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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 the most valuable structural motifs 

present in natural products and commercialized drugs. Due to this, the area of synthetic organic 

chemistry is continuously striving to develop innovative techniques that surpass previous generations 

in terms of cost and sustainability. The fundamental purpose of this thesis is to meet the ongoing 

demand for the creation of supplementary techniques and alternatives. Therefore, this work presents 

the diastereoselective approach for the synthesis of the functionalized azetidine molecules under 

several conditions. Initially, a range of techniques were employed to develop effective and widely 

recognized procedures for synthesizing fundamental 3-arylated azetidine compounds using various 

Grignard reagents. At last, established various approaches to achieve α-lithiation followed by 

electrophile trapping of 3-arylated N-protected azetidine and further applications to peptide 

formation. Also, selective 3-arylated azetidine intermediates can be formed through strain-release 

approach by adding nucleophilic organometallic species to in situ produced azabicyclobutanes. For 

the N-arylation of the resultant azetidines, single pot methods were further developed using 

Buchwald-Hartwig couplings or SNAr 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 synthesis of 

organometallic compounds documented back to the 18th century, their widespread use was 

popularized by Victor Grignard's groundbreaking research on organomagnesium compounds in 1900 

[1], for which he was awarded the Nobel Prize in 1912. Over a century later, several compounds with 

C-M bonds have been synthesized and examined, containing a broad range of earth alkaline, 

alkaline and transition metals, as well as exhibiting significant structural variability on the organic 

counterpart [2-5].  

The attractiveness of organometallic compounds lies in the intrinsic polarization of the C-M bond, 

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 generally it acts as a 

nucleophile when bonded to a metal. The ionic character of the C-M bond increases as the difference 

between the two atoms becomes larger leading to a more reactive species. Due to this, organolithium 

compounds are extremely reactive substances that can even behave as nucleophiles for ethereal 

solvents at ambient temperature but they have a little tolerance for functional groups [6]. On the 

other hand, Grignard reagents exhibit lesser reactivity compared to organolithium compounds and 

can be kept in ethereal solvents at a room temperature, however they have a higher tolerance for 

functional groups [7]. 

Moreover, when the hybridization of the organometallic species is altered, further tendencies for 

tolerance and reactivity can be detected. Typically, the reactivity of organometallic compounds rises 

as we go from Csp-M to Csp
3-M species, because the stabilization of the nucleophilic carbon atom 

from the nuclei decreases as the p-orbital character increases [8]. Various methods can be employed 

to access organometallic species such as oxidative insertion, halogen-metal exchange, 

transmetalation, deprotonation of alkynes and deprotonation of aromatic ring (ortholithiation) as 

described in the next paragraphs of my thesis.  
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1.1 Oxidative Insertion  

In the late 19th century, Frankland [9] and Grignard [1] developed the first general approach for 

creating organometallic reagents. This process involves the introduction of a metal, such as lithium 

[10], zinc [9], or magnesium [1], into a carbon-halogen bond through oxidative insertion. In the case 

of magnesium, this mechanism is commonly believed to occur through a radical SET (single electron 

transfer) mechanism [11]. Nevertheless, new quantum-chemical calculations have indicated the 

significance of other processes, including a nucleophilic pathway [12].  

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

turnings or powder. This can be achieved by using substances such as iodine or 1,2-dibromoethane 

[13, 14]. Various methods have been listed for the synthesis of organometallic compounds:  

Firstly, the oxidative addition is a crucial reaction step that results in a formal change in the oxidation 

state of the metal Mg to Mg+2, through the transfer of two electrons from the metal to two newly 

coordinating ligands [15] as shown in Scheme 1. 

 

 

 

Scheme 1. Mechanism for the oxidative addition of magnesium into carbon-halogen bonds. 

 

1.2 Halogen-Metal Exchange Reactions 

The halogen-metal exchange is a highly convenient and fast method for synthesizing organometallic 

compounds. Since Prevost's discovery in 1931 [16] of bromine-magnesium exchange reactions, it 

has been found that various other metals, including transition metals and lanthanides, can also 

participate in metal-exchange processes [17, 18]. A halogen-metal exchange refers to a process in 

which an organometallic species and an organic halide are in equilibrium (Scheme 2). The 

equilibrium direction is shifted based on the relative stability of the carbon-metal bonds, promoting 

the production of the most stable organometallic reagent [19]. 
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Scheme 2. A typical halogen-metal exchange reaction. 

 

The stability of the produced organometallic compound is primarily determined by the hybridization 

of the carbon atom, as well as extra stabilizing inductive and mesomeric effects. The order of 

stability, from highest to lowest, is as follows: sp > sp2
vinyl > sp2

aryl > sp3
prim > sp3

sec > sp3 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-lithium 

exchange occurs more rapidly than a halogen-magnesium exchange [20].  

1.3 Transmetalation 

Transmetalation emerged as a convenient alternative to create organometallic compounds that cannot 

be synthesized using oxidative insertion, halogen-metal 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 reagent [21, 22], (Scheme 3).  

 

 

 

Scheme 3. The general transmetalation reaction. 

 

Transmetalations serve two primary objectives: Initially, organometallic compounds that are 

otherwise unstable can be converted into more stable, functional group tolerant species 

with modified reactivity [23]. Transmetalation results in the formation of organometallic 

species, capable of facilitating certain reactions, such as copper-catalyzed allylations or Negishi 

cross-coupling reactions [24, 25],  in which transmetalation reactions also have a significant impact 

on the catalytic cycle. Furthermore, the process of rapidly generating organomagnesium 

or organolithium compounds and then transmetalation is typically faster than alternative methods 

used to synthesize more covalent organometallic species, such as organo-boron, -tin or -
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silicon compounds. This approach is also widely favored in the field of organolanthanide chemistry 

[26-29].  

1.4 Deprotonation of Alkynes 

Alkynes, characterized by C–H bonds derived from sp orbitals, have the highest acidity among 

hydrocarbons, with pKas about equal to 25. They can undergo deprotonation by more basic 

organometallic compounds such as ethylmagnesium bromide or butyllithium (Scheme 4). Alkynes 

possess enough acidity to undergo deprotonation even by nitrogen bases. Another commonly 

employed method for deprotonating alkynes involves the use of NaNH2 (sodium amide), which is 

generated by reacting sodium with liquid ammonia. 

 

 

 

Scheme 4. The general reaction for the deprotonation of alkyne [30].  

 

1.5 Deprotonation of aromatic ring (Ortholithiation)  

Butyllithium can abstract a proton under specific conditions from sp2 hybridized carbon atom of 

aromatic ring, resulting in the formation of an aryllithium compound. The reason it works is that the 

protons attached to sp2 carbons are more acidic than the protons attached to sp3 carbons, although 

they are significantly less acidic than alkyne protons. However, there is another factor included, for a 

proton to be eliminated, there must be a functional group adjacent to it called directing metalating 

group (DMG) that contains oxygen or sometimes nitrogen (a). The functional group facilitates the 

attack of butyllithium to neighboring protons. This is achieved by creating a complex with the 

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

building complexes with their Lewis acidic metal ions. The ortholithiation reaction involves the 

removal of protons located ortho to the functional group (c) after that various electrophiles (E) can be 

substituted (d) as shown in Scheme 5. 
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Scheme 5. Reaction for the ortholithiation of aromatic ring [31]. 

 

Ortholithiation is advantageous since the starting material does not require the use of a halogen atom.  

However, it is less general compared 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 

nitrogen-containing heterocycles, which are among the most valuable structural motifs found in 

natural products, commercialized drugs, and bioactive compounds [32, 33]. The increasing demand 

for drug candidates with improved degrees of saturation and three-dimensionality has made effective 

access to substituted heterocycle derivatives even more important in recent years [34].  

Azetidines, a class of under explored saturated N-bearing heterocycles [35], 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 moiety [36-38]. Several commercial applications attest to the fact that 

synthetic chemists have historically paid far greater attention to the chemistry of higher and lower 

homologues with respect to this four-membered aza-heterocycle [39-42]. Despite this, due to its 

presence in several natural compounds and drugs, the azetidine core is becoming increasingly 

attractive to the pharmaceutical and agrochemical sectors [37, 43-45].  

Azetidines have also been used in certain applications as chiral auxiliaries and ligands in metal-

catalyzed transformations [46]. Among the many useful applications of the azetidine ring, the most 

notable examples are probably associated with drugs like Ximelagatran (Exanta®) and Azelnipidine 

(Calblock®), or with a wide range of 3- and 2-substituted azetidines exhibiting various 

pharmacological properties  [47-50], (Scheme. 6).  
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Scheme 6. Examples of biologically active drugs and natural substances including azetidine. 

 

2.1 Synthesis of azetidines 

Azetidine can be synthesized from the easily obtainable 1-azabicyclo[1.1.0]butane (ABB), which has 

a significant strain in the C-N-C dihedral angles (Scheme 7). Consequently, ABB is regarded as a 

highly reactive entity that rapidly reacts with various nucleophiles and then electrophiles, resulting in 

the formation of a variety of functionalized azetidines [51].  
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Scheme 7. Strain-released driven synthesis of azetidines using ABB. 

 

Several methods have been reported for the synthesis of functionalized azetidines, due to their high 

reactivity. Also, high ring strain in azetidines, makes it thermodynamically anticipated that these 

monomers would undergo ring opening and polymerization reactions, resulting in the formation of 

high molecular-weight polymers [52]. Hence, there exist some potential methods for producing 

functionalized azetidines, including cyclization, cycloaddition, β-lactam reduction and ring 

expansion or contraction [53]. The creation of reliable synthetic techniques to obtain azetidines is 

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

documented throughout the last several decades [54].  

2.2 α-Lithiation of azetidines 

During the 1970s and 1980s, Seebach et al. conducted significant research in this area by working 

with azetidines that had electron-withdrawing groups (EWG) on both the nitrogen atom and the 

C2, hence activating α-C-H bond by enhancing its acidity [55-57], (Scheme 8).   

 

 

 

Scheme 8. First reported examples of α-lithiated azetidines.  
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These protocols have a number of disadvantages, though, such as the carcinogenicity linked to the 

lithiation of N-nitrosoazetidine 1 using LDA (THF, -78 °C) [57] and the poor prospects for the 

development of an asymmetric application because of t-BuLi to attain the metallation of N-

(triphenylacetyl)azetidine 2 (THF, - 40 °C), [56, 58]. Furthermore, a carbamoyl 1-3 shift was noticed 

after competitive ortho-lithiation at the triphenylacetyl protecting group. Moreover, at that time no 

beneficial synthetic applications were reported [56].  

More systematic investigations on the α-lithiation of N-protected azetidines have just recently been 

conducted, allowing for a greater awareness of their reactivity, and providing mechanistic insights 

that may help overcome the knowledge gap. 

2.3 Activation/Electrophilic substitution of azetidines 

Hodgson published a successful α-lithiation–trapping sequence in 2010 at the 2-position of 

azetidines containing the unique Seebach's [59] N-thiopivaloyl activating group [60]. The thioamide 

5 can be made by simply N-protecting azetidine 4 with pivaloyl chloride and then treating with P2S5. 

Excellent yields of 2-substituted azetidines 6a–k were obtained by lithiation with s-BuLi/TMEDA in 

THF at −78 °C followed by trapping with several electrophiles for 30 minutes (Scheme 9).  
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Scheme 9. Presents preparation, lithiation, and electrophilic trapping of N-thiopivalamide 5. The 

yields provided are specifically for the product that has been separated. a100% D, determined by 1H 

NMR and GC-MS. bMain diastereomers. cIsolated as methyl ester after reacting with TMSCHN2. 

DMAP = 4-dimethylaminopyridine, py = pyridine, and Piv = pivaloyl. 

 

Numerous distinct electrophiles were supported by this technique, including alkyl halides, carbonyl 

derivatives (such as enolizable ones like acetone), and silyl- and stannyl chlorides. Prochiral 

aldehydes were used in the reactions, which produced products 6d and 6h as the primary 

diastereomers. 

Unlike the comparable aziridines, it was found that different EWG containing nitrogen atom, such as 

Boc, t-BuSO2, t-BuSO and PO(OEt)2, were not suited for successful α-lithiation/trapping on 

unsubstituted azetidines [61].  

The N-thiopivaloyl group was unquestionably crucial to the success of this 

transformation, since when the corresponding pivalamide derivative was metalated at α-position, 
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only the attack of s-BuLi at the carbonyl group was detected, whereas the use of LTMP resulted in 

only unreacted starting material. However, the authors propose that it can be found in the 

combination of α-position activation and a decreased or even non-existent susceptibility of the 

lithium base to attack the thiocarbonyl group. It is important to emphasize that this procedure also 

enabled an efficient asymmetric variation by substituting TMEDA with various chiral ligands [60].  

The process of lithiation of N-thiopivaloyl azetidine 5 using Alexakis' trans-cyclohexane diamine 

(R,R)-7 [62] in Et2O resulted in the formation of α-methyl azetidine (R)-6g with a high yield of 96% 

and an enantiomeric ratio of 80:20 (Scheme 10), after being trapped with MeI.  

 

 

 

Scheme 10. N-thiopivaloyl azetidine 5 undergoes an asymmetric lithiation-methylation sequence. 

 

Nevertheless, the use of various chiral ligands, such as (−)-sparteine 8 or proline-based ligands 9 and 

10, along with different solvents (both ethereal and non-ethereal), led to decreased enantiomeric 

ratios. The stereo selectivity of the reaction was different from that observed previously utilizing N-

Boc pyrrolidine and N-Boc piperidine, along with s-BuLi and (−)-sparteine 8 or (R,R)-7 [63-66].  
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2.4 Removal of N-thiopivaloyl group  

The N-thiopivaloyl protecting group was successfully removed from azetidine 6i using MeLi. 

Furthermore, conversion into the equivalent pivalamide 12 was also performed by employing 

CH3CO3H (Scheme 11), [60].  

 

 

 

Scheme 11. Removal and transformation of the N-thiopivaloyl group. 

 

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

After some time, the author applied the same lithiation method to N-thiopivaloylazetidin-3-ol 13, 

which enabled the synthesis of a variety of 2-substituted 3-hydroxyazetidines 14a–e with good 

diastereoselectivity, (Scheme 12). Interestingly, the cis-isomer was the predominant product only 

when deuteration was involved [67].  
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Scheme 12. Electrophilic incorporation into N-thiopivaloylazetidin-3-ol 13. The yields mentioned 

are specifically for the product that has been separated. aRatio of cis/trans isomers is indicated, with 

the dominant diastereoisomer being depicted. The major diastereoisomer displayed has a 

cis/trans ratioc. bMixture of epimers at the side chain carbinol, with the major diastereoisomer being 

depicted. 

 

For the reaction to achieve the best result, it was necessary to utilize 3 equivalents of s-BuLi due to 

the existence of the free hydroxyl substituent, and higher concentration needed compared to the case 

of unsubstituted N-thiopivaloyl azetidine 5. The optimal thermal condition was found to be -78 °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 determined to be essential for achieving good yields. The use of Mander's reagent 

(methyl cyanoformate) resulted in the formation of C- and O-methoxycarbonylated azetidine 14d, 

found attractive, due to the chance of obtaining azetidine-based amino acids. 

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

The α-substituted azetidinol 14 can be efficiently deprotected by employing MeLi in THF with 

TMEDA at 0 °C. This method yields a 92% conversion from 14g and the product is separated as the 

hydrochloride salt 15, as shown in Scheme 13. The conversion of 14g to pivalamide 16 was achieved 

with a yield of 81% using MeCO3H as a facilitator. 
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Scheme 13. Removal and conversion of the thioamide to amide conversion. 

 

2.7 Electrophilic trapping/Deprotection of N-Botc azetidine  

In 2015, Hodgson and coworkers also reported on the efficacy of the tert-butoxythiocarbonyl group 

(Botc) in facilitating azetidine α-lithiation, allowing deprotection under mild conditions 

simultaneously [68]. The compound N-Botc-azetidine 16 was produced with a high yield of 88% by 

reacting the easily accessible dithiocarbonic acid O-tert-butyl ester 15 with azetidine 4, as shown in 

Scheme 13. No evidence of the formation of the dithiocarbamate, as described in the reaction of 

tertiary alkyl xanthate esters with amines [69], was found. N-Botc-azetidine 15 can be lithiated 

effectively and then reacted with various electrophiles to produce 2-substituted N-Boc-azetidines 17 

a-j, (Scheme 13).  
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Scheme 13. Preparation, lithiation, and electrophilic trapping N-Botc azetidine 16. 17g is 

deprotected using TFA. The yields mentioned are specifically for the product that has been 

separated. a95 % D, determined by mass spectrometry. bdr (70:30), and the dominant diastereomer is 

displayed. c1.0  equivalent of s-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 electron-rich, such as p-anisaldehyde. As previously stated, 

N-Botc-azetidines were successfully deprotected under mild acidic conditions without any ring 

opening detected. This was proved with α-methyl N-Botc-azetidine 17 h, which was transformed 

into α-methyl-azetidine 18 using TFA. 

2.8 Enantioselective α-electrophilic substitution of N-Botc-azetidine   

Alexakis' DIANANE 19 (N,N,N′,N′-endo,endo-tetramethyl-2,5-diaminonorbornane) [70] was found 

to be the most effective chiral ligand for the N-Botc-azetidine enantioselective α-electrophilic 

substitution 16 .When compared to (−)-sparteine 8 and trans-cyclohexane diamine (R,R)-7,  exhibits 

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

14.  

 

 

 

Scheme 14. The lithiated N-Botc-azetidine 16 undergoes enantioselective α-electrophilic 

substitution.  

 



16 

 

The enantioselectivity of the reaction seems to be solely dependent on experimental conditions, such 

as the reaction temperature and lithiation time. Asymmetric methylation proceeded well at a 

temperature of -98 °C with a lithiation time of 1 hour, using DIANANE 19 in pentane. Similarly, 

lithiation and subsequent reaction with benzaldehyde resulted in high enantiomeric ratios at a 

temperature of -78 °C, with a lithiation time of 1 hour. In the instance of acetone, asymmetric 

trapping required a longer lithiation time of 3 hours and a low temperature of -78 °C.  

2.9 2, 3-disubstituted 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, enabling the modification 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 ABBs. The discovery of a fast effective method for synthesizing 

azetidines was expected to result in a greater utilization of these compounds in biomedical research. 

Research has demonstrated that 1-azabicyclo[1.1.0]butanes can be used as highly effective 

intermediates for the rapid synthesis of bis-functionalized azetidines [71-75]. 

Nagao and other researchers have demonstrated that ABB can be seized by different nucleophiles to 

synthesize functionalized azetidines [76-89]. Baran has recently demonstrated that ABB can undergo 

amination using "turbo amides" in a one-pot way [90, 91], Scheme 15. 
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Scheme 15. Strian-release azetidinylation of amine-containing substrates.  

 

Gianatassio et.al in 2019, presented a general technique for the direct alkylation of 1-

azabicyclo[1.1.0]butane (ABB). The bis-functionalized azetidines can be readily prepared by 

reacting organometal reagents with Cu(OTf)2, Scheme 16. This technique enables the synthesis of 

azetidines containing allyl, alkyl, benzyl, and vinyl substituents. The catalyst system was further 

expanded to aziridines and spirocycles. A multitude of building blocks and drug-like molecules were 

efficiently synthesized with high yield [92]. 

 

 
 

• R = 1o, 2o, 3o alkyl, vinyl, allyl, benzyl 

• Compatable with RMgX, RMgX.LiCl, and RZnBr reagents 

• Variety of electrophiles tolerated 
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Scheme 16. Direct alkylation at 3 position of azetidines.  

 

It is important to mention that Boc can be used as an electrophile. In comparison to piperidines 

which are common ring systems and are widespread in marketed drugs, azetidines are rarely used as 

a core scaffold [93-95]. The lack of azetidines as a commonly used structure can be attributed to their 

limited ease of synthesis [95].  

2.10 Carbon-Carbon bond formation of azetidines 

A common approach for synthesizing 3-substituted azetidines involves cross-coupling reactions 

using palladium catalysts and phosphine ligands. This method utilizes the appropriate 3-iodo 

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

intermediates [96]. In this procedure, an azetidine-zinc complex must be formed prior to the 

following reaction with an appropriate aryl halide or benzyl chloride (Scheme 15).  
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Scheme 15. The reaction involves the use of Pd(0) to facilitate cross coupling and transmetalation 

with CuCN·2LiCl of organozinc species 31 generated from azetidine. aReaction is conducted at room 

temperature. The organozinc species 32 can easily undergo transmetalation with CuCN·2LiCl in 

THF. Upon reaction with allyl bromide, it produces azetidine 35 with a moderate yield. 

 

In addition, there have been reports of nickel catalyzed processes using a ligand, which have allowed 

the synthesis of 3-functionalised azetidines. However, the success of these procedures has been 

restricted [97, 98], (Scheme 16).  

In 2008, Duncton published a noteworthy microwave-assisted Suzuki coupling to introduce 

functional groups at the C-3 position of 3-iodo-azetidine 31 [97]. The reaction involving various aryl 

boronic acids occurred in the presence of catalytic quantities of nickel (II) iodide and trans-2-

aminocyclohexanol as a ligand (Scheme 16, a). 

Molander demonstrated the feasibility of conducting a reductive cross coupling reaction by 

employing air-stable Ni (II) sources along with a diamine ligand, an inorganic salt as an additive, and 

a reducing metal. The objective was to introduce (hetero) aryl halides at the C-3 position of the 

azetidine ring [98]. This reaction pathway is depicted in Scheme 16, b. 
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Scheme 16.  Methods utilizing nickel to produce 3-aryl azetidines. aNiCl2.glyme(10 mol%), 4-

ethylpirydine (50 mol%), phenanthroline (20 mol%), MeOH (0.2 M). bNiI2 (10 mol%), NaBF4 (50 

mol%), Mn (2 eq.), di-tBu-bipyridine (10 mol%), DMA (0.2 M), 4-ethylpyridine (1 eq.), 

Mn (2 eq.), and MgCl2 (1 eq.). 
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Reports have described effective techniques for the coupling of azetidine 31 using inexpensive cobalt 

or iron catalysts and easily accessible organomagnesium chemicals, without the need for any extra 

phosphine ligands [47, 99]. Cossy and coworkers revealed that both CoCl2 and FeCl2 catalysts 

facilitate the efficient reaction between azetidine 31 and a wide range of (hetero)aryl Grignard 

reagents, generally with similar performances [99], (Scheme 17).  
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Scheme 17. Iron- and cobalt-facilitated arylation of azetidines. a[cat.] = CoCl2 (5 mol%). b[cat.] = 

FeCl2 (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 ligand 37 ((R,R)-

tetramethyl cyclohexan-1,2-diamine). Surprisingly, when 2,3-disubstituted iodo-azetidine 38 (dr: 

75:25 cis/trans) was reacted with PhMgBr in the presence of both catalytic systems, the intended 

product 39 was successfully produced with a favorable trans diastereoselectivity (Scheme 17). The 

authors predicted that the change in stereochemistry could be attributed to the formation of a radical 

intermediate at carbon-3.  

In addition, Rueping published an approach that uses Fe(acac)3 as the catalyst. Furthermore, this 

approach proved efficient and chemoselective selectivity, and it was able to withstand a wide range 

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

on the nitrogen atom [47], as shown in Scheme 18. 
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Scheme 18. Involves Rueping’s azetidine cross-coupling using Grignard reagents and synthetic 

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 molecule 42, which has pharmacological action against 
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central nervous system illnesses [47] (Scheme 18). The patented method for preparing this molecule 

(and similar compounds) involves three steps, two days of effort, and two chromatographic 

separations. This process yields intermediate 41f with an overall cumulative yield of 42% [47]. 

Remarkably, through the utilization of the advanced iron-catalyzed cross-coupling method directly 

on the commercially available iodide 40a, Rueping and coworkers were able to obtain compound 88f 

with a yield of 61%. The latter can be readily transformed into the required molecule 42 via a 

documented protecting group exchange procedure [47]. 

2.11 Carbon-Nitrogen bond formation 

The carbon–nitrogen cross-coupling 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 substances. Buchwald and Hartwig presented a wide 

range of ligands in addition to the typical Cu and Pd catalysts that were crucial in the development of 

this significant C–N coupling process. In organic chemistry, a cross-coupling reaction is the joining 

of two fragments together with the help of a metal catalyst. Pd-catalyzed cross-coupling reactions 

have been identified as being particularly significant in the field of organic synthesis [100, 101]. 

Using a range of commercially available Pd complexes and ligands, a variety of commonly used Pd 

catalyzed cross-coupling reactions can now be carried out in water under ambient 

and mild conditions. Among the most often utilized C–C bond producing reactions are these 

coupling bond transformations, which include Sonogashira, Heck, Negishi, Suzuki, and Stille. 

However, the C-N bond's creation is important because it creates a pathway for the amine linkages to 

be introduced into organic compounds [102-105]. A lot of functional groups and materials, including 

medicines, agrochemicals, flavors, dyes, perfumes, etc., contain C–N bonds [106, 107]. Pd catalysts 

have also been widely used for the purpose of cross-coupling reactions [108, 109]. In 1983, Migita et 

al. stated the achievement of a Pd-catalyzed C–N coupling process [110]. But Buchwald and Hartwig 

earned all the credit and honor for their consecutive articles from 1994 until the late 2000s that 

demonstrated and validated the extent of this evolution. The limitations of conventional techniques 

(nucleophilic substitution, reductive amination, etc.) for the synthesis of aromatic C–N bonds are the 

main cause of the reaction's synthetic applicability. Most of these strategies struggled with a narrow 

range of substrates and lacked the tolerance of various functional groups. Many reactions carried out 

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

make it possible to synthesize aryl amines more easily and efficiently. 
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The more harsh processes (such as the Goldberg reaction [111, 112], nucleophilic aromatic 

substitution, etc.) have been improved by it; as a result, the list of potential C–N bond formations is 

expanding [113], (Scheme 19). 

 

 

 

Scheme 19. General reaction for the formation of Pd catalyzed C-N bond. 

 

Important structural motifs found in substances with biological activity and organic electronic 

materials are arylamines 46 [114-118]. Through the Pd-catalyzed coupling reactions of amines with 

aryl halides, the Buchwald-Hartwig (BH) amination is a chemical reaction used in organic chemistry 

to create C–N bonds. Since it has been widely and successfully used in both industry and academia, 

it is currently regarded as one of the most potent synthetic methodologies in organic chemistry [119]. 

For the cross-coupling processes that result in the production of C–N bonds, a variety of affordable 

homogenous and heterogeneous Pd catalysts have been employed over time [120]. Pd [121, 122], Ni 

[123], and Cu [124] species have all been successfully employed as catalysts in coupling processes 

for the production of C–N and C–O via nucleophilic aromatic substitution with aryl halides. Pd 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 production, Scheme 20. 
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Scheme 20. Sketch of the Buchwald-Hartwig amination catalytic cycle.   

  

Nowadays, highly active and recyclable heterogeneous Pd nanoparticles are developed and widely 

employed to get beyond these drawbacks [125]. 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 aryl C–N bonds [126]. Since the reaction's 

discovery, research and development have concentrated on designing advantageous and appropriate 

ligands and pre-catalysts to locate a broad range of compatible substrates [127-131]. Using 

palladium(II) acetate as a catalyst and a large, electron-rich ligand, the amination process proceeds 

rapidly [132]. 
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3 Objectives 

The aim of the first project is to develop the stereoselective synthesis of 3-arylated-2-substituted 

azetidine compounds using various Grignard reagents and electrophiles. There has been an 

increasing interest in strained ring structures in recent years, particularly because they are being used 

in drug discovery programs. The facile modulation of their structure enables access to a broad 

platform of functionalized substrates. Therefore, initial focus is to prepare various Grignard reagents 

and further complementary approaches for the formation of 3-arylated azetidines by means of 

strained1-azabicyclo[1.1.0]butane system 48 as shown in Scheme 21.  

 

 

 

Scheme 21. Formation of 3-arylated azetidines using Grignard reagents.  

 

Use of protecting/activating groups may lead to the formation of 3-arylated N-protected azetidines 

that directs the substitution of various electrophiles at the alpha position of azetidines (Scheme 22).  

 

 

 

Scheme 22. Substitution of protecting groups on 3-arylated azetidines. 
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The R1 group attached to scaffold 52 causes a steric hindrance on one of the two diastereotopic faces 

of the azetidine as shown in Figure 1. Consequently, we anticipate that the metalation process will be 

more favorable on the side with less hindrance (opposite to R1).  

 

 

 

Figure 1. Displays the favourable deprotonation side opposite to R1 group due to steric hindrance.  

 

The main work would be α-lithiation and then electrophile trapping of 3-arylated N-protected 

azetidine by employing various conditions and electrophiles to control the yield of the desired 

product. At last, evaluation of the diastereoselectivity is going to check at the α-position of 3-arylated 

N-protected azetidines (Scheme 23). As stated, the product 3-arylated azetidines-2-carboxylic acid 

can be further used to form peptide chains [133]. 

 

 

 

Scheme 23. α-lithiation/electrophilic substitution 3-arylated N-protected azetidines using various 

conditions and electrophiles. 

 

In the second project our goal is to introduce ex-situ generated nucleophilic organometallic species 

onto azabicyclobutanes that are formed in the reaction mixture to selectively create 3-arylated 

azetidine intermediates by the release of strain. Moreover, creation of a highly effective method for 

the 1,3-bis-arylation of azetidines firstly through SNAr approach, Scheme 24. 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 products. These experiments are expected to accommodate 

various functional groups.  

 

 

 

Scheme 24. Nucleophilic aromatic substitutions (SNAr) of 3-arylated azetidines.  

 

Furthermore, subsequent advancements in the development of single pot techniques for the N-

arylation of azetidines will be carried out by using Buchwald-Hartwig couplings, Scheme 25. 

Efficient and flexible methods for creating C-N bonds will 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 rigid sp3-rich structures in drug discovery 

programs. 

 

 

 

Scheme 25. C-N bond formation of 3-arylazetidines via Buchwald–Hartwig coupling.  
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B. Results and Discussion 

1 Stereoselective approach for the electrophilic α-substitution of 3-arylated 

azetidines 

1.1 Introduction 

To enhance the effectiveness of potential drugs, present medicinal chemists are progressively 

applying an unconventional structural patterns such as small and strained ring structures.  

The ease of operation, mild reaction conditions, low-cost preparation, and stereoselectivity 

demonstrated by strain-release reagents like cyclobutanes, bicyclo[1.1.1]pentanes or 1-

azabicyclo[1.1.0]butane expedite their widespread use [91]. In comparison, azetidines present a bit 

flexibility and more acceptance to functional groups hence, adaption to various drug compounds 

makes it notable, Figure 2. In this study, we have developed a method, to utilize the stored potential 

energy and harnessing the inherent reactivity of the highly strained C-N bond of azetidines by 

treating with significant nucleophiles and further utilization in protein chemistry. On a broader scale, 

a wide range of reagents can be envisioned using this method. 

 

 
 

Figure 2. Strain-release reagents use for medicinal discovery.  
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As substituted 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 auxiliaries [37, 95, 134]. The initial instance of a successful α-

lithiation–trapping process was presented by Hodgson in 2010, [60]. This process involved the 

addition of a lithium atom at the 2-position of azetidines that had the distinctive Seebach's [59] N-

thiopivaloyl activating group. Highly favorable results were achieved by employing lithiation with s-

BuLi/TMEDA in THF at −78 °C, followed by capturing with various electrophiles for a duration of 

30 minutes, resulting in the production of 2-substituted azetidines [60]. Furthermore, electrophilic 

substitution on azetidine was investigated using chiral ligands resulting high enantioselectivity [60].  

Later, the author employed the lithiation approach on N-thiopivaloylazetidin-3-ol, resulting in the 

synthesis of a range of 2-substituted 3-hydroxyazetidines 14 (Scheme 26). The process consistently 

achieved a high level of trans-diastereoselectivity [67]. As studied, 3-hydroxy- or 3-alkoxyazetidine 

motif can be found in a number drug candidates [45, 135] as well as in natural compounds [136, 

137].  

Recently, the same author stated that the compound tert-Butoxythiocarbonyl (Botc), allows for α-

lithiation and the addition of electrophiles to N-Botc-azetidine. Easy deprotection of N-Botc 

compound, can be carried out using TFA (EtOH, reflux, 12 h) [138]. Alternatively, the removal of 

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

at 0 °C for a duration of 5 hours [67]. 

To the best of our knowledge, we were the first to perform the diastereoselective synthesis of 3-

arylated-2-substituted azetidine compounds using various functionalized aromatic Grignard reagents 

and a variety of electrophiles (Scheme 26). Both the protecting groups (N-Botc and N-tPiv) enabled 

us to impart various electrophiles at the alpha position of azetidines with high selectivity.  
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a) previous work – Stereoselective synthesis of 2-Substituted 3-Hydroxyazetidines  

 

 

 

b) recent work – Lithiation-Electrophilic substitution of N-tert-Butoxythiocarbonylazetidines 
 

       

 

a) this work - Stereoselective electrophilic substitution of 3-arylated-N-protected azetidines 

 

 

 

Scheme 26. Comparison among previous and current work for α-lithiation/electrophilic substitution 

of azetidines. 
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1.2 Optimization and Scope of the lithiation/electrophilic trapping of azetidines 

At first, we have successfully synthesized the starting materials by employing strain release 

approach. For this, various functionalized aromatic Grignard reagents were introduced onto azetidine 

scaffold then directing groups (tPiv and Botc) were imparted further to achieve 3-substituted N-

protected azetidines 59, 57 (Scheme 27). N-Botc protected 3-substituted azetidines (59a - 59c) were 

successfully synthesized but the synthesis of 59d and 59e did not work possibly due to the nature of 

substituents attached with the aromatic ring system. Furthermore, N-tPiv protected 3-substituted 

azetidines (57a – 57f) were successfully synthesized but again the synthesis from (57g – 57i) did not 

work possibly because of the same reason as discussed (Scheme 27). 
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Scheme 27. Synthesis of N-protected 3-subsituted azetidines using Botc and tPiv groups. 

 

This work shows in-depth study of the N-protecting/activating groups (Botc, tPiv) that are not often 

employed for deprotonation at the alpha position to the nitrogen atom [42, 67, 139], Table 1. In the 

conversion of compound A to B, N-Boc-azetidine exhibited inertness towards lithium amides (LDA 
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or LTMP, LTMP=lithium 2,2,6,6-tetramethylpiperidide) also the use of n-BuLi, s-BuLi, t-

BuLi/TMEDA was ineffective as shown in entry 1 (Table 1). The remarkable diastereoselectivity 

achieved for N-Botc (> 98% D) entry 2, as it is not typically observed for aziridines [61], N-Boc-

pyrrolidine, or N-Boc-piperidines [140]. As well, the N-thiopivaloyl group which has not been much 

investigated before [59, 141] also plays a crucial role, entry 3. Further the reaction was examined 

using different equivalents of electrophiles and by changing reaction time. The optimum yield is 

measured for both directing groups when 2 eq. of Trimethylsilyl chloride (E+) was added in the 

reaction mixture at -78 oC for 30 min and stirred reaction further for 30 min from -78 oC to rt, entry 

2, 3. The use of reduced amount of TMEDA resulted in low yields and the product does not form 

without it. The experiments conducted in Et2O and toluene was not significant, which can be 

attributed to the limited solubility of the deprotonated species.  

 

Table 1. Optimization of α-lithiation/electrophilic substitution at 3-arylated N-protected azetidines.  

 

 

 

Entry PG Time  E+ (eq.) Yield (%)  dr 

1 Boca 30 min 2 𝑁𝑜𝑛𝑒 - 

2 Botcb 30 min 𝟐 𝟔𝟑 81:1 

3 t-Pivb 30 min 2 41 17:1 

4 Botc 1 h 2 61 80:1 

5 t-Piv 1 h 2 40 17:1 

6 t-Piv 30 min 3 38 16:1 

7 Botc 30 min 3 61 80:1 

8 Botc 1 h 3 57 78:1 

9 t-Piv 1 h 3 37 15:1 

aReactions performed with n-Buli, s-Buli, t-Buli/TMEDA, lithium amides (LDA, LTMP) under 

THF, diethyl ether and toluene as a solvent.
 
bReactions performed in THF using TMEDA (2.4 eq.), 

s-BuLi (1.2 eq.) at -78 ℃ (30 min) and then E+ (2 eq.), rt (30 min). Diastereoselective ratio (dr) is 

estimated using 1H NMR spectrum.  
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The starting material 51 is Achiral as it does not have any stereocenter. On the other hand, the 

electrophilic substitution product 53 has two stereocentres, Scheme 28.  

 

 
 

 

 

 

Scheme 28. Possible stereoisomers of N-protected 2,3-disubsituted azetidine. 

 

Remarkably, Botc protection demonstrated compatibility with α-lithiation−electrophile trapping 

under same conditions as those used for N-thiopivaloyl 3-arylated azetidines, resulting generally in 

good yields and significant diastereoselectivity. This 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 (Figure 3).  
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Figure 3. Major trans-diastereomer observed for 2,3-disubstituted azetidine as revealed by X-ray 

diffraction technique.  

 

This demonstrates that the electrophile scope of these groups extends beyond the previously 

described approaches. This also suggests that there are more opportunities to generate diversity in 

azetidine using these methods. 

1.3 Stereoselectivity of 3-arylated azetidines upon electrophilic incorporation    

The process of α-lithiation of 3-substituted N-Botc protected azetidines followed by electrophile 

trapping allows for the synthesis of a variety of 2,3-disubstituted azetidines, Table 2. In this method 

electrophiles exhibited a significant level of trans-diastereoselectivity upon incorporation (60a – 60e) 

with a yields ranging from 19 to 97%. The highest yield of 97 % was obtained (60a) when 

employing Deuterium oxide (D2O) is employed as an electrophile, entry 1. Furthermore, optimum dr 

(81:1) observed (60c) with TMSCl (E+); major trans diastereomer (> 98% D) due to steric hindrance 

at 3-position of azetidine, entry 3. Additionally, 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 isolate (60f - 60l).  
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Table 2. Scope of Electrophilic Incorporation into 3-Arylated N-Botc azetidines 

 

 
 

Entry Compound 2, 3-disubstituted azetidine 9 Yield (%)  dr 

1 𝟔𝟎𝒂 

 

 97a 20: 1 

2 𝟔𝟎𝒃 

 

 68 3: 1 

3 𝟔𝟎𝒄 

 

 63 81: 1 

4 𝟔𝟎𝒅 

 

 19 2: 1 

5 𝟔𝟎𝒆 

 

 38 14: 1 

6 𝟔𝟎𝒇 

 

 Not formedb  − 
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7 𝟔𝟎𝒈 

 

   - − 

8 𝟔𝟎𝒉 

 

   - − 

9 𝟔𝟎𝒊 

 

   - − 

10 𝟔𝟎𝒋 

 

   - − 

11 𝟔𝟎𝒌 

 

   - − 

12 𝟔𝟎𝒍 

 

   - − 

aOptimum dr obtained using TMSCl as an electrophile; major trans diastereomer (> 98% D) due to 

steric hindrance at 3 position of azetidines. bReactions tried using various electrophiles some products 

were not formed and others were in the form of complex mixture could not isolate. Diastereoselectivity 

is estimated via 1H NMR spectrum.   
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Moreover, the process of α-lithiation of 3-substituted N-tPiv protected azetidines followed by 

electrophile trapping allows for the synthesis of a variety of 2,3-disubstituted azetidines, Scheme 29. 

Likewise, electrophiles exhibited a significant level of trans-diastereoselectivity upon incorporation 

(58a – 58p) with a yield ranging from 31 to 87%. Deuterium oxide 58a gives a good yield of 81%. 

When TMSCl is employed as an electrophile 58b and 58c are obtained in 41% and 37% yield, 

respectively. Methyl substitution at position 2 gives 36% of 58d. Allyl bromide gives 58e in 39% 

Various challenging electrophiles such as cyclopropyl(4-fluorophenyl)methanone (58g – 58j) and 

adamantan-2-one (58k – 58l) gives outstanding yields mostly above 80 % except 58g and 58l. 

Electron donating group on 58h gives high yield of 85% in comparison with 58g (43%). On the other 

hand, electron withdrawing group showed slight decrease in yield 58i (83%). Noticeable decrease in 

yield observed with EWG on 58l (32%) compared with 58k (82%). Optimum yield up to 87 % 

obtained for 58n when carbon dioxide gas (CO2) is bubbled in the reaction mixture. Furthermore, 

optimum dr (94:1) seen with cyclobutanone (58f); major trans diastereomer (> 98% D) due to steric 

hindrance at 3-position of azetidine. Also, reactions tried using various electrophiles some products 

were not formed or in the form of complex mixture difficult to isolate (58aa – 58ss).  
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Scheme 29. α-lithiation/electrophilic trapping of 3-arylated N-tPiv protected azetidines using various 

electrophiles. 
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1.4 Competition between stereochemistry of electrophilic substituted azetidines 

α-Amino acids are fundamental components that form the structural framework of proteins. 

Azetidine-based amino acids that are not naturally occurring have notable characteristics in the field 

of protein engineering as it enables the exploration of novel characteristics. In light of our progress in 

synthesizing four-membered carbo- and heterocycles [142-152] a simple organometallic pathway for 

the synthesis of unsaturated carboxylic acid precursors is demonstrated recently by our group, 

following metal-catalyzed asymmetric reduction, a diastereospecific synthesis (dr > 99:1) of 

functionalized 2-azetidinecarboxylic acid was performed [153]. This technique produced the targeted 

creation of cis-isomers, (Scheme 30) [154, 155].  

 

 

 

Scheme 30. Metal-catalyzed asymmetric reduction for the diastereoselective synthesis of novel α-

amino acids [153].  

 

In this work further studies were performed to examine the formation of azetidine-based amino acids 

selectively using N-tPiv and N-Botc protected azetidines. For this, carboxylic acid substituted 

azetidines were firstly generated by introducing carbon dioxide (CO2) gas into the reaction mixture. 

The study then proceeded to analyze the tolerance of various functional groups by adding different 

substituents on the aryl part of the substrate. It is important to mention that the method of adding 

lithium to saturated cyclic systems resulted in trans-isomers (Scheme 31), providing an effective and 

distinct alternative to existing methods [56, 153].  
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Scheme 31. Diastereoselective synthesis of novel α-aminoacids using tPiv, 58m-58p (51 to 87 %) 

and Botc, 60d (19 %), respectively.  

 

Employing a diverse collection of α-amino acid building blocks, our objective was to integrate them 

into short peptide chains. Compound-58o was selected for amidification with stereodefined L-

phenylalanine isopropyl ester using HATU as a peptide coupling agent [156]. The two 

diastereoisomers, namely 61a and 61b, could be effectively separated using column chromatography 

and obtained yields of 42 % and 16 % respectively, resulting in a total yield of 58% (Scheme 32). In 

the future, we anticipate that these effective designs will be highly valuable for protein engineering 

and the investigation of secondary structures including azetidines. 

 

 
 

Scheme 32. Synthesis of peptide chains via functionalized 2-azetidinecarboxylic acid.  
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2 Bis-arylation of azetidines by means of strain release approach 

2.1 Introduction  

Over the past few years, strained sp3-rich heterocycles have become significant frameworks in 

medicinal chemistry, they are valuable in adjusting pharmacokinetic characteristics [39, 157-160]. 

Azetidines have gathered noteworthy attention among those. They have been employed in various 

occasions to rigidify amine structures or as phenyl isosteres [161, 162]. Various approaches enable 

the creation of substituted azetidines, such as [2+2]-cycloadditions [163, 164], ring expansions [165-

167], ring contractions [168-171] and ring closures [172]. Furthermore, we have made new 

contributions to this field by manipulating unsaturated analogues, specifically 2H-azetines, using 

Diels-Alder cycloadditions or hydrogenation reactions [148, 151, 153]. 1-Aza-bicyclo[1.1.0]-butanes 

(ABB) have a unique reactivity towards nucleophiles due to their ring strain. This makes them a 

promising substrate for further functionalization’s. Due to the significant strain in C–N–C dihedral 

angles, aza-bicyclobutanes exhibit strong nucleophilic properties and are expected to readily undergo 

reactions with electrophilic species. Inspired by Funke's [173] groundbreaking research, Nagao's 

team further explored the concept of strain-release using nucleophiles such as thiols and halogens. 

They conducted their experiments in the presence of N-trapping reagents such as tosyl- and acyl 

chlorides [81]. Later, Baran created a highly effective strain release amination approach based on the 

use of turbo-amides (primary and secondary) as a nucleophile for the modification of drug-like 

compounds [91]. In 2019, Gianatassio and his colleagues have demonstrated the nucleophilic 

addition of Grignard reagents in the synthesis of 3-alkylazetidines. They achieved this by employing 

TsCl, acyl chlorides or Boc2O as electrophiles, (Scheme 33) [92]. Also, the substitution of azetidines 

at position 3 can be efficiently achieved via 1,2-boronate rearrangements [174]. In this work we 

introduced nucleophilic organometallic species onto azabicyclobutanes that are formed in situ and 

selectively created 3-arylated azetidine intermediates by the release of strain. Subsequent 

advancements were made in the development of single pot techniques for the N-arylation of 

azetidines by using either Buchwald-Hartwig couplings or SNAr reactions. A highly effective method 

is introduced for 1,3-bis-arylation of azetidines, arylmagnesium reagents were used to conduct an 

unprecedented arylation at position 3. The solvent system has been modified to prevent undesirable 

products and showcasing the method's strong tolerance for functional groups. By using 

straightforward and adaptable C-N bond formation techniques, a large library of building blocks, 

including drug compound analogues could be designed moving closer to the difficult task of 

implementing rigid sp3-rich scaffolds in drug-discovery programs. 
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a) literature – Strain release / electrophilic trapping of azetidines 

 

 

 

b) this work – Strain - release bis-arylation of azetidines  

 

 

 

Scheme 33. Synthetic approach to 1,3-bisfunctionalized azetidines.  

 

Surprisingly, there is a lack of literature on compounds as uncomplicated as 1,3-bisarylated 

azetidines, primarily due to the challenging nature of efficient and selective formation of their 

structure. Although the attempts have been made, the process of introducing aryl groups at position 3 

of aza-bicyclobutanes through strain-release has not been revealed. Driven by a broad fascination 

with 4-membered carbo- and heterocycles and their applicability in drug development [175], we set 

out to develop a reliable method for creating these functionalized azetidine structures. 

2.2 Optimization and scope for the strain release bis-arylation of azetidines 

We initiated our investigations by examining the ring-opening reactions using aryl-Grignard reagents 

that were synthesized ex situ. Previously, AAB were formed in THF by a 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 many by-products were 

observed, Scheme 34. The desired product 62, which is formed through the nucleophilic addition of 

ArMgBr (p-Tol), was only obtained in small quantities and could not be separated from the 



47 

 

byproducts 63 and 64. These byproducts were formed due to the nucleophilic additions of residual 

PhLi and THF-soluble LiBr, individually. 

 

 

 

Scheme 34. Issues related with the reported conditions for the bis-functionalization of azetidines.  

 

We envisioned that n-BuLi which is more basic, less nucleophilic than PhLi could serve as a 

substitute for PhLi, thereby preventing the production of molecule 63, which is difficult to separate. 

n-BuLi is more alkaline, but less nucleophilic, compared to PhLi. The prevention of the creation of 

64 was accomplished by using toluene as the solvent to cause the precipitation of LiBr produced 

during the cyclization process, therefore, hinders the unwanted reactivity between LiBr and ABB, 

Scheme 35. With new conditions, products 62a-g were separated without any byproducts in yields 

ranging from 35% to 68% [51] upon the introduction of TsCl as an electrophiles. Optimum yield of 

68% is obtained for 62a with phenyl magnesium bromide as a nucleophile. The aryl-Grignard 

reagents exhibited a unique nucleophilic addition onto aza-bicyclobutanes, resulting in an efficient 

and smooth incorporation of aryl groups at position 3. Electron donating group on 62b gives 39% 

yield in comparison with EWG on 62g which gives a yield of 65%. Products 62h - 62m tried with 

various Grignard reagents and electrophiles but was not successful.  
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Scheme 35. Establishing conditions for the strain-release reaction with aryl-magnesium reagents. 

 

We anticipated that the intermediate magnesium amide, which is formed through a ring opening 

reaction, may be directly utilized in a subsequent nucleophilic aromatic substitution onto electron-

deficient aromatics, providing a first way for the synthesis of bis-arylated structures, Scheme 36. 2-

Fluorinated pyridines were selected as suitable substrates for this reaction due to their electron-

deficient properties. Following the successful formation of the N-azetidinylmagnesium species in the 

reaction mixture using PhMgBr, additional SNAr (nucleophilic aromatic substitution) was carried out 

in the presence of triethylamine and an excess of the electrophilic 2-fluoropyridine. This resulted in 

the production of compound 65a-e with a yield ranging from 27 to 65%. Optimum yield obtained for 
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65b (65%). Further, by altering the substitution pattern of 2-fluoropyridines, we obtained 

halogenated compounds 65c (43%). Aryl-Grignard reagents with electron-withdrawing substituents 

(Cl) were also observed in this reaction, producing compounds 65a and 65e with yields 27% and 

47%, respectively. The compounds 65f and 65g were unfortunately not obtained.  

 

 

 

 

 

 

 

Scheme 36. Nucleophilic aromatic substitutions (SNAr) of 3-arylated azetidines.  
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While this approach shown effectiveness, it is limited to the replacement of fluorides on electrophiles 

that resemble pyridine. Other electron deficient aryl compounds containing nitro, cyano, or ester 

groups were unable to produce the intended N-arylated azetidines, thus restricting the range of the 

reaction. Consequently, we sought an alternative method that would expand the options for creating 

C–N bonds and focused our attention on Pd-catalyzed conversions. The Buchwald-Hartwig coupling 

reactions have experienced significant advancements since the groundbreaking studies conducted by 

the researchers who are credited with the discovery of this transformation [176, 177]. Several 

instances of drug discovery programs have been documented on the coupling of 2o amines, including 

some azetidines also [174, 178]. 

Phenyl azetidine A´ coupled with p-bromoanisole was examined for the purpose of enhancing the 

reaction process, table 3. While Pd2(dba)3/BINAP or Pd(OAc)2/Xantphos catalytic systems (entries 

1-3) produced the coupling product B´ in a yields of 27 to 60% (using either KOt-Bu or NaOt-Bu as 

the base). The optimum yield (82%) obtained when azetidine is combined with the 

xPhosPdG3/Brettphos catalytic system (entry 5). While reducing the catalyst loading to 1 mol% did 

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

reduced yields. 

 

Table 3. Optimization of conditions for Buchwald–Hartwig couplings of azetidines 

 

 

 

Entry [Pd]/Ligand T (℃) Yield (%) 

1 Pd2(dba)3/BINAPa 100 60 

2 Pd2(dba)3/BINAPa 100         58b 

3 Pd(OAc)2/Xantphosa 100 27 

4 RuPhosPdG3/RuPhosc 100 79 

5 xPhosPdG3/Brettphosc 100 82 

6 xPhosPdG3/Brettphosc 80 73 

a Reactions performed with 3 mol% [Pd], [Pd]/Ligand = 1.5 : 1, 3.0 eq. KOt-Bu. b NaOt-Bu instead 

of KOt-Bu. c Reactions performed with 1 mol% [Pd], [Pd]/Ligand = 1 : 1, 1.4 eq. KOt-Bu.  
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By employing optimal conditions, the potential of Buchwald–Hartwig coupling on 3-arylazetidines 

produced ex situ was assessed under favorable conditions, using variously substituted aryl and 

heteroaryl bromides. 3-Phenylazetidine combined with both electron-rich and electron-poor aryl 

bromides, resulting in the formation of 1,3-bis-arylated azetidines 66a–c with significant yields 

ranging from 27% to 82%.  

It is important to mention that a higher amount of product was produced using Buchwald-Hartwig 

coupling on 4-bromoanisole (66a, 82%) compared to SNAr conditions (65a-e, 27 to 65%). By 

introducing an electron-deficient Grignard reagent, a 27% yield of 66c was obtained. The reaction 

shown a good level of tolerance towards functional groups. Despite, the formation of compounds 

from 66f – 66m was not successful, (Scheme 37). 

 

 

 

 

 

 

Scheme 37. Buchwald–Hartwig coupling of 3-arylazetidines. a x = 1 mol%, b x = 2 mol%, c x = 3 

mol%.  
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The coupling techniques used for the azetidine bis-arylation process, led to a variety of various 

functionalized molecules. Our next objective was to improve the efficiency of the process by 

eliminating the need to purify the free azetidine at an intermediate stage. A one-pot procedure was 

designed to facilitate the bis-arylation of azetidines. This method combines the stages of strain 

release and Buchwald-Hartwig coupling in the same solvent system. The formation of aza-

bicyclobutane occurred in situ then arylation at position 3 is performed via strain release using aryl 

magnesium species and finally coupling reaction is carried out under Pd-catalyzed conditions, 

(Scheme 38). By altering the compositions, various functionalized compounds 67a-c were 

synthesized with moderate to high yields (36 to 72%) by Buchwald-Hartwig C-N coupling reactions. 

Compound 67a was obtained with a bit reduced yield (72%) compared to the two-step process 66a 

(82%). 
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Scheme 38. One-pot ring-opening/Buchwald–Hartwig coupling sequence of 3-arylated azetidines. a x 

= 3 mol%, b x = 4 mol%, c x = 5 mol%. 
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3 Conclusion 

This study demonstrated different strategies for the synthesis of functionalized azetidine compounds, 

which are widely recognized and acknowledged methodologies due to their selectivity. Many 

Grignard reagents were synthesized at the start and utilized further for the synthesis of 3-arylated 

azetidines. Moreover, protecting groups were employed for the formation of 3-arylated N-protected 

azetidines. Hence, α-lithiation and subsequent electrophile trapping of 3-arylated N-protected 

azetidine have been successfully performed using different reaction conditions to get optimum yield 

of the final products, Scheme 39.  

 

 

 

Scheme 39. Electrophilic trapping at 2 position of N-protected functionalized azetidines.  

 

Ultimately, the diastereoselectivity have been measured at the α-position of 3-arylated N-protected 

azetidines. O-tert-butyl carbothioate protecting group showed good yield and diastereoselective ratio 

(dr) when compared to thiopivaloyl group, also deprotection of this group does not require harsh 

conditions. The comparison has been made for the diastereomeric ratio among 3-arylated azetidines 

protected with O-tert-butyl carbothioate group and thiopivaloyl group containing different 

electrophiles (Deuterium oxide and TMSCl), Botc showed greater yield with good 

diastereoselectivity in comparison (Scheme 40).  

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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Scheme 40. Comparison of the yield and diastereomeric ratio among 3-arylated N protected 

azetidines containing electrophiles (Deuterium oxide and TMSCl).  

 

For the second project, we have created a highly effective method for the 1,3-bis-arylation of 

azetidines by employing reactive strained aza-bicyclobutanes, generated in situ. A novel arylation at 

position 3 was carried out using arylmagnesium reagents, by modifying the solvent system to prevent 

the formation of unwanted products, Scheme 41. These experiments showcased the method's 

exceptional ability to accommodate various functional groups. Efficient and flexible methods for 

creating C-N bonds were used in a single pot reaction, 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 rigid sp3-rich structures in drug discovery programs. 

 

 

Scheme 41. Strain release approach for the bis-arylation of azetidines.  
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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 flame-dried glassware under N2 

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 n-BuLi in hexane was purchased from Rockwood Lithium and the concentration was 

measured via titration using 1,10-phenanthroline in THF with iPrOH. s-BuLi 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 were titrated using iodine in THF at rt. Chromatography purifications 

were carried out using silica gel (SiO2, 0.040-0.063 mm, 230- 400 mesh ASTM) from Merck. The 

spots were seen under UV (254 nm) or by staining the TLC plate with the solution of KMnO4 

(K2CO3, 10 g – KMnO4, 1.5 g – H2O, 150 ml – NaOH 10% in H2O, 1.25 ml). NMR and GC analysis 

were used to estimate % age purity of final products. The 1H, 13C and 19F NMR spectra were 

recorded on VARIAN VXR 400 S and BRUKER at 400, 599, 151, 101 and 377 MHz instruments. 

Chemical shift (δ) values were reported in ppm relative to the residual solvent peak (1H-NMR, 13C-

NMR) in deuterated chloroform (CDCl3: δ 7.26 ppm for 1H-NMR and δ 77.16 ppm for 13C-NMR). 

Signal coupling abbreviations are as follows: s (singlet), d (doublet), t (triplet), q (quartet), quint 

(quintet), m (multiplet) and br (broad). Reactions were monitored via GC to check the endpoints 

using n-undecane as an internal standard. Gas Chromatography was performed using instruments of 

Agilent Technologies 7890, having a column type HP 5 (Agilent 5% phenylmethylpolysiloxane; 

length: 15 m; diameter: 0.25 mm; film thickness: 0.25 μm) or Hewlett-Packard 6890 or 5890 series 

II, using a column of type HP 5 (Hewlett-Packard, 5% phenylmethylpolysiloxane; length: 15 m; 

diameter: 0.25 mm; film thickness: 0.25 μm). High resolution mass spectra (HRMS) and low-

resolution mass spectra (LRMS) were recorded on Finnigan MAT 95Q, Finnigan MAT 90 

instrument or JEOL JMS-700. Infrared spectra were recorded on a Perkin 281 IR spectrometer and 

samples were measured neat (ATR, Smiths Detection DuraSample IR II Diamond ATR). The 

absorption bands were reported in wave numbers (cm-1) and 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 Büchi B-540 apparatus. 

4 General Procedures 

4.1 Synthesis of Aryl Grignard Reagents 

 

 

 

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, and the mixture 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 THF-solution of aryl magnesium reagents. The concentration of 

the prepared Grignard reagent was determined by titrating with I2. 

4.2 Synthesis of 3-substituted azetidines 

 

 

 

2,3-dibromopropan-1-amine (1 eq.) was suspended in toluene (extra dry) in a dried round bottom 

flask. The suspension was cooled down to -78° C the n-BuLi (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 hour at -78°C and then at rt for 16 h under N2 

atmosphere. The reaction was quenched with HCl (1 M) until (pH ~ 1), and then washed with Et2O 

(3x). The aqueous layer was basified with NaOH solution to (pH ~ 10-12) and extracted with EtOAc 

(3x). The combined organic layer was dried over MgSO4 and concentrated in vacuo. The product 50 



 

59 

 

was then used for other preparations without further purification. Alternatively, the reaction can be 

quenched using AcOH. The excess AcOH was removed with toluene in vacuo (3 x) to get the solid 

product 50´.  

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

 

 

 

3-Arylated azetidine (1 eq.) was suspended in THF (6 ml) under nitrogen. Triethylamine (5 eq.) was 

added then the mixture was stirred for 10 mins at 0 ℃. S-methyl O-t-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 NH4Cl and extracted with ether (3x) 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  

 

 

 

3-arylazetidine (1 eq.) was mixed with 10 ml THF (extra dry) in a flame dried round bottom flask. 

Triethylamine (5 eq.) was added dropwise via a syringe to the mixture at 0 ℃, and the reaction was 

stirred for 30 min. Afterwards trimethyl acetyl chloride (1.1 eq.) was added dropwise, and the 

resulting solution was allowed to attain rt and stirred for 16 h under N2 atmosphere. The reaction was 

then quenched with 1 M HCl (5 ml) and aqueous layer was extracted with DCM (3 x 30 ml). The 
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combined organic layer was dried over MgSO4 and concentrated in vacuo to give the crude N-

pivaloyl azetidine. The crude residue was then mixed with pyridine (15 ml) and phosphorus 

pentasulfide P2S5 (1.25 eq.) was added to the reaction and stirred at 75 ℃ for 6 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 × 30 mL). The combined organic 

extracts were washed with 1 M HCl (aq) (10 mL), water (10 mL) and brine (10 mL), dried with 

MgSO4 and evaporated under reduced pressure to give the crude product. Purification via flash 

column chromatography on silica with 9:1 Hexane-Et2O as an eluent gave desired product in 77 % 

yield. 

4.5 Lithiation-electrophilic substitution  

 

 

 

N-protected-3-arylated azetidine (1 eq.) was dissolved in THF (extra dry) 2-3 ml and charged into a 

nitrogen flushed, flame dried flask, and cooled to -78 ℃. TMEDA (2.4 eq) and s-BuLi (1.2 eq) were 

added to the reaction mixture and left stirring for 30 min at -78 ℃. After that trimethylsilyl chloride 

(2 eq) in 0.5 ml THF was added dropwise and then stirred for 30 min at -78°C and for additional one 

hour at rt. The mixture was then quenched with sat. NH4Cl solution (3 ml) and the extracted with 

EtOAc (3 x 15 mL). The combined organic layer was dried over MgSO4 and removed in vacuo. The 

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

2,3-Dibromopropan-1-amine hydrobromide  

 

 

 

The compound was prepared using a modified literature procedure [179]. 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 stirring the precipitate was filtered and the crude product was washed with 

ice cold Et2O (3 × 15 mL). The solid was recrystallized three times using methanol (30 mL) to obtain 

title compound (87.85 g, 0.295 mol, 79 % overall yield) as a colorless crystal. 

1H NMR (400 MHz, CDCl3): δ (ppm) = 3.02 (dddd, J = 9.7, 8.2, 4.7, 3.3 Hz, 1H), 2.47 (dd, J = 11.0, 

4.7 Hz, 1H), 2.34 (dd, J = 11.0, 8.4 Hz, 1H), 2.18 (dd, J = 14.0, 3.2 Hz, 1H), 1.85 – 1.75 (m, 1H). 

13C NMR (101 MHz, CDCl3): δ (ppm) = 49.64, 49.43, 49.21, 49.00, 48.79, 48.58, 48.36, 48.02, 

45.56, 34.19. 

HRMS (ESI) m/z: [M-Br]+ calculated for C3H8Br2N
+: 217.8998; found: 217.8996. 

IR (Diamond-ATR, neat) 𝜈 ̃𝑚𝑎𝑥: 2998,54, 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 S-Methyl O-t-Butyl Dithiocarbonate  

 

 

 

Following the procedure described in the literature [180]. S-Methyl O-t-Butyl Dithiocarbonate was 

synthesized on a 110 mmol scale. KOtBu (11.89 g, 0.1 mol, 1eq.) was suspended in toluene 250 ml 

and heated to 75 ℃ for 24 hr then CS2 (6.6 ml, 0.11 mol, 1.1eq.) was added slowly for 15 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 iodomethane (9.9 ml, 0.16 mol, 1.5 eq.) was 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 with a yield of 67 %. The S-methyl o-t-

butyl dithiocarbonate was then used for further reactions without further purification. 

1H NMR (400 MHz, CDCl3): δ (ppm) = 2.46 (s, 3H), 1.70 (s, 9H). 

13C NMR (101 MHz, CDCl3): δ (ppm) = 213.31, 110.48, 90.91, 77.35, 77.03, 76.71, 28.01, 24.13, 

20.18, 19.19, 1.03. 

HRMS (EI) m/z: [M-H]+ calculated for C6H11OS2
+: 163.0246; found: 163.0541. 

IR (Diamond-ATR, neat) 𝜈 ̃𝑚𝑎𝑥: 2925,95, 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) 

 

 

 

3-phenylazetidine (379.6 mg, 2.85 mmole, 1 eq.) was suspended in THF 6 ml under nitrogen. 

Triethylamine (1.97 ml, 14.25 mmole, 5 eq.) was added and the mixture was stirred for 10 mins at 0 

℃. S-methyl O-t-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 solution of NH4Cl and 

extracted with ether (3x) then the ether was removed in vacuum. Purification was done via column 

chromatography (99:1 – Hexane: Ether) to obtain a final product (249.3 mg, 1 mmole) as a yellow 

oil with 35 % yield.  

Rf = 0.26 

1H NMR (400 MHz, CDCl3): δ (ppm) = 7.35 – 7.26 (m, 2H), 7.26 – 7.20 (m, 3H), 4.47 (ddd, J = 

10.2, 8.8, 1.3 Hz, 1H), 4.36 (ddd, J = 10.2, 8.9, 1.3 Hz, 1H), 4.18 – 4.12 (m, 1H), 4.01 – 3.95 (m, 

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

13C NMR (101 MHz, CDCl3): δ (ppm) = 185.47, 141.49, 128.82, 127.21, 126.81, 85.12, 77.37, 

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

HRMS (EI) m/z: [M-C4H9]
+ calculated for C10H10NOS+: 193.0517; found: 193.0554. 

IR (Diamond-ATR, neat) 𝜈 ̃𝑚𝑎𝑥: 2966,70, 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 (553.1 mg, 3.3 mmole, 1 eq.) was suspended in THF 6 ml under 

nitrogen. Triethylamine (2.28 ml, 16.5 mmole, 5 eq.) was added and the mixture was stirred for 10 

mins at 0 ℃. S-methyl O-t-butyl dithiocarbonate (650.5 mg, 3.96 mmole, 1.2 eq.) was added and the 

reaction was stirred for 16 hrs. After that the mixture was quenched with saturated solution of NH4Cl 

and extracted with ether (3x) then the ether was removed in vacuum. Purification was done via 

column chromatography (99: 1 – Hexane: Ether) to obtain a final product (292.3 mg, 1.03 mmole) as 

a yellow oil with 31% yield.  

Rf = 0.23 

1H NMR (400 MHz, CDCl3): δ (ppm) = 7.35 – 7.29 (m, 2H), 7.25 – 7.20 (m, 2H), 4.50 (ddd, J = 

10.2, 8.8, 1.2 Hz, 1H), 4.40 (ddd, J = 10.1, 8.8, 1.2 Hz, 1H), 4.14 (dd, J = 10.5, 6.0 Hz, 1H), 3.97 

(dd, J = 10.3, 6.0 Hz, 1H), 3.69 (tt, J = 8.8, 6.0 Hz, 1H), 1.66 (s, 9H). 

13C NMR (101 MHz, CDCl3): δ (ppm) = 185.57, 139.94, 132.99, 128.93, 128.17, 85.25, 77.30, 

76.98, 76.66, 58.71, 57.93, 31.57, 28.37, 0.99. 

HRMS (EI) m/z: [M]+ calculated for C14H18ClNOS: 283.0798; found: 283.0796. 

IR (Diamond-ATR, neat) 𝜈 ̃𝑚𝑎𝑥: 2973,35, 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) 

 

 

             

3-(4-fluoronaphthalen-2-yl)azetidine (400 mg, 1.98 mmole, 1 eq.) was 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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mins at 0 ℃. S-methyl O-t-butyl dithiocarbonate (390 mg, 2.37 mmole, 1.2 eq.) was added and the 

reaction was stirred for 16 hrs. After that the mixture was quenched with saturated solution of NH4Cl 

and extracted with ether (3x) then the ether was removed in vacuum. Purification was done via 

column chromatography (9: 1 – Hexane : Ethyl acetate) to obtain a final product (18 mg, 0.057 

mmole) as a yellow oil with 29% yield. 

Rf = 0.37 

1H NMR (400 MHz, CDCl3): δ (ppm) = 8.20 – 8.14 (m, 1H), 7.73 – 7.67 (m, 1H), 7.63 – 7.55 (m, 

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

8.5, 0.9 Hz, 2H), 4.43 – 4.32 (m, 2H), 4.20 – 4.13 (m, 1H), 1.66 (s, 9H). 

13C NMR (101 MHz, CDCl3): δ (ppm) = 185.50, 159.41, 156.91, 132.51, 132.47, 132.05, 132.01, 

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, CDCl3): δ (ppm) = -123.93 – -124.06 (m). 

HRMS (EI) m/z: [M]+ calculated for C18H20FNOS: 317.1250; found: 317.1243. 

IR (Diamond-ATR, neat) 𝜈 ̃𝑚𝑎𝑥: 2964,21, 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) 

 

 

 

3-phenylazetidine (492.8 mg, 3.7 mmole, 1 eq.) was mixed with 10 ml THF (extra dry) in a flame 

dried round bottom flask. Triethylamine (2.56 ml, 18.5 mmole, 5 eq.) was added dropwise via a 

syringe to the mixture at 0 ℃, and the reaction was stirred for 30 min. Afterwards trimethylacetyl 

chloride (0.5 ml, 4.07 mmole, 1.1 eq.) was added dropwise, and the resulting solution was allowed to 

attain rt and stirred for 16 h under N2 atmosphere. The reaction was then quenched with 1 M HCl (5 

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

over MgSO4 and concentrated in vacuo to give the crude N-pivaloyl azetidine. The crude residue was 

then mixed with pyridine (15 ml) and phosphorus pentasulfide P2S5 (1 g, 4.6 mmole, 1.25 eq.) was 

added to the reaction and stirred at 75 ℃ for 6 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 
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then extracted with DCM (3 × 30 mL). The combined organic extracts were washed with 1 M 

HCl(aq) (10 mL), water (10 mL) and brine (10 mL), dried with MgSO4 and evaporated under 

reduced pressure to give the crude product. Purification via flash column chromatography on silica 

with (9: 1 – Hexane : Ether) as an eluent gave desired product (665 mg, 2.85 mmole) in 77 % yield 

as a brown oil. 

Rf = 0.31 

1H NMR (400 MHz, CDCl3): δ (ppm) = 7.42 – 7.27 (m, 5H), 4.92 (ddd, J = 10.6, 8.9, 1.8 Hz, 1H), 

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

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

13C NMR (101 MHz, CDCl3): δ (ppm) = 210.17, 141.27, 129.00, 127.42, 126.68, 77.36, 77.04, 

76.72, 64.31, 62.77, 43.26, 32.76, 29.74. 

HRMS (EI) m/z: [M]+ calculated for C14H19NS: 233.1238; found: 233.1232. 

IR (Diamond-ATR, neat) 𝜈 ̃𝑚𝑎𝑥: 2966,70, 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) 

 

 

 

3-(p-tolyl)azetidine (1.1689 g, 7.9 mmole, 1 eq.) was mixed with 10 ml toluene (extra dry) in a flame 

dried round bottom flask. Triethylamine (5.4 ml, 39.5 mmole, 5 eq.) was added dropwise via a 

syringe to the mixture at 0 ℃, and the reaction was stirred for 30 min. Afterwards trimethylacetyl 

chloride (1.0 ml, 8.69 mmole, 1.1 eq.) was added dropwise, and the resulting solution was allowed to 

attain rt and stirred for 16 h under N2 atmosphere. The reaction was then quenched with 1 M HCl (5 

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

over MgSO4 and concentrated in vacuo to give the crude N-pivaloyl azetidine. The crude residue was 

then mixed with pyridine (15 ml) and phosphorus pentasulfide P2S5 (2.1 g, 9.8 mmole, 1.25 eq.) was 

added to the reaction and stirred at 75 ℃ for 6 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 × 30 mL). The combined organic extracts were washed with 1 M 

HCl(aq) (10 mL), water (10 mL) and brine (10 mL), dried with MgSO4 and evaporated under 
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reduced pressure to give the crude product. Purification via flash column chromatography on silica 

with (9: 1 – Hexane : Ether) as an eluent gave desired product (445 mg, 1.8 mmole) in 39 % yield as 

a brown oil. 

Rf = 0.34 

1H NMR (400 MHz, CDCl3): δ (ppm) = 7.18 (s, 4H), 4.90 (ddd, J = 10.6, 8.9, 1.9 Hz, 1H), 4.65 

(ddd, J = 12.4, 9.0, 1.9 Hz, 1H), 4.44 (dddd, J = 10.5, 6.1, 2.0, 0.6 Hz, 1H), 4.34 (dddd, J = 12.4, 6.1, 

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

13C NMR (101 MHz, CDCl3): δ (ppm) = 209.03, 137.19, 136.10, 128.60, 125.53, 76.32, 76.00, 

75.68, 63.41, 61.85, 42.21, 31.39, 28.70, 20.05, 0.01. 

HRMS (EI) m/z: [M]+ calculated for C15H21NS: 247.1395; found: 247.1388. 

IR (Diamond-ATR, neat) 𝜈 ̃𝑚𝑎𝑥: 2964,92, 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)azetidin-1-yl)-2,2-dimethylpropane-1-thione (57c) 

 

 

 

3-(4-methoxyphenyl)azetidine (1.79 g, 10.99 mmole, 1 eq.) was mixed with 10 ml THF (extra dry) in 

a flame dried round bottom flask. Triethylamine (7.6 ml, 54.95 mmole, 5 eq.) was added dropwise 

via a syringe to the mixture at 0 ℃, and the reaction was stirred for 30 min. Afterwards 

trimethylacetyl chloride (1.48 ml, 12.089 mmole, 1.1 eq.) was added dropwise, and the resulting 

solution was allowed to attain rt and stirred for 16 h under N2 atmosphere. The reaction was then 

quenched with 1 M HCl (5 ml) and aqueous layer was extracted with DCM (3 x 30 ml). The 

combined organic layer was dried over MgSO4 and concentrated in vacuo to give the crude N-

pivaloyl azetidine. The crude residue was then mixed with pyridine (15 ml) and phosphorus 

pentasulfide P2S5 (3 g, 13.7 mmole, 1.25 eq.) was added to the reaction and stirred at 75 ℃ for 6 

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 × 30 mL). The 

combined organic extracts were washed with 1 M HCl(aq) (10 mL), water (10 mL) and brine (10 

mL), dried with MgSO4 and evaporated under reduced pressure to give the crude product. 
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Purification via flash column chromatography on silica with (8: 2 – Hexane : Ether) as an eluent 

gave desired product (2.08 g, 7.896 mmole) in 72 % yield as a brown oil. 

Rf = 0.21 

1H NMR (400 MHz, CDCl3): δ (ppm) = 7.24 – 7.18 (m, 2H), 6.93 – 6.88 (m, 2H), 4.89 (ddd, J = 

10.6, 8.9, 1.8 Hz, 1H), 4.65 (ddd, J = 12.4, 9.0, 1.9 Hz, 1H), 4.42 (ddd, J = 10.6, 6.1, 1.8 Hz, 1H), 

4.32 (ddd, J = 12.4, 6.1, 1.8 Hz, 1H), 3.81 (s, 3H), 3.78 – 3.71 (m, 1H), 1.39 (s, 9H). 

13C NMR (101 MHz, CDCl3): δ (ppm) = 210.08, 158.86, 133.28, 127.76, 114.34, 77.36, 77.04, 

76.72, 64.60, 63.08, 55.37, 43.25, 32.13, 29.74, 1.05. 

HRMS (EI) m/z: [M]+ calculated for C15H21NOS: 263.1344; found: 263.1346. 

IR (Diamond-ATR, neat) 𝜈 ̃𝑚𝑎𝑥: 2969,88, 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) 

 

 

 

3-(4-fluorophenyl)azetidine (340.3 mg, 2.2 mmole, 1 eq.) was mixed with 10 ml THF (extra dry) in a 

flame dried round bottom flask. Triethylamine (1.5 ml, 11 mmole, 5 eq.) was added dropwise via a 

syringe to the mixture at 0 ℃, and the reaction was stirred for 30 min. Afterwards trimethyl acetyl 

chloride (0.29 ml, 2.42 mmole, 1.1 eq.) was added dropwise, and the resulting solution was allowed 

to attain rt and stirred for 16 h under N2 atmosphere. The reaction was then quenched with 1 M HCl 

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

dried over MgSO4 and concentrated in vacuo to give the crude N-pivaloyl azetidine. The crude 

residue was then mixed with pyridine (15 ml) and phosphorus pentasulfide P2S5 (0.6 g, 2.75 mmole, 

1.25 eq.) was added to the reaction and stirred at 75 ℃ for 6 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 × 30 mL). The combined organic extracts were washed with 1 

M HCl(aq) (10 mL), water (10 mL) and brine (10 mL), dried with MgSO4 and evaporated under 

reduced pressure to give the crude product. Purification via flash column chromatography on silica 
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with (8: 2 – Hexane : Ether) as an eluent gave desired product (175.9 mg, 0.7 mmole) in 32 % yield 

as a clear oil. 

Rf = 0.25 

1H NMR (400 MHz, CDCl3): δ (ppm) = 7.29 – 7.22 (m, 2H), 7.10 – 7.01 (m, 2H), 4.91 (ddd, J = 

10.6, 8.9, 1.8 Hz, 1H), 4.66 (ddd, J = 12.4, 9.0, 1.8 Hz, 1H), 4.42 (ddd, J = 10.5, 6.0, 1.8 Hz, 1H), 

4.31 (ddd, J = 12.4, 6.1, 1.8 Hz, 1H), 3.79 (tt, J = 8.9, 6.1 Hz, 1H), 1.39 (s, 9H). 

13C NMR (101 MHz, CDCl3): δ (ppm) = 209.32, 162.19, 159.75, 135.99, 135.96, 127.27, 127.19, 

114.95, 114.74, 76.33, 76.01, 75.69, 63.34, 61.82, 42.25, 31.14, 28.70, 0.01. 

19F NMR (377 MHz, CDCl3): δ -123.94 – -124.07 (m).  

HRMS (EI) m/z: [M]+ calculated for C14H18FNS: 251.1144; found: 251.1136. 

IR (Diamond-ATR, neat) 𝜈 ̃𝑚𝑎𝑥: 2964,07, 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 (57e) 

 

 

            

3-(4-chlorophenyl)azetidine (934 mg, 5.5 mmole, 1 eq.) was mixed with 10 ml THF (extra dry) in a 

flame dried round bottom flask. Triethylamine (3.8 ml, 27.5 mmole, 5 eq.) was added dropwise via 

syringe to the mixture at 0 ℃, and the reaction was stirred for 30 min. Afterwards trimethyl acetyl 

chloride (0.74 ml, 6.05 mmole, 1.1 eq.) was added dropwise, and the resulting solution was allowed 

to attain rt and stirred for 16 h under N2 atmosphere. The reaction was then quenched with 1 M HCl 

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

dried over MgSO4 and concentrated in vacuo to give the crude N-pivaloyl azetidine. The crude 

residue was then mixed with pyridine (15 ml) and phosphorus pentasulfide P2S5 (1.5 g, 6.8 mmole, 

1.25 eq.) was added to the reaction and stirred at 75 ℃ for 6 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 × 30 mL). The combined organic extracts were washed with 1 

M HCl(aq) (10 mL), water (10 mL) and brine (10 mL), dried with MgSO4 and evaporated under 
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reduced pressure to give the crude product. Purification via flash column chromatography on silica 

with (9: 1 – Hexane : Ethyl acetate) as an eluent gave desired product (321.3 mg, 1.2 mmole) as a 

yellow oil in 22 % yield. 

Rf = 0.33  

1H NMR (400 MHz, CDCl3): δ (ppm) = 7.39 – 7.32 (m, 2H), 7.25 – 7.20 (m, 2H), 4.99 – 4.87 (m, 

1H), 4.66 (ddd, J = 12.4, 9.0, 1.8 Hz, 1H), 4.42 (ddd, J = 10.6, 6.0, 1.8 Hz, 1H), 4.36 – 4.28 (m, 1H), 

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

13C NMR (151 MHz, CDCl3): δ (ppm) = 210.37, 139.71, 133.22, 129.13, 128.07, 110.00, 77.24, 

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 C14H18ClNS: 267.0848; found: 267.0841. 

IR (Diamond-ATR, neat) 𝜈 ̃𝑚𝑎𝑥: 2965,78, 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) 

 

 

 

3-(4-(trifluoromethoxy)phenyl)azetidine (750 mg, 3.4 mmole, 1 eq.) was mixed with 10 ml toluene 

(extra dry) in a flame dried round bottom flask. Triethylamine (2.3 ml, 17.2 mmole, 5 eq.) was added 

dropwise via a syringe to the mixture at 0 ℃, and the reaction was stirred for 30 min. Afterwards 

trimethyl acetyl chloride (0.45 ml, 3.7 mmole, 1.1 eq.) was added dropwise, and the resulting 

solution was allowed to attain rt and stirred for 16 h under N2 atmosphere. The reaction was then 

quenched with 1 M HCl (5 ml) and aqueous layer was extracted with DCM (3 x 30 ml). The 

combined organic layer was dried over MgSO4 and concentrated in vacuo to give the crude N-

pivaloyl azetidine. The crude residue was then mixed with pyridine (15 ml) and phosphorus 

pentasulfide P2S5 (0.9 g, 4.25 mmole, 1.25 eq.) was added to the reaction and stirred at 75 ℃ for 6 

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 × 30 mL). The 

combined organic extracts were washed with 1 M HCl(aq) (10 mL), water (10 mL) and brine (10 

mL), dried with MgSO4 and evaporated under reduced pressure to give the crude product. 
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Purification via flash column chromatography on silica with (9 : 1 – Hexane : Ethyl acetate)) as an 

eluent gave desired product (25.4 mg, 0.08 mmole) as a brown oil in 37 % yield. 

Rf = 0.29 

1H NMR (400 MHz, CDCl3): δ (ppm) = 7.35 – 7.29 (m, 2H), 7.25 – 7.20 (m, 2H), 4.93 (ddd, J = 

10.6, 8.9, 1.8 Hz, 1H), 4.68 (ddd, J = 12.4, 9.0, 1.8 Hz, 1H), 4.44 (ddd, J = 10.6, 6.0, 1.8 Hz, 1H), 

4.34 (ddd, J = 12.5, 6.0, 1.8 Hz, 1H), 3.82 (tt, J = 8.9, 6.0 Hz, 1H), 1.39 (s, 9H). 

13C NMR (101 MHz, CDCl3): δ (ppm) = 210.51, 148.42, 148.40, 140.00, 128.13, 121.72, 121.57, 

119.16, 77.35, 77.04, 76.72, 64.17, 62.59, 43.31, 32.24, 29.74. 

19F NMR (377 MHz, CDCl3): δ (ppm) = -57.93. 

HRMS (EI) m/z: [M]+ calculated for C15H18F3NOS: 317.1061; found: 317.1055. 

IR (Diamond-ATR, neat) 𝜈 ̃𝑚𝑎𝑥: 2969,57, 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-(tert-butyl) 3-phenylazetidine-1-carbothioate (101.7 mg, 0.40 mmol, 1 eq.) was dissolved in THF 

(extra dry) 2-3 ml and charged into a nitrogen flushed, flame dried flask and cooled to -78 ℃. 

TMEDA (0.14 mL, 0.96 mmol, 2.4 eq) and s-BuLi (0.34 mL, 0.48 mmol, 1.31 M, 1.2 eq) were 

added to the reaction mixture and left stirring for 30 min at -78 ℃. After that deuterium oxide (0.01 

ml, 0.72 mmole, 2 eq) in 0.5 ml THF was added dropwise and then stirred for 30 min at -78°C and 

for additional one hour at rt. The mixture was then quenched with sat. NH4Cl solution (3 ml) and the 

extracted with EtOAc (3 x 15 mL). The combined organic layer was dried over MgSO4 and removed 

in vacuo. The crude product was purified via column chromatography (99 : 1 – Hexane : Ether) to 

afford final product (97 mg, 0.389 mmol, 97 %) as a clear oil. 

Rf = 0.26 and dr: 20:1 

1H NMR (400 MHz, CDCl3): δ (ppm) = 7.34 – 7.20 (m, 5H), 4.41 (dt, J = 41.3, 9.5 Hz, 1H), 4.15 

(dd, J = 10.5, 6.1 Hz, 1H), 3.98 (dd, J = 10.2, 6.2 Hz, 1H), 3.72 – 3.64 (m, 1H), 1.62 (s, 9H). 
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13C NMR (101 MHz, CDCl3): δ (ppm) = 185.50, 185.47, 141.49, 128.82, 127.20, 126.81, 85.12, 

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 (EI) m/z: [M-C5H9S]+ calculated for C9H9DN+: 133.0876; found: 133.0867. 

IR (Diamond-ATR, neat) 𝜈 ̃𝑚𝑎𝑥: 2967,68, 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) 

 

 

 

2,2-dimethyl-1-(3-phenylazetidin-1-yl)propane-1-thione (84.2 mg, 0.36 mmol, 1 eq.) was dissolved 

in THF (extra dry) 2-3 ml and charged into a nitrogen flushed, flame dried flask and cooled to -78 

℃. TMEDA (0.13 mL, 0.864 mmol, 2.4 eq) and s-BuLi (0.33 mL, 0.432 mmol, 1.31 M, 1.2 eq) were 

added to the reaction mixture and left stirring for 30 min at -78 ℃. After that deuterium oxide (0.01 

ml, 0.72 mmole, 2 eq) in 0.5 ml THF was added dropwise and then stirred for 30 min at -78°C and 

for additional one hour at rt. The mixture was then quenched with sat. NH4Cl solution (3 ml) and the 

extracted with EtOAc (3 x 15 mL). The combined organic layer was dried over MgSO4 and removed 

in vacuo. The crude product was purified via column chromatography (9: 1 – Hexane : Ether) to 

afford final product (68.4 mg, 0.292 mmol, 81 %) as a clear oil. 

Rf = 0.26 and dr: 6:1 

1H NMR (400 MHz, CDCl3): δ (ppm) = 7.42 – 7.37 (m, 2H), 7.34 – 7.28 (m, 3H), 5.22 (dd, J = 5.1, 

1.7 Hz, 1H), 5.00 (ddd, J = 10.5, 8.9, 1.7 Hz, 1H), 4.55 (dd, J = 10.2, 5.4 Hz, 1H), 4.04 (dt, J = 9.8, 

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

13C NMR (101 MHz, CDCl3): δ (ppm) = 185.50, 185.47, 141.49, 128.82, 127.20, 126.81, 85.12, 

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 C14H18DNS: 234.1301; found: 234. 1296. 

IR (Diamond-ATR, neat) 𝜈 ̃𝑚𝑎𝑥: 2967,68, 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) 

 

 

 

O-(tert-butyl) 3-phenylazetidine-1-carbothioate (69.5 mg, 0.275 mmol, 1 eq.) was dissolved in THF 

(extra dry) 2-3 ml and charged into a nitrogen flushed, flame dried flask, and cooled to -78 ℃. 

TMEDA (0.09 mL, 0.66 mmol, 2.4 eq) and s-BuLi (0.24 mL, 0.33 mmol, 1.31 M, 1.2 eq) were 

added to the reaction mixture and left stirring for 30 min at -78 ℃. After that methyl iodide (0.05 ml, 

0.825 mmole, 2 eq) in 0.5 ml THF was added dropwise and then stirred for 30 min at -78°C and for 

additional one hour at rt. The mixture was then quenched with sat. NH4Cl solution (3 ml) and the 

extracted with EtOAc (3 x 15 mL). The combined organic layer was dried over MgSO4 and removed 

in vacuo. The crude product was purified via column chromatography (98: 2 – Hexane: Ether) to 

afford final product (49 mg, 0.1860 mmol, 68%) as a clear oil. 

Rf = 0.28 and dr: 3:1  

1H NMR (400 MHz, CDCl3): δ (ppm) = 7.38 – 7.32 (m, 2H), 7.29 – 7.26 (m, 2H), 7.25 (d, J = 5.0 

Hz, 1H), 4.46 – 4.36 (m, 1H), 4.30 (p, J = 6.2 Hz, 1H), 4.11 (dd, J = 10.6, 6.5 Hz, 1H), 3.24 (dt, J = 

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

13C NMR (101 MHz, CDCl3): δ (ppm) = 186.03, 140.81, 128.79, 127.21, 127.17, 126.91, 126.82, 

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 C15H21NOS: 263.1344; found: 263.1344. 

IR (Diamond-ATR, neat) 𝜈 ̃𝑚𝑎𝑥: 2957,96, 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)azetidin-1-yl)-2,2-dimethylpropane-1-thione (200 mg, 0.75 mmol, 1 eq.) was 

dissolved in THF (extra dry) 2-3 ml and charged into a nitrogen flushed, flame dried flask and cooled 

to -78 ℃. TMEDA (0.26 mL, 1.8 mmol, 2.4 eq) and s-BuLi (0.68 mL, 0.9 mmol, 1.31 M, 1.2 eq) 

were added to the reaction mixture and left stirring for 30 min at -78 ℃. After that methyl iodide 

(0.09 ml, 1.5 mmole, 2 eq) in 0.5 ml THF was added dropwise and then stirred for 30 min at -78°C 

and for additional one hour at rt. The mixture was then quenched with sat. NH4Cl solution (3 ml) and 

the extracted with EtOAc (3 x 15 mL). The combined organic layer was dried over MgSO4 and 

removed in vacuo. The crude product was purified via column chromatography (9.5: 0.5 – Hexane : 

Ether) to afford final product (75 mg, 0.27 mmol, 36 %) as a yellow oil. 

Rf = 0.31 and dr: 8:1 

1H NMR (400 MHz, CDCl3): δ (ppm) = 7.19 – 7.15 (m, 2H), 6.91 – 6.87 (m, 2H), 4.94 (ddd, J = 

10.5, 8.8, 1.7 Hz, 1H), 4.83 (tt, J = 6.3, 5.4 Hz, 1H), 4.33 (dd, J = 10.5, 5.3 Hz, 1H), 3.80 (s, 3H), 

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

13C NMR (101 MHz, CDCl3): δ (ppm) = 210.76, 158.84, 133.48, 127.67, 114.35, 77.34, 77.03, 

76.71, 72.47, 63.24, 55.36, 43.45, 41.27, 29.65, 18.52, 1.03. 

HRMS (EI) m/z: [M + H]+ calculated for C16H24NOS+: 278.15; found: 278.1485. 

IR (Diamond-ATR, neat) 𝜈 ̃𝑚𝑎𝑥: 2959,69, 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, 1032,86, 1011,86, 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-phenylazetidine-1-carbothioate (69.5 mg, 0.275 mmol, 1 eq.) was dissolved in THF 

(extra dry) 2-3 ml and charged into a nitrogen flushed, flame dried flask, and cooled to -78 ℃. 

TMEDA (0.09 mL, 0.66 mmol, 2.4 eq) and s-BuLi (0.24 mL, 0.33 mmol, 1.31 M, 1.2 eq) were 

added to the reaction mixture and left stirring for 30 min at -78 ℃. After that trimethylsilyl chloride 

(0.1 ml, 0.825 mmole, 2 eq) in 0.5 ml THF was added dropwise and then stirred for 30 min at -78°C 

and for additional one hour at rt. The mixture was then quenched with sat. NH4Cl solution (3 ml) and 

the extracted with EtOAc (3 x 15 mL). The combined organic layer was dried over MgSO4 and 
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removed in vacuo. The crude product was purified via column chromatography (9.8: 0.2 – Hexane : 

Ethyl acetate) to afford final product (56 mg, 0.174 mmol, 63 %) as a clear oil.  

Rf = 0.17 and dr: 81:1  

1H NMR (400 MHz, CDCl3): δ (ppm) = 7.35 – 7.27 (m, 3H), 7.25 – 7.20 (m, 2H), 4.46 – 4.35 (m, 

1H), 4.32 – 4.23 (m, 1H), 4.06 – 3.97 (m, 1H), 3.39 (dt, J = 8.4, 5.8 Hz, 1H), 1.67 (s, 9H), 0.15 (s, 

9H). 

13C NMR (101 MHz, CDCl3): δ (ppm) = 186.30, 186.27, 146.70, 145.05, 144.89, 130.87, 130.78, 

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, 32.67, 31.69, 30.75, 

30.52, 30.40, 0.00, -0.69, -0.95, -1.21, -3.01. 

HRMS (EI) m/z: [M-C4H9]
+ calculated for C13H18NOSSi+: 264.0878; found: 264.0862. 

IR (Diamond-ATR, neat) 𝜈 ̃𝑚𝑎𝑥: 2957,96, 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) 

 

 

 

2,2-dimethyl-1-(3-phenylazetidin-1-yl)propane-1-thione (100 mg, 0.42 mmol, 1 eq.) was dissolved in 

THF (extra dry) 2-3 ml and charged into a nitrogen flushed, flame dried flask and cooled to -78 ℃. 

TMEDA (0.16 mL, 1 mmol, 2.4 eq) and s-BuLi (0.38 mL, 0.5 mmol, 1.31 M, 1.2 eq) were added to 

the reaction mixture and left stirring for 30 min at -78 ℃. After that trimethylsilyl chloride (0.1 ml, 

0.84 mmole, 2 eq) in 0.5 ml THF was added dropwise and then stirred for 30 min at -78°C and for 

additional one hour at rt. The mixture was then quenched with sat. NH4Cl solution (3 ml) and the 

extracted with EtOAc (3 x 15 mL). The combined organic layer was dried over MgSO4 and removed 

in vacuo. The crude product was purified via column chromatography (9.5: 0.5 – Hexane: Ether) to 

afford final product (53 mg, 0.174 mmol, 41%) as a clear oil.  

Rf = 0.37 and dr: 17:1 
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1H NMR (599 MHz,CDCl3): δ (ppm) = 7.35 – 7.30 (m, 2H), 7.26 – 7.21 (m, 3H), 4.82 (ddd, J = 

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

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

13C NMR (151 MHz, CDCl3): δ (ppm) = 209.34, 206.77, 143.06, 140.68, 129.33, 129.21, 129.18, 

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, 42.96, 42.82, 42.73, 

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, 3.98, 1.04, -

1.07, -1.24, -1.42, -1.88. 

HRMS (EI) m/z: [M]+ calculated for C17H27NSSi: 305.1633; found: 305.1628. 

IR (Diamond-ATR, neat) 𝜈 ̃𝑚𝑎𝑥: 2959,66, 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 

(58c) 

 

 

 

1-(3-(4-methoxyphenyl)azetidin-1-yl)-2,2-dimethylpropane-1-thione (200 mg, 0.75 mmol, 1 eq) was 

dissolved in THF (extra dry) 2-3 ml and charged into a nitrogen flushed, flame dried flask and cooled 

to -78 ℃. TMEDA (0.26 mL, 1.8 mmol, 2.4 eq) and s-BuLi (0.68 mL, 0.9 mmol, 1.31 M, 1.2 eq) 

were added to the reaction mixture and left stirring for 30 min at -78 ℃. After that trimethylsilyl 

chloride (0.19 ml, 1.5 mmole, 2 eq) in 0.5 ml THF was added dropwise and then stirred for 30 min at 

-78°C and for additional one hour at rt. The mixture was then quenched with sat. NH4Cl solution (3 

ml) and the extracted with EtOAc (3 x 15 mL). The combined organic layer was dried over MgSO4 

and removed in vacuo. The crude product was purified via column chromatography (9.5: 0.5 – 

Hexane : Ethyl acetate) to afford final product (94 mg, 0.28 mmol, 37 %) as a pink oil. 

Rf = 0.19 and dr: 4:1  

1H NMR (400 MHz, CDCl3): δ (ppm) = 7.22 – 7.17 (m, 2H), 6.92 – 6.85 (m, 2H), 4.82 (ddd, J = 

10.8, 8.7, 2.2 Hz, 1H), 4.58 (dd, J = 6.4, 2.1 Hz, 1H), 4.39 (ddd, J = 10.1, 6.7, 4.8 Hz, 1H), 3.80 (s, 

3H), 3.46 (dt, J = 8.6, 5.7 Hz, 1H), 1.38 (s, 9H), 0.21 (s, 9H). 
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13C NMR (101 MHz, CDCl3): δ (ppm) = 208.04, 160.02, 136.33, 129.44, 128.99, 115.78, 115.61, 

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 (EI) m/z: [M]+ calculated for C18H29NOSSi: 335.1739; found: 335.1731. 

IR (Diamond-ATR, neat) 𝜈 ̃𝑚𝑎𝑥: 2955,81, 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)azetidin-1-yl)-2,2-dimethylpropane-1-thione (58e) 

 

 

 

1-(3-(4-methoxyphenyl)azetidin-1-yl)-2,2-dimethylpropane-1-thione (60 mg, 0.22 mmol, 1 eq.) was 

dissolved in THF (extra dry) 2-3 ml and charged into a nitrogen flushed, flame dried flask and cooled 

to -78 ℃. TMEDA (0.08 mL, 0.54 mmol, 2.4 eq) and s-BuLi (0.19 mL, 0.26 mmol, 1.31 M, 1.2 eq) 

were added to the reaction mixture and left stirring for 30 min at -78 ℃. After that Allyl bromide 

(0.05 ml, 0.66 mmole, 2 eq) in 0.5 ml THF was added dropwise and then stirred for 30 min at -78°C 

and for additional one hour at rt. The mixture was then quenched with sat. NH4Cl solution (3 ml) and 

the extracted with EtOAc (3 x 15 mL). The combined organic layer was dried over MgSO4 and 

removed in vacuo. The crude product was purified via column chromatography (9: 1 – Hexane : 

Ether) to afford final product (26 mg, 0.0856 mmol, 39 %) as a yellow oil.  

Rf = 0.22 and dr: 13:1  

1H NMR (599 MHz, CDCl3): δ (ppm) = 7.17 – 7.15 (m, 2H), 6.89 – 6.87 (m, 2H), 5.79 (ddt, J = 

17.2, 10.2, 7.1 Hz, 1H), 5.21 – 5.15 (m, 2H), 4.86 – 4.78 (m, 2H), 4.32 (dd, J = 10.4, 5.0 Hz, 1H), 

3.80 (s, 3H), 3.37 (dt, J = 9.3, 4.9 Hz, 1H), 3.00 – 2.89 (m, 2H), 1.37 (s, 9H). 

13C NMR (151 MHz, CDCl3): δ (ppm) = 210.81, 158.74, 133.63, 132.25, 128.03, 127.79, 118.95, 

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 (EI) m/z: [M]+ calculated for C18H25NOS: 303.1657; found: 303.1653. 

IR (Diamond-ATR, neat) 𝜈 ̃𝑚𝑎𝑥: 2959,69, 2925,88, 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-(tert-butyl) 3-(4-chlorophenyl)azetidine-1-carbothioate (61.8 mg, 0.21 mmol, 1 eq.) was dissolved 

in THF (extra dry) 2-3 ml and charged into a nitrogen flushed, flame dried flask and cooled to -78 

℃. TMEDA (0.075 mL, 0.5 mmol, 2.4 eq) and s-BuLi (0.17 mL, 0.24 mmol, 1.31 M, 1.2 eq) were 

added to the reaction mixture and left stirring for 30 min at -78 ℃. After that allyl bromide (0.036 

ml, 0.42 mmole, 2 eq) in 0.5 ml THF was added dropwise and then stirred for 30 min at -78°C and 

for additional one hour at rt. The mixture was then quenched with sat. NH4Cl solution (3 ml) and the 

extracted with EtOAc (3 x 15 mL). The combined organic layer was dried over MgSO4 and removed 

in vacuo. The crude product was purified via column chromatography (99: 1 – Hexane: Ether) to 

afford final product (26 mg, 0.08 mmol, 38%) as clear oil.  

Rf = 0.19 and dr: 14:1  

1H NMR (400 MHz, CDCl3): δ (ppm) = 7.32 – 7.29 (m, 2H), 7.20 – 7.16 (m, 2H), 5.74 (ddt, J = 

16.8, 9.6, 6.9 Hz, 1H), 5.19 – 5.13 (m, 2H), 4.38 – 4.23 (m, 2H), 4.05 (dd, J = 10.6, 6.1 Hz, 1H), 

3.34 (dt, J = 8.8, 5.7 Hz, 1H), 2.80 – 2.56 (m, 2H), 1.67 (s, 9H). 

13C NMR (101 MHz, CDCl3): δ (ppm) = 186.00, 139.54, 132.94, 132.05, 128.92, 128.47, 119.20, 

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 C17H22ClNOS: 323.1111; found: 323.1104. 

IR (Diamond-ATR, neat) 𝜈 ̃𝑚𝑎𝑥: 2916,36, 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. 
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1-((2S,3S)-2-(cyclopropyl(4-fluorophenyl)(hydroxy)methyl)-3-phenylazetidin-1-yl)-2,2-

dimethylpropane-1-thione (58g) 

 

 

 

2,2-dimethyl-1-(3-phenylazetidin-1-yl)propane-1-thione (124.2 mg, 0.53 mmol, 1 eq) was dissolved 

in THF (extra dry) 2-3 ml and charged into a nitrogen flushed, flame dried flask and cooled to -78 

℃. TMEDA (0.19 mL, 1.27 mmol, 2.4 eq) and s-BuLi (0.48 mL, 0.636 mmol, 1.31 M, 1.2 eq) were 

added to the reaction mixture and left stirring for 30 min at -78 ℃. After that cyclopropyl(4-

fluorophenyl)methanone (170 mg, 1.06 mmole, 2 eq) in 0.5 ml THF was added dropwise and then 

stirred for 30 min at -78°C and for additional one hour at rt. The mixture was then quenched with sat. 

NH4Cl solution (3 ml) and the extracted with EtOAc (3 x 15 mL). The combined organic layer was 

dried over MgSO4 and removed in vacuo. The crude product was purified via column 

chromatography (9: 1 – Hexane : Ethyl acetate) to afford final product (90 mg, 0.226 mmol, 43 %) as 

a colorless oil.  

Rf = 0.45 and dr: 58:1  

1H NMR (400 MHz, CDCl3): δ (ppm) =  7.71 – 7.65 (m, 2H), 7.40 – 7.35 (m, 2H), 7.32 – 7.27 (m, 

1H), 7.25 – 7.24 (m, 1H), 7.13 – 7.07 (m, 2H), 6.56 (d, J = 0.9 Hz, 1H), 5.28 (dd, J = 4.7, 1.7 Hz, 

1H), 4.08 (dd, J = 10.3, 4.3 Hz, 1H), 3.76 (d, J = 1.6 Hz, 1H), 3.35 (dt, J = 8.9, 4.5 Hz, 1H), 1.28 (s, 

9H), 0.81 (d, J = 5.3 Hz, 1H), 0.55 – 0.41 (m, 3H), 0.33 – 0.26 (m, 1H). 

13C NMR (101 MHz, CDCl3): δ (ppm) = 212.09, 162.60, 160.15, 139.99, 138.36, 138.33, 128.32, 

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, 0.16, -0.01, -0.97. 

19F NMR (377 MHz, CDCl3): δ (ppm) = -115.46 (tt, J = 8.6, 5.4 Hz). 

HRMS (EI) m/z: [M]+ calculated for C24H28FNOS: 397.1876; found: 397.1870. 

IR (Diamond-ATR, neat) 𝜈 ̃𝑚𝑎𝑥: 3222,61, 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)azetidin-1-yl)-

2,2-dimethylpropane-1-thione (58h) 

 

 

 

1-(3-(4-methoxyphenyl)azetidin-1-yl)-2,2-dimethylpropane-1-thione (60 mg, 0.22 mmol, 1 eq.) was 

dissolved in THF (extra dry) 2-3 ml and charged into a nitrogen flushed, flame dried flask and cooled 

to -78 ℃. TMEDA (0.08 mL, 0.54 mmol, 2.4 eq) and s-BuLi (0.19 mL, 0.26 mmol, 1.31 M, 1.2 eq) 

were added to the reaction mixture and left stirring for 30 min at -78 ℃. After that cyclopropyl(4-

fluorophenyl)methanone (70 mg, 0.44 mmole, 2 eq) in 0.5 ml THF was added dropwise and then 

stirred for 30 min at -78°C and for additional one hour at rt. The mixture was then quenched with sat. 

NH4Cl solution (3 ml) and the extracted with EtOAc (3 x 15 mL). The combined organic layer was 

dried over MgSO4 and removed in vacuo. The crude product was purified via column 

chromatography (9: 1 – Hexane : Ethyl acetate) to afford final product (80 mg, 0.187 mmol, 85 %) as 

a yellow oil.  

Rf = 0.37 and dr: 5:1  

1H NMR (400 MHz, CDCl3): δ (ppm) =  7.70 – 7.64 (m, 2H), 7.19 – 7.15 (m, 2H), 7.12 – 7.06 (m, 

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

3H), 3.73 (ddd, J = 10.5, 8.9, 1.7 Hz, 1H), 3.29 (dt, J = 8.9, 4.4 Hz, 1H), 1.27 (s, 9H), 0.80 (dtd, J = 

9.4, 5.5, 4.0 Hz, 1H), 0.59 – 0.33 (m, 3H), 0.29 (dddd, J = 9.1, 8.0, 6.0, 3.9 Hz, 1H). 

13C NMR (101 MHz, CDCl3): δ (ppm) = 212.95, 163.47, 161.02, 158.93, 139.29, 139.26, 132.92, 

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, 14.86, 0.85, 0.72, 0.26, -

0.12. 

19F NMR (377 MHz, CDCl3): δ (ppm) = -115.46 (tt, J = 8.6, 5.4 Hz). 

HRMS (ESI) m/z: [M-OH]+ calculated for C25H29FNOS+: 410.1948; found: 410.1955. 

IR (Diamond-ATR, neat) 𝜈 ̃𝑚𝑎𝑥: 3216,63, 2966,67, 1669,61, 1601,28, 1509,02, 1460,91, 1435,22, 

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) 

 

 

 

O-(tert-butyl) 3-(4-chlorophenyl)azetidine-1-carbothioate (74.7 mg, 0.27 mmol, 1 eq.) was dissolved 

in THF (extra dry) 2-3 ml and charged into a nitrogen flushed, flame dried flask and cooled to -78 

℃. TMEDA (0.09 mL, 0.648 mmol, 2.4 eq.) and s-BuLi (0.24 mL, 0.324 mmol, 1.31 M, 1.2 eq) 

were added to the reaction mixture and left stirring for 30 min at -78 ℃. After that cyclopropyl(4-

fluorophenyl)methanone (88.6 mg, 0.54 mmole, 2 eq.) in 0.5 ml THF was added dropwise and then 

stirred for 30 min at -78°C and for additional one hour at rt. The mixture was then quenched with sat. 

NH4Cl solution (3 ml) and the extracted with EtOAc (3 x 15 mL). The combined organic layer was 

dried over MgSO4 and removed in vacuo. The crude product was purified via column 

chromatography (9: 1 – Hexane : Ethyl acetate) to afford final product (97 mg, 0.2245 mmol, 83 %) 

as a white solid. 

Melting point: 196 ℃  

Rf = 0.31 and dr: 20:1  

1H NMR (400 MHz, CDCl3): δ (ppm) = 7.69 – 7.63 (m, 2H), 7.37 – 7.33 (m, 2H), 7.21 – 7.16 (m, 

2H), 7.13 – 7.06 (m, 2H), 5.23 (dd, J = 4.7, 1.7 Hz, 1H), 4.02 (dd, J = 10.4, 4.3 Hz, 1H), 3.76 (ddd, J 

= 10.5, 8.9, 1.7 Hz, 1H), 3.32 (dt, J = 8.9, 4.4 Hz, 1H), 1.27 (s, 9H), 0.91 – 0.76 (m, 2H), 0.52 (d, J = 

5.6 Hz, 2H), 0.33 – 0.25 (m, 1H). 

13C NMR (101 MHz, CDCl3): δ (ppm) = 7213.23, 139.37, 139.01, 133.46, 129.38, 129.05, 128.97, 

127.99, 114.75, 114.54, 84.57, 77.35, 77.03, 76.72, 63.14, 43.64, 36.92, 29.55, 14.85, 1.05, 0.83, -

0.07. 

19F NMR (377 MHz, CDCl3): δ (ppm) = 7 -115.20 (tt, J = 8.6, 5.3 Hz). 

HRMS (ESI) m/z: [M-OH]+ calculated for C24H26ClFNS+: 414.1453; found: 414.1460. 

IR (Diamond-ATR, neat) 𝜈 ̃𝑚𝑎𝑥: 3181,18, 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) 

 

 

 

2,2-dimethyl-1-(3-(4-(trifluoromethoxy)phenyl)azetidin-1-yl)propane-1-thione (88 mg, 0.28 mmol, 1 

eq) was dissolved in THF (extra dry) 2-3 ml and charged into a nitrogen flushed, flame dried flask 

and cooled to -78 ℃. TMEDA (0.1 mL, 0.672 mmol, 2.4 eq) and s-BuLi (0.25 mL, 0.336 mmol, 

1.31 M, 1.2 eq) were added to the reaction mixture and left stirring for 30 min at -78 ℃. After that 

cyclopropyl(4-fluorophenyl)methanone (90 mg, 0.56 mmole, 2 eq) in 0.5 ml THF was added 

dropwise and then stirred for 30 min at -78°C and for additional one hour at rt. The mixture was then 

quenched with sat. NH4Cl solution (3 ml) and the extracted with EtOAc (3 x 15 mL). The combined 

organic layer was dried over MgSO4 and removed in vacuo. The crude product was purified via 

column chromatography ((9: 1 – Hexane : Ethyl acetate) to afford final product (110 mg, 0.228 

mmol, 81%) as a yellow oil. 

Rf = 0.48 and dr: 7:1  

1H NMR (400 MHz, CDCl3): δ (ppm) = 7.70 – 7.63 (m, 2H), 7.28 (d, J = 8.8 Hz, 2H), 7.25 – 7.20 

(m, 2H), 7.14 – 7.07 (m, 2H), 5.26 (dd, J = 4.6, 1.7 Hz, 1H), 4.05 (dd, J = 10.3, 4.2 Hz, 1H), 3.77 

(ddd, J = 10.5, 8.9, 1.7 Hz, 1H), 3.36 (dt, J = 8.8, 4.4 Hz, 1H), 1.27 (s, 9H), 0.86 – 0.78 (m, 2H), 0.58 

– 0.42 (m, 2H), 0.35 – 0.26 (m, 1H).  

13C NMR (101 MHz, CDCl3): δ (ppm) = 212.95, 163.47, 161.02, 158.93, 139.29, 139.26, 132.92, 

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, 14.86, 0.85, 0.72, 0.26, -

0.12. 

19F NMR (377 MHz, CDCl3): δ (ppm) = -57.90, -115.16 (tt, J = 8.6, 5.4 Hz). 

HRMS (EI) m/z: [M-OH]+ calculated for C25H26F4NOS+: 464.1666; found: 464.1590. 



 

82 

 

IR (Diamond-ATR, neat) 𝜈 ̃𝑚𝑎𝑥: 2962,63, 2927,15, 1508,43, 1458,44, 1259,91, 1220,60, 1162,52, 

1091,96, 1017,92, 797,95, 668,65. 

 

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

dimethylpropane-1-thione (58k) 

 

 

 

1-(3-(4-methoxyphenyl)azetidin-1-yl)-2,2-dimethylpropane-1-thione (97.4 mg, 0.36 mmol, 1 eq.) 

was dissolved in THF (extra dry) 2-3 ml and charged into a nitrogen flushed, flame dried flask and 

cooled to -78 ℃. TMEDA (0.13 mL, 0.864 mmol, 2.4 eq) and s-BuLi (0.32 mL, 0.432 mmol, 1.31 

M, 1.2 eq.) were added to the reaction mixture and left stirring for 30 min at -78 ℃. After that 

adamantane-2-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 for additional one hour at rt. The mixture was then quenched with sat. 

NH4Cl solution (3 ml) and the extracted with EtOAc (3 x 15 mL). The combined organic layer was 

dried over MgSO4 and removed in vacuo. The crude product was purified via column 

chromatography (9 : 1 – Hexane: Ethyl Acetate) to afford final product (126 mg, 0.295 mmol, 82%) 

as a yellow solid.  

Rf = 0.18 and dr: 47:1  

1H NMR (400 MHz, CDCl3): δ (ppm) = 7.18 – 7.14 (m, 2H), 6.89 – 6.85 (m, 2H), 5.52 – 5.48 (m, 

1H), 4.88 (ddd, J = 9.7, 8.7, 1.2 Hz, 1H), 4.11 (dd, J = 9.3, 4.0 Hz, 1H), 3.79 (s, 3H), 3.57 (dt, J = 

8.4, 4.0 Hz, 1H), 2.79 – 2.72 (m, 1H), 2.25 (d, J = 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, J = 5.7, 2.8 Hz, 3H), 1.60 – 1.57 (m, 1H), 1.53 (t, J = 2.6 Hz, 1H), 

1.41 (s, 9H), 1.39 – 1.34 (m, 1H). 

13C NMR (101 MHz, CDCl3): δ (ppm) = 216.93, 158.63, 134.56, 127.82, 114.45, 80.94, 78.55, 

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 (EI) m/z: [M]+ calculated for C25H35NO2S: 413.2389; found: 413.2327. 

IR (Diamond-ATR, neat) 𝜈 ̃𝑚𝑎𝑥: 3567,79, 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 (58l) 

 

 

 

1-(3-(4-chlorophenyl)azetidin-1-yl)-2,2-dimethylpropane-1-thione (82.3 mg, 0.30 mmol, 1 eq.) was 

dissolved in THF (extra dry) 2-3 ml and charged into a nitrogen flushed, flame dried flask and cooled 

to -78 ℃. TMEDA (0.1 mL, 0.72 mmol, 2.4 eq.) and s-BuLi (0.27 mL, 0.36 mmol, 1.31 M, 1.2 eq.) 

were added to the reaction mixture and left stirring for 30 min at -78 ℃. After that adamantane-2-

one (90 mg, 0.6 mmol, 2 eq.) in 0.5 ml THF was added dropwise and then stirred for 30 min at -78°C 

and for additional one hour at rt. The mixture was then quenched with sat. NH4Cl solution (3 ml) and 

the extracted with EtOAc (3 x 15 mL). The combined organic layer was dried over MgSO4 and 

removed in vacuo. The crude product was purified via column chromatography (9: 1 – Hexane: Ethyl 

Acetate) to afford final product (41 mg, 0.095 mmol, 32 %) as a yellow solid.  

Rf = 0.34 and dr: 17:1  

1H NMR (400 MHz, CDCl3): δ (ppm) = 7.33 – 7.29 (m, 2H), 7.19 – 7.15 (m, 2H), 5.50 (d, J = 3.9 

Hz, 1H), 4.90 (ddd, J = 9.6, 8.6, 1.2 Hz, 1H), 4.09 (dd, J = 9.3, 3.9 Hz, 1H), 3.60 (dt, J = 8.3, 4.0 Hz, 

1H), 2.75 (d, J = 13.3 Hz, 1H), 2.27 – 2.22 (m, 1H), 2.15 – 2.10 (m, 1H), 2.03 – 1.95 (m, 2H), 1.79 

(dt, J = 16.3, 3.1 Hz, 3H), 1.66 (ddq, J = 10.2, 5.7, 2.9 Hz, 3H), 1.41 (s, 9H), 1.28 – 1.24 (m, 3H). 

13C NMR (101 MHz, CDCl3): δ (ppm) = 217.08, 141.01, 132.94, 129.28, 129.11, 128.17, 80.54, 

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 (EI) m/z: [M]+ calculated for C24H32ClNOS: 417.1893; found: 417.1890. 

IR (Diamond-ATR, neat) 𝜈 ̃𝑚𝑎𝑥: 3563,36, 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) 

 

 

 

1-(3-(4-methoxyphenyl)azetidin-1-yl)-2,2-dimethylpropane-1-thione (92.3 mg, 0.7 mmol, 1 eq.) was 

dissolved in THF (extra dry) 2-3 ml and charged into a nitrogen flushed, flame dried flask and cooled 

to -78 ℃. TMEDA (0.125 mL, 1.68 mmol, 2.4 eq.) and s-BuLi (0.32 mL, 0.84 mmol, 1.31 M, 1.2 

eq.) were added to the reaction mixture and left stirring for 30 min at -78 ℃. After that 

cyclobutanone (0.1 ml, 1.4 mmol, 2 eq) in 0.5 ml THF was added dropwise and then stirred for 30 

min at -78°C and for additional one hour at rt. The mixture was then quenched with sat. NH4Cl 

solution (3 ml) and the extracted with EtOAc (3 x 15 mL). The combined organic layer was dried 

over MgSO4 and removed in vacuo. The crude product was purified via column chromatography (9: 

1 – Hexane : Ethyl Acetate) to afford final product (73 mg, 0.22 mmol, 31 %) as a clear oil.  

Rf = 0.28 and dr: 94:1  

1H NMR (400 MHz, CDCl3): δ (ppm) = 7.24 – 7.18 (m, 2H), 6.93 – 6.88 (m, 2H), 4.94 (dd, J = 6.0, 

1.7 Hz, 1H), 4.86 (ddd, J = 10.8, 9.3, 1.8 Hz, 1H), 4.32 (dd, J = 10.4, 5.7 Hz, 1H), 3.81 (s, 3H), 3.60 

(dt, J = 9.3, 5.8 Hz, 1H), 2.44 (ddt, J = 14.3, 8.1, 3.2 Hz, 1H), 2.34 – 2.23 (m, 1H), 2.20 – 2.00 (m, 

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

13C NMR (101 MHz, CDCl3): δ (ppm) = 213.06, 158.97, 133.08, 127.97, 114.51, 83.38, 77.36, 

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 C19H27NO2S: 333.1762; found: 333.1727. 

IR (Diamond-ATR, neat) 𝜈 ̃𝑚𝑎𝑥: 2960,44, 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-(tert-butyl) 3-phenylazetidine-1-carbothioate (58.75 mg, 0.23 mmol, 1 eq.) was dissolved in THF 

(extra dry) 2-3 ml and charged into a nitrogen flushed, flame dried flask, and cooled to -78 ℃. 

TMEDA (0.08 mL, 0.552 mmol, 2.4 eq.) and s-BuLi (0.20 mL, 0.276 mmol, 1.31 M, 1.2 eq.) were 

added to the reaction mixture and left stirring for 30 min at -78 ℃. The reaction mixture was then 

bubbled with CO2 gas for 5 min and stirred for 4 hours at -78°C and for additional one hour at rt. The 

mixture was then quenched with sat. NH4Cl solution (3 ml) and the extracted with EtOAc (3 x 15 

mL). The combined organic layer was dried over MgSO4 and removed in vacuo. The crude product 

was purified via column chromatography (99:1, DCM: AcOH) to afford final product (13 mg, 0.045 

mmol, 19 %) as a yellow oil.  

Rf = 0.27 and dr: 2:1 

1H NMR (400 MHz, CDCl3): δ (ppm) = 7.38 (t, J = 7.4 Hz, 2H), 7.33 – 7.27 (m, 3H), 4.97 (d, J = 

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

13C NMR (101 MHz, DMSO): δ (ppm) = 207.00, 198.34, 186.13, 185.31, 170.91, 170.62, 154.36, 

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, 40.22, 40.17, 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 (EI) m/z: [M]+ calculated for C15H19NO3S: 293.1086; found: 293.1080. 

IR (Diamond-ATR, neat) 𝜈 ̃𝑚𝑎𝑥: 3398,75, 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-dimethyl-1-(3-phenylazetidin-1-yl)propane-1-thione (125 mg, 0.54 mmol, 1 eq.) was dissolved in 

THF (extra dry) 2-3 ml and charged into a nitrogen flushed, flame dried flask and cooled to -78 ℃. 

TMEDA (0.19 mL, 1.29 mmol, 2.4 eq.) and s-BuLi (0.5 mL, 0.65 mmol, 1.31 M, 1.2 eq.) were 

added to the reaction mixture and left stirring for 30 min at -78 ℃. The reaction mixture was then 

bubbled with CO2 gas for 5 min and stirred for 4 hours at -78°C and for additional one hour at rt. The 

mixture was then quenched with sat. NH4Cl solution (3 ml) and the extracted with EtOAc (3 x 15 

mL). The combined organic layer was dried over MgSO4 and removed in vacuo. The crude product 

was purified via column chromatography (99:1, DCM: AcOH) to afford final product (100 mg, 0.375 

mmol, 69 %) as a yellow oil.  

Rf = 0.23 and dr: 6:1 

1H NMR (400 MHz, CDCl3): δ (ppm) = 7.42 – 7.37 (m, 2H), 7.34 – 7.28 (m, 3H), 5.22 (dd, J = 5.1, 

1.7 Hz, 1H), 5.00 (ddd, J = 10.5, 8.9, 1.7 Hz, 1H), 4.55 (dd, J = 10.2, 5.4 Hz, 1H), 4.04 (dt, J = 9.8, 

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

13C NMR (101 MHz, CDCl3): δ (ppm) = 213.25, 170.31, 139.38, 129.24, 127.99, 126.60, 77.35, 

77.03, 76.72, 74.09, 63.75, 43.60, 36.72, 30.98, 29.73, 29.64, 29.56. 

HRMS (ESI) m/z: [M-H]+ calculated for C15H18NO2S
+: 276.1053; found: 276.1064. 

IR (Diamond-ATR, neat) 𝜈 ̃𝑚𝑎𝑥: 2960,30, 2923,54, 1714,16, 1456,44, 1427,81, 1363,82, 1283,16, 

1252,71, 1225,67, 1161,20, 1081,72, 1049,58, 1018,27, 910,46, 804,40, 757,11, 731,46, 697,56. 

 

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

 

 

 

2,2-dimethyl-1-(3-(p-tolyl)azetidin-1-yl)propane-1-thione (75.2 mg, 0.30 mmol, 1 eq.) was dissolved 

in THF (extra dry) 2-3 ml and charged into a nitrogen flushed, flame dried flask and cooled to -78 

℃. TMEDA (0.10 mL, 0.72 mmol, 2.4 eq.) and s-BuLi (0.27 mL, 0.36 mmol, 1.31 M, 1.2 eq.) were 

added to the reaction mixture and left stirring for 30 min at -78 ℃. The reaction mixture was then 

bubbled with CO2 gas for 5 min and stirred for 4 hours at -78°C and for additional one hour at rt. The 

mixture was then quenched with sat. NH4Cl solution (3 ml) and the extracted with EtOAc (3 x 15 

mL). The combined organic layer was dried over MgSO4 and removed in vacuo. The crude product 
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was purified via column chromatography (99:1, DCM: AcOH) to afford final product (76 mg, 0.261 

mmol, 87 %) as a yellow oil.  

Rf = 0.31 and dr: 5:1 

1H NMR (400 MHz, CDCl3): δ (ppm) = 7.21 – 7.15 (m, 4H), 5.15 (dd, J = 5.1, 1.6 Hz, 1H), 4.98 

(ddd, J = 10.3, 9.0, 1.7 Hz, 1H), 4.50 (dd, J = 10.1, 5.3 Hz, 1H), 3.93 (dt, J = 8.9, 5.3 Hz, 1H), 2.35 

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

13C NMR (101 MHz, CDCl3): δ (ppm) = 212.99, 171.59, 137.79, 136.36, 129.84, 129.38, 127.74, 

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 C16H21NO2S: 291.1293; found: 291.1286. 

IR (Diamond-ATR, neat) 𝜈 ̃𝑚𝑎𝑥: 2963,73, 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,3S)-1-(2,2-dimethylpropanethioyl)-3-(4-methoxyphenyl)azetidine-2-carboxylic acid (58o) 

 

 

 

1-(3-(4-methoxyphenyl)azetidin-1-yl)-2,2-dimethylpropane-1-thione (238.8 mg, 0.90 mmol, 1 eq.) 

was dissolved in THF (extra dry) 2-3 ml and charged into a nitrogen flushed, flame dried flask and 

cooled to -78 ℃. TMEDA (0.32 mL, 2.16 mmol, 2.4 eq.) and s-BuLi (0.82 mL, 1.08 mmol, 1.31 M, 

1.2 eq.) were added to the reaction mixture and left stirring for 30 min at -78 ℃. The reaction 

mixture was then bubbled with CO2 gas for 5 min and stirred for 4 hours at -78°C and for additional 

one hour at rt. The mixture was then quenched with sat. NH4Cl solution (3 ml) and the extracted with 

EtOAc (3 x 15 mL). The combined organic layer was dried over MgSO4 and removed in vacuo. The 

crude product was purified via column chromatography (99:1, DCM: AcOH) to afford final product 

(187.5 mg, 0.61 mmol, 68%) as a yellow oil. 

Rf = 0.25 and dr: 16:1  

1H NMR (400 MHz, CDCl3): δ (ppm) = 7.24 – 7.19 (m, 2H), 6.94 – 6.89 (m, 2H), 5.09 (dd, J = 5.0, 

1.5 Hz, 1H), 4.99 (ddd, J = 10.4, 8.9, 1.7 Hz, 1H), 4.48 (dd, J = 10.0, 5.4 Hz, 1H), 3.85 (dt, J = 8.9, 

5.2 Hz, 1H), 3.81 (s, 3H), 1.41 (s, 9H). 
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13C NMR (101 MHz, CDCl3): δ (ppm) = 212.83, 177.15, 172.75, 159.26, 131.39, 129.09, 127.80, 

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: [M-H]+ calculated for C16H20NO3S
+: 306.1158; found: 306.11718. 

IR (Diamond-ATR, neat) 𝜈 ̃𝑚𝑎𝑥: 2963,50, 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) 

 

 

 

1-(3-(4-chlorophenyl)azetidin-1-yl)-2,2-dimethylpropane-1-thione (144.2 mg, 0.53 mmol, 1 eq.) was 

dissolved in THF (extra dry) 2-3 ml and charged into a nitrogen flushed, flame dried flask and cooled 

to -78 ℃. TMEDA (0.19 mL, 1.272 mmol, 2.4 eq.) and s-BuLi (0.48 mL, 0.636 mmol, 1.31 M, 1.2 

eq.) were added to the reaction mixture and left stirring for 30 min at -78 ℃. The reaction mixture 

was then bubbled with CO2 gas for 5 min and stirred for 4 hours at -78°C and for additional one hour 

at rt. The mixture was then quenched with sat. NH4Cl solution (3 ml) and the extracted with EtOAc 

(3 x 15 mL). The combined organic layer was dried over MgSO4 and removed in vacuo. The crude 

product was purified via column chromatography (99:1, DCM: AcOH) to afford final product (84 

mg, 0.27 mmol, 51 %) as a yellow oil.  

Rf = 0.27 and dr: 20:1  

1H NMR (400 MHz, CDCl3): δ (ppm) = 7.40 – 7.34 (m, 2H), 7.25 – 7.21 (m, 2H), 5.15 (dd, J = 5.1, 

1.6 Hz, 1H), 5.00 (ddd, J = 10.4, 8.9, 1.7 Hz, 1H), 4.49 (dd, J = 10.2, 5.4 Hz, 1H), 3.98 (dt, J = 8.9, 

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

13C NMR (101 MHz, CDCl3): δ (ppm) = 213.39, 170.90, 137.77, 133.93, 129.41, 128.02, 77.35, 

77.04, 76.72, 73.62, 63.41, 43.59, 36.24, 29.56. 

HRMS (ESI) m/z: [M-H]+ calculated for C15H17ClNO2S
+: 310.0663; found: 310.0675. 

IR (Diamond-ATR, neat) 𝜈 ̃𝑚𝑎𝑥: 3351,06, 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)azetidine-2-carbonyl)-L-

phenylalaninate (61a) 

 

 

 

A flask was charged with the (2S,3S)-1-(2,2-dimethylpropanethioyl)-3-(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.) and L-Phenylalanin-iso-propylester-hydrochloride (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 of NH4Cl and extracted with DCM (3 × 

20 ml). The combined organic layers were dried over MgSO4 and evaporated in vacuo. The crude 

product was purified by column chromatography on silica gel (8: 2 – Hexane: Ethyl Acetate) to give 

the corresponding peptide (144 mg, 0.29 mmol, 41 %) as a yellow oil. 

Rf = 0.27 and dr > 99:1 

1H NMR (400 MHz, CDCl3): δ (ppm) = 7.34 – 7.27 (m, 2H), 7.19 (tt, J = 7.5, 3.0 Hz, 4H), 6.96 – 

6.88 (m, 3H), 5.09 – 4.86 (m, 4H), 4.42 (dt, J = 9.8, 4.9 Hz, 1H), 3.84 (s, 3H), 3.82 – 3.75 (m, 1H), 

3.25 – 3.09 (m, 2H), 1.42 (s, 9H), 1.24 (dd, J = 11.3, 5.6 Hz, 6H). 

13C NMR (101 MHz, CDCl3): δ (ppm) = 213.02, 212.59, 170.48, 167.82, 167.77, 159.07, 135.96, 

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, 63.78, 55.39, 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 (EI) m/z: [M]+ calculated for C28H36N2O4S: 496.2396; found: 496.2395. 

IR (Diamond-ATR, neat) 𝜈 ̃𝑚𝑎𝑥: 2981,12, 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)azetidine-2-carbonyl)-

L-phenylalaninate (61b) 

 

 

 

A flask was charged with the (2S,3S)-1-(2,2-dimethylpropanethioyl)-3-(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.) and L-Phenylalanin-iso-propylester-hydrochloride (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 of NH4Cl and extracted with 

DCM (3 × 20 ml). The combined organic layers were dried over MgSO4 and evaporated in vacuo. 

The crude product was purified by column chromatography on silica gel (8: 2 – Hexane: Ethyl 

Acetate) to give the corresponding peptide (54 mg, 0.11 mmol, 16 %) as a yellow oil. 

Rf = 0.25 and dr > 99:1 

1H NMR (400 MHz, CDCl3): δ (ppm) = 7.19 (ddd, J = 8.0, 4.0, 1.7 Hz, 6H), 6.90 – 6.85 (m, 3H), 

5.00 (pd, J = 6.2, 4.6 Hz, 1H), 4.83 – 4.71 (m, 3H), 4.26 (ddd, J = 10.4, 8.4, 6.2 Hz, 1H), 3.79 (s, 

3H), 3.20 (dd, J = 14.0, 5.4 Hz, 1H), 3.09 (dt, J = 13.9, 6.5 Hz, 1H), 3.01 (dd, J = 13.9, 7.6 Hz, 1H), 

1.21 (s, 9H), 1.20 – 1.17 (m, 6H). 

13C NMR (101 MHz, CDCl3): δ (ppm) = 180.18, 170.63, 170.54, 170.26, 170.04, 158.81, 136.46, 

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, 27.03, 21.80, 21.76, 

21.71. 

HRMS (EI) m/z: [M]+ calculated for C28H36N2O4S: 496.2396; found: 496.2395. 

IR (Diamond-ATR, neat) 𝜈 ̃𝑚𝑎𝑥: 2981,12, 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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6 NMR Spectra 

2,3-Dibromopropan-1-amine hydrobromide  

1H NMR (400 MHz, CDCl3) and 13C NMR (101 MHz, CDCl3)  
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S-Methyl O-t-Butyl Dithiocarbonate  

1H NMR (400 MHz, CDCl3) and 13C NMR (101 MHz, CDCl3) 
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O-(tert-butyl) 3-phenylazetidine-1-carbothioate 

1H NMR (400 MHz, CDCl3) and 13C NMR (101 MHz, CDCl3) 
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O-(tert-butyl) 3-(4-chlorophenyl)azetidine-1-carbothioate 

1H NMR (400 MHz, CDCl3) and 13C NMR (101 MHz, CDCl3)  
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O-(tert-butyl) 3-(4-fluoronaphthalen-1-yl)azetidine-1-carbothioate 

1H NMR (400 MHz, CDCl3), 13C NMR (101 MHz, CDCl3) and 19F NMR (377 MHz, CDCl3) 
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2,2-dimethyl-1-(3-phenylazetidin-1-yl)propane-1-thione 

1H NMR (400 MHz, CDCl3) and 13C NMR (101 MHz, CDCl3)  
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2,2-dimethyl-1-(3-(p-tolyl)azetidin-1-yl)propane-1-thione 

1H NMR (400 MHz, CDCl3) and 13C NMR (101 MHz, CDCl3)  
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1-(3-(4-methoxyphenyl)azetidin-1-yl)-2,2-dimethylpropane-1-thione 

1H NMR (400 MHz, CDCl3) and 13C NMR (101 MHz, CDCl3)  

 

 

 

 

 

 

 

  

 



 

107 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

108 

 

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

1H NMR (400 MHz, CDCl3), 13C NMR (101 MHz, CDCl3) and 19F NMR (377 MHz, CDCl3)  
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1-(3-(4-chlorophenyl)azetidin-1-yl)-2,2-dimethylpropane-1-thione 

1H NMR (400 MHz, CDCl3) and 13C NMR (151 MHz, CDCl3)  
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2,2-dimethyl-1-(3-(4-(trifluoromethoxy)phenyl)azetidin-1-yl)propane-1-thione 

1H NMR (400 MHz, CDCl3), 13C NMR (101 MHz, CDCl3) and 19F NMR (377 MHz, CDCl3)  
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(O-(tert-butyl) (2R,3S)-3-phenylazetidine-1-carbothioate-2-d) 

1H NMR (400 MHz, CDCl3) and 13C NMR (101 MHz, CDCl3) 
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2,2-dimethyl-1-((2R,3S)-3-phenylazetidin-1-yl-2-d)propane-1-thione 

1H NMR (400 MHz, CDCl3) and 13C NMR (101 MHz, CDCl3) 
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(O-(tert-butyl) (2R,3S)-2-methyl-3-phenylazetidine-1-carbothioate) 

1H NMR (400 MHz, CDCl3) and 13C NMR (101 MHz, CDCl3) 
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1-((2R,3S)-3-(4-methoxyphenyl)-2-methylazetidin-1-yl)-2,2-dimethylpropane-1-thione 

1H NMR (400 MHz, CDCl3) and 13C NMR (101 MHz, CDCl3)  
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(O-(tert-butyl) (2R,3S)-3-phenyl-2-(trimethylsilyl)azetidine-1-carbothioate) 

1H NMR (400 MHz, CDCl3) and 13C NMR (101 MHz, CDCl3) 
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(2,2-dimethyl-1-((2R,3S)-3-phenyl-2-(trimethylsilyl)azetidin-1-yl)propane-1-thione) 

1H NMR (599 MHz, CDCl3) and 13C NMR (151 MHz, CDCl3) 
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(1-((2R,3S)-3-(4-methoxyphenyl)-2-(trimethylsilyl)azetidin-1-yl)-2,2-dimethylpropane-1-thione) 

1H NMR (400 MHz, CDCl3) and 13C NMR (101 MHz, CDCl3)  
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(1-((2R,3S)-2-allyl-3-(4-methoxyphenyl)azetidin-1-yl)-2,2-dimethylpropane-1-thione) 

1H NMR (599 MHz, CDCl3) and 13C NMR (151 MHz, CDCl3)  
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(O-(tert-butyl) (2R,3S)-2-allyl-3-(4-chlorophenyl)azetidine-1-carbothioate) 

1H NMR (400 MHz, CDCl3) and 13C NMR (101 MHz, CDCl3)  
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(1-((2S,3S)-2-(cyclopropyl(4-fluorophenyl)(hydroxy)methyl)-3-phenylazetidin-1-yl)-2,2-

dimethylpropane-1-thione) 

1H NMR (400 MHz, CDCl3), 13C NMR (101 MHz, CDCl3) and 19F NMR (377 MHz, CDCl3)  

 

 

 

 

 

 

 



 

135 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

136 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

137 

 

(1-((2S,3S)-2-(cyclopropyl(4-fluorophenyl)(hydroxy)methyl)-3-(4-methoxyphenyl)azetidin-1-

yl)-2,2-dimethylpropane-1-thione) 

1H NMR (400 MHz, CDCl3), 13C NMR (101 MHz, CDCl3) and 19F NMR (377 MHz, CDCl3)  
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(1-((2S,3S)-3-(4-chlorophenyl)-2-(cyclopropyl(4-fluorophenyl)(hydroxy)methyl)azetidin-1-yl)-

2,2-dimethylpropane-1-thione) 

1H NMR (400 MHz, CDCl3), 13C NMR (101 MHz, CDCl3) and 19F NMR (377 MHz, CDCl3) 
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(1-((2S,3S)-2-(cyclopropyl(4-fluorophenyl)(hydroxy)methyl)-3-(4-

(trifluoromethoxy)phenyl)azetidin-1-yl)-2,2-dimethylpropane-1-thione) 

1H NMR (400 MHz, CDCl3), 13C NMR (101 MHz, CDCl3) and 19F NMR (377 MHz, CDCl3) 
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1-((2S,3S)-2-(2-hydroxyadamantan-2-yl)-3-(4-methoxyphenyl)azetidin-1-yl)-2,2-

dimethylpropane-1-thione 

1H NMR (400 MHz, CDCl3) and 13C NMR (101 MHz, CDCl3) 
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1-((2S,3S)-3-(4-chlorophenyl)-2-(2-hydroxyadamantan-2-yl)azetidin-1-yl)-2,2-

dimethylpropane-1-thione 

1H NMR (400 MHz, CDCl3) and 13C NMR (101 MHz, CDCl3) 
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1-((2S,3S)-2-(1-hydroxycyclobutyl)-3-(4-methoxyphenyl)azetidin-1-yl)-2,2-dimethylpropane-1-

thione 

1H NMR (400 MHz, CDCl3) and 13C NMR (101 MHz, CDCl3)  
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((2S,3S)-1-(tert-butoxycarbonothioyl)-3-phenylazetidine-2-carboxylic acid) 

1H NMR (400 MHz, CDCl3) and 13C NMR (101 MHz, DMSO)  
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((2S,3S)-1-(2,2-dimethylpropanethioyl)-3-phenylazetidine-2-carboxylic acid) 

1H NMR (400 MHz, CDCl3) and 13C NMR (101 MHz, CDCl3) 
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(2S,3S)-1-(2,2-dimethylpropanethioyl)-3-(p-tolyl)azetidine-2-carboxylic acid 

1H NMR (400 MHz, CDCl3) and 13C NMR (101 MHz, CDCl3)  
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((2S,3S)-1-(2,2-dimethylpropanethioyl)-3-(4-methoxyphenyl)azetidine-2-carboxylic acid) 

1H NMR (400 MHz, CDCl3) and 13C NMR (101 MHz, CDCl3)  
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(2S,3S)-3-(4-chlorophenyl)-1-(2,2-dimethylpropanethioyl)azetidine-2-carboxylic acid 

1H NMR (400 MHz, CDCl3) and 13C NMR (101 MHz, CDCl3)  
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Isopropyl ((2S,3S)-1-(2,2-dimethylpropanethioyl)-3-(4-methoxyphenyl)azetidine-2-carbonyl)-L-

phenylalaninate 

1H NMR (400 MHz, CDCl3) and 13C NMR (101 MHz, CDCl3)  
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Isopropyl ((2R,3R)-1-(2,2-dimethylpropanethioyl)-3-(4-methoxyphenyl)azetidine-2-carbonyl)-

L-phenylalaninate 

1H NMR (400 MHz, CDCl3) and 13C NMR (101 MHz, CDCl3)  
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7 Single Crystal X-Ray Diffraction 

Experimental details  

The X-ray intensity data of av498 were measured on a Bruker D8 Venture TXS system equipped 

with a multilayer mirror monochromator and a Mo Kα rotating anode X-ray tube (λ = 0.71073 Å). 

The frames were integrated with the Bruker SAINT software package [1]. Data were corrected for 

absorption effects using the Multi-Scan method (SADABS) [2]. The structure was solved and refined 

using the Bruker SHELXTL Software Package [3]. All C-bound hydrogen atoms have been 

calculated in ideal geometry riding on their parent atoms, the O-bound hydrogen atoms have been 

refined freely. The figures have been drawn at the 25% ellipsoid probability level [4]. The 

asymmetric unit contains two formula units one of which has been depicted above. 
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Crystallographic Data of 1-(2-(2-hydroxyadamantan-2-yl)-3-(4-methoxyphenyl)azetidin-1-yl)-

2,2-dimethylpropane-1-thione.  

 

           

                                                          

 

              

 

 

net formula C25H35NO2S 

Mr/g mol−1 413.60 

crystal size/mm 0.120 × 0.080 × 0.060 

T/K 173.(2) 

radiation MoKα 

diffractometer 'Bruker D8 Venture TXS' 

crystal system monoclinic 

space group 'P 1 21/n 1' 

a/Å 10.4054(7) 

b/Å 20.4549(15) 

c/Å 21.4505(15) 

α/° 90 

β/° 103.022(2) 

γ/° 90 

V/Å3 4448.1(5) 

Z 8 

calc. density/g cm−3 1.235 
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μ/mm−1 0.167 

absorption correction Multi-Scan 

transmission factor range 0.93–0.99 

refls. measured 70397 

Rint 0.0712 

mean σ(I)/I 0.0403 

θ range 2.787–25.350 

observed refls. 6470 

x, y (weighting scheme) 0.0283, 9.3305 

hydrogen refinement mixed 

Flack parameter ? 

refls in refinement 8131 

parameters 539 

restraints 0 

R(Fobs) 0.0681 

Rw(F2) 0.1518 

S 1.122 

shift/errormax 0.001 

max electron density/e Å−3 0.347 

min electron density/e Å−3 −0.343 
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