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This microreview focuses on the nucleophilic ring-opening of azetidiniums presenting various substitution patterns at C2, C3 and C4. In most cases, the nucleophilic ring-opening occurred in a stereo-and regioselective fashion producing functionalized linear amines. Experimental selectivities associated with DFT calculations have allowed a better understanding of the parameters governing the regioselectivities. N Bn CO 2 Me Cl O CH 2 Cl 2, 0 °C N Bn CO 2 Me O O Cl 4

Introduction

Azetidines are strained heterocycles but the strained energy is not sufficient enough for nucleophiles to induce the ring-opening without an activation. [START_REF] Couty | Nucleophilic ring-opening of azetidinium ions: Insights into regioselectivity[END_REF] However, the electrophilicity of the azetidines can be increased by their transformation to azetidiniums, [START_REF] De Rycke | Assessing the rates of ring-opening of aziridinium and azetidinium ions: A dramatic ring size effect[END_REF] and the nucleophilic attack can be regio-and stereoselective depending on the substitution of the azetidiniums producing functionalized linear amines A and/or B (Scheme 1, route a or route b). In this review we will only consider the intermolecular nucleophilic attack of azetidiniums.

SCHEME 1

Two methods were mainly utilized to transform azetidines to azetidiniums either by treatment of N-alkyl azetidines with chloroformates or with alkyl halides. It has been found that the alkylation is highly diastereoselective in the case of N-benzyl-and N-α-phenylethylsubstituted azetidines which is the result of the attack of the axial lone pair of the nitrogen atom in the conformer having all the substituents in an equatorial position (Scheme 2). 1

SCHEME 2 1 Synthesis and reactivity of N-alkyl, N-alkoxy carbonyl azetidinium chlorides

The reaction of tertiary amines with chloroformates has become an important synthetic tool in organic synthesis since 1970 as a N-demethylation or N-debenzylation process can take place under mild conditions. [START_REF] Vargas-Sanchez | Reaction of azetidines with chloroformates[END_REF] Twenty years later, it was reported, for the first time, that the treatment of N-diphenylmethyl azetidine 1 with methyl chloroformate led to the expected Nmethylcarbamate azetidine 2 (30%) but also to the ring-opening of azetidine 1 by the chloride to produce chloroamine 3 as the major compound (55%) (Scheme 3). [START_REF] Baumann | Preparation of 3-oxo-and 3-ethylideneazetidine derivatives[END_REF] As the treatment of 1 with methyl chloroformate produce the azetidinium intermediate C, the formation of 3 can be explained by the ring-opening of azetidinium C by the chloride.

SCHEME 3

In 2002, another example of ring-opening of azetidiniums was reported by Barrett et al. [START_REF] Barrett | Synthesis of chiral bicyclic azetidine derivatives[END_REF] When azetidine 4 was treated with vinyl chloroformate, the N-debenzylation was observed but the azetidine ring scission occured and the γ-chloroamine 5 was isolated in 48% yield. The formation of 5 is the result of the regioselective nucleophilic attack of the chloride on the less substituted carbon of the azetidinium intermediate D (Scheme 4). 5 After these few isolated publications on the ring-opening of N-alkyl azetidines when treated with a chloroformate, the regio-and stereoselective ring-opening of N-alkyl, N-alkoxycarbonyl azetidinium chlorides appeared in the literature. 2-Monosubstituted azetidines have ben studied, mainly optically active 2-alkyl carboxylate and 2-acyl azetidines. When (2S,1'R)-1phenylethylazetidine-2-carboxylate 6a was treated with methyl chloroformate, the chlorocarbamate 7a was isolated in 74% yield, indicating that the reaction is highly regio-and stereoselective as the chloride attacked the azetidinium only at the C2 position. It is worth mentioning that the regioselectivity of the nucleophilic attack of the azetidinium by the chloride is not dependant on the chloroformate as 7a-c were isolated in similar yields (69-77%). The replacement of the ester group at C2 by a ketone has no influence on the ringopening of the azetidinium as the γ-chloroamines 7d and 7e were isolated in similar yields [7d (68%), 7e (70%)]. The stereochemical outcome, as expected, occurred with inversion of configuration during the ring-opening of the azetidinium as a S N 2 process takes place (Scheme 5). 6
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SCHEME 5

In order to study the influence of the substituents on the regio-and stereoselectivity of the nucleophic attack, di-and tri-substituted azetidines have been synthetized and transformed to the corresponding N-alkyl, N-alkoxy carbonyl azetidiniums. When the optically active 2,3disubstituted azetidines 8 were treated with methyl chloroformate, whatever the relative stereochemistry of the substituents at C2 and C3, and whatever the electron-withdrawing group at C2, the nucleophilic attack of the chloride took specifically place at C2 with inversion of configuration and the substituted γ-chloroamines 9a-d were isolated in good yields (81-94%) and with an excellent diastereoselectivity (de > 95%) and enantioselectivity (ee > 95%) (Scheme 6). 3
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If the relative stereochemistry of the substituents of the 2,3-disubstituted azetidines has no influence on the regioselectivity of the nucleophilic attack of the azetidinium intermediate, on the contrary the relative stereochemistry of the substituents of 2,3,4-trisubstituted azetidines has a clear influence on the regioselectivity of the attack of the nucleophile (Cl -). The treatment of the cis,trans-10a and the trans,trans-10b with methyl chloroformate led to 11a and 11b respectively. These products are the result of the nucleophilic attack of the azetidinium intermediate by the chloride at C2. In considering the azetidine cis,cis-10c, a mixture of γ-chloro carbamate 11c/11'c were obtained in a ratio 65:35; the major compound is coming from the attack of the azetidinium by the chloride at C2. On the contrary, a reverse regioselective attack of the chloride at C4 was observed for the trans,cis-10d, as the major δ-chlorocarbamate obtained was 11'd (ratio 11d/11'd = 39:61) (Scheme 7). 

SCHEME 7

The regioselective nucleophilic attack is independent of the alkyl chloroformate utilized as shown by the treatment of 10c with different chloroformates which produced the same ratio of 11/11' (Table 1). 2 Synthesis and reactivity of N,N-dialkyl azetidiniums

Non-substituted azetidiniums

The second method to access azetidiniums is the treatment of azetidines with an alkyl halide or an alkyl triflate. The reaction is very stereoselective as the alkyl halide is attacked by the axial lone pair of the nitrogen of the azetidine when the substituents on the azetidine are in an equatorial position (Scheme 8, eq 1). [START_REF] De Rycke | Assessing the rates of ring-opening of aziridinium and azetidinium ions: A dramatic ring size effect[END_REF] N,N-Dialkylazetidiniums can also be prepared from epichlohydrine by treatment with N,N-dialkylamines (Scheme 8, eq 2) [START_REF] Gaertner | Cyclization of 1-alkylamino-3-halo-2-alkanols to 1-alkyl-3-azetidinols[END_REF]8 or by alkylation of N,N-dialkylamino aldehydes with samarium and diiodomethane followed by an intramolecular cyclization (Scheme 8, eq 3). 9

SCHEME 8

The non-substituted azetidinium 12 can be opened by sodium diethylmalonate under mild conditions to produce the corresponding N,N-dialkylamino diester 13 in 57% yield (Scheme 9). 10 SCHEME 9

Azetidiniums substituted at C3

Protected and non-protected 3-hydroxy azetidiniums were also opened by nucleophiles to produce functionalized 1,2-amino alcohols. However, in some cases, it is mandatory to protect the hydroxyl group to avoid secondary reactions. A diversity of sulphur nucleophiles derivatives can be used to access γ-sulphuramines from azetidiniums. Thus, when azetidiniums 19-22 were treated with sodium sulphide (Na 2 S), sodium thiosulfate (Na 2 S 2 O 3 ), and sodium sulphite (Na 2 SO 3 ), the corresponding ring-opened azetidinium compounds were obtained in good yields (Scheme 11). [START_REF] Jeziorna | Synthesis of polyfunctional organosulfur compounds mediated by azetidinium salts[END_REF] By using these anions, it is not necessary to protect the 3-hydroxy group present on the azetidinium. 

SCHEME 11

Phosphorus mono-and dithioacids 32 can also react with azetidiniums 22 and 31 to produce the corresponding phosphorodithiolates 33. However, the best yields were obtained with the protected hydroxy-azetidinium 31 as side reactions, due to the non-protected hydroxy group, were not occurring (Scheme 12). 15 Counterion-induced stereocontrol is a powerful tool in organic synthesis and has been used to desymmetrize C3-substituted azetidiniums with excellent enantioselectivity (up to 97%) by nucleophilic attack of these latter at C2. Thus, when azetidinium 34 (R = Ph) was treated with mercaptobenzo-thiazole 35, as the nucleophile, and when the chiral phosphoric acid catalyst (R)-36 was employed in conjunction with Na 2 HPO 4 as the base, in trifluoromethylbenzene (PhCF 3 ), the ring-opened thioamine 37a was formed with an ee superior to 90%. A wide range of 3-substituted azetidiniums involved in the mild desymmetrization process provided a diversity of functionalized optically active β-substituted amines with good to excellent enantioselectivities, whatever the relative stereochemistry of the substituents present at C3 and on the nitrogen of the azetidinium (Scheme 13). [START_REF] Qian | Counterion-Induced Asymmetric Control in ringopening of azetidiniums: Facile access to chiral amines[END_REF] 
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SCHEME 13

The azetidiniums trans-34 and cis-34 (R = OBn) were transformed to 37b with good enantiomeric excess in the presence of the chiral phosphoric acid catalyst (S)-36' (Scheme 14). [START_REF] Qian | Counterion-Induced Asymmetric Control in ringopening of azetidiniums: Facile access to chiral amines[END_REF] This desymmetrization is very general and can be applied to azetidiniums 38 with a quaternary carbon at C3 to produce thioamines 39 with good yields and good ees (Scheme 15). [START_REF] Qian | Counterion-Induced Asymmetric Control in ringopening of azetidiniums: Facile access to chiral amines[END_REF] 

SCHEME 14

SCHEME 15

A standard liquid-solid biphasic system is important for a clean ion-exchange to ensure exclusive enantio-control via the chiral ion-pair intermediate F (Figure 1). [START_REF] Qian | Counterion-Induced Asymmetric Control in ringopening of azetidiniums: Facile access to chiral amines[END_REF] 

FIGURE 1

From the example reported previously, the attack of the nucleophile is always regioselective as the azetidinium is not substituted at C2. On the contrary, when the azetidinium is substituted at C2 or disubstituted (C2 and C3) or trisubstituted (C2, C3 and C4) the nucleophilic attack has to be regioselective to acess functionalized amines in good yields.

Azetidiniums substituted at C2 by an alkyl group

When the monosubstituted azetidinium 40 was treated with 4-dimethylaminopyridine (DMAP), a regioselective nucleophilic attack at C4 took place to produce the γ-functionalized amine 41 (Scheme 16). 17 The presence of a substituent at C3 of the azetidinium did not modify the regioselectivity of the nucleohilic attack as the treatment of azetidiniums 45 and 46 with a iodide or an amine led to the corresponding amines 47a-b and 48a-d respectively in good yields (50-70%), and with good diastereoselectivities (Scheme 18). The formation of 47 and 48 are the result of a nucleophilic attack of the azetidiniums at C4 and the non-protection of the hydroxy group is not detrimental to the formation of the γ-fuctionalized amines as 47 to 48 were isolated in 50% to 70% yield (Scheme 18). 9 SCHEME 18

Azetidiniums substituted at C2 by an electron-withdrawing group

The regio-and diastereoselectivity of the nucleophilic attack of azetidiniums substituted at C2 

HN

The nature of the counter anion or the nucleophiles has no influence on the regioselective ring-opening of the azetidiniums as noticed for the N,N-dialkylazetidinium 54. All the nucleophiles such amines, water, thiophenol and cyanide attacked the azetidiniums 54 at C4. The nucleophilic attack is governed by steric effect and not by electronic effect as C2 is more electrophilic than C4 (Table 3). 18 An additional substituent at the C3 position of the azetidinium did not affect the regioselectivity of the nucleophilic attack, as the nucleophile is always attacking at the C4 position as demonstrated by the treatment of the N,N-dialkylazetidinium intermediate G (synthesized from azetidine 56) with different nucleophiles. 1,3-Amino acetates 57 and 1,3diamines 58 were isolated in good yields and with an excellent diastereoselectivity (Scheme 20). [START_REF] Dao Thi | Synthesis of trifluoromethylated azetidines, aminopropanes, 1,3-oxazinanes, and 1,3oxazinan-2-ones starting from 4-trifluoromethyl-β-lactam building blocks[END_REF] It is worth mentioning that no example of ring-opening of azetidiniums, substituted at C2 with a CF 3 and at C4 with an other substituent, have been reported in order to study the regioselectivity of the nucleophilic attack.

SCHEME 20

Studies similar to the ones realized on azetidiniums substituted at C2 by a CF 3 have been realized on azetidiniums substituted at C2 with a cyano group. In this case, depending on the nucleophiles, the nucleophilic attack can proceed at C2 and at C4, however the major ringopened product is issued from the nucleophilic attack at C4. When the 2-cyano azetidinium 59 was treated with KCN in DMF, the only linear amine obtained was the dicyanoamine 60 (99%). In the case of the optically active azetidinium 61, no epimerization occurs as the amine 62 was isolated in good yield (66%), with an excellent diastereoselectivity and enantioselectivity. On the contrary, when azetidinium 59 was treated with sodium diethylmalonate, a mixture of two linear amines 63 and 64 were isolated in good yields (95%) in a 75:25 ratio in favor of 63 which corresponds to the nucleophilic attack at C4 (Scheme 21). 10

SCHEME 21

When the 2-cyano-3-substituted azetidinium 65 was treated with KCN only amine 66 was isolated (88%) and, contrary to the reactivity of azetidinium 59, when the diethylmalonate anion was utilized for the ring-opening of 65, only a linear amine was isolated, e.g. 67, in 90% yield. In any case, the major compound corresponds to the nucleophilic attack of the azetidinium at C4 and 66 and 67 were obtained with an excellent diastereoselectivity (Scheme 22). 10

SCHEME 22

Other nucleophiles were also utilized to open azetidinium 65' (enantiomer of 65) such as sodium acetate, sodium azide, and benzylamine. For each nucleophiles a mixture of linear amines were obtained in good yields and in a 82:18 to 98:2 ratios in favor of the linear amines resulting from the nucleophilic attack at C4 (Scheme 23). [START_REF] De Rycke | Assessing the rates of ring-opening of aziridinium and azetidinium ions: A dramatic ring size effect[END_REF] The excellent diastereoselectivity observed is resulting from a pure S N 2 nucleophilic attack. When 65' was treated with LiAlH 4 , the cyano group is reduced at first, and an intramolecular attack of the azetidinium at C2 is occurring [START_REF] Couty | Chemo-and regioselective reductive opening of azetidinium ions[END_REF] however, as point out at the beginning, this example will not be discussed in this review as it is an intramolecular nucleophilic attack

In order to determine if the relative stereochemistry of the substituents on a trisubstituted azetidiniums have an influence on the regioselectivity of the nucleophilic attack at C2 and/or at C4, the trisubstituted azetidiniums trans,cis-74 and cis,trans-76 have been treated with different nucleophiles.

When 74 and 76 were treated with a hydride (NaBH 3 CN), whatever the relative stereochemistry of the substituents, the only product isolated in good diastereoselectivity was the amine 75 in both cases. [START_REF] Couty | Chemo-and regioselective reductive opening of azetidinium ions[END_REF] This amine is the result of a nucleophilic attack of the hydride at C2. The regioselectivity of the attack of the trisubstituted azetidiniums 74 and 76 is not dependant on the nature of the nucleophile as an azide (NaN 3 ), an acetate [NaBH(OAc) 3 ] or a cyanide (KCN), always attacks the azetidinium at C2 (Scheme 24). For the trisubstituted azetidiniums all the nucleophilic attacks are governed by steric hindrance, as a cyano group is less sterically bulky than a methyl group. In considering compounds 74 and 76, according to Couty et al. and, based on DFT calculations, it seems that the charge on the two electrophilic carbons bearing either a methyl or a cyano group are similar and the key parameter is rather steric than electronic. The smaller CN group brings less steric hindrance than the methyl group during the S N 2 process, this process being sensitive to steric hindrance. The higher reactivity of the 2,3-cis compound 76 relative to its 2,3-trans isomer 74 can be explained by conformational analysis (Scheme 25). In compound 74, the equilibrium should strongly favor the conformer 74a with all its substituents in a pseudo-equatorial orientation. However, this conformer appears to be less reactive towards nucleophiles owing to an unfavorable steric interaction between the phenyl group and the incoming nucleophile (Nu -). The less stable conformer 74b, which has severe 1,3-diaxial interactions between the substituents (CN and Me), would therefore be the more reactive one. In considering 76, the conformer 76b would also, for the same reasons, be the more reactive one. However, this conformer is more stable than 74b since the cyano group is now in an equatorial position. In this case, the kinetics of the nucleophilic attack should be less hampered by an unfavorable pre-conformational equilibrium. The reactivity of azetidinium substituted by another electron-withdrawing group than a cyano or a trifluoromethyl group, e.g. an ester group, has been examined. The reactivity of an azetidinium bearing a single ester substituent at C2 e.g. azetidinium 83, was examined and contrary to an azetidinium with a CN or CF 3 at C2, a reverse regioselectivity for the nucleophilic attack at C2 is slightly preferred and 1,3-diamines 84 and 85 were obtained in a 56:44 ratio in favor of 84 (53%) (Scheme 26). 2 SCHEME 26 2,3-Disubstituted azetidiniums such as 86 possessing an ester group at C2 have also been treated with different nucleophiles. Depending on the nucleophiles, the attack can take place at C2 and/or at C4. When LiAlH 4 was used the attack of the hydride takes place at C2 and the amino-alcohol 87a was isolated (40%). When NaBH 3 CN was utilized, the hydride attacks at C4 and the amino-ester 88b was then formed (67%). [START_REF] Couty | Chemo-and regioselective reductive opening of azetidinium ions[END_REF] In the case of LiAlH 4 , the reduction of the ester by the hydride is probably the first step and, by complexation of the reductive agent by the alcoholate, the nucleophilic attack is taking place at C2. Using a malonate, the only product which was isolated was the amine 88c resulting from the attack of the nucleophile at C4 (41%). [START_REF] Couty | Opening of azetidinium ions with C-nucleophiles[END_REF] When 86 was treated with KCN, a mixture of amines 87d and 88d resulting respectively from the attack at C2 and C4, were obtained in 98% yield in a 57:43 ratio in favor of the amine resulting from the nucleophilic attack at C2. [START_REF] Couty | Opening of azetidinium ions with C-nucleophiles[END_REF] When an azide is used (NaN 3 ), a mixture of amines 87e and 88e were isolated in quantitative yield in a 7:93 ratio. For this nucleophile, the nucleophilic attack of the azetidinium 86 is mainly taking place at C4 (Scheme 27). For the trisubstituted azetidinium 89 possessing an ester group at C2, the nucleophile attack at C2 is the major process whatever the nucleophiles involved (azide, amine, acetate, hydride). The yields in the amine resulting from the nucleophilic attack at C2 is modest to excellent (Scheme 28). [START_REF] De Rycke | Assessing the rates of ring-opening of aziridinium and azetidinium ions: A dramatic ring size effect[END_REF][START_REF] Couty | Chemo-and regioselective reductive opening of azetidinium ions[END_REF] 

SCHEME 28

In order to explain the difference of reactivity between 2-cyano azetidiniums, 2-alkyl carboxylate azetidiniums, DFT calculations were performed on azetidinium models 92 and 93 in considering the nucleophilic attack at C2 or C4 with ammoniac or with an azide. After complete optimization of the substrates, the energies and the optimized structures for each transition state were determined. These calculations showed that the attack of the nucleophile is preferred at C2 by 1.17 kcal mol -1 in 92 while 93 is opened at C4 (ΔΔE ≠ = 3.51 Kcal mol -1 ). These calculations highlight the important influence of the ester or the cyano group at C2 and are in agreement with the observed experimental regioselectivities (Figure 2). 

2.4

Azetidiniums with a quaternary center at C2

In 2009, Wang et al. reported the ring-opening of 94, possessing an amide and an alkyl group at C2. When azetidinium 94 was treated with sodium phenoate or KCN, the ringopened products 95 and 96 were respectively obtained in modest to good yields (46-78%) and the attack of the nucleophile is taking place at C2 (Scheme 29). [START_REF] Leng | Highly efficient and enantioselective biotransformations of racemic azetidine-2-carbonitriles and their synthetic applications[END_REF] The formation of one diastereomer is in favor of the S N 2 mechanism.

SCHEME 29

Intrigued by this result, as the nucleophilic attack should take place at the less substituted carbon (C4), Couty et al. [START_REF] Drouillat | Insight into the regioselectivity of nucleophilic ring-opening of azetidinium ions containing quaternary carbon atoms[END_REF] have studied the ring-opening of azetidinium 97 substituted at C2 by a phenyl and an ester group, and 101 substituted by a methyl and an ester group, using different nucleophiles such as NaN 3 , KCN and CsOAc.

When 97 was treated with NaN 3 , the linear amine 98 was the only product formed and corresponds to the nucleophilic attack at C2. When 97 was treated with KCN, 99 and 100 were obtained in a 75:25 ratio however in favor of the compound resulting from the nucleophilic attack at C2 (compound 99).

In the case of azetidinium 101 possessing a methyl group at C2 instead of a phenyl group, the reactivity of this azetidinium with NaN 3 led to 102 in 46% yield, which is the result of the attack of the nucleophile at C2. When KCN is utilized, a mixture of 103 and 104 was obtained in a 25:75 ratio in favor of 104 coming from the nucleophilic attack at C4. The use of a soft nucleophile such as CsOAc led to a 8% yield in amine 105 (the nucleophile attacks at C4) due to the formation of side products (Scheme 30). When a quaternary center at C2 is present, the nucleophilic attack is dependent on the substituents. If a phenyl is present at C2, the attack is preferred at C2. If an alkyl group is present at C2, the attack is preferred at C4. These results can be explained by a nucleophilic attack, proceeding according to a S N 2 process, which is sensitive to steric hindrance. Even if the nucleophilic attack is slightly dependant on the nucleophile, it remains a S N 2 process which is sensitive to steric hindrance. Thus, when a spiro-azetidinium (quaternary center at C2) was treated with a nucleophile, such as 106, the amino lactones 107 and 108 were formed when NaN 3 and KCN were used respectively. In the case of 109 the major compounds 111 and 112, resulting from the nucleophilic attack of NaN 3 and KCN, were also the compounds resulting from the nucleophilic attack at the less sterically hindered carbon, e.g. at C4 (Scheme 31). [START_REF] Drouillat | Insight into the regioselectivity of nucleophilic ring-opening of azetidinium ions containing quaternary carbon atoms[END_REF] These results seems in favor of a S N 2 attack on the quaternary center at C2. However, if the regioselectivity seems to be affected by the steric hindrance, the nature of the nucleophile also seems to have an influence on the azetidinium regioselective attack. Two factors can intervene in the regioselective nucleophilic attack of the azetidinium having a quaternary carbon either substituted by two alkyl groups or by an alkyl group and an electron-withdrawing group. One of this factor is the length of the C2-N bond which is longer than the C4-N bond and the second factor is electronic as the positive charge is more important at C2 than at C4 (Figure 3). 

Conclusion

Azetidiniums are regioselectively opened by a diversity of nucleophiles either at C2 or C4 according to a S N 2 process allowing the access to a variety of substituted linear amines with good diastereo-and enantioselectivities. The regioselectively of the nucleophilic attack can depend on the azetidiniums substituents as on the nucleohiles. In general, when N-alkoxy carbonyl azetidiniums G are substituted by an alkyl group at C2 the nucleophilic attack proceeds at C4. When an electron-withdrawing group (CO 2 R, CN, POPh 2 ) is present at C2 such as H, the nucleophilic attack takes place only or mostly at C2 with one exception, the trans,cis-trisubstituted azetidinium 10d substituted by a CN group at C2, as the major linear amine is the result of the nucleophilic attack at C4 (attack at C4/attack at C2 = 61:39). In this case It seems that the nucleophilic attack takes place on the more deficient carbon of the azetidinium (electronic control) (Figure 4, A). In the case of N,N-dialkyl azetidiniums, when no substituent is present at C4 such as I, in general the nucleophilic attack occurs mostly at C4 (steric control). Three exceptions were noticed, with trisubstituted azetidiniums J substituted by an electron-withdrawing group such as an ester or a cyano at C2 and, with azetidiniums K possessing a quaternary center at C2, as the nucleophiles attack only or mostly at C2 (Figure 4,B).

8. Gaertner VR. Ring-opening alkylations of 1,1-dialkyl-3-substituted azetinium cations. Substituent entropy-controlled strained ring-chain equilibria. J Org Chem 1968;33:523-530.
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FIGURE 3 :

 3 FIGURE 3: Charges and bond lengths in model azetidiniums 113 and 114 (AM1 calculations).

TABLE 1 R 11

 111 

		(yield)	11' (yield)
		(attack at C2)	(attack at C4)
	Me	11c (56%)	11'c (34%)
	Et	11ca (54%)	11'ca (36%)
	i-Pr	11cb (50%)	11'cb (30%)
	Allyl	11cc (51%)	11'cc (33%)
	Bn	11cd (52%)	11'cd (30%)
	Vinyl	11ce (64%)	11'ce (30%)

azetidinium 14 with different methyl phosphonate anions 15a-e as well as with allyl phosphonate anion 15f. The corresponding γ-phosphonoamines 16 were isolated

  

	TABLE 2					
	15	Solvent		16		
		T (°C)		(yield, dr)		
		DME				
		-78 °C to 20 °C				
		DME/DMSO				
		60 °C				
		DME				
		60 °C				
		DME				
		60 °C				
		Toluene	O	ONa		
		N 60 °C to 110 °C Bn Me OTf 12 DME/DMF	EtO	OEt THF, rt, 15 h (2,0 equiv) 57%	EtO 2 C	CO 2 Et 13	Bn Me N
		-78 °C				
						Due to the interest of amino
	phosphorus derivatives in catalysis and in medicinal chemistry, Krawiecka et al. have treated
	3-benzyloxy in
	good yields (67-88%) except for 16e (11%) probably due to the use of a non-appropriate
	solvent (toluene instead of DME). By using phosphonates 15b-d, the corresponding
	γ-phosphonoamines were obtained in low to modest 1,3-diastereoselectivity (dr = 45:55 to 27:73) (Table 2). 11

If carbanions can induce the ring-opening of azetidinium 14, nucleophilic heteroatoms can also be used to open 14, such as phosphorus anions and sulphur anions. The anions prepared from (Ph) 2 PH or (EtO) 2 P(O)H were able to open azetidinium 14, producing the γ-phosphorylated amines 17 and 18 in good yields (Scheme 10).

[START_REF] Helinski | Ring-opening of 3-benzyloxyazetidinium salts with organophosphorus nucleophiles. Application to the synthesis of polyfunctional aminophosphonic acids analogues[END_REF][START_REF] Bakalarz | Convenient synthesis of propane aminophosphonic acids, aminodiphosphonic acids and their structural analogues, mediated by azetidinium salts[END_REF] 

SCHEME 10

  by different electron-withdrawing groups e.g. trifluoromethyl, ester, cyano, amide have been studied. When 2-trifluoromethylazetidine 49 was treated at 100 °C with a hydrogen halide (HCl or HBr), an azetidinium intermediate 50 is formed and is ring-opened regioselectively followed by the attack of the halide at C4, producing the γ-halogeno amines in good yields (66-73%) (Scheme 19).[START_REF] Kenis | Synthesis of 1-alkyl-2-(trifluoromethyl)azetidines and their regiospecific ring opening toward diverse α-(trifluoromethyl)amines via intermediate azetidinium salts[END_REF] 
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TABLE 3 R

 3 

		Nu	Solvent	T	t	55
		(equiv)		(°C)	(h)	Yield
	Bn	BnNH2	MeCN	rt	2	56%
		(2 equiv)				
	2-ClC6H4CH2	BnNH2	MeCN	rt	2	52%
		(2 equiv)				
	4-MeC6H4CH2	H2O	MeCN/H2O	reflux	24	72%
		(solvent)	(1/1)			
	2-ClC6H4CH2	H2O	MeCN/H2O	reflux	24	88%
		(solvent)	(1/1)			
	4-MeC6H4CH2	PhSH	MeCN	reflux	3	64%
		(2 equiv)				
	4-ClC6H4CH2	PhSH	MeCN	reflux	3	63%
		(2 equiv)				
	4-MeC6H4CH2	NaCN	MeCN	reflux	3	74%
		(2 equiv)				
	4-ClC6H4CH2	NaCN	MeCN	reflux	3	78%
		(2 equiv)				

  [START_REF] De Rycke | Assessing the rates of ring-opening of aziridinium and azetidinium ions: A dramatic ring size effect[END_REF] 
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