi dbmansbonaéekdctompl

under same conditions as thased forN-thiopivaloyl 3-arylatedazetidires resultinggenerallyin

good yield andsignificantdiastereoselectivitylhis effort produces high level of trans

diastereoselectivity due to the steric hindrance caused by the bulky group at position 3 as evidenced

by X-ray diffraction (Figures).
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HO@ Nt/
~o0 \ — | /

S TN
\//"\/ \"_\,l\s
<ise/ /

/ /L\l\

Figure 3. Major transdiastereomer observed for ZJBubstituted azetidine as revealed byax
diffraction technique.

This demonstrates that the electrophile scopbeaxe groupsxtends beyond the previously
describechpproachesThis also suggests that there are more opportunities to generate diversity in
azetidine usinghese methods

1.3 Stereoselectivityof 3-arylated azetidines upon electrophilic incorporation

Th e pr o dithiatien oiB{subdiitutedN-Botc protectedzetidires followed by electrophile
trapping allows for the synthesis of a variety (#@isubstitutedhzetidinesTable 2 In this method
electrophiles exhib&da significant level of trandiastereoselectivity upon incorporati(@Oa i 60e)
with a yields ranging from ® to 97% Thehighest yieldof 97 %wasobtained60a) when
employingDeuterium oxide (RO) is employed as an electrophile, entryarthermorepptimum dr
(81:1) observed60c) with TMSCI (E"); major trans diastereomer (> 98% D) dustgric hindrance
at 3position of azetidine, entry 3dditionally, certain products from reactions involving different
electrophiles either weren't formed at all or were in the form of a complicated mixture that was
challenging to isolaté0f - 60I).
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Table 2. Scope of Electrophilic Incorporation inte/3ylated N-Botc azetidines

S S
LK eoagsse) e Lk

N
s-BulLi (1.2 eq.), 30 min (-78 °C)
E* (2 eq.), 30 min (:78°C), -~ E
‘R’ i+ ’ ‘R’

then 1h rt
59 60
Entry Compound 2, 3-disubstituted azetidine 9 Yield (%) dr
1 + 972 C op
2 4 68 ogp
3 T 63 W oo
4 u 19 cdp
5 - S 38 P
J\

J@(L B\

6 [ | s Not formed
Xk
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10 S -
PIS
@L’T\
11 S -
® oK
O "’EOH
F
=
12 | S -
Aok

0ptimum drobtainedusing TMSCI as an electrophijemajor trans diastereomér 98%D) due to
steric hindrance at Bosition of azetidine$Reactions tried using various electrophidesne products
were not formed and others were in the formahplex mixturecould not isolate. Diastereoselectivity
is estimatedria 'H NMR spectrum.
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Moreoverth e p r o dithiation otB{subdiitutedN-tPiv protectedizetidiresfollowed by
electrophile trapping allows for the synthesis of a variety, ®&substitutechzetidinesScheme29.
Likewise,electrophiles exhib&da significant level of trandiastereoselectivity upon incorporation
(58a1 58p) with a yield ranging fron31to 87%. Deuterium oxidé8agivesagood yield of 81%.
When TMSCI is employed as an electrophi&b and58care obtained in 41% and 37A#eld,
respectively. Methyl substitution at position 2 gives 36%8u. Allyl bromide givesb8ein 39%
Various challenging electrophiles suchcgslopropyl(4fluorophenyl)methanongé8g i 58) and
adamantar?-one(58k 1 58) givesoutstandingyields mostly above 80 %xcept58g and58l.

Electron donating group dsBh gives high yield of 85% in comparison wiidg (43%). On the other
hand, electron withdrawing group showed slight decrease in58(@3%).Noticeabledecrease in
yield observedvith EWG on 58| (32%) compared with8k (82%). Optimumyield up to 87 %
obtained fo58n when carbon dioxide gas (G)As bubbled in the reaction mixtuféurthermore,
optimum dr(94:1) seernwith cyclobutanon€58f); major trans diastereomer (> 98% D) due to steric
hindrance at osition of azetidine. Also, reactions tried using various electrophiles some products

were not formear in the form of complex mixture difficult to isola{8aai 58s9.

S )
N TMEDA (2.4 eq.), THF "
s-BuLi (1.2 eq.), 30 min (-78 °C)
> "/E
‘R E* (2 eq.), 30 min (-78 °C), Py
et then 1h rt A
57 58
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58a (81 %)
dr: 6:1

@ﬂ/iﬁ
MeO A\

58e (39 %)
dr: 13:1

-n

58i (83 %)
dr: 20:1

58m (69 %)
dr: 6:1

L

58b (41 %)
dr: 17:1

-, OH
MeO <§

58f (31 %)
dr: 94:1

58j (81 %)
dr: 7:1

58n (87 %)
dr: 5:1

MeO 7\

58c (37 %)
dr: 4:1

e

589 (43 %)
dr: 58:1

S

IS

HO
N e

58k (82 %)
dr: 47:1

MeO HO

580 (81 %)
dr: 16:1

o

MeO

58d (36 %)
dr: 8:1

-n

58h (85 %)
dr: 5:1

HO
ST

581 (32 %)
dr: 17:1

Cl HO

58p (51 %)
dr: 20:1
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58aa (Not formed)

st
Q

58ee (Not formed)

= _OH
MeO

58ii (Not formed)

o3

—N
\

58mm (Not formed)

58ff (Not formed)

58jj (Not formed)

58nn (Not formed)

Rt

s

F

58qq (Not formed)

z8

58rr (Not formed)

s
o
Si—

cl / \

58cc (Not formed)

N
~._OH
MeO O

58gg (Not formed)

58kk (Not formed)

e

5800 (Not formed)

S

S
N)H<
=0

CF50 HO

58dd (Not formed)

58hh (Not formed)

s
A
“—CHj,
MeO HO/%:}

OMe

58Il (Not formed)

58pp (Not formed)

S
N
F HO

58ss (Not formed)

Scheme29. Uithiation/electrophilictrapping of3-arylatedN-tPiv protectedizetidinesising various

electrophiles.
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1.4 Competition between stereochemistry oélectrophilic substituted azetidines

U-Amino acids are fundamental components that form the structural framework of proteins.
Azetidinebased amino acidbat are not naturally occurring have notable characteristics in the field
of protein engineerings it enables the exploration of novel characteridticight of our progress in
synthesizing foumembered carb@nd heterocycledl42-152 a simpleorganometallic pathway for
the synthesis ainsaturated carboxylic acid precursors is demonstraizhtlyby our group

following metalcatalyzed asymmetric reductiondiastereospecific synthegdr > 991) of
functionalized 2azetidinecarboxyliacid was performefl53. Thistechniqueproducedhe targeted

creation of cissomers (Scheme30) [154, 155.

deprotonation/elimination cis-hydrogenation
deprotonation/trapping

. Ru )
——NBoc s-Buli ——NBoc | lcat- ——NBoc
Meoﬁ then CO, \ H 7/
2
® ® COOH @& COOH
novel
l s-BulLi T co a—aminoacids
g 2
_TBOC —NBoc s-BuLi —NBoc
A — ) —
Meoﬁ ’ ’
@ v ® ® U

Scheme30. Metatcatalyzed asymmetric reductiéor thediastereoselectve y nt hesi s of
aminoacids[153.

In this workfurtherstudeswereperformedo examine théormationof azetidinebased amino acids
selectivelyusing NtPiv and NBotc protected azetidineBor this carboxylic acidsubstituted
azetidinesverefirstly generated by introducing carbon dioxide gE@asinto the reaction mixture.
The study then proceededanalyzethe tolerance ofariousfunctional groups by addindjfferent
substituents on the aryl part of the substrdatis.important to mention that thmethod of adding
lithium to saturated cyclic systemssultedn transisomergScheme31), providing an effective and

distinct alternative texistingmethodd56, 153.
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S
s-BuLi (1.2 eq.) )]\
//:/N Bu-t TMEDA (2.4 eq.) LN Bu-t

R’ THF, 30 min (-78 °C) R -
CO,H
then CO,

Y

S
s-BuLi (1.2 eq.) )]\
//:/N OBU-t TMEDA (2.4 eq.) L OBu-t

R’ THF, 30 min (-78 °C) R -
CO,H
then CO, 2

\

Scheme3l.Di ast er eosel ect i-anmenoaigsuding €jH8ms58pd5iL to 876y e |
and Bot¢ 60d (19 %), respectively

Employinga diverse collectionf U-amino acidbuilding blocks, our objective was to integrate them
into short peptid chains.Compound58owas selected for amidification with stereodefined L
phenylalanine isopropyl ester usind\lHU as a peptide coupling agdt66. The two
diastereoisomey namely6la and61b, could be effectively separated usc@umnchromatography
and obtained yields of 44 and16 % respectively, resulting in a total yield 58% (Scheme32). In

the future, we anticipate that thesféectivedesigns will be highly valuable for protein engineering

and the investigation of secondary structures including azedidine

CO,i-Pr
NH,.HCI

S
N)* (1 equiv.) %
’//_ /
- =0 HATU (1.1 eq), 7 NH 0{ . N /© NH O
(0] HO DIPEA (2.2 eq), \
DCM, rt,6 h

61a (41 %) 61b (16 %)
dr > 99:1 dr > 99:1

Ph

Scheme32. Synthesis of peptidehains viaunctionalized 2azetidinecarboxyliacid.
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2 Bis-arylation of azetidinesby means of strain release approach

2.1 Introduction

Over the past few years, strained-gph heterocycles have become significant frameworks in
medicinal chemistrythey are valuable in adjusting pharmacokinetic characterj8®457-160.
Azetidines havgatheredhoteworthyattention among thos&hey have been employed in various
occasions to rigidify amine structures or agmyl isosteregl61, 167. Various approaches enable

the creation of substituted azetidines, such as [2y@padditiond163 164, ring expansion§l65

167], ring contraction$168171] and ring closuregl72. Furthermore, we have made new
contributions to this field by manipulating unsaturated analogues, specificalig@ihes, using
Diels-Alder cycloadditions or hydrogenation reacti¢h48 151, 153. 1-Azabicyclo[1.1.0}butanes
(ABB) have a unigue reactivity towards nucleophiles due to their ring strain. This makes them a
promising substrate for further f uiNicCtdhedmlal i z a
angles, azdicyclobutanes exhibstrong nucleophilic properties and are expected to readily undergo
reactions with electrophilic species. Inspired by Funke&’§] groundbreaking research, Nagao's
team further explored the concept of streétease using nucleophiles suchtasls andhalogens

They conducted their experiments in the presencetoapping reagents suastosyl andacyl
chlorides[81]. Later, Barancreateda highly effectivestrain release amination approach based on the
use of turbeamides (primary and secondary) as a nucleophile for the modificatcuglike
compoundg91]. In 2019, Gianatassio and his colleagues have demonstrated the nucleophilic
addition of Grignard reagents in the synthesis-afkylazetidines. They achieved this by employing
TsCl, acyl chloridesor Boc,O aselectrophiles(Scheme33) [92]. Also, the substitution of azetidines

at position Ian be efficiently achieved via ®ronate rearrangemerjts/4. In this work we
introduced nucleophilic organometallic species onto azabicyclobuttdrasare formed isituand
selectively creatd3-arylated azetidine intermediates by the release of strain. Subsequent
advancements were made in the development of single pot techniques fearyiatidn of

azetidines by using either Buchwatrtwig couplingsor SvAr reactionsA highly effective method

is introducedor 1,3-bis-arylation of azetidinesrylmagnesium reagents were used to conduct an
unprecedented arylation at positionTBe solvent systermasbeen modifiedo prevent undesirable
products and showcasing the method's strong tolerance for functional @guwsing

straightforward and adaptableNCbond formation techniques, a large library of building blocks,
including drug compound analoguesuld be designeshoving closer to the difficult task of

implementing rigid sprich scaffolds in drugliscovery prgrams.
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a) literature 1 Strain releaséelectrophilic trapping oazetidines

Br PhLi

(3 equiv.)
Br. NH,HBr —_—
-78°C,1h

Nagao (1999) Baran (2016) Gianatassio (2019)
Nu = SH, CI Nu = NR, Nu = alkyl
E=Ac, Ts E = Boc E=Ts

b) this work 1 Strain- releasebis-arylationof azetidines

Br n-BuLi /Arz
(3 equiv.) N 1. Ar'[Mg] N
Br NH,-HBr —— 7/ o
Toluene 2. AreX
-78°C,1h Ar'

Conditions A: SyAr
Conditions B: C-N coupling

Scheme33. Synthetic approach to dsfunctionalized azetidines

Surprisingly there is dack of literature on compounds as uncomplicated abik&rylated

azetidines, primarily due to the challenging nature of efficient and seléatimation oftheir

structure. Although thattemptshave been made, the process of introducing aryl groups at position 3
of azabicyclobutanes through strarelease has not been revealed. Driven by a broad fascination
with 4-membered carband heterocycles and thaipplicabilityin drug developmeritl75, weset

out todevelop aeliablemethodfor creating thestunctionalizedazetidine structures.

2.2 Optimization and scope for thestrain release bisarylation of azetidines

We initiated our investigations by examining the roqening reactions using ar@drignard reagents
that were synthesized ex situ. Previously, AAB were formed in Byt process of double
cyclization, using an excessive amount of phenyl lithium as a base to remove protons. The initial
experiments were conducted at the specified circumstances (PhLi, THF), but rqanogbgts were
observed, Schen®4. The desired produé?2, whichis formed through the nucleophilic addition of
ArMgBr (p-Tol), was only obteed in small quantities and could not be separated from the
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byproducts63 and64. These byproducts were formed due to the nucleophilic additions of residual
PhLi and THFsoluble LiBr,individually.

Br PhLi /TS
(3 equiv.) N ArMgBr N
Br. NH, HBr —_— Y7
THF -78°Ctort
-78°C,1h + then TsCI A g2
LiBr Ar = p-Tol

r

Ts Ts
s
Ph" g3 Br' 64

byproducts

Scheme34. Issuegelated with the reported conditiofts the bisfunctionalization of azetidines.

We envisionedhat nBuLi which is more basic, less nucleophilic than Ptruld serve as a
substitute for PhLi, thereby preventing the production of moleg®levhich is difficult to separate.
n-BuLi is more alkaline, but less nucleophilic, compared to PhLi. The prevention of the creation of
64 was accomplished hysingtoluene as the solvent to cause the precipitation of piBduced
during the cyclization procesthereforehinders the unwanted reactivity between LiBr and ABB
Scheme 35With new conditionsproducts62a-g were separated without any byproducts in yields
rangng from 35% to 68%51] upon the introduction of sCl as arelectrophilesOptimum vyield of
68% is obtained foB2awith phenyl magnesium bromide as a nucleopfile arytGrignard
reagents exhibited uniquenucleophilic addition onto azaicyclobutanes, resulting in an efficient
and smooth incorporation of aryl groups at positioRl8ctron donating group @2b gives 39%
yield in comparison with EWG oB2gwhich gives a yield of 8. Product$2h - 62m tried with

various Grignard reagents and electrophiles but was not successful.

Br n-BuLi /E
(3 equiv.) N ArMgBr N
Br: NH,HBr E—— Y7
Toluene -78 °C tort
-78°C,1h then E* Ar
insoluble in toluene 62 (no byproduct
observed)
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NTs NTs LNTS LNTS
-C -
MeO ©/

62d (42 %)
62a (68 %
(68 %) 62b (39 %) 62¢ (35 %)
NTs LNTS NTs
O O t-Bu
Cl
)
62f (46 %)
62e (51 %) 629 (65 %)
NTs NTs NTs
F %NTS
Cl F
Cl F CN 62k (Not formed)
62h (Not formed) 62i (Not formed) 62j (Not formed)
NBoc

7/@NTS
cl

621 (Not formed)

Cl

62m (Not formed)

Scheme35. Establidiing conditions for the strainelease reactiowith aryl-magnesium reagents

We anticipatedhat the intermediate magnesium amiahich is formed through a ring opening
reaction, may be directiytilized in a subsequent nucleophilic aromatic substituticio efectron
deficient aromaticsproviding a first wayor the synthesis of biarylated structuresScheme 8. 2-
Fluorinated pyridines were selected as suitable substrates for this reaction due to their electron
deficient propertieg~ollowing the successful formation of theadetidinylmagnesium specigsthe
reaction mixture using PhMgBr, additional/ (nucleophilic aromatisubstitution) was carried out
in the presence of triethylamine and an excess of the electropfiticr@pyridine. This resulted in

the production of compourba-e with a yieldranging from27 to65%. Optimum yield obtained for
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65b (65%). Further, Y altering the substitution pattern ofl2oropyridines, we obtained
halogenated compoun@sc(43%). Aryl-Grignard reagents with electravithdrawingsubstituents
(Cl) werealsoobservedn this reaction, producing compoungsaand65ewith yields27% and
47%, respectivelyThe compound&5f and65gwere unfortunately not obtained

Ar’-F (3 eq.) /Arz
/N Ar'MgBr —NMgBr EtsN (4 eq.) —N
—_—T —_—
i ;; -78 to 25 °C —J toluene —J
Ar’ 25°C, 16 h Ar’
- - 65
) e I
NN NN ~ |
Cl x
N~ N
cl
Cl
HsC
65a (27 %) 65b (65%)
65¢ (43 %)
N \N N \N
cl
H3C cl
cl
65d (35 %)
65e (47 %)

o
S L
N OCHj
IS
H3C \ S

Cl

65g (Not formed)
65f (Not formed)

Scheme36. Nucleophilic aromatic substitutions\/&r) of 3-arylated aetidines
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While this approach shown effectiveness, it is limited to the replacement of fluorides on electrophiles
that resemble pyridin®©therelectron deficienaryl compoundgontaining nitrocyano, or ester

groups were unable to produce the intendemiMated azetidines, thus restricting the range of the
reaction. Consequently, we sought an alternative method that would expand the options for creating
Ci N bonds and focused our attention ondathlyzed conversions. The Buchwddrtwig coupling
reactions havexperienced significant advancements since the groundbreaking studies conducted by
the researchers who are credited with the discovery of thifdoramation[176, 177]. Several

instances of drug discovery programs have been documemtbe couplingf 2° amines, including

some azetidinealso[174, 17§.

Phenyl azetidind” coupled with poromoanisole wasxamined for the purpose of enhancing the
reaction processable 3 While Pd(dba}/BINAP or Pd(OAc) Xantphos catalytic systems (entries

1-3) produced the coupling produgt in ayields of27 to 60% (using either KOBu or NaOtBu as

the base)Theoptimum yield(82%) obtainedvhenazetidine ixombined with the

xPhosPdG3/Brettphos catalytic syst@antry 5) While reducing the catalyst loading tariol% did

not have any detrimental effect on the effectiveness of the coupling, lower temperatures did lead to
reduced yields.

Table 3. Optimization of conditions foBuchwald Hartwig couplings of azetidines

OMe

BrQ OMe
NH (1eq.)
_—
/ KOt-Bu (x eq.) N
Ph Pd, Ligand
toluene, T

Ph

Entry [Pd]/Ligand T ( ) Yield (%)
1 Pd(dbak/BINAP? 100 QT
2 Pd(dbay/BINAP? 100 58
3 Pd(OAc)/Xantpho$ 100 C X
4 RuPhosPdG3/RuPhos 100 X W
5 xPhosPdG3/Brettphbs 100 N
6 xPhosPdG3/Brettphbs 80 X O

aReactions performed with 3 mol% [P@Pd]/Ligand= 1.5: 1, 3.0 eq. KOBu.? NaOtBu instead
of KOt-Bu. °Reactions performed with 1 molpgd], [Pd)/Ligand=1: 1, 1.4 eq. KOBu.
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By employing optimatonditions, he potential of BuchwaldHartwig coupling on darylazetidines

produced ex situ was assessed ufaerrableconditions, using variously substituted aryl and
heteroaryl bromides.-Bhenylazetidineombinedwith both electrorrich and electrospoor aryl
bromides, resulting in the formation of dy&-arylated azetidine86ai ¢ with significantyields

ranging from27% to 82%.

It is important to mention that a higher amount of product was produced using Bu¢taviidg

coupling ond-bromaanisole(66a 82%) compared to SAr conditions(65ae, 27 to 65%). By

introducing an electredeficient Grignard reagent, a 27% yieldé@t was obtainedThe reaction

shown agoodlevel of tolerance towards functional groupespite, the formation of compounds

from 66f1 66m was not successfuScheme37).

Ar?-Br
xPhos Pd G3 (x mol%) /

NH Brettphos (x mol%) N
KOt-Bu (1 eq.)

Ar' o Ar'
toluene, 100 °C 66
Br 7 CF3
|
Cl
Cl
66a (82 %)?

66b (47 %)?

OCH;
ocH3

Je Joi
g@ﬁ T o of

66g (Not formed)* 66h (Not formed)®

66f (Not formed)® 66i (Not formed)?
H3C
CN CN OCHs
N /©/ /©/ OCHs
N N
O O N OCHs
O
66k (Not formed)” 661 (Not formed)” 66m (Not Formed)?

66j (Not formed)®

Scheme37. Buchwald Hartwig coupling of 3arylazetidines?x = 1 mol%,° x = 2 mol%,° x = 3

mol%.
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Thecoupling techniques usddr the azetidine bisrylation procesded toa variety ofvarious
functionalized molecule®ur next objective was to improve the efficiency of the process by
eliminating the need to purify the free azetidine at an intermediate stage-pdiop®cedure was
designed to facilitate the barylation of azetidines. This method combines the stafyssain
release and Buchwaldartwig coupling in the same solvent systdihe formation of aza
bicyclobutane occurred in situ then arylation at position 3 is performed via strain release using aryl
magnesium species and finally coupling reacisocarred outunder Pecatalyzed conditions
(Scheme88). By altering the compositions, various functionalized compo@ds:c were
synthesized with moderate to high yie(86 to 72%)y BuchwaldHartwig GN coupling reactions.
Compounds7a was obtained witla bitreduced yield72%)compared to the twetep procesé6a
(82%)

_ - Ar?-Br 5
xPhos Pd G3 (x mol%) Vsl
/N Ar'MgBr —NMgBr Brettphos (x mol%) N
i ;/ .78 to 25 °C || KOt-Bu (1 eq.) 1J:J
Ar’ toluene, 100 °C Ar

OMe OCHs
£x
N N
N OCH,3 CFs3
=7

Ph Cl

67a (72 %)°
(72%) 67b (35 %)° 67¢ (36 %)°
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/©/C Fs
s
67d (Not Formed)®

OCH,
OCHj,

N OCHj
S

\_s

67g (Not Formed)?

/O/OCH3
N

Cl

H3C

67e (Not Formed)?

/©/OCH3
Ph N
Ph N

Ph

67f (Not Formed)b

Scheme38. Onepot ringopening/BuchwaltHartwig couplingsequencef 3-arylated azetidine$x

=3 mol%,? x = 4 mol%.° x = 5 mol%.
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3 Conclusion

This study demonstrated different strategies for the synthekiaafonalizedazetidine compounds,
which are widely recognized and acknowledged methodololgieso their selectivityMany
Grignard reagents were synthesia¢dhe starand utilized further fothe synthesis of-arylated
azetidinesMoreover,protectng groupswereemployedfor the formation oB3-arylated Nprotected
azetidinesHence,Hithiation and subsequent electrophile trapping-afyated Nprotected
azetidinehave beemsuccessfullyperformedusing differenteaction conditionso getoptimumyield

of thefinal producst, Schem@9.

PG
N~ TMEDA (2.4 eq.), THF ~PG

s-BuLi (1.2 eq.), 30 min (-78 °C)

-
v

zZ

\}
m\

E* (2 equiv.)

PG: Botc, Thiopivaloyl

Scheme39. Electrophilic trappingat 2 positiorof N-protectedunctionalized azetidines.

Ultimately, the diastereoselectivityave been measuraedt  tpdsigion of 3arylated Nprotected
azetidinesO-tert-butyl carbothioate protecting group showed good yield and diastereoselective ratio
(dr) when compared tihiopivaloyl group, also deprotection of this group does not require harsh
conditions.The comparison has been made for the diastereomeric ratio araoylgtdd azetidines
protected with @ert-butyl carbothioate group artkiopivaloyl groupcontaining different

electrophiles (Deuteriuraxideand TMSCI),Botc showed greater yield with good

diastereoselectivitin comparisor{SchemetQ).

Also, reactions tried using various electrophiles some products were not formed or in the form of
complex mixture difficult to isolate depending on the nature of substituent at position 3 of azetidine
and attacking electrophile.
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S
N)H<
%

D

Yield: 97 %, dr: 20:1 ' Yield: 81 %, dr: 6:1

Yield: 63 %, dr: 81:1 : Yield: 41 %, dr: 17:1

Scheme40. Comparison of the yield and diastereomeric ratio ameargylatedN protected
azetidinexontainingelectrophilegDeuteriumoxideand TMSCI).

Forthesecond projectwe have created a highly effective method for thebis@rylation of

azetidines by employing reactive strained-azgclobutanesgenerated in sittA novel arylation at

position 3 was carried out using arylmagnesium reagents, by modifying the solvent system to prevent
the formation of unwanted producBchemell. Theseexperimens showcased the method's

exceptional ability to accommodate various functional groups. Efficient and flexible methods for
creating GN bonds were used ia singlgpotreaction, enabling the synthesis of a wide range of
chemical building blocks. These building blocks include analogues of drug compounds, which is a

significant advancement towards incorporating rigitirsgh structures in drug discovery programs.

Br MgX
n-BuLi (3 eq) N -78°Ctort NMgX X N
Br NHyHBr ~ —— ¥
Toluene, -78°C, 1 h nucleophilic (SnAr)
strain-release or

Buckwald-Hartwig

in situ
generated

Scheme4l. Strain release approach for the-arylation ofazetidines
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C. Experimental Section

3 General Considerations

Starting materials used were commercially available without any further purification except

otherwise stated. All the reactions were performed using fined glassware underN

atmosphere. Syringes were purged with nitrogen three times before use to transfer reagents or
anhydrous solvents. THF 99.5 % pure and toluene 99.85 % pure was bought from Acros Organics.
Solution of RBuLi in hexane was purchased from Rockwood Lithium tedconcentration was

measured via titration using 1;phenanthroline in TH with iPrOH. sBuLi as a solution in

cyclohexane was purchased from Albemarle. Phenyl magnesium chloride solution in THF was
purchased from Rockwood Lithium and the concentration was determined by titration using iodine in
THF. Aryl Grignard reagents wetirated using iodine in THF at rt. Chromatography purifications

were carried out using silica gel (Si®.0400.063 mm, 230400 mesh ASTM) from Merck. The

spots were seen under UV (254 nm) or by staining the TLC plate with the solution of4&KMnO

(K2CGs, 10 gi KMNnOg4, 1.5 gi H20, 150 mii NaOH 10% in HO, 1.25 ml). NMR and GC analysis

were used to estimate % age purity of final products.fh&’C and°F NMR spectra were

recorded on VARIAN VXR 400 S and BRUKER at 400, 599, 151, 101 and 377 MHz instruments.
Chemical shift (U0) values were reptNMR&ECi n pp
NMR) in deuterated chloroform (CDEl G 7 . 2%®-NMBRmahdr 0 7%7C-NMR). ppm f
Signal coupling abbreviations are as follows: s (singlet), d (doublet), t (triplet), g (quartet), quint
(quintet), m (multiplet) and br (broad). Reactions were monitored via GC to check the endpoints
using rundecane as anternal standard. Gas Chromatography was performed using instruments of
Agilent Technologies 7890, having a column type HP 5 (Agilent 5% phenylmethylpolysiloxane;

l ength: 15 m; diameter: 0. 25 -Packayd 6890 dr 5890sesi c k n e .
I, using a column of type HP 5 (Hewld®ackard, 5% phenylmethylpolysiloxane; length: 15 m;

di ameter: 0.25 mm; film thickness: 0.25 &egm).
resolution mass spectra (LRMS) were recorded on Finnigan MAT 95Qg&mMAT 90

instrument or JEOL JM300. Infrared spectra were recorded on a Perkin 281 IR spectrometer and
samples were measured neat (ATR, Smiths Detection DuraSample IR 1l Diamond ATR). The
absorption bands were reported in wave numberd)amd abbreviations used for intensity are as

follows: vs (very strong; maximum intensity), s (strong; above 75% of max. intensity), m (medium;
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from 50% to 75% of max. intensity), w (weak; below 50% of max. intensity) and br (broad). Melting

points were measured on a BlichbB0 apparatus.
4 General Procedures

4.1 Synthesis of Aryl Grignard Reagents

FG FG

FG = functional group; X = Br, ClI

Schlenk flask dried by heat gun (600 °C, 2 x 5 min) was charged with magnesium turnings (972.2
mg, 40 mmol, 2 eq.). THF (5.0 mL) and iodine (1 grain) were added, angithae was heated to

reflux using heat gun to activate the magnesium. Aryl bromide (20 mmol, 1.0 equiv.) dissolved in
THF was added dropwise to the activated magnesium suspension. After that the mixture was stirred
for 1 h at room temperature to get a Fbtbtution of aryl magnesium reagents. The concentration of

the prepared Grignard reagent was determined by titrating avith |

4.2 Synthesis of 3substituted azetidines

Br n-BuLi (3.0 eq.) 4 ] Ar'MgBr (2.0 eq.), 16 h : ® ©
Bre_J~_ NH,.HBr - [ 2z } - Ar”@H ! NH,OAc
-78 °C, toluene, 1.5 h 3 HCI (1 M), NaOH (1 M) : L
or v Ar
47 AcOH 50 '
48 ' 50°

2,3-dibromoproparil-amine (1 eq.) was suspendedaluene(extra dry) in aried round bottom

flask. The suspension was cooled dowr7@’ C the rBuLi (3 equiv.) was added dropwise, and the
reaction was stirred for 1.5 h. Afterwards the Grignard reagent (2 equiv.) was added dropwise to the
solution and the reaction was left stirring for one how7&8°C and then at rt for 16 h undes N
atmosphere. The reaction was quenched with HCI (1 M) until (pH ~ 1), and then washed®ith Et
(3x). The aqueous layaras basified with NaOH solution to (pH ~-1@) and extracted with EtOAc

(3x). The combined organic layer was dried over Mg&al concentrated in vacuo. The proda@t
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was then used for other preparations without further purificafitecnatively, the reaction can be
guenched using AcOH. The excess AcOH was removed with toluene in vacuo (3 x) to get the solid
product50'.

4.3 Preparation of O-(tert-butyl) 3-pheylazetidine 1-carbothioate

S
S
67 \s)J\oJ< (1.2 eq.) Jig )<
Ar./CNH /C/N o)
THF, Et;N (5 eq.), 16 h, 0 °C A

50 59

3-Arylated azetidinel( eq.)was suspended in THF (6 ml) under nitrogen. Triethylamine (5 eq.) was
added then the mixture was stirred for 10 mins at.0 -nfethyl Gt-butyl dithiocarbonate (1.2 eq.)

was added and the reaction was stirred for 16 hrs. After that the mixture was quenched with saturated
solution of NHCI and extracted with eth€Bx) then the ether was removed in vacuum. Purification

was done via column chromatography to obtain a desired product.

4.4 Preparation of N-thiopivaloyl 3-arylated azetidines

o)
THF, Et3N (5 eq.), 30 min, 0°C
/CNH
1- Ar > /C/N
TMACI (1.1 eq.), 16 h, rt Ar
50
0 s

Pyridine, P,Ss (1.25 eq.), 6h, 75 °C
). /C/NJ\’< y 2S5 ( q.) . /C/NJ\’<
Ar Ar

HCI (1M ), pH 3

57

3-arylazetidine 1 eq.)was mixed with 10 ml THF (extra dry) in a flame dried round bottom flask.
Triethylaminebeg)was added dropwise via a syringe to t
stirred for 30 min. Afterwards trimethyl acetyl chloridel( eq.)was added dropwise, and the

resulting solution was allowed to attain rt and stirred for 16 h unglatrhbsphere. The reaction was

then quenched with 1 M HCI (5 ml) and aqueous layer was extracted with DCM (3 x 30 ml). The
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combined organic layer was dried over Mg®@d concentrated in vacuo to give the crude N

pivaloyl azetidine. The crude residue was then mixed with pyridine (15 ml) and phosphorus
pentasulfide 5 (1.25eq.wvas added to the reaction and stir
was cooled to rt and then 1 M H@lg) (15 mL) was added into it to reach pH 3. The resulting

solution was stirred at rt for 2 h and then extracted with DCM (3 x 30 mL). The combined organic
extracts were washed with 1 M H@q) (LO mL), water (10 mL) and brine (10 mL), dried with

MgSQs and evaporated under reduced pressure to give the crude product. Purification via flash
column chromatography on silica with 9:1 Hex#&tgO as an eluent gave desired product in 77 %

yield.

4.5 Lithiation -electrophilic substitution

j\ J< s-BuLi (1.2 eq.) j\ J<
/C/N o TMEDA (2.4 eq.) /C/N o
THF, 30 min (-78 °C) Ar' '

Ar' P
then E* E
59 60
S s-BuLi (1.2 eq.) S
/C/N)K’< TMEDA (2.4 eq.) _ //:/N)K’<
AP THF, 30 min (-78 °C) Ar 5
then E* E
57 58

N-protected3-arylated azetidine (1 eq.) was dissolved in THF (extra d/n# and charged into a
nitrogen flushed, flame dried flask, and cooledA® . TMEDA (2.4 eq) and-8ulLi (1.2 eq) were
added to the reaction mixture and left stirring for 30 miyat . After that trimethylsilyl chloride
(2 eq) in 0.5 ml THF was added dropwise and then stiore80 min at-78°C and foadditionalone
hour at rt. Themixture washenquenched with sat. Ni€I solution (3 ml)andthe extracted with
EtOAc (3 x 15mL). The combined organic layer was dried over Mg&@ removed in vacuo. The

crude product was purified via column chromatography to affoat product.
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5 Preparation and Characterization of compounds

2,3-Dibromopropan-1-amine hydrobromide

EtOH Br
A~ NH2 ———»  Br__NHHBr
Br2

47

The compound was prepared using a modified literature procgdifie Bromine liquid (40 ml,

0.785 mol, 2.1eq.) was added dropwise to ethanol 100 ml in a reaction flask at 0 °C. After that,
allylamine (28 mL, 0.374 mol, 1 eq.) was added slowly to the solution and allowed to warm to room
temperature. After 4 h of stirringe precipitate was filtered and the crude product was washed with
ice cold E2O (3 x 15 mL). The solid was recrystallized three times using methanol (30 mL) to obtain
titte compound (87.85 g, 0.295 mol, 79 % overall yield) as a colorless crystal.

'HNMR (400 MHz,CDC}) : U ( pp m) J=9.7388.20Z, 3@ tHz THY 2.47 (dds 11.0,

4.7 Hz, 1H), 2.34 (dd] = 11.0, 8.4 Hz, 1H), 2.18 (dd~= 14.0, 3.2 Hz, 1H), 1.861.75 (m, 1H).

I3C NMR (101 MHz,CDC$) : U (ppm) = 49.64, 49.43, 49.21,
45.56, 34.109.

HRMS (ESI) m/z: [M-Br]" calculated for GHgBroN*: 217.8998; found: 217.8996.

IR (DiamondATR, neat) & w u2998,54, 2943,65, 2857,74, 2787,57, 2639,15, 2561,34, 2433,76,
1974,12, 1588,73, 1472,66, 1441,50, 1428,10, 1393,68, 1324,59, 1223,75, 1168,39, 1111,55,
1091,68, 1052,43, 1018,15, 961, 42, 882,03, 823,96

Synthesis of SMethyl O-t-Butyl Dithiocarbonate

1) KOtBu, 75 °C, 24 h s
- Lk
2) Mel, rt,1 h o

Following the procedure described in the litera{d&]. S-Methyl O-t-Butyl Dithiocarbonate was
synthesized on a 110 mmol scale. KO{&1.89 g, 0.1 mol, legwas suspended in toluene 250 mi
and heated to 7 56.6mlf0.alrmol214legtyas adddd slowly @615 mins. The

yellow solid was filtered off, washed extensively with hexane, and then dried under vacuo. After that
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the solid was suspended in ether and iodomet{@aBenl, 0.16 mol, 1.5 eqwas added dropwise.

After stirring the reaction for 1 h the mixture was filtered, and the solvent was removed in vacuum.
The product was obtained (11 g, 67 mmol) as a yellow oil wytield of 67 % The Smethyl 6t-

butyl dithiocarbonate was then used for further reactions without further purification.
'HNMR (400 MHz,CDC}) : U (ppm) = 2.46 (s, 3H), 1.70 (s
I3C NMR (101 MHz,CDC$) : U0 (ppm) = 213.31, 110. 2813, 90. 91
20.18, 19.19, 1.03.

HRMS (EI) m/z: [M-H]" calculated for @H1:0S": 163.0246; found: 163.0541.

IR (DiamondATR, neat) & w u2925,95, 2855,38, 1740,65, 1458,17, 1369,79, 1220,28, 1166,17,
1100,25, 1045,43, 1023,44, 959,31.

O-(tert-butyl) 3-phenylazetidine 1-carbothioate (59a)

e

3-phenylazetidine379.6 mg, 2.85 mmole, 1 eqvps suspended in THF 6 ml under nitrogen.

Triethylamine (1.97 ml, 14.25 mmole, 5 eq.) was added and the mixture was stirred for &0 Gnins
-nfethyl Ot-butyl dithiocarbonate (561 mg, 3.42 mmole, 1.2 eq.) was added and the reaction

was stirred for 16 hrs. After that the mixture was quenched with saturated solutionCif axied

extracted with ethg3x) then the ether was removed in vacuum. Purification was done via column

chromatography99:11 Hexane: Etherjo obtain a final product (249.3 mg, 1 mmole) as a yellow

oil with 35 % vyield.

Ri=0.26

'HNMR (400 MHz,CDC}) : 0 ( p p 76 (ms 2HY, 7.365.20 (m, 3H), 4.47 (ddd),=

10.2, 8.8, 1.3 Hz, 1H), 4.36 (dd#l= 10.2, 8.9, 1.3 Hz, 1H), 4.184.12 (m, 1H), 4.01 3.95 (m,

1H), 3.68 (ttJ = 8.8, 6.0 Hz, 1H), 1.62 (s, 9H).

I3C NMR (101 MHz,CDC$) : U (ppm) = 185.47, 141.49, 128. 8

77.05, 76.74, 58.84, 58.08, 32.11, 28.44, 1.04.

HRMS (El) m/z: [M-C4Hg]" calculated for @H10NOS': 193.0517; found: 193.0554.

IR (DiamondATR, neat) & w u2966,70, 1699,00, 1457,64, 1435,56, 1394,51, 1361,89, 1286,90,

1257,45, 1228,62, 1199,60, 1148,34, 1085,54, 1013,56, 916,07, 756,38, 697,93.
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O-(tert-butyl) 3-(4-chlorophenyl)azetidine 1-carbothioate (59b)

3-(4-chlorophenyl)azetidine (55B mg, 3.3 mmole, 1 eqwas suspended in THF 6 ohder

nitrogen. Triethylamine (2.28 ml, 16.5 mmole, 5 eq.) was added and the mixture was stirred for 10
mi ns a tmetlyl Ot-butySlithiocarbonate (650.5 mg, 3.96 mmole, 1.2 eq.) was added and the
reaction was stirred for 16 hrs. After that the migtwas quenched with saturated solution of,GIH

and extracted with eth€Bx) then the ether was removed in vacuum. Purification was done via
column chromatograph{®9: 11 Hexane: Etherjo obtain a final product (292.3 mg, 1.03 mmole) as

a yellow oil with 31% vyield.

Ri=0.23

'HNMR (400 MHz,CDC}) : U ( p pp 729 (ms 2HY, 7.2 5.20 (m, 2H), 4.50 (ddd,=

10.2, 8.8, 1.2 Hz, 1H), 4.40 (ddiiz 10.1, 8.8, 1.2 Hz, 1H), 4.14 (dii= 10.5, 6.0 Hz, 1H), 3.97
(dd,J=10.3, 6.0 Hz, 1H), 3.69 (t1,= 8.8, 6.0 Hz, 1H), 1.66 (s, 9H).

I3C NMR (101 MHz,CDC$) : U (ppm) = 185.57, 139.94, 132.
76.98, 76.66, 58.71, 57.93, 31.57, 28.37, 0.99.

HRMS (EI) m/z: [M]* calculated for @H1sCINOS: 283.0798; found: 283.0796.

IR (DiamondATR, neat) & w u2973,35, 2880,35, 1484,31, 1462,25, 1443,97, 1412,94, 1390,33,
1364,94, 1274,17, 1238,72, 1140,29, 1092,23, 1055,11, 1014,04, 949,54, 894,94, 819,37, 761,86,
734,76, 713,80.

O-(tert-butyl) 3-(4-fluoronaphthalen-1-yl)azetidine-1-carbothioate (59c)

S
< oo
g

3-(4-fluoronaphthalef-yl)azetidine(400mg, 1.98 mmole, 1 eqwas suspended in THF 7 ml under

nitrogen. Triethylamine (1.4 ml, 9.9 mmole, 5 eq.) was added and the mixture was stirred for 10
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mi ns a tmetlyl Ot-butylSlithiocarbonate (390 mg, 2.37 mmole, 1.2 eqg.) was added and the
reaction was stirred for 16 hrs. After that the mixture was quenched with saturated solutiosCbf NH
and extracted with eth€Bx) then the ether was removed in vacuum. Purification was done via

column chromatograph{®: 17 Hexane : Ethyl acetat&) obtain a final product (18 mg, 0.057

mmole) as a yellow oil with 29% vyield.

Rf=0.37

IH NMR (400 MHz, CDC#) : U ( p jp 84 (ms 1HB 7.280.67 (m, 1H), 7.63 7.55 (m,

2H), 7.37 (ddd) = 8.0, 5.2, 1.0 Hz, 1H), 7.14 (dd= 10.1, 8.0 Hz, 1H), 4.63 (dddd= 31.8, 9.8,

8.5, 0.9 Hz, 2H), 4.48 4.32 (m, 2H), 4.20 4.13 (m, 1H), 1.66 (s, 9H).

13C NMR (101 MHz,CDC$) : U (ppm) = 185.50, 159.41, 156. 9
127.42,126.32, 126.30, 124.22, 124.06, 123.10, 123.07, 122.86, 122.78, 121.69, 121.63, 108.80,
108.60, 85.27, 77.36, 77.04, 76.72, 56.64, 56.28, 29.10, 28.43, 11.74, 1.05.

19F NMR (377 MHz, CDC$) : U  ¢1p3®8i }124:06 (m).

HRMS (EI) m/z: [M]* calculated for @H20FNOS: 317.1250; found: 317.1243.

IR (DiamondATR, neat) & ® 1t2964,21, 2925,75, 1603,66, 1513,06, 1486,17, 1460,58, 1446,85,
1390,85, 1365,03, 1277,72, 1262,33, 1241,47, 1140,51, 1069,52, 1041,01, 1008,79, 929,22, 884,62.

2,2-dimethyl-1-(3-phenylazetidin-1-yl)propane-1-thione (57a)

S

(j@*k
3-phenylazetidine (498 mg, 3.7 mmole, 1 eqwas mixed with 10 ml THF (extra dry) in a flame
dried round bottom flask. Triethylanaii2.56ml, 18.5 mmole, 5 eqwyas added dropwise via a
syringe to the mixture at O , and the reacti
chloride (0.5ml, 4.07 mmole, 1.1 eqwas added dropwise, and the resulting solution was allowed to
attain rt and stirred for 16 h undes &imosphere. The reaction was then quenched with 1 M HCI (5
ml) and aqueous layer was extracted with DCM (3 x 30 ml). The combined organic layer was dried
over MgSQ and concentrated in vacuo to give the crudgiwloyl azetidine. The crude resiel was
then mixed with pyridine (15 ml) and phosphorus pentasulfi§e ® g, 4.6 mmole, 1.25 eqWas

added to the reaction and stirred at 75 for
HCl(aq) (15 mL) was added into it to reach pH 3. The resulting solution was stirred at rt for 2 h and
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then extracted with DCM (3 x 30 mL). The combined organic extracts were washed with 1 M
HCl(aq) (10 mL), water (10 mL) and brine (10 mL), dried with Mg®&@d evaporated under

reduced pressure to give the crude product. Purification via flash column chromatography on silica
with (9: 17 Hexane : Ether) as an eluent gave desired prqd66tmg, 2.85 mmolah 77 % yield

as a brown oll.

Rf=0.31

'HNMR (400 MHz, CDC}) : U ( p p nD7 (ms5HY, 4.922ddd),= 10.6, 8.9, 1.8 Hz, 1H),

4.68 (ddd,) = 12.4, 9.0, 1.8 Hz, 1H), 4.48 (ddbi= 10.5, 6.1, 1.8 Hz, 1H), 4.37 (ddb 12.4, 6.0,

1.8 Hz, 1H), 3.81 (ttJ = 9.0, 6.1 Hz, 1H), 1.40 (s, 9H).

13C NMR (101 MHz,CDC$) : U (ppm) = 210.17, 141.27, 129.0
76.72, 64.31, 62.77, 43.26, 32.76, 29.74.

HRMS (EI) m/z: [M]* calculated for @H19NS: 233.1238; found: 233.1232.

IR (DiamondATR, neat) & w u2966,70, 1699,00, 1457,64, 1435,56, 1394,51, 1361,89, 1286,90,
1257,45, 1228,62, 1199,60, 1148,34, 1085,54, 1013,56, 916,07, 756,38, 697,93.

2,2-dimethyl-1-(3-(p-tolyl)azetidin-1-yl)propane-1-thione (57b)

S

Qﬂ*k
3-(p-tolyl)azetidine(1.1689 g, 7.9 mmole, 1 egyas mixed with 10 ml toluene (extra dry) in a flame
dried round bottom flaskriethylamine(5.4 ml, 39.5 mmole, 5 eqwas added dropwise via a
syringe to the mixture at 0 , and the reacti
chloride (1.0ml, 8.69 mmole, 1.1 eqwas added dropwise, and the resulting solution was allowed to
attain rt and stirred for 16 h undes &imosphere. The reaction was then quenched with 1 M HCI (5
ml) and aqueous layer was extracted with DCM (3 x 30 ml). The camdlmrganic layer was dried
over MgSQ and concentrated in vacuo to give the cruegiwloyl azetidine. The crude residue was
then mixed with pyridine (15 ml) and phosphorus pentasulfi&e [®.1g, 9.8 mmole, 1.25 eqwas
added to the reaction and stirred at 75 for
HCl(aqg) (15 mL) was added into it to reach pH 3. The resulting solution was stirred at rt for 2 h and

then extracted with DCM (3 x 30 mL). The combinedamic extracts were washed witlviL
HCl(aq) (10 mL), water (10 mL) and brine (10 mL), dried with Mg®&@d evaporated under
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reduced pressure to give the crude product. Purification via flash column chromatography on silica
with (9: 17 Hexane : Ether) as an eluent gave desired prqddétmg, 1.8 mmolan 39 % yield as

a brown oil.

Ri=0.34

'HNMR (400 MHz,CDC}) : U (ppm) = 7.J0=806 &9, 1.9 )1H), 445 90 ( d
(ddd,J=12.4,9.0, 1.9 Hz, 1H), 4.44 (dddts 10.5, 6.1, 2.0, 0.6 Hz, 1H), 4.34 (dddd; 12.4, 6.1,

1.9, 0.6 Hz, 1H), 3.77 (tfl = 8.9, 6.1 Hz, 1H), 2.35 (s, 3H), 1.39 (s, 9H).

13C NMR (101 MHz,CDC}) : U (ppm) = 209.03, 137.19, 136.1
75.68, 63.41, 61.85, 42.21, 31.39, 28.70, 20.05, 0.01.

HRMS (EI) m/z: [M]* calculated for @H2:NS: 247.1395; found: 247.1388.

IR (DiamondATR, neat) & @ u2964,92, 2360,15, 1702,60, 1625,94, 1516,45, 1473,11, 1450,52,
1394,46, 1363,14, 1286,81, 1257,86, 1149,94, 1116,61, 1017,48, 938,36, 812,82, 717,85, 657,03.

1-(3-(4-methoxyphenyl)azetidin1-yl)-2,2-dimethylpropane-1-thione (57¢)

Qﬂ%

3-(4-methoxyphenyl)azetidine (29 g, 10.99 mmole, 1 egyas mixed with 10 ml THF (extra dry) in

a flame dried round bottom flaskriethylamine(7.6 ml, 54.95 mmole, 5 eqwas added dropwise

via a syringe to the mixture at O , and the
trimethylacetyl chloride (1.4811, 12.089 mmole, 1.1 equas added dropwise, and the resulting

solution was allowed to attain rt and stirred for 16 h undeatidosphere. The reaction was then
guenched with 1 M HCI (5 ml) and aqueous layer was extracted with DCM (3 x 30 ml). The

combined organic layer was dried over Mg2@d concentrated in vacuo to give the crude N

pivaloyl azetidine. The crudesielue was then mixed with pyridine (15 ml) and phosphorus
pentasulfide B55 (39, 13.7 mmole, 1.25eqyas added to the reaction a
hours. The solution was cooled to rt and then 1 M HCl(aq) (15 mL) was added into it to reach pH 3.
The resulting solution was stirred at rt for 2 h and then extracted with DCM (3 x 30 mL). The
combined oganic extracts were washed with 1 M HCl(aq) (10 mL), water (10 mL) and brine (10

mL), dried with MgSQ and evaporated under reduced pressure to givertide product.
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Purification via flash column chromatography on silica with (B:FHexane : Ether) as an eluent

gave desired produ¢2.08 g, 7.896 mmoleah 72 % yield as a brown oil.

Ri=0.21

'HNMR (400 MHz,CDC#) : U ( p pp mD8 (my 2HY, 6.284.88 (m, 2H), 4.89 (ddd,=

10.6, 8.9, 1.8 Hz, 1H), 4.65 (dd#l= 12.4, 9.0, 1.9 Hz, 1H), 4.42 (ddbs 10.6, 6.1, 1.8 Hz, 1H),

4.32 (dddJ=12.4, 6.1, 1.8 Hz, 1H), 3.81 (s, 3H), 3i78.71 (m, 1H), 1.39 (s, 9H).

I3C NMR (101 MHz,CDC$) : U4 (ppm) = 210.08, 158.86, 133.2
76.72, 64.60, 63.08, 55.37, 43.25, 32.13, 29.74, 1.05.

HRMS (EI) m/z: [M]* calculated for @H2:NOS: 263.1344; found: 263.1346.

IR (DiamondATR, neat) & w u2969,88, 2833,47, 1878,26, 1699,04, 1609,20, 1582,67, 1513,97,
1474,67, 1451,01, 1418,43, 1393,51, 1362,78, 1300,10, 1281,99, 1244,58, 1177,46, 1144,02,
1113,90, 1023,39, 951,85, 912,37, 869,17, 858,71, 824,28, 802,59, 784,62, 723,17, 667,33, 655,66.

1-(3-(4-fluorophenyl)azetidin-1-yl)-2,2-dimethylpropane-1-thione (57d)

Qﬂik

3-(4-fluorophenyl)azetiding3403 mg, 2.2 mmole, 1 eqwas mixed with 10 ml THF (extra dry) in a

flame dried round bottom flask. Triethylamine (in§ 11 mmole, 5 eqWyas added dropwise via a
syringe to the mixture at 0 , and the reacti
chloride (0.29ml, 2.42 mmole, 1.1 eqwas added dropwise, and the resulting solution was allowed

to attain rt and stirred for 16 h undes &tmosphere. The reaction was then quenched with 1 M HCI

(5 ml) and aqueouayer was extracted with DCM (3 x 30 ml). The combined organic layer was

dried over MgS®@and concentrated in vacuo to give the crudei\Wloyl azetidine. The crude

residue was then mixed with pyridine (15 ml) and phosphorus pentasul8igioB g, 2.75 mmole,
l125eqwas added to the reaction and stirred at 7
then 1 M HCl(aqg) (15 mL) was added into it to reach pH 3. The resulting solution was stirred at rt for

2 h and then extracted with DCM (3 x 30 nThe combined organic extracts were washed with 1

M HCl(aq) (10 mL), water (10 mL) and brine (10 mL), dried with Mg®@d evaporated under

reduced pressure to give the crude product. Purification via flash column chromatography on silica
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with (8: 21 Hexane : Ether) as an eluent gave desired prqdidét9 mg, 0.7 mmoleh 32 % vyield

as a clear oll.

Ri=0.25

IH NMR (400 MHz, CDC#) : U ( p p T2 (ms 2HY, 7.209.01 (m, 2H), 4.91 (ddd},=

10.6, 8.9, 1.8 Hz, 1H), 4.66 (dd#l= 12.4, 9.0, 1.8 Hz, 1H), 4.42 (ddbs 10.5, 6.0, 1.8 Hz, 1H),

4.31 (dddJ=12.4,6.1, 1.8 Hz, 1H), 3.79 (&= 8.9, 6.1 Hz, 1H), 1.39 (s, 9H).

13C NMR (101MHz,CDCk) : U (ppm) = 209.32, 162.19, 159. 7
114.95, 114.74, 76.33, 76.01, 75.69, 63.34, 61.82, 42.25, 31.14, 28.70, 0.01.

19 NMR (377 MHz, CDC#) :-128.94i -124.07 (m).

HRMS (EI) m/z: [M]* calculated for @H1sFNS: 251.1144; found: 251.1136.

IR (DiamondATR, neat) & w u2964,07, 2916,23, 2362,36, 1606,14, 1511,67, 1471,25, 1451,07,
1418,40, 1393,93, 1362,61, 1257,49, 1225,10, 1147,65, 1047,58, 1014,10, 830,69, 815,78, 790,86,
741,80, 720,23, 701,08 690,78, 683,97, 678,39, 670,17, 667,40, 653,32.

1-(3-(4-chlorophenyl)azetidin-1-yl)-2,2-dimethylpropane-1-thione (57¢€)

s
NH/
cl

3-(4-chlorophenyl)azetidine (93#g, 5.5 mmole, 1 eqwas mixed with 10 ml THF (extra dry) in a

flame dried round bottom flask. Triethylamine (&8 27.5mmole, 5 eq.jvas added dropwise via
syringe to the mixture at 0 , and the reacti
chloride (0.74ml, 6.05 mmole, 1.1 eqwas added dropwise, and the resulting solution was allowed

to attain rt and stirred for 16 h undes &tmosphere. The reaction was then quenched with 1 M HCI

(5 ml) and aqueousiyer was extracted with DCM (3 x 30 ml). The combined organic layer was

dried over MgS®@and concentrated in vacuo to give the crudei\Wloyl azetidine. The crude

residue was then mixed with pyridine (15 ml) and phosphorus pentasulfi¢iEl» g, 6.8 mmole,
125eqwas added to the reaction and stirred at 7
then 1 M HCl(aqg) (15 mL) was added into it to reach pH 3. The resulting solution was stirred at rt for

2 h and then extracted with DCM (3 x 30 mLhe combined organic extracts were washed with 1

M HCl(aq) (10 mL), water (10 mL) and brine (10 mL), dried with Mg&@d evaporated under
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reduced pressure to give the crude product. Purification via flash column chromatography on silica
with (9: 17 Hexane : Ethyl acetate) as an eluent gave desired pr@2ic8 mg, 1.2 mmole) as a
yellow oil in 22 % yield.

Rf=0.33

'HNMR (400 MHz,CDC¥) : U ( p pp 732 (ms 2HY, 7.2 9.20 (m, 2H), 4.99 4.87 (m,

1H), 4.66 (dddJ =12.4, 9.0, 1.8 Hz, 1H), 4.42 (ddti 10.6, 6.0, 1.8 Hz, 1H), 4.364.28 (m, 1H),

3.78 (tt,J= 8.9, 6.0 Hz, 1H), 1.39 (s, 9H).

13C NMR (151 MHz, CDC}) ad (ppm) = 210. 37, 139. 71, 133. 2
77.03, 76.82, 64.17, 62.60, 43.27, 38.42, 32.25, 29.71, 27.02.

HRMS (EI) m/z: [M]* calculated for @H1sCINS: 267.0848; found: 267.0841.

IR (DiamondATR, neat) & ® 12965,78, 2934,49, 1699,98, 1466,68, 1454,77, 1436,05, 1411,17,
1396,36, 1369,25, 1360,22, 1338,35, 1288,40, 1255,21, 1230,06, 1199,61, 1150,21, 1107,72,
1092,90, 1043,06, 1011,41, 934,53, 916,02, 849,88, 827,37, 818,42, 790,33, 756,57, 714,94, 661,39.

2,2-dimethyl-1-(3-(4-(trifluoromethoxy)phenyl)azetidin - 1-yl)propane-1-thione (57f)

S
/@/LNH/
F3CO

3-(4-(trifluoromethoxy)phenyl)azetiding50mg, 3.4 mmole, 1 eqwas mixed with 10 ml toluene

(extra dry) in a flame dried round bottom flagkiethylamine(2.3ml, 17.2 mmole, 5 eqwas added
dropwi se via a syringe to the mixture at O ,
trimethyl acetyl chloride (0.4B1l, 3.7 mmole, 1.1 eqyas added dropwise, and the resulting

solution was allowed to attain rt and stirred for 16 h undeatidosphere. The reaction was then
guenched with 1 M HCI (5 ml) and aqueous layer was extractedD@ (3 x 30 ml). The

combined organic layer was dried over Mg2@d concentrated in vacuo to give the crude N

pivaloyl azetidine. The crude residue was then mixed with pyridine (15 ml) and phosphorus
pentasulfide B55 (0.99, 4.25 mmole, 1.25eqyas added t o the reaction
hours. The solution was cooled to rt and then 1 M HCl(aq) (15 mL) was added into it to reach pH 3.
The resulting solution was stirred at rt for 2 h and then extracted with DCM (3 x 30 mL). The
combined oganicextracts were washed with 1 M HCl(aq) (10 mL), water (10 mL) and brine (10

mL), dried with MgSQ and evaporated under reduced pressure to give the crude product.
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Purification via flash column chromatography on silica with (9 :Hexane : Ethyl acetate)) as an
eluent gave desired prody@6.4 mg, 0.08 mmole) as a brownioil37 % vyield.

Ri=0.29

'HNMR (400 MHz,CDC#) : U ( p pp 729 (ms 2HY, 7.265.20 (m, 2H), 4.93 (ddd,=

10.6, 8.9, 1.8 Hz, 1H), 4.68 (dd#l= 12.4, 9.0, 1.8 Hz, 1H), 4.44 (ddbs 10.6, 6.0, 1.8 Hz, 1H),

4.34 (dddJ=12.5, 6.0, 1.8 Hz, 1H), 3.82 (&= 8.9, 6.0 Hz, 1H), 1.39 (s, 9H).

13C NMR (101 MHz,CDC}) : U (ppm) = 210.51, 148.42, 148.
119.16, 77.35, 77.04, 76.72, 64.17, 62.59, 43.31, 32.24, 29.74.

19 NMR (377 MHz,CDC$) : 0 (5p.98Bm) =

HRMS (EI) m/z: [M]* calculated for @H1gFNOS: 317.1061; found: 317.1055.

IR (DiamondATR, neat) & & u2969,57, 2928,71, 1619,29, 1511,46, 1479,76, 1448,86, 1421,15,
1394,84,1362,58, 1257,80, 1217,26, 1195,84, 1149,35, 1105,93, 1056,17, 1014,40, 918,54, 878,43,
842,39, 805,19, 667,59.

O-(tert-butyl) (2R,3S)-3-phenylazetidine 1-carbothioate-2-d (60a)

O-(tertbutyl) 3-phenylazetidinel-carbothioate (101.ihg, 0.40 mmaqll eq.) was dissolved in THF
(extra dry) 23 ml and charged into a nitrogen flushed, flame dried flask and coolédsto.
TMEDA (0.14 mL, 0.96 mmol, 2.4 eq) aneBsiLi (0.34 mL, 0.48 mmol, 1.31 M, 1.2 eq) were
added to the reaction mixture and left stirring for 30 miv&t . After that deuterium oxide (0.01
ml, 0.72 mmole, 2 eq) in 0.5 ml THF was added dropwise and then $trrdd min at-78°C and
for additionalone hour at rtThe mixture waghenquenched with sat. N4€I solution (3 ml)andthe
extracted with EtOAc (3 x 15 mL). The combined organic layer was dried over Mg®idemoved
in vacuo. The crude product was purified via column chromatography (0$etane : Ether) to
affordfinal product(97 mg, 0.389 mmol, 97 %) as a clear oil.

Rf=0.26 andr: 20:1

'HNMR (400 MHz,CDC#) : U ( p pp 720 (ms 5HY, 4.8L4dt] = 41.3, 9.5 Hz, 1H), 4.15
(dd,J=10.5, 6.1 Hz, 1H), 3.98 (dd= 10.2, 6.2 Hz, 1H), 3.723.64 (m, 1H), 1.62 (s, 9H).
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13C NMR (101 MHz,CDC}) : U (ppm) = 185.50, 185.47, 141,
77.35, 77.04, 76.72, 58.84, 58.53, 58.30, 58.08, 57.78, 32.11, 31.99, 28.44, 1.03.

HRMS (El) m/z: [M-CsHoS]" calculated for GgHgDN™: 133.0876; found: 133.0867.

IR (DiamondATR, neat) &  u2967,68, 2927,70, 1725,96, 1479,51, 1462,55, 1442,89, 1390,37,
1364,86, 1272,33, 1139,57, 1083,71, 1044,26, 1000,22, 949,15, 926,72, 897,66, 823,68, 753,98,
697,14.

2,2-dimethyl-1-((2R,3S)3-phenylazetidin-1-yl-2-d)propane-1-thione (58a)

e

-
-

D

2,2-dimethy}1-(3-phenylazetidirl-yl)propanel-thione (84.2ng, 0.36 mmqll eq) was dissolved
in THF (extra dry) 23 ml and charged intoratrogen flushed, flame dried flask and cooled7®

. TMEDA (0.13 mL, 0.864 mmol, 2.4 eq) andsiLi (0.33 mL, 0.432 mmol, 1.31 M, 1.2 eq) were
added to the reaction mixture and left stirring for 30 miY&t . After that deuterium oxide (0.01
ml, 0.72 mmole, 2 eq) in 0.5 ml THF was added dropwise and then $trrdd min at-78°C and
for additionalone hour at rfThe mixture wasghenquenched with sat. Nd€I solution (3 ml)andthe
extracted with EtOAc (3 x 15 mL). The combined organic layer wiasl dver MgSQ@ and removed
in vacuo. The crude product was purified via column chromatographyi (Blekane : Ether) to
affordfinal product(68.4 mg, 0.292 mmol, 81 %) as a clear oil.
Rf=0.26 andlr: 6:1
'HNMR (400 MHz,CDC#) : U ( p p 37 (ms 2HY, 7.34 .28 (m, 3H), 5.22 (dd} = 5.1,
1.7 Hz, 1H), 5.00 (dddl = 10.5, 8.9, 1.7 Hz, 1H), 4.55 (dii= 10.2, 5.4 Hz, 1H), 4.04 (di,= 9.8,
5.2 Hz, 1H), 1.42 (s, 9H).
13C NMR (101 MHz,CDC$) : U (ppm) = 185.50, 185.47, 141.
77.35,77.04, 76.72, 58.84, 58.08, 32.11, 31.99, 28.44, 1.03.
HRMS (EI) m/z: [M]* calculated for @H1sDNS: 234.1301; found: 234. 1296.
IR (DiamondATR, neat) & w u2967,68, 2927,70, 1725,96, 1479,51, 1462,55, 1442,89, 1390,37,
1364,86, 1272,33, 1139,57, 1083,71, 1044,26, 1000,22, 949,15, 926,72, 897,66, 823,68, 753,98,
697,14.
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O-(tert-butyl) (2R,3S)2-methyl-3-phenylazetidine- 1-carbothioate (60b)

S
ok

N

O-(tertbutyl) 3-phenylazetidinel-carbothioate (69.51g, 0.275 mmgl1 eq.) was dissolved in THF
(extra dry) 23 ml and charged into a nitrogen flushed, flame dried flask, and coolédsto.

TMEDA (0.09 mL, 0.66 mmol, 2.4 eq) aneBsiLi (0.24 mL, 0.33 mmol, 1.31 M, 1.2 eq) were
added to the reaction mixture and left stirring for 30 miyat . After that methyl iodide (0.05 ml,
0.825 mmole, 2 eq) in 0.5 ml THF was added dropwise and then $tirrdd min at-78°C and for
additionalone hour at rtThe mixture wasghenquenched with sat. Nd€l solution (3 ml)andthe
extracted with EtOAc (3 x 15 mL). The combined organic layer was dried over Mg&#Oemoved

in vacuo. The crude product was purified via column chromatography (98efane: Ether) to
affordfinal product(49 mg, 0.1860 mmol, 68%) as a clear oil.

Rf=0.28 andlr: 3:1

'HNMR (400 MHz,CDC#) : U ( p pp 782 (ms2HY, 7.2 &.26 (m, 2H), 7.25 (d]=5.0

Hz, 1H), 4.461 4.36 (m, 1H), 4.30 (p] = 6.2 Hz, 1H), 4.11 (dd} = 10.6, 6.5 Hz, 1H), 3.24 (di,=

8.9, 6.1 Hz, 1H), 1.67 (s, 9H), 1.54 (= 6.3 Hz, 3H).

13C NMR (101 MHz,CDC}) : U (ppm) = 186.03, 140.81, 128.7
85.13, 77.35, 77.04, 76.72, 68.62, 68.00, 56.40, 55.82, 53.46, 41.65, 41.19, 28.55, 28.52, 20.35,
19.80.

HRMS (EI) m/z: [M]* calculated for @H2:NOS: 263.1344; found: 263.1344.

IR (DiamondATR, neat) & w u2957,96, 2925,98, 1676,88, 1475,06, 1459,37, 1442,59, 1389,71,
1268,85, 1248,12, 1232,43, 1138,93, 1080,24, 996,80, 942,54, 932,94, 909,77, 838,02, 821,22,
781,78, 756,13 698,23.

1-((2R,3S})3-(4-methoxyphenyl)}-2-methylazetidin-1-yl)-2,2-dimethylpropane-1-thione (58d)
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1-(3-(4-methoxyphenyl)azetidii-yl)-2,2-dimethylpropanel-thione (200mg, 0.75 mmaql1 eq.) was
dissolved in THF (extra dry)-32 ml and charged into a nitrogen flushed, flame dried flask and cooled
to-7 8 . TMEDA (0.26 mL, 1.8 mmol, 2.4 eq) aneBaiLi (0.68 mL, 0.9 mmol, 1.31 M, 1.2 eq)

were added to theeaction mixture and left stirring for 30 min-&8 . After that methyl iodide

(0.09 ml, 1.5 mmole, 2 eq) in 0.5 ml THF was added dropwise and then &iir@@imin at-78°C

and foradditionalone hour at rtThe mixture washenquenched with sat. Ni&l solution (3 ml)and
theextracted with EtOAc (3 x 15 mL). The combined organic layer was dried over MagfsiO

removed in vacuo. The crude product was purified via column chromatography (9.%i€x&ne :

Ether) to affordinal product(75 mg, 0.27 mmip36 %) as a yellow oil.

Rf=0.31 andlr: 8:1

IH NMR (400 MHz, CDC4) : U ( p p Tad5 (ms 2HY, 6.91%5.87 (m, 2H), 4.94 (ddd},=

10.5, 8.8, 1.7 Hz, 1H), 4.83 (&t~ 6.3, 5.4 Hz, 1H), 4.33 (dd,= 10.5, 5.3 Hz, 1H), 3.80 (s, 3H),

3.23 (dt,J=9.4, 5.0 Hz, 1H), 1.70 (d,= 6.3 Hz, 3H), 1.38 (s, 9H).

I3C NMR (101 MHz,CDC$) : U (ppm) = 210.76, 158.84, 133.
76.71, 72.47, 63.24, 55.36, 43.45, 41.27, 29.65, 18.52, 1.03.

HRMS (El) m/z: [M + HJ calculated for @H24NOS': 278.15; found: 278.1485.

IR (DiamondATR, neat) & w u2959,69, 2924,86, 1725,56, 1612,16, 1513,82, 1431,17, 1418,69,
1363,21, 1305,68, 1289,91, 1246,11, 1178,21, 1147,48, 1115,19, 1037 86, 984,09, 884,71,
829,42, 802,51.

O-(tert-butyl) (2R,3S)-3-phenyl-2-(trimethylsilyl)azetidine -1-carbothioate (60c)

O-(tert-butyl) 3-phenylazetidinel-carbothioate (69.50g, 0.275 mmql1 eq.) was dissolved in THF
(extra dry) 23 ml and charged into a nitrogen flushed, flame dried flask, and coolédto.
TMEDA (0.09 mL, 0.66 mmol, 2.4 eq) aneBsiLi (0.24 mL, 0.33 mmol, 1.31 M, 1.2 eq) were
added to the reaction mixture and left stirring for 30 miYat . After that trimethylsilyl chloride
(0.1 ml, 0.825 mmole, 2 eq) in 0.5 ml THF was added dropwise and then &iir&xmin at-78°C
and foradditionalone hourat rt. The mixture washenquenched with sat. Né&I solution (3 ml)and
theextracted with EtOAc (3 x 15 mL). The combined organic layer was dried over MgfiO
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removed in vacuo. The crude product was purified via column chromatography (9.8i€xane :
Ethyl acetate) to affortinal product(56 mg, 0.174 mmol, 63 %) as a clear oil.

Rf=0.17 anddr: 81:1

IH NMR (400 MHz, CDC#) : U ( p p ™7 (ms 3HY, 7.2 5.20 (m, 2H), 4.46 4.35 (m,
1H), 4.32i 4.23 (m, 1H), 4.06 3.97 (m, 1H), 3.39 (dt] = 8.4, 5.8 Hz, 1H), 1.67 (s, 9H), 0.15 (s,
9H).

13C NMR (101 MHz,CDC}) : U (ppm) = 186.30, 186.27, 146.
130.14, 129.06, 129.04, 128.85, 128.65, 127.73, 126.94, 87.58, 87.39, 86.95, 86.21, 79.36, 79.04,
78.72, 68.84, 68.58, 68.32, 67.70, 62.01, 61.49, 60.91, 60.56, 37.04, 36.93, 32.6 BBIH9

30.52, 30.40, 0.000.69,-0.95,-1.21,-3.01.

HRMS (El) m/z: [M-C4Ho]" calculated for @sH1eNOSSi: 264.0878; found: 264.0862.

IR (DiamondATR, neat) & & 1t2957,96, 2925,98, 1475,06, 1459,37, 1442,59, 1389,71, 1364,07,
1268,85, 1248,12, 1232,43, 1138,93, 1080,24, 1021,39, 996,80, 942,54, 932,94, 909,77, 838,02,
821,22, 781,78, 756,13, 743,91, 698,23.

2,2-dimethyl-1-((2R,3S)3-phenyl-2-(trimethylsilyl)azetidin -1-yl)propane-1-thione (58b)

S
@/@ g
Si—
/ \

2,2-dimethyl1-(3-phenylazetidinl-yl)propanel-thione (100mg, 0.42 mmaql1l eq.) was dissolved in
THF (extra dry) 23 ml and charged into a nitrogen flushed, flame dried flask and cooléddto.
TMEDA (0.16 mL, 1 mmol, 2.4 eq) andBuLi (0.38 mL, 0.5 mmol, 1.31 M, 1.2 eq) were added to
the reaction mixture and ledtirring for 30 min at78 . After that trimethylsilyl chloride (0.1 ml,
0.84 mmole, 2 eq) in 0.5 ml THF was added dropwise and then d$trr8@ min at-78°C and for
additionalone hour at rtThe mixture wasghenquenched with sat. Né€l solution (3 ml)andthe
extracted with EtOAc (3 x 15 mL). The combined organic layer was dried over Mg®idemoved
in vacuo. The crude product was purified via column chromatography (9.56H&%ane: Ether) to
affordfinal product(53 mg, 0.174 mmol, 41%) as aateoil.

Rf=0.37 anddr: 17:1
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IH NMR (599 MHz,CDC$) : & ( p p 780 (ms 2HY, 7.365.21 (m, 3H), 4.82 (ddd),=

10.9, 8.7, 2.2 Hz, 1H), 4.60 (ddl= 6.4, 2.1 Hz, 1H), 4.43 (dd,= 10.8, 5.1 Hz, 1H), 3.49 (ddd=

8.7, 6.3, 5.2 Hz, 1H), 1.36 (s, 9H), 0.19 (s, 9H).

13 NMR (151 MHz,CDC#) : U (ppm) = 209.34, 206.77, 143.0
129.00, 128.40, 128.06, 127.98, 127.34, 127.24, 127.05, 126.66, 126.44, 126.39, 125.53, 110.00,
84.25, 82.51, 77.25, 77.03, 76.82, 71.02, 70.84, 70.67, 64.32, 63.17, 51.63, 42.98.2423%2,

41.14, 38.95, 35.98, 35.54, 31.23, 31.05, 30.31, 30.15, 29.82, 29.64, 29.44, 27.46, 27.37, 398, 1.04,
1.07,-1.24,-1.42,-1.88.

HRMS (El) m/z: [M]* calculated for €H27NSSi: 305.1633; found: 305.1628.

IR (DiamondATR, neat) &  u2959,66, 1458,59, 1437,04, 1362,51, 1245,76, 1144,26, 1077,69,
1012,21, 925,68, 873,16, 838,88, 755,04, 698,10.

1-((2R,3S}3-(4-methoxyphenyl)-2-(trimethylsilyl)azetidin -1-yl)-2,2-dimethylpropane-1-thione
(58¢)

S
NH/
Si—
MeO / \

1-(3-(4-methoxyphenyl)azetidii-yl)-2,2-dimethylpropanel-thione (200mg, 0.75 mmall eq) was
dissolved in THF (extra dry)-2 ml and charged into a nitrogen flushed, flame dried flask and cooled
to-7 8 . TMEDA (0.26 mL, 1.8 mmol, 2.4 eq) aneBaiLi (0.68 mL, 0.9 mmol, 1.31 M, 1.2 eq)
were added to the reaction mixture and left stirring for 30 mi&t . After that trimethylsilyl
chloride (0.19 ml, 1.5 mmole, 2 eq) in 0.5 ml THF was added dropwise and thenfstif88dmin at
-78°C and foiadditiona one hour at riThe mixture waghenquenched with sat. Né&| solution (3

ml) andtheextracted with EtOAc (3 x 15 mL). The combined organic layer was dried over MgSO
and removed in vacuo. The crude product was purified via column chromatography (8.5: 0.5
Hexane : Ethyl acetate) to affofidal product(94 mg, 0.28 mmol, 37 %) as a pink oil.

Rf=0.19 andlr: 4:1

IH NMR (400 MHz, CDC#) : U ( p p Tad7 (ms 2HY, 6.225.85 (m, 2H), 4.82 (ddd},=

10.8, 8.7, 2.2 Hz, 1H), 4.58 (ddi= 6.4, 2.1 Hz, 1H), 4.39 (ddd=10.1, 6.7, 4.8 Hz, 1H), 3.80 (s,
3H), 3.46 (dtJ= 8.6, 5.7 Hz, 1H), 1.38 (s, 9H), 0.21 (s, 9H).
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13C NMR (101 MHz,CDC$) : U (ppm) = 208.04, 160.02, 136.
78.61, 78.29, 77.97, 72.33, 65.88, 56.62, 44.09, 36.16, 31.43, 31.11, 30.93, 2.31, 0.01.

HRMS (El) m/z: [M]" calculated for @H29NOSSi: 335.1739; found: 335.1731.

IR (DiamondATR, neat) & ¢ u2955,81, 2920,09, 2851,09, 1612,33, 1514,03, 1463,69, 1450,20,
1394,05, 1363,44, 1290,56, 1246,31, 1177,90, 1144,28, 1034,30, 873,73, 829,58, 770,17, 688,34,
668,02.

1-((2R,3S}2-allyl-3-(4-methoxyphenyl)azetidin1-yl)-2,2-dimethylpropane-1-thione (58e)

Qﬂik
MeO i

1-(3-(4-methoxyphenyl)azetidii-yl)-2,2-dimethylpropanel-thione (60mg, 0.22 mmaqll eq.) was
dissolved in THF (extra dry)-2 ml and charged into a nitrogen flushed, flame dried flask and cooled
to-7 8 . TMEDA (0.08 mL, 0.54 mmol, 2.4 eq) aneBsiLi (0.19 mL, 0.26 mmol, 1.31 M, 1.2 eq)
were added to the reaction mixture and left stirring for 30 mi&t . After that Allyl bromide

(0.05 ml, 0.66 mmole, 2 eq) in 0.5 ml THF was added dropwise and then &iirB&min at-78°C

and foradditionalone hour at rtThe mixture washenquenched with sat. Ni&l solution (3 ml)and
theextracted with EtOAc (3 x 15 mL). The combined organic layer was dried over MO

removed in vacuo. The crude protua@s purified via column chromatography (9: Hexane :

Ether) to affordinal product(26 mg, 0.0856 mmoB9 %) as a yellow oil.

Rf=0.22 anddr: 13:1

'HNMR (599 MHz,CDC#) : U ( p pp D5 (ms 2HY, 6.89%6.87 (m, 2H), 5.79 (ddfl =
17.2,10.2, 7.1 Hz, 1H), 5.915.15 (m, 2H), 4.86 4.78 (m, 2H), 4.32 (ddl = 10.4, 5.0 Hz, 1H),

3.80 (s, 3H), 3.37 (d1= 9.3, 4.9 Hz, 1H), 3.002.89 (m, 2H), 1.37 (s, 9H).
I3CNMR (151 MHz,CDC$) : U (ppm) = 210.81, 158.74, 133.
114.31, 110.00, 77.23, 77.02, 76.81, 74.88, 63.47, 55.33, 43.48, 37.94, 34.66, 29.77, 29.73, 29.65,
29.60, 26.59.

HRMS (El) m/z: [M]" calculated for @H2sNOS: 303.1657; found: 303.1653.

IR (DiamondATR, neat) & o 12959,692925,88, 1612,53, 1513,83, 1432,96, 1362,87, 1290,98,
1246,20, 1178,13, 1145,87, 1034,03, 1003,13, 918,62, 826,50, 807,87.
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O-(tert-butyl) (2R,3S)-2-allyl-3-(4-chlorophenyl)azetidine- 1-carbothioate (60e)

O-(tertbutyl) 3-(4-chlorophenyl)azetidind-carbothioate (61.81g, 0.21 mmaql1 eq.) was dissolved
in THF (extra dry) Z3 ml and charged into a nitrogen flushed, flame dried flask and cooléfl to

. TMEDA (0.075 mL, 0.5 mmol, 2.4 eq) aneBsiLi (0.17 mL, 0.24 mmol, 1.31 M, 1.2 eq) were
added to the reaction mixture and left stirring for 30 miyat . After that allyl bromide (0.036
ml, 0.42 mmole, 2 eq) in 0.5 ml THF was added dropwise and then $tirrdd min at-78°C and
for additionalone hour airt. Themixture washenquenched with sat. N4€I solution (3 ml)andthe
extracted with EtOAc (3 x 15 mL). The combined organic layer was dried over Mg&Oemoved
in vacuo. The crude product was purified via column chromatography (99e%ane: Ether) to
affordfinal product(26 mg, 0.08 mmol, 38%) as clear oil.
Rf=0.19 anddr: 14:1
'HNMR (400 MHz,CDC#) : U ( p pp 729 (ms 2HY, 7.0 2Z.16 (m, 2H), 5.74 (ddfl =
16.8, 9.6, 6.9 Hz, 1H), 5.7195.13 (m, 2H), 4.38 4.23 (m, 2H), 4.05 (ddl = 10.6, 6.1 Hz, 1H),
3.34 (dt,J=8.8, 5.7 Hz, 1H), 2.802.56 (m, 2H), 1.67 (s, 9H).
13C NMR (101 MHz,CDC}) : U (ppm) = 186.00, 139.54, 132.
85.53, 77.35, 77.03, 76.72, 70.68, 56.02, 37.88, 37.53, 28.51, 1.05.
HRMS (EI) m/z: [M]* calculated for €H22CINOS: 323.1111; found: 323.1104.
IR (DiamondATR, neat) & ® u2916,36, 2833, 20, 1611,02, 1582,42, 1514,18, 1475,76, 1443,85,
1420,44, 1291,29, 1244,42, 1178,00, 1160,01, 1114,45, 1032,02, 1006,23, 955,90, 866,73, 825,55,
792,48, 723,33.

77



1-((2S,3S)2-(cyclopropyl(4-fluorophenyl)(hydroxy)methyl) -3-phenylazetidin-1-yl)-2, 2-
dimethylpropane-1-thione (589)

M

2,2-dimethyl1-(3-phenylazetidirl-yl)propanel-thione (124.2ng, 0.53 mmaql1 eq) was dissolved
in THF (extra dry) 23 ml and charged into a nitrogen flushed, flame dried flask and coolé8d to

. TMEDA (0.19 mL, 1.27 mmol, 2.4 eq) aneBsiLi (0.48 mL, 0.636 mmol, 1.31 M, 1.2 eq) were
added to the reaction mixture and left stirring for 30 miuyat . After that cyclopropyl(4
fluorophenyl)methanone (170 mg, 1.06 mmole, 2 eq) in 0.5 ml THF was added dropwise and then
stirredfor 30 min at-78°C and foadditionalone hour at ritThe mixture wasghenquenched with sat.
NH4ClI solution (3 ml)andthe extracted with EtOAc (3 x 15 mL). The combined organic layer was
dried over MgS®@and removed in vacuo. The crude product was purified via column
chramatography (9: 1 Hexane : Ethyl acetate) to affofidal product(90 mg, 0.226 mmol§3 %) as
a colorless oil.
Rf=0.45 anddr: 58:1
'HNMR (400 MHz,CDC#) : U ( p @ m®5 (m, 2H),7.4077135 (m, 2H), 7.32 7.27 (m,
1H), 7.25i 7.24 (m, 1H), 7.13 7.07 (m, 2H), 6.56 (d] = 0.9 Hz, 1H), 5.28 (dd]= 4.7, 1.7 Hz,
1H), 4.08 (dd, = 10.3, 4.3 Hz, 1H), 3.76 (d,= 1.6 Hz, 1H), 3.35 (dt] = 8.9, 4.5 Hz, 1H), 1.28 (s,
9H), 0.81 (dJ = 5.3 Hz, 1H), 0.55 0.41 (m, 3H), 0.33 0.26 (m, 1H).
I3C NMR (101 MHz,CDC$) : U (ppm) = 212.09, 162.60, 160.1
128.23, 128.15, 126.70, 125.74, 113.80, 113.60, 83.80, 76.47, 76.15, 75.83, 62.40, 42.73, 36.51,
28.68, 13.98, 0.160.01,-0.97.
19 NMR (377 MHz, CDC¥) : U (1pSptén(jt) ==8.6, 5.4 Hz).
HRMS (El) m/z: [M]" calculated for @H2sFNOS: 397.1876; found: 397.1870.
IR (DiamondATR, neat) & w u8222,61, 2970,47, 1668,85, 1600,55, 1508,13, 1456,79, 1430,80,
1396,90, 1382,70, 1365,11, 1298,49, 1222,70, 1156,23, 1144,35,1097,98, 1031,18, 993,71, 869,32,
835,66, 817,64, 752,74, 734,41, 698,91, 684,45, 661,02.
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1-((2S,3S)2-(cyclopropyl(4-fluorophenyl)(hydroxy)methyl) -3-(4-methoxyphenyl)azetidin1-yl)-
2,2-dimethylpropane-1-thione (58h)

1-(3-(4-methoxyphenyl)azetidii-yl)-2,2-dimethylpropanel-thione (60mg, 0.22 mmaqll eq.) was
dissolved in THF (extra dry)-2 ml and charged into a nitrogen flushed, flame dried flask and cooled
to-7 8 . TMEDA (0.08 mL, 0.54 mmol, 2.4 eq) aneBsiLi (0.19 mL, 0.26 mmol, 1.31 M, 1.2 eq)
were added to the reaction mixture and left stirring for 30 miA&t . After that cyclopropyl(4
fluorophenyl)methanone (70 mg, 0.44 mmole, 2 eq) in 0.5 ml THF was added dropwise and then
stirredfor 30 min at-78°C andor additionalone hour at ritThe mixture waghenquenched with sat.
NH4Cl solution (3 ml)andthe extracted with EtOAc (3 x 15 mL). The combined organic layer was
dried over MgS®@and removed in vacuo. The crude product was purified via column
chromatography (9: 1. Hexane : Ethyl acetate) to affofidal product(80 mg, 0.187 mmol, 85 %) as

a yellow oil.

Rf=0.37 anddr: 5:1

'HNMR (400 MHz,CDC#) : U ( p @ mp4 (m, 2H),7.19770L5 (m, 2H), 7.12 7.06 (m,

2H), 6.92i 6.88 (m, 2H), 5.23 (ddl= 4.7, 1.7 Hz, 1H), 4.03 (dd,= 10.3, 4.3 Hz, 1H), 3.81 (s,

3H), 3.73 (ddd) = 10.5, 8.9, 1.7 Hz, 1H), 3.29 (dt= 8.9, 4.4 Hz, 1H), 1.27 (s, 9H), 0.80 (did;
9.4,5.5, 4.0 Hz, 1H), 0.590.33 (m, 3H), 0.29 (dddd,= 9.1, 8.0, 6.0, 3.9 Hz, 1H).
I3CNMR (101 MHz,CDC$) : U (ppm) = 212.95, 163.47, 161.
130.29, 129.10, 129.02, 127.68, 114.64, 114.53, 114.44, 113.89, 113.2978438677.03, 76.71,
63.56, 55.35, 55.32, 43.89, 43.60, 37.64, 36.71, 29.81, 29.72, 29.57, 15.30, 14.86, 0.85, 0:72, 0.26,
0.12.

%F NMR (377 MHz, CDC$) : U  ¢1p5p4én(itJ =8.6, 5.4 Hz).

HRMS (ESI) m/z: [MFOH]* calculated for @H29FNOS'": 410.1948; found: 410.1955.

IR (DiamondATR, neat) & w v8216,63, 2966,67, 1669,61, 1601,28, 1509,02, 1460,91, 1435,22,

0

1396,83, 1365,11, 1289,54, 1247,47, 1222,96, 1179,13, 1144,30, 1112,85, 1032,12, 1003,62, 869,26,

830,86, 816.09, 746,37, 679,49, 659,92.
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1-((2S,3S)3-(4-chlorophenyl)-2-(cyclopropyl(4-fluorophenyl) (hydroxy)methyl)azetidin-1-yl)-
2,2-dimethylpropane-1-thione (58i)

S

/@LNJK{/
3 ’
Cl ©

O-(tert-butyl) 3-(4-chlorophenyl)azetidind-carbothioate (74.ihg, 0.27 mmaqll eq.) was dissolved
in THF (extra dry) 23 ml and charged into a nitrogen flushed, flame dried flask and coolé8d to

. TMEDA (0.09 mL, 0.648 mmol, 2.4 eq.) andsiLi (0.24 mL, 0.324 mmol, 1.31 M, 1.2 eq)
were added to the reaction mixture and left stirring for 30 miA&t . After that cyclopropyl(4
fluorophenyl)methanone (88.6 mg, 0.54 mmole, 2 eq.) in 0.5 ml THF was added dropwise and then
stirredfor 30 min at-78°C and foadditionalone hour at ritThe mixture waghenquenched with sat.
NH4ClI solution (3 ml)andthe extracted with EtOAc (3 x 15 mL). The combined organic layer was
dried over MgS®@and removed in vacuo. The crude product was purified via column
chromatography (9: 1L Hexane : Ethyl acetate) to affofidal product(97 mg, 0.2245 mmoB3 %)
as a white solid.
Melting point: 196
Rf=0.31 andir: 20:1
'HNMR (400 MHz,CDC#) : U ( p pp O3 (m5 2HY, 7.8719.33 (m, 2H), 7.21 7.16 (m,
2H), 7.13i 7.06 (m, 2H), 5.23 (dd}= 4.7, 1.7 Hz, 1H), 4.02 (dd,= 10.4, 4.3 Hz, 1H), 3.76 (ddd,
=10.5, 8.9, 1.7 Hz, 1H), 3.32 (dt= 8.9, 4.4 Hz, 1H), 1.27 (s, 9H), 0.8D.76 (m, 2H), 0.52 (d] =
5.6 Hz, 2H), 0.33 0.25 (m, 1H).

13C NMR (101 MHz,CDC}) : & (ppm) = 7213.23, 139.37, 139.

127.99, 114.75, 114.54, 84.57, 77.35, 77.03, 76.72, 63.14, 43.64, 36.92, 29.55, 14.85, 105, 0.83,
0.07.

19 NMR (377 MHz, CDC}) : U ( {115.20 (itJ= 8.8, 5.3 Hz).

HRMS (ESI) m/z: [MOH]" calculated for @H26CIFNS': 414.1453; found: 414.1460.

IR (DiamondATR, neat) & o u8181,18, 2959,80, 2920,67, 1603,97, 1508,72, 1493,30, 1463,26,
1445,65, 1415,42, 1396,03, 1364,56, 1295,64, 1258,66, 1223,55, 1210,86, 1183,24, 1161,74,
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1145,14, 1133,65, 1108,04, 1094,11, 1023,94, 1014,11, 1003,99, 855,38, 838,80, 827,51, 801,49,
815,10, 653,75.

1-((2S,3S)2-(cyclopropyl(4-fluorophenyl)(hydroxy)methyl) -3-(4-
(trifluoromethoxy)phenyl)azetidin -1-yl)-2,2-dimethylpropane-1-thione (58j)

Y

“—OH
F4CO

2,2-dimethyl1-(3-(4-(trifluoromethoxy)phenyl)azetidii-yl)propanel-thione 88 mg, 0.28 mmgll
eq) was dissolved in THF (extra dry32ml and charged into a nitrogen flushed, flame dried flask
and cooled te7 8 . TMEDA (0.1 mL, 0.672 mmol, 2.4 eq) aneBsiLi (0.25 mL, 0.336 mmol,

1.31 M, 1.2 eq) were added to the reaction mixture and left stirring for 30 ATi8 at. After that
cyclopropyl(4fluorophenyl)methanone (90 mg, 0.56 mmole, 2 eq) in 0.5 ml THF was added
dropwise and then stirrddr 30 min @-78°C and foradditionalone hour at rtThe mixture wagshen
guenched with sat. Ni&l solution (3 ml)andtheextracted with EtOAc (3 x 15 mL). The combined
organic layer was dried over Mg%@nd removed in vacuo. The crude product was purified via
column chromatography ((9:i1Hexane : Ethyl acetate) to affofidal product(110 mg, 0.228
mmol, 81%) as a yellow oil.

Rf=0.48 andir: 7:1

IH NMR (400 MHz, CDC}) : U ( p p TH3 (ms 2HY, 7.Z8Qd] = 8.8 Hz, 2H), 7.25 7.20

(m, 2H), 7.14 7.07 (m, 2H), 5.26 (ddl = 4.6, 1.7 Hz, 1H), 4.05 (dd,= 10.3, 4.2 Hz, 1H), 3.77
(ddd,J=10.5, 8.9, 1.7 Hz, 1H), 3.36 (dt= 8.8, 4.4 Hz, 1H), 1.27 (s, 9H), 0.8®.78 (m, 2H), 0.58
i 0.42 (m, 2H), 0.35 0.26 (m, 1H).

13C NMR (101 MHz,CDC$) : U (ppm) = 212.95, 163.47, 161.0
130.29, 129.10, 129.02, 127.68, 114.64, 114.53, 114.44, 113.89, 113.29, 84.96, 77.34, 77.03, 76.71,
63.56, 55.35, 55.32, 43.89, 43.60, 37.64, 36.71, 29.81, 29.72, 29.57, 15.30, 15,8%,/Q2,8.26;
0.12.

19 NMR (377 MHz, CDC}) : U (5p.90R1)15.16 (tt,) = 8.6, 5.4 Hz).

HRMS (El) m/z: [M-OH]" calculated for @sH26FsNOS': 464.1666; found: 464.1590.
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IR (DiamondATR, neat) & ®w 12962,63, 2927,15, 1508,43, 1458,44, 12591220,60, 1162,52,
1091,96, 1017,92, 797,95, 668,65.

1-((2S,3S)2-(2-hydroxyadamantan-2-yl)-3-(4-methoxyphenyl)azetidin1-yl)-2,2-
dimethylpropane-1-thione (58k)

o)

1-(3-(4-methoxyphenyl)azetidii-yl)-2,2-dimethylpropanel-thione (97.4mg, 0.36 mmqll eq.)

was dissolved in THF (extra dry32ml and charged into a nitrogen flushed, flame dried flask and
cooled to-7 8 . TMEDA (0.13 mL, 0.864 mmol, 2.4 eq) aneBsiLi (0.32 mL, 0.432 mmol, 1.31

M, 1.2 eq.) were added to the reaction mixture and left stirring for 30 @ at . After that
adamantang-one (110 mg, 0.72 mmol, 2 eq.) in 0.5 ml THF was added dropwise and then stirred
for 30 min at-78°C and foradditiond one hour at rfThe mixture wasghenquenched with sat.

NH4Cl solution (3 ml)andthe extracted with EtOAc (3 x 15 mL). The combined organic layer was
dried over MgS®@and removed in vacuo. The crude product was purified via column
chromatography (9 : 1 Hexane: Ethyl Acetate) to affofthal product(126 mg, 0.295 mmol, 82%)

as a yellow solid.

Rf=0.18 andlr: 47:1

'HNMR (400 MHz,CDC#) : U ( p ip T4 (ms 2HY, 6.898.85 (m, 2H), 5.52 5.48 (m,

1H), 4.88 (dddJ = 9.7, 8.7, 1.2 Hz, 1H), 4.11 (ddi= 9.3, 4.0 Hz, 1H), 3.79 (s, 3H), 3.57 (dt

8.4, 4.0 Hz, 1H), 2.79 2.72 (m, 1H), 2.25 (d] = 12.5 Hz, 1H), 2.17 2.10 (m, 1H), 2.06 1.99 (m,
2H), 1.82 1.74 (m, 3H), 1.65 (tq] = 5.7, 2.8 Hz, 3H), 1.60 1.57 (m, 1H), 1.53 ({} = 2.6 Hz, 1H),
1.41 (s, 9H), 1.39 1.34 (m, 1H).

13C NMR (101 MHz,CDC}) : U (ppm) = 216.93, 158.63, 134.
77.35,77.04, 76.72, 66.39, 55.30, 44.69, 38.04, 36.77, 35.89, 34.90, 33.68, 33.32, 33.21, 33.07,
30.44, 27.12, 26.71.

HRMS (El) m/z: [M]" calculated for @HssNO»S: 413.2389; found: 413.2327.

IR (DiamondATR, neat) & w u8567,79, 2906,70, 2858,33, 1705,23, 1612,36, 1584,35, 1513,92,
1457,81, 1442,01, 1426,45, 1399,43, 1389,38, 1360,33, 1299,58, 1287,68, 1246,84, 1179,32,
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1148,47, 1128,36, 1102,44, 1063,67, 1037,79, 1005,48, 982,86, 930,84, 872,47, 825,78, 810,42,
785,60, 767,57, 724,47, 676,19, 661,75.
Melting point: 179

1-((2S,3S)3-(4-chlorophenyl)-2-(2-hydroxyadamantan-2-yl)azetidin-1-yl)-2,2-
dimethylpropane-1-thione (58I)

Cl

1-(3-(4-chlorophenyl)azetiditi-yl)-2,2-dimethylpropanel-thione (82.3ng, 0.30 mmaqll eq.) was
dissolved in THF (extra dry)-32 ml and charged into a nitrogen flushed, flame dried flask and cooled
to-7 8 . TMEDA (0.1 mL, 0.72 mmol, 2.4 eq.) aneBsiLi (0.27 mL, 0.36 mmol, 1.31 M, 1.2 eq.)
were added to the reaction mixture and left stirring for 30 miA&t . After that adamantar2

one (90 mg, 0.6 mmol, 2 eq.) in 0.5 ml THF was added dropwise and thenfstir8@dmin at-78°C

and foradditionalonehour at rt.The mixture washenquenched with sat. Ni&l solution (3 ml)and
theextracted with EtOAc (3 x 15 mL). The combined organic layer was dried over MgfiO

removed in vacuo. The crude product was purified via column chromatographiy KBxane: Ethyl
Acetate) to affordinal product(41 mg, 0.095 mmol, 32 %) as a yellow solid.

Rf=0.34 anddr: 17:1

IH NMR (400 MHz, CDC#) : U ( p p ™29 (ms 2HY, 7.1 3F.15 (m, 2H), 5.50 (d] = 3.9

Hz, 1H), 4.90 (dddJ) = 9.6, 8.6, 1.2 Hz, 1H), 4.09 (ddi= 9.3, 3.9 Hz, 1H), 3.60 (di,= 8.3, 4.0 Hz,

1H), 2.75 (dJ = 13.3 Hz, 1H), 2.27 2.22 (m, 1H), 2.1% 2.10 (m, 1H), 2.03 1.95 (m, 2H), 1.79
(dt,J=16.3, 3.1 Hz, 3H), 1.66 (dddg= 10.2, 5.7, 2.9 Hz, 3H), 1.41 (s, 9H), 1i28.24 (m, 3H).

13C NMR (101 MHz,CDC$) : U (ppm) = 217.08, 141.01, 132.09
78.55, 77.35, 77.04, 76.72, 65.93, 44.73, 37.97, 36.66, 36.19, 34.88, 33.67, 33.36, 33.17, 33.03,
32.46, 30.43, 29.73, 27.54, 27.07, 26.66, 1.05.

HRMS (El) m/z: [M]" calculated for @&Hs2CINOS: 417.1893; found: 417.1890.

IR (DiamondATR, neat) & w u8563,36, 2907,87, 2857,20, 1641,03, 1494,35, 1478,46, 1457,64,
1413,90, 1398,94, 1389,18, 1359,33, 1312,85, 1283,46, 1245,59, 1209,83, 1147,79, 1130,23,
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1093,28, 1063,28, 1025,65, 1006, 78, 1041,11, 931,31, 872,97, 823,14, 796,96, 786,41, 758,52,
711,30, 677,41, 665,45.
Melting point: 172

1-((2S,3S)2-(1-hydroxycyclobutyl)-3-(4-methoxyphenyl)azetidin 1-yl)-2,2-dimethylpropane-1-

thione (58f)
S
3 OH
MeO <§

1-(3-(4-methoxyphenyl)azetidii-yl)-2,2-dimethylpropanel-thione (92.3ng, 0.7 mmall eq.) was
dissolved in THF (extra dry)-2 ml and charged into a nitrogen flushed, flame dried flask and cooled
to-7 8 . TMEDA (0.125 mL, 1.68 mmol, 2.4 eq.) andBsiLi (0.32 mL, 0.84 mmol, 1.31 M, 1.2

eg.) were added to the reaction mixture and left stirring for 30 mi8at . After that

cyclobutanone (0.1 ml, 1.4 mmol, 2 eq) in 0.5 ml THF was added dropwise and therfatid@d

min at-78°C and fordditionalonehour at rt.The mixture waghenquenched with sat. Ni€I

solution (3 mlandtheextracted with EtOAc (3 x 15 mL). The combined organic layer was dried
over MgSQ and removed in vacuo. The crude product was purified via column chromatography (9:
17 Hexane : Ethyl Acetate) to affofshal product(73 mg, 0.22 mmol, 31 %) as a clear oil.

Rf=0.28 anddr: 94:1

'HNMR (400 MHz,CDC#) : U ( p p T8 (ms 2HY, 6.284.88 (m, 2H), 4.94 (dd] = 6.0,

1.7 Hz, 1H), 4.86 (ddd] = 10.8, 9.3, 1.8 Hz, 1H), 4.32 (d#l= 10.4, 5.7 Hz, 1H), 3.81 (s, 3H), 3.60
(dt,J=9.3, 5.8 Hz, 1H), 2.44 (ddi,= 14.3, 8.1, 3.2 Hz, 1H), 2.342.23 (m, 1H), 2.20 2.00 (m,

3H), 1.76i 1.65 (m, 1H), 1.40 (s, 9H).

I3C NMR (101 MHz,CDC4$) : U ( ppm) =13208,32707% 114.91588.38977.36,

77.04, 76.73, 63.98, 55.38, 43.84, 36.04, 34.32, 31.33, 29.78, 13.91.

HRMS (ESI) m/z: [M] calculated for @GH27NO,S: 333.1762; found: 333.1727.

IR (DiamondATR, neat) & w u2960,44, 1730,99, 1612,86, 1514,67, 1433,57, 1364,30, 1290,54,
1246,00, 1178,07, 1136,49, 1108,98, 1032,73, 1005,88, 929,06, 828,35, 810,07, 701,09, 658,74.
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(2S,3S)1-(tert-butoxycarbonothioyl)-3-phenylazetidine-2-carboxylic acid (60d)

O-(tertbutyl) 3-phenylazetidinel-carbothioate (58.761g, 0.23 mmaql1 eq.) was dissolved in THF
(extra dry) 23 ml and charged into a nitrogen flushed, flame dried flask, and coolédsto.

TMEDA (0.08 mL, 0.552 mmol, 2.4 eq.) andBsiLi (0.20 mL, 0.276 mmol, 1.31 M, 1.2 eq.) were
added to the reaction mixture and left stirring for 30 miY&@t . The reaction mixture waken
bubbledwith CO; gas for5 min and stirredor 4 hours at78°C and foradditionalone hour at rtThe
mixture waghenquenchd with sat. NHCI solution (3 ml)andthe extracted with EtOAc (3 x 15

mL). The combined organic layer was dried over Mg&@l removed in vacuo. The crude product
was purified via column chromatography (99:1, DCM: AcOH) to afforal product(13 mg, 0.045
mmol, 19 %) as a yellow oil.

Rf=0.27 andlr: 2:1

'HNMR (400 MHz,CDC}) : U ( p p m¥ 7.4Hz,2H) 3783 7.2 (m, 3H), 4.97 (d] =

6.0 Hz, 1H), 4.43 4.34 (m, 1H), 4.12 (q] = 6.6, 5.9 Hz, 2H), 1.67 (s, 9H).

CNMR(101 MHz, DMSO): U (ppm) = 207.00, 198. 34
140.72, 129.26, 129.19, 128.90, 127.82, 127.75, 127.49, 127.42, 127.26, 127.05, 124.64, 85.43,
85.18, 70.43, 69.76, 56.95, 56.61, 45.72, 40.64, 40.59, 40.43, 40.38, 40122,39.97, 39.76,

39.55, 39.34, 37.10, 36.92, 32.02, 31.17, 28.36, 28.25, 28.08, 27.54, 20.61, 9.18.

HRMS (El) m/z: [M]" calculated for @H19NO3S: 293.1086; found: 293.1080.

IR (DiamondATR, neat) &  u8398,75, 2925,38, 1723,63, 1646,35, 1462,24, 1444,24, 1392,05,
1366,37, 1284,80, 1223,51, 1144,43, 1048,34, 1023,92, 995,75, 879,35, 824,48, 760,04, 699,87.

(2S,3S)1-(2,2-dimethylpropanethioyl)-3-phenylazetidine-2-carboxylic acid (58m)
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2,2-dimethyl1-(3-phenylazetidinl-yl)propanel-thione (125mg, 0.54 mmaql1l eq.) was dissolved in
THF (extra dry) 23 ml and charged into a nitrogen flushed, flained flask and cooled t& 8 .
TMEDA (0.19 mL, 1.29 mmol, 2.4 eq.) aneéBsiLi (0.5 mL, 0.65 mmol, 1.31 M, 1.2 eq.) were
added to the reaction mixture and left stirring for 30 miY&t . The reaction mixture wdhken
bubbledwith CO, gas for5 min and stirredor 4 hours at78°C and foradditionalone hour at rfThe
mixture waghenquenched with sat. Ni€I solution (3 ml)andtheextracted with EtOAc (3 x 15
mL). The combined organic layer was dried over Mg&@l removed in vacuo. The crude product
was purified via column chromatography (99:1, DCM: AcOH) to afforal product(100 mg, 0.375
mmol, 69 %) as a yellow oil.

Rf=0.23 andlr: 6:1

IH NMR (400 MHz, CDC}) : 0 ( p p 77 (ms 2HY, 7.347.28 (m, 3H), 5.22 (ddl = 5.1,
1.7 Hz, 1H), 5.00 (dddl = 10.5, 8.9, 1.7 Hz, 1H), 4.55 (dii= 10.2, 5.4 Hz, 1H), 4.04 (di,= 9.8,

5.2 Hz, 1H), 1.42 (s, 9H).

I3C NMR (101 MHz,CDC$) : U (ppm) = 213.25, 170.31, 139.
77.03, 76.72, 74.09, 63.75, 43.60, 36.72, 30.98, 29.73, 29.64, 29.56.

HRMS (ESI) m/z: [MH]" calculated for @GH1eNO,S": 276.1053; found: 276.1064.

IR (DiamondATR, neat) & w u2960,30, 2923,54, 1714,16, 1456,44, 1427,81, 1363,82, 1283,16,
1252,71, 1225,67, 1161,20081,72, 1049,58, 1018,27, 910,46, 804,40, 757,11, 731,46, 697,56.

(2S,39)1-(2,2dimethylpropanethioyl)-3-(p-tolyl)azetidine-2-carboxylic acid (58n)

S

A

=0
HO

2,2-dimethy}1-(3-(p-tolyl)azetidin1-yl)propanel-thione (75.2ng, 0.30 mmaqll eq.) was dissolved
in THF (extra dry) Z3 ml and charged into a nitrogen flushed, flame dried flask and coolé8 to

. TMEDA (0.10 mL, 0.72 mmol, 2.4 eq.) aneBsiLi (0.27 mL, 0.36 mmol, 1.31 M, 1.2 eq.) were
added to the reactianixture and left stirring for 30 min a8 . The reaction mixture waken
bubbledwith CO; gas for5 min and stirredor 4 hours at78°C and foradditionalone hour at rtThe
mixture waghenquenched with sat. N4€| solution (3 ml)andthe extracted with EtOAc (3 x 15

mL). The combined organic layer was dried over Mg&@l removed in vacuo. The crude product
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was purified via column chromatography (99:1, DCM: AcOH) to afforal product(76 mg, 0.261

mmol, 87 %) as a yellow oil.

Rf=0.31 andlr: 5:1

IH NMR (400 MHz, CDC#) : U ( p p Tad5 (ms 4HY, 5.1751ddl = 5.1, 1.6 Hz, 1H), 4.98
(ddd,J=10.3, 9.0, 1.7 Hz, 1H), 4.50 (d#lz 10.1, 5.3 Hz, 1H), 3.93 (di,= 8.9, 5.3 Hz, 1H), 2.35

(s, 3H), 1.41 (s, 9H).

13C NMR (101 MHz, CDC}) ad (ppm) = 212.99, 171. 59, 137. 7
126.50, 77.35, 77.04, 76.72, 73.84, 63.67, 60.16, 43.49, 36.48, 29.63, 29.55, 21.16, 21.12, 20.58.
HRMS (EI) m/z: [M]* calculated for @H2:NO>S: 291.1293; found: 291.1286.

IR (DiamondATR, neat) & w u2963,73, 2925,39, 1722,83, 1642,66, 1516,58, 1431,75, 1385,56,
1363,90, 1281,12, 1252,77, 1217,05, 1161,51, 1103,32, 1049,05, 1020,59, 853,88, 812,08, 720,53,
670,86.

(2S,39)1-(2,2-dimethylpropanethioyl)-3-(4-methoxyphenyl)azetidine2-carboxylic acid (580)

MeO HO

1-(3-(4-methoxyphenyl)azetidii-yl)-2,2-dimethylpropanel-thione (238.8ng, 0.90 mmal1l eq.)
was dissolved in THF (extra dry32ml and charged into a nitrogen flushed, flame dried flask and
cooled to-7 8 . TMEDA (0.32 mL, 2.16 mmol, 2.4 eq.) aneBsILi (0.82 mL, 1.08 mmol, 1.31 M,
1.2 eq.) were added to the reaction mixture and left stirring for 30 mifi@ at . The reaction
mixture washen bubbledvith CO, gas for5 min and stirredor 4 hours at78°C and foradditional
one hour at rtThemixture wasthenquenched with sat. N4€I solution (3 ml)andthe extracted with
EtOAc (3 x 15 mL). The combined organic layer was dried over Mg®@ removed in vacuo. The
crude product was purified via column chromatography (99:1, DCM: AcOH) to dif@doroduct
(187.5 mg, 0.61 mmol, 68%) as a yellow oil.

Rf=0.25 anddr: 16:1

'HNMR (400 MHz,CDC#) : U ( p p D9 (ms 2HY, 6.244.89 (m, 2H), 5.09 (dd]l = 5.0,
1.5 Hz, 1H), 4.99 (dddl = 10.4, 8.9, 1.7 Hz, 1H), 4.48 (d#lz 10.0, 5.4 Hz, 1H), 3.85 (di,= 8.9,
5.2 Hz, 1H), 3.81 (s, 3H), 1.41 (s, 9H).
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I3C NMR (101 MHz,CDCY) : U (ppm) = 212.83, 177.15, 172.7
114.54, 114.07, 77.36, 77.05, 76.73, 73.70, 63.62, 55.40, 55.32, 43.41, 43.28, 36.28, 29.62, 29.56,
20.75.

HRMS (ESI) m/z: [MH]" calculated for @GH2oNOsS": 306.1158; found: 306.11718.

IR (DiamondATR, neat) & @ u2963,50, 1709,09, 1612,76, 1515,34, 1431,96, 1364,12, 1288,63,
1247,56, 1178,42, 1162,78, 1113,15, 1030,25, 914,38, 827,58, 726,67, 691,96.

(2S,3S)3-(4-chlorophenyl)-1-(2,2-dimethylpropanethioyl)azetidine-2-carboxylic acid (58p)

S
NH/
-

cl HO

1-(3-(4-chlorophenyl)azetidii-yl)-2,2-dimethylpropanel-thione (144.2ng, 0.53 mmaql1l eq.) was
dissolved in THF (extra dry)-2 ml and charged into a nitrogen flushed, flame dried flask and cooled
to-7 8 . TMEDA (0.19 mL, 1.272 mmol, 2.4 eq.) andsiLi (0.48 mL, 0.636 mmol, 1.31 M, 1.2

eq.) were added to the reaction mixture and left stirring for 30 mif8at . The reaction mixture
wasthen bubbledvith CO» gas for5 min and stirredor 4 hours at78°C and foadditionalone hour

at rt. Themixturewasthenquenched with sat. N4€I solution (3 ml)andtheextracted with EtOAc

(3 x 15 mL). The combined organic layer was dried over Mg8® removed in vacuo. The crude
product was purified via column chromatography (99:1, DCM: AcOH) to affioadl product(84

mg, 0.27 mmol51 %) as a yellow oil.

Rf=0.27 anddr: 20:1

IH NMR (400 MHz, CDC}) : U ( p p T34 (ms 2HY, 7.26(.21 (m, 2H), 5.15 (ddl = 5.1,

1.6 Hz, 1H), 5.00 (dddl = 10.4, 8.9, 1.7 Hz, 1H), 4.49 (d#i= 10.2, 5.4 Hz, 1H), 3.98 (di,= 8.9,

5.2 Hz, 1H), 1.41 (s, 9H).

13C NMR (101 MHz,CDC$) : U (ppm) = 213.39, 170.90, 137.7
77.04,76.72, 73.62, 63.41, 43.59, 36.24, 29.56.

HRMS (ESI) m/z: [MH]" calculated for @H17CINO.S": 310.0663; found: 310.0675.

IR (DiamondATR, neat) & w u8351,06, 1706,77, 1633,35, 1394,86, 1229,54, 1161,04, 1092,36,
1049,86, 1013,77, 819,40.
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Isopropyl ((2S,3S)1-(2,2-dimethylpropanethioyl)-3-(4-methoxyphenyl)azetidine2-carbonyl)-L -
phenylalaninate (61a)

o
e

o) g0

A flask was charged with the (2S,385)2,2-dimethylpropanethioyiB-(4-methoxyphenyl)azetidine
2-carboxylic acid (226 mg, 0.7 mmol, 1.0 equiv.), HATU (290 mg, 0.77 mmol, 1.1 eq.), DIPEA
(0.26 ml, 1.54 mmol, 2.2 eq.) andRhenylalanifiso-propylestethydrochloride (170 mg, 0.7 mmol,
1.0 eq.) as well as extra dry DCM (6 mL). The mixture was allowed to stirrer at room temperature
for 6 h and then quenched with saturated aqueous solution 431/dHd extracted with DCM (3 x

20 ml). The combined organic layevere dried over MgS©and evaporated in vacuo. The crude
product was purified by column chromatography on silicd&e2i Hexane: Ethyl Acetatd) give

the corresponding peptid@44 mg, 0.29 mmol, 41 %s a yellow oil.

Rf=0.27anddr > 991

IH NMR (400 MHz, CDC#) : U ( p p ™7 (ms 2HY, 7.194tt) = 7.5, 3.0 Hz, 4H), 6.96

6.88 (m, 3H), 5.09 4.86 (m, 4H), 4.42 (dt] = 9.8, 4.9 Hz, 1H), 3.84 (s, 3H), 3.838.75 (m, 1H),

3.251 3.09 (m, 2H), 1.42 (s, 9H), 1.24 (dbs 11.3, 5.6 Hz, 6H).

13C NMR (101 MHz,CDC$) : U (ppm) = 213.02, 212.59, 170.
135.89, 132.32, 132.24, 129.68, 129.60, 129.35, 128.47, 128.42, 127.81, 127.79, 127.01, 114.46,
114.43, 114.25, 77.37, 77.06, 76.74, 75.56, 75.39, 69.39, 69.33, 63.96 563383 55.37, 53.51,
53.38, 43.51, 43.46, 37.97, 37.89, 36.92, 36.63, 30.57, 29.68, 27.09, 21.82, 21.80, 21.74.

HRMS (El) m/z: [M]" calculated for @sH3sN204S: 496.2396; found: 496.2395.

IR (DiamondATR, neat) & ® u2981,12, 1732,81, 1670,76, 1613,26, 1514,82, 1435,20, 1364,77,
1284,89, 1249,00, 1211,94, 1179,60, 1105,77, 1032,02, 829,69, 740,48, 701,08.
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Isopropyl ((2R,3R)-1-(2,2-dimethylpropanethioyl)-3-(4-methoxyphenyl)azetidine2-carbonyl)-
L -phenylalaninate (61b)

A flask was charged with the (2S,385)2,2-dimethylpropanethioyiB-(4-methoxyphenyl)azetidine
2-carboxylic acid (226 mg, 0.7 mmol, 1.0 equiv.), HATU (290 mg, 0.77 mmol, 1.1 eq.), DIPEA
(0.26 ml, 1.54 mmol, 2.2 equiv.) andRhenylalanifso-propylestethydrochloride (170 mg, 0.7
mmol, 1.0 eq.) as well as extra dry DCM (6 mL). The mixture was allowed to stirrer at room
temperature for 6 h and then quenched with saturated aqueous solutiosChiaNil extracted with
DCM (3 x 20 ml). The combined organic &g were dried over MgS@nd evaporated in vacuo.
The crude product was purified by column chromatography on siliq@g2l Hexane: Ethyl
Acetate)to give the corresponding peptift mg, 0.11 mmol, 16 %gs a yellow oil.

Rf=0.25anddr >99:1

'HNMR (400 MHz,CDC#) : U ( p p m)J=8.0,%.0, 1L.®Hz,(6d)d6cR06.85 (m, 3H),

5.00 (pdJ=6.2, 4.6 Hz, 1H), 4.884.71 (m, 3H), 4.26 (ddd,= 10.4, 8.4, 6.2 Hz, 1H), 3.79 (s,

3H), 3.20 (dd,) = 14.0, 5.4 Hz, 1H), 3.09 (di,= 13.9, 6.5 Hz, 1H), 3.01 (dd= 13.9, 7.6 Hz, 1H),
1.21 (s, 9H), 1.20 1.17 (m, 6H).

13C NMR (101 MHz,CDC$) : U (ppm) = 180.18, 170.63, 170.5
136.17, 132.59, 132.57, 129.49, 129.43, 128.44, 128.34, 127.84, 126.90, 126.85, 114.24, 77.35,
77.04, 76.72, 69.09, 69.01, 55.35, 53.62, 38.80, 38.72, 38.09, 37.93, 27.09, 27.03124630, 2
21.71.

HRMS (El) m/z: [M]" calculated for @gHzsN204S: 496.2396; found: 496.2395.

IR (DiamondATR, neat) & o t2981,12, 1732,81,670,76, 1613,26, 1514,82, 1435,20, 1364,77,
1284,89, 1249,00, 1211,94, 1179,60, 1105,77, 1032,02, 829,69, 740,48, 701,08.
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6 NMR Spectra

2,3-Dibromopropan-1-amine hydrobromide
!H NMR (400 MHz, CDC}) and**C NMR (101 MHz, CDC#)
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S-Methyl O-t-Butyl Dithiocarbonate
'H NMR (400 MHz, CDC$) and*3C NMR (101 MHz, CDC%)
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O-(tert-butyl) 3-phenylazetidine 1-carbothioate

1H NMR (400 MHz, CDC}) and'3C NMR (101 MHz, CDC})
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O-(tert-butyl) 3-(4-chlorophenyl)azetidine 1-carbothioate
'H NMR (400 MHz, CDC$) and*3C NMR (101 MHz, CDC%)
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O-(tert-butyl) 3-(4-fluoronaphthalen-1-yl)azetidine-1-carbothioate

IH NMR (400 MHz, CDC}), 13C NMR (101 MHz, CDC4) and®F NMR (377 MHz, CDC})
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2,2-dimethyl-1-(3-phenylazetidin-1-yl)propane-1-thione

1H NMR (400 MHz, CDC}) and'3C NMR (101 MHz, CDC})
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2,2-dimethyl-1-(3-(p-tolyl)azetidin-1-yl)propane-1-thione

IH NMR (400 MHz, CDC#) and3C NMR (101 MHz, CDC4)
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1-(3-(4-methoxyphenyl)azetidin1-yl)-2,2-dimethylpropane-1-thione
'H NMR (400 MHz, CDC$) and**C NMR (101 MHz, CDC%)
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1-(3-(4-fluorophenyl)azetidin-1-yl)-2,2-dimethylpropane-1-thione
'H NMR (400 MHz, CDC}), 13C NMR (101 MHz, CDC}) and®F NMR (377 MHz, CDC%)
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1-(3-(4-chlorophenyl)azetidin-1-yl)-2,2-dimethylpropane-1-thione
'H NMR (400 MHz, CDC$) and**C NMR (151 MHz, CDC%)
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2,2-dimethyl-1-(3-(4-(trifluoromethoxy)phenyl)azetidin - 1-yl)propane-1-thione
'H NMR (400 MHz, CDC}), 13C NMR (101 MHz, CDC}) and®F NMR (377 MHz, CDC%)
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(O-(tert-butyl) (2R,3S)3-phenylazetidine 1-carbothioate-2-d)
'H NMR (400 MHz, CDC$) and*3C NMR (101 MHz, CDC%)
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2,2-dimethyl-1-((2R,3S)}3-phenylazetidin-1-yl-2-d)propane-1-thione

1H NMR (400 MHz, CDC}) and'3C NMR (101 MHz, CDC})
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(O-(tert-butyl) (2R,3S)2-methyl-3-phenylazetidine 1-carbothioate)
'H NMR (400 MHz, CDC$) and**C NMR (101 MHz, CDC%)
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